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Abstract

The hippocampus is a brain region with important roles in memory and spa-

tial navigation. Theta oscillations are a prominent component of hippocampal local

field potential and play a critical role in many models of hippocampal function. These

models are based almost exclusively on rodent studies, where theta activity occurs

mainly during running behaviour. However, active sensation in the form of whisking

and sniffing at frequencies within the theta range also occur during locomotion. As

such, it remains an open question whether theta is functionally linked to locomotion

and/or active sensation .

Here we introduce the ferret (Mustela putorius furo) as a new model species

for the study of hippocampal theta. Ferrets are predatory carnivores that rely pre-

dominantly on the distal senses of vision and audition, in contrast to the proximal

sensing strategies of whisking and sniffing in rodents. Ferrets and rodents share

several other ethological similarities, so the impact of dominant sensory strategy

can be explored. We have identified theta oscillations in the ferret hippocampus

which occur at a 3-7 Hz, a lower frequency band than commonly observed in the rat

(5-12 Hz). Ferret hippocampal theta showed many similarities with theta oscillations

found in the rat, particularly regarding the strong relationship of theta activity with

speed. While theta frequency was found to have a positive correlation with the an-

imals’ speed, the gradient of this relationship in ferrets was roughly half that found

in rats over the same speed range.

Rats and ferrets were trained on comparable auditory/visual localisation tasks

designed to manipulate sensory attention. Ferret theta oscillations were generally

found to be continuous while the ferrets performed the behavioural task, even dur-

ing immobility. Our between species comparison of behavioural correlates of hip-

pocampal theta provide a valuable addition to the canon of hippocampal species

comparisons.
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Impact Statement

This thesis has introduced the ferret (Mustela putorius furo) as a new model

species for the study of hippocampal theta. We found a behavioural context in which

the ferret displays significantly higher amounts of Type II theta (atropine-sensitive,

occurring during immobility) compared to rodent models. In the rat, which is the

dominant model for the research of hippocampal function, Type II theta is relatively

rare. Therefore the ferret may provide further opportunities to study the behavioural

correlates and possible functional implications of this neural oscillation.

While my thesis has focused primarily on theta oscillations, our data suggest

that the ferret could also be used as a new model species for the study of a wide

range of physiological phenomena in the hippocampus. We next plan to analyse

behavioural correlates of gamma and ripple oscillations in greater depth than ex-

plored in the thesis, and in a new set of experiments, record single units in the ferret

hippocampus. We hope these new experiments may provide some insight on the

current disparity between recordings in the non-human primate and the rat. Ferrets

could also be valuable for the study of REM sleep, as it has a one of the highest

proportions of REM sleep of any mammal.

The study of hippocampal function is important as the damage to the hip-

pocampus is a hallmark of many neurodegenerative disorders, including Alzheimer’s

disease. The hippocampus is a critical structure for memory and navigation, and

damage to this region of the brain causes major reduction in quality of life. The

more we understand about the function of the healthy hippocampus, the quicker we

will develop ameliorative solutions or possibly cures for these devastating disorders.
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Chapter 1

Introduction

All cognitive processes require networks of neuronal ensembles to coordi-

nate their activity. Measurements of neuronal ensemble activity often reveal rhyth-

mic fluctuation, and these neural oscillations can be closely coupled with an ani-

mal’s behaviour. There is still uncertainty, however, over the causal involvement of

neural oscillations in cognitive processes; are neural oscillations an integral part of

normal processing in the brain, or merely epiphenomena? One neural oscillation

for which there is strong evidence of a functional role is hippocampal theta: a ro-

bust low-frequency oscillation found in the hippocampal formation of all mammalian

species studied to date. Over the last 60 years, theta oscillations have been the

focus of much research, and there is compelling evidence that theta-related activity

is important for the mnemonic and spatial navigation functions of the hippocampus.

The majority of this research has been performed in the rodent, a valuable animal

model organism due to the diversity of genetic tools and techniques available. This

work has made great strides in our understanding of how theta-rhythmic activity is

involved in normal hippocampal functioning. However, the impact of the ethological

constraints of the rodent as an animal model are rarely considered. Rodents have

highly developed proximal sensing strategies of whisking and olfaction, and are typ-

ically omnivores who forage for food. Many other species, including humans, are far

more reliant on distal sensing strategies such as vision and audition. There have

been a number differences found in hippocampal theta oscillations across species-

could these differences help to further elucidate the function of hippocampal theta?

This work will investigate this question, and explore the effect on ethological differ-

ences on hippocampal theta oscillations. To do this we use a new animal model:

the ferret (Mustela putorius furo). Ferrets, of the order carnivora, are obligate car-
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nivores and must track and kill prey to survive. Ferrets have more accurate distal

sensing strategies than rodents- necessary for tracking prey- thus differ to rodents

in their ethological requirements.

This review aims to provide an overview of hippocampal theta. Evidence

for the mechanisms of theta generation and putative theta functions will be re-

viewed; as the dominant animal model, the rodent will necessarily be the focus

of this discussion. What is known about hippocampal theta in other mammalian

species will then be compared to the rodent data. From these cross-species com-

parisons, it has been suggested that theta oscillations are related to active sensa-

tion (Ulanovsky and Moss, 2007; Las and Ulanovsky, 2014). This thesis aims to add

to the comparative literature, and further investigate the association between hip-

pocampal theta and active sensation through the combination of behavioural testing

and in vivo electrophysiology in freely-moving ferrets. Finding the common charac-

teristics of hippocampal theta across species is vital to the full comprehension this

phenomenon, and will further understanding of normal hippocampal function. The

hippocampus plays a crucial role in memory and spatial navigation, and damage or

disease to this brain region can be extremely debilitating; for example, shrinkage of

the hippocampus is a hallmark of Alzheimer’s disease and leads to severe memory

impairments. Increased understanding of normal hippocampal function could be of

great use in the development of treatments for memory related disorders affecting

the hippocampus.

1.1 Oscillations in the hippocampal formation

Oscillatory activity can be found at multiple spatial scales in the brain; from

the macroscopic electroencephalogram (EEG) signal measured at the scalp, down

to the microscopic membrane potential oscillations of a single neuron. To inves-

tigate the dynamics of neuronal networks, it is useful to consider activity at the

mesoscopic level. Activity of a group of neurons can be explored by recording the

local field potential (LFP), which measures the changes in potential of the extracel-
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lular medium. These voltage changes are primarily due to synaptic activity, yet all

current flow across excitable membranes will contribute to changes in extracellular

potential (Buzsáki et al., 2012). Oscillations in the LFP typically reflect rhythmic

synaptic activity, synchronised over a large number of neurons.

The hippocampus is formed of the cornus ammonis regions (CA1, CA2,

CA3), and is part of the hippocampal formation, which also comprises the dentate

gyrus, subiculum, presubiculum, parasubiculum and the entorhinal cortex (EC). The

hippocampus produces some of the most distinctive LFP oscillations in the mam-

malian brain and due to the dense, laminar-specific synaptic connections, these are

also some of the largest amplitude oscillations that can be recorded (Buzsáki et al.,

2013). The rodent hippocampal LFP has been split into six distinct activity patterns:

theta (5−12 Hz), beta (12−30 Hz), gamma (30−100 Hz), ripple (140−200Hz),

large irregular activity (LIA; broadband) and small irregular activity (SIA; broadband;

O’Keefe, 2007).

The hippocampal LFP is typically observed in one of three states- theta os-

cillations, LIA and SIA- which appear to be mutually exclusive. Theta oscillations in

the rodent occur primarily during active motor behaviours, including locomotion and

exploratory sniffing (Vanderwolf, 1969; Winson, 1974), and during rapid eye move-

ment (REM) sleep (Jouvet, 1969; Vanderwolf, 1969; Boyce et al., 2016). There are

occasionally short bouts of theta during immobility in the rodent, evoked by nox-

ious conditioned stimuli (Whishaw, 1972). The other dominant state, LIA, occurs

during epochs of awake immobility and is characterised by large, variable ampli-

tude and broadband frequency spectrum (O’Keefe, 2007). Relatively little is known

about SIA; in the awake animal it is observed during behavioural transitions, and

has been described as an intermediate state between theta and LIA. Epochs of SIA

can also be observed in the hippocampal LFP during sleep (O’Keefe, 2007; Lever

et al., 2014; Kay et al., 2016).

The remaining, higher-frequency activity patterns, specifically beta, gamma

and ripple oscillations, co-occur with these LFP states. In the awake animal, hip-

pocampal gamma oscillations can be observed during both theta oscillations and
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LIA (Bragin et al., 1995; Sullivan et al., 2011), while transient ripple oscillations are

only observed during LIA (Sullivan et al., 2011). Thus far beta oscillations have only

been observed during theta states (Vanderwolf, 2001; Berke et al., 2008).

Gamma oscillations in the hippocampal formation are broadly defined as

∼30-100 Hz oscillations in the LFP. Hippocampal gamma oscillations are typically

split into distinct sub-bands, based on frequency and phase-amplitude coupling

to theta. The number of sub-bands, their specific frequency bandwidths, and the

nomenclature, vary across the literature, but they are broadly consistent. There is:

a low-frequency component known as “slow” or “low” gamma (e.g. ∼ 30-60 Hz Tort

et al. 2008; ∼ 25-50 Hz Colgin et al. 2009; ∼ 30-50Hz Belluscio et al. 2012; ∼

30-80 Hz Schomburg et al. 2014); a mid-frequency component known as “high”,

“fast”, “medium”, or “midfrequency” gamma (e.g. ∼ 60-120 Hz Tort et al. 2008,

Scheffer-Teixeira et al. 2010 , Schomburg et al. 2014; ∼ 65-140 Hz Colgin et al.

2009; ∼ 50-90 Hz Belluscio et al. 2012); and a high-frequency component known

as “high frequency oscillations” , “fast gamma”, or “epsilon” (e.g. >100 Hz Tort et

al. 2008, Schomburg et al. 2014; ∼ 120-160 Hz Scheffer-Teixeira et al. 2010 ; ∼

90-150 Hz Belluscio et al. 2012). Here, “slow”, “medium” and “fast” gamma will be

used to describe the three gamma sub-bands.

1.2 Theta oscillation in the rodent

When observing the hippocampal LFP of a freely moving rodent, the pres-

ence of the theta oscillation is exceptionally clear; the 5-12 Hz sawtooth wave is

remarkably prominent, even in the raw LFP signal. Theta oscillations are found in

all layers and along the entire septotemporal axis of the hippocampus (Bullock et al.,

1990; Bragin et al., 1995; Lubenov and Siapas, 2009; Patel et al., 2012). Within a

layer, along the septotemporal axis of CA1, the theta oscillation has been reported

as a spectrally coherent travelling wave that propagates from the septal to the tem-

poral pole (Lubenov and Siapas, 2009; Patel et al., 2012). As theta travels the full

septotemporal extent of the hippocampus the amplitude tends to decrease and the
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phase shifts monotonically by about 180 degrees (Patel et al., 2012). Numerous

neuronal classes, including both principal cells and interneurons, fire at specific

phases relative to theta oscillations in all regions of the hippocampal formation (Fox

et al., 1986; O’Keefe and Recce, 1993; Jeffery et al., 1995; Skaggs et al., 1996;

Cacucci, 2004; Hafting et al., 2008; Somogyi et al., 2014). In the hippocampus,

the theta-phase spike modulation appears to be locked to locally recorded theta

(Lubenov and Siapas, 2009; Patel et al., 2012).

It has been suggested that there are two distinct types or components of

theta oscillation (Kramis et al., 1975), based on behavioural correlates and phar-

macological sensitivity. “Atropine-resistant” theta (type I) oscillations are defined as

those that occur during active motor behaviours; muscarinic receptor antagonists,

such as atropine, have little effect on the amplitude and frequency of theta in these

behavioural states (Kramis et al., 1975; Buzsáki et al., 1986). It is worth noting, how-

ever, that there are changes in the laminar profile and wave shape during atropine

administration (Buzsáki et al., 1986). In contrast, “atropine-sensitive” theta (type II)

is reported to be present during awake immobility and urethane anaesthesia, and

is abolished by muscarinic blockers (Kramis et al., 1975; Lai-Wo Stan Leung, 1985;

Buzsáki et al., 1986). Type II theta is relatively rare in the awake rodent and oc-

curs in short bouts (Vanderwolf, 1969; Kramis et al., 1975; Sainsbury et al., 1987),

typically at a lower frequency (∼ 4-8 Hz; Bland 1986; Sainsbury et al. 1987) than

type I theta (5-12 Hz; Vanderwolf 1969; Buzsáki 2002). Type II theta was found

to occur following noxious stimuli (Whishaw, 1972; Sainsbury et al., 1987; Montoya

et al., 1989; Seidenbecher et al., 2003) and has therefore been suggested to be re-

lated to attention or arousal (Sainsbury et al., 1987; O’Keefe, 2007). Hippocampal

theta during awake immobility- in one study with head fixation (MacDonald et al.,

2013)- has also been observed during non-match to sample tasks and associated

with mnemonic processes (Sato and Sakata, 1999; MacDonald et al., 2013); theta

was not explicitly described as type II in these studies despite its occurance without

any type I motor behaviours.

The sensorimotor integration hypothesis integrates the two components of
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theta (Bland et al., 1983; Bland and Oddie, 2001). This model states that the pri-

mary function of theta is to update voluntary motor systems with sensory feedback.

In this model, sensory information is mediated by Type II theta, which can appear in

isolation in the hippocampal formation; voluntary (Type I) movement inputs are me-

diated by Type I theta, and Type I and Type II theta are posited to always co-occur.

Type II theta is thus believed in this model to signal the preparation, or modulation,

of movement to the motor systems.

The relative paucity of theta during immobility in the behaving rodent (Van-

derwolf, 1969; Kramis et al., 1975; Sainsbury et al., 1987) means that most studies

consider only movement-related theta and, more specifically, theta during locomo-

tion and navigation behaviours in the rat (Buzsáki, 2005; Colgin, 2013; Buzsáki and

Moser, 2013). However, hippocampal theta during non-spatial motor behaviours

have also been explored. Hippocampal theta during lever-pressing has been ex-

amined in a number of studies (Vanderwolf, 1971; Whishaw et al., 1972; Feder and

Ranck, 1973; Buzsaki et al., 1985; Wyble et al., 2004). Only Feder and Ranck

(1973) report no theta oscillations during lever pressing in the rat hippocampus,

which they attribute to the lever press becoming an “automatic” behaviour - akin

to eating, drinking, and grooming- during which no theta oscillations are observed

(Vanderwolf, 1969). In the early studies, the presence of theta oscillations during

lever pressing was attributed to its relation to active motor behaviours (Vanderwolf,

1971; Whishaw et al., 1972). However, differences in the power and phase depth

profiles of theta during lever-pressing and running have been reported (Buzsaki

et al., 1985). Furthermore, behavioural context has been found to modulate the

power of theta oscillations during lever presses (Wyble et al., 2004), suggesting that

a simple correlation between motor action and hippocampal theta cannot account

for the observed results. In the Wyble et al. (2004) study the behavioural protocol

required two bar presses: one to initiate the trial and one to make a response in

following a visual cue. They found that hippocampal theta power increased during

the trial initiation lever press, but decreased during the choice bar press. They rea-

soned that the initial lever press was at the start of a series of voluntary motor action

that crucially needed to continue to finish the trial. The choice lever press was at the
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end of a trial, followed by a delay period and potentially a reward. The difference in

theta power observed during the two lever presses was thus believed to result from

preparation for the future behavioural state, and thus motor action. They claim that

this is consistent with the sensorimotor integration hypothesis (Bland et al., 1983;

Bland and Oddie, 2001). It is unclear as to whether theta observed during lever

pressing is type I or type II theta, as the atropine sensitivity of the signal was not

tested (Vanderwolf, 1971; Whishaw et al., 1972; Feder and Ranck, 1973; Buzsaki

et al., 1985; Wyble et al., 2004). Furthermore, the frequency of theta during lever

pressing was reported to be between 7.5-8.5 Hz (Buzsaki et al., 1985; Wyble et al.,

2004) which is within the range for both type I and type II theta (Sainsbury et al.,

1987).

1.3 Generation of hippocampal theta oscillations

Oscillatory activity in the local field potential (LFP) typically reflects rhythmic

transmembrane currents (Buzsáki et al., 2012). All neurons with firing phase-locked

to LFP oscillations will, in principle, contribute to the extracellular currents generat-

ing those oscillations. The oscillatory activity of “current generators” such as these

can be produced by numerous mechanisms, including intrinsic membrane oscilla-

tions, network activity, and/or rhythmic input (Buzsáki et al., 2012). Examination of

the current flow during theta oscillations can give insight into the mechanisms un-

derlying their generation. Regions where positive charges flow out of, or negative

charge flow into, the membrane are known as current sources. Conversely, current

sinks are regions where positive charge flow into, or negative charges out of, the

membrane. Current source density (CSD) analysis can reveal the current sources

and sinks underlying the LFP (Freeman and Stone, 1969; Wójcik, 2013). CSD

analysis across the transverse axis of the hippocampus suggests that each layer

contains “theta dipoles”- current sources and sinks that mediate theta oscillations

(Brankačk et al., 1993; Kamondi et al., 1998; Montgomery et al., 2009). Moreover,

these dipoles appear to be relatively independent (Montgomery et al., 2009). For

simplicity, theta oscillations in area CA1 will be used as an example to explore the
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current and rhythm generators that mediate hippocampal theta.

In area CA1, current source density (CSD) analysis during theta oscillations

has shown a number of rhythmic sources and sinks (Kamondi et al., 1998; Mont-

gomery et al., 2009). There is a rhythmic sink in the stratum lacunosum moleculare-

the distal apical dendrites- of CA1 pyramidal neurons, mediated by the excitatory

input from the entorhinal cortex (EC); isolation of the hippocampus from the EC re-

sults in the total loss of this sink (Kamondi et al., 1998). There is also a rhythmic

source in the pyramidal cell layer, which is believed to arise from periodic somatic

inhibition of CA1 pyramidal neurons by local inhibitory interneurons (Ylinen et al.,

1995; Kamondi et al., 1998). There is an additional sink in the stratum radiatum -

the medial apical dendrite- which corresponds to excitatory input from the Schaffer

collaterals of CA3 pyramidal neurons (Kamondi et al., 1998).

The medial septum-diagonal band of Broca (MS-DBB) nuclei have been

shown to be critical for the theta rhythmicity of these sources and sinks, and in-

deed for the overall generation of theta oscillations; in the awake animal, theta is

abolished in all cortical regions following MS-DBB lesion or inactivation (Green and

Arduini, 1954; Winson, 1978; Rawlins et al., 1979; Buzsáki et al., 1983; Partlo and

Sainsbury, 1996). The MS-DBB projects to the all regions of the hippocampal for-

mation (Freund and Antal, 1988; Unal et al., 2015), placing it in prime position to

act as pacemaker to the sources and sinks outlined above. However, the relative

independence of the multiple theta dipoles suggests that numerous mechanisms

of rhythmogenesis exist (Buzsáki, 2002; Montgomery et al., 2009). Indeed, there

is evidence of intrahippocampal theta oscillations, independent of MS-DBB input

(Goutagny et al., 2009). Furthermore, neurons of the hippocampus and EC are also

reported to be endowed with intrinsic membrane properties that facilitate oscillation

at a theta frequency (Alonso and Llinás, 1989; Pike et al., 2000; Zemankovics et al.,

2010). The way in which these oscillators interact to generate the macroscopic LFP

theta oscillation is not yet fully understood.
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1.3.1 Role of the medial septum-diagonal band of Broca

The MS-DBB are nuclei of the basal forebrain which project, via the fimbria

and dorsal fornix, to the hippocampal formation and a number of extrahippocampal

cortices (Figure 1.1; Rawlins et al. 1979; Köhler et al. 1984; Freund and Antal 1988;

Cui et al. 2013; Gonzalez-Sulser et al. 2014; Sun et al. 2014; Unal et al. 2015).

Compelling evidence for the involvement of the MS-DBB in theta generation comes

from MS-DBB lesions, which result in total loss of theta oscillation in all cortical tar-

gets (Green and Arduini, 1954; Winson, 1978; Rawlins et al., 1979; Buzsáki et al.,

1983; Partlo and Sainsbury, 1996).Theta rhythmic firing has been found in a ma-

jority of MS-DBB neurons (Petsche et al., 1962; Ford et al., 1989; Hangya et al.,

2009) and is believed to play a major role in pacemaking hippocampal theta. This

theory is supported by evidence that MS theta rhythmic cells have been found to

lead hippocampal theta (Hangya et al., 2009), and the MS is reported to enter a

theta state approximately 500 ms prior to the initiation of theta oscillations in the

hippocampus (Bland et al., 1999). The three major projections from the MS-DBB

that are thought to contribute to driving theta oscillations in the hippocampus are

1) GABAergic (Köhler et al., 1984; Freund and Antal, 1988), 2) cholinergic (Lewis

et al., 1967; Frotscher and Léránth, 1985), and 3) glutamatergic (Colom et al., 2005;

Robinson et al., 2016).

MS-DBB GABAergic projections are believed to be crucially involved in the

generation of theta oscillations; lesion or inactivation of these projections leads to a

major reduction of theta power (Yoder and Pang, 2005; Boyce et al., 2016). Further-

more, selective rhythmic activation at a theta frequency has been found to initiate

or entrain theta oscillations (Bender et al., 2015). MS-DBB GABAergic projections

have been found to burst rhythmically at a theta frequency in vivo (Stewart and Fox,

1989; Brankačk et al., 1993; Simon, 2006), however the mechanisms behind the

theta rhythmicity of these cells is still under investigation (Vertes et al., 2004; Leão

et al., 2015). It was found that the majority of MS GABAergic neurons which are

phase coupled to theta express hyperpolarisation-activated and cyclic-nucleotide

gated (HCN) channels (Xu et al., 2004; Varga et al., 2008). HCN channels are non-
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Figure 1.1: Projections of medial septum-diagonal band of Broca (MSDBB) to the hip-

pocampal formation. The MSDBB projects to all regions of the hippocampal formation.

Adapted from Llorens-Martin et al. (2014). MS-DBB connectivity based on Rawlins et al.

(1979); Köhler et al. (1984); Freund and Antal (1988); Cui et al. (2013); Gonzalez-Sulser

et al. (2014); Sun et al. (2014); Unal et al. (2015)
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selective ligand-gated cation channels that generate rhythmic activity in the central

nervous system and heart (Kaupp and Seifert, 2001). In vitro, blockade of the

current associated with HCN channels perturbed rhythmic firing (Xu et al., 2004).

However, this effect was not replicated in vivo; blockade of HCN action did not per-

turb theta phase firing in most cases, suggesting that the theta rhythmicity of these

cells depends on network level interactions (Varga et al., 2008).

Septohippocampal GABAergic projections terminate predominantly onto a

diverse population of local interneurons across the rodent hippocampal formation

(Freund and Antal, 1988; Gonzalez-Sulser et al., 2014; Sun et al., 2014; Unal

et al., 2015). In the hippocampus proper, MS-DBB GABAergic projections medi-

ate the disinhibition of pyramidal cells (Tóth et al., 1997) through inhibition of local

interneuron circuits (Freund and Antal, 1988). Combined with the theta-rhythmic fir-

ing of septohippocampal GABAergic projections (Stewart and Fox, 1989; Brankačk

et al., 1993; Simon, 2006), this provides the foundation for the “classic” model of

theta generation where the MS-DBB is the pacemaker for hippocampal theta oscil-

lations (Buzsáki, 2002). The interneurons of the subicular complex and entorhinal

cortices also receive GABAergic projections from the MS-DBB (Gonzalez-Sulser

et al., 2014; Unal et al., 2015); MS-DBB GABAergic afferents may therefore impose

theta rhythmic inhibition onto interneurons of these functionally related cortical re-

gions. The influence over local interneurons of a neural network places MS-DBB

GABAergic projections in a prime position to shape oscillatory network activity and

synchronise this activity across regions.

The cholinergic neurons of the MS-DBB also contribute to the generation of

theta oscillations. As described in Section 1.2, there is a distinction between two

types of theta: type I, which is said to occur during active motor behaviours, and

type II, which occurs when the animal is immobile or under urethane anaesthe-

sia (Kramis et al., 1975). Type II theta has been found to be sensitive to atropine

(Kramis et al., 1975; Lai-Wo Stan Leung, 1985; Buzsáki et al., 1986), a muscarinic

acetylcholine receptor antagonist, thus signifying critical cholinergic involvement

with this component of theta oscillations. Muscarinic receptor signalling is also in-
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volved in type I theta as during atropine administration the amplitude of theta during

motion is decreased (Lawson and Bland, 1993). Nicotinic activation may also be

involved in the generation of type I theta as selective lesion of septohippocampal

cholinergic fibres result in significant reduction of theta power during motion (Lee

et al., 1994), a larger decrease than that seen during atropine administration (Law-

son and Bland, 1993).

Cholinergic projections from the MS-DBB innervate both interneurons and

principal cells of the hippocampal formation and entorhinal cortex (Mitchell et al.,

1982; Gaykema et al., 1990; Kamondi et al., 1998), terminating as thin varicose

fibres in all layers of their target cortices (Frotscher and Léránth, 1985; Gaykema

et al., 1990). It is worth noting the diversity of cholinergic receptors in the hip-

pocampal formation, with both muscarinic and nicotinic receptor subtypes being

found pre- and post-synaptically (Levey et al., 1995; Alkondon and Albuquerque,

2001; Dasari and Gulledge, 2011; Tang et al., 2011). This diversity, combined

with the diffuse terminal structure, suggests that cholinergic efferents may have

a dynamic impact on hippocampal theta across multiple timescales. However,

MS-DBB cholinergic projections are not currently believed to directly contribute to

rhythmic membrane potential fluctuations during theta oscillations; the excitation

of hippocampal pyramidal neurons mediated by M1 muscarinic receptors occurs

too slowly to drive the membrane oscillation (Cole and Nicoll, 1983; Hasselmo and

Fehlau, 2001). Furthermore, while some studies have identified MS-DBB choliner-

gic neurons that burst with theta rhythmicity (Brazhnik and Fox, 1997; Stewart and

Fox, 1989; Alonso et al., 1996; Lee, 2005), there are contradictory reports (Simon,

2006). MS-DBB cholinergic projections are thus suggested to play a modulatory

or permissive, rather than pacemaker, role in the generation of theta oscillations.

It has also been suggested that cholinergic input to the hippocampus supresses

sharp wave-ripple (SWR) events (Kubota et al., 2003; Vandecasteele et al., 2014),

during which the network is thought to be in a state antagonistic to theta oscillations

(Buzsáki and Schomburg, 2015).

The glutamatergic septohippocampal fibres were only recently characterised

26



(Colom et al., 2005) and therefore have been relatively less studied than their

GABAergic and cholinergic counterparts. Recent evidence suggests that the MS-

DBB glutamatergic projections to the hippocampus are part of a disinhibitory circuit

which mediates the relationship between speed and firing rate of CA1 pyramidal

neurons during theta oscillations (Fuhrmann et al., 2015).

The connections between the MS-DBB and hippocampal formation are not

unidirectional. There are GABAergic projections from the hippocampus and dentate

gyrus to the MS-DBB (Gaykema et al., 1991; Tóth et al., 1993), and evidence has

been found for direct connections onto septohippocampal MS-DBB neurons (Tóth

et al., 1993). The feedback loop formed may be involved in pacing hippocampal

theta (Buzsáki, 2002). Furthermore, these reciprocal connections are topographi-

cally organised along the septotemporal axis of the hippocampus (Gaykema et al.,

1991; Yoshida and Oka, 1995). The impact of this organisation on theta oscillations

has yet to be determined.

1.3.2 Other sources of rhythmicity

There is overwhelming evidence that the connections between the MS-DBB

and the hippocampal formation are crucial to the genesis of theta oscillations in

vivo. However, there is also evidence that a “MS-DBB lead, hippocampus follow”

model of theta generation is overly simplistic.

Buzsaki (2002) put forward a case for an intrahippocampal rhythm generator

in the CA3 recurrent collateral system. Following entorhinal lesions, comparison of

CSD analysis of CA1 theta oscillations with Schaeffer collateral stimulation suggest

that the remaining theta is mediated by area CA3 (Bragin et al., 1995). These oscil-

lations were also found to be sensitive to atropine (Buzsáki et al., 1983), leading to

the suggestion the CA3 recurrent collateral system mediates type II theta. However,

in these studies area CA3 was still receiving input from the MS-DBB, which may in-

fluence rhythmogenesis. Still, further evidence for an independent intrahippocampal

oscillator can be found from in vitro hippocampal slice preparations; theta-frequency
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oscillations have been pharmacologically induced in hippocampal slices where con-

nections to and from the MS-DBB has been severed (Konopacki et al., 1987; Bland

et al., 1988; Gillies et al., 2002).

Recent work by Goutagny et al. (2009) has provided strong evidence for

an intrahippocampal oscillator. Goutangny and colleagues (2009) recorded spon-

taneous and self-sustaining theta-frequency oscillations in a whole hippocampal in

vitro preparation. CSD analysis in area CA1 during intrahippocampal theta oscilla-

tions revealed a rhythmic sink in the stratum radiatum, the target of CA3 input, cou-

pled to a source in the pyramidal cell layer. This is consistent with a CA3-mediated

intrahippocampal theta generation. However, in contrast to results found in vivo

which suggest that intrahippocampal oscillations generate type II theta (Buzsáki

et al., 1983), these oscillations were found to be resistant to atropine administration.

Furthermore, theta-frequency oscillations were still present in area CA1 following

surgical removal of area CA3, suggesting that intrinsic CA1 circuitry is sufficient to

generate theta oscillations. To further probe the circuity necessary to generate and

sustain theta-frequency oscillations in area CA1, neural activity was simultaneously

recorded from two sites along the septotemporal axis. Procaine, a local anaes-

thetic which causes depression of neural activity via blockade of sodium channels,

was then injected between the sites to induce local inactivation of this region of

CA1. During inactivation, theta oscillations were still recorded from both sites yet

the coherence between them was found to significantly decrease. This suggests

that there are multiple oscillators along the septotemporal axis of CA1 capable of

generating theta-frequency oscillations. These data are consistent with the “weakly

coupled oscillator” theory of theta generation, which came to prominence following

evidence that theta oscillations propagate as a travelling wave along the septotem-

poral axis of the hippocampus (Lubenov and Siapas, 2009; Patel et al., 2012); in this

theory, theta oscillations emerge from interactions in a network of weakly coupled

intrahippocampal oscillators.

Numerous neuron classes in the hippocampal formation associated with theta

oscillations are endowed with intrinsic membrane properties which facilitate oscilla-
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tion at a theta frequency (Alonso and Llinás, 1989; Pike et al., 2000; Zemankovics

et al., 2010). For example, CA1 pyramidal neurons exhibit subthreshold membrane

resonance at a theta frequency in vitro (Pike et al., 2000). When depolarised, this

resonance is mediated by HCN channels (Hu et al., 2002); these channels are

known to generate rhythmic activity (Kaupp and Seifert, 2001) and are also ex-

pressed in rhythmically firing GABAergic MS-DBB neurons (Xu et al., 2004; Varga

et al., 2008)Xu et al., 2004). Theta-frequency membrane resonance of CA1 prin-

cipal cells has also been observed in vivo, induced by optogenetic activation of

inhibitory interneurons in CA1 (Stark et al. 2013). In the EC, theta-frequency mem-

brane potential oscillation have been observed in layer II stellate cells in response

to depolarising current input (Alonso and Llinás, 1989). This suggests that entorhi-

nal theta-frequency oscillations could be independently generated, in the absence

of MS-DBB rhythmic input. The rhythmic properties of EC stellate cells have also

been attributed in part to HCN channels (Dickson et al., 2000). These data suggest

that the HCN channel may play role in the generation of hippocampal theta. Indeed,

it has been suggested that expression of HCN channels could serve to “prime” a

neuron to participate in the theta oscillation, and may offer some explanation for

theta generation in the absence of MS-DBB input (Colgin, 2013).

1.4 Proposed functions of theta oscillations in the

hippocampus

Theta oscillations in the hippocampus play a critical role in mnemonic and

spatial navigation functions: early research found evidence that learning is corre-

lated with the amount of theta oscillation present during training (Landfield et al.,

1972; Berry and Thompson, 1978), and disruption of theta power in the hippocam-

pus lead to deficits in spatial memory (Winson, 1978; Mitchell et al., 1982; M’Harzi

and Jarrard, 1992; Wang et al., 2015). Matching impairments can be observed fol-

lowing lesions of the hippocampus (Morris et al. 1982). Spatial learning can be

partially restored after MS inactivation, a region critical for theta generation, by ar-
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tificially creating regular theta-frequency patterns in the fornix (McNaugton et al.

2006); this rescue requires that stimulation patterns are periodic and at the theta

frequency. While these data suggest that theta rhythmicity is critical to normal hip-

pocampal function, its exact mechanistic role within the hippocampus remains an

open question.

Many theories of theta function have been proposed. Within the hippocam-

pus, the distinctive phase relationship of principal cell firing to the theta oscillation is

believed to encode metrical information or mediate sequence learning (O’Keefe and

Recce, 1993; Jensen and Lisman, 2005; Foster and Wilson, 2007). Hippocampal

theta oscillations are also believed to separate the activity of neuronal ensembles

that encode distinct contexts (Jezek et al., 2011). Theta has also been proposed

as a mechanism to organise processing in the hippocampus, specifically by the

phasic separation of encoding and retrieval (Hasselmo et al., 2002). Furthermore,

theta oscillations are proposed to play a role facilitating communication between the

hippocampus and a number of diverse brain regions. Evidence for these putative

functions is outlined below.

1.4.1 Phase precession

One particularly striking observation in the hippocampus is the relationship

between the firing of principal cells and the phase of local theta oscillations (O’Keefe

and Recce, 1993; Foster and Wilson, 2007). O’Keefe and Recce (1973) first ob-

served this phenomenon in CA1 “place cells”- pyramidal cells that fire in response

to an animal moving though a specific place in the environment (O’Keefe, 1976).

When rats first enter the “place field” of a particular place cell, spiking is observed

at a late phase of theta. As the rat continues through the place field, spiking sys-

tematically progresses to earlier theta phases on subsequent cycles (O’Keefe and

Recce, 1993). This phenomenon is known as “phase precession” and while it is

most evident on a linear track (O’Keefe and Recce, 1993; Foster and Wilson, 2007)

it can also be found during exploration of an open field (Skaggs et al., 1996; Huxter

et al., 2008).
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A direct consequence of phase precession in CA1 place cells is the high cor-

relation between theta phase of firing and distance through the place field (O’Keefe

and Recce, 1993). Therefore, it has been suggested that the phase of place cell

firing encodes metrical information, increasing spatial information compared to that

contained in the ensemble firing of place cells (O’Keefe and Recce, 1993; Jensen

and Lisman, 2005). This theory is controversial: some studies claim firing phase

to be an independent variable encoding location (Huxter et al., 2003) while others

report it to be a more generalised phenomenon (Harris et al., 2002). The latter

theory is supported by reports that phase precession can be observed in CA1 pyra-

midal cells during non-spatial behaviours, such as a rodent running in place on a

wheel (Harris et al., 2002; Wang et al., 2015). Theta phase precession appears to

be a ubiquitous phenomenon throughout the hippocampal formation (Skaggs et al.,

1996; Hafting et al., 2008; Mizuseki et al., 2009, 2012; Kim et al., 2012) and in the

ventral striatum (van der Meer and Redish, 2011).

Numerous models of phase precession generation include hippocampal theta

oscillations as a vital component. For example, the dual oscillator interference

model states that phase precession is a result of interference between two mem-

brane potential oscillations in pyramidal cells: one somatic, driven by theta-related

MS-DBB input; and one dendritic, the frequency of which increases above the theta

frequency in a speed dependent manner (O’Keefe and Recce, 1993; Lengyel et al.,

2003). Due to the small frequency difference, the sum of these oscillators is be-

lieved to create an interference pattern, the peaks of which induce the cell to fire.

These peaks, and thus cell spiking, show phase precession when compared to the

theta oscillation as recorded in the hippocampal LFP (Lengyel et al., 2003). This

model has been supported by recent work which performed in vivo whole-cell patch

recordings as mice explored a virtual environment (Harvey et al., 2009). CA1 pyra-

midal cell spiking was found to be locked to membrane oscillations, which oscillated

at a slightly higher frequency than the LFP theta (Harvey et al., 2009). However,

this study also revealed an asymmetry in excitation as the animal entered the cells

place field- a hallmark of another model of phase precession based on network

synaptic interaction as opposed to intrinsic oscillation (Mehta et al., 2002). In this
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model the interaction of an asymmetric excitation ramp, possibly mediated by attrac-

tor network dynamics, and periodic inhibition mediated by theta oscillations results

in phase precession of place cell firing. Hybrid models combining the network and

intrinsic membrane effects have also been proposed to explain phase precession

(Maurer and McNaughton, 2007).

Place cells that represent an environment typically have overlapping recep-

tive fields (O’Keefe, 2007). Therefore, Skaggs et al. (1996) predicted another con-

sequence of phase precession in CA1 place cell ensembles: a temporally com-

pressed, ordered sequence within a theta cycle. In support of this, it was found that

within a theta cycle, the time between spiking of pairs of place cells was correlated

to the physical distance between their place fields (Dragoi and Buzsáki, 2006). The

prediction was further verified by Foster and Wilson (2007), who simultaneously

recorded spiking from CA1 place cell ensembles and showed ordered sequences

within each theta cycle (termed “theta sequences”) relating to the animals current

spatial experience. A cell firing at the late theta phases has a place field in front

of the animal, and spiking at the earliest phases will result from cells with place

fields behind the animal. Events that occur seconds apart during behaviour, i.e.

locations in an environment, are temporally compressed within a theta cycle within

a timescale for Hebbian plasticity; phase precession has thus been proposed as a

mechanism for sequence learning in the hippocampus (Skaggs et al., 1996; Jensen

and Lisman, 2005; Dragoi and Buzsáki, 2006; Foster and Wilson, 2007). With the

critical involvement of the hippocampal formation in spatial navigation, theta se-

quences are potential candidates as the neural substrate of navigation and planning

(Lisman and Redish, 2009). In support of this, theta sequences have been shown

to be predictive of future running direction in an open field (Huxter et al., 2008).

Furthermore, it has also been claimed that the spatial representations within theta

sequences dynamically reflect an animals current goals (Gupta et al., 2012).
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1.4.2 Discretisation of information

Theta oscillations can be considered as the periodic release of principal neu-

ronal ensembles from high levels of inhibition, which creates preferred and non-

preferred firing phases. This modulation of principal cell spiking activity enables

separation of neuronal activity across theta cycles. Theta oscillations have thus

been considered as a mechanism to parcel information into discrete windows. Dur-

ing the release from inhibition with the theta cycle, the hippocampal network is be-

lieved to be in a single state, which represents a specific context. This is hypoth-

esised to reset at the end of each cycle, when inhibition is again high, and a new

state can emerge. Pattern completion, mediated by CA3 recurrent collaterals, may

underlie the formation of a single representation per cycle (Gardner-Medwin, 1976).

