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Abstract 

The hippocampus is a neural structure critical for navigation. Neurons in this region, along 

with others, create a functional network which generates large-amplitude modulations known 

as local field potential (LFP) activity. Prior LFP research has predominantly used rodent 

animal models, however recent studies have shown that frequencies associated with 

navigation in other mammals do not correlate to those of the rodent. We hypothesized that 

LFP characteristics in the common marmoset are modulated by the speed and axis of travel 

of the animal. Two marmosets were placed in a free moving 3-dimensional environment 

where movement and neurological activity were recorded. Results showed LFP modulation 

based on movement, including significant changes in power with movement speed and 

vertical motion. We provide evidence of theta bout activity and other non-rodent-like 

characteristics, prompting discussion on the generalization of findings in rodent models such 

as mice and rats to primate navigation.  
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Summary for Lay Audience 

The region of the brain in mammals responsible for navigation is found in the medial 

temporal lobe, known as the hippocampus. Neurons in the hippocampus produce brain waves 

called local field potentials (LFP). These LFPs can be broken down into the different 

frequency oscillations and their relative contribution (power), allowing the analysis of 

specific frequency bands. These LFPs are thought to be linked to neural function as they are 

a product of populations of neurons synchronously firing and are predominantly correlated to 

certain behaviors. The vast majority of prior LFP research has been conducted using rodent 

animal models such as rats and mice, but recent studies have shown that LFPs associated 

with navigation in other mammals (bats, monkeys, humans) do not show the same features as 

the rodent’s LFPs. Here, we looked to analyze the modulation of LFP profiles in the common 

marmoset in a freely moving 3-dimensional environment. The animals had the ability to 

freely move in a plexiglass enclosure while their movement and neural activity recorded was 

in real time. Taking this data, we divided movement into five categories: stationary, 

horizontal-slow, horizontal-fast, vertical-up, and vertical-down. We hypothesized that the 

marmoset’s speed and direction of motion influence features of hippocampal LFPs. Our 

results show that LFP profiles change based on movement speed and direction of travel, 

stationary and vertical movement being on opposite ends of the spectrum in regard to LFP 

frequency power. We also provide evidence that marmosets have similar LFP profiles as 

other primates in the theta frequency band associated with navigation, which is not 

modulated by the speed of movement while in motion. These findings provide further 

evidence of non-rodent-like characteristics exhibited in marmosets, prompting discussion on 

the generalization of findings in rodent models, such as mice and rats, to primate navigation. 
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Chapter 1  

1 Introduction 

The hippocampus (HPC) is a phylogenetically ancient structure within the mammalian 

brain. The HPC formation is found within the medial temporal lobe, comprised of 

multiple regions including the Cornu Ammonis (CA), Entorhinal Cortex (EC), Dentate 

Gyrus (DG) and Subiculum (SB)1. The HPC operates in a complex pathway which 

enables high-order cortical regions to converge to a single network in the CA3. This is 

achieved through inputs entering the HPC via the perforant path from the EC, synapsing 

with the DG then projecting to CA3. CA3 projects via the Shaffer collaterals to CA1, 

which connects to the SB, then the neocortex. One theory of how this complex network 

operates proposes that the hippocampal CA3 system operates as a single attractor or auto 

association network2. This sees the DG perform pattern separation, which through its 

projections to CA3, provides a mechanism for recall cues in the CA3. CA1 then recodes 

information from CA3 to establish associatively learned back projections to the neocortex 

(Figure 1). This process then enables the recall of information back to the neocortex as 

necessary, aka remembering3,4. The method by which the HPC sends signals across its 

various structures are known as ‘spikes’. This term refers to how neurons encode 

information by varying the rate and timing of action potential firing5. Through the 

analysis of spike firing variation, we can define when a structure is preferentially, or 

selectively, firing. This type of firing occurs when specific tissues exhibit an increase in 

activity, or ‘burst’, when a set of conditions in the animal’s environment or its sensory 

reception are met. Within the HPC, preferential firing can be observed during navigation. 

The HPC has become widely known for its active role in navigation and associative 

memory, in both the real and virtual world 6,7. This is thanks to navigation cells. In 1976 

John O’Keefe published on the discovery of HPC cells in the rat that preferentially fired 

depending on the animal’s location in its environment, which he aptly named “place 

cells”8. Since then, additional cells that act as navigational enablers have been 

characterized, such as grid cells which fire at regular intervals as the animal traverses an 
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open environment, and border cells, which fire in response to a boundary at a specific 

distance and direction to the animal9,10. 

As individual neurons are incapable of complex operations alone, it is the functional 

networks of synchronized activity which generate large-amplitude modulations of local 

field potentials (LFPs)11. Neuronal synaptic activity from the dendrites and somata are 

often the most important source of extracellular current flow12, with currents overlapping 

in time to induce a measurable signal, thus enabling LFP recordings13. Within the HPC, 

these signals are mainly attributed to pyramidal cells, the primary excitatory neurons of 

the HPC. There are also the HPC interneurons which synchronize activity across large 

neuronal groups due to their divergent projections14. Notably, within CA1 pyramidal 

neurons and interneurons are densely packed and aligned in parallel. This results in a 

summated current flow and large amplitude signals which are easily detected by LFP 

recordings15.  

In the rat model, place cell spiking has been correlated to theta (4-10 Hz) rhythmicity. A 

phenomenon known as ‘theta phase precession’ occurs when spikes fire at successively 

earlier phases of the theta rhythm (Figure 2). This correlates best with distance travelled 

through the place field, and provides a phase code in addition to rate of fire coding16. This 

relationship between theta oscillations and place cell function is well established in the 

rat model and is further discussed in Chapter 1.2. 
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Figure 1. Block diagram of pathways within the hippocampal formation.  

The hippocampus receives inputs from the neocortex via the perforant pathway to the 

entorhinal cortex for processing via the DG, CA 3, and CA 1. This then feeds into the 

subiculum, enabling back projections to the neocortex3. Array recordings used in this 

thesis are recorded from the CA 1 region of the Common Marmoset (see Figure 4 & 

Table 1).  
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Figure 2. Theta-phase precession of place cell firing in rats. 

Illustration depicting place cell activity as an animal runs down a track16. The spike rate 

of fire correlates to theta oscillations, where spikes (depicted as ticks), fire at successively 

earlier phases of theta rhythm. This results in the theta phase of firing correlating with the 

distance travelled through the field. 

