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ABSTRACT

The Papez circuit appears to play a crucial role in the formation of episodic memory. In particular, the 

interconnections between the hippocampus and the anterior thalamus seem to be vital for an animal’s 

ability to orientate itself and navigate through its environment. This is further supported by 

electrophysiological studies in freely moving rats, which have discovered neurons that encode for location 

(place cells) in the hippocampus and directional heading (head direction cells) in the anterodorsal and 

anteroventral nuclei of the thalamus. Due to the relative inaccessibility of the anteromedial nucleus of the 

thalamus, its electrophysiological properties are not  well-characterised, and its role in spatial processing 

still remains elusive. In this study, we were able to successfully record from a population of head 

direction (20%) and theta rhythmic neurons (15%) in the anteromedial thalamic nucleus, suggesting that 

this structure plays an important role in the temporal–diencephalic pathways that regulate spatial 

processing.
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But the history of science

 — by far the most successful claim to knowledge accessible to humans — 

teaches that the most we can hope for is successive improvement in our understanding, 

learning from our mistakes, an asymptotic approach to the Universe, 
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INTRODUCTION

Chapter 1: Anatomy and circuitry of the anterior thalamus

1.1 Anterior thalamic nuclei 

The thalamus is part of the diencephalic region of the brain through which all sensory pathways relay. 

Furthermore, the thalamus is functionally connected to the hippocampus and the limbic system through 

the anterior thalamic region. The anterior thalamus is located at the most  rostral end of the dorsal 

thalamus. Based upon anatomical and cytoarchitectural features, the anterior thalamus is divided 

primarily into three nuclear structures: the anterodorsal nucleus (AD), the anteroventral nucleus (AV), and 

the anteromedial nucleus (AM) (Kruger et al., 1995). These are known collectively as the anterior 

thalamic nuclei (ATN).

Figure 1: The anterior thalamic nuclei in a sagittal cross section of the brain

The modified Rat Atlas diagram features the egg-shaped thalamus with the anterior thalamic nuclei 
labeled. For an in-depth look at how the anterior thalamus is structured refer to Figure 4.
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Pathological and lesion studies have shown that infarctions to and degeneration of the ATN can lead to 

loss of episodic memory through diencephalic amnesia (Dusoir et  al., 1990; Clarke et  al., 1994; Ven der 

Werf et  al., 2000; Aggleton et al., 2010), inhibition of synaptic plasticity in important  memory structures 

(Garden et al., 2009), and impairment  of spatial processing and navigational abilities (Sutherland and 

Rodriguez, 1989; Aggleton et al., 1996; Warburton and Aggleton, 1999). These findings suggest that the 

ATN plays a crucial role in learning and memory and spatial processing. 

1.2 Afferent and efferent connections to the anterior thalamus

The anterior thalamus is located within the diencephalic region of the brain and is considered to be a part 

of the extended hippocampal and limbic systems. Its strong interconnection with the hippocampus is 

mostly regulated through the Papez circuit  (Papez, 1937), a major pathway in the limbic system. Simply 

put, the circuit  follows the path of the hippocampal formation (subiculum via the fornix) → mammillary 

bodies → anterior thalamus → cingulate gyrus → parahippocampal gyrus → hippocampal formation. 

While it  is deemed a “circuit,” the Papez circuit  actually contains many reciprocal connections between 

structures. Indeed over the decades, the Papez circuit has been extended and refined (Van Groen and 

Wyss, 1995)—with evidence of direct links between the hippocampus and the anterior thalamus making 

the pathway more complex (Figure 2) (Aggleton et  al., 1986). Importantly, the topography reveals that  the 

Papez circuit does not  function as just  one pathway, but contains multiple, parallel paths, with different 

parts of the medial mammillary bodies innervating the different anterior thalamic nuclei (Figure 2) (Vann 

et  al., 2007; Aggleton et  al., 2010). An implication of this differential innervation pattern is that the three 

anterior thalamic structures are likely to have different functional roles within the limbic system. 
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Figure 2: Circuitry between the hippocampus and the 3 anterior thalamic nuclei

A schematic from Aggleton et  al., (2010) depicting the direct  and indirect  connections between the 
hippocampus and the anterior thalamic nuclei. This shows the parallel, but distinct, pathways that extend 
from the mammillary bodies to the three anterior thalamic nuclei. The connections relayed by the fornix is 
represented as dashed lines. Double-headed arrows represent reciprocal connections. Abbreviations are as 
follows: DtG, dorsal tegmental nucleus of Gudden; MTT, mammillothalamic tract; VtGa, ventral 
tegmental nucleus of Gudden, pars anterior; VtGp, ventral tegmental nucleus of Gudden, pars posterior 
(Aggleton et al., 2010).

While the anatomical differences between the three anterior thalamic nuclei have been well-characterised, 

it  is only recently that  studies have been directed at elucidating the electrophysiological differences 

between these structures. Papez had originally suggested the role of his circuit  was for emotional 

regulation, but new electrophysiological studies have found that the circuit has important episodic 
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mnemonic and spatial processing functions. As stated in the previous section, this is found also to be true 

of the ATN. Advances in recording techniques has created a method to extracellularly record single units 

in freely moving, foraging animals. This has provided a great model for recording spatial memory cells in 

the anterior thalamus.

Due to the relative accessibility of the anteroventral and anterodorsal nuclei, in vivo recordings have 

revealed much about  the spatial and electrophysiological properties of their cells (Blair and Sharp, 1995; 

Taube 1995; Taube, 2007; Tsanov et al., 2011b). On the other hand, the anteromedial nucleus has yet to be 

successfully recorded from in freely moving rats, and not much is known about the spatial and 

electrophysiological characteristics of its cells. 

Chapter 2: Spatial memory and related neurons

“Skill'd in the globe and sphere, he gravely stands, And, with his compass, measures seas and lands.” 
-John Dryden

The spatial processing function of the Papez circuit  is believed to support our ability to orientate to and 

navigate through our physical environment and even through our mnemonic representation of space 

(Buzaki, 2005; Taube, 2007). The advent and evolution of an electrophysiological technique that can, in 

freely moving animals, isolate single neurons amongst a population has allowed researchers to effectively 

relate cellular physiology to behaviour. Over the years, this technique has provided us a great  deal of 

knowledge as to how these spatial memory cells and circuits function to process both physical and 

imaginative settings (Figure 3). Place cells, which encode for an animal’s location, are found in the 

hippocampus (O’Keefe, 1976). Grid cells, which fire in a dense grid pattern across the environment, are 

found in the entorhinal cortex (Hafting et al., 2005). Head direction cells, which encode for an animal’s 

directional heading, are found in multiple structures within the classical Papez circuit (Taube 1995; 

Stackman and Taube 1998; Tsanov, 2011b). Due to the connectivity of these areas throughout the Papez 

circuit, it  is believed that these spatial memory cells work in concert  to allow one to navigate through 
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physical space (such as finding one’s car in a maze-like parking lot) and even through imaginative/

mnenomic space (such as re-envisioning being lost in the parking lot a few days later). 

The following sections within this chapter look at  two spatial processing or spatially related neurons 

found in this study’s anterior thalamus recordings: head direction and theta-firing cells. 

Figure 3: Circuitry of structures that contain spatial memory cells

A schematic from Taube (2007) of the connections between structures that contain spatial memory cells. 
The Papez circuit comprises much of the circuit diagram. Though the model only includes the AD of the 
anterior thalamus, since 2007, HD cells have also been discovered in the AV (Tsanov, 2011b).

5



2.1 Head direction neurons

Head direction (HD) neurons are multimodal cells that encode for an animal’s directional heading, 

independent  of its location. In this way, they function very much like a compass, tuning their firing to a 

particular allocentric head direction. Unlike a compass though, HD cells do not use the Earth’s magnetic 

fields to provide directionality, but does so rather by integrating both allothetic (external) and idiothetic 

(internal) signals. In other words, HD cells must receive and consolidate a large amount  of external 

sensory information as well as internal vestibular and proprioceptive information in order to affirm an 

animal’s directional heading (Taube, 1995; Zugaro et  al., 2000; Zugaro et. al, 2001). While in a process 

called path integration, HD cell can determine directional heading based upon just  idiothetic cues (which 

you can experience just  by closing your eyes, turning your head very slightly, and pinpointing the original 

starting direction), the limitation of path integration is that  the internal cues would need to be monitored 

continuously for accuracy (spin several times around quickly with your eyes closed and try to do the 

same) (Taube, 2007). Indeed it has been shown that  when external cues conflict with internal vestibular 

and proprioceptive information, it  is usually the external landmark information to which the HD cell 

responds (Zugaro et al.. 2000). But  by using both external sensory and internal idiothetic inputs for 

continuous updates of directional heading, HD cells—with the support  of the grid systems encoded by 

grid cells—can be instrumental in guiding an animal to a particular destination, which would be further 

represented by the firing pattern of a place cell. It is evident, then, that  HD cells, working cooperatively 

with grid and place cells, are important for the spatial orientation and successful navigation.

For years, HD cells have mainly been studied in the AD of the thalamus. The distinct parallel circuitry 

between the medial mammillary bodies and each of the anterior thalamic nuclei makes it  possible that HD 

cells lie solely within the AD and not the AV or AM of the ATN. But  recently, HD cells have also been 

discovered to be present in the AV (Tsanov, 2011b). To date, there has not  yet  been electrophysiological 

evidence of HD cells in the anterior medial nucleus of the thalamus. 
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2.2 Theta-firing neurons and their influence on spatial memory

Neural oscillations have been studied at cellular, circuit, and systems levels of neural processing. While 

oscillations have been discovered throughout the central nervous system, their function within neural 

processing is still not  well understood. The most  well-studied neural oscillation is the theta rhythm (6-12 

Hz), which has been best  characterised in the hippocampus and other cortical structures (Busaki, 2002). 