Evidence for this context segregation has been found in a study by Jezek

and colleagues (2011). In this study, rats were exposed to two environments, distin-

guished by unique light cues on the arena walls, whilst recording activity in the hip-

pocampus to obtain their unique neuronal representations. In test sessions, the rats

were then “teleported”from one environment to another, by instantaneously switch-

ing the cue patterns. Following the cue switch, neuronal ensembles that repre-

sented sections of the individual environments were found to flicker back and forth

until the representation stabilised. Of particular interest are the temporal dynamics

of this flickering; the alternation between the two representations was found to be

paced by local theta oscillations. Moreover, each theta cycle typically contained

a representation of only one environment. Similar flickering between hippocam-

pal neuronal ensembles has also been found in response to current behavioural

demands within the same environment (Kelemen and Fenton, 2010). Rats were

placed on a continuously rotating arena and were trained to avoid two shock zones:

one that remained constant in reference to the room, and one that remained con-

stant on the rotating platform. Two separate neural representations were observed,

one for each frame of reference, which alternated within a behavioural session. The

authors did not explicitly examine alternation across theta cycles, however they do

report cells of the same environment fire within a timescale consistent with a single
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theta cycle (Kelemen and Fenton, 2010). Alternation of head-direction ensembles,

containing cells tuned to particular directions in space, across theta cycles has also

been reported, with cells of a similar tuning tending to fire within the same theta

cycle (Brandon et al., 2013). In addition, a study has reported that the spatial infor-

mation within a theta cycle represented distinct portions of the environment during

a spatial memory task (Gupta et al., 2012).

These data suggest that information in the hippocampus is discretised by

theta oscillations, and that only one context is represented within a single theta

cycle. The periodic nature of theta offers a straightforward mechanism for the net-

work to switch states on a relatively rapid timescale; this could provide the requisite

flexibility needed in a system that performs complex cognitive tasks and still reacts

rapidly to the behavioural demands of the animal.

1.4.3 Discretisation of processing

Theta oscillations are believed to discretise the processing of information in

the hippocampus. There is evidence to support a role of theta oscillations in or-

ganising processes such that a certain phase is favourable for encoding information

and another phase for retrieving information. An animal must be able to retrieve

information about its current environment, whilst also being able to encode new

information without interference from previous experience. Area CA1 has been a

region of much interest for the investigation of encoding and retrieval in the hip-

pocampus, as there are two dominant driving inputs into area CA1: the entorhinal

input carrying sensory information (Canto et al., 2008), and the CA3 input, whose

extensive excitatory recurrent collaterals have led to models of CA3 as an autoas-

sociative memory network (Marr, 1971; Rolls, 2013).

Much research has highlighted theta oscillations as playing a potentially crit-

ical role in organising numerous physiological processes to achieve this functional

separation. Hasselmo et al. (2002) presented an initial formalisation of this theory

and described phasic changes in dominant driving inputs into CA1 and induction of
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long-term potentiation (LTP) and long-term depression (LTD), which are thought to

result in preferred phases for encoding and retrieval (Hasselmo et al., 2002; Has-

selmo, 2005).

The “encoding phase” is described as occurring at the trough of theta as

measured at the hippocampal fissure, which corresponds to the peak of theta as

measure in the CA1 pyramidal cell layer. During this phase, spiking input and synap-

tic transmission from the EC is high, which can be observed in the CSD analysis

as a large sink in the stratum lacunosum-moleculare- the distal dendritic region that

receives projections from the EC (Brankačk et al., 1993). Synaptic transmission

from CA3 afferents is reduced during this phase of theta (Wyble et al., 2000), how-

ever LTP is preferentially induced at the CA3-CA1 synapse (Hölscher et al., 1997;

Wyble et al., 2000). This combination of factors is believed to enable the encoding

of patterns based on entorhinal input without interference from previously stored

associations. In contrast, the “retrieval phase” occurs at the peak of theta as mea-

sured at the hippocampal fissure, corresponding to the trough of theta as measured

in the CA1 pyramidal cell layer. During this phase, area CA1 receives maximal spik-

ing input from area CA3 (Brankačk et al., 1993) yet LTD is preferentially induced

(Hyman et al., 2003) therefore the retrieval activity is not encoded.

This theory has been supported by studies investigating theta-gamma phase-

amplitude coupling in CA1 (Colgin and Moser, 2009; Schomburg et al., 2014), which

report distinct components of gamma that correspond to unique inputs and occur

at different phases of theta. Schomburg et al. (2014) found that “slow gamma”, de-

fined here as 30−80Hz, was mediated by CA3 input and occurred preferentially on

the descending phase of theta recorded in the pyramidal cell layer of CA1. “Medium

gamma”, 60−120 Hz, corresponded with EC input, and was present predominantly

during the peak of CA1 pyramidal theta. The findings by Colgin and colleagues

(2009) are broadly consistent, however they report that EC-associated gamma,

here referred to as “fast gamma” at ∼65−140Hz, is predominantly observed at the

trough of theta recorded at the CA1 pyramidal layer. This could be due to their use of

single site recording, in contrast to Schomburg and colleagues (2014) multi-shank
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probes, which limits spatial localisation of currents generating gamma oscillations

(Buzsáki et al., 2012). Indeed, Schomburg et al. (2014) use independent com-

ponent analysis and report a third gamma generator which produces oscillations at

>100Hz preferentially during the trough of theta. EC-mediated medium gamma has

also been reported at the peak of local theta in other studies using multi-site record-

ing (Scheffer-Teixeira et al., 2012; Belluscio et al., 2012). The phasic separation of

EC and CA3 inputs observed in these studies is thus consistent with that outlined

by Hasselmo et al. (2002).

A recent study employing closed-loop optogenetic stimulation selectively in-

hibited dorsal CA1 during specific phases of locally recorded theta oscillations dur-

ing a spatial memory task (Siegle and Wilson, 2014). Within each trial of the be-

havioural task, mice were required to encode and retrieve information about the

reward location; distinct sections of the maze could therefore be considered as “en-

coding segments” or “retrieval segments”. CA1 inhibition triggered by the peak of

local theta Hasselmo et al.s (2002) “encoding phase” was found to improve be-

havioural performance when it occurred during the encoding segment of the task.

This theta peak-triggered inhibition had no effect during the retrieval sections. Be-

havioural performance also improved during inhibition triggered by the trough the

proposed “retrieval phase” of CA1 theta when triggered during the retrieval seg-

ment, while trough-triggered inhibition had no effect during the encoding segment.

The differential impact of CA1 inhibition at different phases of theta during peri-

ods of distinct behavioural demand support the phasic separation of encoding and

retrieval. However, the improvement in behavioural performance is difficult to inter-

pret. Error analysis of behavioural results showed strong bias to a “win-stay, lose-

switch” strategy, which was reduced during optogenetic stimulation. The authors

suggest that the phasic inhibition imposed on the system may reduce the amount

of incoming information that is irrelevant to the task. In their proposed mechanism,

peak-triggered stimulation, which typically occurred on the falling phase of theta

(i.e. during maximal CA3 input (Schomburg et al., 2014), reduced the influence of

mnemonic CA3 input during the encoding segment. This would, in theory, act to in-

crease relative entorhinal influence or reduce interfering information about previous
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trials, enhance the encoding of task-relevant information, and result in increased

performance in the task. During the retrieval segment, trough-triggered inhibition

reduces the sensory entorhinal input, thus increases relative CA3 influence, and

enhances retrieval of task-relevant information.

The studies outlined above support the role of theta oscillations in the or-

ganisation of hippocampal processing, thus suggesting a critical role in the nor-

mal function of the hippocampus. The discretisation of processing would enable

seemingly conflicting functions- encoding and retrieval- to occur with minimal inter-

ference. Periodic repetition of this phasic separation across cycles of a continuous

oscillation may provide the system with a mechanism to allow multiple processes to

occur somewhat independently at the network level but appear simultaneous on a

behavioural timescale.

1.4.4 Facilitating interregional communication

Complex cognitive processes such as memory and spatial navigation require

many regions of the brain to communicate and work in synchrony. It has been pro-

posed that this interregional interaction could be facilitated by coherent oscillation in

the LFPs of functionally connected areas (Gray, 1994; Fries, 2005); the oscillation

of neuronal activity produces periods of excitability, and thus windows of optimal

communication between regions (Fries, 2005). Theta-frequency oscillations and

neuronal firing phase-locked to local or hippocampal theta have been found in a

number of cortical and subcortical regions in the rat brain including: entorhinal cor-

tex (Jeffery et al., 1995; Hafting et al., 2008), pre- and para-subiculum (Cacucci,

2004), ventral tegmental area (Fujisawa and Buzsáki, 2011), somatosensory cortex

(Ganguly and Kleinfeld, 2004) and prefrontal cortex (Siapas et al., 2005; Hyman

et al., 2005; Jones and Wilson, 2005; Fujisawa and Buzsáki, 2011). The presence

of theta-frequency activity in functionally connected networks implicates this oscil-

latory pattern in cross-regional synchrony and information transfer.

The hippocampus receives convergent multisensory information, and thus
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the role of theta oscillations in the transfer of sensory information has been investi-

gated. Theta rhythmicity is potentially well suited to this task in the rodent in which

sensory information is predominantly acquired through rhythmic motor behaviours,

i.e. sniffing and whisking, which occur within a theta frequency range (Macrides

et al., 1982; Berg and Kleinfeld, 2003; Kepecs et al., 2007). While there is ev-

idence for independent oscillatory mechanisms underlying sniffing and whisking,

these rhythmic motor actions are believed to dynamically phase-lock (Moore et al.,

2013; Ranade et al., 2013). There is some evidence to suggest that this rhyth-

mic sensory input and theta oscillations phase-lock in a state dependent manner

(Macrides et al., 1982; Ganguly and Kleinfeld, 2004).

During whisking, for example, a significant increase in spectral coherence

within the theta-frequency band has been reported between neural activity in rat

somatosensory cortex and whisking muscle activity (Ganguly and Kleinfeld, 2004).

Interestingly, this effect was only observed during active, rewarded behaviours. It is

unclear however if this is an effect of attention, or indeed an example of enhanced

communication though coherence. Another study reported no significant phase re-

lationship between whisking and hippocampal theta (Berg et al., 2006). However,

these rats were trained to whisk in air, and it could be argued that the lack of be-

havioural significance could explain the null result. While there is much compelling

evidence that whisking occurs at a theta frequency (Ganguly and Kleinfeld, 2004;

Berg et al., 2006; Ranade et al., 2013), neural evidence of an influence of theta

oscillations on spiking in the barrel cortex during whisking is less conclusive (Grion

et al., 2016).

During an odour discrimination task, sniffing rate for successful discrimina-

tion was found to be consistently between 6−9Hz, despite much higher respiration

rate variation outside of the task (Kepecs et al., 2007). Furthermore, temporal cor-

relation between the frequencies of sniffing and theta oscillation in the hippocam-

pus was reported during odour discrimination (Macrides et al., 1982). However,

recent work has described a respiration-coupled neuronal oscillation, distinct from

the theta oscillation, in the hippocampus of both anaesthetised and awake rodents
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(Yanovsky et al., 2014; Lockmann et al., 2016; Nguyen Chi et al., 2016). This oscil-

lation is reported to occur independently or simultaneously with hippocampal theta

and has an overlapping frequency range. It is unclear whether this respiration

rhythm was the source of the coherence detected during both tactile and odour

tasks. However, it is still evident that theta-frequency activity appears to be opti-

mal for sensory intake. It is worth noting that the awake mice in Nguyen-Chi and

colleagues’ (2016) study were not engaged in any active sampling of stimuli. One

could hypothesise that during active sensing the respiration rhythm couples to hip-

pocampal theta, leading to enhanced information transfer between the olfactory bulb

and the hippocampus. Further work will need to be done to investigate interactions

between these two oscillations.

Interregional theta coupling has also been reported between the hippocam-

pus and a number of other diverse brain regions. During a variety of spatial naviga-

tion behaviours, a proportion of neurons in the medial prefrontal cortex (mPFC) have

been found to entrain to hippocampal theta (Hyman et al., 2005; Siapas et al., 2005).

Furthermore, the number of mPFC neurons phase-locked to theta was found to be

significantly higher during correct-choice trials in animals performing working mem-

ory tasks (Jones and Wilson, 2005; Hyman et al., 2010). An increase in proportion

of theta phase-locked mPFC neurons has also been observed following successful

learning in an object-place paired-association task (Kim et al., 2011). This study

also observed maximal mPFC-theta spectral coherence prior to the choice point in

the task; increased spectral coherence at a choice point has also been reported

in the mPFC upon learning a reward contingency rule on a Y-maze (Benchenane

et al., 2010) and in the striatum upon successful performance of a tone-cued T-maze

(DeCoteau et al., 2007). Hippocampal theta was also found to be phase-locked to a

∼ 4 Hz oscillation recorded in the ventral tegmental area (VTA) and PFC (Fujisawa

and Buzsáki, 2011); both hippocampal theta and the 4 Hz VTA-PFC oscillation were

found to modulate gamma activity and neuronal firing across the three regions. In

the amygdala, a low-frequency oscillation was observed in the LFP following Pavlo-

vian fear conditioning, and was found to be temporally coherent with hippocampal

theta (Seidenbecher et al., 2003).
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These studies suggest that there are functional theta-band interactions be-

tween the hippocampus and a number of distinct brain regions. Moreover, these

results portray interregional theta coupling as a dynamic process that varies due

to the behavioural demands of the animal, with stronger coupling evident when di-

verse brain regions are required to work together. However, care must be taken

when drawing conclusions from data showing interregional coherence in the LFP

(Buzsáki, 2015). Phase-locked spiking provides compelling evidence of functional

connection, however further work must be done to elucidate the circuits and mech-

anisms that underlie theta coupling. Until these mechanisms are revealed there

may be uncertainty as to whether phase-locked spiking is merely a byproduct of

strong rhythmic input, or whether interregional coupling is indeed acting to enhance

communication. This enhancement may be achieved by ensuring that incoming

information from multiple regions arrives in a synchronous or temporally coherent

manner; any neurons in disparate brain regions with systematic phase relationships

to theta will maintain a temporal relationship in their firing. Theta coupling of a target

region may also ensure it is in an optimal state to receive information.

1.4.5 Rapid eye movement sleep

All of the putative functions described thus far have involved theta oscilla-

tions in the awake animal. However, as mentioned above, theta oscillations also

occur during rapid eye movement (REM) sleep. In comparison to active theta, there

has been a relative paucity of studies investigating the function of theta oscillations

during REM sleep. There have been differences found in hippocampal network syn-

chronisation between REM sleep and awake, active theta states (Montgomery et al.,

2008), which imply a distinct function for REM-associated theta. There has been

some evidence to suggest that REM sleep-associated theta is involved in memory

consolidation. This includes the discovery of hippocampal replay (i.e. the sequential

reactivation of place cell activity from recent experience) during REM sleep (Louie

and Wilson, 2001) and recent work showing memory impairments following disrup-

tion of REM-associated theta oscillations (Boyce et al., 2016). However, the role
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of REM theta in memory consolidation is still controversial (Vertes and Eastman,

2000). A number of pharmacological treatments for depression have been found

to significantly suppress or completely block REM sleep (Wyatt et al., 1971; Vertes

and Eastman, 2000). Patients undergoing these treatments have not reported any

impairment in memory, but intriguingly some evidence suggests an improvement in

procedural mnemonic ability (Rasch et al., 2009).

Interestingly, ferrets have a high proportion of REM sleep: ∼ 40 % of total

sleep time (Marks and Shaffery, 1996; Jha et al., 2006), compared to ∼ 20 % for

adult rats (Jouvet Mounier et al., 1969; Zepelin et al., 2005) and humans (Feinberg

et al., 1967; Ohayon et al., 2004). Furthermore, in laboratory conditions ferrets will

spend the majority of their time ( ∼ 60 - 70 %) asleep (Jha et al., 2006), which could

make them a valuable animal model for the study of REM sleep.

1.5 Species differences

Early studies investigating hippocampal theta oscillations were performed in

a number of different mammalian species including rat (Vanderwolf, 1969; Kramis

et al., 1975), guinea pig (Sainsbury, 1970), gerbil (Whishaw, 1972), rabbit (Green

and Arduini, 1954; Harper, 1971; Kramis et al., 1975), cat (Grastyán et al., 1959;

Brown, 1968a; Whishaw and Vanderwolf, 1973), dog (Arnolds et al., 1979c,a,b) and

non-human primates (Green and Arduini, 1954). The early studies on non-primate

mammals suggested a theory for the occurrence of hippocampal theta oscillations:

theta was consistently observed during active locomotion, and species differences

occurred in theta observed during immobility. There are two main deviations from

this consensus: primates, both human and non-human; and bats, which have re-

cently been introduced as an intriguing new model for hippocampal research.

Initially, a number of the early non-primate studies did yield seemingly con-

flicting results (Winson, 1972; Robinson, 1980). The principal disparities were be-

tween the reported behavioural correlates of hippocampal theta oscillation in rats
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and cats. Hippocampal theta in the rat was reported to be highly correlated with

“voluntary movements”, which include walking, rearing and swimming; there were

short bouts of theta observed during immobility in the rat, but these were rare (Van-

derwolf, 1969). In contrast, early reports of hippocampal theta in the cat found no

correlation with motion of any kind; theta was often absent during motion and was

found to be most prominent during “orienting periods” (Grastyán et al., 1959) or

active visual searching (Brown, 1968a).

A comprehensive review of this early literature revealed large differences be-

tween the maximum amplitude of theta recorded across studies, and suggested that

electrode positioning could account for some of the reported discrepancies (Robin-

son, 1980). Indeed, cat studies with a high maximum theta amplitude reported con-

stant theta oscillations during locomotion (Whishaw and Vanderwolf, 1973; Freder-

ickson et al., 1978). However, consistent with earlier findings, these studies also

reported frequent bouts of theta oscillations during immobility, typically correlated

with visual attention. It is worth noting that the most prominent theta oscillations

in the cat were observed during these periods of immobility, and in contrast to the

rodent, movement-correlated theta had a variable amplitude (Whishaw and Van-

derwolf, 1973; Frederickson et al., 1978). The theory then emerged from the early

body of theta research: hippocampal theta oscillations were always present dur-

ing motion in non-primate mammalian species, and species differences appeared

when considering the occurrence of theta oscillations during periods of immobil-

ity (Robinson, 1980). In mice, gerbils and guinea pigs, the behavioural correlates

of hippocampal theta are consistent with that of the rat: present during motion,

rare during immobility (Sainsbury, 1970; Whishaw, 1972; Frederickson et al., 1982;

Buzsáki et al., 2003). In the rabbit and cat, hippocampal theta oscillations during

immobility appear to be more common; theta can be evoked by sensory stimuli in

the rabbit (Green and Arduini, 1954; Harper, 1971; Kramis et al., 1975) and cor-

related to visual attention in the cat (Whishaw and Vanderwolf, 1973; Frederickson

et al., 1978). In the dog, theta was again reported during movement, but also during

periods of immobility and in response to a familiar tone (Arnolds et al., 1979a,b,c).

In the awake mouse (Frederickson et al., 1982), rat (Kramis et al., 1975), guinea
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pig (Sainsbury and Montoya, 1984), and rabbit (Kramis et al., 1975), theta during

immobility was found to be abolished by atropine administration; other species have

not been tested.

Recent work in bats has raised questions about the ubiquity of hippocampal

theta oscillations during motion in non-primate mammalian species (Ulanovsky and

Moss, 2007; Yartsev et al., 2011; Yartsev and Ulanovsky, 2013). In crawling brown

bats, short bouts (typically 1−2 s) of theta oscillations were found to be highly cor-

related with epochs of echolocation (Ulanovsky and Moss, 2007). Short bouts of

theta were also reported in the hippocampus of crawling Egyptian fruit bats, but

no behavioural correlate was described (Yartsev et al., 2011). Furthermore, during

flight in Egyptian fruit bats, no theta rhythmicity was found in hippocampal place cell

firing (Yartsev and Ulanovsky, 2013). During periods of echolocation, bats are ac-

tively acquiring sensory information about their environment. In rodents, an analo-

gous form of active sensation occurs during locomotion, in the form of whisking and

sniffing (Hartmann, 2001). Thus, it has been suggested that theta oscillations are

correlated with periods of active sensing, and that the apparent variation of theta

correlates across species are due to differences in active sensing strategy rather

than differences in theta function (Ulanovsky and Moss, 2007; Las and Ulanovsky,

2014).

In contrast to the clear theta oscillations that can be observed in non-primate

mammals, theta oscillations have typically been difficult to observe in the non-

human primate hippocampus (Green and Arduini, 1954; Freemon et al., 1969; Sk-

aggs et al., 2007). Prominent theta oscillations at 7−9Hz have been observed in

the macaque and squirrel monkey under urethane anaesthesia (Stewart and Fox,

1991), however these oscillations typically occurred in short bouts; this is in contrast

to the persistent theta usually observed in the same conditions in the rat (Buzsáki

et al., 1986). Furthermore, recent work has suggested that saccadic activity resets

the phase of hippocampal theta oscillations in the rhesus monkey (Jutras et al.,

2013), which provides further support for the theory that theta is related to active

sensing (Ulanovsky and Moss, 2007). However, due to technical limitations, it has
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Figure 1.2: Example traces of theta oscillations recorded in a number of different mam-

malian species. (A) Theta recorded in the rat dorsal hippocampus during running on a

wheel; theta oscillations stop when the rat pauses (Whishaw and Vanderwolf, 1973). Ver-

tical bar represents 100µV. (B) Theta in the dorsal hippocampal formation of the rabbit

evoked by an auditory stimulus (Green and Arduini, 1954). (C) Theta in the cat hippocam-

pal fomration during presentation of a mirror (Grastyán et al., 1959); theta oscillations in the

cat were associated with visual attention.
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Figure 1.2: Example traces of theta oscillations recorded in a number of different mam-

malian species. (D) Theta oscillations in the dog hippocampus during walking on a treadmill

(Arnolds et al. 1979a). HIP: hippocampal LFP, EMG: electromyography of dog’s shoulder or

forepaw, ACC: output of movement transducer on the dog’s back, MILL: output of the speed

transducer on the treadmill. (E) Theta oscillation in the rhesus macaque recorded from the

anterior left hippocampus (Jutras et al., 2013); animals were performing a visual task and

theta phase was reported to reset following a saccade. Grey shaded region indicates extent

of theta bout. (F) Intracranial human theta oscillations recorded during virtual navigation in a

patient with unilateral temporal implantation (top). Bottom panel shows theta during real-life

walking in a different patient with implants in the posterior hippocampal formation (Bohbot

et al. 2017). (G) Short bout of theta oscillations in the bat dorsal hippocampus (Ulanovsky

and Moss, 2007). In this study theta oscillations were associated with echolocation.
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not yet been possible to track eye movements in freely moving primates; further

work is required to address behavioural correlates of hippocampal theta in the non-

human primate.

Human hippocampal theta oscillations have also been difficult to observe.

Non-invasive electroencephalogram (EEG) recordings at the scalp cannot detect

activity in the hippocampus, and neuroimaging techniques lack the temporal res-

olution to detect theta oscillations. Therefore the primary data source for oscilla-

tory neural recordings in the human hippocampus has been the local field potential

(LFP), referred to in the human literature as intracranial EEG (iEEG), which is ob-

tained from depth electrodes implanted for seizure onset localisation in epilepsy

patients. However, even with these intracranial methods available, recording neu-

ral activity in the human poses many technical challenges. Therefore, human hip-

pocampal theta oscillations and any behavioural correlates have been difficult to

identify. Early case studies of epilepsy patients implanted with depth probes re-

ported results that conflicted with findings from the rodent literature; one such study

found no synchronised hippocampal activity during attention or REM sleep (Halgren

et al., 1978), while another reported prominent 3 Hz oscillatory activity during “ver-

bal behaviours” but found no difference in the hippocampal iEEG between sitting

and walking (Arnolds et al., 1980). Later work, which engaged implanted epilepsy

patients in navigation tasks using virtual reality, claimed to observe modulations of

hippocampal activity related to virtual movement in the delta (1−4 Hz) and theta

(4−8 Hz) bands; the nomenclature of these frequency bands defined by the classic

human EEG literature (Ekstrom et al., 2005; Watrous et al., 2011). It has thus been

suggested that 2−10 Hz oscillations in the human hippocampal formation should

be referred to as human theta oscillations, as there appears to be a functional link

to theta oscillations in the rodent (Watrous et al., 2013; Jacobs, 2014). Others clas-

sify oscillatory activity in the 1−4 Hz range as human hippocampal theta (Buzsáki

et al., 2013). The technical challenges and the variation in the classification of theta

frequency across the literature makes it difficult to draw clear conclusions about the

occurrence of human hippocampal theta. If human hippocampal theta is at a lower

frequency band it adds credance to the theory that that the frequency of theta oscil-
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lations decreases as brain size increases (Buzsáki et al. 2013, Figure 1.3). Figure

1.2 shows examples of theta traces across some of the species mentioned above.

There are similar frequency band inconsistencies when one considers hu-

man hippocampal activity during rapid eye movement (REM) sleep (Bódizs et al.,

2001; Cantero et al., 2003). While in the rodent hippocampal formation there are

robust theta (5−12 Hz) oscillations clearly evident during REM sleep, analogous

oscillatory activity in the human has not been consistently observed. One study

reports a prominent 1.5−3 Hz oscillation (Bódizs et al., 2001) whereas another re-

ports short bouts of 4−7 Hz oscillatory activity (Cantero et al., 2003). Cantero and

colleagues (2003) suggest that the discrepancies in results may be due differences

in electrode location and the phasic nature of the oscillations.

It would seem that hippocampal theta in both the human and non-human

primate is more difficult to observe than in other mammalian species. Despite the

discrepancies in frequency, one consistent feature across human and non-human

primate studies is the observation that theta oscillatory activity occurs in short bouts

(Stewart and Fox, 1991; Cantero et al., 2003; Ekstrom et al., 2005; Watrous et al.,

2011; Jutras et al., 2013). This is in sharp contrast to the persistent theta activity

observed in the rodent during locomotion and REM sleep (Vanderwolf, 1969).

It is worth noting that comparison between the rat and the human have re-

sulted in debate about the function of the hippocampus (Eichenbaum and Cohen,

2014; (Eichenbaum, 2017; Buzsáki and Moser, 2013). The seminal discovery of

amnesia following the removal of the hippocampus and associated structures in pa-

tient HM (Scoville and Milner, 1957) galvanised the role of the human hippocampal

formation in memory. The discovery of place (O’Keefe and Dostrovsky, 1971), and

subsequently head direction (Taube et al., 1990) and grid citepHafting2005, cells

in the rat hippocampal formation lay similarly strong foundations for the role of the

rodent hippocampus in spatial navigation.

Human hippocampal functional magnetic resonance imaging (fMRI) work

has historically investigated memory (for a comprehensive review see Squire and
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Figure 1.3: Decrease in theta frequency as brain size increases across all species analysed

to date. Adapted from Buzsáki et al. (2013). The brain weight of the ferret is 6-8 g (Weiler,

1992).
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Wixted 2011). However, recent fMRI work has shown navigation related signals

such as distance coding (Howard et al., 2014) and grid cells (Doeller et al., 2010)

in the human hippocampal formation. These studies provide evidence that the cog-

nitive map, as outlined by Tolman (1948) for which neural substrates have been

hypothesised in the rodent (i.e. place and grid cells), can also be thought of in a

similar way in the human (Epstein et al., 2017).

Human fMRI work has also recently provided evidence that that non-spatial

variables can be mapped onto the cognitive map in humans (Tavares et al., 2015;

Constantinescu et al., 2016). Mapping of non-spatial variables in the hippocampal

formation has also been described in rats (Wood et al., 1999; MacDonald et al.,

2011; Aronov et al., 2017; Terada et al., 2017). The studies above suggest that,

while the two branches of hippocampal research in rats and humans initially di-

verged, they are now converging on a more unified functional account of the hip-

pocampal formation. While it is agreed that the hippocampus is vital for navigation

and spatial memory, there is still debate about the exact nature of the relationship

between the navigational and mnemonic functions of the hippocampus. Two the-

ories dominate; one posits that that the hippocampus evolved for navigation, with

mnemonic capacity resulting as a feature of this system (Buzsáki et al., 2013); the

other holds that the hippocampus is primarily a memory system which mediates

navigation (Eichenbaum, 2017).

The impressive body of literature on theta oscillations in the rodent has pro-

vided much insight into the mechanisms of theta generation and compelling evi-

dence for a functional role in hippocampal processing. However, our understanding

of theta is far from complete: as detailed above, investigations of hippocampal theta

across mammalian species have revealed striking differences. These differences

may be related to the diverse ethological constraints of the animal models studied.

The rat, for example, typically burrows underground and relies predominantly on

whisking and sniffing to sense its environment. On the other hand, bats are expert

fliers- the only mammal truly capable of this feat- and typically travel large distances

at much greater speeds than the rodent. Across bat species there is a vast range
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of ethological and physiological variation: for example, sensing strategies vary from

vision to echolocation to thermosensation (Gracheva et al., 2011; Geva-Sagiv et al.,

2015). Primates typically rely on their highly developed visual system, using non-

periodic saccadic activity to scan the visual scene. Comparative studies are the

only way to investigate how ethological diversity impacts hippocampal theta; con-

served properties may reveal basic principles of theta oscillations and its role in the

hippocampus. Here we introduce the ferret (Mustela putorius furo) as a new model

animal for the investigation of hippocampal theta. Ferrets are predatory carnivo-

rans, and as such use their distal senses of vision and audition to successful locate

and capture prey. However, ferrets share some similarities with rodents: they travel

at roughly the same speed and can be tested naturalistically in a 2D environment.

This will allow for a direct comparison with the rodent literature.

1.6 The ferret as a model species

The ferret (Mustela putorius furo) is a carnivorous mammal of the genus

Mustela, which also contains species of weasels, mink and stoats (Kawada et al.,

2002). They are members of the order Carnivora, which also includes dogs and

cats (Figures 1.4 and 1.5). Ferrets are a domestic species, probably derived from

the wild European polecat ( Mustela putorius) or the Steppe polecat (Mustela ev-

ersmanni ; Blandford 1987; Ashton et al. 1955; Kurose et al. 2004). Hybridisation

between polecat species and ferrets means their exact lineage may remain unclear

(Blandford, 1987; Kurose et al., 2004). Ferrets were domesticated over 2000 years

ago, most likely to hunt rabbits (Thomson, 1951; Blandford, 1987). Today, ferrets

are still used to hunt rabbits in the UK and have been used to lay cables through

narrow tubing (Fox, 2014). They are also used in a range of biomedical research

fields including viral respiratory research (Taylor, 2014), visual system development

(Sharma and Sur, 2014), and auditory neuroscience (Nodal and King, 2014).

Ferrets, like all mustelids, have a characteristic long body and relatively short

legs (see Figure 1.5). Ferrets are sexually dimorphic; male ferrets (body weight: 1.2
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Figure 1.4: Mammalian phylogenetic tree. Ferrets are in the order Carnivora. Carnivoran,

primate and rodent branches are highlighted. All species mentioned in Chapter 1.5 are

shown. Adapted from Springer et al. (2004).
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Figure 1.5: Phylogenetic tree for the order Carnivora. Ferrets are in the family Mustelidae.

Also highlighted are the families Canidae (containing dogs) and Felidae (containing cats).

Adapted from Van Valkenburgh and Wayne (2010).
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2.1 Kg) are typically larger than female ferrets (0.7 1.2 Kg; Fox et al. 2014). This is

also reflected in body length with male ferrets averaging 40 cm from nose to tail, and

female ferrets averaging 30 cm (Fox et al., 2014). Ferrets have altricial young and

completely dependent on the mother until 3 weeks of age (Fox et al., 2014). Adult

weight is generally reached by 16 weeks, and sexual maturity typically occurs the

first spring after birth, around 8-12 months old (Fox et al. 2014, Figure 1.6). Ferret

brains are approximately 35 mm in length and weigh 6-8 g (Weiler, 1992).

Figure 1.6: Timeline of ferret development. Based on Fox et al. (2014).

Ferrets are a domesticated species, however for insight into naturalistic be-

haviours it is possible to study feral ferret colonies; ferrets were released into the

wild in New Zealand in the 1800s to control the rabbit population, and have since

thrived with the abundant source of prey (King, 1990). Radio tracking studies of

these colonies have reported that feral ferrets have an average home range of ∼

80-130 ha (1 ha = 105 m2; Norbury et al. 1998; Young 1998). Feral ferrets typi-

cally denned in rabbit burrows and ∼ 70 % of dens were used only once during the

observation period (Norbury et al., 1998). One can also consider the naturalistic be-

haviour of closely related species to provide insight into the ethology of the ferret. A

similar radio tracking study of European polecat (Mustela putorius) behaviour in the

UK found results consistent to those detailed above: home ranges were found of ∼

40-130 ha and rabbit burrows were again observed as preferred den locations (Har-

rington and Macdonald, 2008). For comparison, similar rat tracking studied have

shown that wild rats had a home range between 0.3-1.8 ha (Dowding and Murphy,

1994).
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Chapter 2

Ferret Methods

2.1 Animals

Four adult female pigmented ferrets (Mustela putorius furo) were used in

this study, during which they performed behavioural tasks and received hippocam-

pal implants for chronic electrophysiological recording. Ferrets were supplied from

Highgate Farm at 7 weeks of age. Behavioural training began when the animals

were at least 16 weeks old and weighed a minimum of 700 g. Ferrets used in this

study weighed between 550 - 1200 g over the course of the experiments. Ani-

mals were typically housed in groups of 2 to 8 and were given ad libitum access

to high-protein food pellets; ferrets with free access to water (i.e. not undergoing

behavioural testing) were housed in separate groups to those under water restric-

tion (i.e. undergoing behavioural testing). During testing for the behavioural groups,

water was removed from the home cage the evening prior to the first testing day;

training typically began on Monday, thus water restriction began on Sunday evening.

Ad libitum access to water in the home cage was reinstated at the end of a testing

run. Testing runs typically lasted 5 days, and so access to water was typically given

on Friday evenings. During water restriction ferrets received a minimum of 60 ml/kg

of water per day either as water rewards during testing or supplemented as wet

food (a mixture of ground high-protein pellets and water) and/or a small volume of

water at the end of the day. Animals were weighed daily during behavioural testing

to ensure that body weight did not drop below 85 % of the starting weight measured

on the first day of the testing run. Animals were housed under a 14:10 hr light-dark

cycle in summer (lights on 06:00 to 20:00) and a 10:14 hr light-dark cycle in winter
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(lights on 08:00 to 18:00). During change over periods the light times were moved

by 1 hr per week. All animals underwent regular otoscopic examinations to ensure

their ears were clean and healthy.

All experimental procedures performed were first approved by a local ethical

review committee. Procedures were carried out under license from the UK Home

Office in accordance with the Animals (Scientific Procedures) Act (1986) and PPL

70/7278.

2.2 Behaviour

2.2.1 Behavioural apparatus

Animals were trained and tested in a custom built sound proof chamber (Fig-

ure 2.1; inside chamber, l x w x h = 139.6 x 139.6 x 85 cm). Within this chamber

was a circular arena of 50 cm radius, with wall and ceiling made with strong plastic

mesh. In the centre of the arena floor, a perspex spout was mounted at approxi-

mate ferret head height onto a plastic platform. The spout was connected to tub-

ing, through which a water reward could be given, and also contained an infra-red

(IR) sensor (OB710, TT electronics, UK) to detect nose-pokes. Eleven additional

perspex spouts, all with water tubing and IR sensors, were inserted through the

wire mesh wall at equidistant locations (30◦separation) around the periphery of the

arena, with the exception of the position directly behind the centre spout (Figure 2.1

A). Light emitting diodes (LEDs; Kingbright White 8 mm) were attached to the back

of the spouts in such a way that the perspex spouts acted as waveguides; when the

LEDs were active, the spouts themselves emitted light. This LED positioning was

implemented to make responding at the spout more intuitive by combining stimuli

and response locations. Loudspeakers (Visaton FRS 8) were mounted 3.5 cm be-

hind the arena wall, in line with each spout. For the localisation task only the 5

front spouts (see Figure 2.1 B) were used to allow for direct comparison between

auditory and visual trials. Stimulus generation and task automation was performed
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Figure 2.1: Ferret experimental set up. A. Image of inside behavioural arena. B. Schematic

of arena. The front five spouts (−60◦, −30◦, 0◦, 30◦, 60◦) were used for behavioural testing.

using custom written MATLAB (MathWorks Inc., Natick, USA) scripts which commu-

nicated with Tucker-Davis Technologies (TDT) signal processors (RX8, RS8, RZ2

TDT System 3 processors; Tucker-Davis Technologies, Alachua, FL). Two cameras

were installed in the ceiling of the chamber: a webcam, for monitoring of the ani-

mal during the task; and a Prosilica GC650C camera (Allied Vision Technologies)

with a wide angle lens (1.8 mm 3.6 mm FL, Varifocal Video Lens, Edmund Optics)

which communicated with a TDT RV2 video processor (Tucker-Davis Technologies,

Alachua, FL) and allowed us to track LEDs attached to the animal’s headstage, and

thus the head position of the animal, with high precision.

2.2.2 Localisation task

Animals were trained to perform a positively conditioned approach-to-target

localisation task with auditory and visual stimuli. Water was given during pre-training

sessions to shape animals behaviour, and during training and testing sessions as
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positive reinforcement for task performance. Behavioural sessions were split into

three categories: pre-training, training and testing.

Pre-training

In pre-training sessions, animals were first trained to associate the spouts

with water reward. Initially, animals were rewarded with water for approaching the

centre spout. In a subset of sessions, water was given from all the spouts at the

periphery to ensure the animals also associated these spouts with water reward.

For two of the animals, the spout approach behaviour was shaped to ensure the

animal held at the spout “correctly” i.e. on the centre platform and facing in the

direction from which the stimulus was to be presented. This was achieved using

a custom written MATLAB script which performed online analysis of the webcam

stream. Within 3−4 sessions the spout approach behaviour was routinely observed

and the animal then progressed to the training phase.

Training

In these sessions, the animals were first introduced to an approach-to-target

localisation task. The “hold time”, the length of time the animal was required to

hold a nose-poke at the centre spout to trigger a trial, was randomly chosen from

a selection of five times between 0.5−1 s. Once a trial was triggered, an auditory

or visual stimulus was presented from one of five spouts at 30◦ intervals spanning

±60◦ (Figure 2.1 B). These spouts were chosen to allow for direct comparison be-

tween the auditory and visual trials. In this phase, both auditory and visual trials

were presented within a session. Auditory stimuli were bursts of broadband noise

(250 ms, 66 dB SPL, low pass filtered at 48 kHz). Visual stimuli were light flashes

(250 ms, 162 Cm-2). Stimuli were repeated separated by a silent/dark period until

the animal responded. The location and modality of stimulus was randomly chosen

for each trial. Stimuli were presented against a constant background of auditory and
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visual noise which was generated by presenting a low level of background noise (in-

dependently generated) from the 5 speakers and 5 LEDs. A water reward was given

if the animal nose-poked at the peripheral response spout at which the stimulus was

presented. If the animal nose-poked at an incorrect spout, a 100 ms sound and light

noise burst was presented from the 5 locations. In order to prevent animals from

biasing their responses to particular spouts, incorrect responses were followed by

“correction trials” where the stimulus from the previous trial was repeated until the

animal made a correct response. Animals could receive up to five correction trials

before the trial was aborted and the next trial was initiated. If an animal did not

respond within 60 s the trial was aborted and the animal was able to trigger the next

trial.