1.1 Frequency Bands 

There are several brain rhythms observed in the non-human primate (NHP) hippocampus,                   

namely delta δ (< 4Hz), theta θ (4-8Hz), alpha α (8-13Hz), beta β (14-30Hz) and gamma 

γ bands (> 30Hz)17. These oscillation frequencies are observed during specific behavioral 

conditions and are generated by different neural regions; thus the common hypothesis is 

that they enable specific functions. Human brain oscillations were first discussed by 

German psychiatrist Hans Berger, and published in 192918. He classified neural 

oscillations as alpha waves, which were disrupted by the subject opening their eyes when 

in a lying relaxed state, or exerting mental effort17. Since then, many studies have 

associated alpha oscillations with processes originating from the occipital cortex and 

visual thalamus19,20, and are believed to play a role in the suppression of 

irrelevant/unattended information21. 

Beta oscillations have been observed in the sensorimotor (parietal) cortex in relation to 

motor function, with increased activity during movement preparation22, tactile forelimb 

exploration23, and isometric contractions24. Beta frequency activity has been observed 
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synchronized between muscle and motor cortical areas25,26, as well as between different 

components of the sensorimotor cortex27,28. Moreover, it has been demonstrated that beta 

oscillations act as a mechanism for binding distributed somatosensory and motor cortical 

areas into a functional network29, providing information to the sensorimotor system to 

control motor output30. This has recently been observed with beta oscillations acting as a 

‘stop’ command during stationary ‘microfalls’, enacting motor control for recovery31. 

Beta rhythms have also been suggested to play a key role in “top-down” tasks between 

the frontal and parietal cortices32, where voluntary attention shifts may use beta 

synchrony to help resolve competition for attentional selection33,34 

The final frequency investigated in this thesis is the theta rhythm. This band was 

discovered in 1938, and its association to memory established in 1972. This association 

was established through the observed correlation between the proportion of theta 

oscillations recorded, and the degree at which rats remembered experienced foot 

shocks35. These rhythms were widely believed to originate from the Medial Septum’s 

(MS) GABAergic pacemaker interneurons36, which provide phase-locked theta rhythms 

to the HPC37. However, this foundation has been challenged by the discovery of theta 

frequency spontaneity of in vitro HPC cells, with results suggesting theta rhythm genesis 

from local interactions between HPC interneurons and pyramidal cells38. As previously 

discussed, these oscillations play a critical role in HPC navigation cells, notably place 

and grid cells. These HPC cells provide positional information for the animal as it 

navigates, demonstrating selective firing depending on its location and thus sequence of 

events of its trajectory39.  

1.2 Animal Models 

Theta oscillations have been demonstrated as critical in rodent navigation synchronizing 

place cell function, with performance impaired by the disruption of theta rhythms40. In 

the rodent model, these oscillations are continuous and act as a travelling wave which 

begins when the rat starts navigating, and ends for foraging or grooming41. In contrast, 

electrophysiological studies in fruit bats have observed the opposite; navigational cell 

activity with little to no theta activity42. In these bat models, theta oscillations were 

recorded in short bouts (rather than continuous), and a lack of place cell modulation 
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during flight 43, and grid cells while crawling42. With these observations, studies have 

suggested different grid-cell coding mechanisms between rats and bats due to the lack of 

theta resonance in the bat44. This difference in theta continuity has also been observed in 

NHP45 and human studies46, where theta rhythms are only observed in short theta bouts 

rather than continuously. This contrast has been hypothesized to be attributed to the 

activity of the animal, where rodent studies are comprised of foraging tasks which are 

natural behaviours with a combination of sensory cues (visual, tactile, olfactory), vs 

primate and human studies which have primarily been artificial activities (including 

virtual) with the sole sensory input being visual47. This theory though is inconsistent with 

the observed lack of theta rhythms in bats during flight (which is their natural movement) 

leading to the question of whether theta rhythms act in bouts or continuously due to 

differences between species, or the experimental task the model was subjected to. 

One animal model which has recently become popular is the common marmoset 

(Callithrix jacchus). This new-world primate has received increased interest and use as a 

research model in neuroscience. This increase in popularity was primarily as a result of 

its potential as a transgenic model48,49, as well as its smooth (lissencephalic) cortex, small 

size, low cost, ease of handling, and high fecundity50. Due to these advantages, the 

marmoset has become known as a model in between the highly studied but evolutionary-

distant rodent, and the closer related rhesus macaque, a model that has been extensively 

used to investigate neural substrates of human behavior and cognitive function51. 

To our knowledge there are currently only two peer-reviewed publications which 

investigate theta rhythms in the common marmoset. Only one, Courellis et al., has 

studied freely moving marmosets moving in their environment52,53. Courellis et al. looked 

to analyze the relationship between theta oscillations and place cell activity in the 

common marmoset during a free moving task on a track. In this study, two marmosets 

were implanted with brush arrays in the anterior HPC, predominantly covering the DG 

and CA3, with some coverage in CA1. The group demonstrated the existence of theta 

bouts during the animals’ movement, in contrast to continuous theta oscillations in the 

rat41, and similar to previous macaque studies suggested that there may be some degree of 

bout-based theta phase coding in NHP HPC function54. They also outlined that theta was 
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not significantly modulated by movement (speed or direction), nor was consistently 

coupled with place cell activity. However, this study restricted the marmoset’s movement 

to a linear track, only allowing movement in a single axis. The authors identify this as a 

means of comparison with rat research (which use a track), but this is a significant 

constraint. This is because marmosets are arboreal creatures, unlike rats, which move in 

all 3 planes as part of their natural movement including climbing, jumping and are 

uncomfortable remaining on the ground. 

This begs the question, what is the observed modulation of LFPs in the marmoset’s HPC 

when permitted to move freely in its environment, including the vertical plane? 

In this thesis we aim to outline the modulation of LFP activity in the freely moving 

marmoset, comparing locomotion factors such as plane of motion and speed, with 

comparisons to the animal at rest for a prolonged period.  
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Figure 3. Hypothesis and predictions. 

1.3 Hypothesis 

In the common marmoset, the velocity and plane of movement modulate local field 

potential characteristics of the hippocampus. 