Due to its prevalence in the hippocampus, theta rhythms are thought  to play an important  role in learning 

and memory. This is most  notable at  a cellular level at which theta rhythms are found to induce synaptic 

plasticity (Huerta and Lisman, 1996). In fact, long-term potentiation (LTP) and long-term depression 

(LTD) can be induced by introducing a burst of spikes at  different phases of a theta oscillation (peak and 

trough) in anaesthetised and freely-behaving rats (Höschler et al., 1997; Hyman et al., 2003). 

Cortical structures cannot generate theta oscillations on their own, and it has been found that subcortical 

structures also exhibit  theta firing patterns. The theory that  theta rhythms are important during locomotion 

and other volitional activity, along with its presence in several structures within the Papez circuit, 

suggests that theta oscillations can play a role in spatial processing and navigation as well (Vanderwolf, 

1969; Buzaki, 2005; Kaplan et  al. 2012) This is further supported by the discovery of theta-modulated HD 

cells and theta-firing HD cells in the anteroventral thalamic nuclei (Tsanov et  al., 2011a). While theta-

dependent cells have been found throughout the AV, only a small number have been discovered in the AM 

and AD—and only in anaesthetised rats (Vertes et al., 2001; Albo et  al., 2003). Since the AM has yet to be 

recorded from in freely moving animals, it  is possible that  the structure contains a population of theta 

cells, which could then signal to other cortical structures. 
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METHODS AND MATERIALS

Chapter 3: Animals

Recordings from the anterior thalamic nuclei were conducted on four 5-6 months old male Lister-Hooded 

rats. Prior to any experimental procedures, the rats were allowed to acclimate to their housing, which 

comprised of single-unit  (one-rat) cages kept  in a temperature-controlled laminar airflow unit. Animals 

were handled for at least three days prior to experimental protocol to allow for familiarisation with the 

experimenter. Per diem feeding consisted of 15g of food, 20mg of sugar pellets (TestDiet, Formula 5TUL, 

USA) during experiments, and water ad libitum. In between recordings, rats were kept in their housing 

and maintained in a 12:12 light-dark cycle. Recordings were administered between the hours of 10:00 and 

18:00, and all experiments were conducted in accordance to the regulations instituted by LAST Ireland 

and the European Union directives on animal experimentation. 

Chapter 4: Electrophysiology

5.1 Electrodes

Electrodes used for recording procedures contained 8 tetrode bundles (32 channel microdrives) consisting 

of 4 entwined platinum-iridium wires (90% platinum, 10% iridium; HM-L insulated, 25 µm bare wire 

diameter, California Fine Wire Ltd., USA). Each tetrode bundle was cut  at  the tip at an angle of about  10 

degrees to make every wire of a slightly different length (on the magnitude of a few micrometers). The 8 

tetrode bundles were then threaded through a guide cannula (25 gauge) and protected with a cover (21 

gauge). Threaded tetrode wires were subsequently mounted onto a small drivable microdrive (Axona Ltd., 

UK) in preparation for implantation.
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5.2 Surgical implantation of electrodes

Prior to implantation, rats were anaesthetised with isoflurane (Abbot Laboratories, UK) via a gas 

anaesthesia system (Medical Supply Services, UK) with an average flow rate of 1.0 ± 0.2 litre per minute. 

Isoflurane was continually administered throughout the procedure. For the surgical procedure, rats were 

placed in a stereotaxic instrument (Kopf Instruments, US). Once the skull was exposed, a small burr-hole 

was drilled over the intended site for electrode implantation (ideally for anteromedial thalamic nuclei: 

-1.66 mm AP from Bregma, 0.65mm ML, and 4.5-5.0 mm dorsoventral from the dura). All electrodes 

were implanted in the right hemisphere. Five bone-screws were placed around the exposed skull to anchor 

the microdrive to the animal’s head, with one screw acting as a ground connection. The microdrive was 

put in place over the intended implantation site, and the electrodes were carefully lowered to the required 

depth into the previously made hole. 

Figure 4: Highlighted Rat Atlas diagram with the intended electrode implantation site.

The targeted site for electrode implantation was the anteromedial nucleus of the thalamus as marked on 
the Rat Atlas figure at Bregma -1.60 mm. While all electrodes were intended to be implanted in the AM 
structure of the right hemisphere (solid red lines), the AM actually spans the commissural divide as 
indicated by the dashed red lines.
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Any exposed area between the cannula and the surrounding skull was filled with sterile gel (Granugel, 

Convatec, IRL), and the microdrive was cemented to the skull using dental acrylic (Associated Dental, 

UK). After the implantation, the surgical site was dusted with antibiotic powder (Cicatrin, Wellcome, 

IRL), and the animal’s convalescence was monitored closely for several hours. For 7 days following the 

surgery, rats were kept under a antibiotic (Baytril, Bayer Healthcare, Germany) and analgesic (Ramadyl, 

Pfizer, UK) treatment to ensure the animal’s effective recovery and general wellbeing. No experimental 

protocol was conducted during this time of convalescence. The surgical procedures adhered to the EU 

guidelines on protection of vertebrates used for experimentation (European Community Council Directive 

86/609/EEC) (Anderson et al., 2003).

5.3 Behavioural training

Prior to experimentation, animals were food deprived to 85% of their original weight and trained for 

standard pellet-chasing task. To train the animals, they were placed into an top-open circular arena (100 

cm diameter and 45 cm height) or a square arena (64 x 64 x 25 cm) located in the centre of a sparsely lit 

room and partially surrounded by black curtains. Multiple background cues were placed on the curtains to 

allow rats to situate themselves to their surroundings. 20 mg sugar pellets were thrown towards random 

locations within the arena about  every 20 seconds, and the animals were able to freely move around to 

obtain the pellets.  This procedure encourages the rats to remain in continuous locomotion and sufficiently 

sample the entire arena environment. 

5.4 Experimental recording techniques and session

Once it was established that  rats were able to explore and sample the arena in its entirety with the pellet-

chasing tasks, rat subjects were connected, via a 32 channel headstage (Axona Ltd., UK) mounted with 

two infrared LEDs, to an animal-position recording system. Recorded signals were amplified between 

10,000x and 30,000x and bandpass filtered between 380 Hz and 6kHz to allow for single-unit detection. 

To encourage signal separation from noise, only signals that exceeded a pre-defined user threshold (at 

least three times the noise level) were recorded by the system. In order to provide a baseline for noise 
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level, each channel was referenced to another channel whose background noise was similar and contained 

no cellular activity.

Figure 5: Model of extracellular single-unit recording by a tetrode system.

The diagram above by Buzaki (2004) depicts how a tetrode system can isolate a single unit signal from a 
population of cells. A tetrode contains 4 wires of varying lengths that  receive signals from a population of 
cells. Signal isolation from a single-unit is possible because each wire receives a differential signal in 
which the amplitude of the signal’s spikeform attenuates over small distances. Comparison of spike 
amplitude between each channel will reveal distinct clusters if the cellular signal is received consistently 
throughout the recording. 
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Chapter 5: Data analysis

5.1 Analysis software

Recorded data was then transferred to an off-line graphical cluster-cutting software TINT® (Axona). 

Candidate waveforms were separated and evaluated using specific spike characteristics such as amplitude, 

duration, maximum and minimum spike voltage, the time of occurrence of maximum and minimum spike 

voltages, and the voltage at a specific time point (Figure 6).

 

Figure 6: Example unit isolation using cluster-cutting software TINT®.

A differential signal is received by each channel (1 platinum-iridium wire) in a recording tetrode. (A) The 
amplitude of the signal received by each channel is plotted against another and a cell’s signal can be 
isolated based upon discrete clusters that  form due to a consistent  differential of the waveform’s 
amplitude. Clustering within the amplitude-to-amplitude plot  can represent a signal from a singular 
cellular unit. In this example recording, two clusters were isolated from one tetrode, indicating two 
distinct signals. (B) shows the waveforms of the cellular signals that are represented by the two clusters in 
(A), with each box representing a single channel. In the left column for each signal (blue and green) is a 
trace of all waveforms isolated from the cluster analysis in respects to voltage vs. time. The right  column 
represents the mean waveform taken from all the waveforms in the left  column. If two signals are 
particularly similar or if there is noise that has a waveform similar to the cell signal, signals can be further 
isolated by comparing amplitude to voltage at a user-specified time point (*).
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5.2 Criteria for data inclusion

In order for a unit to be included in the data analysis, they needed to 1) have more than 50 spikes during 

the 12 minute recording period and 2) have low or an absence of firing before the 2 ms (refractory period) 

of the -10/10 ms autocorrelogram. Some units were discarded based upon a combination of criteria that 

suggested that  the signal was noise and not  a cellular unit. These criteria included a waveform that 

exhibited oscillations at its tail and very few total correlations in the -10/10 autocorrelogram.

5.3 Firing analysis

All scripts used in the following firing analysis were written in-house and in the Matlab language. Scripts 

were processed with Matlab® (The MathWorks, Inc., USA).

5.3.1 Theta index analysis

A sine wave with a decaying amplitude was fitted to the -1000/1000 ms autocorrelograms of neurons. The 

equation to the sine wave is shown below:

t refers to time while a,b,c,τ1,τ2 and ω  are the fit  parameters. The fit parameters are estimated using the 

least squares fitting method. The theta index is then calculated as the ratio of a:b. The theta index is 

defined as the ratio of the maximum amplitude of oscillation and the maximum offset of the oscillation. 