At the beginning of the training phase, there was a 0.75 probability of receiv-

ing a reward at the centre spout following initiation of a trial. This was gradually

decreased to zero over the course of training. A correct localisation was consis-

tently rewarded with water. The hold times were gradually increased from 0.5−1 s

to 2.5−3.5 s over the course of training.

Once the animals performance had reached a threshold of > 70 % correct

and consistently performed a high number of trials (> 30 trials) stimuli ceased to

be repeated and only a single stimulus presentation of duration 2000 ms occurred

on each trial. If an animal did not respond within 30 s the trial was aborted and

the animal was able to trigger the next trial. Once the threshold was reached with

reduced stimuli presentations, the animals progressed to the testing phase.

Testing

Once trained, animals daily testing was restricted to either auditory or visual

trials and within a session the task switched between blocks of 15 “easy” trials and

15 “hard” trials. Easy trials were those that had a long stimulus duration (2000 ms)

and low level of background noise (22/28 dB SPL auditory SNR or 30.8 visual SNR).

Difficultly was increased by either reducing stimulus duration (“Duration task”) or by
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Figure 2.2: Ferret training protocol. (A) Pre-training: a nosepoke at the centre spout re-

sulted in water reward. (B) Training: centre nosepoke triggers A or V stimulus (stage 1:

250 ms, continually flashing; stage 2: single 2 s) at periphery. The probability of water be-

ing received at the centre spout was reduced to zero over the course of training stage 1.

Correct responses were rewarded with water at the periphery; centre nosepoke hold time

gradually increased over course of training. (C) Testing: nosepoke at centre spout for 2.5 -

3.5 (length pseudorandomly chosen) triggered stimulus (unimodal within session). The task

switched between blocks of 15 “easy” trials and 15 “hard” trials. Difficultly of hard trials was

manupilated by either reducing stimulus duration or reducing stimulus SNR (by increasing

background noise).
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increasing the level of background noise to reduce the signal-to-noise ratio (SNR;

“SNR task”); only one method of increasing difficulty was employed within a session.

Tables 2.1 and 2.2 show the parameters used in the Duration and SNR tasks for

both modalities. Auditory SNR was calculated as the difference between the target

signal plus background noise and background noise alone in dB SPL. Sound level

measurements were made using a measuring amplifier (Brüel & Kjær Type 2610;

Figure 2.3 A). Visual SNR was calculated as the ratio of the luminous intensity of the

target signal to the luminosity of the background signal. Luminosity measurements

were taken using a photometer (Chroma meter CS-100 A; Figure 2.3 B).

Difficulty was gradually increased, by decreasing stimulus duration or reduc-

ing the SNR of the stimulus, as the animals performance increased over the course

of testing.
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Figure 2.3: Auditory and visual stimulus calibration measurements for the ferret localisation

task. (A) Sound level measurements of the background sound level alone (left) and during

auditory stimulus presentation (right). Measurements were taken over a range of input

voltages to the background speakers. Blue markers represent sound level recorded with

the measuring amplifier. Red lines indicate curve fits (left: power fit; right: exponential fit)

used to estimate sound levels for the calculation of stimulus SNR. (B) Luminosity of visual

stimuli across different input voltage levels (blue markers) with the sigmoid fit (red line) used

to calculate visual SNR.
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Auditory Duration (ms) Visual Duration (ms)

Easy Hard Easy Hard

2000 800 2000 1000

400 400

300 300

200 200

150 100

100 80

80

40

Table 2.1: Range of stimulus durations used in auditory and visual Duration Task

Auditory SNR (dB SPL) Visual SNR (a.u.)

Easy Hard Easy Hard

28.9 11.1 30.8 6.9

27.9 10.1 4.9

22.9 8.0 3.1

5.4 2.4

4.5 2.1

2.7 1.7

1.2 1.5

-0.1

Table 2.2: Range of SNRs used in auditory and visual SNR Task
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2.3 Implantation of recording electrodes

2.3.1 Targeting the hippocampus

There is currently no atlas to guide electrode implantation in the ferret, there-

fore target positions were estimated prior to the surgeries by constructing three-

dimensional (3D) reconstructions of 2 ferret brains. Nissl stained coronal sections

(50µm thick, 200µm spacing) were imaged using a Zeiss AxioScan Z1 slide scan-

ner. Rigid-body registration was performed using a custom written MATLAB script

to align the images. 3D models were then constructed using IMOD, an open source

image processing program (Kremer et al., 1996). The 3D models allowed for the

gross anatomy of the ferret hippocampus to be visualised. The implantation target

was the septal (dorsal) pole of the hippocampus, as the majority of rodent studies

have recorded from this region of the hippocampus. Target implant positions in the

dorsal hippocampus were visualised in the 3D models (black markers, Figure 2.4)

and measurements were made with reference to other brain landmarks (Table 2.3).

Due to the unreliable nature of landmarks on the ferret skull (He et al., 2002),

and considerable inter-animal variability in the gross anatomical structure of the

brain and skull, defining stereotaxic coordinates for hippocampal implantation was

best achieved relative to other brain landmarks. As the lab has developed reliable

landmarks for exposing the middle ectosylvian gyrus (MEG; 11 mm from midline,

12 mm from back of skull), where the auditory cortex (AC) is located, it was decided

that the top of the MEG would serve as a reference landmark for the location of

the hippocampal craniotomy. Using the 3D models, measurements of the implant

target position were taken with reference to the top of the MEG. The hippocampal

implant target was on the lateral gyrus (LG), therefore the midline and the lateral

sulcus were chosen as an additional reference landmarks to guide the position of

the implant. The 3D model was also used to measure the depth on the dorsoventral

axis needed to reach the hippocampus from the cortical surface.
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Figure 2.4: Targeting the ferret hippocampus. A) Nissl stained coronal section of ferret brain

kindly provided by Dr. Susanne Radtke-Schuller. Black lines represent desired electrode

target. Inset: Nissl stained coronal section of the rat brain (Paxinos and Watson, 2004). B)

Left: schematic of ferret brain, modified from Bizley et al. 2015. Dashed lined indicate extent

of 3D models. Middle: Side view of one 3D model used to guide electrode implantation

position. Cortical surface in blue, hippocampus in red. Right: Top view of same 3D model.

AEG- anterior ectosylvian gyrus, LG- lateral gyrus, MEG- middle ectosylvian gyrus, PEG-

posterior ectosylvian gyrus, SSG- suprasylvian gyrus, sss- suprasylvian sulcus. D- dorsal,

R- rostral.
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Reference location Distance (mm)

Medial from MEG 6.6 ± 1.0

Dorsal from MEG 4.6 ± 0.4

Rostral from MEG 2.3 ± 0.3

Lateral from midline 3.3 ± 0.2

Medial from LG 1.8 ± 0.3

Depth of cell layer below

cortical surface

5.4 ± 0.3

Table 2.3: Measurements from 3D model of ferret brain for electrode implant target. Dis-

tance is reported as mean ± standard deviation, n = 4.

2.3.2 Electrodes and megadrives

Three animals were bilaterally implanted with 32 channel linear probes (Neu-

roNexus, A1x32-15mm-100-177). Contacts were positioned down the centre of the

shank and had 100µm spacing. Linear probes were implanted 6.5 mm below the

cortical surface.

One animal was implanted unilaterally with a megadrive array of eight inde-

pendently movable tetrodes (Axona Ltd.). Tetrodes were made by twisting 4 strands

of tungsten wire (California Fine Wire, diameter 12.7µm). The megadrive array al-

lowed for the dorsoventral movement of the tetrodes at 250µm per turn. Tetrodes

were initially implanted ∼ 4mm below the cortical surface to allow the tetrodes to

be carefully lowered into the hippocampus during a screening procedure following

recovery from the surgery.
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2.3.3 Surgical procedure

Linear probe implantation

All surgical tools were sterilized using high temperature steam in an

autoclave, via ethylene oxide, or with cold sterilant where necessary. Aseptic tech-

nique was used throughout the surgical procedures. A veterinary anaesthetist was

present throughout. General anaesthesia was initially induced via an intramuscular

injection of medetomidine (Dormitor, 0.022 mg/kg, Pfizer) and ketamine (Ketaset,

5 mg/kg, Fort Dodge Animal Health). Animals were then intubated and ventilated;

anaesthesia was maintained throughout the surgery with ∼1.5 % isofluorane in oxy-

gen. An intravenous (I.V.) line was inserted and a saline solution was continuously

infused. Heart rate, end-tidal C02, and body temperature were monitored through-

out the surgery. Body temperature was maintained at ∼37 degrees using a heat

mat positioned underneath the animal, which was controlled via closed-loop feed-

back of the animals body temperature. Animals were held in a stereotaxic frame

(Kopf Instruments, USA) during surgical procedures.

The area around the midline over the skull was infused with the local anaes-

thetic bupivacaine (Marcain, AstraZeneca, UK) to reduce autonomic reactions. An

incision was made down the midline to expose the central crest of the skull; re-

tracted skin was held in place with hemostat clamps. Unilaterally, a section of tem-

poral muscle was separated from the skull and then removed using electrocautery

tongs. The exposed skull was cleaned using 1 % citric acid solution (0.1 g in 10

ml H20) to prevent muscle regrowth, and a dental adhesive resin cement (Super-

Bond, C&B, Sun Medical Company Ldt., Japan) was applied. The location of the AC

craniotomy was marked on the skull, and as this was used as a reference for the ap-

proximate location of the hippocampal craniotomy. Using a DREMEL drill (DREMEL

4000 rotary tool), two holes were drilled outside of the marked craniotomy locations

into which small stainless steel bone screws were placed, which both anchored the

implant and provided an electrical ground for the electrodes. To determine the lo-

cation of the MEG, an AC craniotomy of approximately 3 x 3 mm was performed.
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The portion of skull removed was retained in sterile saline; upon localisation of the

implantation target with reference to the MEG (see Section 2.3.1), the skull segment

was placed back in the AC craniotomy. The hippocampal craniotomy location was

marked around the implantation target, and the craniotomy (∼ 3 x 3 mm) was then

performed. This craniotomy location was mirrored and marked on the other side

of the skull for the contralateral implant. A small hole was made in the dura at the

target implantation region. The electrode was positioned above the exposed cortex

using a micromanipulator and then carefully inserted into the brain. The craniotomy

was then filled with a silicone elastomer adhesive (KwiK-Sil, World Precision Instru-

ments, UK), and the implant was built up around the electrode with bone cement

(Palacos R+G, Heraeus Medical, UK). Once the electrode was initially secured, the

ground wire was wrapped around two of the small screws in the skull, which func-

tioned as reference for the electrode. Bone cement was further used to build up the

implant, into which the ground wire was embedded. This procedure was then re-

peated on the other side of the skull, although no AC craniotomy was performed as

the hippocampal craniotomy location was already determined. Once complete, the

implant was built up further with bone cement and small metal hooks were embed-

ded, which served to secure the headstage during neural recordings. Excess skin

was then removed and the wound was sutured to obtain a smooth margin around

the implant. Figure 2.5 A shows a schematic of the linear probe implant.

Megadrive Implantation

The surgical procedure for implantation of the tetrode megadrive was similar

to that outlined above for the linear probes. However, this implant was unilateral

due to the large footprint of the megadrive. Upon localisation of the unilateral hip-

pocampal craniotomy in the same manner as described above, the contralateral

temporal muscle was retracted. The exposed skull was then cleaned with citric

acid, and Super-Bond was applied. Two bone screws were then inserted into the

skull. The drive was then implanted, grounded, and secured in bone cement as

detailed above. Figure 2.5 B shows a schematic of the tetrode implant.
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Figure 2.5: Ferret implant schematics. Sagittal view shown for (A) Neuronexus 32 channel

linear probe implant and (B) Axona tetrode megadrive.
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Post-operative care

Immediately following surgery, animals were closely observed until the full

recovery of motor function, and had been seen to eat and drink. Under veterinary

advice, post-operative medication was given to the animals for up to 5 days: subcu-

taneous (S.C.) injections of 0.5 ml/kg buprenorphine (0.3 mg/ml; Vetergesic, Alstoe

Animal Health Ldt, UK) for analgesia; oral administration of 0.1 mg/kg meloxicam

(0.5mg/ml; Loxicom, Norbrook Labs Ldt., UK) to reduce inflammation; and antibi-

otics were given as S.C. injections of 0.1 ml/kg amoxicillin (150 mg/ml; Amoxycare,

LA). Animals were given a 7-day recovery period post-surgery during which they

did not perform any behavioural sessions. Animals were housed singularly for the

initial 3−4 days following the surgery and then housed in a pair for the remainder of

the recovery period. After the 7-day recovery period, animals were again housed in

groups of 2−8, with grouping determined by whether the animals were undergoing

behavioural testing (and thus water restriction) or whether they had free access to

water.

2.4 Data acquisition

Behavioural data during the localisation task were acquired using TDT Sys-

tem 3 signal processors (Tucker-Davis Technologies, Alachua, FL) which commu-

nicated with custom written MATLAB (MathWorks Inc., Natick, USA) scripts. To

acquire accurate position data, two LEDs (one red, one green) were attached to the

recording headstage on the animal. The position of the LEDs was recorded using a

camera (Prosilica GC650C, Allied Vision Technologies) with a wide angle lens (1.8

mm − 3.6 mm FL, Varifocal Video Lens, Edmund Optics) which was mounted on the

ceiling of the arena, and communicated with a TDT RV2 video processor (Tucker-

Davis Technologies, Alachua, FL). Using the tracking camera, static images were

taken of the arena at the end of each recording session to enable accurate offline
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calibration of the position data.

Neural data were recorded during behavioural sessions using a wireless

recording system (Wirelss-2100-System, Multi Channel Systems GmbH, Germany).

Voltage signals were recorded at 20 KHz, then digitised and amplified 100 times di-

rectly on the headstage. Signals were band-pass filtered between 0.1 Hz and 10

kHz. Signals were then transmitted to a wireless receiver which communicated with

a personal computer running Multi Channel Suite software (Multi Channel Systems

GmbH, Germany). The wireless system was synchronised with the TDT signal

processors via a TTL pulse sent from the TDT RX8 signal processor to the MCS

interface board.

2.5 Analysis

2.5.1 Behavioural data

Ferrets were trained on an approach-to-target localisation task, where a

nose-poke at the peripheral spout from which the stimulus was presented was

counted as a correct trial. Testing sessions for the localisation task were only in-

cluded in behavioural analysis if the animal completed at least one full block of both

easy and hard trials (i.e. 30 trials total; “easy” and “hard” as defined in Section

2.2.2). Correction trials, where the stimulus from the previous trial was repeated fol-

lowing an incorrect response, were excluded from behavioural analysis. It is possi-

ble that repeating stimuli in this way made the task easier for that trial. Furthermore,

correction trials were not present in the rat behavioural task as only two response

options were available. As many trials were performed by the ferrets (4016 ± 422

non-correction trials, mean ± SEM, n = 4 ferrets), the conservative option of ex-

cluding correction trials was made. Aborted trials, where the animal initiated a trial

but then did not respond at the periphery, were excluded from behavioural analysis

because the animals were not engaged with the behavioural task. Analyses with

correction and aborted trials included gave qualitatively similar behavioural results
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to those shown in Section 6 (data not shown).

When calculating behavioural performace, the numbers of easy and hard

trials were equalised within session through random sampling of the block type with

most trials.

2.5.2 Position data

Video data were collected at 30 fps using a camera connected to a TDT

Sys3 RV2 video capture device. A red and green LED were attached to the wireless

headstage. Video data were processed offline with custom written MATLAB scripts

which tracked the position of the red and green LEDs in each frame. Tracking data

were cleaned of large reflections using the following constraints: (1) an LED was

not permitted to travel over 30 pixels in one frame, which equates to a speed of

∼ 180 cms-1, (2) the two LEDs were required to have a ∼ 1-8 cm separation from

each other. Linear interpolation was used to fill gaps in the data and traces were

smoothed using a median filter (width = 5). The average position of the two LEDs

was used to estimate the head position of the animal, and subsequently the head

speed of the animal. Tracking data were excluded when the door to the sound

chamber was open, measured through average intensity of the image, and when

the LEDs were out of the field of view for > 0.5 s.

Performing the tracking offline led to the discovery of an issue concerning

the number of frames in the videos recorded with the RV2. The RV2 sends com-

mands to control the camera shutter which is recorded as a TTL pulse, and the

camera then sends a TTL back to indicate successful image capture and record

the exact timestamp. The two recorded TTL streams, in principle, should therefore

allow an exact timestamp to be assigned to each frame of the video. However, for

the majority of sessions, the number of video frames did not match the number of

timestamps; some sessions had more frames than timestamps and some sessions
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Figure 2.6: Estimation of position correction for TDT RV2 tracking
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Figure 2.6: Estimation of position correction for TDT RV2 tracking. (A) Difference in the

number of frames recorded in the videos and the number of frame timestamps recorded

by the TDT for each session (n = 125 sessions). (B) Difference in the number of frames

as a function of number of frames in the video. Each marker represents one session,

black line represents linear regression, red dashed lines indicate 95% confidence intervals.

(C) Example measurement of LED intensity during visual localisation task. Inset shows

magnified segment. Red dashed lines indicate the expected stimulus onset as recorded by

the TDT system (independent of video). (D) Difference between LED onset in the video and

stimulus time (i.e. the number of frames between the rising edge of the grey line and the

dashed red line in (C)) across all video frames for each session. Inset shows gradient of

linear regressions for each line in (D). (E) Histogram of the difference between LED onset

in the video and stimulus time for each session. (F) The difference between LED onset in

the video and stimulus time as a function of the difference in number of frames between the

video and the timestamps. Black line represents linear regression, red dashed lines indicate

95% confidence intervals. The linear regression provided a “corrective shift” to apply to all

sessions to improve accuracy of timestamp assignment for each frame.
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had fewer (Figure 2.6 A). Uncertainty over the frame timestamps would result in a

synchronisation error between the neural data and the position/speed of the ferret.

A difference of 15 frames would result in ∼ 0.5 s sychronisation error. Furthermore,

the frame difference values in Figure 2.6A do not account for the possibility of frame

gain and frame loss occuring simultaneously within a session.

There was no correlation between the number of frames in the video and

frame difference, i.e. the difference between the number of frames and the number

of timestamps (Figure 2.6 B). Sessions with visual stimuli provided insight into this

issue, as the timing of stimuli was recorded by the TDT system using the same clock

as the RV2 shutter timestamps. The intensities of the LEDs in the video frame were

also measured, allowing for an independant synchronisation mechanism between

the timestamps and the frames (Figure 2.6 C). Comparison of the LED onsets re-

vealed that the LED activation observed in the videos consistently preceded the

stimuli times, suggesting that frames were lost at the beginning of the video (Fig-

ure 2.6 D, E). Furthermore, the LED onset difference remained constant across the

recording session (Figure 2.6 D), suggesting that there were no frames gained or

lost during the recording. Therefore, extra frames must have been added to the end

of the video. This was confirmed to be a possibility when discussing the issue with

a TDT representative. Thus, two independent sources of error were be identified in

the videos recorded by the TDT RV2: (1) the loss of a random number of frames at

the start of the video; (2) the addition of a random number of frames to the end of

the video.

Fortunately, the LED onset difference was linearly related to the difference

between the number of video frames and the number of timestamps (Figure 2.6

F). This linear relationship provided an estimate for a corrective shift which could

be applied to the video frames of both visual and auditory behavioural sessions to

more accurately align the timestamp vectors. The corrective shift was applied to

all recordings made by the TDT RV2 system to better assign the timestamps to

the video frames. For the visual behavioural sessions, the difference between the

estimated shift and the correct lag for the visual sessions was within ± 3 frames (∼
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90 ms).

Rat position tracking was done online during data acquisition with a Neu-

ralynx Cheetah acquisition system; each position data point was recorded with a

timestamp which was synchronised with the neural data (see Chapter 3.5). There-

fore, this issue was not encountered during processing of the rat tracking data. How-

ever, for comparison the above analysis was also performed on videos recorded by

the Neuralynx acquisition system (data not shown). The comparison of the two

systems revealed that the loss of initial video frames was common across the two

acquisition systems, whereas the additional gain of video frames appears to be an

issue unique to the TDT RV2 system.

2.5.3 Neural data

LFP cleaning

Neural data were extracted and processed using custom written MATLAB

(MathWorks Inc., Natick, USA) scripts. As large amplitude movement artefacts and

other noise artefacts (due to e.g. wireless signal dropping out, headstage becom-

ing unplugged) were observed during recordings, a cleaning algorithm was imple-

mented to detect and remove noise artefacts. The cleaning algorithm was run over

data from each session individually, and independently on each channel. Noise

artefacts were identified through thresholding the moving standard deviation (mSD;

Figure 2.7) of the neural signal. Specifically, the extracted signal was resampled

down to ∼ 1 kHz and high-pass filtered over 1 Hz using a zero-lag filter (Figure 2.7

A). The mSD was calculated within 500 ms windows across the filtered signal (Fig-

ure 2.7 B). To calculate the noise threshold, the mode of the mSD values across the

entire session was calculated; the threshold was set as the mSD mode multiplied

by an empirically chosen factor of four (Figure 2.7 C). This flexible threshold was

implemented as neural signals across the probes showed variation in signal power
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Figure 2.8: Example of PSD exclusion of channels for analysis. The PSDs of channels

to be included for analysis (orange lines) passed two critera: 1) the frequency of the peak

between 3 7 Hz (black dashed lines), if this peak was less than 4 Hz then the channel was

excluded; 2) 50 Hz power by calculating the ratio of mean power between 46-48 Hz and

49-51 Hz (black dashed lines), if this ratio was greater than 1.2 the channel was excluded.

PSDs of excluded channels for this example session are shown with black lines. Data from

one session from ferret F1 L.
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and variance, and for some animals a reduction in overall power was seen over time

(see Figure 2.11). The values of the original trace (i.e. not resampled or filtered)

at the timepoints where the mSD values exceeded the calculated threshold were

replaced with NaNs (Figure 2.7 D-E). This cleaned trace was then resampled to 1

kHz. The local field potential (LFP) was filtered between 1-300 Hz using a zero-lag

filter of order 500 ms.

There were a number of channels on both the linear probes and the tetrode

drive on which the signal were very noisy and so were not included in analysis, and

this number increased over time (Figures 2.8, 2.9 and 2.10). These channels were

identified each session through analysis of the power spectral density (PSD). The

PSD was calculated using Welchs method with a 2 s window over the whole record-

ing session. Bad channels were identified using two empirically chosen criteria: 1)

the frequency of the peak between 3-7 Hz, if this peak was less than 4 Hz then

the channel was excluded; 2) 50 Hz power by calculating the ratio of mean power

between 46-48 Hz and 49-51 Hz, if this ratio was greater than 1.2 the channel was

excluded (Figure 2.8).

The session PSDs were also used to determine the channel mapping for fer-

rets implanted with linear probes (F1-3), as the headstage connector had no polarity

and so two mapping configurations were available. Mapping was determined on the

basis that power in the 1-10 Hz band followed a smooth trajectory (see theta power

Figure 4.30) when the mapping was correct. In some cases, the low number of

channels with good signal meant the mapping could not be determined. The tetrode

megadrive used a different headstage connector, which could only be plugged in

one configuration. Therefore, mapping was known for all sessions recorded in the

tetrode animal (F4 L) regardless of the number of good channels. Only sessions

where mapping could be determined were used for characterisation of the ferret LFP

and neural trial analysis. For the ferrets, not all sessions were recorded on consec-

tutive days and in some cases many weeks passed between recording sessions;

this can be seen when the number of good channels suddenly reduces between

two sessions (e.g. after 7 sessions for F1 R in Figure 2.9 B).
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Figure 2.9: Channel status for each session for ferrets implanted with linear probes. (A)

Top: channel status across all channels of the 32 channel linear probe shown for each ses-

sion in ferret F1 L. “Good” channels shown in green were included in analysis. “Bad” chan-

nels in red, identified through processing of session PSDs, were excluded from analysis.

Where mapping is available (see bottom panel) channel 1 is the top of the probe, channel

32 is the bottom of the probe. Middle: the type of recording (either tethered or wireless) is

also indicated for each session. Bottom: the mapping used for each session is indicated,

for sessions with a low number of good channels mapping could not be determined. (B-E)

Same as A for ferrets F1 R (B), F2 L (C), F3 L (D) and F3 R (E).

80



Figure 2.10: Channel status for each session for ferret implanted with tetrode drive. (A)

Top: channel status across all channels for tetrode 1-4 shown for each session in ferret

F4 L. “Good” channels shown in green were included in analysis. “Bad” channels in red,

identified through processing of session PSDs, were excluded from analysis. Middle: the

type of recording (either tethered or wireless) is also indicated for each session. Bottom:

the mapping used for each session is indicated. For the tetrode headstage, the guide pins

enforced polarity for plugging in so mapping was always known, even for sessions with a

low number of good channels. (B) Same as A for tetrodes 5-8.
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Characterisation of ferret LFP

All neural recordings were performed during a behavioural task. For the

characterisation of the ferret LFP and comparison of rat and ferret theta (Chapters

4 and 5), trial data were excluded from analysis; for each trial, data from 100ms

before hold onset to 250ms after the animals’ response was removed.

The initial step taken to investigate oscillatory activity in the LFP was to cal-

culate the power spectral density (PSD) of the neural signals. A PSD was calculated

for the LFP during locomotion for each electrode channel of the linear probes using

data from all recording sessions. Observation of un-normalised PSDs calculated for

each session showed a gradual decrease in overall power for some implants (Fig-

ure 2.11). The reduction in power over time was most evident for the linear probe

animals, and less so for the tetrode implant (data not shown). This may be due to

the reaction of the glial cells in the brain to the damage caused by the probe (gliosis)

or by a reduction in neuron density around the probe which has been found to occur

in implants similar to those used in this experiment (Biran et al., 2007). No immuno-

histochemistry was performed to investigate the cause of the power reduction.

To account for the reduction in overall signal power over time while maintain-

ing the relative power ratios between channels, neural data were z-scored within

each session using mean and standard deviation calculated from all channels. Z-

scored data from all sessions were combined and filtered for movement speeds

> 10 cms-1. The speed threshold was chosen by examining the speed values

measured across a number of epochs when the animal was not moving (data not

shown); 10 cms-1 was chosen as a conservative threshold for confidence that the

data analysed here contained only periods of movement. For the calculation of

the channel PSD, epochs of length 2048 samples were then extracted from these

speed-filtered, z-scored traces and Welchs method was used for power spectral

estimation.

To systematically quantify the peaks observed in the PSDs, an open-source

toolbox (Haller et al., 2018) was used to parameterise the spectra in an unsuper-
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Figure 2.11: Reduction in oscillatory power across sessions. (A) Power spectral density

of LFP for all sessions with mapping from ferret F3 L. (B) Theta power across sessions for

data shown in A.

83



vised approach. This toolbox estimates the PSD through a series of steps: Firstly,

the toolbox flattens the spectrum by fitting and subtracting a 1/f function. Second,

from the flattened spectrum the toolbox recursively detects a spectral peak based

on an amplitude threshold, fits a gaussian function to that peak and subtracts the

gaussian. The recursive process repeats until no further peaks can be detected.

Each peak was parameterised by its centre frequency and bandwidth (defined as

two standard deviations from the centre frequency). Third, the sum of the fitted

peaks is removed from the original spectrum and the 1/f function is refitted. The

final model is thus the sum of the gaussians fitted to the peaks and the refitted 1/f

function.

PSDs were fitted over a range ∼ 0.5 - 220 Hz, and the bandwidth of identified

peaks was constrained to 0.75 150 Hz. Peaks also had to cross an amplitude

threshold set to 1.5 standard deviations above the noise of the flattened spectrum.

To identify the reliable oscillatory peaks across channels, the centre frequen-

cies and bandwidths of all gaussian peaks were subject to a density-based clus-

tering algorithm. Density-based clustered allowed for an unsupervised approach in

that the number of clusters did not have to be defined a priori, and data points could

be assigned to an unclustered group. The minimum number of points for a cluster

was set to 10, i.e. to ∼ a third of the probe. The neighbourhood radius (i.e. the

radius of the circle from each point in which the density is calculated, normally de-

noted as eps) was then chosen to be 0.15 by estimating the elbow of the k-nearest

neighbour plot. Gaussian fits of line noise and its harmonics were removed prior to

clustering by identifying peaks with centre frequencies around 50 Hz, 100 Hz, and

150 Hz that also had a very narrow bandwidth (> 2 Hz).

Hippocampal theta in the ferret was filtered between 2-8 Hz using a zero-lag

filter. The instantaneous frequency, phase, and power of the filtered signal was es-

timated using a peak-trough detection method. A peak-trough detection algorithm

was used to estimate the instantaneous frequency, phase, and power of filtered sig-

nals. Signals were scanned on a point by point basis searching for extrema within

a voltage range. (code based on script found online at http://nocurve.com/virtual-
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lab/finding-peaks-and-troughs-in-a-noisy-curve/) The voltage search range was cho-

sen to be 25 % of the median amplitude of the total signal across the session. The

detected extrema were constrained to alternate between peaks and troughs with

peaks being positive and troughs negative. Instantaneous frequency was estimated

by calculating the mean between the peak frequency (i.e. the inverse of the time

between peak) and the trough frequency. Instantaneous power was calculated as

the mean of the absolute values of the peak amplitude and the trough amplitude.

Instantaneous phase was found by setting the peaks at 0 degrees and the troughs

at 180 degrees and interpolating the phase between these points.

Peak-trough detection has been used before to calculate the instantaneous

frequency and phase of theta oscillations (Bellusio et al. 2012). Also recently a tool-

box was released to perform cycle by cycle analysis on neural oscillations, which im-

plements peak-trough detection for frequency estimation (Cole and Voytek, 2018).

Aborted trials were excluded from trial analysis. Epochs of ±5 s around

the stimulus onset were analysed for each trial. Spectrograms were calculated

using windows of ∼ 1 s and were normalised to maximum power and expressed in

decibels. The instantaneous frequency, phase, and power across the trial epochs

were also found using the peak-trough detection method.

2.6 Atropine administration in the ferret

Ferrets F1 and F4 received I.P. injections of atropine sulphate as described below.

Atropine sulphate has been used to abolish Type II theta in the rat (Kramis

et al., 1975; Robinson and Vanderwolf, 1978; Lai-Wo Stan Leung, 1985; Buzsáki

et al., 1986), rabbit (Kramis et al., 1975), guinea pig (Sainsbury and Montoya, 1984)

and cat (Olmstead and Villablanca, 1977). However, no protocol was found for the

administration of atropine to investigate the effects on neural signals in the hip-

pocampus of the ferret. Therefore, a protocol was developed based on the previ-

ous literature and with consultation of a veterinarian. The most common route of
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atropine delivery in the literature was intra-peritoneal (I.P.) injection of atropine sul-

phate. The dose of atropine given in previous studies to rat and guinea pigs was

relatively high (25-50 mg/kg) compared to the pre-anaesthetic dose given to ferrets

prior to surgery ( 0.05 mg/kg). Cats received a dose of 1mg/kg (Olmstead and Vil-

lablanca, 1977) and as carnivorans, are phylogenetically closer to ferrets than rats.

Therefore, a gradually increasing dose of I.P. atropine sulphate from 0.05 mg/kg

to 1mg/kg was administered to the ferrets over the course of several weeks. The

impact of atropine administration at each dose on the animals general behaviour

was monitored, both within and outside of behavioural testing, using a specifically

developed score sheet (see Appendix 9.5). A dose of 0.6 mg/kg was found to be

effective in manipulating neural activity in the ferret hippocampus.

For behavioural testing following the administration of atropine, the task was

modified with removal of visual stimuli and a reduction of the background illumina-

tion level in the testing chamber. Light levels were lowered as atropine is known to

cause dilation of pupils, therefore animals may have become abnormally light sen-

sitive. The length of time the animal had to hold its head in place at the centre spout

to trigger a trial was also reduced to make trial initiation easier.

2.7 Histology

Following the completion of recordings animals were administered a terminal

overdose of Euthatal (400mg/kg of pentobarbital sodium; Merial Animal Health Ltd,

Harlow, UK) prior to transcardial perfusion. For ferret implants F2 L, F3 L and F4

L electrolytic lesions were performed prior to perfusion using a current generator

(A365 Stimulus Isolator, World Precision Instruments, FL, US); a unipolar current of

30µA was passed through electrodes for 10 s, after which the polarity was reversed

and another 10 s of 30µA current was passed. In animals with linear probe implants

(F2 L and F3 L) pairs of electrodes at the top, middle and tip of the probes were

lesioned. For the tetrode animal (F4 L) one wire on each tetrode was lesioned.

During perfusion, the blood vessels were washed with 0.9% saline followed by 1.5-
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2L 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were then extracted

and stored in 4% paraformaldehyde for at least 24 hours. The extracted brains were

immersed in a 30% sucrose solution for three days until they sank. Brains were then

coronally sectioned at 50µm using a freezing microtome (Leica CM1850). Every 4th

section was stained for Nissl substance to allow the electrode tracks to be observed.

Sections were mounted and imaged using an Axio Scan slide scanner (Zeiss).
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2.8 Overview of ferret recording sites and experimen-

tal paradigms

Ferret F1 F2 F3 F4

Hemisphere Left Right Left Left Right Left

Implant 32

channel

linear

probe

32

channel

linear

probe

32

channel

linear

probe

32

channel

linear

probe

32

channel

linear

probe

Tetrode

megadrive

Cell layer ! ! ! ! !

Dentate

gyrus
! ! ! !

Behaviour ! ! ! ! ! !

Atropine ! !

Implanted

(days)

331 268 239 378

Table 2.4: Overview of ferret recording sites and experimental paradigms.
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Chapter 3

Rat Methods

3.1 Animals

Three adult male Lister Hooded rats were used in this study, during which

they performed behavioural tasks and received hippocampal implants for chronic

electrophysiological recording. Rats were supplied from Charles River at 250 g (∼

7 weeks old). Over the course of the experiment, rats weighed between 290 - 510

g and were aged ∼ 8-42 weeks. Rats used in this study weighed 418 ± 43 g at the

time of surgery. Animals were typically housed in groups of 2 - 4 prior to surgery and

were then housed individually following electrode implantation. As rats are social

animals, a modified cage was designed that allowed two individually housed rats

to interact through a Perspex divider through which holes had been drilled. Access

to water in the home cage was ad libitum. Access to food in the home cage was

ad libitum except during periods of behavioural sessions during which food intake

was restricted. During food restriction, rats received a minimum of 15 g of food per

day as rewards during testing; if the minimum amount food was not eaten during

testing, the remaining food was supplemented at the end of the day. The animals’

weight on the first day of behavioural training was set as their initial target weight.

This target weight was increased by 3 g each week. Animals were weighed daily

during behavioural testing to ensure that body weight did not drop below 90 % of

the target weight. If animals dropped below 90 % of the target they were to be taken

off study and given ad libitum access to food. Animals were housed under a 12:12

hr light-dark cycle (lights on 12:30 pm to 11:30 am; dusk 11:30 pm to 12:30 pm;

lights off 12:30am to 11:30am; dawn 11:30 am to 12:30 pm).
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Rats were under food restriction for motivation to perform the behavioural

task whereas ferrets underwent water restriction. This is due to different licensed

procedures and available equipment in the two labs across which this work was

conducted. Both water and food reward provided sufficient motivation for ferrets

and rats, respectively, to perform the behavioural tasks.

All experimental procedures performed were first approved by a local ethical

review committee. Procedures were carried out under license from the UK Home

Office in accordance with the Animals (Scientific Procedures) Act 1986.

3.2 Behaviour

3.2.1 Behavioural apparatus

Animals were trained and tested in a custom-built sound proof chamber.

Within this chamber was a raised track composed of 3 segments: a centre platform

and two response arms (Figure 3.1). The custom built centre platform was designed

to hold an infra-red (IR) sensor (Sharp) at approximate rat head height. There were

two additional IR sensors fixed under the response arms. Reward ports were posi-

tioned at the ends of the response arms into which food rewards were dispensed us-

ing a pellet dispenser (Campden Instruments Ltd., UK) Light emitting diodes (LEDs;

Kingbright Whites) were mounted within a diffusive plastic case above the reward

port at the end of the response arms. Loudspeakers were mounted adjacent to

the track, positioned to face the centre platform (Figure 3.1). Stimulus generation

and task automation was performed using custom written MATLAB (MathWorks)

scripts which communicated with a Tucker-Davis Technologies (TDT) signal pro-

cessor (RZ6 TDT System 3 processors; Tucker-Davis Technologies, Alachua, FL)

and an Arduino Uno. A video camera was installed in the ceiling of the chamber

which communicated with the Neuralynx Cheetah processor and also allowed for

real-time monitoring of the animal during the task.
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Figure 3.1: Rat experimental set up. Schematic of the behavioural arena used for the

lateralisation task in the rat, with the animal shown holding at the centre spout. Black bars

on the response arms near the target locations indicate the location of the IR sensors that

registered the animals’ behavioural response.

3.2.2 Lateraliation task

Animals were trained to perform a positively conditioned approach to tar-

get lateralisation task with auditory and visual stimuli. During behavioural train-

ing/testing access to food in the home cage was restricted. Access to water in the

home cage was unrestricted at all times.

Food pellets were given during pre-training sessions to shape animals be-

haviour, and during training and testing sessions as positive reinforcement for task

performance.

Behavioural sessions were split into three categories: pretraining, training

and testing.
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Pre-training

In pre-training sessions, animals were first trained to associate nose-poking

in the centre spout with food reward. The reward arms were blocked so the animal

was confined to the centre platform. A temporary pellet dispenser and reward port

were installed on the centre platform, from which a food reward was given after each

successful nose poke. To advance past this stage rats were required to perform

> 100 nosepokes within a 30 minute session, which typically occurred within ∼

4 sessions. The blockade of the reward arms was then removed for all following

behavioural sessions. For one rat (R2), the length of time for which the animal had

to hold his head in place at the nosepoke was gradually increased to ∼ 250 ms.

(Nosepoke duration was increased at a later training stage for rats R1 and R3).