1.4 Prediction 

Theta rhythms will be seen in bouts and demonstrate greater amplitude during movement 

in comparison to stationary periods. 
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Chapter 2  

2 Methods and Materials 

2.1 Animal Handling & Husbandry 

All experimental procedures were approved by the University of Western Ontario Animal 

Use Subcommittee, University Council on Animal Care in accordance with the Canadian 

Council on Animal Care guidelines, and the Ontario Animals for Research Act. Studies 

were conducted with approved protocol 2020-137 for experimental work (Appendix A). 

Marmosets were housed in colony cages measuring 204 cm x 73 cm x 94 cm. Animals 

selected for recording were partnered with a cage-mate and placed in a separate housing 

cage (2 per cage) to minimize disruption of other marmosets. The relative humidity of the 

colony room was 30% - 70%, and temperatures approximately 24 C°, +/-3 were 

maintained, with a regular diurnal lightning cycle established. Marmosets were provided 

with daily dietary environmental enrichments (e.g., applesauce and acacia gum) during 

weekdays. The room was regularly cleaned by hosing down with lukewarm water, and 

daily removal of debris. Water was available for the animal as desired (ad libitum). Water 

quality was regularly monitored to ensure the absence of infectious or chemical 

contaminants. Standard base diets (Labdiet 5LK7 and 5040) with protein and fruit (e.g., 

boiled egg, shredded chicken, fruits, cereals, and nuts) were provided twice daily with 

food leftovers removed at each feeding. 

Recording sessions were conducted in a separate area outside of their home cage room in 

a designated experimental suite. Transfers were made via a plexiglass transfer box draped 

with opaque cloth concealing the box during movement between locations. 
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2.2 Common Marmoset Data Set 

2.2.1 Subjects 

A total of two (n = 2) common marmosets (Callithrix jacchus) underwent array 

implantation, training, and recording in the dataset used for this thesis. These were 

comprised of one male, and one female subject. These animals were aged 3 and 4 years 

old, respectively, during the time of recording. 

2.2.2 Acclimation Training 

For months prior to implants, animals received acclimation training through daily 

handling. This would take a minimum of three weeks and progress from providing food-

rewards through their home cage, to entering “transfer boxes”, to eventual physical 

handling. Once the animal was comfortable with the basics of trainer handling, they 

would begin training on their specific task (See Chapter 2.2.4). Once the animal was 

performing well and proving capable of the recording task, the marmoset underwent 

surgery. 

2.2.3 Surgical Implants 

Surgeries were conducted under the supervision of Dr. Julio Martinez-Trujillo in 

accordance with animal use protocol 2020-137. Surgeries were comprised of two parts: 

cap and array implants. 

Marmosets were implanted with a cap made of a modular machine-fabricated polyether 

ether ketone (PEEK). This cap was comprised of three components including a base-ring, 

a spacer, and a lid. The base-ring was chronically adhered to the cleaned marmoset skull 

via UV-cured dental cement. The modular spacer was fastened to the ring via machine-

screws, with spacer design selected for specifications related to the implant. Lastly the lid 

(made of 3-D-printed acrylonitrile butadiene (ABS)) was fastened to the base-ring via 

machine-screws. This lid was removed daily for access to the implant for recordings and 

cleanings. Dimples in the cap-spacer enabled head-fixation in the marmoset-chair55 for 

cleaning and connecting the wireless recording stage (see Chapter 2.2.4). 
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Electrophysiological recording arrays used in both animals were achieved via brush 

arrays (Microprobes for Life Sciences, USA), and implanted in HPC CA1 & CA3 (Table 

1, Figure 4). Arrays had 32-channels correlating to the ‘brush’ electrodes at the tip which 

would spread once inserted in brain-matter. Implants were achieved through a 1.5-2mm 

craniotomy, followed by the insertion of a medical-tubing cannula with associated metal 

stylet. Cannulas were inserted with a stereotaxic arm until 0.5-1.0 mm superior to the 

target tissue and cemented at the craniotomy with UV cured dental cement. Once the 

cannula was secured and the stylet removed, the electrode was inserted inside the cannula 

to the pre-determined depth. Sterilized silicone then sealed the implant area and 

remainder of the exposed skull. For Marmoset P, an additional component was a micro-

driver (Rogue Research, Canada) which was fastened to both the array and the animal’s 

skull. This additional mechanism enabled a semi-chronic implant for increasing the depth 

of the array deeper for use in future recording sessions, thus reaching fresh undamaged 

tissue. 

Marmoset Name Implant region 

Marmoset C Posterior Left CA1 

Marmoset P Anterior Right CA1/CA3 

Table 1. List of marmoset implants used in this thesis.  

Marmoset C’s array was made with a chronic implant, while Marmoset P’s was semi-

chronic with the use of a micro-driver. Anterior vs posterior HPC function has been 

studied in humans, with the hippocampal encoding/retrieval and network (HERNET) 

model developed. This proposes that spatial encoding engages the anterior HPC, while 

retrieval engages the posterior HPC56, which has been demonstrated in fMRI studies57. A 

human EEG study was also conducted to analyze theta oscillations between the anterior 

and posterior HPC, with results supporting the HERNET theory. However, as discussed 

in Chapter 1, both studies were in virtual paradigms rather than physical navigation. Our 

results (Chapter 3) and other work with this data set58 show similar activity and function 

between the two animal regions, with the main variances between marmosets being 

movement plane preference. 
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2.2.4 Freely Moving Task 

The freely moving task took place in a plexiglass environment comprised of 4 levels, 

with ropes to enable movement vertically between levels (Figure 4). Marmosets had both 

their body movements and neural activity recorded in real-time as they navigated through 

the environment. Body movement recordings were achieved through the Optitrack 

recording system, which is comprised of 14x infrared video cameras positioned 360 

degrees around the animal. The body was tracked through reflective IR markers placed 

on the chronic headcap lid component, which allowed for software reconstruction of the 

areas of interest known as rigid bodies. These rigid bodies are tracked in 3-D space and 

allow for analysis of position, direction, and speed. The neurological data was wirelessly 

transmitted via the Blackrock Cereplex system. This operates via a wireless head stage 

connected to the array’s omnetics connector transmitting to the receiving antennas. 

Together, these systems allow for the synchronous recording of the marmoset’s position 

in space and accompanying cellular activity recordings. Recording sessions were an 

average of 40-60 minutes each in order to capture foraging behaviour. 
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Figure 4. Implant verification scans and setup of recording apparatus.  