Spikes were discarded from further analysis if their autocorrelograms had theta index values of zero.

5.3.2 Positional analysis

Spatial firing maps provides a visualisation of a neuron’s locational preference or lack thereof. They were 

created by first  splitting the arena into a 32 x 32 array of square bins of 3 cm in length. The number of 

spikes within each bin was then normalised to the total time the animal spent within the bin during the 

recording period. The colour code for these spatial firing map was normalised to the maximum firing 
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frequencies recorded, with red corresponding to the maximum firing frequency and blue corresponding to 

the lowest  firing frequency. The stepwise change to a cooler colour represents decreasing intervals of 20% 

of the peak firing. 

The spatial specificity (or spatial information content) is expressed in bits per spike (Skaggs et  al. 1993) 

and is calculated as follows:

where λi is the mean firing rate in bin i, λ is the overall mean firing rate and Pi is the occupancy 

probability of bin i. The spatial information content, as expressed by the spatial specificity index, is a 

measure of the amount  of information relative to the location of the animal that  is conveyed by a single 

action potential fired by a cell. It  should be noted that the spatial specificity index was calculated before 

any smoothing was applied to the spatial firing maps.

5.3.3 Head-directional analysis

Head direction was calculated based on the relative positions of the two LEDs on the headstage. The 

number of spikes fired and the total time spent at each direction heading were summed. The firing rate of 

a head direction cell was calculated by dividing the total number of spikes in each angular bin by the total 

time the animal was directioned toward each angular bin (Taube et al., 1990). The minimum angle based 

on the chosen resolution of 60 angular bins was 6 degrees. To fit  a Gaussian curve to the directional 

tuning data, the firing rate was normalised (with values between 0 and 1) with respect to the peak firing 

rate for each unit (Bassett et al., 2005).

5.3.4 Burst analysis

Quantification of burst  firing in bursting neurons was conducted by calculating the percentage of bursting 

spikes in a recording to the total number of spiking units. A burst  was defined as at  least two spikes 
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occurring within a 5 ms interval. These burst  could also be seen in the interspike interval histogram with a 

peak between 2-5 ms.

5.3.5 Autocorrelation analysis

All recorded cells were analysed based on how well their firing pattern correlated with itself. To conduct 

this analysis, autocorrelograms were made for each cell. The -1000/1000 ms autocorrelogram was created 

by aligning and shifting 1 second intervals of the cell’s spike trains. A reference interval for the cell was 

kept  stationary, with its first  spike used as a reference for time 0. The alignments were then shifted to the 

next  (2nd) spike of the reference spike train, and all aligned spikes are summed for each time point. This 

is repeated until the end of the interval. Then the next  1 second interval of spike trains was subjected to 

the same procedure. The resulting autocorrelogram would graph the number of correlations (alignments) 

for all 1 ms intervals over time. Peaks in the autocorrelogram would indicate high correlations, and 

multiple peaks would suggest rhythmicity in the cell’s firing pattern.

5.4 Histological verification of electrode site

Once the tetrodes have been lowered around 600µm or if cells could no longer be recorded due to 

irreparable damage of the ground wire or loss of the headstage from infection or age, the animal would be 

euthanised and prepared for electrode position verification through histological analysis. They would then 

undergo transcardial perfusion with 0.1M PBS followed by 10% formal-saline. Brains were extracted, 

post-fixed in 10% formol-salin, and transferred to 25% sucrose overnight. Once extracted, brains are 

stored in 4% PFA solution (Sigma, UK) until they were sent  to the Histology & Microscopy Facility, 

Institude of Medical Sciences, University of Aberdeen. There, brains were microtome-sliced into 20µm 

sections, and stained with a standard haematoxylin and eosin staining protocol for cellular differentiation. 

Blue haematoxylin stains the cell nucleus whereas the counter-staining eosinophilic labels the cytoplasm 

in a pinkish colour. Tetrode tracks were verified by visual inspection under standard light  microscope 

(Leica, Germany) fitted with 5x and 20x lens (Leica, Germany). 
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RESULTS

“It is not the finding that make science, science, it is the method, as stodgy and grumpy as it may 
seem, that is far more important than the findings of science.” -Carl Sagan

Much of the work, skill, and time required for extracellular, single-unit  recordings in vivo involve being 

able to isolate and characterise the cells that  were recorded. To ensure that  the research is rigorous, the 

experimenter must  be able to adequately discriminate, categorise, and evaluate recorded signals based on 

a set  of experiment-specific criteria. For this reason, the following four chapters feature case studies of in-

depth analysis for specific cell types found in the ATN. Each case study thoroughly analyses one sample 

cell that expresses either regular, head directional, or theta-burst firing patterns. Following the analysis of 

the sample neurons, there is a total population study of each cell type. The final chapter in this section 

contains an population study of all neurons recorded in the 5 animals.

Chapter 6: Characterisation of regular-spiking neurons

A standard set  procedures was establish for analysing particular spatial and firing characteristics of the 

cells recorded. Through this analysis, some neurons from the ATN were determined to show neither 

spatial preferences (locational or directional specificity) nor distinct  firing patterns (burst or theta 

frequency firing). For this reason, these cells were deemed “regular-spiking” neurons, and they are 

important for providing a standard to which other cell types can be compared.
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6.1 Characteristics of a representative regular-spiking cell
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Figure 7: Example analysis of regular-spiking characteristics in an AM neuron

(A) The spike waveform as seen by individual channels of a tetrode. The solid curve represents the mean 
waveform while the dashed curve represents the standard deviation. The channel that has the highest 
amplitude (top left) presumably represents the electrode wire closest  to the firing cell. Signal amplitude 
decreases and the standard deviation widens the further the electrode tip is from the firing cell (top right). 
(B) The interspike interval histogram (ISIH) shows the number of intervals between spikes over time with 
a peak essentially indicating a high frequency firing burst  (top). The autocorrelogram of spiking activity 
from intervals of -10/10 ms (middle) and -1000/1000 ms (bottom) show the correlation of spiking 
frequency. Accurate isolation of extracellular neuronal signal was confirmed by the absence of firing 
within the first  2 ms (top) of the -10/10 ms autocorrelogram, representing the refractory period of the 
neuron. The autocorrelograms show no characteristics of bursting or theta firing patterns. (C) The 
animal’s positions at which the cell fires (red dots) is inlayed over the path of the animal (black line) 
during the recording period (top, left). A spatial firing map represents the firing rate per pixel normalised 
the total amount of time the animal spent in the pixel position (top, right). A histogram that plots firing 
frequency (Hz) to a the animals’ head direction supports that this cell has no directional specificity 
(bottom, left). The fairly even distribution of data seen in the polar plot also supports that there is no 
head-directional preference. The axises of the polar plot are measures of firing frequency with the 0 Hz 
represented by the centre and the maximal firing frequency represented by the most peripheral point of the 
coordinate system. The polar plot represents the firing frequency of the cell in a particular head direction 
(converted to degrees) (black) and also the distribution of time heading in particular directions during the 
entire recording (yellow).

6.1.1 Spike waveform

All units were recorded using the 32 channel microdrive electrode described in Section 5.1 of Materials 

and Methods. Each of the 8 tetrodes in the microdrive provide a mechanism to isolate cellular signal from 

noise by comparing the differential signals received by the different-length wires of the tetrode (for 

further explanation refer to Figure 6 in Materials and Methods). The wire closest  to the firing neuron 

would receive the maximum signal, thus the waveform for this channel would have the highest amplitude. 

As suggested by Lord Kelvin’s cable theory, a signal attenuates over distance, so the few micrometers 

difference in length between tetrode wires could significantly reduce the amplitude of waveforms 

recorded by wires further away (Figure 7A). Indeed, for this representative cell, the amplitude of spike 

recorded by the presumably furthest wire is about  28% of the maximum amplitude recorded (Figure 7A, 

top, left  and right). This difference in amplitude allows for the isolation of a signal from a single unit 

(Henze et  al., 2000). The features that characterise the standard Hodgkin and Huxley spike shape (such as 

the hyperpolarising undershoot) is progressively lost in the channels with further electrode tips. The 
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standard deviation breadth of the waveform also varies due to the differing distances of the electrode tips 

(Figure 7A). If the recording electrode is further away, the signal would be more susceptible to distortion 

by noise or the signal of nearby cells. Also because the signal received from the further wires are 

attenuated, the signal-to-noise ratio would become smaller, making it difficult to clearly isolate the signal. 

Cells can be further analysed on the basis of electrophysiological properties of such as spike width, 

maximum firing frequency, and average firing frequency. These features can provide a point of 

comparison between different cell types and cells from different neural structures.  

