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ABSTRACT 

The hippocampus is an integral structure for the construction and recollection of memory 

in both humans and non-human species. Since the mid-20th century, extensive work has 

elucidated its cellular responses to movement that form a robust foundation for spatial memory. 

The advent of in vitro recordings provided an in-depth understanding of how groups of neurons 

and single units in the hippocampus coordinate to form stable memories across the lifespan. 

Early discoveries using local field potential illustrated the importance of the hippocampal theta 

(4-9 Hz) oscillation in memory formation, and how its presence during movement orchestrates 

reliable activity of neurons representing spatial information. Hippocampal time cells were later 

discovered that responded to brief segments of time, which are believed to support the temporal 

properties of episodic memory. The first study of this thesis provides insight into how 

hippocampal theta oscillations differ among spatial navigation relative to fine-motor locomotion. 

The second follow-up study sought to elucidate whether hippocampal neurons can flexibly map 

onto segments of time and centimeters of string pulled (length) during a fine-motor behavior. In 

the first study, we found opposing responses in theta frequency and power between spatial 

navigation and fine-motor locomotion. While theta frequency and power were positively related 

to spatial navigation speed, theta oscillations were reduced to a lower frequency while power 

increased with fine-motor speed. The ópullô and ópushô paw motions (associated with advancing 

an animal through space) were positively related to theta frequency and power and were phase 

locked to theta. The second follow-up investigation found hippocampal activity during discrete 

segments of time and a novel dimension of the ólengthô during fine-motor behavior. These results 

illustrate how the hippocampus may differentially support the perception of movement through 

space and fine-motor behavior, and how it flexibly responds to abstract dimensions beyond 
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traditional 2D navigation. 

The final study presented in this thesis explored the neuronal correlates of vocal deficits 

by classifying the activity of cell types in Area X, a song nucleus of the avian basal ganglia 

(BG), in an anesthetized zebra finch adeno-associated virus (AAV) model of Parkinsonôs disease 

(PD). In the early 20th century, it was established that the motor deficits in PD stem from 

degeneration in the BG. While vocal dysfunctions are the first symptoms of PD and present prior 

to the onset of tremors, little is known of the neural substrates underlying early vocal symptoms. 

An analysis of the two neuron classes, putative medium spiny neurons and pallidal neurons, 

revealed reduced firing rates and alterations in waveform shape, which could indicate changes in 

membrane-bound channels, in both cell types among AAV animals relative to controls. These 

results suggest that reduced firing rate and alterations to intrinsic membrane excitability may 

contribute to the early vocal deficits observed in PD. Collectively, these findings reveal novel 

hippocampal responses to limb movement and segments of length during fine-motor behavior, 

and suggest that neuronal modulation in the BG may underlie vocal motor impairments observed 

in early PD. 
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The role of the hippocampus in movement, spatial 

navigation, and episodic memory 
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1.1 Categories of memory and the hippocampus 

Cognitive Psychologist, Endel Tulving, referred to memory as ñMental time travelò 

(Tulving, 1985). The simple but shrewd expression represents how we experience episodic 

memory ï the ability to consciously recall or relive each sensory and emotional detail of our 

experiences as we mentally travel through precious moments in time. Like watching a scene 

from a movie, the hippocampus allows us to reconstruct our past by reactivating neural 

sequences in which the events occurred. The ability to form and retrieve memories is not only 

vastly important for human consciousness, but it is a reminder of who we are, shaping our 

current and future identities. 

Memory is generally categorized in two domains: explicit and implicit memory (Tulving, 

1972). Explicit memory contains two subcategories, semantic (e.g., general facts and knowledge) 

and episodic memory (e.g., consciously recalling the temporal-spatial properties of personal 

events), which is supported by the medial temporal lobes (MTL) and the prefrontal cortex. 

However, the BG and cerebellum primarily drive implicit memory, which is broadly defined as 

an óunconsciousô recall of information stored as long-term memory (e.g., driving a car or playing 

an instrument). The first two inquiries of this thesis focus on the neurophysiological mechanisms 

believed to underlie explicit long-term memory, namely episodic memory (Tulving, 1985). This 

type of explicit long-term memory is largely constructed and stored in the MTLôs hippocampal 

formation, and we will explore how movement plays a pivotal role in an organismôs ability to 

form stable neural representation of recent experiences (see Figure 1.1). 