Subfigures A & B visualize implants of Marmoset C and Marmoset P, respectively. MRI 

scans are placed as the base image, with confirmatory CT overlayed with bone shaded in 

colour (screws & dental cement from protective cap are also visible), and the marmoset 

HPC outlined in blue. In all quadrants the implanted array is visualized with the silver rod 

A B 

C 

D 



14 

 

in the structure. Marmoset C’s implant was at the posterior tip of the left HPC, in the 

CA1 region. Marmoset P’s implant was made in the right anterior CA1/CA3 region 

(difference in regions discussed in Table 1). HPC reconstructions can be seen in the 

lower images of both animals, with the hippocampus in gold, and the target site a red 

sphere. Subfigure C illustrates a graphic layout of the freely moving marmoset task. The 

plexiglass enclosure was 0.6m x 1.2m x 1.4m, comprised of 4 levels with holes in the 

floor, and rope which allowed the animal to move vertically through the environment. IR 

cameras and wireless antennas were placed surrounding the enclosure to record body 

movement and electrophysiological data, respectively. Three of the levels had ports for 

liquid reward with an accompanying LED light. LED lights were flashed, prompting the 

animal to move towards them, with rewards dispensed if the animal approached within 

15cm of the location. Subfigure D shows an example of the location of the Optitrack 

reflective markers affixed to the head-cap which enable the recording system to track the 

animal’s motion in 3-D space. Images courtesy of contributor DB. 

2.3 Data Analysis 

2.3.1 LFP Analysis of Freely Moving Marmosets 

Neural datasets were recorded at 30kHz sampling rate and down sampled by the 

Blackrock Central software to 1kHz. Optitrack movement recordings were recorded at a 

sampling rate of 60Hz with recordings comprised of location in the x, y, and z planes. All 

analyses were processed in MATLAB by Mathworks, with the NPMK toolbox by 

Blackrock Neurotech for neurological recordings. 
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2.3.1.1 Establishment of Movement Plane Epochs 

First, X, Y, and Z positional data was converted from Optitrack CSS to MATLAB .mat 

format for processing. Positional data in metres was converted to speed at the sampling 

rate in cm/sec and paired to the Blackrock recording time (established by connection 

between Optitrack and Blackrock hardware with sync pulses pushed from the neural 

signal processor). X and Y movements were grouped together with overall horizontal 

speed determined by establishing the Euclidean norm (movement vector) via root sum of 

squares, while Z plane movement remained independent. 

RSS (Euclidean Norm) = √∑ 𝜎𝑖
2𝑛

𝑖=1  

Horizontal movement was binned in 500ms epochs based on the movement speed of the 

marmoset, then broken up into low and high speed. Low speed was set at 5cm/s which 

was determined as the lowest threshold of meaningful movement of animals being 

recorded, with high speed at 20cm/s and greater (Figure 5). This threshold of 20cm/s was 

independently determined for this thesis, but also match the speed threshold found in 

other marmoset & rodent LFP studies52,59. Horizontal epochs were contingent on both 

horizontal (XY plane) movement meeting the required meaningful speed threshold, while 

vertical movement (Z axis) remained below the 5cm/s threshold, isolating periods where 

the animal remained mobile in the horizontal plane. In cases where continuous movement 

was greater than 500ms, multiple epochs were binned per movement period (e.g. 3x 

500ms epochs in a 1600ms movement period). Vertical speed was binned in 333ms 

epochs due to the very short duration of this movement classification (insufficient 

number of epochs lasting 500ms), and only applied in the high-speed movements  

(> 20cm/s). Vertical movement was subdivided by up and down movement, separating 

climbing/jumping ascents and descents. Lastly, stationary periods were defined as having 

2,000ms of non-significant movement before and after the 500ms analysis window (total 

period of 4,500ms stationary). This was done to ensure the absence of possible LFP 

activity associated with anticipatory movement and planning. 
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Figure 5. Categorization of movement speeds during freely moving task.  

Animals were able to move freely in 3 dimensions (X,Y,Z) in the recording apparatus. 

These were broken into the horizontal (XY) and vertical (Z) planes. Speed was calculated 

in cm/s, with a threshold of 5cm/s for meaningful movement. In the horizontal plane, 

movement was sub-divided into slow (5cm/s – 20cm/s) and fast (> 20cm/s). Vertical 

movement was categorized as up or down, and above 20cm/s. The stationary condition 

was isolated for a 4.5s period of non-meaningful movement in any axis60. 

2.3.1.2 Neural Data Filtering 

With movement epochs established, neural data was filtered to meet several quality 

checks to ensure meaningful LFP data (Figure 7). First, to remove common noise across 

channels, raw recorded data is converted to referenced data by subtracting the median of 

data across channels. Signal median was chosen instead of mean to mitigate the effect of 

outliers on noise removal. Epochs containing neural signal dropouts were detected with a 

2ms threshold. If over 25% of channels during a recording session possessed the same 

flat signal across 2ms, that specific sample was flagged as too flat and discarded. 
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Fast Fourier Transform was applied per channel to filtered data (32 channels per session) 

returning a Fourier decomposition of time-series data, and the positive frequency values 

to which these were applied. These have also been demeaned with DC (0 Hz) removed 

from the data. This process enabled the isolation of frequency components of a signal and 

their contributory power to the sample (Figure 6). 

𝑌(𝑘) =  ∑ 𝑥(𝑗)𝑊𝑛
(𝑗−1)(𝑘−1)𝑛

𝑗=1  where 𝑊𝑛 =  𝑒(−2𝜋)/𝑛  

The magnitude of the Power Spectral Density (PSD) is then calculated by finding the 

mean-squared value of time-series data. Followed by converting to logarithmic decibels 

(dB). 

𝑑𝐵 = 10𝑙𝑜𝑔10 (
1

𝑛
∑ 𝑥𝑛

2

𝑛

𝑛=1

) 

With this decibel data, a line of best fit is estimated against the logarithmic frequencies 

from 2Hz to 55Hz. This upper value is used to remove influence of the 60Hz alternating 

current found in the Canadian electrical-infrastructure and detected by neural recordings. 

This line of best fit is calculated through a least-squares linear regression model. 