6.1.2 Autocorrelograms and interspike interval histogram

Autocorrelograms allow for the visualisation of firing pattern by plotting spike correlation counts over 

specific intervals of time (Figure 7B, refer to Section 5.3.5 for how autocorrelograms are created). All of 

the cells included in this study showed an absence of firing within the refractory period of the cell, 

represented by the first 2 ms of the autocorrelogram, unless the correlation could be confidently identified 

as noise (Figure 7B, middle). The interspike interval histogram (ISIH) and the autocorrelograms for this 

sample cell show no indication of significant bursting nor theta rhythmicity in its firing pattern. The ISIH 

sums the number of intervals between spikes over a period of time, with a peak indicating a high firing 

rate. Bursting cells were defined by a peak in firing frequency at  around the first  2-5 ms and would be 

followed by an exponential decline in firing seen in the ISIH. For this representative regular-spiking cell, 

there is no evident peak in firing, barring one large firing count  at  around 12 ms, and no decline in firing 

over time (Figure 7B, top). In fact, the firing count  remains quite consistent over the 50 ms interval. The 

lack of clear peaks in the -1000/1000 autocorrelogram also indicates the absence of rhythmicity or 

oscillations in the firing pattern of the cell (Figure 7B, bottom). Rhythmically firing neurons would have 

reveal peaks, whose number depends on the type of rhythm, in the longer interval autocorrelograms. Delta 

rhythms would have 1-4 peaks in the 1000 ms interval, and gamma rhythms would have an amazing 

30-70 peaks in one second. The most  famous neural rhythms are theta rhythms found in the hippocampus 
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and cortex. This rhythm is also known to be mediated and produced by subcortical structures such as the 

ATN. Theta rhythms have a sinusoidal oscillation of 6-12 Hz (Vertes et  al., 2001; Tsanov et  al., 2011b), 

resulting in 6-12 peaks in the 1s autocorrelogram. It  should be noted that such rhythmicity could also be 

an indication of noise (such as the infamous 60 Hz cycle), and some units were discarded based upon 

abnormal rhythmicity and other criteria such as distorted waveform and low spike count.

6.1.3 Locational and directional specificity

Positional information of the animal was recorded by an positional tracking system via an LED headstage. 

Two separated LEDs of different sizes were mounted to allow for specification of the animal’s head 

direction.

For this regular-spiking cell, there is no apparent  spatial specificity, as supported by the figure of the 

animal’s path overlaid with a map of cellular activity at specific positions (Figure 7C, top, left). The 

ubiquity of cellular firing (represented by the red dots) across the entire arena suggest a lack of locational 

preference. This is further supported by the spatial firing frequency map that charts maximum firing 

frequency in Hertz (Hz) for specific locations in the arena (Figure 7C, top, right). The maximum firing 

frequency is then represented by red and the lowest by blue. Though there are a few spots on the spatial 

firing map that  show a higher rate of firing than surrounding areas, cellular activity is not specific enough 

to particular locations in the arena to be considered spatially specific or a place cell. This specificity, or 

information content, of positional preference is evaluated by a spatial specificity index, which essentially 

measures of the amount  of information conveyed by a single spike fired by a potential place cell (Skaggs 

et  al., 1993). The spatial information index for this cell is .355 for 3 cm x 3 cm bin sizes (the equation to 

calculate this index is in Methods and Materials, Section 5.3.2). In order to be considered a place cell, the 

spatial information index must be above 0.5 (a threshold calculated in the supplement of Langston et al., 

2010, and Wills et al., 2010).

Head directionality of a cell can be visualised through histograms that graph firing rate to the animal’s 

head direction or through polar plots that map firing frequency to a polar coordinate system mapped over 
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the circular arena (Figure 7C, bottom, right and left, respectively). The firing rate for the histogram is 

calculated by taking the summation of spikes in a 10° bin and dividing it  by the total time spent in the bin 

(Taube et. al, 1990). The polar plot maps the firing frequency of the cell when the animal’s head is 

positioned towards a particular direction. This map shows both the distribution of time that  the animal 

heads in specific directions as well as the distribution of head direction when the cell fires. This ensures 

that all head directions on the polar coordinate system was sufficiently sampled when analysing the head-

directional preference of a cell. Both the histogram and the polar plot shows no indication of directional 

specificity for this regular-spiking cell. The firing frequency of the cell at  each degree of the polar 

coordinate plane remains fairly uniform, barring a few outliers that can be seen in the histogram. This 

could be due to noise or just stochastic firing of the cell. 

6.1.4 Spike characteristics

1626 spikes were recorded from this regular-spiking cell. Features of the spikes such as mean half-width, 

and average and maximum spiking frequency was used to characterise this regular-spiking cell and 

provide a comparison point  for a population study of all recorded regular-spiking cells. The mean half-

width of the spikes was 104.6 µs ± 13.3. The maximum firing frequency was 5.4 Hz, and the mean 

spiking frequency was 2.3 Hz (standard deviation unavailable). 

Table 1: Electrophysiological properties of a regular-spiking cell in the anteromedial thalamus

The mean width, average spiking frequency, and maximum spiking frequency of a cell without spatial 
preferences or distinct firing patterns (mean ± standard deviation).
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6.2 Population study of regular-spiking neurons

Histological analysis of coronal brain sections from the animals provided an idea of where the electrodes 

were implanted in the anterior thalamus. A total of 13 regular-spiking neurons were recorded, and from 

these histological results, 4 units were assigned to the AM and 2 units were assigned to the AD. 7 units 

from a single rat were unable to be assigned to a thalamic nuclei due to lack of histological results. 

Because the electrode for this rat was implanted at  the same coordinates as the other 4 rats, all cells 

obtained from it were assumed to be in the anterior thalamus. 

Figure 8: Histological verification of electrode implantation site in the anterior thalamus

(A) Histology on the animal’s coronally sectioned brains reveal the track marks (red circles) of the 
electrode. Histological analysis of the 4 rats demonstrated that two had track marks within the AD (top) 
and 2 had track marks within the AM (bottom). (B) Right hemisphere of a Rat Atlas figure with the 
hippocampal CA3 and dentate gyrus (DG) and the three anterior thalamic nuclei labelled.
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6.2.1 Electrophysiological properties of regular-spiking neurons

Table 2: Electrophysiological properties of regular-spiking neurons in the anterior thalamus

The mean width, average spiking frequency, and maximum spiking frequency of the cells that show no 
spatial preferences or distinct  firing patterns (mean ± SEM). All cells that  had been assigned a thalamic 
structure (AM and AD) were categorised by these structures and the mean width, average spiking 
frequency, and maximum spiking frequency were calculated for each grouping. 7 cells were not  assigned 
a thalamic structure, and their electrophysiological properties are calculated into the row labeled “All 
regular-spiking neurons.” * indicates statistical significance, p < 0.05.

Electrophysiological properties can aid in categorising and further evaluating the cells. In this experiment, 

the spike width, maximum spiking frequency, and average spiking frequency were analysed for all cells 

recorded. Spike amplitude was also measured but  was not used as a point  of comparison. This measure 

provides little information due to the fact that  the amplitude of a spike would vary with the distance of the 

tetrode from the cell.  For the regular-spiking cells assigned to the AM, the mean half-width was 110.3 µs 

(SEM ± 2.1), the maximum firing frequency was 4.5 Hz (SEM ± 1.3) , and the average firing frequency 

was 3.0 Hz (SEM ± 0.7) (n = 4).  For the regular-spiking cells assigned to the AD, the mean half-width 

was 135.6 µs (SEM ± 3.9), the maximum firing frequency was 1.3 Hz (SEM ± 1.0), and the average firing 

frequency was 0.6 (SEM ± 0.5) (n = 2). The mean half-width of the signal recorded from the two 
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structures were significantly different (t test, p < 0.05), but  the maximum firing frequency and mean firing 

frequency revealed no significant differences. 

6.3 Summary

A thorough analysis of spatial firing maps and head-directional polar plots as well as ISIH and 

autocorrelograms show that a population of cells recorded from the ATN demonstrate no spatial 

specificity or distinct firing patterns. These cells were then called “regular-spiking cells” and provided a 

standard for comparison of all other cell types.

Chapter 7: Characterisation of head direction neurons

Head direction cells have the amazing ability to consolidate a large amount  of external sensory 

information as well as internal vestibular and proprioceptive information in order to encode for directional 

heading. This level of spatial processing has been seen in the AV and AD of the ATN, but  has not yet been 

characterised in the AM. The following chapter presents a case study analysis of a single HD cell and then 

goes on to analyse the electrophysiological and head-directional properties of all HD cells recorded from 

the ATN. 
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7.1 Characteristics of a representative head direction cell

Figure 9: Sample analysis of head-directional modulation in an anterior thalamic neuron

(A) Spike waveform of the signal received from an HD cell. Two channels were grounded due to excessive 
noise, which results in less information about  the cellular signal (right column). (B)  The ISIH shows what 
could be considered weak peaks at  5 and 10 ms, indicating a slight tendency to  burst  (top). The 
autocorrelogram for -10/10 ms show an absence of firing before the 2  ms mark, but low firing (red circles) 
following the 2  ms, suggest that  there is some noise in the isolated signal (middle). The autocorrelogram for 
-1000/1000 ms show no obvious correlation peaks, but  rather a continuous decline in correlations over time 
(bottom). (C) The spiking position overlaid on the animal’s path map reveal that  few spikes occurred when the 
animal was on the right-hand border of the circular arena (top, left). This is further reflected in the spatial firing 
map that  shows the highest  firing frequency  occurring in  the left  half of the arena (top, right). A histogram 
plotting firing frequency to polar head direction coordinates demonstrates head-directional modulation of the 
cell, with a peak firing rate occurring at  around 240 degrees (bottom, left). The polar plot  also demonstrates 
this head-directional preference as well as the breadth of the directional specificity of the cell (bottom, right). 
Again, the polar plot depicts the total time heading in various directions across all specified time bins during 
the recording (yellow) and the distribution of head direction for time bins when a spike was recorded (black).
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7.1.1 Spike waveform

As described in Chapter 5.1 in Materials and Methods, spikes are isolated based upon the differential 

signal received by each wire in a tetrode. This translates to differences in the amplitude of the spikeform 

seen in each of the channels. For the recording of this HD cell, 2 channels were grounded due to 

outstanding noise. By grounding the two channels, less information about  signal is available for analysis. 

This makes resolving the signal more difficult and, in consequence, could lead to a less-precise isolation 

of the cell in respect to surrounding noise.