Training Phase 1

In these sessions, the rats were introduced to the approach-to-target later-

alisation task. A nose-poke at the centre platform triggered the presentation of

coincident auditory-visual (AV) stimuli at the end of one of the response arms. For

rats R1 and R3, the hold-time, i.e. the length of time the animal was required to hold

a nose-poke at the centre spout to trigger a trial, was initially chosen from a selec-

tion of five times within 10 - 100ms. For rat R2 the hold time was initially chosen

between 200-300 ms.

Auditory stimuli were bursts of noise (250 ms, 24.7 dB SPL). Visual stim-

uli were light flashes (250 ms, 16.0 ± 1.0 Cm-2).The location of the stimulus was

pseudo-randomly chosen for each trial; the task was designed such that each trial

was randomly selected from the parameter space (the combinations of hold-time,

stimulus modality and stimulus location) and that each possible combination would

occur at least once before any were repeated.

Stimuli were repeated continuously until the animal responded correctly. To

make a correct response the animal had to run down the response arm from which

the stimulus was presented. In this phase, if an incorrect response was made,

there was no effect; the stimuli continued until the animal responded correctly. A
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Figure 3.2: Rat training protocol. (A) Pre-training: a nosepoke at the centre spout resulted

in food reward. (B) Training: centre nosepoke triggers stimulus (250 ms, continually flashing;

stage 1: AV; stage 2: number of unimodal trials gradually increased) at periphery. Correct

responses were rewarded with food at the periphery; centre nosepoke hold time gradually

increased over course of training. (C) Testing: nosepoke at centre spout for 2.5 - 3.5 (length

pseudorandomly chosen) triggered stimulus (unimodal within session). The task switched

between blocks of 15 “easy” trials and 15 “hard” trials. Difficultly of hard trials was manupi-

lated by either reducing stimulus duration or reducing stimulus SNR (by reducing stimulus

level (A) or increasing background noise (V) ).
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food pellet was given at the reward port following a correct response. Once the

animals reached criterion (> 100 trials) they moved onto the next training phase.

Training Phase 2

In this phase, a nose-poke triggered the same AV stimuli presentation as

in phase 1. As before, stimuli were continuously presented until a response was

made. However, in this phase an incorrect response resulted in cessation of the

trial and triggered an error sound (250 ms; 10 kHz pure tone).

Unimodal stimuli, i.e. auditory only (A) and visual only (V), were introduced

in this training phase. Sessions included all three types of stimuli (AV,A,V) and as

the training progressed the proportion of unimodal stimuli (A,V) presented within a

session was increased, until all trials were unimodal.

The duration of the hold-time was gradually increased over the course of the

training, until the animals were holding their head at the centre nose-poke for be-

tween 2.5-3.5 seconds to trigger a trial. Once animals were successfully performing

unimodal trials with the 2.5-3.5 second hold times, they progressed to the testing

phase.

Testing

In these sessions the animals performed an approach-to-target lateralisation

task. To trigger a trial the animal was required to hold in a nose-poke at the centre

spout for a fixed hold time, the duration of which was randomly chosen from 5

possibilities between 2.5 s and 3.5 s. Once triggered, a stimulus was presented at

the end of one of the response arms, the location of which was randomly chosen

each trial. In this stage stimuli were unimodal, either auditory or visual, within a

session. As before, a food reward was given if the rat ran down the response arm

from which the stimulus was presented. If the animal ran down the incorrect arm,

a 250 ms error sound (10 kHz pure tone) was presented from both speakers. If an

animal did not respond within 30 s the trial was aborted and the animal was able to

trigger the next trial.
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During this stage, the task switched between blocks of easy trials and blocks

of hard trials; blocks were 15 trials long. Difficultly was increased by either reducing

stimulus duration (Duration Trials) or reducing the signal-to-noise ratio (SNR; SNR

Trials). Only one method of increasing difficulty was employed within a session.

Difficulty was gradually increased as the animals performance increased. Table 3.1

& 3.2 shows the parameters used in the Duration and SNR trials for both modalities.

In the SNR trials, the stimulus was presented for 2 s. Thus, within a modality,

the easy condition was identical for both Duration and SNR trials i.e. 2 s stimulus

duration of a 24.7 dB auditory SNR stimulus or a 768.5 visual SNR stimulus.

Auditory SNR was calculated as the difference between target signal and

background noise in dB SPL (Figure 3.3 A). Visual SNR was calculated as the ratio

of the luminous intensity of the target signal to the luminosity of the background

signal. Luminosity measurements were taken using a photometer (Chroma meter

CS-100 A; Figure 3.3 B).

All rats were trained on both visual and auditory stimuli, however rat R2 suf-

fered damage to his hearing during implant surgery and therefore was only tested

with visual stimuli.

3.3 Implantation of recording electrodes

Three animals were unilaterally implanted with 32 channel linear probes

(NeuroNexus, A1x32-Edge-5mm-100-177). Contacts were positioned down the

edge of the shank and had 100µm spacing. Implants were targeted at the right

dorsal hippocampus: 2.6 mm lateral and 3.48 mm posterior to Bregma, and were

implanted 3.4 mm below the cortical surface.

Two other rats also received linear probe implants but were not included in

the study as the implants failed before data could be collected.
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Figure 3.3: Auditory and visual stimulus calibration measurements for the rat lateralisation

task. (A) Sound level measurements taken over a range of input voltages to the speakers.

Blue markers represent mean sound level across three repeats of each speaker. Red lines

indicate curve fits (power fit) used to estimate sound levels for the calculation of stimulus

SNR. (B) Luminosity of visual stimuli across different input voltage levels (blue markers) with

the linear fit (red line) used to calculate visual SNR.
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Auditory Duration (ms) Visual Duration (ms)

Easy Hard Easy Hard

2000 1000 2000 1000

500 500

250 300

100 250

70 200

50 150

40 100

70

50

40

30

20

10

Table 3.1: Range of stimulus durations used in auditory and visual Duration Task

Auditory SNR (dB) Visual SNR (a.u.)

Easy Hard Easy Hard

24.7 17.5 768.5 20.4

14.3 10.1

9.6 6.7

1.0 5.0

4.0

3.4

2.9

2.7

2.6

2.5

Table 3.2: Range of SNRs used in auditory and visual SNR Task
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Linear probe implantation

All surgical tools were sterilized using high temperature steam in an auto-

clave, or with ethanol where necessary. Aseptic technique was used throughout the

surgical procedures. General anaesthesia was initially induced via ∼3% isofluroane

in oxygen in an anaesthetic chamber. Anaesthesia was maintained throughout the

surgery with ∼2% isofluorane in oxygen. Body temperature was maintained at ∼37

degrees using a heat mat positioned underneath the animal. Animals were held in

a stereotaxic frame (DigiW Wireless Digital Stereotaxic frame, Neurostar, Tubingen,

Germany) during surgical procedures.

An incision was made down the midline to expose the central crest of the

skull; retracted skin was held in place with hemostat clamps. The exposed skull was

cleaned using a scalpel blade and then hydrogen peroxide. Steriotaxic coordinates

were used to mark the position of the craniotomy. Using a high-speed drill (Foredom

1474 micromotor high-speed drill) and a 1.2 mm burr (Fine Science Tools GmbH,

Germany), five holes were drilled outside of the marked craniotomy locations into

which small stainless steel bone screws were placed. Another screw was inserted

into the interparietal bone near the lambdoid suture and was to act as a ground

reference for the electrode.

A dental adhesive resin cement (Super-Bond, C&B, Sun Medical Company

Ldt., Japan) was applied around the five bone screws. The hippocampal craniotomy

of approximately 1 mm diameter was then performed with the drill and a 0.7 mm burr

(Fine Science Tools GmbH, Germany). A needle was used to make a small hole

in the dura at the target implantation region. The electrode was positioned above

the exposed cortex using the stereotaxic arm and then carefully inserted into the

brain. The craniotomy was then filled with sterile Vaseline, and the implant was built

up around the electrode with bone cement (Simplex Rapid, Kemdent, Associated

Dental Products Ltd, UK). Once the electrode was initially secured, the ground wire

was wrapped around the ground screws. Bone cement was further used to build up

the implant, into which the ground wire was embedded. A custom-designed, 3D-
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printed plastic rail was also secured onto the implant with dental acrylic (Figure 3.5

A). Finally, the wound was sutured to obtain a smooth margin around the implant.

Figure 3.4 shows a schematic of the linear probe implant in the rat.

The plastic cone was part of a two-piece detachable cone design developed

to protect the electrode connector when the animal was not undergoing behavioural

testing, while maintaining a low profile on the animals head. During testing, a

custom-designed cone attachment was added to the implant to protect the record-

ing headstage and help keep the cable secure (Figure 3.5). The 3D printed cone

was designed with vertical bars around the edge to reduce weight and also add

some flexibility to the cone during any impacts with equipment (Figure 3.5). The

two longer middle arms were attached to the cable to prevent the headstage from

becoming unplugged.

Post-operative care

Immediately following surgery, animals were closely observed in a heated

chamber until the full recovery of motor function, and had been seen to eat and

drink. Under veterinary advice, oral administration of meloxicam (0.5mg/ml; Meta-

cam, Norbrook Labs Ldt., UK) was given to the animals for three days following the

surgery to reduce inflammation.

Animals were given a 7-day recovery period post-surgery during which they

did not perform any behavioural sessions.

3.4 Data acquisition

Behavioural data during the lateralisation task were acquired through an Ar-

dunio Uno which communicated with custom written MATLAB (MathWorks Inc., Nat-

ick, USA) scripts. To acquire accurate position data, two LEDs (one red, one green)

were attached to the recording headstage on the animal. The position of the LEDs
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Figure 3.4: Rat implant schematic. Sagittal view shown for Neuronexus 32 channel linear

probe implant.
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Figure 3.5: Custom-designed 3D printed cone for rat implants. (A) Schematic of rat im-

plant showing 3D printed rail attachment embedded in dental acrylic during the implantation

procedure. (B) Schematic of detachable cone which slides onto the rail attachment during

recordings to protect the cable from being knocked against any equipment or becoming

unplugged. Inset shows top and back view of detachable cone.
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was recorded using a camera mounted on the ceiling of the arena, which com-

municated with a Neuralynx Cheetah acquisition system (Neuralynx Inc., Dublin,

Ireland).

Neural data were recorded during behavioural sessions using a Neuralynx

Digital Lynx acquisition system. Voltage signals were recorded at 30 kHz, then

digitised and amplified directly on the headstage. Signals were band-pass filtered

between 0.1 Hz and 10 kHz and transmitted to a personal computer running Neu-

ralynx Cheetah acquisition software. The behavioural metadata (e.g. stimulus and

nose poke times) were also transmitted to the Cheetah acquisition software from

the TDT signal processor and the Arduino via TTL pulses sent to the Digital Lynx.

3.5 Analysis

3.5.1 Behavioural data

Rats were trained on an approach-to-target lateralisation task. Testing ses-

sions for the lateralisation task were only included in behavioural analysis if the

animal completed at least one full block of both easy and hard trials (i.e. 30 trials

total; “easy” and “hard” as defined in Section 3.2.2). Aborted trials, where the an-

imal initiated a trial but then did not respond at the periphery, were excluded from

behavioural analysis because the animals were not engaged with the behavioural

task.

When calculating behavioural performace, the numbers of easy and hard

trials were equalised within session through random sampling of the block type with

most trials.
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3.5.2 Position data

Video data were collected at 25 fps using a camera connected to the Neura-

lynx acquisition device. A red and green LED were attached to the wireless head-

stage and the positions of these LEDs were tracked online during recordings with

the Neuralynx Cheetah software. The tracking data were then processed offline with

custom written MATLAB scripts. Tracking data were cleaned of large reflections us-

ing the following constraints: (1) an LED was not permitted to travel over 30 pixels

in one frame, which equates to a speed of ∼ 140 cms-1, (2) the two LEDs were

required to have a maximum of 5.4 cm separation from each other. Linear interpo-

lation was used to fill gaps in the data and traces were smoothed using a median

filter (width = 3). The average position of the two LEDs was used to estimate the

head position of the animal, and subsequently the head speed of the animal. Track-

ing data were excluded when the door to the sound chamber was open, measured

through average intensity of the image, and when the LEDs were out of the field of

view for > 0.5 s.

3.5.3 Neural data

LFP cleaning

Neural data were extracted and processed using custom written MATLAB

(MathWorks Inc., Natick, USA) scripts. Large amplitude movement artefacts and

other noise artefacts (due to e.g. headstage becoming unplugged) were removed

using the cleaning algorithm as described in Chapter 2.5 and Figure 2.7. Further

cleaning algorithms were developed for the rat neural data as scratching artefacts

were observed (Figure 3.6) that were not always detected with the initial cleaning

algorithm. Furthermore, the scratching artefacts occured within the hippocampal

theta range at ∼ 8-12 Hz, so accurate removal of these was imperative. During

scratching artefacts, power in the 6-13 Hz band was high across all channels of the
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probe (Figure 3.6 D), including the ∼ third of recording sites that were positioned in

the cortex above the hippocampus. The power in this band was usually much lower

on channels 1-10 during clean periods of neural recording (Figure 3.6 E). Therefore,

for the cleaning of scratching artefacts the following protocol was implemented:

(1) a 1 kHz resampled signal from each channel within a session was filtered be-

tween 6-13 Hz using a zero-lag filter (order = 500 ms), and the 6-13 Hz power

across the session was found using the Hilbert transform.

(2) the median 6-13 Hz power of channels 1-10 (i.e. cortical recording sites on the

top of the probe) across the session was calculated

(3) a power threshold was calculated using the mode of the distribution of median

power (as visualised in Figure 2.7 C); the threshold in this case was the mode

multiplied by 3.5.

(4) sections of the signal where the median 6-13 Hz power for channels 1-10 ex-

ceeded the threshold were removed from all channels and repaced with NaNs.

The scratching artefact removal algorithm also identified and removed pu-

tative epochs of high-voltage spike-wave (HVS) events as described by Haggerty

and Ji (2014). These epochs were characterised by a high amplitude ∼ 8 Hz os-

cillation in the cortex and the hippocampus, with higher power in the cortex than

the hippocampus (Figure 3.6 F). A smooth power profile across the probe was also

observed (compared to the power profile of a scratching artefact Figure 3.6 D),

suggesting it reflected a biological process as opposed to a noise artefact. The

waveform of the observed oscillatory events closely resembled those descibed for

HVS (Haggerty and Ji 2014; data not shown). As the waveform and power profile

of these events did not resemble theta oscillations, the epochs were deemed not

appropriate for inclusion in the current study and were removed from the signals.

After the neural signal had been cleaned of high amplitude noise artefacts,

scratching artefacts and putative HVS events, the local field potential (LFP) was

filtered between 1-300 Hz using a zero-lag filter of order 500 ms.
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Figure 3.6: Example of scratching artefact removal in the rat. (A) Head speed of rat R1

during and around scratching. (B) Example uncleaned LFP traces showing scratching arte-

fact across 4 channels (black lines). Red line on channel 14 (second panel) indicates where

initial cleaning algorithm has correctly identified the artefact. The artefact was not picked up

on any other channels shown. For this animal the cell layer was located on channel 17. (C)

The median 6-13 Hz power of channels 1-10 (blue line). Threshold crossings are shown in

yellow, and indicate where portions of the neural signal will be removed from all channels.

(D) Power across channels of the probe for artefact shown in B. (E) Peak frequency of PSD

of artefact in B calculated for each channel. (F) 6-13 Hz power profile across the probe

during theta oscillations. (G) 6-13 Hz power profile across the probe during a putative HVS

event.
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All channels on the rat probes produced usable signal (Figure 3.7), as de-

termined by the power spectral density (PSD) based procedure detailed in Chapter

2.5 and Figure 2.8. A reduction in overall LFP power was also observed in the rat

implants (Figure 3.8).

Characterisation of ferret LFP

All neural recordings were performed during a behavioural task. Rat data

was used as a comparison for the characterisation of the ferret LFP. For this char-

acterisation and comparison of rat and ferret theta (Chapters 4 and 5), trial data

were excluded from analysis; for each trial, data from 100ms before hold onset to

250ms after the animals’ response was removed. The channel PSDs and char-

acterisation of oscillatory peaks were found in the rat using the same methods as

detailed in Chapter 2.5. The theta band was filtered between 4-14 Hz for the rat.

The instantaneous frequency, phase, and power of the filtered signal was estimated

using a peak-trough detection method as described in Chapter 2.5.

3.6 Histology

Following the completion of recordings animals were administered a terminal

overdose of Euthatal (400mg/kg of pentobarbital sodium; Merial Animal Health Ltd,

Harlow, UK) prior to transcardial perfusion. For rat R2 electrolytic lesions were per-

formed prior to perfusion using a current generator (A365 Stimulus Isolator, World

Precision Instruments, FL, US); a unipolar current of 30µA was passed through

electrodes for 10 s, after which the polarity was reversed and another 10 s of 30µA

current was passed. Pairs of electrodes at the top and tip of the probe were le-

sioned. During perfusion, the blood vessels were washed with 0.9% saline followed

by 400-500 ml 100% formalin. Brains were then extracted and stored in 100%

formalin for at least 24 hours. The extracted brains were immersed in a 30% su-

crose solution for three days until they sank. Brains were then coronally sectioned

at 40µm using a freezing microtome (Leica CM1850). Every section was stained
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Figure 3.7: Channel status for each session for each rat.
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Figure 3.7: Channel status for each session for each rat. (A) Top: channel status across

all channels of the 32 channel linear probe shown for each session in rat R1 L. “Good”

channels shown in green were included in analysis. “Bad” channels in red, identified through

processing of session PSDs, were excluded from analysis. Channel 1 is the top of the

probe, channel 32 is the bottom of the probe. Middle: the type of recording (either tethered

or wireless) is also indicated for each session. Bottom: the mapping used for each session

is indicated. (B-C) Same as A for rats R2 (B) and R3 (C)

Figure 3.8: Reduction in oscillatory power across sessions in the rat. (A) Power spectral

density of LSP for all sessions from rat R1. (B) Theta power across sessions for data shown

in A.
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for Nissl substance to allow the electrode tracks to be observed. Sections were

mounted and imaged using an Axio Scan slide scanner (Zeiss).
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3.7 Overview of rat recording sites and experimental

paradigms

Rat R1 R2 R3

Hemisphere Right Right Right

Implant 32 channel linear

probe

32 channel linear

probe

32 channel linear

probe

Cell layer ! ! !

Dentate

gyrus
! !

Behaviour ! !(visual only) !

Implanted

(days)

62 181 36

Table 3.3: Overview of rat recording sites and experimental paradigms.
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Chapter 4

Characterising the ferret hippocampal

local field potential

4.1 Introduction

The hippocampal formation produces some of the most distinctive LFP activ-

ity patterns in the mammalian brain, and due to the dense, laminar-specific synap-

tic connections, these are also some of the largest amplitude signals that can be

recorded (Buzsáki et al., 2013). The rat hippocampal LFP has been extensively

characterised and thus will be the reference to which the activity in the ferret will

be compared. The rat hippocampal LFP is routinely divided into six distinct activity

patterns: theta (5 − 12 Hz), beta (12 − 30 Hz), gamma (30 − 100 Hz), ripple (140

− 200Hz), large irregular activity (LIA; broadband) and small irregular activity (SIA;

broadband; O’Keefe, 2007).

The aim of this chapter is to characterise the LFP in the ferret hippocampus

by comparison with LFP data from the rat. In particular, theta oscillations were iden-

tified in both species by their distinct spatial profiles across the linear probes and in

relation to the animals’ movement. Ripple oscillations were detected in the rat, but

not in the ferret. These data were then combined with the anatomical location of the

electrodes in the brain to estimate the position along the probe of the hippocampal

cell layer and the dentate gyrus.
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4.2 Results

4.2.1 Gross anatomy of the ferret hippocampus

The hippocampal formation has a distinct laminar structure which could clearly

be observed in Nissl stained coronal sections in both the rat and the ferret (Figure

4.1). There were some morphological differences observed between the rat and the

ferret dorsal hippocampi (see insets Figure 4.1). In the ferret, the cell layer appears

to be less dense than observed in the rat, and the whole structure appears to be

rotated clockwise in comparison with the rat (particularly evident when comparing

the dentate gyrus orientation). However, the gross morphological features of the

hippocampus were consistent across species, and this distinctive structure allowed

the gross anatomy of the ferret hippocampal formation to be reconstructed in a 3D

model (Figure 4.2).

4.2.2 Electrode tracks

Ferret electrode tracks

Four ferrets received chronic electrophysiological implants; three ferrets (F1,

F2, F3) were bilaterally implanted with 32 channel linear probes (Neuronexus). One

ferret (F4) was implanted with an eight tetrode megadrive (Axona). Electrodes were

targeted to the dorsal pole of the hippocampal formation, guided by 3D reconstruc-

tions of the ferret brain (see Section 2.3.1) . Electrode tracks and lesions were

observed in Nissl stained coronal brain slices (50µm thick, 200µm spacing; Figures

4.3 & 4.4). 3D models of each ferret brain were constructed to further visualise

electrode position.

The histological results for the linear probe animals can be seen in Figure

4.3. For ferret F1, the electrode track in the left hemisphere entered the hippocam-

pal formation, passing through the cell layer and into the dentate gyrus (Figure
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Figure 4.1: Anatomy of the rat and ferret hippocampal formations. (A) Nissl stained coronal

sections of the rat (top, from rat R1, 40µm thick) and ferret (bottom; from ferret F1; 50µm

thick) brains. The distinct laminar structure of the hippocampal formation can be seen in

both species. Insets show a magnified image of the septal (or dorsal) pole of the right

hippocampal formation. Hippocampal subfields cornus ammonis 1-3 (CA1, CA2, CA3) and

dentate gyrus (DG) are indicated in the rat hippocampus. The CA subfields are not currently

known in the ferret. (B) 3D reconstruction of the brain of ferret F1, indicating the location of

the histological slice in (A) with grey planes (Left: top view, middle: side view, right: angled

view).
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Figure 4.2: Gross anatomy of the ferret hippocampal formation. Schematic of the ferret

brain (Bizley et al. 2015). 3D reconstruction of the ferret brain (reconstructed from ferret

F1). Left: cortical surface; middle: position of the hippocampus within the ferret brain; right:

3D model overlaid on image of the brain used for the reconstruction.
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4.3 A). The track in the right hemisphere passes slightly medial to the hippocam-

pal formation (Figure 4.3 B). Although the hippocampus is not entered directly, the

magnitude of the local field potential signals is such that it may be possible to detect

theta oscillations. For ferret F2, only the left hemisphere implant was successful

while the implant in the right hemisphere was not functional so histological analysis

of location was not performed. Figure 4.3 C shows the electrode track for the left

implant, which entered the medial edge of the hippocampus proper. For ferret F3,

implants in both left and right hemispheres entered the hippocampus proper and

into the dentate gyrus (Figure 4.3 D,E). The lesions perfomed in F2 L and F3 L

were not observed in any sections.

For the animal that was implanted with eight tetrodes (ferret F4), lesions were

performed for each tetrode. Figure 4.4 shows the locations of all observed lesions,

the majority of which can be observed within the hippocampal formation.

Figure 4.5 shows a summary of electrode position for all animals, illustrating

the success of the surgical targeting method outlined in Section 2.3.1 in implanting

the ferret hippocampal formation.
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Figure 4.3: Nissl stained coronal brain slices (50µm thick showing the tracks of the linear

probes in ferrets F1, F2 and F3. The top image of the stack is most rostral. 3D reconstruc-

tions of each ferret brain are shown to the right. Black line indicates reconstructed electrode

position. Grey planes indicate location of sections on the left.
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Figure 4.5: Schematic summary of ferret electrode position. The estimated location of the

linear probes are represented as lines. The dots represent an estimate of the location of

some of the observed lesions in the tetrode animal (F4).
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Rat electrode tracks

Three rats (R1, R2, R3) received unilateral chronic 32 channel linear probe

implants (Neuronexus) in the right dorsal hippocampal formations (Figure 4.6). For

rats R1 and R2, the hippocampal formation was entered directly, with the probes

passing through the cell layer (most likely CA1) and into the dentate gyrus (Figure

4.6 top, middle). The lesions perfomed in R2 were not observed in any sections. For

rat R3, the probe was implanted in the lateral edge of the hippocampal formation,

most likely passing near to area CA3 (Figure 4.6 bottom). The electrode placement

in R3 gave a comparable electrode position to ferrets F1 R and F2 L (see Figure

4.3 B and C) in that the hippocampus was not directly entered; all probes in these

cases passed close to an outer curve of the hippocampal cell layer. With the appar-

ent rotation of the ferret hippocampus, no strong conclusions can be drawn about

the relative locations of the rat and ferret probes within the hippocampal formation.

However, on a gross anatomical scale, i.e. within or very close to the outer edge

of the hippocampus, the locations of the electrode implants in the rat and the ferret

were broadly consistent.
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Figure 4.6: Rat electrode tracks. Nissl stained coronal brain slices 40µm thick showing

electrode tracks in the rat. Left image is most rostral.
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4.2.3 Identification of ferret hippocampal theta oscillations

Following confirmation of electrode position in, or near, hippocampus, I sought

to determine whether theta activity characteristic of rats and other mammals was

also present in ferrets. Theta oscillations have been classically defined in rats en-

gaged in exploratory behaviours within open fields and on linear tracks, during which

the animal is moving and not engaged in a specific sensory task. In the current

study, data were collected during performance in a behavioural task. Therefore, in

order to replicate the open field/linear track conditions as closely as possible, the

data collected while animals were performing the task were excluded from these

analyses. Specifically, for each trial, data from 100 ms before hold onset to 300

ms after the animals’ response has been removed. (Neural responses during be-

havioural trials will be explored in Chapter 6). As theta oscillations in the rat typically

occur during locomotion, this section will explore the neural signals when the an-

imals were moving > 10 cms-1. The speed threshold was chosen by examining

the speed values measured across a number of epochs when the animal was not

moving (data not shown); 10 cms-1 was chosen as a conservative threshold for

confidence that the data analysed here contained only periods of movement.

The oscillatory characteristics of rat theta have distinct anatomical profiles in

which power increases and phase shifts from the cell layer to the dentate gyrus.

Therefore to identify theta within ferret hippocampus required the use of linear

probes to systematic compare LFP at different anatomical depths. To define theta

oscillations in the ferret hippocampal formation, data from only the linear probe ani-

mals (ferrets: F1, F2, F3; rats: R1, R2, R3) were used.

The initial step taken to investigate oscillatory activity in the LFP was to cal-

culate the power spectral density (PSD) of the neural signals. A PSD was calculated

for the LFP during locomotion for each electrode channel of the linear probes us-

ing data from all recording sessions. To account for the observed power reduction

over time (see Figures 2.11 and 3.8) while maintaining the relative power ratios be-

tween channels, neural data were z-scored within each session using mean and
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Figure 4.7: Power spectral densities of rat hippocampal LFP during locomotion (> 10

cms-1). A) Example LFP trace (filtered 1-300 Hz; R1) across channels ( 100µm channel

spacing; vertical bar 1 mV) . B) Top: Power spectral densities (PSD) across all channels

(R1, PSDs calculated used data from all sessions, n = 27). Bottom: PSD of channel 23,

the channel with the highest power low-frequency peak i.e. maximum theta power channel,

from example above. C) Maximum theta power channel PSDs for each rat (PSDs calcu-

lated used data from all sessions: R2, n = 53; R3, n = 13), shows the same oscillatory

power bands across animals.
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Figure 4.8: Power spectral densities of ferret hippocampal LFP during locomotion (> 10

cms-1). A) Example LFP trace (filtered 1-300 Hz, F3 L) across channels ( 100µm channel

spacing; vertical bar 1 mV). B) Top: Power spectral densities (PSD) across all channels

(F3 L, PSDs calculated used data from all sessions: n = 9). Bottom: PSD of channel 18,

the channel with the highest power low-frequency peak, from example above. C) Maximum

low-frequency power channel PSDs for each ferret (PSDs calculated used data from all

sessions: F1 L, n = 14; F1 R, n = 7; F2 L, n = 19; F3 R, n = 16).
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standard deviation calculated from all channels. Z-scored data from all sessions

were combined and filtered for movement speeds > 10 cms-1. For the calculation of

the channel PSD, epochs of length 2048 samples were then extracted from these

speed-filtered, z-scored traces and Welch’s method was used for power spectral

estimation.

Figures 4.7 A and 4.8 A show typical examples of the local field potential

(LFP) recorded on linear probes during locomotion for a rat and a ferret, respec-

tively. Clear oscillatory activity can be observed in both species, which resulted in

peaks in the power spectral density (PSD; Figure 4.7; Figure 4.8). Figure 4.7 B

shows the PSDs for each channel of a 32 channel linear probe for a single rat in

which the oscillatory power varies with channel location on the probe. An ∼ 10 Hz

theta peak can be observed across all channels, with a smaller ∼ 20 Hz peak which

most likely reflects a combination of power from a harmonic of theta and the beta

oscillation. This was observed for each rat (Figure 4.7 C).

In the ferret, the LFP trace shows a similar slow oscillation to the rat, but

ferrets had more high frequency (∼ 25 - 150 Hz) activity than rats (Figure 4.8 A).

This oscillatory activity is reflected in the PSD, with many large amplitude spectral

peaks which could be observed across all channels (Figure 4.8 B) and each animal

(Figure 4.8 C). These data thus show that (1) both the rat and the ferret LFP con-

tain a large amplitude low-frequency oscillation; (2) the ferret has a very prominent

pattern of high frequency oscillatory power that was not clearly evident in the rat.

To systematically quantify the peaks observed in the PSDs, an open-source

toolbox (Haller et al., 2018) was used to parameterise the spectra in an unsuper-

vised approach. This toolbox estimates the PSD through a series of steps: Firstly,

the toolbox flattens the spectrum by fitting and subtracting a 1/f function. Second,

from flattened spectrum the toolbox recursively detects a spectral peak based on an

amplitude threshold, fits a gaussian function to that peak and subtracts the gaus-

sian. The recursive process repeats until no further peaks can be detected. Each

peak was parameterised by its centre frequency and bandwidth (defined as two

standard deviations from the centre frequency). Third, the sum of the fitted peaks is
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Figure 4.9: Quantification of oscillatory peaks for rat R1. (A) Model fit of the PSD for chan-

nel 24 (PSD calculated using all sessions as shown in Figure 4.7). (B) Spectral peaks

extracted from the flattened spectrum, shown individually (black), and together as the peak

fit (red). (C) Peak fit across all channels and quality of model fit shown by R2. (D) Clus-

tering of extracted peaks. Coloured markers indicate successfully extracted clusters. Grey

markers are unclustered peaks.
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removed from the original spectrum and the 1/f function is refitted. The final model

is thus the sum of the gaussians fitted to the peaks and the refitted 1/f function.

Figure 4.9A shows an example of the model fitting process in which the model fit

is compared to the original spectrum obtained from one channel in the rat (R1)

during locomotion. Figure 4.9B shows the component spectral peaks identified in

the model illustrating the ability of the model to extract oscillations with overlapping

bandwidths.

The model fit successfully replicated the oscillatory structure observed in the

power spectra across channels. Figure 4.9 C shows the “peak fit”, i.e. sum of the

fitted gaussians, for each channel along the probe and the quality of the model fit.

Model fit was quantified by R2, which for this example, and for the entire data set,

was never less than 0.99.

To identify the reliable oscillatory peaks across channels, the centre frequen-

cies and bandwidths of all gaussian peaks were subject to a density-based clus-

tering algorithm. Density-based clustering allowed for an unsupervised approach

in that the number of clusters did not have to be defined a priori, and data points

could be assigned to an unclustered group. For the sample rat probe (R1) shown

in Figure 4.9D, the clustering algorithm detected six groups: the theta oscillation

(9.4 ± 1.7 Hz) and its harmonic/beta (19 ± 2.8 Hz) which are clearly visible in the

PSDs (see Figure 4.7); an ∼ 12 Hz peak, which may correspond to the “flutter” os-

cillation described by Nerad and Bilkey (2005); and three higher frequency peaks

(centre frequency > 30 Hz) which may represent distinct gamma oscillations (see

Discussion). Rats R2 and R3 showed similar clustering of the theta and first theta

harmonic/beta peaks (Figure 4.10, Figure 4.11), as well as an additional peak at

the second harmonic. However, the higher frequencies (centre frequency >= 30

Hz) were less consistent and clusters were not always successfully extracted. Fail-

ure to extract clusters in the gamma frequency range may result from limitations in

the analytic technique, which required that gamma was detected on multiple elec-

trodes. This would have potentially not occurred if gamma was only detected on

a small number of electrodes because of its weak volume conduction and highly

129



Figure 4.10: Quantification of oscillatory peaks for rat R2. (A) Example model fit of the PSD

for channel 24 (PSD calculated using all sessions as shown in Figure 4.7). (B) Spectral

peaks extracted from the flattened spectrum, shown individually (black), and together as

the peak fit (red). (C) Peak fit across all channels and quality of model fit shown by R2. (D)

Clustering of extracted peaks. Coloured markers indicate successfully extracted clusters.

Grey markers are unclustered peaks.
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Figure 4.11: Quantification of oscillatory peaks for rat R3. (A) Example model fit of the PSD

for channel 24 (PSD calculated using all sessions as shown in Figure 4.7). (B) Spectral

peaks extracted from the flattened spectrum, shown individually (black), and together as

the peak fit (red). (C) Peak fit across all channels and quality of model fit shown by R2. (D)

Clustering of extracted peaks. Coloured markers indicate successfully extracted clusters.

Grey markers are unclustered peaks.
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anatomically localised nature. Also, the highly anatomically localised nature of hip-

pocampal gamma may prevent the detection of gamma in rat R3, if the probe did not

pass directly through gamma generators. Figure 4.12 summarises these findings

across each rat.

A B

Figure 4.12: Summary of oscillatory peak clustering in the rat. (A) Cluster means for each

rat. (B) Centre frequency and bandwidth of cluster means for each rat.
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Running speed was investigated as a potential source of the variability in

high frequency oscillations detected between rats (Figure 4.13). A Kruskall-Wallis

test identified a significant difference between the session speeds for the 3 rats (H

= 56.03, 2 d.f., p < 10 -12). Session speeds for R1 were significantly lower than for

R2 and R3 (sign rank test, Bonferroni corrected for multiple comparisons; R1 vs R2:

z = -7.0, p = 1.9 x 10-12; R2 vs R3: z = 2.1, p = 0.0375; R1 vs R3: z = -5.1, p =

4.3 x 10-7). Running speed has been shown to be positively correlated with high

gamma power (Ahmed and Mehta, 2012; Kemere et al., 2013; Zheng et al., 2015).

Therefore, running speed does not account for the variability seen in Figure 4.12 as

higher frequency peaks were more successfully extracted from R1 than R2 and R3.

To identify the common spectral peaks in the ferret, the same model and

clustering analysis was applied to the channel PSDs in Figure 4.8. Two example

clustering results from the ferret are shown in Figures 4.14 and 4.15; one from

inside the hippocampus (F3 L) and one from outside (F2 L).

For the example ferret probe shown in Figure 4.14 D, the clustering algorithm

detected six groups, three of which were lower frequency (centre frequency < 20

Hz) peaks that corresponded to the spectral peaks clearly visible in the PSDs (see

Figure 4.8 A). In addition, three higher frequency (centre frequency > 25 Hz) groups

were detected, which suggest that there may also be distinct, but overlapping spec-

tral components in the gamma range. For ferret F2 L, five of the six clusters were

similar in centre frequencies and bandwidths to ferret F3 L (Figure 4.15). The one

exception, a ∼ 50 Hz peak extracted in F3L, was visible but was not detected as a

cluster by the algorithm in F2 L. An additional cluster was identified in ferret F2 L,

which was probably attributable to noise due to the narrow bandwidth (< 1 Hz) and

high centre frequencies (> 120 Hz).

The results from clustering for each ferret are shown in Figure 4.16 and Ap-

pendix 9.1, illustrating that the resultant clusters, in particular the clusters with cen-

tre frequencies < 20 Hz, were similar across hemispheres and animals. There

was more consistency in clustering the high frequency peaks in the ferret, possibly

explained by higher power in the gamma range in ferrets than in the rat.
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Figure 4.13: Comparison of speeds for each rat. (A) Proportion of speeds recorded across

each session for each rat (R1, n = 27 sessions; R2, n = 53 sessions; R3, n = 13 sessions).

Line with shaded region represents mean ± SEM. (B) Mean sessions speeds for rat R1

(top), R2 (middle) and R3 (bottom). A Kruskall-Wallis test identified a significant difference

between the session speeds for the 3 rats (H = 56.03, 2 d.f., p < 10 -12). Session speeds

for R1 were significantly lower than for R2 and R3 (sign rank test, Bonferroni corrected for

multiple comparisons; R1 vs R2: z = -7.0, p = 1.9 x 10-12; R2 vs R3: z = 2.1, p = 0.0375; R1

vs R3: z = -5.1, p = 4.3 x 10-7). * indicates p < 10-6
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Figure 4.14: Quantification of oscillatory peaks for ferret F3 L, in which the electrode was

located within the hippocampal formation. (A) Example model fit of the PSD for channel 11.

(PSD calculated using all sessions as shown in Figure 4.8). (B) Spectral peaks extracted

from the flattened spectrum, shown individually (black), and together as the peak fit (red).

(C) Peak fit across all channels and quality of model fit shown by R2. (D) Clustering of

extracted peaks. Coloured markers indicate successfully extracted clusters. Grey markers

are unclustered peaks.

135



Figure 4.15: Quantification of oscillatory peaks for ferret F2 L, in which the electrode was

located outside of the hippocampal formation. (A) Example model fit of the PSD for channel

11 (PSD calculated using all sessions as shown in Figure 4.8). (B) Spectral peaks extracted

from the flattened spectrum, shown individually (black), and together as the peak fit (red).

(C) Peak fit across all channels and quality of model fit shown by R2. (D) Clustering of

extracted peaks. Coloured markers indicate successfully extracted clusters. Grey markers

are unclustered peaks.
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Figure 4.16: Summary of oscillatory peak clustering in the ferret. (A) Cluster means for

each ferret. (B) Centre frequency and bandwidth of cluster means for each ferret.
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The PSD data indicate that the low frequency peaks were robust across rats

and ferrets. In the rat, the ∼ 10 Hz peak is a result of hippocampal theta oscilla-

tions, but it is unclear whether the ∼ 5 Hz peak observed in the ferret also reflected

hippocampal theta. To determine if hippocampal theta existed in ferrets, the well-

documented characteristics of rat hippocampal theta were compared to the proper-

ties of the ∼ 5 Hz oscillation in the ferret.

Hippocampal theta in the rat changes systematically in power and phase

(Winson, 1974; Montgomery et al., 2009) between the cell layer and the dentate

gyrus, and has a strong relationship with speed (McFarland et al., 1975). The

instantanous power, frequency and phase of theta were quantified using a peak-

trough detection method that operated on the broadband trace filtered between 4-14

Hz (Figure 4.17 A-D): Figure A shows the instantaneous amplitude, which was used

to obtain the theta power. Figure B shows the instantaneous phase interpolated be-

tween peaks and troughs, which was subsequently compared across channels by

calculating the phase difference with respect to channel 1, located at the top of the

probe. Figure C shows the instantaneous frequency overlaid on the spectrogram

obtained from the original broadband trace. Speed was detected by tracking LEDs

on the animals head and taking the derivative of position over time (Figure 4.17).