𝑎1 =  
𝑛 ∑ 𝑥𝑖𝑦𝑖 

𝑛
𝑖=1 − (∑ 𝑥𝑖)(∑ 𝑦𝑖)

𝑛
𝑖=1

𝑛
𝑖=1

𝑛 ∑ 𝑥𝑖
2𝑛

𝑖=1 − (∑ 𝑥𝑖)2𝑛
𝑖=1

     𝑎0 =  
(∑ 𝑦𝑖)𝑛

𝑖=1 − 𝑎1(∑ 𝑥𝑖)
𝑛
𝑖=1  

𝑛
 

Channels with power spectral density slopes (a1) steeper than -14 were eliminated. This is 

based off the principle that neural signals possess what are known as a pink-noise profile 

in their logarithmic PSD plots, with an ideal slope of 1/f (or -10 dB/decade). PSD profiles 

with slopes steeper than this encroach on Brownian noise (1/f2 or -20 dB/decade) which 

is non-neuronal and characteristic of channels with non-LFP recordings and composed 

primarily of signal noise. 

The result is neural data which is median-referenced for minimized noise, a slope 

proximal to 1/f, and free of dropouts or flat signals during 500ms epochs based on 

movement planes of specific speed categories (Figure 7). To establish slope referenced 

PSD profiles, the line of best fit calculated above was subtracted from the log-PSD 



18 

 

values, providing the delta value between the two. This isolated the LFP activity during 

the movement dependent condition from the overall profile of the PSD which is highly 

influenced by power-decay, as well as the nuances between recording sessions. This 

established referenced PSD allows for isolated comparative analysis of LFP profiles.  

To effectively isolate LFP profiles, comparative analyses used referenced PSD 

maximums. To achieve these, the delta-log PSD made from subtracting the life of best fit 

from the log-PSD were converted back to power, and the maximum power found per 

frequency band, per channel were taken. This established the frequency’s greatest 

positive deviation of power from the slope of the signal during the movement condition, 

and thus can contrast power relative to the other frequency bands during that condition.  

𝑝𝑜𝑤𝑒𝑟 =  10(
∆𝑑𝐵

10
)
  where  ∆𝑑𝐵 = 𝑑𝐵𝑛 − (𝑎1 ∗ 𝑛 + 𝑎0) 

 

Figure 6. Theory behind LFP analysis.  

Any recorded oscillatory signal is comprised of several different sinusoidal frequencies, 

which in combination make up the signal of interest. These frequencies are extracted via 

the Fourier Transform and can be quantified to determine their ‘power’ or relative 

contribution to the source signal. In this context, it is used to deconstruct neuro-

oscillatory signal into its corresponding frequencies, which are grouped under frequency 

bands, e.g. theta at 4-8Hz61.  
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Figure 7. Data processing pipeline. 

A. Visualized signal from freely moving condition in the marmoset HPC CA1 Region 

down sampled to 1kHz and a lowpass filter of 250Hz. B. Electrode array recordings are 

filtered to remove noise and signal drop (gaps or flat points). They are then binned 

A 

B 
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according to the animal’s movement plane and velocity and processed by the Fast Fourier 

Transform (FFT). The subsequent logarithmic power spectral density (PSD) has its slope 

calculated via a least-squares linear regression model. The ideal ‘pink noise’ slope is 10 

dB/dec, any channels with slopes steeper than 14 dB/dec are excluded. The data is 

converted to power and referenced to its slope, creating a condition-comparable PSD of 

power across frequencies. This result is used for subsequent LFP modulation analysis. 

2.3.1.3 Theta Bout Analysis 

Theta bout analyses were achieved by creating a moving window FFT across an epoch 

period. This was done by isolating 1000ms epochs during the horizontal (slow & fast) 

and stationary conditions for each animal. This period was sampled every 5ms creating 

101 windows. Each of these had the FFT discussed prior applied to them, enabling a 

series of PSDs depicting the change in frequency modulation every 5ms during a 500ms 

period. To isolate for theta bouts, bouts were defined as a continuous period of 80ms or 

greater where PSD values are at least 80% of the maximum value in the window for that 

period. Bouts were analyzed per channel, per epoch, and averaged across all values 

within a movement condition. 

2.3.2 Statistical Analysis 

All statistical analyses were done via MATLAB built-in statistical functions. Significance 

within a movement or frequency condition was determined by use of one-way ANOVA 

test. Subsequent multiple comparison test was completed via Tukey-Kramer test to 

produce pairwise significance values (p) across the different conditions within the group.  

𝑆𝐸�̅�𝐴−�̅�𝐵
=  √

𝑀𝑆𝑤𝑖𝑡ℎ𝑖𝑛

𝑛
     where 𝑀𝐸𝑆𝑤𝑖𝑡ℎ𝑖𝑛 =

∑ ∑ 𝑌𝑖𝑗
2 

𝑛𝑖
𝑗−1

𝑘
𝑖−1 −  ∑ (𝑇𝑖

2/𝑛𝑖) 𝑘
𝑖=1  

𝑛 − 𝑘
 

Significance was defined if the determined p value was less than 0.05, with figure 

asterisks correlating to degree of significance corresponding to 0.05 > p > 0.01 (*), 0.01 > 

p 0.001 (**), and 0.001 > p (***). Scatter plot figures are plotted with subject mean and 

accompanying 95% confidence intervals. 
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Chapter 3  

3 Results 

3.1 LFP Modulation Characteristics During Movement 

As outlined in Chapter 2 (Methods), neural signal and movement recordings were 

isolated for periods based on the speed of movement of the animal. The marmosets’ 

movements were separated in the horizontal plane (X,Y), and Vertical axis (Z), enabling 

the isolation of the animal performing lateral movement (running) and vertical movement 

(jumping/climbing). Recording sessions selected for analysis were only those that 

possessed both viable movement and neural recordings. Marmosets C and P had 22 and 

25 recording sessions, respectively. Table 2 outlines the data yield extracted from the 

data set of the two animals. Worthy of note is the difference in movement tendencies 

between Marmoset C and P, where Marmoset C demonstrated an increased preference for 

vertical movement, while Marmoset P preferred horizontal movement. This plane of 

motion bias can be seen in the results with Marmoset C having greater error in horizontal 

movement, and Marmoset P having notable error in vertical movement resulting in 

globally higher power values (as seen in Figures 8B & 9B). 