The wide standard deviation of the spike waveform in suggests that  there might be some noise distorting 

the recorded signal (Figure 9A bottom, left). Without the other two channels to which to compare, the 

only information available to isolate the signal comes from the comparison of the two remaining channels

—one of which probably includes some noise.

7.1.2 Autocorrelograms and interspike interval histogram

This infiltration of noise in the isolated signal is further supported by the -10/10 autocorrelation 

histogram. Though there is an absence of firing seen before the 2 ms time point, the low correlation count 

(a count of 1) following the 2 ms time point  suggests that  these signals in the histogram are probably due 

to noise. The -1000/1000 autocorrelogram shows a high correlation at the first few milliseconds, and then 

the correlations decline over time. The lack of distinct peaks in this autocorrelogram indicates that there is 

no rhythmicity in the firing pattern of this HD cell. The ISIH for this cell contains fairly weak peaks at 5 

and 10 ms. This would indicate that the cell would have a tendency to burst, but the lack of a distinct peak 

suggests that this tendency is not very strong for this particular HD cell.

7.1.3 Locational and directional specificity

The head-directional histogram and polar plot  show a clear indication of direction preference for this cell 

(Figure 9C, bottom, left and right, respectively). The polar plot shows maximum firing occurred when the 

animal had its head turned towards the southwest quadrant  of the arena, which would translate to 240° if 
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East  was considered 0°. This too can be seen in the histogram, showing a peak at 240° and a Gaussian-

like decline in firing rate moving away from this point (Figure 9C, bottom, left). In order to be classified 

as an HD cell, a neuron must have a peak firing rate in the preferred direction that is ≥30% larger then the 

background firing rate (Tsanov et  al., 2011b). For this representative HD cell, the maximum firing rate is 

27.8 Hz and the maximum background (non-preferred) firing rate is 0.9 Hz. Thus the maximum firing 

frequency at the preferred directional heading is more than 3000% higher than the background firing 

frequency—strongly suggesting that the cell indeed does have direction specificity. For further analysis, a 

head-directional tuning curve that  plots normalised firing rate against the animal’s head direction (in 

degrees) was created (Taube et al., 1990). Head-directional tuning curves should follow a Gaussian 

distribution (Taube et  al., 1990), so this directional tuning curve was then fitted to a Gaussian curve with a 

mean of 237.2 degrees and standard deviation of 10.9 degrees (Figure 10). 

Figure 10: Gaussian curve fitted to a normalised firing rate  versus head direction tuning plot of an 
HD cell.

A Gaussian curve was fitted to the data with a mean value of 237.8 degrees and a standard deviation of 
10.9 degrees.  This plot shows the Gaussian-like quality of the firing frequency of HD cells and allows for 
the calculation of a signal-to-noise ratio with noise defined as any peak ≥3 standard deviations away from 
the mean. 
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From this curve, the maximum signal-to-noise ratio (S:N) was calculated to be 29.7, with noise being 

defined as any firing rate peak located more than 3 standard deviations from the mean. This S:N ratio 

provided another measure of how well the cellular signal was isolated and the reliability of the head-

directional information. From the standard mentioned above, the signal-to-noise ratio of the head-

directional tuning curve must be above 1.3 (signal must be >30% of background firing) in order to be 

classified as an HD cell. Any cell with a S:N ratio lower than 1.3 was discarded from the HD analysis. 

The directional specificity of the HD cell was also analysed by the broadness of the directional 

preference. In order to quantify this, the half-width, or the width of the head-directional tuning curve at 

half the peak firing rate, was determined for each potential HD cell. For this HD cell, the half-width of the 

head-directional tuning curve is 70 degrees. 

The maps of spikes and firing frequency in terms of the animal’s position show that there is a lack of 

cellular activity when the animal is positioned on the right-most border of the arena (Figure 9C, bottom, 

left  and right, respectively). While this may be interpreted as a positional preference of the cell (and 

indeed the spatial information index is 0.77), the broad area of high firing frequency suggests that this is 

not the case. This lack of cell firing on the right border of the arena is probably due to the fact  that  the 

animal is less likely to turn its head in the preferred direction when at this position. For example, the 

maximum firing rate for this HD cell is seen when the animal’s head is turned toward the southwest 

(180-260 degrees) quadrant of the arena. The animals tends to prefer circling around the border of the 

arena than moving towards the open centre. If this is the case, the animal is less likely to position its head 

toward the preferred direction when at  the right-most  border of the arena, particularly because turning 

towards 240° at this position is sterically hindered by the wide-set LED headstage.
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7.1.4 Spike characteristics

Table 3: Electrophysiological properties of a head direction cell from the anterior thalamus

The mean width, average spiking frequency, and maximum spiking frequency of a neuron that exhibits 
head-directional specificity (mean ± standard deviation).

The mean half-width of the HD cell’s spikeform is 101.0 µs ± 12.7, which is similar to the half-width of 

the regular-spiking cell in Chapter 6.1. But  unlike the low maximum and mean firing frequency seen in 

the sample regular-spiking cell, this HD cell has a maximum firing frequency of 13.8 Hz and a mean 

firing frequency of 5.4 Hz (standard deviation unavailable). This high firing rate is not uncommon for HD 

neurons found in the AV and AD. When the animal turns towards the preferred directional heading of an 

HD cell, the cell often engages in a rapid firing spike train (Tsanov et al., 2011b).

7.2 Population study of head direction cells

Upon evaluation of recordings from the thalamic nuclei of 5 rats, 13 cells show head-directional 

specificity. Histological analysis indicated that 4 were most  likely recorded from the AM and 2 from the 

AD. 7 cells were from a rat upon which histological analysis had not yet been conducted. 

HD cells from the AV and AD have been well-characterised, but not  much is known about  the HD cells 

within the AM. The following population study focuses on the properties of HD cells in the AM compared 
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to other anterior thalamic nuclei, but  it  is important to remember that the number of HD cells recorded 

from the AM is quite low. 

7.2.1 Quantification of head-directional properties of HD cells

Figure 11: Varying quality of head-directional tuning plots for various HD and non-HD cells

Firing frequency of individual cells are averaged into bins of 10 degrees (for the bottom left  graph the bin 
size is 5 degrees) and then plotted onto a linearised polar coordinate plane of the animal’s head direction. 
While some plots have an abscissa labelled from 0-359 degrees, other plots have abscissas that  are shifted 
to allow the head directional curve to be continuous (top, right). HD cells whose directional tuning curve 
obeyed Gaussian distribution had low signal-to-noise ratios (top, left). Head-directional tuning plots for 
cells not  modulated by head direction would show no an evident  peak of firing frequency, but  rather 
contain a fairly uniform distribution across all head-directional positions (bottom, right).

The quality of the directional tuning curves obtained from the 13 recorded HD cells varied significantly 

(Figure 11).  After fitting the data to a Gaussian curve, the half-width and maximum signal-to-noise ratio 

was determined for all HD cells to evaluate quality. Some HD cells had head-directional tuning plots that 

fitted to a Gaussian curve well and thus had a high S:N ratio. The highest S:N from the recorded HD cells 
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was 29.7 (Figure 11 top, left). Other cells had head-directional tuning plots that  had many points lying 

outside the Gaussian-fitted curve, resulting in a low signal-to-noise ratio (Figure 11 top, right, S:N = 3.2).

Table 4: Head-directional characteristics of HD cells

Head directionality was analysed based upon the criteria of maximum spiking frequency in the preferred 
direction, half-width of the head-directional tuning curve, and the maximum signal-to-noise ratio (mean ± 
SEM). A total of 13 HD cells were recorded, with 4 assigned to the AM and 2 assigned to the AD. The 
remaining 7 cells were from a rat on which histology had not yet been performed.

Comparison of the HD cells from the AM and AD thalamic nuclei demonstrated no significant difference 

in the mean half-width of the directional tuning curve, the maximum firing frequency of the preferred 

direction, or the mean S:N ratio (Table 4). The mean width of the directional tuning curve, an indicator of 

the broadness of directional specificity, is 101.7° (SEM ± 26.2) for HD neurons in the AM. This is a 

broader than the mean width found for HD cells in the AD (60°, SEM ± 30) and in the anterior thalamus 

in general (76.9°, SEM ± 8.2), but not significantly.
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Figure 12: Maximal directional preference of HD cells in various anterior thalamic structures

A histogram of the maximally preferred directional heading of all HD cells separated by their respective 
thalamic structures. HD cells assigned to the AM are represented by the blue bars. HD cells from the AD 
are represented by the green bars. The unassigned cells from the rat that has yet to undergo histological 
analysis are represented by the red bars.

To determine if different  anterior thalamic nuclei encoded for specific directional headings, a histogram 

was created to represent  the maximal directional preference (peak of directional tuning plot) of each HD 

cells categorised by their respective thalamic nuclei (Figure 12). The directional preference of HD cells 

from the AM are within the range of 320°-350°. The range for the two HD cells assigned to the AD is 

wider, with a maximal directional preference at  250°-310°. The 8 cells that  were recorded from an 

unknown anterior thalamic structure have HD cells with maximal directional specificity within the range 

of 220°-250°. 

0

1

2

3

4

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

N
um

be
r o

f c
el

ls

Head Direction (degrees)

32



7.2.2 Electrophysiological properties of HD cells

Table 5: Electrophysiological properties of HD cells in different anterior thalamic nuclei

The mean width, average spiking frequency, and maximum spiking frequency of the cells that 
demonstrate directional specificity (mean ± SEM). Cells were categorised by their location in the anterior 
thalamus. Those that were not  assigned to a thalamic nuclei are factored in the calculations under “Total 
HD neurons.”