Using these metrics, correlations between speed and theta frequency, or speed and

theta power were calculated (Figure 4.17 E,F).

Figure 4.17 G illustrates the theta characteristics across the probe in rat R1,

in which theta power peaks between channels 20 and 26, corresponding to a 600µm

region of the electrode. Theta phase was also dependent on electrode position:

there was gradual shift in theta phase with respect to channel 1 that began approx-

imately halfway down the probe, above the point at which theta power increased.

The phase shift then flattened at the same electrode position as the theta power

peaked, and subsequently shifted again lower down the probe, as the theta power

peak moved through its downwards slope. Speed and theta frequency were highly

positively correlated across the entire probe. Speed and theta power was positively

correlated along the probe, except in the region of high theta power where a reversal

138



R1

Figure 4.17: Quantification of theta activity and theta depth profile for R1. (A) Detection

of peak-trough amplitude from 4-14 Hz filtered signal. Also shown 1-300 Hz LFP signal.

Dashed lines indicate detected extrema. (B) Estimation of instantaneous theta phase from

interpolation between extrema. (C) Estimation of instantaneous theta frequency (black line)

overlaid on spectrogram of LFP signal between 2 and 14 Hz. Spectrogram is normalised to

maximum and expressed in dB/Hz.
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Figure 4.17: (D) Estimated head speed obtained from LED tracking, resampled to same

temporal resolution of the LFP (1 kHz). (E-F) Scatter plot of speed vs. theta frequency(E)

and speed vs. theta power (F). Data points in black represent median values in 100 ms

epochs; grey markers show excluded data when the animal was not moving (< 10 cms-1).

Box plots show median, interquartile range and 9th to 91st percentile of frequency or power

binned by speed (5 cms-1 bins). Grey box plots indicate speeds over the 90th percentile of all

head movements that were excluded due to small sample size. Green indicates regression

line fitted to median values in each speed bin. r values indicate correlation coefficients for

each regression. Data in A-F taken from channel 1 in a single session. (G) Nissl stained

section of the hippocampus showing the estimated electrode track position (grey bar). (H)

Signal filtered between 4 and 14 Hz shown for each channel as a function of probe depth.

Horizontal bar represents 100 ms, vertical bar represents 1 mV. (I) Theta power profile

across the probe Data shown as medians across probe with interquartile (filled line) and 9th

to 91st percentile (dashed) range. (J) Theta phase shift relative to the top channel on the

probe (channel 1). Data shown as circular mean and standard deviation (CircStat Berens

(2009)). (K-L) Correlation coefficient between theta frequency and speed (K) and theta

power and speed (L) across the probe. Filled markers indicate significant correlations (p

< 0.01), unfilled markers indicate non-significant correlations. Data in H-L were from the

same session session used for A-F.
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to highly negative correlations was observed.

Figure 4.18 shows the same results for rats R2 and R3. R2 was implanted in

a similar location to R1, whereas the probe in R3 was located more laterally than R1.

As observed in R1, theta power peaks were also found in R2 and R3; however, the

peak in R2 was narrower and the peak in R3 was broader than that observed in R1.

Phase shifts were again observed in R2 and R3. R2 followed a similar phase shift

profile as R1, with a gradual shift beginning above the theta power peak, followed by

a highly localised stationary point, and a second shift colocated with the downwards

slope of the theta power peak. R3 showed a less defined, gradual phase shift across

the electrode. For both R2 and R3 the speed-theta frequency correlation was highly

positive across the electrode. For rat R2 the speed-theta power correlation was

consistently positive across the probe, with a minor decrement around channel 18.

Rat R3 showed positive speed-theta power correlation on the top half of the probe,

which was then lost on the bottom half of the probe where no consistent r was

observed.

Ferrets showed a robust peak at ∼ 5 Hz in the PSD during locomotion that

was identified in each implant using unsupervised clustering approaches. The

next question was whether this oscillation reflected hippocampal theta in the ferret.

To answer this, the signal parameters used to characterize rat hippocampal theta

(power, phase shift, relationship with speed) were calculated for a 28 Hz filtered

signal for linear probes implanted in ferrets (e.g. Figure 4.19 A-C).

When the hippocampal formation was entered directly in F3 L (Figure 4.19

D-I), the power, phase and speed correlations followed a similar pattern to that

observed in the rat (Figure 4.17). Specifically, there was a peak in signal power

near the middle of the probe that was surrounded by shifts in phase. Correlations

between signal frequency and speed were found to be highly positive across the

probe, while a reversal was seen in the signal power vs. speed correlations at the

location on the probe of the peak in signal power.

For each ferret, the correlation between speed and signal frequency was
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Figure 4.18: Depth profiles of theta oscillations for R2 and R3. (A) Nissl stained section

of the hippocampus showing the estimated electrode track position (grey bar). (B) Signal

filtered between 4 and 14 Hz shown for each channel as a function of probe depth. Hori-

zontal bars represent 100 ms, vertical bars represents 1 mV. (C) Theta power profile across

the probe Data shown as medians across probe with interquartile (filled line) and 9th to 91st

percentile (dashed) range. (D) Theta phase shift relative to the top channel on the probe

(channel 1). Data shown as circular mean and standard deviation. (E-F) Correlation coef-

ficient between theta frequency and speed (E) and theta power and speed (F) across the

probe. Data in B-F taken from a single session for each rat.

142



F3L

Figure 4.19: Quantification of theta activity and theta depth profile for F3 L. (A) Detection

of peak-trough amplitude from 2-8 Hz filtered signal. Also shown 1-300 Hz LFP signal.

Dashed lines indicate detected extrema. (B) Estimation of instantaneous theta phase from

interpolation between extrema. (C) Estimation of instantaneous theta frequency (black line)

overlaid on spectrogram of LFP signal between 2 and 14 Hz. Spectrogram is normalised to

maximum and expressed in dB/Hz.
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Figure 4.19: (D) Estimated head speed obtained from LED tracking, resampled to same

temporal resolution of the LFP (1 kHz). (E-F) Scatter plot of speed vs. theta frequency (E)

and speed vs. theta power (F). Data points in black represent median values in 100 ms

epochs; grey markers show excluded data when the animal was not moving (< 10 cms-1).

Box plots show median, interquartile range and 9th to 91st percentile of frequency or power

binned by speed (5 cms-1 bins). Grey box plots indicate speeds over the 90th percentile of all

head movements that were excluded due to small sample size. Green indicates regression

line fitted to median values in each speed bin. r values indicate correlation coefficients for

each regression. Data in A-F taken from channel 1 in a single session. (G) Nissl stained

section of the hippocampus showing the estimated electrode track position (grey bar). (H)

Signal filtered between 4 and 14 Hz shown for each channel as a function of probe depth.

Horizontal bar represents 100 ms, vertical bar represents 1 mV. (I) Theta power profile

across the probe Data shown as medians across probe with interquartile (filled line) and 9th

to 91st percentile (dashed) range. (J) Theta phase shift relative to the top channel on the

probe (channel 1). Data shown as circular mean and standard deviation (CircStat Berens

(2009)). (K-L) Correlation coefficient between theta frequency and speed (K) and theta

power and speed (L) across the probe. Filled markers indicate significant correlations (p

< 0.01), unfilled markers indicate non-significant correlations. Data in H-L were from the

same session as used for A-F.
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consistently positive. For two of four remaining implants (F1 L and F3 R; Figure

4.20), both of which entered the hippocampus, peaks in signal power and associ-

ated phase shifts were observed, as well as reversals in the correlation between

signal power and speed. For the other two probes that were implanted on the lat-

eral edge of the hippocampus (F1 R and F2 L, Figure 4.21), gradual changes in

signal power were observed, with little to no phase shift and no consistent reversal

in correlation between signal power and speed.

Overall, the 2-8 Hz oscillation observed in the ferret hippocampus shared

similar characteristics to that of the rat hippocampal theta oscillation. This suggests

that the signal in this frequency band is indeed the ferret hippocampal theta oscilla-

tion, despite the difference in frequency range. In order to look at the role of theta

in active sensation more fully, and for better comparison with the rat literature, it is

necessary to group data across animals. This requires the estimation of the loca-

tion of hippocampal subregions, specifically the cell layer and dentate gyrus, along

the recording probes. While theta activity alone can be used to localise these struc-

tures, other electrophysiological markers such as ripple oscillations can be used to

estimate the position of the cell layer due to their highly localised nature. Therefore,

rat and ferret data were analysed for the presence of ripples.

4.2.4 The search for sharp-wave ripples

Sharp wave-ripples (SWRs) are brief hippocampal events with a character-

istic shape frequently observed in the rat. In the awake rat, SWRs typically occur

during immobility and consist of two components: a ripple oscillation (∼ 140 - 200

Hz) and a large amplitude deflection in the LFP known as a sharp wave (Buzsáki,

2015). Ripple oscillations are highly localised to the hippocampal cell layer, while

sharp waves show a characteristic reversal around the cell layer, with a large nega-

tive deflection below the cell layer and a positive deflection above. SWRs have been

observed in a number of mammalian species including mice (Buzsáki et al., 2003),

bats (Ulanovsky and Moss, 2007), rabbits (Nokia et al., 2010), cats (Kanamori,

1985), and both human (Bragin et al., 1999) and non-human primates (Logothetis
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Figure 4.20: Depth profile of hippocampal theta oscillations in ferrets F1 L and F3 R. (A)

Nissl stained section of the hippocampus showing the estimated electrode track position

(grey bar). (B) Signal filtered between 2-8 Hz shown for each channel as a function of probe

depth. Horizontal bar represents 100 ms, vertical bar represents 1 mV. (C) Theta power

profile across the probe. Data shown as medians across probe with interquartile (filled line)

and 9th to 91st percentile (dashed) range. (D) Theta phase shift relative to the top channel

on the probe (channel 1). Data shown as circular mean and standard deviation. (E-F)

Correlation coefficient between theta frequency and speed (E) and theta power and speed

(F) across the probe. Data in B-F were taken from a single session for each ferret.
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Figure 4.21: Depth profile of theta oscillations in ferrets F1 R and F2 L. (A) Nissl stained

section of the hippocampus showing the estimated electrode track position (grey bar). (B)

Signal filtered between 2-8 Hz shown for each channel as a function of probe depth. (C)

Theta power profile across the probe. Data shown as medians across probe with interquar-

tile (filled line) and 9th to 91st percentile (dashed) range. (D) Theta phase shift relative

to the top channel on the probe (channel 1). Data shown as circular mean and standard

deviation. (E-F) Correlation coefficient between theta frequency and speed (E) and theta

power and speed (F) across the probe. Data in B-F were taken from a single session for

each ferret.
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et al., 2012), however they have not yet been identified in the ferret.

The highly localised nature of ripple oscillations means that they are a reliable

indicator for the position of the hippocampal cell layer. The estimation of the position

of the cell layer along the probe allows for alignment of electrodes across animals

and therefore grouping of data across subjects.

The first step was to develop a method of ripple detection that was able

to identify ripples across a linear probe without specific knowledge of the location

of the cell layer, and with minimal assumptions about the power profile of ripples

across the probe in ferrets. This was important because of the differences in probe

implant location and the known dependence of ripple power on anatomy in the rat.

All neural data recorded during the session were included in these analyses to

maximise the opportunity to detect SWR events.

Figure 4.22 shows a schematic of the ripple detection method: The signal in

each channel across an entire session was analysed sequentially as the detection

channel (e.g. channel 16 in figure 4.22) in which the signal was filtered (ripple band

= 125 - 300 Hz, filter order = 50 ms) and amplitude was calculated. A threshold

was then applied to the z-scored amplitude by finding crossings that both exceeded

0.5 standard deviations for at least 60 ms and 5 standard deviations at least once

within the 60 ms window. For each crossing event, the ripple band power was then

calculated in the 60 ms window for every channel to give a power profile across the

probe. Power profiles were excluded based on peak detection and relative power

across channels. Successful events that passed these exclusion criteria were then

classed as putative ripples, and the channel with the maximum power was identified

as the putative event channel. The distribution of putative event channels was plot-

ted for each detection channel in a matrix. The putative cell layer was then defined

as that channel that was most frequently the putative event channel.

Figure 4.23 shows an example of a ripple detection in rat R1, with a single

example LFP across channels (Figure 4.23 A). A high number of ripples were de-

tected and most were concentrated in an elliptical 2D peak in the detection channel
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Figure 4.22: Ripple detection method. (A) Example LFP across all channels (black lines;

channel 1 indicates top of probe, channel 32 is tip of probe; data from rat R1). Blue line

indicates current detection channel. (B) Schematic of ripple detection. Bottom: detection

channel ripple-band filtered between 125-300 Hz (blue line). Top: z-score amplitude of

filtered channel below (blue line). Grey dashed lines indicate 0.5 SD and 5 SD thresholds.

Pink dashed lines indicate a putative ripple event. (C) Signal in A filtered between 125-

300 Hz. Pink dashed lines indicate same putative ripple as in B. (D) Ripple-band (125-300

Hz) power measured across the probe between the pink dashed lines for signal in C. The

channel with the highest power, potentially indicating the channel closest to the cell layer, is

marked with a green dashed line. (E) Detection channel vs. event channel matrix; the single

event detected in A-D is plotted. The event channel with the highest number of events is the

putative cell layer channel.
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vs. event channel matrix (Figure 4.23 B). The presence of a individual peak indi-

cates a single, highly localised source of ripple activity on the electrode that was

consistent across detection channels and sessions. The restriction of ripple events

to a specific position suggests that the cell layer could accurately be assigned to a

particular channel (Figure 4.23 C). Using the assigned channel to detect ripples, the

power profile across the probe shows an isolated peak in ripple power around the

cell layer (Figure 4.23 D). Ripples typically lasted 60 - 100 ms, and ripple frequency

was ∼ 150 - 220 Hz (Figure 4.23 E,G). Ripple events occurred predominantly when

the animal was immobile or moving slowly (Figure 4.23 F).

For rat R2, candidate ripples were again successfully detected (Figure 4.24

A); however two peaks were observed in the event channel distribution (Figure 4.24

B,C) that may indicate that the probe traversed two separate cell layers. The peaks

occurred approximately 800µm apart, on channels 16 and 24 on the probe, and this

was consistent with the electrode track position in the brain (see Figures 4.6 and

4.18). Multiple peaks were also observed in a subset of power profiles generated

when each channel was used to detect putative ripple events (Figure 4.24 D,H).

Events detected on the two different putative cell layer channels were found to have

a number of distinct characteristics: the durations of events detected on channel 16

(putative dorsal cell layer) were similar to those observed in the putative cell layer

in R1 (see Figure 4.23 E), but longer than events detected on channel 24 (puta-

tive ventral cell layer; Figures 4.24 E,I). The frequency of detected events was also

different; events triggered from channel 16 (dorsal) were found to occur with a fre-

quency of ∼ 150 - 200 Hz whereas the channel 24 (ventral) events occurred with a

frequency of < 150 Hz (Figure 4.24 G,K). Finally, the speed at which the animal was

moving differed between events triggered by the two different channels- specifically

the animal’s speed was higher during ventral events than dorsal events (Figure 4.24

F,J). The distribution of speeds during dorsal events was similar to the distribution

of speeds observed in R1 (Figure 4.24 F and Figure 4.23 F). These distinctions pro-

vide evidence for two distinct sources of oscillatory activity and potentially multiple

oscillatory phenomena (e.g. ripples and high frequency gamma).
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Figure 4.23: Ripple detection in R1. (A) Example LFP of detected ripple showing highly

localised ripple oscillation around channel 17 and negative deflection of the sharp wave on

channels 18 to 21. (B) Detection channel vs. event channel matrix showing number of

detected events across all sessions (n = 27 sessions). (C) Histogram of detected events

for each event channel showing assignment of putative cell layer to channel 17. (D) Power

profile of all ripples detected on channel 17. Blue lines indicate all individual examples.

Black line indicates median power across all events. (E) Histogram of ripple duration. (F)

Histogram of head speed during each detected ripple. (G) Median ripple-triggered spectro-

gram of LFP from putative cell layer channel.
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Figure 4.24: Ripple detection in R2.
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Figure 4.24: Ripple detection in R2. (A) Example LFP of detected ripple showing highly

localised ripple oscillation around channel 17 and negative deflection of the sharp wave on

channels 18 to 21. (B) Detection channel vs. event channel matrix showing number of

detected events across all sessions (n = 53 sessions). (C) Histogram of detected events

for each event channel showing assignment of putative cell layer to channel 17. (D) Power

profile of all ripples detected on channel 17. Blue lines indicate all individual examples.

Black line indicates median power across all events. (E) Histogram of ripple duration. (F)

Histogram of head speed during each detected ripple. (G) Median ripple-triggered spectro-

gram of LFP from putative cell layer channel. (H) Power profile of all ripples detected on

channel 24. Blue lines indicate all individual examples. Black line indicates median power

across all events. (I) Histogram of event duration. (J) Histogram of head speed during each

detected event. (K) Median event-triggered spectrogram of LFP from channel 24.
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Very few events were detected in rat R3 (Figure 4.25 A-D) which may be due

to the position of the probe in the brain, as the electrode did not pass directly through

the hippocampal cell layer (see Figure 4.6). The few events that were detected were

not sufficient to establish any relationship with duration, speed, or frequency (Figure

4.25 E-G), although the broadband nature of the spectrogram suggests that these

events may be artefacts.

Having verified the ripple detection method and reliably identified the cell

layer in rats R1 and R2, the ripple detection algorithm was applied to the ferret.

The electrode locations in ferret F3, where both probes passed through the cell

layer (Figures 4.19, 4.20), provided the best opportunity to detect ripples. However,

the ripple detection algorithm was unable to robustly detect ripples events on ei-

ther probe in ferret hippocampus, despite analysing many hours of recordings. The

results of ripple detection in F3 L are shown in Figure 4.26. The few events that

were detected did not show the distinct characteristics of hippocampal ripple events

seen in the rat, such as a highly localised, high frequency oscillation on the detec-

tion channel with a sharp wave that reverses polarity on the surrounding channels

(Figure 4.26 A). The features of the events detected in ferrets differed from classical

ripple characteristics, and far fewer events were detected (Figure 4.26 B,C). There

was a clear peak in the distribution of event channels on channel 18 (Figure 4.26

C). In contrast to the patterns observed in the rat (R1: Figures 4.24 D vs. 4.17 I; R2:

Figures 4.24 D vs. 4.18 C), power profiles of events detected in F3 L on channel 18

(Figure 4.26 D) showed the same channel dependencies as the theta power across

the electrode (Figure 4.19 I). While the few events detected had similar durations

(Figure 4.26 E) to events detected in the rat (possibly due to the properties of the

algorithm as detected events had to be at least 60 ms long), the speed of the ani-

mal during the events tended to be much higher in the ferret (Figure 4.26F). Finally,

there was no clear peak in the spectrogram above ∼ 100 Hz (Figure 4.26G).

A similar lack of clear evidence of ripple activity was found in F3 R (Figure

4.27), where again none of the distinct SWR LFP characteristics were observed in

detected events (Figure 4.27 A). As with the probe in the contralateral hemisphere,
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Figure 4.25: Ripple detection in R2. (A) Example LFP of detected event, the consistency

of the event across all channels suggests this is a noise event that has evaded the cleaning

process. (B) Detection channel vs. event channel matrix showing number of detected

events across all sessions (n = 13 sessions). (C) Histogram of detected events for each

event channel. (D) Power profile of all events detected on channel 17. Blue lines indicate

all individual examples. Black line indicates median power across all events. (E) Histogram

of event duration. (F) Histogram of head speed during each detected event. (G) Median

event-triggered spectrogram of LFP from channel 17.
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Figure 4.26: Ripple detection in F3 L. (A) Example LFP of detected event. (B) Detection

channel vs. event channel matrix showing number of detected events across all sessions (n

= 9 sessions). (C) Histogram of detected events for each event channel. (D) Power profile of

all events detected on channel 18. Orange lines indicate all individual examples. Black line

indicates median power across all events. (E) Histogram of event duration. (F) Histogram

of head speed during each detected event. (G) Median event-triggered spectrogram of LFP

from channel 18.
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Figure 4.27: Ripple detection in F3 R. (A) Example LFP of detected event. (B) Detection

channel vs. event channel matrix showing number of detected events across all sessions

(n = 16 sessions). (C) Histogram of detected events for each event channel. (D) Power

profile of all events detected on channel 22. Orange lines indicate all individual examples.

Black line indicates median power across all events. (E) Histogram of event duration. (F)

Histogram of head speed during each detected event. (G) Median event-triggered spectro-

gram of LFP from channel 22.
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a small number of events were detected (Figure 4.27 B,C) and those that were

detected had a theta-like power profile (Figure 4.27 D). Again, these few events

showed similar durations to other detected events in the ferret and rat (Figure 4.27

E), a tendency to occur during higher movement speeds than the rat (Figure 4.27

F) and no clear spectral power peak (Figure 4.27 G).

The results of ripple detection for all other linear probes in ferrets are shown

in Appendix 9.2, which also show no clear evidence of SWR events. Together,

these results suggest that, if ripples exist in the awake ferret, they were not de-

tectable using this method, or alternatively, SWRs events do not occur in ferrets

during active performance of behavioural tasks. The behavioural conditions were

favourable for detecting ripples in ferrets; in rats performing behavioural tasks, rip-

ples are commonly observed when the animal is stationary and receiving reward.

As a proportion of the recording session, ferrets were stationary for longer than the

rats (Figure 4.28), in part due to the requirement to be still to receive a water reward

(whereas rats received food rewards). There was therefore plentiful opportunity to

detect ripples, and yet few candidate events were detected.

Technical limitations seem an unlikely cause of the lack of ripples in ferrets,

as the algorithm was able to reliably detect ripples in multiple rats. One potential

exception to this could be the filtered bandwidth used to detect ripples; it is possible

that ferret ripples occur at a different frequency, as occurs in the case of theta,

which presents at a lower frequency in the ferret than in the rat. Therefore, the

ripple detection algorithm was run using a detection filter with bandwidth 80-300

Hz. No ripple activity was evident using the wider ripple filter bandwith (Appendix

9.2).

4.2.5 Estimation of the location of the hippocampal cell layer

and dentate gyrus

The primary aim of ripple detection in the analysis above was to estimate

the position of the cell layer along the probe, so as to group data across animals.
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Figure 4.28: Species comparison of proportion of session moving (speed > 10 cms-1) vs.

still (speed < 5 cms-1). Data from all sessions across all animals presented (3 rats, 93

sessions total; 4 ferrets, 125 sessions total). Each marker represents one session.
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However, ferret ripples were found not to be reliable markers for localising cell layer

position. Fortunately, other diagnostics, such as theta oscillations and histological

data can be used to estimate the position of hippocampal subregions along the

probe.

In rats, theta power, theta phase, and ripple oscillations have systematic

relationships with electrode location in the hippocampal formation. In rat R1, the

cell layer was characterised by a peak in the ripple power profile, and a phase shift

in the theta oscillation (Figure 4.29 A). These were colocated with the beginning of a

reversal in the correlation coefficient between theta power and speed, as well as low

power in the theta band. The dentate gyrus was associated with high theta power,

constant theta phase, as well as low ripple power and the correlation between theta

power and speed was consistently negative.

In rat R2, the same features were used to estimate the position of the cell

layer and dentate gyrus. The most dorsal peak in the ripple power profile (Figure

4.24) was taken to indicate the cell layer, which, as with R1, was colocated with a

shift in theta phase and just prior to reversal in the theta power-speed correlation

coefficients (Figure 4.29 B) . In contrast to R1, the inversion in the sign of correlation

between theta power and speed in rat R2 was not maintained on channels with the

highest theta power and a second peak in the ripple power profile was detected.

In rat R3, only the position of the cell layer was estimated as the probe did

not enter the dentate gyrus. Ripples were not detected in this animal, so could not

be used to identify the cell layer, and so the position was estimated primarily on

the basis of the anatomy, peak in theta power and the presence of a positive theta

power-speed correlation (Figure 4.29 C).
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Figure 4.29: Estimation of the location of the cell layer and dentate gyrus across the probe

in the rat.
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Figure 4.29: Estimation of the location of the cell layer and dentate gyrus across the probe

in the rat. (A) Electrode location, theta power, theta phase shift, theta power and speed

correlations and ripple power across the linear probe for rat R1 (n = 27 sessions). For theta

power and theta phase shift, blue lines represent data from one session. For theta power

vs. speed, each circle represents correlation calculated within one session; filled circles

indicate significant correlation (p < 0.01). For the ripple power, each blue line represents

power across channels for one ripple event. Black lines in all cases show median over data

in blue. Pink shaded area indicates channels estimated to be in the hippocampal cell layer.

Green shaded area indicated channels estimated to be in the dentate gyrus. (B,C) Shows

data across probe as in (A) for rat R2 (n = 53 sessions) (B) and rat R3 (n=13 sessions) (C).
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For implants in ferret F3, both of which entered the hippocampus, the cell

layer was estimated using the theta phase shift, subsequent increase in theta power

on channels below the cell layer, and relationship between theta power and speed

(Figure 4.30 A,B). Ripples were not used to estimate the cell layer. The dentate

gyrus was mapped onto channels that showed high theta power, consistent theta

phase and low/negative correlations between theta power and speed.

In ferret F1, one of the probes (F1 L) entered the hippocampus directly and

the other passed the hippocampal formation laterally (F1 R). For the probe that en-

tered the hippocampus, the cell layer was not estimated due to the depth of implan-

tation, coupled with the negative correlation between theta-power and speed across

the majority of the dorsal part of the probe (Figure 4.30 C). The dentate gyrus was

as in F3 using high theta power, consistent theta phase and negative correlation

between theta power and speed. For the probe passing the hippocampus, and the

remaining probe in ferret F2 (Figure 4.30 D,E), the cell layer was mapped to the

channel with the highest theta power, which corresponded to the expected location

based on the histological data.

The depth information used to estimate channels within or near certain anatom-

ical locations within the hippocampal formation is not available in the ferret im-

planted with the tetrode drive (F4 L). The lesions from these electrodes visible in

the histological data suggest that there were both tetrodes in/near the hippocampal

cell layer, and some that passed through the cell layer into the dentate gyrus (see

Figure 4.4). This is consistent with the pattern of speed-theta power correlations

observed across the tetrodes (Figure 4.31 A). The speed-theta power correlations

were generally consistent over sessions, therefore this information was used to as-

sign tetrodes to recording locations. One channel from the putative cell layer and

dentate gyrus were selected to be used in further analysis (indicated by arrows in

Figure 4.31). Tetrodes 1-4 were recorded on different sessions to tetrodes 5-8, so

unfortunately phase information between two tetrodes cannot be used to provide

further evidence of recording location. The PSDs for these channels show peaks

in oscillatory power consistent with those generated from channels within the hip-
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Figure 4.30: Estimation of the location of the cell layer and dentate gyrus acorss linear

probes in the ferret. (A) Electrode location, theta power, theta phase shift and theta power

vs. speed correlations across the linear probe for ferret F3 L (n = 9 sessions). For theta

power and theta phase shift, orange lines represent data from one session. For theta power

vs. speed, each circle represents correlation calculated within one session; filled circles in-

dicate significant correlation (p < 0.01). Black lines in all cases show median over sessions.

Pink shaded area indicates channels estimated to be in the hippocampal cell layer. Green

shaded area indicated channels estimated to be in the dentate gyrus. (B-E) Shows data

across probe as in (A) for ferret F3 R (n = 16 sessions) (B), ferret F1 L (n = 14 sessions)

(C), ferret F1 R (n = 7 sessions) (D) and ferret F2 L (n = 19 sessions) (E).
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Figure 4.31: Estimation of cell layer and dentate gyrus in the F4 L. (A) Nissl stained coronal

sections showing electrode tracks and lesions in F4 L. Scale bars represents 1mm. (B)

Correlation coefficient for theta power vs. speed on every channel for all eight tetrodes

(T1-8: T1-4 n = 15 sessions; T 4-8 n = 45 sessions). Each marker represents correlation

calculated in one session; filled markers represent significant correlations (p < 0.01). (C-D)

PSDs during locomotion (> 10 cms-1) for the channels indicated by the arrows: a proposed

cell layer channel (C) and dentate gyrus channel (D).
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pocampal formation (Figure 4.31 B,C).

The open-source toolbox (Haller et al., 2018) used to parameterised the

power spectra also fit the 1/f background slope for each channel PSD. It was ob-

served that PSDs from channels in the dentate gyrus had a steeper 1/f background

slope than those in the cell layer. Figure 4.32 shows the background slopes for

implants that have been estimated to have contacts in both the cell layer and den-

tate gyrus. The tetrodes estimated to be recording from the cell layer and dentate

gyrus in ferret F4 follow the same pattern of background slope as the linear probe

implants, providing further evidence that the subregion assignment for the tetrodes

is accurate.
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Figure 4.32: 1/f background slope from PSD model fit in the CL and DG. Only implants with

electrode contacts in both the cell layer and dentate gyrus are shown.
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4.3 Discussion

3D reconstructions generated using IMOD (Kremer et al., 1996) of ferret

brains were used to guide electrode implantation into the ferret hippocampus, which

were shown by histological analyses to be successful in four of six implantations.

The remaining two implants passed slightly medial to the hippocampus, however

as shown by the successful identification of hippocampal theta on electrodes within

these implants, LFP signals from the hippocampus were still recorded.

Power spectral density analyses revealed a prominent low ( ∼ 5 Hz) oscil-

lation in the ferret which, through comparison with the rat, was found to be driven

by the hippocampal theta oscillation. Ferret hippocampal theta shared a number

of characteristics with the rat: theta phase shifted upon entry to the hippocampus

proper, a distinct depth profile of theta power was observed, and theta frequency

and power showed correlations with speed.

The similarity of theta characteristics across species suggests that both rats

and ferrets share common generative mechanisms. Specifically, in both the rat and

the ferret, there was evidence of distinct theta dipoles generated in the cell layer and

dentate gyrus, shown by the change in correlation coefficient between theta power

and speed with depth in probes that entered the dentate gyrus. Theta power was

positively correlated with speed in the cell layer, however there was a reversal in the

direction of the correlation such that negative correlations were localised primarily

in the dentate gyrus. This is consistent with previous work showing (1) distinct theta

dipoles that may act independently from one another and (2) that positive correla-

tions between theta power and speed were restricted to areas outside the dentate

gyrus (Montgomery et al., 2009). However, Montgomery et al. (2009) reported

that the correlation between theta power and speed was lost within the dentate

gyrus, which contrasts with the negative correlations detected in the present chap-

ter. There were several minor analytical differences between the present chapter

and the work by Montgomery et al.: Montgomery expressed theta power in decibels

and used a slightly narrower frequency range (6-12 Hz) to identify theta, whereas
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here theta power was z-scored and identified from activity filtered in a wider fre-

quency range (4-14 Hz). However, it is not clear why these differences would be

responsible for generating high negative correlations observed in the dentate gyrus.

Although these differences are interesting, they do not preclude the use of the re-

lationship between theta power and speed as a diagnostic of hippocampal subfield

position across the probe. Used in concert with histological data, theta phase and

power, the relationship between theta power and speed allowed accurate discrimi-

nation of electrode contacts positioned in the dentate gyrus and cell layer for probes

that entered the hippocampus directly.

Within the hippocampus proper, it was not possible to discriminate between

subfields of the cornus ammonis (CA; i.e. CA1, CA2 or CA3) in the ferret without

further histological analyses. The CA regions of the rat hippocampus are iden-

tifiable through distinct cytoarchitecture, connectivity and genetic markers (Zhao

et al., 2001; Andersen et al., 2009; Kjonigsen et al., 2011), so similar analyses will

be needed to provide a cellular and anatomical framework in which to examine hip-

pocampal subfields in the ferret. As there are also some morphological differences

between the dorsal hippocampus in the ferret and the rat, no strong conclusions

could be made about probe location in the ferrets. For ferrets F1 L, F3 L and F3

R the probes clearly pass through the cell layer and into the hippocampus proper,

but the exact CA subfield could not be determined. There is little evidence to sug-

gest that theta activity differs substantially between CA subfields (Buzsáki, 2002;

Montgomery et al., 2009), although there may be differences in high frequency os-

cillatory activity between CA1 and CA3 (Trimper et al., 2017; Sullivan et al., 2011).

Generally, when the hippocampus is in the theta state, theta oscillations are ob-

served across all layers and along the entire septotemporal axis of the hippocampal

formation (Bullock et al., 1990; Bragin et al., 1995; Lubenov and Siapas, 2009; Mont-

gomery et al., 2009; Patel et al., 2012). This suggests that slight imprecisions in the

possible location of probes in the ferret hippocampus, which could not be ruled out

in the current study, are unlikely to result in dramatic changes in theta properties.

When considering the implications of electrode positioning in the brain, it is
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important to acknowledge the propensity for theta to be volume conducted across

the hippocampus. This volume conduction means that probe location will interact

with the relative balance of theta signals generated in the cell layer and dentate

gyrus. This consideration is particularly important when comparing different probe

locations inside hippocampal formation (R1, R2, F1 L, F3 L, F3 R, F4 L) vs. adjacent

to the hippocampus (R3, F1 R, F2 L). Theta activity from both inside and outside the

hippocampal formation looked similar thus far, suggesting that this was not a fun-

damental problem. Nevertheless, additional accommodations to the analysis could

be made in future to avoid or minimise the implication of volume conduction. In

other studies, researchers have used current source density to minimise the impli-

cations of volume conduction (Montgomery et al., 2009); however, this approach

benefits from a high density of functional adjacent recording electrodes, which were

not always available in the current study. However, implants in rats and ferrets were

positioned at comparable anatomical locations, thus any effects of anatomical loca-

tion on LFP activity should be able to be dissociated from species differences.

One notable difference between hippocampal theta in the rat and the ferret

was the frequency range in which theta was observed. Ferret frequency was found

from ∼ 3-7 Hz, lower than the 5-12 Hz of the rat. Theta frequency in the ferret

was similar to that reported in the cat (∼ 3-6 Hz; Brown 1968b; Bland et al. 1979;

Coleman and Lindsley 1975) and the dog (4-7 Hz; Arnolds et al. 1979a), species

that are phylogenetically similar to the ferret. The relatively low frequency of theta

in the ferret, cat, and dog is consistent with the idea that, as brain size increases,

the frequency of hippocampal theta decreases, perhaps as a mechanism to allow

for communication over larger distances in larger brains (Buzsáki et al. (2013); see

Figure 1.3). This relationship between brain size and theta range is related to the

debate over the frequency of hippocampal theta in humans. At present, the tech-

nical difficulties in recording LFP directly from human hippocampus mean that it is

unclear whether theta in humans occurs at a lower ∼ 1-4 Hz (Watrous et al., 2011;

Buzsáki et al., 2013) or in a higher range more akin to the theta bandwidth in the rat

(Bohbot et al., 2017). The work in the current chapter adds to a body of comparative

evidence that theta has a lower frequency in species with brains considerably larger
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than the rat.

In addition to the theta oscillation, power spectral densities of the LFP of the

moving ferret showed a number of clear oscillatory peaks: multiple theta harmonics,

putative beta and a number of higher frequency (> 30 Hz) peaks. Spectral peaks

were observed across multiple channels of the linear probes and so a method was

developed to systematically identify the presence of PSD peaks. This approach

allowed objective comparison of peak-frequencies across implants, and revealed

a common oscillatory structure. An open source toolbox (Haller et al., 2018) was

used, which modelled peaks in the spectra as gaussians super-imposed on a 1/f

background. This toolbox relies on the assumption that the power distribution across

frequencies in any given peak follows a Gaussian distribution. This assumption was

verified empirically as toolbox reconstructions of spectral peaks closely matched

those observed from the true PSD. The PSD modelling toolbox has the advantage

of being able to extract overlapping peaks through its iterative approach. This is po-

tentially useful in the gamma range, as hippocampal gamma in the rat is proposed

to have three distinct components with overlapping frequency bands and the PSD

toolbox allows objective assessment of the number of peaks in a given frequency

range. However, the assumption of Gaussian peaks may be more difficult to ver-

ify within the gamma frequency range because of the small amplitude of putative

gamma peaks.

Once extracted, peaks were subject to a clustering algorithm, which identi-

fied reliable clusters across the centre frequencies and bandwidths of peaks. Al-

though this approach successfully detected peaks at lower frequencies, it did not

always identify clusters of peaks within the gamma range (∼ 30 - 150 Hz) in rats.

There are many reasons why the clustering algorithm may not have converged on

gamma peaks: (1) For an oscillation to be detected using this method, it must have

a detectable peak in the PSD. The PSD was calculated with ∼ 2 second long win-

dows (as a primary focus was the low-frequency theta oscillation) which may not

be optimal for estimating the power of higher-frequency, lower-amplitude, transient

oscillations, such as hippocampal gamma. (2) For clusters to be identified in the
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clustering algorithm, the oscillatory peak must be detected on at least ∼ 1/3 of the

channels on the probe. Hippocampal gamma occurs at the higher end of the fre-

quency spectrum, and as such has high attenuation in brain tissue. This means that

even if a probe in the rat hippocampus did pass through gamma generators (as is

the case in R1 and R2), the power may not be high enough on the critical number

of channels needed to achieve a successful cluster. Likewise, channels on probes

outside the hippocampal formation (R3) will not receive much gamma through vol-

ume conduction and therefore it was less likely that criteria for successful extraction

of gamma peaks on these probes would be met.

Where successful detection of spectral peaks in the gamma frequency range

in the rat was possible (R1), three clusters were identified in the gamma range

(centre frequencies: 40,63,78 Hz). These centre frequencies are consistent with

previous reports of three distinct types of gamma. (Although the specific frequency

ranges of these peaks vary between studies and range from slow 30 - 50 Hz, to

medium: 50 - 90 Hz, to fast: > 90 Hz). The centre frequencies reported here are

within the lower part of slow/medium/fast ranges, and it might be that this was a

result of attenuation of higher frequencies resulting from probe location and volume

conduction.

In contrast to the rat, clear peaks in the power spectrum in the gamma range

were observed and reliably extracted by the clustering algorithm for the ferrets.