Power spectral density (PSD) plots were developed from these binned data sets, 

demonstrating the profile with 95% confidence interval of LFP activity in the 3-100 Hz 

range (Figure 8). These plots resulted in data with large confidence intervals likely 

resulting from variable recording conditions day-to-day along with the degradation of 

recording quality over the months of recording due to tissue granulation62 which causes a 

change in the slope of LFP profile (Figure 7). Although useful to permit the visualization 

of LFP PSD which is standard, it does not provide a useful means of comparison across 

movement conditions as each PSD has confidence intervals overlapping as much as 

100%. This means of analysis is also not effective for the proper comparison between 

frequency bands due to the nature of power law. This principle results in the phenomenon 

where power will decay proportionally as frequency increases (hence pink noise’s profile 

of 1/f). The consequence of this is that power within the theta band (4-8 Hz) will 
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disproportionately be the greatest power in the spectrum, as it is the lowest frequency of 

interest, rather than relative to the PSD profile. 

To address this, referenced PSD profiles (Chapter 2.3.1.2) were used to remove the large 

variability seen in the PSDs, making the data independent of the variable factors as 

previously discussed. These referenced PSDs (Figure 9A & 9B) illustrate the variation of 

LFP power across the frequency spectrum without the limitation of power-law and 

recording variability. By visually flattening data through a histogram (Figure 9C & 9D) a 

clearer comparison of normalized mean LFP power across movement conditions is seen. 

This histogram suggests that slow moving (stationary and both horizontal-slow) 

movement conditions have similar LFP profiles with a concentration of the greatest 

power at the 8Hz band. In contrast, vertical movement sees this elevated power at 10Hz 

(alpha frequency), and horizontal-fast showing frequency power characteristics of both 

horizontal-slow and vertical conditions.  

One limiting factor observed in these results is the profile of the vertical movement due 

to the rapid speed of vertical motion. The isolation of horizontal movement periods 

allowed for high yield of 500ms periods due to the size of the recording enclosure. In 

contrast, vertical movement is explosive and occurs rapidly, requiring a maximum of 

333ms epochs. This resulted in a notable difference in the number of vertical movement 

epochs per recording session, subsequently creating larger confidence intervals and 

jagged profile (Figure 8A & 8B). A consequence of having a smaller sample window for 

the vertical conditions is the FFT outputting power in larger frequency parcels, which in-

part contribute to the more jagged shape seen in the vertical movements in Figure 9.  

With Ref-PSD profiles established we looked to draw observations across frequency 

bands (e.g. theta 4-8Hz). This revealed the problem with using power means across 

frequencies. The result was that the alpha band (8-12Hz) was consistently the highest 

power output rather than the frequency band which saw the largest spike in activity 

(Figure 10). To correct for this, referenced PSD maximums were used draw comparisons 

across frequencies (defined as greatest deviation from the PSD slope per channel, per 

epoch (Chapter 2.3.1.2)).  
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With movement condition and frequency band maximums, comparisons could be made 

of LFP modulation based on marmoset movement (Figure 11, Table 3). Extrapolating 

from frequency bands across movement conditions (Figure 11B & 11D), theta (4 to 8 Hz) 

remains the greatest power during slow movement periods (stationary and horizontal-

slow), subsequently moving to the weakest power as speed and complexity of motion 

increases. Beta (14 to 30 Hz) shows the inverse relationship, starting as the smallest 

power when the animal is stationary and becoming the strongest with vertical movement. 

This relationship is also seen when comparing movement conditions to frequency bands 

(Fig 11A & 11C), where Marmoset C displayed similar theta power between non-rapid 

(stationary and horizontal-slow) and vertical motion, but this relationship significantly 

changed with vertical motion power becoming significantly greater in the beta band. 

Due to the movement bias between animals, care must be taken when comparing 

horizontal and vertical motion. An example of this is the relationship between vertical up 

and down movement. These two animals show inverse relationships between the two 

movements, but Marmoset C has 13 times more recording samples included in its 

vertical-down yield, which would suggest this relationship is closer to the true 

population. This is a result of using LFP maximums which use means of the greatest 

deviation from the PSD slope. Smaller sample sizes will have proportionally higher 

values, creating an additive effect with overall power and values creeping upwards63. 

This is apparent in the size of error bars and spread of data which is well illustrated in 

Figure 11D where Marmoset P’s sample size decreases moving across the figure’s x axis. 
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Table 2. Data yield of LFP modulation analysis. 

Data yield for LFP modulation analysis from data set. Channel count is defined as the 

sum of viable channels across all recording sessions, with the mean being the average 

number of viable channels per session. Number of epochs are the total number of epochs 

per animal across all recording sessions for the specific movement condition. Total 

samples are the statistical n value used during analysis and are the result of the sum of 

epochs multiplied by the number of viable channels which recorded the epoch. 

    

Figure 8. Power Spectral Densities during movement conditions. 

Power spectral density profiles of Marmoset C (A), and Marmoset P (B) across all 

recording sessions and channels. PSD profiles are derived from neural data during 

specific movement conditions. These being stationary (Blue), horizontal-slow (5cm/s-

20cm/s) (Orange), horizontal-fast (20cm/s+) (Yellow), vertical-up (movement purely in 

the vertical plane upwards) (Purple) and lastly vertical-down (movement purely in the 

vertical plane downwards) (green). 

Marmoset C Marmoset P 

A B 
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Figure 9. Referenced power spectral density plots of movement conditions. 

Referenced power spectral density plots of Marmoset C (A) and Marmoset P (B). These 

referenced PSDs are segmented by movement plane condition (same as Figure 8). The 

trends can be visualized clearly on histograms C and D for Marmosets C & P, 

respectively. Data outlined in histograms are ‘range’ normalized such that the highest 

value is 1, and lowest 0. 

 

 

Marmoset P Marmoset C A 

D C 

B 
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Figure 10. Difference in analysis profile between mean and maximum frequency bands. 

Difference in analysis profile between mean and maximum frequency bands. Subfigures 

A and B illustrate the outcome of analysis based on frequency band means, while 

Subfigures C and D show the more relevant profile achieved by analyzing frequency 

maximums which allows for visualizing LFP fluctuations. 

Marmoset C Marmoset P 

A B 

C D 
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Figure 11. Modulation of LFP frequency band maximums during movement conditions. 

Subfigures A and C illustrate a comparison of mean LFP power maximums of movement 

conditions based on frequency bands for Marmosets C and P, respectively. Subfigures B 

and D show a comparison of LFP power maximums between frequency bands based on 

the movement condition it was expressed in. Statistics for significance between points are 

outlined in Table 3. 

 

  

A B 

D C 
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Table 3. Statistical significance of modulation of LFP frequency band maximums during 

movement conditions. 