The mean spike width of all HD cells was 306.5 µs (SEM  ± 32.7) (Table 5). While the spike width was 

not significantly different between the AM and AD thalamic structures, the spike width for all HD cells 

was significantly wider than those of the recorded regular-spiking cells (p < 0.5) (Table 6). Maximum 

spiking frequency and average spiking frequency were comparable for HD cells in both thalamic nuclei, 

and when these properties were compared between the HD and regular-spiking cell populations, they 

were also similar. 
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Table 6: Comparison of the  electrophysiological properties between HD cells  and regular-spiking 
cells.

The mean width, average spiking frequency, and maximum spiking frequency of all HD cells are 
compared to those of the regular-spiking cells. While average spiking frequency and maximum spiking 
frequency are similar between the two populations, the spike width of HD cells are significantly wider. * 
indicates a Student’s t test value below 0.05.  

7.3 Summary 

Head-directional and electrophysiological characteristics of HD cells between anterior thalamic nuclei 

were mostly similar. A notable difference is seen in the range of maximum directional preference of the 

HD cells. HD cells from the AM show a maximum directional preference between 320°-350°, but this 

range is unreliable due to low cell counts and the unknown location of the 7 other HD units. As a 

population, HD cells are shown to have a wider spike width than regular-spiking cells, suggesting a 

prolonged action potential or a larger cell size. It  also may just  be a consequence of the recording 

conditions for these cells.
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Chapter 8: Characterisation of theta-firing neurons

Neural oscillations are seen at multiple cortical and subcortical levels of neural processing. While they are 

found ubiquitously throughout the brain, not  much is known about  their role in neural function. They are 

generally thought  to provide another level of information transfer through rate and temporal coding. The 

theta rhythm has been shown to be crucial in learning and memory with a distinct  role in synaptic 

plasticity and the induction of long-term potentiation (LTP). It  is also suggested that theta rhythms are 

important  for the circuitry that regulates an animal’s spatial awareness and navigational abilities (O’Keefe 

and Reece, 1993). The following chapter features a case study analysis of a single theta-bursting cell, 

which is accompanied by a population study of theta rhythmicity in theta cells.
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8.1 Characteristics of a sample theta-bursting cell 

Figure 13: Sample analysis of theta-bursting in an AM neuron

(A) Spike waveform of the signal received from a theta-bursting cell. One channel has been grounded due 
to excessive noise. (B) The smoothed spatial firing frequency map that shows the cell’s high firing 
frequency throughout the arena. (C) The ISIH for this cell shows a distinct  peak of firing rate at  around 3 
ms, a characteristic of a bursting cell (left). The -10/10 ms autocorrelogram also demonstrates this distinct 
peak (middle). When comparing to the other correlations, the small correlations (red circle) seen before 2 
ms suggests that a small amount of noise was isolated with this signal. The -1000/1000 autocorrelogram 
is characteristic of a theta-firing cell, with a sinusoidal decaying oscillation of 8 peaks (from 0-1000 ms) 
(right). 

8.1.1 Autocorrelogram and interspike interval histogram

The primary method used to classify theta-firing neurons is through an analysis of their -1000/1000 

autocorrelogram (Figure 13C, right). An autocorrelogram essentially depicts how well a cell’s signal 

correlates with itself, with peaks indicating strong correlations in firing between 1s spike train intervals. 
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The 8 distinct correlation peaks found on both halves of the -1000/1000 autocorrelogram is a strong sign 

that this cell is firing at  a theta frequency (6-12 Hz). The decaying amplitude of the peaks represents the 

sinusoidal harmonic oscillation that is characteristic of the neural theta rhythm.

The ISIH for this cells depicts a large peak of rapid firing at  around 3 ms (Figure 13C, left). This and the 

exponential decay that follows the peak are characteristic of a bursting cell. Bursts are events in which 

there is an elevated rate of neuronal firing, resulting in an increase in interspike intervals during bursting 

events. Because a burst  is defined as at least two spikes within a 5 ms period, a peak in the number of 

interspike intervals between 2-5 ms would classify the cell as a bursting cell. The -10/10 ms 

autocorrelogram also demonstrates this consistent burst firing with a correlation peak around 3 ms (Figure 

13C, middle). The -10/10 ms autocorrelogram shows a small amount  of noise in the isolated signal, as 

evidenced by the small correlations occurring before the end of the 2 ms refractory period.

8.1.2 Locational specificity

This sample theta-bursting cell has a very high firing rate and seems to fire indiscriminately to location. 

The lack of locational specificity is supported by the spatial firing map, which shows that the maximum 

firing frequency of the cell across all bins were within 50% of the maximum firing frequency of 59.7 Hz 

(Figure 13B). This indicates that the sample theta-bursting cell has a high firing frequency, as expected 

from a bursting cell, and lacks locational preferences.
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8.1.3 Theta index analysis

Figure 14: Theta index analysis for the firing pattern of anterior thalamic neurons

A decaying sinusoidal oscillation curve is fitted to the -1000/1000 autocorrelogram of ATN cells 
according to the equation in Section 5.3.1 of Materials and Methods. A theta index was calculated as 0.28 
for the sample cell in Section 8.1. (top, left). This index is calculated by taking the maximum amplitude of 
the sinusoidal fitted curve and dividing it by the maximum amplitude of the non-sinusoidal areas of the 
autocorrelogram. The theta index for firing patterns with very little noise below the fitted sinusoidal curve 
minima would be very high (>1), as seen with the top, right  and bottom, left autocorrelograms that have a 
theta index of 22.57 and 3.75, respectively. Cells with non-rhythmic or oscillating firing patterns (no 
correlation peaks) resulted in a theta index of 0 (bottom, right).

The theta index is a measure of how well the cell’s spiking pattern follows theta rhythmicity. The 

-1000/1000 autocorrelogram for the cell is fitted to a sinusoidal curve (for the equation, see Section 5.3.1 
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in Materials and Methods) (Figure 14). The index is normalised to the level of noise (any signal that  is 

below the minima of the sinusoidal curve). Most values for the theta index would be below 1, as with the 

representative theta-bursting cell with a theta index of 0.28 (Figure 14, top, left). But because of the way 

the index is calculated, it  is possible, if the cell fires quite faithfully in a theta rhythm, that  the theta index 

is larger than one (Figure 14, top, right). These high theta indices are usually seen with slow-spiking theta 

cells. Low theta indices are characteristic of fast-spiking theta-firing cells that burst  in a theta rhythm but 

still fire outside of the theta episode (Tsanov et  al., 2011a). In order for a cell to be classified a theta-firing 

cell, its theta index must be > 0.001 (Tsanov et al., 2011b). 

8.1.4 Burst analysis

When a neuron fires very rapidly over a short period of time, it is an event known as a burst. More 

precisely, a burst is defined as at least two spikes that occur within a 5 ms interval. If a burst consistently 

occurs between 2-5 ms after the previous spike, then the cell is considered a bursting cell. Bursts as neural 

information units are thought to have more information content then single spikes (Reinagel et. al., 1999). 

Bursts can be quantified by measuring the length of interspike intervals or the number of interspike 

intervals over a period of time, as seen with the ISIH (Cocatre-Zilgien and Delcomy, 1992). In this 

experiment, bursting was also quantified by taking the percentage of bursts in respects to all firing events 

over the span of a recording period (Figure 15). For the regular-spiking cell in Chapter 6.1, the percentage 

of bursts is 1.5%., while this theta-bursting cell exhibits a percentage burst of 46.8%.
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Figure 15: Comparison of spiking patterns for a regular-spiking and a bursting cell

The EEG for both the regular-spiking cell from the case study in Chapter 6 (top) and the sample theta-
burst  firing cell (bottom) is placed above the spiking timing for both cells (blue and red lines, 
respectively). The regular-spiking cell fires single spikes that appear intermittently across the 3 second 
time interval, while the the theta-bursting cell contains several bursts within its spike trains. Bursts are 
defined as containing more than 2 spikes fired within a 5 ms interval.

8.1.5 Spike characteristics

The mean spike width of the sample theta-bursting cell is 113.1 µs ± 12.9. The maximum firing frequency 

recorded was 59.6 Hz, which is much larger than the firing frequencies seen for the recorded regular-

spiking and HD cell populations. The average firing frequency was 49.3 Hz (standard deviation 

unavailable). This is quite close to the maximum firing frequency, indicating that the cell consistently 

fires at a fairly rapid rate.

Table 7: Electrophysiological properties of a theta-bursting cell from the AM.

The mean width, average spiking frequency, and maximum spiking frequency of a neuron with a theta 
and bursting firing pattern (mean ± standard deviation).
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8.2 Population study of theta-firing neurons

A total of 13 theta-firing neurons were recorded from 5 rats. From the histological analysis, 3 theta-firing 

units were assigned to the AM, 1 was assigned to the AD, and 9 units were not  assigned because histology 

was yet to be performed on the rat from which they were recorded.

8.2.1 Quantification of theta rhythmicity in theta cell population

To adequately classify theta-firing cells and to provide a measure with which theta cells can be compared, 

a theta index was calculated for each potential theta cell (as described in Section 8.1.3). Five cells were 

shown to have theta indices greater than 1, suggesting that these cells were active almost solely during the 

theta episode. 

Table 8: Theta indices of theta-firing cells in the anterior thalamus.