There was evidence for multiple overlapping peaks in the gamma range, consistent

with hippocampal gamma observed in the rat. To investigate this further, the phase

amplitude coupling (PAC) relationship of theta and the putative gamma oscillations

could be examined. In the rat, the amplitudes of gamma oscillations are modu-

lated at a theta frequency, and the three types of gamma oscillation have distinct

phases of theta at which their amplitude is highest (Colgin et al., 2009; Belluscio

et al., 2012; Scheffer-Teixeira et al., 2012; Schomburg et al., 2014). PAC of high

frequency was clearly observable in raw LFP traces in the ferret (visible to some

extent in Figure 4.8) indicating that PAC might provide additional support for the

identification of gamma activity in the future.
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While there is obvious potential for further analysis on the putative gamma

oscillations in the ferret from this data set, the same cannot be said for ripple oscilla-

tions. The ripple detection method was successful in identifying ripple oscillations in

two of the three rats: R1 and R2, in which the probe passed through the hippocam-

pal cell layer. The ripple detection method was also sufficiently sensitive to detect

other high frequency oscillatory phenomena in rat R2, which occurred at lower fre-

quency (∼ 100-150 Hz) than the putative CA1 ripples (∼ 150-200 Hz), on the lower

part of the probe. Activity between 100 and 150 Hz may reflect ripple oscillations in

CA3 or bouts of high power fast gamma (Sullivan et al., 2011). In the ferret, how-

ever, no clear evidence for ripples were found across all recordings, even for probes

which evidently pass directly through the cell layer. The few events that were de-

tected had the same depth power profile across the probe as hippocampal theta,

which suggests that they may be high power gamma bouts that passed through the

ripple detection filter. This explanation is given extra credence by the observation of

very strong gamma activity in ferrets; however it’s hard to draw conclusions as the

numbers of such events found were so low. The ripple detection filter was broad-

ened from 125-300 Hz, to 80-300 Hz, to test if the frequency of ferret ripples were

lower. However this did not give rise to ripples but rather led to detection of more

“gamma-like” events (see Appendix 9.2), which tended to be low duration and oc-

curred during higher speeds. In general, it is possible that the cleaning algorithms

used here in order to identify ripples in the rat excluded detection of ripples with un-

known properties in the ferret. However, this seems unlikely because the detection

method was successful in detecting biological activity (e.g. “gamma-like events),

and none of these forms of activity in ferrets resembled hippocampal ripples.

One possibility is that there are no ripples in the awake ferret. This seems

unlikely, as ripples have been detected in the awake mouse (Buzsáki et al., 2003),

rat (Buzsáki, 2015), rabbit (Nokia et al., 2010), bat (Ulanovsky and Moss, 2007),

non-human primate (Logothetis et al., 2012) and human (Bragin et al., 1999). How-

ever, the majority of ripples in these species are reported to occur during quiet

restfulness. The absence of detected ripples in the ferret could therefore be a result

of the conditions in which the recordings were made, i.e. while ferrets were actively
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engaged in a behavioural task. However, the behavioural conditions were matched

for recordings in the rats, and ripples were successfully detected. It may be that

ferrets reacted to recording conditions differently, staying in a highly vigilant state

for the majority of the recording session.

Ripples have been reported to occur when an animal receives reward (Am-

brose et al., 2016). Here, LFP activity was measured across task performance

including periods of reward, and while ripples were not detected, it may be fruitful

to specifically target periods of reward to further investigate potential ripples in the

ferret. Finally, detection of ripples in ferrets would also benefit from recording neural

activity in a different behavioural context, for example quiet restfulness, which, as

mentioned, is often associated with ripples, or during sleep (in which ripples have

also been reported in the cat (Kanamori, 1985) and other species (Buzsáki et al.,

2013)).
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Chapter 5

Cross species comparison of cell layer

theta oscillations

5.1 Introduction

Through comparison with the rat, theta oscillations have now been identi-

fied in the ferret hippocampal formation using well-known, anatomically dependent

variations of theta phase and power, and relationship between theta frequency and

speed. Electrophysiological signals and histological data were used to estimate

the location of the hippocampal cell layer and dentate gyrus on linear probes and

tetrodes. This chapter now compares the properties of theta oscillations in the hip-

pocampal cell layer between rats and ferrets.

Species differences have been shown both when an animal is moving and

when stationary. In the rat, robust theta oscillations are always observed during

movement; during immobility, short bouts of theta can be observed but are relatively

rare. Instead of theta in immobile periods, large irregular activity (LIA) is observed,

which is characterised by large variable amplitude and broadband frequency spec-

trum. In contrast to rats, theta can be evoked by sensory stimulation in the rabbit

(Green and Arduini, 1954; Harper, 1971; Kramis et al., 1975), and is correlated

with visual attention in the cat (Whishaw and Vanderwolf, 1973; Frederickson et al.,

1978). This raises the question of how theta oscillations are related to movement

and immobility in the ferret.

Knowledge of the characteristics of theta oscillations during movement and
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immobility is also pertinent for understanding the role of theta during sensory at-

tention tasks. This knowledge allows the separation of task and motor components

of theta activity during behaviour. This chapter therefore compares the frequency

and power of theta oscillations in the hippocampal cell layer of the rat and the ferret

during locomotion and immobility.

5.2 Results

5.2.1 Species comparison of cell layer theta during locomotion

The previous chapter confirmed the relationship between speed and theta

oscillations in the rat, and showed a similar relationship in the ferret. This section

examines further the properties of theta oscillations during locomotion in the hip-

pocampal cell layer of both species.

Figure 5.1 A,B shows example speed traces from a rat and a ferret over a

single second and the corresponding neural signals recorded from the hippocampal

cell layer. Theta oscillations in both species are clearly observed in the 1-300 Hz

LFP trace and were well captured within the species specific filters (rat: 4-14 Hz;

ferret: 2-8 Hz). The filtered trace was used to compute the instantaneous power

and frequency using the peak-trough algorithm. Comparing the spectrograms of

rats and ferrets, the separation of theta frequency between species can be seen.

This was then confirmed in Figure 5.2, where the distribution of instantaneous fre-

quencies across all timepoints in this session are clearly distinct between species

(rat: median frequency ± IQR = 9.1 ± 1.5 Hz; ferret: 5.4 ± 0.6 Hz) . This was not

an artefact of the filter bandwidth chosen, as the use of a common filter bandwidth

(1-30 Hz) reproduced a similar difference between rats and ferrets (rat: 9.3 ± 2.3

Hz; ferret: 5.7 ± 1.5 Hz). Thus species differences in theta frequency cannot be

attributed to constraints imposed by the choice of filter bandwidth.

The previous chapter showed highly positive correlations between theta fre-
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Figure 5.1: Example trace of cell layer theta oscillations in rats and ferrets. One second

example trace of head speed (top), instantaneous theta amplitude and filtered trace overlaid

on 1-300 Hz LFP (middle), and instantaneous theta frequency overlaid on a spectrogram

(bottom). Theta amplitude and frequency estimated using peak-trough analysis. Data from

rat R1 and ferret F3 R.
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Figure 5.2: Species comparison of theta frequency in the cell layer. (A) Histogram of instan-

taneous frequencies measured in a single session using species specific filter parameters.

(B) Histogram of instantaneous frequencies measured in the same session using common

filter parameters. Data from rat R1 and ferret F3 R, the same sessions as shown in Figure

5.1.
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quency and speed across all channels of the linear probes, however the quantita-

tive nature of this relationship was not explored. Figure 5.3 A,B shows a time based

comparison of speed vs. theta frequency in 100 ms bins (black markers) for a single

rat (A; R2) and a single ferret (B; F4 L) tested on a single session. To characterise

the relationship between speed and frequency it would be possible to calculate a

correlation coefficient between these values directly; however, correlations between

time-series data are subject to artificially inflated correlation values due to the inher-

ent autocorrelation of each variable (i.e. adjacent time points will be correlated with

each other). Therefore, a linear regression was instead performed on speed-binned

data in which all frequency values in 5 cms-1 bins were averaged to find the median

frequency for speed values over a range of 10 to 55 cms-1.

These speed limits were selected by first excluding speeds below 10 cms-1

and then selecting all data below the 90th percentile of the remaining speeds. This

procedure was applied to data combined from all animals within a species (i.e. rats

and ferrets separately). Notably, the speed limits (10 to 55 cms-1, Figure 5.3 E,F)

were the same for rat and ferret.

The similar speed range across species highlights the value of the ferret as

a comparative species to the rat, when compared to other model species with very

different speeds of movement. This is important because theta activity is so closely

linked to movement in the rat, that differences in theta oscillations between species

may be linked to differences in speed, and this potential confound can be controlled

for in the ferret.

The linear regression approach confirmed that speed and theta frequency

were highly positively correlated for both the rat and the ferret, which can be seen

in a single session (Figure 5.3 A,B) and across all sessions (Figure 5.3 C,D). Linear

regression functions fit the data well for both species (rat: population R2 median

= 0.97, minimum = 0.55; ferret population R2 median = 0.88, minimum = 0.52),

even though ferret speed-frequency curves had non-linear properties. Such non-

linearities can be seen for example in Figure 5.3 E, and may have implications for

speed-coding via the frequency of theta oscillations in the ferret hippocampus (see
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Figure 5.3: Species comparison of relationship between cell layer theta frequency and

speed.
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Figure 5.3: Species comparison of relationship between cell layer theta frequency and

speed. (A-B) Correlation between speed and theta frequency in a single session from

rat R2 (A) and ferret F4 L (B). Black markers represent time-binned speed and median

frequency (100 ms bins). Grey markers indicate excluded values with speeds < 10 cms-1.

Overlaid coloured box plots were calculated from instantaneous frequency data binned by

speed from the same session (5 cms-1 bins); grey box plots indicate the same calculation

for speeds > 55 cms-1, i.e. over the 90th percentile of all speed data. Green lines indicate

linear regression functions fitted to the median frequency in each speed-bin, over a speed

range of 10 - 55 cms-1. (C-D) Theta frequency vs speed for each session (R2 n = 53

sessions, F4 L n = 15 sessions). Coloured markers show median frequency value for each

session, calculated in 5 cms-1 speed bins for rat R2 (C) and ferret F4 L (D). Black markers

show median frequencies from the session in A/B. (E-F) Cumulative proportion of all speeds

observed across sessions in C/D (excluding speeds < 10 cms-1) for one rat and one ferret.

Dashed lines indicate the 90th percentile used to define cut-off for speed bins in A-D. (G)

Scatter plot of linear regression coefficients calculated for each session for every implant.

Markers bordered with black represent median values for each implant (R1 n = 27 sessions,

R2 n = 53 sessions, R3 n = 13 sessions; F1 L n = 14 sessions, F1 R n = 7 sessions, F2 L n

= 19 sessions, F3 L n = 9 sessions, F3 R n = 16 sessions, F4 L n = 15 sessions, F4 R n =

45 sessions). Marginal bar plots show counts of sessions across animals.
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Discussion).

Figure 5.3 G shows that there were clear species differences in regression

coefficients: (1) the intercept, explained by theta frequency operating in different

frequency ranges, and (2) regression slopes, where the rate of change of frequency

with speed for ferrets was about half that of the rat. Furthermore, the consistency

of regression coefficients differed between species: regression slopes were highly

consistent across all sessions from all ferrets, whereas this was not the case for

rats.

Compared to the robust nature of the relationship between theta frequency

and speed observed in both species, theta power was not as tightly associated with

movement. Figure 5.4 A,B shows the correlation between theta power and speed

for the same sessions as shown in Figure 5.3. As before, black markers represent

100ms time-binned averaged values of speed and the neural parameter of interest:

here, the median of the instantaneous power was found within each time bin for rat

R2 (A) and ferret F4 L (B). Positive correlations between theta power and speed

were observed for these example sessions using linear regressions on the speed-

binned power across a speed range of 10 - 55 cms-1 (5 cms-1 bins). Figure 5.4

C,D show that the trends observed in the example sessions in A/B were conserved

across all sessions for rat R2 and ferret F4 L. The majority of sessions for both

species showed significant positive correlations between theta power and speed

(Figure 5.4 G), which is consistent with previous studies in the rat. In contrast to

the comparison between theta frequency and speed, the regression fitting for theta

power and speed was not always significant, indicating the quality of fit was lower

(rat: population R2 median = 0.92, minimum = 0.0014; ferret population R2 median =

0.70, minimum = 0.0052). Finally, no clear differences were observed in the speed-

theta power relationship between ferrets and rats, indicating that the relationship

between theta power and speed is consistent across species.
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Figure 5.4: Species comparison of relationship between cell layer theta power and speed
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Figure 5.4: Species comparison of relationship between cell layer theta power and speed.

(A-B) Correlation between speed and theta power in the same session from rat R2 (A)

and ferret F4 L (B) as shown in Figure 5.3. Black markers represent time-binned speed

and power averages (100 ms bins). Grey markers indicate excluded values with speeds <

10 cms-1. 5 markers with z-score power > 13 were excluded from plot A for visualisation

purposes. Instantaneous power was z-scored within sessions. Overlaid box plots were

calculated from speed-binned instantaneous power data from the same session (5 cms-1

bins); grey box plots indicate speed bins > 55 cms-1, i.e. over the 90th percentile of speed

data. Green lines are linear regression fits performed on the speed-binned power medians

over a speed range of 10 - 55 cms-1. (C-D) Median power calculated in 5 cms-1 speed bins

for each session for rat R2 (n = 53 sessions) (C) and ferret F4 L (n = 15 sessions) (D).

Black markers show median speed-binned powers from session in A/B. (E-F) Cumulative

proportion of session over speed, excluding speeds < 10 cms-1, for all sessions in C/D.

Dashed lines indicate the 90th percentile. (G) Scatter plot of linear regression coefficients

calculated for each session for every implant (R1 n = 27 sessions, R2 n = 53 sessions, R3

n = 13 sessions; F1 L n = 14 sessions, F1 R n = 7 sessions, F2 L n = 19 sessions, F3 L n

= 9 sessions, F3 R n = 16 sessions, F4 L n = 15 sessions, F4 R n = 45 sessions). Markers

bordered with black represent median values for each implant. Filled markers represent

significant regressions (p < 0.01).
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5.2.2 Theta oscillations: locomotion vs. immobility in rats vs.

ferrets

Typically, theta oscillations in the rat are closely linked to locomotion; when

rats stop moving, the LFP transitions from the theta state to large irregular activ-

ity (LIA) characterised by a large irregular amplitude and broadband low frequency

activity (Figure 5.5 A). Literature has shown that there are short bouts of theta os-

cillations during immobility in the rat, known as type II theta, but these bouts are

relatively rare. In the ferret, clear oscillatory activity was observed during recording

when the animal stopped moving i.e. when they were immobile (Figure 5.5 B). This

is interesting because it brings into question how relevant the connection between

speed and theta that is so dominant in the rat is for other species such as the ferret.

In this section, the LFP is compared during locomotion and immobility in both the

ferret and the rat.

Here, the task is designed to induced type II theta by having a hold time in

which the animal is highly vigilant. This period was therefore removed to consider

theta properties outside of the hold time window. Specifically, for each trial, data

from 100 ms before hold onset to 300 ms after the animals’ response has been

removed as before.

To quantify the observed oscillatory activity, the power spectral density was

computed during locomotion (i.e. > 10cms-1) and immobility (i.e. < 5cms-1). PSDs

were calculated as described in Chapter 4.2.3, using segments approximately two

seconds in length (2048 samples). The number of segments in moving and non-

moving conditions were equalised for each session.

In the rat, as before in locomotion, a clear theta peak in the PSD was ob-

served (Figure 5.6 A) that was greatly reduced during immobility. The remaining

peak, that was mostly present in R2 and weaker in other rats (Figure 5.6 B), was

potentially due to bouts of type II theta.

In the ferret, large low-frequency peaks in the power spectra were observed
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Figure 5.5: 10 second epoch of the LFP during locomotion and immobility in the rat and

ferret. (A) Example speed trace of rat R1 and corresponding LFP (1-300 Hz) showing

theta activity during locomotion, and transition to LIA during immobility. (B) Example speed

trace of ferret F1 L and corresponding LFP showing robust oscillatory activity regardless of

locomotive state of the animal.
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Figure 5.6: Species comparison of PSD during locomotion and immobility. (A) Median

PSDs across all implants for locomotion (speed > 10cms-1) and immobility (< 5cms-1) in

the rat and ferret. (B) PSDs for individual implants. PSDs calculated from data across

all sessions (R1 n = 27 sessions, R2 n = 53 sessions, R3 n = 13 sessions; F1 L n = 14

sessions, F1 R n = 7 sessions, F2 L n = 19 sessions, F3 L n = 9 sessions, F3 R n = 16

sessions, F4 L n = 15 sessions, F4 R n = 45 sessions)
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in both the moving and immobile conditions (Figure 5.6 A). The peak during immo-

bility, at approximately 4 Hz, was at a lower frequency than the theta peak during

movement. The lower frequency, which still falls within the theta range defined in

Chapter 4.2.3, is consistent with that of type II theta, typically reported to occur

with a lower frequency than that seen during locomotion (i.e. type I theta; Buzsáki

2002). The higher frequency peaks (> 10 Hz) were reduced in the immobile case

compared to locomotion, possibly indicating a reduction in gamma activity during

immobility. These patterns were observed across, and for individual implants (Fig-

ure 5.6 B).

To further analyse the differences in LFP signals between locomotion and

immobility, a speed-triggered method was used: This method selected events in

which mean speed averaged within adjacent 1.5 second windows changed from <

5cms-1 to > 15cms-1, or vice versa. Figures 5.7 A,B,G,F show the mean speed

and acceleration for all events identified for one ferret (F2 L) when speed increased

(“Go transitions”; A), or decreased (“Stop transitions”; E). During transitions, spec-

trograms (2-15 Hz, window = 512) were calculated from the corresponding LFP

(1-300 Hz) (Figure 5.7 C,H), and the instantaneous frequency and power of the

theta filtered (2-8 Hz) signal were calculated using the peak-trough method (Figure

5.7 D,E,I,J).

When considering Stop transitions, there was high power in the theta band

when the ferret was moving, which was persisted when the animal stopped moving

(Figure 5.7 C,E) and was accompanied by a decrease in theta frequency (Figure

5.7 C,D). The same pattern was observed for Go transitions (Figure 5.7 F-J).

To quantify the change in frequency and power across Go and Stop tran-

sitions, pairwise comparisons before (-1.5 to -0.5 s) and after (0.5 to 1.5 s) loco-

motive transitions were performed. Figure 5.7 K illustrates the comparison of theta

frequency before and after Stop transitions and confirms that theta frequency was

lower when the animal stopped moving (median decrease = 1.05 Hz). The inverse

was true for Go transitions; when the animal started moving, theta frequency in-

creased (median increase = 1.10 Hz; Figure 5.7 M). In contrast, theta power re-
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Figure 5.7: Speed-triggered analysis of theta in ferret F2 L

191



Figure 5.8: Speed-triggered analysis of theta in rat R1
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Figure 5.7: Speed-triggered analysis of theta oscillations in ferret F2 L. (A-B) Mean speed

(A) and acceleration (B) trace for all detected Stop transitions, with mean and standard de-

viation shown as line and shaded area. (C) Mean spectrogram of LFP (1-300 Hz) averaged

across Stop transitions (n indicates number of transitions). (D-E) Mean instantaneous fre-

quency (D) and power (E) averaged across Stop transitions. Shaded area shows standard

deviation. Dashed lines indicate “pre” and “post” epochs used for pairwise analyses. (F-J)

Speed, acceleration, spectrograms and instantaneous frequency and power for Go transi-

tions. (K-N) Pairwise comparisons of instantaneous frequency (K,M) and power (L,N) before

(“pre”) and after (“post”) Stop (K,L) and Go transitions (M,N). Scatter plots show individual

transitions with mean values indicated by black edged markers. Box plots show median

and interquartile range of differences between pre and post periods with markers showing

individual transitions.

Figure 5.8: Speed-triggered analysis of theta in rat R1. As above, but data shown for rat

R1.
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mained similar before and after movement, for both Stop and Go transitions (Stop:

median change = -0.07 dB, Figure 5.7 L; Go: median change = 0.37 dB, Figure 5.7

N).

Whilst there was relatively little theta observed in the rat during immobility, the

same analyses were performed in the rat. The results for rat R1 are shown in Figure

5.8 in which speed and acceleration profiles were similar to the ferret (see Figure

5.7 A,B,F,G) and a similar decrease in theta frequency occurred (Figure 5.8 C,D,H,I;

(Stop: median decrease = 0.74 Hz, Figure 5.8 K; Go: median increase = 0.88 Hz,

Figure 5.8 M). However, in contrast to the ferret, there was a notable decline in

theta power when the animal stopped moving (Figure 5.8 C,E) or prior to movement

(Figure 5.8 H,J). The pairwise power comparison confirmed this reduction in power

for both Stop and Go transitions (Stop: median decrease = 3.47 dB, Figure 5.8 L;

Go: mean increase = 2.86 dB, Figure 5.8 N). The decrease in theta power in the rat

during immobile states is indicative of the LFP state transition from theta to LIA, and

the remaining low power, low frequency oscillation present before/after movement

may reflect type II theta or the respiration rhythm, which presents within the theta

frequency range in the rat (Yanovsky et al., 2014; Lockmann et al., 2016; Nguyen

Chi et al., 2016).

The features of theta oscillations observed in both Stop and Go transitions in

the examples above were also found across all implants. Figure 5.9 shows the Stop

transitions for all ferrets implants and all rat implants. The speed traces and accel-

eration were consistent across implants, and across species (Figure 5.9 A,B,D,E).

In the ferret, the spectrogram shows high theta power across the locomotive transi-

tions, which was not observed in the rat (Figure 5.9 C,F,H,J). The species difference

in dependence of theta power on movement was quantified in the pairwise analysis

as in Figures 5.7 & 5.8: Here, the median difference between theta power during

and after movement was similar for each ferret, with the exception of F3 L, whereas

for all rats, theta power was lower during immobility than during movement (Figure

5.9 L). Median change in theta power across the locomotor transition was compared

between implants in ferrets and rats (Mann-Whitney rank sum, n = 3 implants in rats
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vs. n = 5 implants in ferrets; Figure 5.9 L), which confirmed that the change in power

was greater for rats than ferrets - but was not statistically significant (p = 0.071). The

decrease in theta frequency when transitioning from locomotion to immobility was

consistent across species (p = 0.571, Figure 5.9 K).

Go transitions again showed the consistency of speed, acceleration and

species-specific changes in theta properties across all implants (Figure 5.10). In

the ferret, theta power remained constant during the transition from immobility to

motion; whereas theta in the rat increased in power when the animals began mov-

ing. Comparisons between species supported this difference but was not statisti-

cally significant (p = 0.071). In contrast, theta frequency increased by approximately

1 Hz as animals transitioned from immobility to locomotion in both rats and ferrets.

There was no significant species difference in the change in theta frequency (p =

0.571).

The data for the pairwise frequency comparison suggested that the instanta-

neous frequency of the theta filtered signal in the rat was more variable during im-

mobility than in the ferret (see the wide standard deviation during immobility in Fig-

ures 5.8 D,I, and the larger spread of scatter in 5.9 K & 5.10 K). If the hippocampal

LFP network state in the rat was switching to LIA, the variability of the instantaneous

frequency would be expected to increase when compared to the relatively stable fre-

quency of theta oscillations during locomotion. In contrast, a persistent oscillation

during immobility would result in little change in variance compared to the moving

state. However, the bandwidth of the theta filter for the rat is wider in the rat than

the ferret (4-14 Hz vs. 2-8 Hz) which could have resulted in the observed increase

in variability. To investigate this further, the variance of the normalised instanta-

neous frequency (log2 transformed to control for the difference in filter bandwidth

between species) was calculated in the pre and post windows for both Stop and Go

transitions (Figure 5.11). Ferrets showed little change in variability of normalised

frequency across either Stop or Go transitions (Figure 5.11 A,C,D,F). In contrast,

for Stop transitions, rats showed a significant increase in variance of normalised

frequency in the post-transition window, i.e. from moving to immobile, compared
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Figure 5.9: Stop-triggered analysis of theta oscillations in the ferret and the rat
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Figure 5.10: Go-triggered analysis of theta oscillations in the ferret and the rat
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Figure 5.9: Stop-triggered analysis of theta oscillations in the ferret and the rat. (A,B)

Mean speed (A) and acceleration (B) averaged over all detected Stop transitions, plotted for

each ferret individually. (C) Mean spectrogram of LFP (1-300 Hz) averaged over all ferrets

for all Stop transitions (n indicates number of transitions). (D-F) Speed, acceleration and

spectrograms for Stop transitions in the rat. Spectrograms in (C) and (D) share the same

colour scale. (G,H) Pairwise comparisons of instantaneous frequency (G) and power (H)

before (“pre”) and after (“post”) Stop transitions in the ferret. Scatter plots show individual

transitions with mean values indicated by black edged markers. (I,J) Pairwise comparisons

of instantaneous frequency (I) and power (J) before (“pre”) and after (“post”) Stop transitions

in the rat. (K,L) Pairwise difference in frequency (K) and power (L) for each ferret and rat

plotted individually. (n transitions: F1 R 119, F2 L 578, F3 L 252, F3 R 393, F4 L 198; R1

1500, R2 4279, R3 516). Scatter plots show individual transitions with box plots showing

the median and interquartile range. Right inset shows the medians plotted for each ferret

and rat.

Figure 5.10: Go-triggered analysis of theta oscillations in the ferret and the rat. As above,

but data shown for all detected Go transitions (n transitions: F1 R n = 272, F2 L n = 867, F3

L n = 430, F3 R n = 704, F4 L n = 608; R1 n = 2032, R2 n = 5359, R3 n = 785).
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with the ferret (rank sum, p < 0.05; Figure 5.11 B,C). The inverse was also found for

Go transitions; rats showed a significant decrease in variability following the onset

of movement compared to the ferret (p < 0.05; Figure 5.11 E,F).

The variability of instantaneous power across locomotor transitions was also

examined (Figure 5.12). In the ferret, power variability tended to decrease in the

post-Stop transition window (Figure 5.12 A,C). In contrast, in the rat the variance

in power increased following Stop transitions (Figure 5.12 B,C), and showed a sig-

nificant increase in power variance compared with the ferret (rank sum, p < 0.05;

Figure 5.12 A,C). For Go transitions, the inverse of trends shown in the Stop transi-

tions were observed: ferrets tended to show an increase in power variability (Figure

5.12 D,F) and rats showed a decrease in power variability (Figure 5.12 E,F) follow-

ing Go transitions. There was a significant decrease in power variability in the rat

compared to the ferret across Go transitions (p < 0.05, Figure 5.12 F).

Together, the pairwise comparisons of the frequency and power of the 4-

14 Hz filtered signal across locomotor transitions were consistent with the rat LFP

entering the LIA state during immobility: before the onset of motion and after the

cessation of locomotion, theta power decreased and the variance of frequency and

power was higher than when the animal was moving. In the ferret, the there were

no observed increases in variability in frequency or power during immobility for both

Stop and Go transitions, which suggests that the LFP was mostly likely exhibiting

Type II theta and did not enter the LIA state.
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Figure 5.11: Speed-triggered frequency variance.
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Figure 5.11: Speed-triggered frequency variance. (A,B) Pairwise comparison of the vari-

ance of normalised frequency (log2 transformed) calculated in one second windows before

(“pre”) and after (“post”) Stop transitions for each ferret (A) and each rat (B). (C) Pairwise

difference in normalised frequency variance for each ferret and rat plotted individually (n

transitions: F1 R n = 119, F2 L n = 578, F3 L n = 252, F3 R n = 393, F4 L n = 198; R1

1500, R2 4279, R3 516). Scatter plots show individual transitions with box plots showing

the median and interquartile range. Right inset shows the medians plotted for each ferret

and rat. (D-F) Pairwise variance comparison of normalised frequency in the ferret (D) and

the rat (E), and the pairwise differences (F) for Go transitions (n transitions: F1 R n = 272,

F2 L n = 867, F3 L n = 430, F3 R n = 704, F4 L n = 608; R1 n = 2032, R2 n = 5359, R3 n =

785). * indicates p < 0.05.
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Figure 5.12: Speed-triggered power variance.
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Figure 5.12: Speed-triggered power variance. (A,B) Pairwise comparison of the variance of

power calculated in one second windows before (“pre”) and after (“post”) Stop transitions for

each ferret (A) and each rat (B). (C) Pairwise difference in normalised frequency variance

for each ferret and rat plotted individually (n transitions: F1 R n = 119, F2 L n = 578, F3 L

n = 252, F3 R n = 393, F4 L n = 198; R1 n = 1500, R2 n = 4279, R3 n = 516). Scatter

plots show individual transitions with box plots showing the median and interquartile range.

Right inset shows the medians plotted for each ferret and rat. (D-F) Pairwise comparison

of power variance in the ferret (D) and the rat (E), and the pairwise differences (F) for Go

transitions (n transitions: F1 R n = 272, F2 L n = 867, F3 L n = 430, F3 R n = 704, F4 L n =

608; R1 n = 2032, R2 n = 5359, R3 n = 785). * indicates p < 0.05.
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5.3 Discussion

The first aim of this chapter was to further explore the relationship of theta

oscillations with speed in the hippocampal cell layers of the ferret and the rat. The

speed ranges to be considered were calculated separately for each species by ex-

cluding speeds < 10 cms-1 and the top 90th percentile of the speed distribution.

Using this method, the speed ranges for both the rat and the ferret were found to

be the same (10-55 cms-1). This matched speed range shows that ferrets could be

a good new model species for bridging the gap between rodent work and primate

work as ferrets share ethological similarities to the rodent (speed, environment)

while also being a predator with reliance on distal sensing strategies (vision, audi-

tion) for tracking prey.

While there was no clear difference between the two species in the relation-

ship between speed and theta power, the relationship between the speed and theta

frequency showed some distinct properties between species. Both the rat and the

ferret showed robust positive correlations of theta frequency with speed, however

for the ferret, the rate of change of frequency was roughly half that found in the

rat. There may be several reasons for the difference in speed-theta frequency rela-

tionship between species: Firstly, the behavioural task design and arena used may

have constrained the speed of the ferret, which may move faster when running in

unconstrained environments (e.g. when chasing prey). In two other studies the

running speed of ferrets was reported to exceed 125 cms-1 (Apfelbach and Wester,

1977; Taylor et al., 1982). In Taylor et al. (1982) the ferrets were running on a tread-

mill and the top speed was limited at 150 cms-1 based on aerobic energy use, which

suggests that ferrets would be able to exceed this speed. The ferrets in the current

study did approach 150 cm-1 (see Figures 5.3 F and 5.4 F), but only very rarely.

The shallower slope of the regression function between speed and theta frequency

may therefore be necessary to cover a wider range of speeds. Alternatively, the

shallower regression slope may reflect the logarithmic scaling of oscillatory activity

in the brain, in that smaller absolute changes at a low frequency are equivalent to
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larger changes at a higher frequency i.e. its the relative change in frequency that

is important. Thus, a shallower gradient in the speed-theta frequency may be a

consequence of the lower speed of theta in the ferret than in the rat.

The above considerations do not take into account the observed shape of the

relationship between theta frequency and speed for each species. In the rat, theta

frequency and speed showed a linear relationship over the range tested. How-

ever, in the ferret, the theta frequency-speed relationship was robustly non-linear

and resembled a curve of diminishing returns, with a clear plateau on frequency

at higher speeds (> 40 cms-1). If the ferrets were able to move faster within the

task, the shape of the speed-theta frequency curve suggests that there would be

no information about higher speeds represented in theta frequency. The plateau

of frequencies at higher speeds has implications for any models which use theta

frequency to encode information about the speed of an animal. It may also have im-

plications for the active sensation hypothesis: within this hypothesis, the frequency

of theta is thought to reflect the amount/sample rate of information coming into the

hippocampus, (i.e. a running rat is whisking faster hence the theta frequency-speed

positive correlation). If this was true, then one might expect that ferrets moving at

faster speeds would also need to take in information at a faster rate. However, this

does not seem to be supported by the plateau in theta frequency observed. It may

be that the relationship between speed and theta frequency depends on the type

of information coming in and is particularly critical in the rat because of the highly

rhythmic sensory strategies employed (whisking, sniffing).

Another difference between rats and ferrets in the speed-theta frequency re-

lationship was the reliability across sessions and across animals. Ferrets showed

very narrow distributions in both intercept and slope of regression whereas the rat

data showed a greater spread of slopes. It could be that for rat R1 the flutter oscilla-

tion (10-12 Hz), which may have been observed in the PSD clustering analysis, was

artificially inflating theta frequency (Nerad and Bilkey, 2005; Jeewajee et al., 2008).

To address this, one could look at theta oscillations again using different filter bands

or with an approach sensitive to multiple co-occurring oscillations (Jiang and Suter,
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2017).

One of the most striking across-species differences observed was that during

immobility (speed < 5cm-1), ferrets were found to have robust oscillatory activity in

the LFP at ∼ 4 Hz. This is in contrast to the large irregular activity (LIA) typically ob-

served in the immobile rat. The characteristics of this low-frequency LFP oscillatory

activity in the ferret is consistent with that of Type II theta, which is observed during

immobility and occurs at a lower frequency than theta during locomotion. (Type II

theta in the rat has been reported to occur at 6-7 Hz (Vanderwolf, 1969). In the

immobile periods before or after locomotor transitions, theta oscillations in the ferret

were found to have a frequency ∼ 1 Hz lower than during locomotion. Furthermore,

little change was observed in power or variability of theta activity between theta dur-

ing locomotion and immobility. To confirm that theta during periods of immobility

reflected Type II theta as defined in rodents, it is also necessary to demonstrate its

dependence on cholinergic transmission (see Chapter 7). In rodents, a respiration-

coupled oscillation has been found in the hippocampus which presents within the

theta frequency range and can occur independently of theta (Yanovsky et al., 2014;

Lockmann et al., 2016; Nguyen Chi et al., 2016). The normal respiration rate of the

ferret is ∼ 0.5 Hz, thus is unlikely to be the cause of the oscillatory signals reported

here.

Type II theta has been described in many mammalian species, including the

rat (Vanderwolf, 1969), rabbit (Green and Arduini, 1954; Harper, 1971; Kramis et al.,

1975), cat (Whishaw and Vanderwolf, 1973; Frederickson et al., 1978) and dog

(Arnolds et al., 1979a,b,c). The cat and dog are of particular interest as they are

phylogenetically close relatives of the ferret, all being of the order Carnivora. In the

cat, Type II theta was observed during “orienting behaviours” and was hypothesised

to be associated with visual attention (Whishaw and Vanderwolf, 1973; Frederickson

et al., 1978; Robinson, 1980). In the dog, theta oscillations were reported during

immobility and in response to a familiar tone (Arnolds et al., 1979c,a,b). However,

in both the cat and dog, there was evidence of the LFP transitioning to a state

more comparable to LIA, for example during consummatory behaviours (Vander-
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wolf, 1969; Arnolds et al., 1979a). In contrast, throughout analysis and collection of

the hippocampal LFP data in the ferret, it was very rare to see periods without theta

oscillations. It may be that the highly attentive state of the ferrets in the context of

the behavioural task biased the LFP into a theta state for the majority of the record-

ings. However, the recording did include periods where the ferrets were exhibiting

consummatory behaviours, i.e. when receiving reward. Further neural recordings in

different behavioural contexts may help to address this apparent difference between

the abundance of Type II theta in the ferret and other species.

The current analyses have not quantified the occurrence of Type II theta in

the rat. One method usually used to identify LIA and theta states in the rat is to

calculate the ratio of theta power (5-12 Hz) to delta (1-4 Hz): in a theta state, theta

power is higher than delta power, whereas the inverse is true for LIA. Unfortunately,

movement artefacts that acted to greatly increase low frequency power (> 4 Hz)

in the rat meant that this technique was unavailable. Furthermore, as there is no

clear delta band in the ferret, this analysis would not have been applicable to both

species. Future analysis could examine if the variability of power and frequency

could be used to identify LIA and theta states, and so quantify the relative occur-

rence of each state. Alternatively, other groups have had success using a classifier-

based approach for the identification of LFP states (Hulse et al., 2017). Thus far

in the current work, analysis has focused on examination of behaviourally triggered

neural signals. However, identification of states in the LFP would allow a reverse

correlation approach, to allow investigation of behavioural feature that co-occur with

Type II theta or LIA in the rat and ferret.

There was one ferret implant (F3 L; a probe which entered the hippocampus

directly) which showed rat-like reduction in theta power interestingly recordings

from this implant also showed the highest theta power-speed correlation of any an-

imal, rat or ferret, tested. However, no increase in variability of theta-filtered activity

was observed during immobility in the speed-triggered analyses. The absence of

a change in the variability of the neural signal suggests that, while theta power de-

creased, the LFP may not have exhibited LIA. The difference between this implant
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and the others in the ferret could be related to recording location and potential sub-

region differences in the ferret hippocampus. Investigating this further would require

recording from larger numbers of animals that were studied here, or recording with

a different style of electrode.
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Chapter 6

Theta oscillations in task performance

6.1 Introduction

The previous chapter examined the relationship of theta oscillations with

movement in the rat and the ferret to provide a foundation to examine the effects

of theta oscillations during a sensory attention task. The theta oscillations in the

bat were found to be tightly coupled with echolocation (Ulanovsky and Moss, 2007).

In the cat theta oscillations were associated with visual attention (Whishaw and

Vanderwolf, 1973; Frederickson et al., 1978; Robinson, 1980). These and other ob-

servations across species have resulted in an active sensation hypothesis of theta

whereby theta oscillations occur when an animal is actively sensing its environment

(Las and Ulanovsky, 2014). However, in the previous studies the sensory attention

was not well controlled, i.e. the animals were producing behaviour naturally and

spontaneously. Therefore in the current study a task was designed to have con-

trolled periods of sensory attention. Furthermore, the difficulty level of the task was

varied in an attempt to manipulate attention levels.

6.2 Results

6.2.1 Performance in the Sensory Attention Task

Ferrets (n = 4) and rats (n = 3) were trained on a comparable sensory atten-

tion task: Ferrets were trained to perform an 5-choice approach to target localisation
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task in which animals held their head at a centre spout for 2.5 to 3.5 s (Figure 6.1

A,B), after which they were presented with a auditory or visual target stimulus, which

they were required to approach to receive a water reward. Rats were trained to per-

form an 2-choice approach to target lateralisation task (Figure 6.1 C) in which the

task structure was the same as the ferret task; however stimuli were only presented

from one of two locations and upon correct response, rats received a food reward

instead of water.

Animals were tested on sessions with either auditory or visual stimuli, split

into blocks of “easy” and “hard” trials by varying stimulus duration or SNR. Only one

parameter (duration or SNR) was varied in a session, and easy trials were defined

as those with a duration of 2 seconds and high SNR values (see Tables 2.1 & 2.2

in Chapter 2.2.2 for ferret stimuli parameters and Tables 3.1 & 3.2 in Chapter 3.2.2

for rat stimuli parameter). Hard trials were defined as all other trials with shorter

stimulus durations or lower SNRs. For the ferrets, auditory SNR was reduced by

increasing background noise, whereas for the rats, auditory SNR was reduced by

lowering stimulus level while keeping background noise constant. Rats began train-

ing on the auditory SNR task with increasing background noise levels, however it

often elicited fear reactions and so the SNR manipulation was altered. Figure 6.2

shows the relationship between stimulus parameters and task performance for one

ferret, in which decreasing stimulus duration or SNR had a significant negative im-

pact on proportion correct. These trends were generally true for all other ferrets

(Figure 6.2 B) and rats (Fig 6.2 C) indicating that manipulations of stimulus duration

or SNR in either modality were successful in increasing task difficulty. Thus the

discretisation of trials into easy and hard was justified by the animals’ behavioural

performance.