Tables outlining the statistical significance of LFP power comparisons seen in Figure 11. 

Values that are highlighted in green are of statistical significance (p < 0.05) according to 

one-way ANOVA and subsequent Tukey-Kramer test (Chapter 2.3.2). 

  

Marmoset P 

Marmoset C 
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3.2 Theta Bouts During Horizontal Movement 

To isolate and visualize the pattern of theta band frequency activity during movement, 

500ms periods were isolated and analyzed during horizontal and stationary movement 

conditions (Chapter 2.3.1.3). An example of these theta bouts can be seen in Figure 12, 

which are characterized by temporary periods of high theta-band activity relative to other 

frequencies during the animal’s movement. Characterization of the theta bouts was 

completed to determine the frequency and duration of theta bouts during movement 

conditions (Figure 13). There was a significant increase for both animals in theta bouts 

during horizontal-fast condition in comparison to when the animal was stationary. In 

marmoset C there was also significantly more theta bouts during horizontal-fast versus 

horizontal-slow movement.  

Length of theta bouts were calculated with no significant variation seen, although a 

downward trend is apparent. Data profile of bout lengths show that group medians were 

similar to the mean, with a gaussian distribution. Similar to the limitation of vertical 

values during the LFP modulation analysis, due to the length of time required to capture 

theta bouts (1,000ms window for 500ms analysis period) the number of horizontal-fast 

epochs was limited because the physical constraints of the recording environment 

resulted in fast bursts rarely last over a second (Table 4). This is best seen in Marmoset 

C, where over the period of 22 sessions the animal only performed six horizontal-fast 

movement bursts lasting over 1,000ms. As a result, the sample size is restricted, leading 

to larger confidence intervals and difficulty determining significance. 
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Table 4. Data yield of theta bout analysis. 

Data yield for theta bout analysis from data set. Channel count is defined as the sum of 

viable channels across all recording sessions, with the mean being the average number of 

viable channels per session. Number of epochs are the total number of epochs per animal 

across all recording sessions for the specific movement condition. Total samples are the 

statistical n value used during analysis and are the result of the sum of epochs multiplied 

by the number of viable channels which recorded the epoch. 

 

Figure 12. Example histogram of theta bouts. 

Sample histogram of ‘theta bouts’ observed in Marmoset C during horizontal-slow 

movement as the animal moved from one side of the recording enclosure to another. 

Characterized by non-continuous bursts of LFP power in the theta frequency band (4-

8Hz). 
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Figure 13. Analysis of the frequency, and length of theta bouts during horizontal 

movement in a 500ms period.  

Subfigures on the left provide a bar-histogram of the mean values for the category, while 

the right subfigures provide a violin plot of the data to outline the spread and profile of 

the results. Subfigures A and B show the mean number of theta bouts during the 

movement condition epoch. Subfigures C & D outline the mean duration of theta bouts 

observed. 

A B 

D C 
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Chapter 4 

4 Discussion 

This thesis aimed to investigate the observed LFP modulations in the marmoset HPC 

when given the ability to move freely in its environment. This was achieved in two 

stages. First, by analyzing of the modulation of frequency band power as the animal 

moved in five distinct movement conditions. Second, the examination of theta bout 

activity while the animal was at rest and in motion. Our major findings are that LFP 

profiles modulate based on both the speed and plane of movement of the animal, and that 

theta bouts are present in the naturally moving marmoset both at rest, and in motion. 

4.1 Theta Power is Inverse to Movement Speed 

Across both animals, theta band oscillations had the greatest power when compared to 

alpha and beta when at rest and during horizontal-slow movement. Current literature does 

not compare NHP LFP frequencies during movement. However, theta oscillations have 

shown their importance in spatial attention and environmental exploration, in the coined 

rhythmic theory of attention64. This theory is proposed that theta rhythms in attention 

networks resolve conflicts by organizing sensory and motor functions. In primates, this 

exploratory behaviour would be through gaze, specifically saccadic eye movement, 

which in NHPs and humans occur at a frequency of 2-3 saccades per second48,65. 

Although its exploratory sensor is visual like other NHPs, new-world primates, including 

the marmoset, prefer whole head movement to change its gaze, rather than via 

saccades66,67, but are capable of making deliberate eye saccades to areas of interest68. In 

the freely moving marmoset it has been recently shown that exploratory head movements 

occurred 80% when stationary, and only 20% in motion, compared to the rat was is 14% 

and 86%, respectively58. From this, we suggested that theta oscillations are the prominent 

oscillation band during the stationary period due to this role in gaze exploration. Theta 

has also been shown to play a role in vestibular orientation in NHPs which would play a 

role during this exploratory phase69. 

When the animal moves through its environment, theta oscillations work in a non-

continuous pattern known as bouts (discussed in Chapter 4.2). The link between theta 
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bouts and hippocampus function during navigation remains unclear. One possibility 

which has been recently proposed, is that they relate to the exploratory gaze movements 

animals make when freely moving58. Marmoset saccades/head movement frequency has 

not been previously reported, but if similar to other NHPs (2-3/sec), this would loosely 

correlate to the rate of theta bouts seen while the marmoset was stationary and moving 

(2-3 bouts/second). If this is the case, theta oscillations seem to differ in their role 

between marmosets and other species such as rats and mice, but this issue needs further 

investigation (Chapter 4.3).  

With the increase in movement speed, beta power increased to become the prominent 

frequency band during rapid (vertical and horizontal-fast) movement. Beta oscillations 

are known for motor planning and providing information to the sensorimotor system to 

control motor output (Chapter 1.1). Although these functions do not originate in the HPC, 

the HPC remains part of a larger network receiving connections from those regions 

responsible (Figure 1). What is seen in our results is that with the increase in speed from 

stationary to vertical-down movement, beta oscillation power markedly increases, 

becoming significantly greater in the horizontal-fast and both vertical conditions. This 

correlation of speed and beta LFP power has also been reported in rodent models70. It is 

likely that as the speed and complexity of movement increases, the HPC receives greater 

sensory-motor input for use in navigation, prediction, and memory during the execution 

of this locomotion, resulting in the elevation of beta power recorded in the region.  