Theta indices are a measure of how faithful the cell fires in a theta rhythm. All cells above were classified 
as a theta cell because their index was greater than 0.001. The cells were further categorised by their 
respective anterior thalamic structure, and the mean theta index (mean ± SEM) and index range was listed 
for each structure. Theta cells that were not assigned a thalamic structure was factored into the calculation 
for “Total theta neurons.”
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The mean theta index for theta cells in the AM (0.15 ± 0.09) and AD (0.28) were not significantly 

different  (Table 8). The mean theta index for all theta-firing cells recorded (2.9 ± 1.8) was quite high 

compared to theta cells from the AM and AD, yet a Student’s t test  reveals no significance in their 

difference either. All cells that  had theta indices greater than 1 were not yet  assigned to a thalamic 

structure, but this suggests that the theta cells in this structure fires quite faithfully in a theta rhythm. The 

9 theta cells that were recorded from this unknown structure had a mean theta index of 3.8 (SEM ± 2.4), 

making the mean theta index for all theta-firing cells much higher. The SEM for total theta neurons is 

62.0% of the mean, the SEM for AM theta neurons is 60% of the mean, and the SEM for unassigned theta 

neurons was 63%, indicating that there is much variability in the data. 

8.2.2 Electrophysiological properties of theta-firing neurons

Table 9: Electrophysiological properties of theta-firing cells in the anterior thalamus

The mean width, average spiking frequency, and maximum spiking frequency of the cells that fire at  the 
theta frequency (mean ± SEM). Cells were categorised by their location in the anterior thalamus. Cells that 
were not assigned to a thalamic nuclei were factored in the calculations under “Total theta-firing neurons.”

Because there was only 1 theta-firing neuron recorded from the AD, a statistical comparison between the 

two thalamic structures was not conducted. The mean maximum firing frequency of the AM and AD cells 
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were much higher than the mean maximum firing frequency of all recorded theta-firing neurons (Table 9). 

The same is true for the average spiking frequency. This is because the mean maximum firing frequency 

of the unassigned theta cells was 6.8 Hz (SEM ± 1.2), and the average firing frequency was 4.3 Hz (SEM 

± 0.8). 

Table 10: Comparison of the electrophysiological  properties between theta-firing and regular-
spiking cells.

The mean width, average spiking frequency, and maximum spiking frequency of all theta cells are 
compared to those of the regular-spiking cells. The mean spike width seen between the two cell type 
populations are similar. Both maximum and average spiking frequencies are significantly higher for theta-
firing cells than for regular-spiking cells (p < 0.05).

Because theta-firing neurons often exhibit  bursting characteristics, it  is not  entirely surprising that the 

maximum and average firing frequencies of these cells are significantly higher than those of regular-

spiking cells (p < 0.05) (Table 10). On the other hand, the unassigned population of theta cells have 

maximum and average firing frequencies that  are quite similar to those seen in the regular-spiking cells, 

suggesting that this theta cell population, like regular-spiking cells, has few bursting events.
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8.3 Summary 

Theta-firing cells found in the AM and the AD have comparable theta indices, spike widths, average 

spiking frequencies, and maximum spiking frequencies. The average and maximum spiking frequencies 

for overall recorded theta-firing cells was significantly higher than those found in regular-spiking cells. 

However, there is a population of cells (n=9) not yet assigned a thalamic structure that exhibit 

significantly lower firing frequencies and higher theta indices compared to the AM and AD populations. 

The finding of these cells supports the theory that  cells which fire more faithfully in a theta rhythm can 

exhibit lower firing rates (Tsanov et al., 2011a). These cells are called slow-spiking theta cells.

Chapter 9: Characterisation of the anterior thalamic nuclei

The anterior thalamus is anatomically divided into 3 nuclear structures: the anterodorsal nucleus, the 

anteromedial nucleus, and the anteroventral nucleus (Kruger et al., 1995). These dividing lines were not 

created arbitrarily, and these structures can exhibit  different physiological characteristics. Spatial 

processing in the AD and AV has been well-studied, but  not much is known about spatial processing 

function of the AM. The following study looks to characterise the AM in respect  to the other thalamic 

structures. Due to the time-consuming nature of the protocol, few cells were recorded these structures, 

making it often difficult to make comparisons.

9.1 Electrophysiological comparison of all cell types

A total of 68 cells were recorded from the anterior thalamus of 5 rats. 13 cells were classified as regular-

spiking cells, 13 were classified as HD cells, 13 were classified as theta cells, and 14 were classified as 

bursting cells. Theta cells very often exhibit bursting characteristics, so those that  did were also included 

in the calculations for burst cells. 1 cell demonstrated both head-directional specificity as well as a theta-
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firing pattern but  was not  included in the statistical analysis. These directional theta cells have been found 

in the AV, but not in the AM (Tsanov et al., 1999b). The rat in which this cell was recorded from has yet  to 

undergo histological analysis. The remaining 26 cells were unable to be classified due to odd 

autocorrelograms and ISIH.

Table 11: Electrophysiological properties of different cell types in the anterior thalamus

The mean width, average spiking frequency, and maximum spiking frequency of all the cells recorded 
from the anterior thalamus (mean ± SEM). Cells were categorised by their cell types, but  some cells are 
were factored into the calculation of multiple cellular types. For example, theta-bursting cells are counted 
in both the “theta” and the “burst” column. 1 case of a directional theta cell was recorded, but was not 
included into the statistical analysis. * indicates Student’s t test  significance p < 0.05, ** indicates p < 
0.01. The letters after the asterisk tells from which cell type the data is significantly different: head 
direction (HD), theta (T), or bursting (B).

The mean spike width was similar for all cell types with the exception of HD cells (Table 11). These cells 

exhibit a longer lasting action potential, which results in a wider half-width. The mean spike width for 

HD cells is significantly wider than the mean spike width of all other cell types (p < 0.05 for regular-

spiking and bursting cells and p < 0.01 for theta cells). The average spiking frequency (11.9 Hz, SEM ± 
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3.4) and maximum spiking frequency (16.6 Hz, SEM ± 4.3) of bursting cells are significantly higher than 

those of both HD and regular-spiking cell populations (p < 0.05). The average spiking frequency (11.1 

Hz, SEM ± 3.4) and maximum spiking frequency (15.4 Hz, SEM ± 4.5) for theta-firing cells were 

significantly higher than those of the regular-spiking cells, but  was only its maximum firing frequency 

was significantly higher than the HD cell population’s. Many of theta-firing neurons were included in the 

bursting cell calculations (a population called theta-bursting neurons), so they showed marked similarity 

for all the electrophysiological features analysed. 

9.2 Compositional comparison of the anterior thalamic nuclei

Of the 20 cells recorded from the AM, 20% were classified as HD cells, 15% were classified as theta-

firing cells, and 25% were classified as regular-spiking cells. 23 cells were recorded from the AD. Among 

them, 8.7% were classified as HD cells, 4.3% were classified as theta-firing cells, and and 4.3% were 

classified as regular-spiking cells. 25 cells have not  yet been assigned to a thalamic nuclei due to lack of 

histological information. 32% of these cells were classified as HD cells, 36% were classified as theta-

firing cells, and 28% were classified as regular-spiking cells. 

9.3 Summary

The discovery of head direction and theta-firing neurons in the AM suggests that the structure plays more 

of a role in spatial processing than originally believed. Furthermore, this study  shows a larger percentage 

of both HD and theta-firing cells in the AM than in the AD. A caveat that  remains is that the percentages 

found for the AD cells are much lower than reported in previous literature (Taube et  al., 1995; Albo et  al., 

2003). This discrepancy may be due to the low number of cells recorded in the AD in this study, 

indicating that more recordings would have to be conducted before making a reliable comparison between 

the anterior thalamic structures.
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DISCUSSION

Directional heading is encoded in the anterior thalamus

The anteroventral and anterodorsal nuclei in the thalamus have been shown to contain a population of 

cells that  encode for head direction (Taube, 1995; Tsanov et al., 2011b). This experiment demonstrates 

that the anteromedial nucleus of the thalamus also includes a population of these HD cells. The results 

indicate that the HD cells found in the AM exhibit mostly similar head-directional and 

electrophysiological properties as those found in the AD. Unfortunately, limited time only allowed for a 

low number of HD cells to be recorded from both structures, preventing strong conclusions to be drawn. 

There are also 7 cells that were very likely recorded in the anterior thalamus, but they could not  be 

assigned to a thalamic structure due to lack of histological information.

HD cells from the AM show some distinctions in their head-directional properties

The low number of recorded cells from the AM and AD makes it  difficult to draw strong conclusions 

from the data. The statistical analysis performed is dependent on sample size, so it  becomes less reliable 

with smaller populations. For example, the mean half-width of the directional tuning curve (broadness of 

head-directional preference) for HD cells found in the AM is wider compared to that of the HD cells 

found in the AD and the entire ATN (Table 4). The breadth of directional specificity could provide detail 

of how directional heading is encoded in the anterior thalamic structures—either in wide quadrants such 

as 90° NW, NE, SW, SE bins or more specific, small degree bins (NxNW, ExNE, etc.). The difference in 

directional tuning curve width between these thalamic structures was not  statistically significant. But with 

only 4 HD cells recorded from the AM and 2 recorded from the AD, it is possible that the small number 

of cells from both structures could have reduced the statistical significance of this difference. Further 

experiments would be needed to record more HD cells in these structures before even being able to 

reliably statistically analyse the differences in the breadth of head-directional specificity.
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When a histogram of maximum directional preference was created for a standardised polar coordinate 

system, there were clear separations of directional preferences between anterior thalamic structures 

(Figure 12). The small range of directional specificity seen from each thalamic structure may suggest that 

different  anterior thalamic nuclei contain HD cells that encode for specific directional headings. Another 

possible explanation would be that HD cells with similar directional specificity are clustered in specific 

locations within each anterior thalamic nuclei, so that  all successive recordings of HD cells would 

demonstrate similar directional preference. A caveat to these suggestions lies within the researcher’s own 

ability to discriminate cells. It  is possible that  as the tetrodes move further away from a cell, the waveform 

and firing pattern of this cell is distorted enough that  it  would be difficult to determine if a recorded signal 

was from a new cell or one that  has already been recorded. If HD cells were recorded more than once and 

evaluated as two different  cells due to spike characteristics, the maximal directional preference for the cell 

would still be similar. A more rigorous form of analysis that includes factoring how far the tetrode has 

moved from the location of the previous HD cell recording would be needed in order to eliminate the 

possibility that  the same cells was recorded twice. Evolution in optogenetics has led to the use 

multiphoton microscopy to visualise florescent Ca2+ indicator proteins (FCIP) and record neuronal 

activity at single-spike resolution in freely moving rats (Wallace et  al., 2008; Dombeck et  al, 2010). This 

method could be used to record the activity of HD cell populations to see if each anterior thalamic nuclei 

does indeed encode for specific head directions or if there are clusters of HD cells with similar directional 

specificity within nuclear structures. This method has only been conducted in the hippocampus and 

cortex, which are both much closer to the brain’s surface than the ATN. Efforts to improve microscopy 

techniques would first be needed in order to ensure quality resolution of cellular activity in the ATN. 