14 

 

 

Figure 1.1 Three memory systems: refers to the three kinds of consciousness as anoetic (non-

knowing), noetic (knowing), and autonoetic (self-knowing). The table represents the relation of 

the three memory systems to each other (Tulving, 1985). Figure from ñMemory and 

consciousnessò by Tulving, E., published in Canadian Psychology/Psychologie canadienne, 

1985, 26(1), 1. Available at https://doi.org/10.1037/h0080017. Used in accordance with CPA's 

permissions policy, which allows the reproduction of up to three figures without formal request. 

1.2 Anatomy and circuitry of the hippocampal formation 

The hippocampus resides in the MTL in both humans and other mammalian species, and 

it plays a pivotal role in the spatial encoding during navigation that can later be retrieved in the 

form of episodic memory (Burgess et al., 2002; Ranson & Clark, 1959). The hippocampal 

formation contains various hippocampal and cortical structures that interact with the 

hippocampus proper (cornu ammonis subfields, dentate gyrus (DG), and subiculum) to support 

spatial encoding during navigation. The entorhinal cortex houses cells that are specialized in 
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creating a spatial layout of the environment ï its grid cell activity forms a hexagonal grid of the 

environment (Hafting et al., 2005), border cells fire robustly at the edges or borders of a 

environment (Solstad et al., 2008), and head direction cells are active only during specific head 

directions (Sargolini et al., 2006). The entorhinal cortex receives sensory and cognitive input and 

projects this information via the perforant path to the dentate gyrus where pattern separation 

occurs ï a computational process helps the brain differentiate similar memories and supports 

accurate memory recall. Pattern separation allows for sparse, unique sequences of granule cell 

activation that helps to distinguish similar and dissimilar memories. This information is projected 

and refined through the excitatory mossy fiber pathway to CA3, where recurrent connections 

help with pattern completion. This supports rapid recognition of patterns and retrieval of 

complete memories even in the absence of complete cues or inputs. While less studied, CA2 is 

thought to be a relay hub connecting CA3 to CA1, and it is believed to play a role in social 

memory. The CA3 region sends excitatory inputs to CA1 via the glutamatergic Schaffer 

collaterals, where its signals are integrated and contribute to the refinement of spatial encoding. 

While the CA1 region refines its activity to provide precise spatial information (Mizuseki et al., 

2011), it also processes temporal cues that encode the sequential structure of experiences such as 

the order in which events occur. While CA1 does send some direct input to the entorhinal cortex, 

its efferents primarily project to the subiculum, which relays integrated spatial-temporal 

information to the entorhinal cortex. The collective temporal-spatial information projects to the 

thalamus for further processing and relayed to the prefrontal cortex for higher order decision-

making. Together, the hippocampal formation integrates sensory information to support spatial 

and contextual processing which can later be retrieved in the form of a stable episodic memory 

(Chauhan et al., 2021; The Hippocampus Book, 2007; van Strien et al., 2009). See Figure 1.2. 
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Figure 1.2 Anatomy of the rat hippocampus: a horizontal cross section displaying cortical 

layers indicate cortical layers and sections of the cornu ammonis (CA1, CA2, and CA3) the 

entorhinal cortex, the DG granule cell layer, stratum lucidum, stratum oriens, pyramidal cell 

layer, stratum radiatum, and stratum lacunosum-moleculare (van Strien et al., 2009). Figure 

modified from ñThe anatomy of memory: an interactive overview of the parahippocampal-

hippocampal networkò by van Strien, Cappaert, & Witter, published in Nature Reviews 