Bridging these theories would suggest that theta oscillations are involved while the 

animal remains at rest and engaging in exploratory gaze behaviour. As the animal begins 

to move, the HPC begins to receive additional beta frequency inputs significantly 

increasing in power while theta also continues to climb. As the animal’s movement 

increases in speed and complexity, the input of beta frequency continues to increase until 

its power significantly exceeds that of theta. A significant increase in theta power with 

speed was also exhibited in rats, but showed the inverse for higher frequencies which 

showed a reduction in power with speed70. 
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4.2 Theta Bouts During Movement 

In this thesis, the existence of theta bouts rather than continuous theta oscillations (as 

seen in the rodent model) was observed during both stationary and moving conditions. 

Observations during movement periods are inline with previous marmoset navigation 

literature, as well as those in NHP and human studies, while isolation of marmoset theta 

bouts during stationary periods has not been previously reported45,52,71. Our findings are 

in concurrence with previous literature in that the speed of the marmoset’s movement did 

not have a significant impact on theta bouts during movement52. However, our results 

show a significant increase in theta bout frequency during horizontal-fast movement 

when compared to stationary. As discussed in Chapter 4.1, this may potentially be a 

result in the transition from theta as a function of visual exploration when stationary to 

movement navigation during motion.  

These findings provide support to the theory that the existence of theta bouts is not due to 

experimental paradigms which prohibit natural animal motion (e.g. paradigms seen in 

previous human and NHP studies). Rather this along with findings in the fruit bat42,43, 

suggest that the rodent hippocampal function has a different relationship to theta 

oscillations compared to the other models listed. Mankin et al. looked to investigate this 

discrepancy, comparing the rat to a rodent model which is diurnal with high visual acuity 

and low-frequency hearing like primates: the Mongolian gerbil. Their results showed that 

despite these sensory differences gerbils showed only minor differences in hippocampal 

activity, including the presence of continuous theta rhythms rather than bouts. They 

concluded that the differences seen between rodents and primates cannot be solely 

attributed to the specialization of the auditory and visual systems72. Comparing the 

findings across these 5 research models provide a compelling observation of the 

differences that exist between rodent and primate literature, and the need for more 

focused navigation and hippocampal research in primate models, for which the common 

marmoset would be well suited. 
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4.3 Limitations 

A limitation of this thesis was the size and composition of subjects used. Only two 

common marmosets (n = 2) were used for this study. Although this is inline with other 

marmoset studies involving invasive implants52,58, these two animals received implants in 

different locations (anterior and posterior HPC) and were of different sexes. This is 

potentially significant due to possible effects of implant location such as the HERNET 

theory (Table 1), and that previous studies have noted differences in neural activity 

during navigation between sexes73,74. This creates a variability between the two 

marmosets, limiting the ability to draw conclusions of differences in results as this would 

be confounding. Future studies should have an increased sample size with animals of the 

same sex and implant location, or proportionally sufficient sample size per variable 

between groups (e.g. two implant locations with an n-value of 2-3 of the same sex per 

location). 

One of the greatest limitations found in this thesis was the sample size of the data 

collected. In addition to the limited n value, the relative scarcity of certain movement 

types placed constraints on statistical analysis. This predominantly affected rapid 

movements (horizontal-fast and vertical). Although the animals had the ability to move 

vertically through their environment, the behaviour recorded showed relatively limited 

number of vertical climbs or jumps, notably in Marmoset P with 1,819 horizontal-slow 

epochs compared to a collective 80 vertical (up and down). This limitation comes in part 

from the nature of the common marmoset being arboreal (and prey) creatures, the 

tendency is for them to remain at elevated heights with a reluctance/avoidance of 

descending to levels closer to ground unless necessary. A similar freely moving 

environment with interventions (e.g. level closing off forcing the animal to change their 

vertical position) would enable a greater number of vertical movement conditions for 

analysis. The same principle could be applied for horizontal-fast movement as seen by 

the limited number in Marmoset C. This created a scarcity of vertical movement epochs 

in Marmoset P, and horizontal-fast in Marmoset C, which limited the significance and 

potentially precision in comparison to the other movement types (can be seen in figures 

with size of comparable confidence intervals).  
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This movement limitation was also seen for the characterization theta bouts. This is a 

case where a longer more linear environment such those from previous studies would 

prove favourable as it could induce sufficient samples of rapid movement over sufficient 

distance. Additionally, no vertical theta bouts were analyzed due to the absence of any 

vertical motion lasting more than 500ms. A vertical enclosure with a rope or metal mesh 

would enable vertical motion to another level ensuring the existence of epochs of 

sufficient length. This would also allow for the differentiation of two forms of vertical-up 

movement, jumping and climbing, two natural forms of locomotion of the common 

marmoset. Predominantly the movement seen in this study were jumps made by the 

marmosets from level to level, but in an environment of sufficient height where jumping 

is not possible to reach the destination, this would force the animal to climb and achieve 

this second category of vertical movement.  

In short, a replication of this study in more than one recording environment would enable 

a more in-depth and accurate analysis, enabling further characterization of the neural 

mechanics seen in both vertical and horizontal-fast movement. For example, one freely 

moving 3-D environment such as what was done here, and two more artificial 

environments which would enable observation of vertical and horizontal movement under 

more artificial conditions. 

4.4 Novelty of Research Conducted 

As previously discussed, only one published article by Courellis et al. looked at the LFP 

characteristics of freely moving common marmoset hippocampus. The constraint in this 

study was the restriction of the marmoset to a linear track in one plane of motion. This 

thesis looked at the modulation of theta rhythms of the freely moving marmoset in all 3 

planes of motion, where the animal had the freedom of movement to choose their 

direction. We are the first to examine the comparative modulation of theta, alpha, and beta 

frequency bands in the hippocampus during a freely moving task. In addition, observed 

isolated stationary theta bouts in the common marmoset, and its comparison against 

movement conditions.  
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4.5 Conclusion 

We have shown that when the common marmoset moves freely within 3-D space, there is 

observed modulation of LFP characteristics dependant on both the speed of movement 

and axis of motion in which the animal navigates. This thesis has also contributed to the 

limited existing literature on marmoset LFP studies, further defining the characteristics of 

its function namely the need for further research on vertical locomotion. These results 

have provided further evidence of the evolutionary departure of hippocampal LFP 

functions in NHP models from rodents, and that despite the large foundation laid by 

navigation research in the rodent model, the common marmoset shares greater similarities 

to NHPs and humans. This strengthens the case for the common marmoset in becoming 

the standard animal model used to understand primate navigation. 
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