Electrophysiological properties of anterior thalamic HD cells

The mean width of HD cells spikes is significantly wider than that of all other cell types (Table 11). This 

suggests that HD cells may have action potential that exhibit slower kinetics, with either a longer 

depolarisation phase, longer repolarisation phase, or both. Considering that many HD cells exhibited a 

wide waveform during the recordings, this quantification was consistent with observation (Figure 16). It 
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should be noted that  the wider half-width seen for HD cells might  also be a consequence of the recording 

conditions. If the electrode was closer to a cell then both the amplitude and the width of the spike would 

be larger than if it  was further away. Since the mean spike amplitude for HD cells is 172.3 µV (SEM 

±10.9) and the mean amplitude for regular-spiking cells is significantly less (64.1 µV, SEM ± 2.3), it 

would suggest that this may be the case. Another explanation for the significantly wider spike width of 

HD cells is that  these cell may be bigger and thus would emit  larger action potentials. But since all 

waveforms are sampled at the same time interval (1 ms) and since spike duration would increase with 

increasing  distance from the signal source, neither of these explanations would account  for the longer 

time scales seen for these high-amplitude action potentials. 

Figure 16: Common spike waveform exhibited by HD neurons

Many HD neurons recorded in the experiment exhibited an action potential in which the depolarisation 
and repolarisation phase is slower than those seen with regular-spiking cells. This results in a wider 
waveform and a longer spike duration. The voltage is sampled at specific time points to create the 
waveform. A sample size of 50 equals to a 1 ms time interval.  
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While it  would be incredibly difficult  to perform, in vivo whole-cell recording in freely moving rats might 

provide more information to help answer this question. in vivo whole-cell recordings have reached a new 

level with the advent  of a head-mountable rig that  allows the animal to move freely (Lee et  al, 2006). 

Since then, in vivo whole-cell recordings have been used to record place cells in the hippocampal CA1 in 

freely moving rats (Epsztein et al., 2011). It may be possible to use this method in order to directly record 

intracellular signals from HD cells and even determine the morphology and location of these cells. There 

would be at least two issues that arise from this experiment: 1) if HD cells are not at all isospherical, 

action potential dynamics would change depending on the distance of the recording from the soma, 

preventing comparison of spike width between cells and 2) the ATN may be too deep within the brain to 

insert the electrode without clogging the tip.

Oddly, a previous paper that characterised the electrophysiological properties of HD cells in the AD and 

AV reports a much narrower mean spike width (174.2, SEM ± 6.5, n = 101) (Tsanov et. al, 2011b). It also 

reports a higher maximum firing frequency (98.7, SEM ± 5.9) and average firing frequency (31.5, SEM ± 

1.5) than those seen from the AD HD cells found in this experiment. This can quite simply just  be due to 

the low number of recorded HD cells from the AD (n =2) in this experiment. Another possibility is that 

the population of HD cell recorded by Tsanov et al. may have been comprised mostly of AV neurons, 

which were not  recorded during this experiment. Whichever or if ever the case, many more HD cells from 

the anterior thalamus would need to be recorded in order to make a more precise comparison of 

electrophysiological features between the three structures. Since most  of the HD cells recorded during this 

experiment were not  assigned to a thalamic structure, the histology also needs to be performed and the 

electrode location determined to provide for a more informative and reliable data comparison.
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Different levels of theta rhythmicity and bursting are seen in the anterior thalamic nuclei

Theta-firing cells can exhibit  a firing pattern very specific to the theta rhythm, while others demonstrate 

bursting in a theta frequency, yet  also non-specific firing outside of the theta rhythm. The theta index can 

be a valuable measure to differentiate these cells, with lower ( > 0.5) theta indices signifying less-specific 

theta cells and higher indices signifying cells that firing close to or almost  exclusively in the theta 

frequency. The theta-firing cell population found in the AM and the single theta-firing cell in the AD have 

low theta indices, suggesting that these structures may contain the fast-spiking theta cells that are less-

specific to the theta rhythm. Of course, only one theta-firing cell was recorded from the AD and only 3 

from the AM, so this can not be stated with any degree of certainty. 9 cells from the unknown thalamic 

structure were found to a significantly higher mean theta index than those assigned to the AM and AD. 

This indicates that this theta cell population fires very specifically at a theta frequency.

Theta-firing cells in both the AM and AD have significantly higher average and maximum firing 

frequencies, once again suggesting that these structures contain the fast-spiking theta cells. These higher 

firing frequencies are often due to the bursting tendencies that  seen with most theta-firing cells. However, 

it  was found that  the same population of theta cells that  fire very specifically in a theta pattern also exhibit 

significantly lower firing frequencies. These cells have average and maximum firing frequencies that are 

comparable to those seen in regular-spiking cells. This data suggests that there are indeed populations of 

slow-spiking, theta-specific cells. The next important step, then, would be to histologically determine the 

location of these cells in order to show if they lie within the AM, AD, or AV.  If they do lie within the AD 

or AM, then it  would suggest that  these structures are not as well-populated with the fast-spiking theta 

cells as the current data reveals. 
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Characterisation of the anterior thalamic nuclei

Lesions to the ATN impairs an animal’s ability to perform spatial tasks (Sutherland and Rodriguez, 1989). 

This impairment  suggests that  the ATN plays a crucial role in spatial processing and navigation. Due to 

the accessibility of the AD and AM structures, these areas have been fairly well-characterised by in vivo 

extracellular unit recordings. To date, there has been a lack of findings for spatial memory processing in 

the AM. This study found that there are populations of head direction and theta-firing cells in the AM. 

Theta-firing cells represent 15% of cells (3 cells) recorded from the AM, which is less than the percentage 

found in the AV (23.7%, 19 out of 80 cells) by Tsanov et al. (2011a) and much less than the percentage 

found in the AV (40%, 38 out  of 96 cells) by Albo et  al. (2003). The difference between these two 

percentages could be due to the fact  that  the theta cells recorded by Tsanov et  al. were located more 

medially (towards the AD) then those cells recorded by Albo et al. Interestingly, Albo et  al. also reported a 

much lower percentage of theta-firing cells in the AM (5.7%). One explanation for this is that Albo et al. 

conducted their study on urthane-anaesthetised rats, which could not  only alter the physiological firing 

patterns of neurons but  also inhibit  theta oscillations due to the behaviour-dependent nature of theta 

rhythms (Vanderwolf, 1969). But again, only 3 cells were recorded from this structure, so the presence of 

theta-firing cell in the AM is still in question. More theta-firing cells would need to be recorded from all 

thalamic nuclei before a reliable comparison can be conducted. 

 20% of cells recorded from the AM are found to exhibit head-directional specificity. This is much lower 

than the percentage of HD cells found in the AD by Taube (1995), who reported a figure of 60%, and 

Tsanov et al. (2011b), who reported a figure of 44%. In his paper, Taube mentioned that some HD cells 

were recorded from the AV, which may account for the discrepancy between the percentages calculated by 

the two papers. Tsanov et  al. also reported that 42% of cells recorded in the AV were HD cells. In these 

two papers, the number of cells recorded for each structure was between 107 and 135. Due to the time-

consuming nature of the electrode implantation and cellular recordings, as well as the limited amount of 

time available, this study had fewer cells recorded then seen in previous literature. It is apparent, then, 

52



that in order to properly compare the composition of AM cell types, it  will be necessary to record many 

more cells from the AM.

While it  is true that the small number of head direction and theta-firing cells prevent  a reliable 

comparison between the anterior thalamic nuclei, this study has shown that  there are indeed populations 

of directionally specific and theta rhythmic neurons located within the AM. This discovery suggests that 

the AM, like the other two anterior thalamic nuclei, plays a important  role for spatial orientation and 

navigation. A stronger understanding of the electrophysiological properties and cellular composition of 

the AM can provide insight to the extent of the structure’s role in spatial processing, navigation, and the 

Papez circuit. Elucidating the differences and similarities between the anterior thalamic structure can 

further provide a picture to how these structures work in concert to influence the limbic system.

`
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APPENDIX

Arena set-up for recording protocol 

(A) The circular arena in which most recording procedures were conducted (a few cells from 
earlier animals were recorded in a square arena). Rats were placed in the arena connected to the 
LED headstage and locational and directional information was recorded by the arial view 
camera. Cellular activity  was simultaneously recorded from the tetrode microdrive system, 
connecting behaviour to cellular physiology. This is seen in the spatial firing maps for each cell 
that divides the arena into bins and charts the maximum firing frequency for each locational bin 
(normalised to total time animal spent within the bin) (B).
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