Figure 6.3 shows task performance in confusion matrices across all target

locations for easy and hard trials for each ferret. Performance in easy trials was

consistently high across all target locations, with the exception of F4 who was worse

at localising sounds on the left side of space due to a reoccurring blockage in the

left ear. On hard trials, performance decreased uniformly across space. Incorrect
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Figure 6.1: Schematic of behavioural task. (A) Behavioural arena used with ferrets showing

the five peripheral target locations, with the animal holding at the centre initiation spout. (B)

Time-course of the behavioural trial for both the ferret and the rat. (C) Behavioural arena

used with rats showing the two peripheral target locations, with the animal holding at the

centre initiation spout.
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Figure 6.2: Relationship between stimulus parameters and task performance.
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Figure 6.3: Confusion matrices of task performance for each ferret.
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Figure 6.2: Relationship between stimulus parameters and task performance. (A) Logistic

regression showing effect of varying stimulus duration or SNR on task performance, for both

auditory and visual tasks for one ferret (F1). (B) Logistic regression analysis for remaining

ferrets (F2, F3, F4). (C) Logistic regression analysis for each rat (R1, R2. R3). Rat R2 did

not perform the auditory tasks. * indicates p < 0.001. n indicates number of trials included

in each analysis. Black line shows regression fit, associated dashed lines indicate 5-95%

confidence intervals. Data points show proportion correct for each parameter value. Grey

dashed lines indicate chance performance (ferret = 20%; rat = 50%).

Figure 6.3: Confusion matrices of task performance for each ferret. Heat maps showing

proportion of trials the animal performed correctly as a function of target and response

locations. Data is shown for each ferret, for each modality and manipulation of task difficulty.

Number indictates number of trials.
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responses were observed adjacent to the diagonal on the confusion matrices, sug-

gesting that errors resulted from a drop in precision.

Statistical comparison between easy and hard trials (Figure 6.4 and tables in

Appendix 9.3) showed that performance was significantly worse on hard than easy

trials for both duration and SNR manipulations for both auditory and visual stimuli.

For all ferrets, comparison of easy vs. hard via logistic regression was significant

at the level of p < 0.001, with the exception of F2 for variation of SNR of auditory

stimuli. For the rats, performance tended to decrease during hard trials, for both

duration and SNR manipulations of both auditory and visual trials. This decrease

in performance was significant (p < 0.001) for both rats tested in the auditory SNR

conditions (R1, R3), and one of two rats in the auditory duration condition (R3). In

the visual task, two of three rats showed significant reduction in performance with

decreasing LED duration (R1, R2), while only R2 had a significant impairment in

performance when visual SNR decreased.

6.2.2 Behavioural modulation of theta oscillations

Trial data were all extracted as stimulus triggered epochs within a window

of plus or minus five seconds. Figure 6.5 shows an example of the neural signal

recorded during a single trial in the hippocampal cell layer of the ferret (from ferret

F4 L). The head speed showed the movement of the animal in which speed reduced

as the animal approached the initiation spout to start a trial and held their head

in place at the IR sensor for a variable period (here 3.5 seconds). The stimulus

was triggered at the end of this holding period, at which point the animal was free

to respond. The increase in speed indicates the animal is moving away from the

initiation spout in order to make a behavioural response at the periphery (Figure

6.5 A). The coincident neural recording showed robust theta oscillations throughout

the entire trial (Figure 6.5 B,C). Within the hold period, the theta oscillations initially

showed a gradual decrease in frequency that settled at ∼ 4 Hz and then increased

at the onset of movement following the stimulus (Figure 6.5 C).
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Figure 6.4: Comparison of behavioural performance for easy and hard trials. (A) Proportion

correct for easy and hard trials, on which SNR or duration were varied, for both auditory and

visual stimuli for each ferret. (B) Proportion correct for easy and hard trials for each rat. *

indicates p < 0.001 for each subject. Data points show individual subjects. Grey dashed

lines indicate chance performance (ferret: 20%; rat: 50%).
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Figure 6.5: Representative example of a single trial in the ferret. (A) Head speed of ferret

F4 L over the course of a single trial. (B) LFP (1-300 Hz; grey) trace overlaid with theta

filtered (2 - 8 Hz; orange) signal. Black line indicates the amplitude of the oscillation, esti-

mated using the peak-trough method. (C) Spectrogram calculated between 2-15 Hz of the

LFP trace shown in (B), normalised to maximum power. Black line shows the instantaneous

frequency, estimated using the peak-trough method. Red dashed lines indicate trial land-

marks: the start of the hold where the animal initiates a trial; the onset of the stimulus and

the time of the animal’s response.
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The pattern of theta power and frequency variation across a single trial in the

ferret was generally observed across all ferrets (Figure 6.6). Figure 6.6 A shows

the mean spectrograms averaged over all trials where the animal had to hold for 3.5

seconds at the centre spout to initiate a trial for each implant. The gradual decrease

of theta frequency to ∼ 4 Hz observed in the single trial was visible across trials in

each implant, as was an increase in theta frequency at the onset of movement in

response to stimuli. The theta frequency increase was transient, and transitioned

back to a lower frequency in the period following the behavioural response, when

the animal typically was immobile while receiving water reward. This immobility-

related low-frequency theta oscillation dominated the trial average due to the high

performance of animals i.e. most trials were correct and thus rewarded.

Theta power across the duration of the trials was generally high for all im-

plants, with the exception of ferret F3 L, where theta power was lower during im-

mobility than when the animal was moving, especially following the behavioural

response (Figure 6.6 A) . Notably, the implant in which these differences occurred

was also that on which theta power was higher during movement than immobility

(see Figures 5.9 & 5.10).

The trial related changes in theta frequency and power was also conserved

across all hold-times. Figure 6.6 B shows the mean spectrogram averaged over

each hold-time across all implants.

An example of trial recorded from rat R1 is shown in Figure 6.7, illustrating

the similar speed trajectory as the ferret resulting from the common trial structure

(Figure 6.7 A). As with the example shown for the ferret, robust theta oscillations

were observed during movement before hold onset and when the animal was mak-

ing a response (Figure 6.7 B,C). In contrast to the ferret, theta oscillations were

not clearly sustained in hold period. Instead, the LFP resembled LIA, with irregular

broadband activity which was reflected in the instability of the estimated instanta-

neous frequency during the hold period (Figure 6.7 C).

For each rat across all trials with 3.5 s hold-times, the power of theta oscilla-
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Figure 6.6: Mean trial spectrograms across hold-times and individual implants in the ferret.
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Figure 6.6: Mean trial spectrograms across individual implants and hold-times in the ferret.

(A) Mean speed traces and mean spectrograms of the LFP (1-300 Hz) for all 3.5 s hold-

time trials for each implant. Mean speed and standard deviation shown as line and shaded

area, n indicates number of trials. Red dashed lines indicate trial landmarks: the start of the

hold where the animal initiates a trial and stimulus onset. (B) Mean speed traces and LFP

spectrograms for all trials at each hold-time. Here, data are averaged across implants. All

spectrograms are normalised to maximum and share the same colour scale.
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Figure 6.7: Representative example of a single trial in the rat. (A) Head speed of rat R1

over the course of a single trial. (B) LFP (1-300 Hz; grey) trace overlaid with theta filtered (4

- 14 Hz; blue) signal. Black line indicates the amplitude of the oscillation, estimated using

the peak-trough method. (C) Spectrogram calculated between 2-15 Hz of the LFP trace

shown in (B). Black line shows the instantaneous frequency, estimated using the peak-

trough method. Red dashed lines indicate trial landmarks: the start of the hold where the

animal initiates a trial; the onset of the stimulus and the time of the animal’s response.
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Figure 6.8: Mean trial spectrograms across individual rats and hold times.
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Figure 6.8: Mean trial spectrograms across individual implants and hold-times in the rat.

(A) Mean speed traces and mean spectrograms of the LFP (1-300 Hz) for all 3.5 s hold-

time trials for each implant. Mean speed and standard deviation shown as line and shaded

area, n indicates number of trials. Red dashed lines indicate trial landmarks: the start of the

hold where the animal initiates a trial and stimulus onset. (B) Mean speed traces and LFP

spectrograms for all trials at each hold-time. Here, data are averaged across implants. All

spectrograms are normalised to maximum and share the same colour scale.
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tions were clearly reduced during the hold period; high theta power corresponded

to periods of movement i.e. the approach to the centre spout and the movement to

respond at the periphery (Figure 6.8 A). A faint band of power was observed during

the hold-times, possibly reflecting trials on which some type II theta was present.

In R2 and R3, power < 4 Hz was observed during movement and was probably

a result of movement artefacts. The same patterns of theta power and frequency

were also observed for each hold-time (Figure 6.8 B).

To quantify the modulation of theta oscillations during behavioural trials, a

pairwise analysis was used which compared the mean and variance of theta fre-

quency and power in a one second window before hold onset (“pre hold”) and at the

end of the hold period (“late hold”) for trials with all hold-times, in each ferret and

each rat (Figures 6.9 & 6.10).

For theta frequency, the pairwise analysis confirmed the reduction in fre-

quency during the hold period for ferrets (Figure 6.9 C) and rats (Figure 6.9 G).

Across all ferrets and rats there was a significant decrease in frequency of ∼ 1

Hz (Figure 6.9 I; sign rank p < 0.01), but there was no significant difference in

the theta frequency decrease between the ferret and the rat (rank sum p = 0.143).

The change in mean frequency between the pre- and late-hold windows was more

variable in the rat than in the ferret.

To test if there was a significant difference between variability between species,

the variance in theta frequency (log2 transformed to control for the difference in fil-

ter bandwidth between species) within analysis windows was compared between

pre and late hold epochs. In the rat (Figure 6.9 H), and to a lesser extent in the

ferret (Figure 6.9 D), the frequency variance in the late-hold epochs was greater

than in the pre-hold. However, the increase in frequency variance in the rat was

significantly greater than in the ferret (rank sum p < 0.05).

For theta power, the pairwise analysis confirmed the reduction in power dur-

ing the hold period for rats (Figure 6.10 G,I). This was consistent with the spec-

trograms that showed a large reduction in power in the theta band during the hold
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Figure 6.9: Pairwise comparison of theta frequency across trials
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Figure 6.9: Pairwise comparison of theta frequency across trials. (A) Mean speed traces

averaged over all trials for each ferret. Trials triggered by stimulus onset. Grey shaded

regions indicate “pre-hold” and “late-hold” windows used for the pairwise analysis. Red

dashed line indicates stimulus onset. (B) Mean spectrogram of the LFP (1-300 Hz) aver-

aged across all trials. Spectrograms in (B) and (F) share the same colour scale, n indicates

number of trials. (C) Pairwise comparison of mean instantaneous frequency averaged over

the pre-hold and late-hold windows for each ferret. Each marker represents one trial. Mark-

ers edged in black indicate mean for each ferret. (D) Pairwise comparison of the mean

variance of log2 normalised instantaneous frequency calculated over the pre-hold and late-

hold windows. (E-H) Speed (E), spectrogram (F), pairwise frequency comparison (G) and

pairwise comparison of variance in normalised frequency (H) for each rat. (I) Pairwise dif-

ference in mean frequency plotted for each ferret and each rat. Markers show data for

individual trials. Box plots show median and interquartile range. Right inset shows median

pairwise frequency difference for each animal. (J) Pairwise difference in variance of nor-

malised frequency plotted for each ferret and each rat. Data shown as in (I). * indicates p <

0.05.
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Figure 6.10: Pairwise comparison of theta power across trials
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Figure 6.10: Pairwise comparison of theta power across trials. (A) Mean speed traces

averaged over all trials for each ferret. Trials triggered by stimulus onset. Grey shaded

regions indicate “pre-hold” and “late-hold” windows used for the pairwise analysis. Red

dashed line indicates stimulus onset. (B) Mean spectrogram of the LFP (1-300 Hz) averaged

across all trials. Spectrograms in (B) and (F) share the same colour scale, n indicates

number of trials. (C) Pairwise comparison of mean instantaneous power averaged over the

pre-hold and late-hold windows for each ferret. Each marker represents one trial. Markers

edged in black indicate mean for each ferret. (D) Pairwise comparison of the mean variance

of instantaneous power calculated over the pre-hold and late-hold windows. (E-H) Speed

(E), spectrogram (F), pairwise power comparison (G) and pairwise comparison of variance

in power (H) for each rat. (I) Pairwise difference in mean power plotted for each ferret and

each rat. Markers show data for individual trials. Box plots show median and interquartile

range. Right inset shows median pairwise frequency difference for each animal. (J) Pairwise

difference in power variance plotted for each ferret and each rat. Data shown as in (I). *

indicates p < 0.05.
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period (Figure 6.10 F).

In the ferret, a small reduction in power from pre-hold to late-hold was re-

vealed by the pairwise analysis (Figure 6.10 C,I). The power decrease between

pre- and late-hold windows were significantly greater in the rat than the ferret (Fig-

ure 6.10 C,G,I; rank sum p < 0.05). In the ferret, the variance in power within analy-

sis windows tended to be higher in the pre-hold than in the late-hold epochs (Figure

6.10 D,J). In contrast, the inverse relstionship was observed in the rat, with higher

variance in the late-hold window than the pre-hold window (Figure 6.10 H,J); the

difference in power variance between pre- and late-hold windows across species

was found to be significant (rank sum p < 0.05; Figure 6.10 J).

6.2.3 Exploring the impact of task features on theta oscillations

Exploring the role of task features on time varying signals

Having characterised the animals’ behavioural performance and the associ-

ation of theta oscillations with locomotion and immobility, the relationship between

task parameters and theta oscillations was next explored. The primary aim of the

behavioural task was to investigate the role of theta oscillations during sensory at-

tention, and modulate that attention by systematically varying task difficulty. Manip-

ulation of task difficulty was achieved by decreasing the duration or SNR of stimuli,

with the assumption that, if the task was harder, then the animals would have to

attend more to respond correctly.

To assess the relationship between theta oscillations and task difficulty, theta

frequency and power were compared across easy and hard trials for each modality

and each type of manipulation of task difficulty (SNR/duration). Figure 6.11 shows

the frequency and power of theta across easy and hard trials for one ferret (F2 L)

tested with auditory and visual stimuli varying in SNR or duration. For each con-

dition, trial averaged frequency showed a characteristic modulation across the trial

in which the frequency was higher before and after the hold period, and was lower
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during the hold period and after the animal’s response (Figure 6.11 A). Differences

in frequency between easy and hard trials were observed in some cases (i.e. visual

stimuli varying in SNR and auditory stimuli varying in duration) which were found

to be significant using a permutation test (104 iterations, p < 0.001). In contrast to

theta frequency, the mean theta power showed no clear systematic pattern across

the timecourse of the trial, and no significant difference between easy and hard

trials in any condition (Figure 6.11 B).

Given the strong relationship between theta oscillations and locomotion, the

mean speed trajectory was also plotted across easy or hard trials (Figure 6.11

C). The speed trajectories demonstrated that the animal’s movement profile was

strongly related to task difficulty, such that animals moved more slowly on harder

trials. Furthermore, on hard trials animals were more likely to make errors, after

which animals tended to move more quickly from the periphery as they were not

receiving reward. The difference in movement between correct and incorrect trials

was reflected in higher speeds after the behavioural response. (The response itself

was indicated by the peak in speed 0-1 s after stimulus onset, while the difference

in speed between correct and error trials occurred ∼ 1-5 s following the stimulus

onset). Further analysis of the role for behavioural accuracy was restricted by the

limited the number of error trials performed by subjects.

Significant differences in speed between easy and hard trials were detected

at multiple timepoints (permutation test), and these timepoints coincided with the

significant differences between easy and hard trials in theta frequency. The coin-

cident differences between easy and hard trials in both theta frequency and speed

suggested that analyses of task difficulty were confounded by the speed of the ani-

mals.

For the rat, theta frequency showed a similar stereotyped modulation across

the trial as the ferret for both easy and hard trials across all conditions (Figure 6.12

A). Significant differences in theta frequency on easy and hard trials were observed

(permutation test) in portions of the trial following stimulus onset for visual trials

varying in duration, and auditory trials varying in SNR. Theta power also showed
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Figure 6.11: Comparison of theta activity during easy and hard trials in ferret F2 L. (A)

Mean instantaneous theta frequency averaged over all easy (orange) and hard (black) tri-

als for each condition, split by modality and stimulus manipulation. Data are triggered to

stimulus onset, with mean and standard error shown as line and shaded area. Red dashed

line indicates stimulus onset. Legend details number of trials and percent correct for each

condition. (B,C) Mean z-scored theta power (B) and speed (C) for same trials as in (A). *

indicate p < 0.001 (permutation test)
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Figure 6.12: Comparison of theta activity during easy and hard trials in rat R1. (A) Mean

instantaneous theta frequency averaged over all easy (blue) and hard (black) trials for each

condition, split by modality and stimulus manipulation. Data are triggered to stimulus onset,

with mean and standard error shown as line and shaded area. Red dashed line indicates

stimulus onset. Legend details number of trials and percent correct for each condition. (B,C)

Mean z-scored theta power (B) and speed (C) for same trials as in (A). * indicate p < 0.001

(permutation test)
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a characteristic pattern of modulation across the timecourse of the trial in the rat

(Figure 6.12 B), distinct from the lack of discernible pattern in the ferret. Theta

power and frequency followed similar modulations across the timecourse of the tri-

als, that were both similar to the speed trajectories (Figure 6.12 C), again suggesting

that speed was a driving factor for the significant differences observed elsewhere.

Differences in theta frequency, power and movement speed were all found when

manipulations of task difficulty were most effective in reducing performance.

In addition to the consistent patterns observed in theta frequency, power and

movement speed there was a notable gradual increase in theta power across the

hold period for the rat, which could not be explained by association with speed. This

gradual increase in theta power during the hold-time was similar for both easy and

hard trials across all conditions.

The trends shown in rat R1 and ferret F2 L were representative of their

species, with the exception of F3 L (see Appendix 9.4).

Modelling theta frequency in restricted time windows: response window

Comparisons of theta oscillations in hard and easy trials suggested that,

within specific time windows, there may be effects of task difficulty on hippocampal

theta. However, speed data indicated that effects of task difficulty may spuriously

result from correlations between task difficulty and the animals’ movement. To test

this, theta frequency and power in specific time windows were modelled for each

rat and ferret implant separately using general linear models (GLMs), with both

speed and task features (stimulus modality [auditory or visual], difficulty [easy or

hard], manipulated stimulus feature [SNR or duration], and accuracy [correct or

incorrect response]) as predictors of theta activity. The aim of this analysis was to

compare the strength of association between task features and theta oscillations

while accounting for the influence of speed.

Figure 6.13 A shows the performance of single feature models (i.e. those

that used a single predictor) when fitting mean theta frequency in a window 0.25

to 1.25 seconds after stimulus onset. Model performance was quantified using the
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Figure 6.13: Modelling theta frequency in the response window.
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Figure 6.13: Modelling theta frequency in the response window. (A,B) Deviance of single-

feature test models fitting mean theta frequency in a window 0.25 to 1.25 seconds after

stimulus onset, expressed as a percentage of the deviance of the constant model. Full

model shows performance of model including all predictors. Models fit separately for each

individual rat (A) and ferret (B). (C,D) The reduction in deviance (indicating improvement

in model fit) with the addition of task features to a model also including speed. Change in

deviance expressed as a percentage of the deviance resulting from the speed-only model.

Models fit separately for each individual rat (C) and ferret (D). (E,F) The increase in deviance

(indicating an impairment in model fit) with removal of individual predictors from the full

model. Change in deviance is expressed as a percentage of the deviance resulting from

the full model. Models fit separately for each individual rat (E) and ferret (F). Models were

fit using data from all trials: R1 n = 1270, R2 n = 2838, R3 n = 381; F1 R n = 266, F2 L n =

607, F3 L n = 306, F3 R n = 442, F4 L n = 870.
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deviance, which declines as model performance increases, and was expressed as

a percentage of a constant model that attempted to fit the response variable (e.g.

theta frequency) using a single value. For all rats, speed provided the best predictor

of theta frequency (Figure 6.13 A), when compared to any of the other task features.

Furthermore the deviance resulting from the speed model for each implant closely

matched the deviance of the respective full model, which included every factor.

For all rats, the models using speed were found to have a significant reduction in

deviance compared to the constant model (analysis of deviance, p < 0.001), as

were difficulty and accuracy.

The same pattern of results for the single feature models were seen for all

ferrets (Figure 6.13 B), with speed proving to the best predictor of theta frequency

in all cases, and resulting in a significant reduction in deviance compared to the

constant model (analysis of deviance). For both F2 L and F4 L, single feature mod-

els using accuracy had a significant reduction in deviance to the constant model

(analysis of deviance). Additionally, for F2 L a model using modality, and for F4 L

a model using difficulty, also had a significant reduction in deviance to the constant

model. Generally when compared to speed, the magnitude of the change in de-

viance for single feature models using other task features were much smaller than

that observed when using speed.

As expected, the single feature model analysis showed a large influence of

speed on theta frequency, however it also highlighted some task features (difficulty,

accuracy) which may also have an effect. To examine this further, an analysis was

required that directly compared the impact of speed and task features on theta

activity. One approach to achieve this within the context of a GLM framework is to

conduct an analysis of deviance on nested models, in which deviance values were

compared between larger models using speed and an individual task feature vs.

smaller models using speed alone. If a task feature is important for predicting the

theta frequency, a significant decline in model deviance should be observed when

this feature is added to make the larger model.

Figure 6.13 B shows the changes in deviance resulting from the addition of
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individual task parameters to a model using only speed to predict theta frequency.

For all rats, the changes in deviance were small and significant effects were incon-

sistent across animals. In two of three rats (R1, R2) addition of accuracy signifi-

cantly improved model fit (R1: p = 1.6 x 10-4; R2: p = 3.5 x 10-5). In R2 addition

of difficulty also improved model fit (R2: p = 1.8 x 10-6). For the final rat (R3) there

was no significant improvement in model fit when individual additional factors were

included.

Ferrets showed no significant difference in deviance between the model us-

ing only speed and larger models that included an additional task parameter (p >

0.01). Furthermore, inclusion of all task parameters to create the full model did not

significantly improve model fit when compared to the speed-only model. These ef-

fects were observed despite large relative change in deviance for ferret F3 R (Figure

6.13 D), which was due to the relatively weak performance of all models in fitting

theta frequency for this implant.

As a complementary analysis to those performed above, the performance of

the full model including speed and all task features was contrasted with the perfor-

mance of models in which an individual predictor was removed. This analysis was

more conservative than the previous analyses because, in the case of co-varying

predictors (e.g. speed and difficulty), a larger model should be more robust to loss

of parameters than a smaller model to gain of new parameters.

For each rat, the removal of speed as a predictor of theta frequency resulted

in a significant increase in deviance, which reflected worse model performance com-

pared to the full model (p < 0.001; Figure 6.13 E). For task features, the results of

removing predictors from the full model were similar to those found by adding pre-

dictors to the speed-only model. I.e. removing difficulty resulted in a significant

drop in model performance for R2, likewise removal of accuracy led to drops in

model performance that were significant for R1 (p < 0.001) and nearly significant

for R2 (p = 0.0011). For the ferret, only the removal of speed resulted in a significant

drop in model performance (p < 0.001; Figure 6.13 F), which is fully consistent with

earlier comparisons of smaller models.
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In summary, rats R1 and R2 showed effects of task parameters other than

speed than may have been related to theta frequency, whereas rat R3 and all ferret

implants showed only relationships between speed and theta frequency across all

analyses.

Modelling theta frequency in restricted time windows: hold window

The sensory attention task was designed to have a period of high attention

during immobility within the hold period. The hold period thus presented the oppor-

tunity to analyse the contribution of task features to theta frequency when variation

in speed was controlled for. However, the result of this control was that, by filtering

for a specific time window in which speed did not vary, performance of models in

predicting theta frequency was dramatically reduced.

Figures 6.14 A & B show the performance of single feature models when

fitting mean theta frequency in the hold-time, specifically in a window -1.05 to -0.05

seconds prior to stimulus onset. For the rat and three of five ferret implants (F1

R, F3 L and F3 R), there was no significant improvement performance in model fit

of single feature models compared to the constant model. For two of these ferrets

(F1 R, F3 L), the observed decrease in deviance expressed as a percentage of the

constant model (Figure 6.14 B) appeared relatively large because the performance

of the constant model was very high. In the additional two remaining ferrets (F2 L,

F4 L), models using speed as a predictor were found to have a significant reduction

in model performance relative to the constant model. However for these ferrets,

there were no significant effects of other task features. In only these two ferrets was

the performance of the full model significantly better than the constant model.

With the exception of two ferrets (F2 L, F4 L), the analysis of nested models

(Figure 6.14 C-F) revealed no significant effects. For F2 L and F4 L, the removal of

speed from the full model significantly reduced performance (Figure 6.14 F). This

indicates that these subjects may have been able to make small movements of their

head whilst initiating the trials that the statistical models were sufficiently sensitive

to detect through the relationship of speed with theta oscillations.
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Figure 6.14: Modelling theta frequency within the hold time
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Figure 6.14: Modelling theta frequency in the hold window. (A,B) Deviance of single-feature

test models fitting mean theta frequency in a window -1.05 to -0.05 seconds prior stimulus

onset, expressed as a percentage of the deviance of the constant model. Full model shows

performance of model including all predictors. Models fit separately for each individual rat

(A) and ferret (B). (C,D) The reduction in deviance (indicating improvement in model fit)

with the addition of task features to a model also including speed. Change in deviance

expressed as a percentage of the deviance resulting from the speed-only model. Models

fit separately for each individual rat (C) and ferret (D). (E,F) The increase in deviance (indi-

cating an impairment in model fit) with removal of individual predictors from the full model.

Change in deviance is expressed as a percentage of the deviance resulting from the full

model. Models fit separately for each individual rat (E) and ferret (F). Models were fit using

data from all trials: R1 n = 1270, R2 n = 2838, R3 n = 381; F1 R n = 266, F2 L n = 607, F3

L n = 306, F3 R n = 442, F4 L n = 870.
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Modelling theta power in restricted time windows: response and hold win-

dows

The same GLM framework as above was used to examine the influence of

speed and task features on theta power in the response window (0.25 to 1.25 sec-

onds after stimulus onset; Figure 6.15) and the hold time (-1.05 to 0.05 seconds

prior to stimulus onset; Figure 6.16).

In the response window, single-feature models using speed were found to

have a significant reduction in deviance compared to the constant model for all

rats (p < 0.001; Figure 6.15 A) and for one ferret implant (F3 L; Figure 6.15 B).

For rats R1 and R2, single-feature models using accuracy or difficulty also showed

significant improvement of model performance compared to the constant model.

The addition of a single task feature to the speed-only model showed no significant

improvement in model performance for all subjects (Figures 6.15 C,D). Finally, the

removal of speed from the full model (speed plus all task parameters) resulted in

a significant increase in deviance for rats R1 and R2, and ferret F3 L (Figure 6.15

E,F). No other significant effects were observed for other task features.

In the hold window, no significant change in deviance was found for any

model comparisons for the rat (Figure 6.16 A,C,E). In contrast, for ferret F4 L, a

consistent improvement of model performance was found from the inclusion of task

difficulty in all analyses conducted: a single-feature model using task difficulty signif-

icantly reduced deviance compared to the constant model (Figure 6.16 B); the addi-

tion of task difficulty to the speed-only model improved model performance (Figure

6.16 D); and the removal of task difficulty from the full model significantly reduced

model performance (Figure 6.16 F). For two ferrets (F1 R, F2 L) speed significantly

improved model performance relative to the constant model, and for one of these

ferrets (F2 L) removal of speed from the full model significantly reduced model per-

formance (Figure 6.16 B,F).
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Figure 6.15: Modelling theta power in the response window
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Figure 6.15: Modelling theta power in the response window. (A,B) Deviance of single-

feature test models fitting mean theta power in a window 0.25 to 1.25 seconds after stim-

ulus onset, expressed as a percentage of the deviance of the constant model. Full model

shows performance of model including all predictors. Models fit separately for each individ-

ual rat (A) and ferret (B). (C,D) The reduction in deviance (indicating improvement in model

fit) with the addition of task features to a model also including speed. Change in deviance

expressed as a percentage of the deviance resulting from the speed-only model. Models

fit separately for each individual rat (C) and ferret (D). (E,F) The increase in deviance (indi-

cating an impairment in model fit) with removal of individual predictors from the full model.

Change in deviance is expressed as a percentage of the deviance resulting from the full

model. Models fit separately for each individual rat (E) and ferret (F). Models were fit using

data from all trials: R1 n = 1270, R2 n = 2838, R3 n = 381; F1 R n = 266, F2 L n = 607, F3

L n = 306, F3 R n = 442, F4 L n = 870.
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Figure 6.16: Modelling theta power within the hold time
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Figure 6.16: Modelling theta power within the hold window. (A,B) Deviance of single-feature

test models fitting mean theta power in a window -1.05 to -0.05 seconds prior stimulus on-

set, expressed as a percentage of the deviance of the constant model. Full model shows

performance of model including all predictors. Models fit separately for each individual rat

(A) and ferret (B). (C,D) The reduction in deviance (indicating improvement in model fit)

with the addition of task features to a model also including speed. Change in deviance

expressed as a percentage of the deviance resulting from the speed-only model. Models

fit separately for each individual rat (C) and ferret (D). (E,F) The increase in deviance (indi-

cating an impairment in model fit) with removal of individual predictors from the full model.

Change in deviance is expressed as a percentage of the deviance resulting from the full

model. Models fit separately for each individual rat (E) and ferret (F). Models were fit using

data from all trials: R1 n = 1270, R2 n = 2838, R3 n = 381; F1 R n = 266, F2 L n = 607, F3

L n = 306, F3 R n = 442, F4 L n = 870.
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6.2.4 Phase resetting of theta oscillations during the behavioural

task

Neurons throughout the hippocampus show preferences for firing at particu-

lar theta phases, and phenomena involving theta phase have been observed during

behaviour in rats. These findings suggest that theta phase may be an important

component of the role of theta oscillations in the hippocampus. In addition, phase

resetting in sensory cortex has been shown to occur following stimulus presenta-

tion (Lakatos et al., 2007; Perrodin et al., 2015). Theta phase in the hippocampal

cell layer was therefore explored within the context of the current behavioural task

performed by rats and ferrets.

Figure 6.17 A shows the speed and acceleration across all trials for ferret F3

L triggered on stimulus onset. The instantaneous phase of the theta filtered trace

for each trial was estimated using the peak-trough method. For each timepoint,

the mean phase vector length was calculated (Figure 6.17 C) and then visualised

across time (Figure 6.17 D). Significant phase locking was observed for this ferret

following the stimulus onset but not prior to the stimulus onset. A similar pattern of

stimulus-locked phase resetting was seen in rat R1 (Figure 6.17 E-H).

All ferret implants showed an increase in mean phase vector length following

the stimulus onset (Figure 6.18 A). For three of the five ferret implants, there was a

significant increase in vector length between pre- and post-stimulus time windows,

defined as 250 ms before (-0.3 to -0.05 seconds) and after (0.05 to 0.3 seconds)

after stimulus onset (p <= 0.001, permutation test, 104 iterations). The increase in

phase vector length observed after stimulus onset could be explained purely by the

onset of locomotion when the animal made a behavioural response. To quantify the

effects of locomotion on phase resetting, a similar analysis was performed on speed

triggered epochs outside of the task structure: Speed traces were filtered to identify

periods when mean speed, measured in windows of 1.5 s, rose from < 5 cms-1 to >

15 cms-1. Locomotion triggered changes in phase vector length were much smaller

and less consistent in direction than those following the stimulus presentation (Fig-

246



Figure 6.17: Phase resetting of theta oscillations at stimulus onset. (A) Average speed

(top) and acceleration (bottom) across all trials for ferret F3 L. Line indicates mean and

shading indicates standard deviation. n indicates number of trials. (B) Polar histograms

of phase across all trials at certain timepoints indicated by arrows. Coloured line indicates

mean phase vector. (C) Mean phase vector length across all trials. Grey line indicates mean

vector phase vector length of shuffled data (10000 shuffles), grey dashed lines indicate the

range in which 2.5 to 97.5% of all permuted data occurred. * indicate p < 0.001 (permutation

test). Red dashed lines indicate stimulus onset. (D-F) Data for rat R1 with plots as shown

in (A-D).
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ure 6.18 A). Following the onset of locomotion, there was a significant increase in

phase vector length for two ferret implants (F1 R, F4L; p <= 0.001) and a signifi-

cant decrease for one ferret (F3 R). The remaining implants showed non-significant

decreases in phase vector length.

Two of three rats (R1, R2) showed the same pattern of phase vector length

increase between pre- and post- stimulus time windows (Figure 6.18 B), however

the increase in vector length was only significant for R1 (p <= 0.001, permutation

test). In contrast to all other animals, rat R3 showed a relatively high pre-stimulus

mean phase vector length, which then showed a moderate, non-significant reduc-

tion in vector length after stimulus onset.

6.3 Discussion

Ferrets and rats performed comparable behavioural tasks designed to induce

a well-controlled period of sensory attention. Both species were readily trained on

the task and achieved high performance levels, suggesting they were indeed en-

gaged in the task and attentive to the presentation of stimuli. A secondary aim was

to modulate sensory attention, by manipulating task difficulty. The task consisted

of blocks of easy and hard trials; hard trials were defined by a reduced stimulus

duration or signal-to-noise ratio (SNR) and were associated with decreased be-

havioural performance, suggesting that task difficulty was successfully modulated.

One caveat was that for two of the rats (R1, R3), the stability of neural recording was

unfortunately compromised before the animals were fully trained to perform difficult

trials. The modulation of sensory attention relied on the assumption that increasing

task difficulty would result in greater effort and hence a heightened attentional state.

In sessions where stimulus SNR was reduced through the increase in background

noise level (i.e. ferret auditory SNR, ferret visual SNR and rat visual SNR), animals

had an external cue to the level of task difficulty during the hard block. However,

for the duration task for both modalities in both species, and the auditory SNR task

in the rat, there was no cue indicating trial difficulty other than task history. Results
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Figure 6.18: Stimulus-triggered phase resetting for each implant. (A) Mean phase vector

length averaged over “pre” (-0.3 to -0.05 seconds) and “post” (0.05 to 0.3 seconds) windows

around stimulus onset (left) and speed-triggered epochs (right) for each ferret (n trials: F1 R

n = 266, F2 L n = 607, F3 L n = 306, F3 R n = 442, F4 L n = 870). Speed-triggered epochs

are Go transitions (i.e. initiation of movement after a period of immobility; n transitions: F1

R n = 119, F2 L n =578, F3 L n= 252, F3 R n= 393, F4 L n = 198). (B) Mean phase vector

length for each rat (n trials: R1 n = 1270, R2 n = 2838, R3 n = 381; n transitions: R1 n =

1500, R2 n = 4279, R3 n = 516). * indicates p <= 0.001

249



from another research project in the lab would suggest that ferrets take longer than

15 trials to learn to change their response strategy from task history . Therefore,

it is possible that the animal is only aware of trial difficulty after the stimulus has

been presented. In the current task structure, the animal can move from the centre

initiation spout as soon as the stimulus has been triggered and therefore would be

moving when information about task difficulty was available.

The work in this and the previous chapter has shown that the speed of move-

ment of the animal is the dominant behavioural factor associated with hippocampal

theta in both the ferret and the rat. In the deviance analyses, speed was shown

to be a strong predictor of both theta power and theta frequency. However, there

were some small effects of task difficulty in predicting theta power during the hold

time in ferret F4 L, who interestingly also had the lowest performance on the task.

If, as discussed previously, information about task difficulty is only available to the

animal on a subset of trials when it is moving, then these signals may be masked

by speed-related changes in the LFP . Furthermore, the difficulty of the task was

found to have an impact on the animals speed which introduces a further confound.

A modification of the current task where the animal must remain still at the centre

spout for the duration of the stimulus would help to resolve these issues by further

separating the speed of the animal from task-related parameters .

Having the animal wait until after the presentation of the stimulus would also

give further insight into stimulus-triggered phase resetting, by removal of locomo-

tion confounds. The current results show evidence of phase resetting following the

presentation of the stimulus, which was not as evident in a speed-triggered analysis

outside of the task. However, the movements of the animal following the stimulus

and those outside of the task have not yet been fully compared. It may be that initia-

tion of locomotion was much more stereotyped inside than outside of the task, which

may make it easier to detect phase resetting of theta oscillations. Phase resetting of

oscillations in sensory cortices following stimulus presentation have been well doc-

umented. If a corresponding phase reset occurred in the hippocampal formation,

this would be consistent with the hypothesis that oscillations facilitate inter-regional
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communication. Stimulus-triggered phase resetting of hippocampal theta has been

reported in the dentate gyrus of the rat (Givens, 1996), so it would be interesting to

explore this further in the current data set.
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Chapter 7

Effects of atropine on theta oscilla-

tions in the ferret

7.1 Introduction

The thesis so far has defined theta oscillations in the ferret, and studied them

within the context of a sensory attention task. One notable finding was the large

difference between the rat and ferret in the abundance of theta during immobility

in, and outside of the task. This is interesting because, in the rat, theta oscillations

are strongly associated with locomotion, and the few short bouts of theta during

immobility tend to be associated with aversive stimuli. These bouts of theta during

immobility are referred to as Type II theta, and are abolished by the administration

of cholinergic-muscarinic blockers such as atropine (Kramis et al., 1975; Robinson

and Vanderwolf, 1978; Lai-Wo Stan Leung, 1985; Buzsáki et al., 1986). This then

gives rise to the question of whether the oscillatory activity seen during immobility

in the ferret has the same properties as Type II theta in the rat.

The current chapter details the development and implementation of the ad-

ministration of atropine in the ferret during task performance while simultaneously

recording theta activity in the hippocampal formation.
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7.2 Adminstering atropine in behaving ferrets

Atropine sulphate has been used to abolish Type II theta in the rat (Kramis

et al., 1975; Robinson and Vanderwolf, 1978; Lai-Wo Stan Leung, 1985; Buzsáki

et al., 1986), rabbit (Kramis et al., 1975), guinea pig (Sainsbury and Montoya, 1984)

and cat (Olmstead and Villablanca, 1977). However, no protocol was found for the

administration of atropine to investigate the effects on neural signals in the hip-

pocampus of the ferret. Therefore, a protocol was developed based on the previ-

ous literature and with consultation of a veterinarian. The most common route of

atropine delivery in the literature was intra-peritoneal (I.P.) injection of atropine sul-

phate. The dose of atropine given in previous studies to rat and guinea pigs was

relatively high (25-50 mg/kg) compared to the pre-anaesthetic dose given to ferrets

prior to surgery (∼ 0.05 mg/kg). Cats received a dose of 1mg/kg (Olmstead and Vil-

lablanca, 1977) and as carnivorans, are phylogenetically closer to ferrets than rats.

Therefore, a gradually increasing dose of I.P. atropine sulphate from 0.05 mg/kg

to 1mg/kg was administered to the ferrets over the course of several weeks. The

impact of atropine administration at each dose on the animals’ general behaviour

was monitored, both within and outside of behavioural testing, using a specifically

developed score sheet (see Appendix 9.5). A dose of 0.6 mg/kg was found to be

effective in manipulating neural activity in the ferret hippocampus.

For behavioural testing following the administration of atropine, it was neces-

sary to modify the localisation task with removal of visual stimuli and a reduction of

the background illumination level in the testing chamber. Light levels were lowered

as atropine is known to cause dilation of pupils, therefore animals may have be-

come abnormally light sensitive. The length of time the animal had to hold its head

in place at the centre spout to trigger a trial was also reduced to make trial initiation

easier.

Ferrets F1 and F4 received I.P. injections of atropine sulphate as described

above. At high doses, atropine had a large effect on the animal’s general movement

causing lethargy and ataxia, which meant that the ferrets performed very few trials
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in the behavioural task. However, it was possible to study the effects of atropine

on theta oscillations in both the cell layer and the dentate gyrus during locomotion,

and obtain some preliminary data on the effects of atropine on theta in the dentate

gyrus in the context of the sensory attention task.

7.3 Results

7.3.1 Effects of atropine on theta activity in relation to locomo-

tion

To test whether oscillatory activity seen during immobility in the ferret has

the same properties as Type II theta in the rat with respect to its pharmacological

dependence on cholinergic transmission, ferrets were treated with atropine prior

to testing in the modified behavioural task. The effects of atropine on theta were

analysed in relation to changes in locomotion in periods outside of the trial structure.

In both transitions from moving to immobility (“Stop transitions”) and from

immobility to moving (“Go transitions”; see Chapter 5.2.2 for definitions), theta os-

cillations were selectively abolished within periods of immobility, but not movement,

following atropine administration (Figure 7.1 A, C). The abolition of theta oscilla-

tions during immobility was not seen in the cases when animals were not treated

with atropine (Figure 7.1 B,D). This suggests that theta during immobility was re-

lated to atropine treatment, and therefore dependent on cholinergic transmission, in

a manner consistent with the properties of Type II theta observed in the rat.

The effects of atropine on theta oscillations during immobility were tested

across all speed transitions in three implants (two within the cell layer in F1 R and

F4 L, and one in the dentate gyrus F4 LDG). As previously mentioned, the admin-

istration of atropine had a large impact on the general behaviour of the animal.

Furthermore, it has previously been reported that atropine also has an effect on

Type I theta oscillations (i.e. those that occur during locomotion), including a re-

254



Figure 7.1: Theta activity on individual Stop and Go transitions with and without atropine (A)

Head speed of ferret F1 R over the course of a single Stop transition (top), corresponding

LFP trace (1-300 Hz; middle) and spectrogram (2-14 Hz, bottom) following the administra-

tion of atropine. (B) Speed, LFP and spectrogram on a Stop transition when the animal

was not given any pharmacological manipulations. (C) Speed, LFP and spectrogram on

a Go transition following the administration of atropine. (D) Speed, LFP and spectrogram

on a Go transition when the animal was not given any pharmacological manipulations. All

spectrograms share the same colour scale.
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duction in power (Buzsáki et al., 1986). To consider the effects of atropine both

during Type I and Type II theta in movement and immobility respectively, the speed,

acceleration and power of theta were compared in pre and post windows across all

Stop transitions when the animals were treated with atropine, or in a no-drug control

condition.

The impact of atropine on the locomotion of the ferrets can be seen in the

speed traces, where animals tended to move more slowly following the administra-

tion of atropine in comparison to the no drug condition (Figure 7.2 A,D). However,

the acceleration at the point of transition were similar across atropine and no-drug

conditions (Figure 7.2 B,E), suggesting that the nature of transitions was compara-

ble i.e. stopping behaviour itself didn’t change. Theta power decreased over the

course of the Stop transitions when atropine was administered (Figure 7.2 C). No

clear decrease in power was evident in the Stop transitions in the no-drug control

condition (Figure 7.2 F). This comparison incorporated data from both the cell layer

(F1 R and F4 L) and dentate gyrus (F4 LDG); the effects of which can be seen when

comparing power in the pre-Stop window (-1.5 to -0.5 seconds prior to transition;

Figure 7.2 G). Both in the pre-Stop window and more generally, theta power was

higher in the dentate gyrus (markers in Figure 7.2 G-P with grey edges) than in the

cell layer. However, the effects of atropine were not visibly dependent on recording

location.

In the pre-Stop window across transitions, there was no consistent effect of

atropine on theta power (Figure 7.2 G). In contrast, there was consistently lower

power in the post-Stop window when animals were treated with atropine, compared

to the no-drug condition (Figure 7.2 H). A pairwise comparison of mean theta power

within each window was performed across matched pre- and post-Stop transitions;

in all implants, the reduction in theta power from pre- to post-Stop window was

greater when animals had been treated with atropine than in the no-drug condition

(Figure 7.2 I-K).

There was no consistent difference atropine and no-drug conditions in the

variability of theta power in the pre-Stop window (Figure 7.2 L); however in the post-
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Figure 7.2: Effects of atropine on theta power across Stop transitions (A,B) Mean speed

(A) and acceleration (B) averaged over all detected Stop transitions, plotted for each fer-

ret implant individually following the administration of atropine. Grey shaded area indicates

“pre” and “post” windows used in pairwise comparisons. (C) Mean instantaneous power

averaged across Stop transitions (n transitions +A = 515, -A = 778). Mean and standard

deviation shown by line and shaded area. (D-E) Speed, acceleration and power over all

detected Stop transitions in the no-drug control condition. (G) Mean power in the pre-Stop

window for each implant with or without atropine administration. Each marker represents

an individual transition. Box plots show median and interquartile range. Right inset shows

median for each implant in each drug condition. (H) Mean power in the post-Stop window

for each implant with or without atropine administration. (I,J) Pairwise comparisons of in-

stantaneous power with (I) and without (J) the administration of atropine. Scatter plots show

individual transitions with mean values indicated by black or grey edged markers.
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Figure 7.2: (K) Pairwise difference in power for each ferret with and without atropine (n

transitions +A: F1 R n = 177, F4 L n = 46, F4 LDG n = 292; -A: F1 R n = 168, F4 L n

= 287, F4 LDG n = 323) . Scatter plots show individual transitions with box plots showing

the median and interquartile range. Right inset shows the medians plotted for each drug

condition. (L) Mean power variance calculated in the pre-Stop window for each implant with

or without atropine administration. Right inset shows median variance for each implant in

each drug condition. (M) Mean power variance in the post-Stop window for each implant

with or without atropine administration. (N,O) Pairwise comparisons of power variance with

(N) and without (O) the administration of atropine. Scatter plots show individual transitions

with mean values indicated by black or grey edged markers. (P) Pairwise difference in power

variance for each ferret with and without atropine. Right inset shows the medians plotted for

each drug condition.
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Stop window, there was an increase in variance of theta power with administration

of atropine for all implants (Figure 7.2 M). Pairwise comparisons of variance be-

tween pre- and post-Stop windows showed an atropine-related increase that was

not present in the no-drug condition (Figure 7.2 N-P).

The frequency in the pre-Stop period tended to be lower for each implant

in the atropine condition than when animals were untreated (Figure 7.3 C,F). The

lower theta frequency during atropine treatment was consistent across implants

when considering the mean instantaneous frequency over all pre-Stop windows

(Figure 7.3 G). Although the trends in theta frequency change with atropine were

clearly evident, statistical comparisons in this case were underpowered by the small

sample size and thus not possible (minimum p value = 0.25, sign rank test). In

contrast, mean theta frequency in the post-Stop period was more closely matched

in the atropine and no-drug conditions (Figure 7.3 H). When the change in theta

frequency was compared between pre- and post-Stop windows for each transition,

movement related drop in theta frequency (also reported in Chapter 5) was smaller

for the atropine condition than no-drug condition (Figure 7.3 I-K). This effect was

largely driven by the effects of atropine in the pre-Stop window.

The variance in theta frequency calculated in the pre-Stop window, i.e. when

the animals were moving, across transitions was found to be similar for both the

atropine and no-drug conditions (Figure 7.3 L). In contrast, variance in theta fre-

quency in the post-Stop windows was greater during atropine administration than

without atropine (Figure 7.3 M). The pairwise comparison of frequency variance

between pre- and post-Stop transitions showed that variance was greater in the

post-Stop than pre-Stop windows, i.e. when the animal was immobile when com-

pared to moving, following treatment with atropine (Figure 7.3 N,P). In contrast, little

change in variance between pre and post windows were observed in the no-drug

condition (Figure 7.3 O,P).

Increased variance of theta frequency and power, coupled with the decrease

in theta power with cessation of locomotion in Stop transitions is consistent with the

hypothesis that atropine selectively abolished Type II theta in ferrets. These findings
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Figure 7.3: Effects of atropine on theta frequency across Stop transitions (A,B) Mean speed

(A) and acceleration (B) averaged over all detected Stop transitions, plotted for each ferret

implant individually following the administration of atropine (n transitions +A = 515, -A =

778). Grey shaded area indicates “pre” and “post” windows used in pairwise comparisons.

(C) Mean instantaneous frequency averaged across Stop transitions. Mean and standard

deviation shown by line and shaded area. (D-E) Speed, acceleration and frequency over

all detected Stop transitions in the no-drug control condition. (G) Mean frequency in the

pre-Stop window for each implant with or without atropine administration. Each marker rep-

resents an individual transition. Box plots show median and interquartile range. Right inset

shows median for each implant in each drug condition. (H) Mean frequency in the post-Stop

window for each implant with or without atropine administration. (I,J) Pairwise comparisons

of instantaneous frequency with (I) and without (J) the administration of atropine. Scatter

plots show individual transitions with mean values indicated by black or grey edged markers.
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Figure 7.3: (K) Pairwise difference in frequency for each ferret with and without atropine (n

transitions +A: F1 R n = 177, F4 L n = 46, F4 LDG n = 292; -A: F1 R n = 168, F4 L n = 287,

F4 LDG n = 323). Scatter plots show individual transitions with box plots showing the median

and interquartile range. Right inset shows the medians plotted for each drug condition. (L)

Mean frequency variance calculated in the pre-Stop window for each implant with or without

atropine administration. Right inset shows median variance for each implant in each drug

condition. (M) Mean frequency variance in the post-Stop window for each implant with or

without atropine administration. (N,O) Pairwise comparisons of frequency variance with (N)

and without (O) the administration of atropine. Scatter plots show individual transitions with

mean values indicated by black or grey edged markers. (P) Pairwise difference in frequency

variance for each ferret with and without atropine. Right inset shows the medians plotted for

each drug condition.
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indicate that Type II theta may be selectively manipulated by administration of at-

ropine and so these manipulations were analysed in the context of the behavioural

trial.

7.3.2 Effects of atropine on theta activity during the behavioural

task

Figures 7.4 and 7.5 show examples of single trial theta activity recorded in

the dentate gyrus following the I.P. administration of 0.6 mg/kg atropine or saline

placebo in ferret F4 LDG. Figures 7.4 A and 7.5 A show the head speed of the animal

over the course of the trials; at the beginning of the trial, the speed decreased as the

animal approached the centre spout and remained relatively still whilst maintaining

contact with the initiation sensor between the hold start and the stimulus onset. The

animal then made a behavioural response as indicated by the peak in the speed

trajectory. The corresponding LFP traces showed robust theta oscillations during

locomotion before the hold start and after the stimulus onset in both trials with and

without atropine (Figure 7.4 B and 7.5 B). However, in the single trial example in

which atropine was administered, theta oscillations were absent when the animal

was immobile, during the hold time and following the response (Figure 7.4 B,C).

The atropine-related absence of theta during immobility was not seen in the saline

control; instead, robust oscillatory activity was observed throughout the course of

the trial (Figure 7.5 B,C)

Although the effects of atropine on Type II theta during the behavioural trial

were consistent with findings observed in locomotor transitions shown above, ani-

mals performed very few trials in these conditions. The individual trial result thus

provide a proof of principle for future studies of the role of Type II theta in sensory

attention tasks, although these may benefit from more selective routes for delivery

of atropine than the systemic approach used here.
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Figure 7.4: Example of single trial theta activity following atropine administration. (A) Head

speed of ferret F4 LDG over the course of a single trial. Red dashed lines indicate trial

landmarks. (B) LFP trace recorded in the dentate gyrus, filtered between 1-300 Hz. (C)

Spectrogram calculated between 2-14 Hz of the LFP trace shown in (B), normalised to

maximum power.
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Figure 7.5: Example of single trial theta activity following administration of saline placebo

control. (A) Head speed of ferret F4 LDG over the course of a single trial. Red dashed lines

indicate trial landmarks. (B) LFP trace recorded in the dentate gyrus, filtered between 1-300

Hz. (C) Spectrogram calculated between 2-14 Hz of the LFP trace shown in (B), normalised

to maximum power.
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7.4 Discussion

In this chapter, a protocol for delivery of atropine to ferrets was successfully

developed in which 0.6 mg/kg was identified as a sufficiently high dose to clearly

attenuate theta oscillations during periods of immobility. During periods of this at-

tenuation, the LFP showed no evidence of robust low-frequency oscillatory activity

as observed in control conditions. Instead, the LFP showed irregular activity which

was more variable in frequency and power than theta oscillations in the control con-

dition as well as theta oscillations during locomotion. The increase in variability of

frequency and power was reminiscent of LIA in the rat (see Figures 5.11 & 5.12).

Although the atropine administration was successful in disrupting theta activ-

ity, there were strong impairments in the animals’ general movement. Several loco-

motor effects of systemic delivery of atropine through the intra-peritoneal (I.P.) route

were observed including ataxia and drowsiness. These effects were not constant

and the animals acclimatised to the locomotor effects of the drug across sessions.

Despite this acclimatisation, the disruption of theta by atropine did not vary across

time.

In the future, to avoid initial effects of atropine on movement, improvements to

the technique could be made. Atropine could be delivered intracranially via chron-

ically implanted canulae. Alternatively, optogenetics or chemogenetics could be

used to disrupt cholinergic modulatory systems, or in the case of optogenetics, pro-

vide temporally specific disruption of hippocampal theta activity during particular

periods of the task.

Although animals with atropine were not able to perform the same number of

trials as a normal animal, it was possible for a small number of trials to be performed.

Within these trials, the animal successfully localised sounds (data not shown), sug-

gesting that Type II theta may not be necessary for this behaviour. This indicates

that future improvements need to be made to identify Type II dependent behaviours,

if they exist. These adjustments might include tasks in which the animal must wait
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at the centre spout until after the stimulus has been presented. Additionally, more

traditionally hippocampal tasks such as navigation or memory related behaviours

could be investigated.
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Chapter 8

Discussion

8.1 Ferret as a new model species

This thesis has introduced the ferret as a new model species for the study

of hippocampal theta oscillations and examined these specifically within the context

of the active sensation hypothesis. This interpretation of the role of hippocampal

theta has arisen from comparative studies across species, which found differences

in the behavioural correlates of theta oscillations (Ulanovsky and Moss, 2007; Las

and Ulanovsky, 2014). In the rat, which is the dominant model species for the study

of the hippocampal formation, theta oscillations are closely coupled with periods of

locomotion (Vanderwolf, 1969; Winson, 1974). However, a recent study in the bat

showed that theta oscillations were closely coupled with echolocation (Ulanovsky

and Moss, 2007). Earlier works in the cat (Grastyán et al., 1959; Brown, 1968a;

Whishaw and Vanderwolf, 1973), rabbit (Green and Arduini, 1954; Harper, 1971;

Kramis et al., 1975) and dog (Arnolds et al., 1979c,a,b) showed that theta oscilla-

tions occur during locomotion but are also much more prevalent during immobility

than is usually observed in the rat. In the case of the rabbit and the dog, theta dur-

ing immobility was evoked by presentation of a stimulus, and in the cat was linked

to visual attention. The active sensation hypothesis posits that theta oscillations

are associated with periods when animals are actively sensing the environment

and could account for the observations seen across species (Las and Ulanovsky,

2014). For example, in the rat, while the animal is moving, it is also whisking and

thus actively sensing its environment. To investigate the active sensation hypothe-

sis of theta, ferrets and rats were trained on comparable behavioural tasks designed
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to create controlled periods of sensory attention and LFP recordings were obtained

from the hippocampal formation.

Hippocampal theta in the ferret was identified and characterised through

comparison with the rat. It was found that theta oscillations have a lower frequency

in the ferret (3-7 Hz) than was found in the rat. The speed at which the animal

moved was the strongest behavioural association found for theta in both species.

While there were differences found in the relationship between speed and theta

frequency between the rat and the ferret, there were no clear effects of task pa-

rameters on theta power or frequency. The only exception to this was one animal,

F4 L, for whom there was evidence that task difficulty had an effect on theta power

while the animal was attending and waiting for stimulus presentation. Modifications

to task design may help further explore theta oscillations. By training animals to re-

main at the centre initiation spout it may be easier to remove the confound of speed

from any task related changes in theta activity.

The active sensation hypothesis does not currently differentiate between the

two proposed types of theta: Type I and Type II theta. The earlier work that allows

comparisons across species as indicates that Type II theta was often linked to sen-

sory attention and thus may have a unique role in active sensation. In the rat, Type

II theta is relatively rare (Vanderwolf, 1969), and in the bat theta was not observed

during locomotion (Ulanovsky and Moss, 2007). In the ferret, both Type I and Type II

theta were shown in abundance within a specific behavioural context. Furthermore,

Type II theta could be pharmacologically manipulated. This suggests that the ferret

may be a good model in which to interrogate the role of both Type I and Type II theta

in the context of the active sensation hypothesis.

One notable difference between ferret and rat was that throughout all of

the recordings from the ferret hippocampus so far analysed, no sharp wave rip-

ple events were identified. This may be due to the behavioural context in which

the recordings took place, i.e. active engagement in a behavioural task. Task en-

gagement may have biased the LFP in ferrets to enter into a persistent theta state,

in which theta oscillations were the dominant activity pattern during both locomo-
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tion and immobility. Sharp wave ripples typically occur during large irregular ac-

tivity (LIA) in the rat, and the theta state has been proposed to be antagonistic to

the generation of sharp wave ripple events. Within this antagonistic relationship,

theta oscillations reflect the periodic release from a state of high inhibition whereas

sharp wave ripple events are thought to represent rapid disinhibition of the network

(O’Keefe, 2007). If this mode of hippocampal dynamics is correct, the abundance

of theta in ferrets would also explain why ripples were so hard to identify.

Ferrets are a valuable addition to the repertoire of model species in hip-

pocampal research. Their ability to navigate over large home ranges has been

shown in feral ferret colonies (Norbury et al. 1998; Young 1998). Personal experi-

ence with them has demonstrated their proclivity for exploration; the verb “to ferret”

aptly means “to industriously search”. Ferrets also display prey tracking behaviours-

as obligate carnivores, ferrets rely on hunting prey to survive- which can be evoked

in a laboratory setting (Apfelbach and Wester, 1977). It will be interesting to explore

the contribution of the hippocampal formation to these natural behaviours. The fer-

ret is in the order Carnivora, a phylogenetic branch distinct from the rodent, and

thus these investigations may provide valuable insight into conserved functions of

the hippocampal formation. Moreover, ferrets are easily trained in behavioural tasks

and neural recording methods in the freely moving animal are well developed.

8.2 Avenues for future research

Oscillatory/LFP

In addition to theta oscillatory activity, it has also been reported that a second,

transient oscillation at double the frequency of theta can occur in the rat (Lansink

et al., 2016). This activity was attributed to the beta range (20-30 Hz) because the

corresponding theta activity occurred at ∼ 10 Hz. However, similar bouts of os-

cillatory activity at twice the frequency of theta were observed in the ferret, during

periods of behavioural response (data not shown). Such activity (∼ 10-12 Hz) would
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not traditionally be attributed to the beta frequency range, however it may reflect a

similar phenomenon to the beta oscillation in the rat. If theta is gating or temporally

organising activity in the hippocampal formation, then perhaps this co-occurring os-

cillation represents a dynamic mechanism serving to double the current sample rate

of the network. The frequency of this secondary oscillation would thus scale with the

frequency of theta, and for different species could present within different frequency

ranges. In future, it may thus be fruitful to explore the specific behavioural circum-

stances in which this doubling of theta frequency can be replicated systematically

and thus better understood.

A transient oscillation that occurs at double the frequency of theta may help

to clarify the current debate in the literature about the frequency of human hip-

pocampal theta. Numerous studies have reported theta to occur between 1-4 Hz in

the human hippocampus (Watrous et al., 2011; Buzsáki et al., 2013), which, along

with the current work, is consistent with the theory that theta frequency decreases

as brain size increases (Buzsáki et al., 2013). However, a recent study reported an

∼ 8 Hz theta rhythm in freely moving humans and suggested that the behavioural

conditions of the previous human work (i.e. in virtual reality) may have resulted in

the observation of lower-frequency theta (Bohbot et al., 2017). It may be the 8 Hz

rhythm reflects an oscillation that is a doubling of a 4 Hz theta oscillation and thus

further enquiry into the issue in the future is warranted.

Single unit recording

Single unit recording in the ferret hippocampus will be interesting for a num-

ber of reasons. Looking at the encoding of space in an animal that relies more

on distal senses, i.e. vision and audition, but shares ethological similarities with

the rat, will provide an important contribution to our understanding of compara-

tive physiology. In the primate, it has been reported that a number of cells in the

hippocampus encode where an animal is looking rather than its current location
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(Georges-François et al., 1999). These “spatial view cells” have only been found

in the primate hippocampus and may be a result of the visual dominance of sen-

sory information coming into the hippocampus. Single unit recordings in the context

of the behavioural task will allow us to interrogate whether the location of distal

sensory information is encoded in the hippocampal representation of space in the

ferret. Furthermore, it would be interesting to look at the activity of cells during im-

mobility. When a rat is moving, and thus theta oscillations are present, cells fire

with a specific phase relationship to the theta oscillation; similar phase related firing

during Type II theta in the ferret could be explored, along with other phase-related

phenomena such as phase procession.

Recently, it was found that a subset of principal cells in the rat hippocam-

pus encoded the current location during immobility and occurred during a newly

described hippocampal-wide LFP event (Kay et al., 2016). It would be interesting to

test if the encoding of place during immobility is similiar in the ferret to the rat. Phe-

nomena in the rat that are observable during periods of immobility are most likely to

occur during LIA. In the ferret, the high abundance of Type II theta may mean that

these phenomena are difficult to observe, or present in a species-specific manner.

Single unit recordings from the ferret hippocampus could be used to investi-

gate whether the encoding of place in a stationary animal and sharp wave ripples

(and their associated reactivation events in principal cells) can be observed in a

comparable way in the ferret as they have been in the rat. Preliminary single unit

recordings from the ferret hippocampus have already been made from animal F4

and further single unit recordings are planned. To maximize the chance of observ-

ing ripples, it is necessary to record single unit both in the context of the behavioural

task and during sleep. Both sharp wave ripples and encoding of place in a station-

ary animal have also been found in the sleeping rat. Therefore, single unit record-

ings during sleep may provide an optimal behavioural context to investigate these

phenomena in the ferret.
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Lateralisation

There is evidence in humans of lateralisation of function in the hippocampus

(Miller et al., 2018) that is also supported by results in the rat (Klur et al., 2009).

Ferrets may be a good model in which to further address lateralisation of function

as they can perform more complex behavioural tasks than rats, and such tasks may

be more effective in revealing functional asymmetries between hemispheres. In the

current work this was not explored but it would be a good avenue for further study.

8.3 Oscillations: Function vs Epiphenomena

The question of whether oscillations in the brain are truly functional or epiphe-

nomena may be largely influenced by ones definition of an oscillation, or indeed

ones definition of functional. Functional to the neuroscientist could mean providing

relevant insight into the network state or processes occurring in the brain. Or truly

functional could be defined as the extracellular electric field having an impact on

neuronal activity in some way that contributes to the behaviour of the organism.

Oscillatory activity that is purely defined as the power within a given fre-

quency range is difficult to interpret, and thus provides little insight into the network

being interrogated. In the case where one defines an oscillation as the rhythmic ac-

tivity of a neuronal network, then measuring the oscillation in the LFP would indeed

be considered functional to the neuroscientist. For example, in the case of hip-

pocampal theta in the rat, numerous studies have identified rhythmic activity in the

septo-hippocampal loop that underlies theta. Other work has detailed mechanisms

that occur in a theta state, e.g. phase precession (O’Keefe and Recce, 1993), theta

sequences (Foster and Wilson, 2007) and discretisation of information (Jezek et al.,

2011), and thus shown that measuring theta oscillations in the LFP can give mean-

ingful insight into the state of the network. Experimental evidence and simulations

have also found that the large amplitude of theta oscillations in the extracellular field

may have an impact on neuronal activity and thus a “truly” functional role in the
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hippocampus (Jefferys, 1995; Anastassiou et al., 2010; Fröhlich and McCormick,

2010).

Another way to identify functional oscillatory activity is to undertake cross

species comparisons. By observing conserved properties and also those that are

specific to particular species or groups of species, e.g. the frequency of theta os-

cillations, one can identify meaningful properties of oscillations in the brain. The

current work can be added to a body of comparative literature that will help eluci-

date the conserved properties of theta across species, which may provide further

insight into the functional role of theta oscillations in the hippocampus.

In my opinion, LFP oscillations that reflect rhythmic network activity are mean-

ingful signals that illuminate functional neural processes. Therefore, I believe that

the rhythmic network activity of the hippocampal formation, observed as the theta

oscillation, does have a functional purpose in the rat. Whether that holds true across

species will require many more studies, although the abundance of theta oscillations

in the ferret suggests that this activity pattern reflects the dominant network state,

and thus likely a functional role.
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Chapter 9

Appendices

9.1 PSD model fit and clustering supplementary fig-

ures

PSD peak fitting and clustering for ferret F1 L (Figure 9.1), F1 R (Figure 9.2) and

F3 R (Figure 9.3).
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Figure 9.1: Quantification of oscillatory peaks for ferret F2 L, in which the electrode was

located outside of the hippocampal formation. (A) Example model fit of the PSD for channel

11. (B) Spectral peaks extracted from the flattened spectrum, shown individually (black),

and together as the peak fit (red). (C) Peak fit across all channels and quality of model fit

shown by R2. (D) Clustering of extracted peaks. Coloured markers indicate successfully

extracted clusters. Grey markers are unclustered peaks.
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Figure 9.2: Quantification of oscillatory peaks for ferret F2 L, in which the electrode was

located outside of the hippocampal formation. (A) Example model fit of the PSD for channel

11. (B) Spectral peaks extracted from the flattened spectrum, shown individually (black),

and together as the peak fit (red). (C) Peak fit across all channels and quality of model fit

shown by R2. (D) Clustering of extracted peaks. Coloured markers indicate successfully

extracted clusters. Grey markers are unclustered peaks.
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Figure 9.3: Quantification of oscillatory peaks for ferret F2 L, in which the electrode was

located outside of the hippocampal formation. (A) Example model fit of the PSD for channel

11. (B) Spectral peaks extracted from the flattened spectrum, shown individually (black),

and together as the peak fit (red). (C) Peak fit across all channels and quality of model fit

shown by R2. (D) Clustering of extracted peaks. Coloured markers indicate successfully

extracted clusters. Grey markers are unclustered peaks.
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9.2 Ripple detection supplementary figures

Ripple detection for ferret implants F1 L (Figure 9.4), F2 R (Figure 9.5) and F2 L

(Figure 9.6).

This appendix also includes the results from the ripple detection alogrithm

run with a wider detection filter (80-300 Hz) for each ferret implant.

280



Figure 9.4: Ripple detection in F1 L. (A) Example LFP of detected event. (B) Detection

channel vs. event channel matrix showing number of detected events across all sessions.

(C) Histogram of detected events for each event channel. (D) Power profile of all events

detected on channel 10. Orange lines indicate all individual examples. Black line indicates

median power across all events. (E) Histogram of event duration. (F) Histogram of head

speed during each detected event. (G) Median event-triggered spectrogram of LFP from

channel 10.
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Figure 9.5: Ripple detection in F1 R.(A) Example LFP of detected event. (B) Detection

channel vs. event channel matrix showing number of detected events across all sessions.

(C) Histogram of detected events for each event channel. (D) Power profile of all events

detected on channel 2. Orange lines indicate all individual examples. Black line indicates

median power across all events. (E) Histogram of event duration. (F) Histogram of head

speed during each detected event. (G) Median event-triggered spectrogram of LFP from

channel 2.

282



Figure 9.6: Ripple detection in F2 L. (A) Example LFP of detected event. (B) Detection

channel vs. event channel matrix showing number of detected events across all sessions.

(C) Histogram of detected events for each event channel. (D) Power profile of all events

detected on channel 13. Orange lines indicate all individual examples. Black line indicates

median power across all events. (E) Histogram of event duration. (F) Histogram of head

speed during each detected event. (G) Median event-triggered spectrogram of LFP from

channel 13.
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Figure 9.7: Ripple detection using 80-300 Hz detection filter in F1 L. (A) Example LFP of

detected event. (B) Detection channel vs. event channel matrix showing number of detected

events across all sessions. (C) Histogram of detected events for each event channel. (D)

Power profile of all events detected on channel 13. Orange lines indicate all individual

examples. Black line indicates median power across all events. (E) Histogram of event

duration. (F) Histogram of head speed during each detected event. (G) Median event-

triggered spectrogram of LFP from channel 13.
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Figure 9.8: Ripple detection using 80-300 Hz detection filter in F1 R. (A) Example LFP of

detected event. (B) Detection channel vs. event channel matrix showing number of detected

events across all sessions. (C) Histogram of detected events for each event channel. (D)

Power profile of all events detected on channel 13. Orange lines indicate all individual

examples. Black line indicates median power across all events. (E) Histogram of event

duration. (F) Histogram of head speed during each detected event. (G) Median event-

triggered spectrogram of LFP from channel 13.
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Figure 9.9: Ripple detection using 80-300 Hz detection filter in F2 L. (A) Example LFP of

detected event. (B) Detection channel vs. event channel matrix showing number of detected

events across all sessions. (C) Histogram of detected events for each event channel. (D)

Power profile of all events detected on channel 13. Orange lines indicate all individual

examples. Black line indicates median power across all events. (E) Histogram of event

duration. (F) Histogram of head speed during each detected event. (G) Median event-

triggered spectrogram of LFP from channel 13.
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Figure 9.10: Ripple detection using 80-300 Hz detection filter in F3 L. (A) Example LFP

of detected event. (B) Detection channel vs. event channel matrix showing number of de-

tected events across all sessions. (C) Histogram of detected events for each event channel.

(D) Power profile of all events detected on channe 18. Orange lines indicate all individual

examples. Black line indicates median power across all events. (E) Histogram of event dura-

tion. (F) Histogram of head speed during each detected event. (G) Median event-triggered

spectrogram of LFP from channel 18.
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Figure 9.11: Ripple detection using 80-300 Hz detection filter in F3 R (A) Example LFP of

detected event. (B) Detection channel vs. event channel matrix showing number of detected

events across all sessions. (C) Histogram of detected events for each event channel. (D)

Power profile of all events detected on channel 21. Orange lines indicate all individual

examples. Black line indicates median power across all events. (E) Histogram of event

duration. (F) Histogram of head speed during each detected event. (G) Median event-

triggered spectrogram of LFP from channel 21.
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9.3 Statistical comparison between easy and hard tri-

als

Animal Modality Manipulation Estimate Chi2 p

R1 A Duration -0.77 5.3 0.03

R1 A SNR -1.55 31.8 4.4 x 10-7

R1 V Duration -2.40 50.7 4.0 x 10-8

R1 V SNR -0.32 0.94 0.33

R2 V Duration -2.72 428 1.7 x 10-55

R2 V SNR -1.46 99.7 1.0 x 10-19

R3 A Duration -2.51 21.4 7.1 x 10-4

R3 A SNR -2.62 23.5 4.2 x 10-4

R3 V Duration -0.94 1.37 0.27

R3 V SNR 0.30 0.15 0.70

Table 9.1: Statistical comparison between easy and hard trials for the rat using logistic

regression.
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Animal Modality Manipulation Estimate Chi2 p

F1 A Duration -2.46 128 6.1 x 10-18

F1 A SNR -3.84 196 1.1 x 10-16

F1 V Duration -3.17 255 5.7 x 10-29

F1 V SNR -2.36 140 3.2 x 10-22

F2 A Duration -0.92 12.6 5.6 x 10-4

F2 A SNR -0.47 5.51 0.02

F2 V Duration -1.56 23.6 8.3 x 10-6

F2 V SNR -1.90 24.0 1.0 x 10-5

F3 A Duration -0.93 15.6 3.0 x 10-5

F3 A SNR -0.91 12.0 8.0 x 10-4

F3 V Duration -1.94 61.8 1.1 x 10-11

F3 V SNR -2.04 59.7 1.6 x 10-11

F4 A Duration -1.07 67.0 1.3 x 10-15

F4 A SNR -1.25 78.0 7.5 x 10-18

F4 V Duration -1.89 78.8 2.7 x 10-16

F4 V SNR -0.98 41.4 3.9 x 10-10

Table 9.2: Statistical comparison between easy and hard trials for the ferret using logistic

regression.
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9.4 Comparison of theta activity during easy and hard

trials in F3 L

Figure 9.12: Comparison of theta activity during easy and hard trials in the ferret (F3 L).

(A) Mean instantaneous theta frequency averaged over all easy (orange) and hard (black)

trials for each condition, split by modality and stimulus manipulation. Data are triggered to

stimulus onset, with mean and standard error shown as line and shaded area. Red dashed

line indicates stimulus onset. Legend details number of trials and percent correct for each

condition. (B,C) Mean z-scored theta power (B) and speed (C) for same trials as in (A). *

indicate p < 0.001 (permutation test)
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9.5 Atropine Score Sheet

For the administration of atropine in the ferret, a protocol was developed. The fol-

lowing score sheet was used to monitor the effects of atropine on the general be-

havioural state of the animal.

Figure 9.13: Score sheet developed for atropine administration in the ferret. (Continued on

the following page.)

292



293



Chapter 10

References

Ahmed, O. J. and M. R. Mehta

2012. Running Speed Alters the Frequency of Hippocampal Gamma Oscillations.

Journal of Neuroscience, 32(21):7373–7383.

Alkondon, M. and E. X. Albuquerque

2001. Nicotinic acetylcholine receptor a7 and a4b2 subtypes differentially con-

trol GABAergic input to CA1 neurons in rat hippocampus. J. Neurophysiol.,

86(6):3043–3055.

Alonso, A., A. Khateb, P. Fort, B. E. Jones, and M. Mühlethaler

1996. Differential oscillatory properties of cholinergic and non-cholinergic nucleus

basalis neurons in guinea pig brain slice. European Journal of Neuroscience,

8(1):169–182.

Alonso, A. and R. R. Llinás

1989. Subthreshold Na+-dependent theta-like rhythmicity in stellate cells of en-

torhinal cortex layer II. Nature, 342(6246):175–177.

Ambrose, R. E., B. E. Pfeiffer, and D. J. Foster

2016. Reverse Replay of Hippocampal Place Cells Is Uniquely Modulated by

Changing Reward. Neuron, 91(5):1124–1136.

Anastassiou, C. A., S. M. Montgomery, M. Barahona, G. Buzsaki, and C. Koch

2010. The Effect of Spatially Inhomogeneous Extracellular Electric Fields on Neu-

rons. Journal of Neuroscience, 30(5):1925–1936.

Andersen, P., R. Morris, D. Amaral, T. Bliss, and J. O’ Keefe

2009. The Hippocampus Book. Oxford university press.

294



Apfelbach, R. and U. Wester

1977. The quantitative effect of visual and tactile stimuli on the prey-catching

behaviour of ferrets (Putorius furo L.). Behavioural Processes, 2(2):187–200.

Arnolds, D. E., F. H. Lopes Da Silva, J. W. Aitink, A. Kamp, and P. Boeijinga
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2003. Hippocampal network patterns of activity in the mouse. Neuroscience,

116(1):201–211.
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1998. Theta oscillations in somata and dendrites of hippocampal pyramidal cells

in vivo: activity-dependent phase-precession of action potentials. Hippocampus,

8(3):244–61.

Kanamori, N.

1985. A spindle-like wave in the cat hippocampus: a novel vigilance level-

dependent electrical activity. Brain Research, 334(1):180–182.

Kaupp, B. and R. Seifert

2001. Molecular Diversity of Pacemaker Ion Channels. Annual Review of Physi-

ology, 63(1):235–257.

Kawada, S.-I., A. Graphodatsky, F. Yang, T. Robinson, P. O’Brien, B. Milne,

M. Ferguson-Smith, P. Perelman, B. Fu, N. Serdukova, N. Vorobieva, and

L. Biltueva

2002. Comparative molecular cytogenetic studies in the order Carnivora: map-

ping chromosomal rearrangements onto the phylogenetic tree. Cytogenetic and

Genome Research, 96(1-4):137–145.

Kay, K., M. Sosa, J. E. Chung, M. P. Karlsson, M. C. Larkin, and L. M. Frank

2016. A hippocampal network for spatial coding during immobility and sleep.

Nature, 531(7593):185–190.

Kelemen, E. and A. A. Fenton

2010. Dynamic grouping of hippocampal neural activity during cognitive control

of two spatial frames. PLoS Biology, 8(6):e1000403.

311



Kemere, C., M. F. Carr, M. P. Karlsson, and L. M. Frank

2013. Rapid and continuous modulation of hippocampal network state during

exploration of new places. PloS one, 8(9):e73114.

Kepecs, A., N. Uchida, and Z. F. Mainen

2007. Rapid and Precise Control of Sniffing During Olfactory Discrimination in

Rats. Journal of Neurophysiology, 98(1):205–213.

Kim, J., S. Delcasso, and I. Lee

2011. Neural Correlates of Object-in-Place Learning in Hippocampus and Pre-

frontal Cortex. Journal of Neuroscience, 31(47):16991–17006.

Kim, S. M., S. Ganguli, and L. M. Frank

2012. Spatial Information Outflow from the Hippocampal Circuit: Distributed Spa-

tial Coding and Phase Precession in the Subiculum. Journal of Neuroscience,

32(34):11539–11558.

King, C.

1990. The Handbook of New Zealand Mammals.

Kjonigsen, L. J., T. B. Leergaard, M. P. Witter, and J. G. Bjaalie

2011. Digital Atlas of Anatomical Subdivisions and Boundaries of the Rat Hip-

pocampal Region. Frontiers in Neuroinformatics, 5:2.

Klur, S., C. Muller, A. P. De Vasconcelos, T. Ballard, J. Lopez, R. Galani, U. Certa,

and J. C. Cassel

2009. Hippocampal-dependent spatial memory functions might be lateralized in

rats: An approach combining gene expression profiling and reversible inactiva-

tion. Hippocampus, 19(9):800–816.
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