Neuroscience, 2009, 10(4), 272-282. DOI: 10.1038/nrn2614. Used in accordance with the 

publisherôs open access policy, which permits reproduction with proper attribution and citation. 
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1.3 Theta frequency generators: the medial septum ópacemakerô and 

hippocampus 

While CA1 axons project to the subiculum and entorhinal cortex, it also sends substantial 

output to the septum, which is a significant generator of the theta oscillation, supporting 

navigation, learning and the formation of spatial memory. Through the septum, the medial 

septum/diagonal band of Broca (MS/DB) projects excitatory cholinergic and glutamatergic and 

inhibitory GABAergic axons to the hippocampus. These input directly to inhibitory interneurons 

and excitatory pyramidal cells in the CA1 region. Both metabotropic (muscarinic) and ionotropic 

(nicotinic) cholinergic input from the medial septum facilitate excitability and plasticity in the 

hippocampus, while the GABAergic inhibitory theta rhythms synchronize and maintain theta 

oscillations in the hippocampus (Hangya et al., 2009; Müller & Remy, 2018). Several 

foundational studies found that hippocampal theta was abolished when lesioning the medial 

septum. This work established the importance of the medial septumôs role as the ópacemakerô of 

hippocampal theta oscillations (Petsche et al., 1962; Vertes & Kocsis, 1997). While cholinergic 

and GABAergic inputs from the medial septum are thought to be the primary drivers of theta 

synchrony, glutamatergic input provides excitatory input to interneurons and pyramidal cells 

contributing to theta power in the hippocampus (J. Robinson et al., 2016). Although the medial 

septum is believed to be an important theta generator for the hippocampus, evidence suggests 

that the hippocampus can autonomously generate theta independent of the medial septum 

(Goutagny et al., 2009; Kocsis et al., 1999). Together, the medial septa and hippocampal theta 

oscillations acts as a ñpacemakerò or timer of cellular activity to ensure stable temporal-spatial 

encoding and is likely a pivotal mechanism for episodic memory formation and retrieval (Fig. 

1.3). 
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Figure 1.3 Medial septum/diagonal band of Broca fibers. The cholinergic, GABAergic, and 

glutamatergic fibers projecting rhythmical theta, acting as a pacemaker and theta rhythm 

generator in the hippocampus (Müller & Remy, 2018). Figure from ñSeptoïhippocampal 

interactionò by M¿ller, C., & Remy, S., published in Cell and Tissue Research, 2018, 373(3), 

565-575. doi: 10.1007/s00441-017-2745-2. Licensed under the Creative Commons Attribution 

4.0 International License. 

1.4 Theta oscillations: the rhythm of episodic memory 

The hippocampus plays an essential role in episodic memory (OôKeefe & Dostrovsky, 

1971; OôKeefe & Nadel, 1978; Qasim et al., 2021; Seger et al., 2023; Drieu & Zugaro, 2019; 

Morris et al., 1982; Squire & Zola-Morgan, 1991) and spatial navigation (McNaughton et al., 

1996, 2006; Wilson & McNaughton, 1993). These two cognitive processes are intertwined 

(OôKeefe & Nadel, 1978). In humans and other mammalian species, as an animal traverses 

https://doi.org/10.1007/s00441-017-2745-2
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through space in an environment, the theta oscillation emerges in the dorsal hippocampus (Green 

& Arduini, 1954). As the organism increases in speed through that environment, theta increases 

in frequency and intensity or power. Theta has been proposed to act as an orchestrator, adjusting 

its rhythm to properly time the activation and sequence of neurons to form a stable neural 

representation of space and context. Thetaôs precise rhythmical coordination results in pyramidal 

neurons firing robustly only upon frequenting a specific location. The collective activity of place 

cells is thought to represent the spatial and contextual information of an explored environment 

(Drieu & Zugaro, 2019). In 1971, John O'Keefe inadvertently discovered these cells residing in 

the rodent hippocampus and named them óplace cellsô, a discovery for which he attained the 

2014 Nobel Prize in Physiology or Medicine. Each time an organism passes through a given 

spatial location, the place cellôs information is processed, stored, and later retrieved as one 

spatial and contextual piece of the experience. As each cell activates in its respective spatial 

location, they collectively make up a consistent and accurate representation of the environment 

that can be later recalled as an episodic memory. Given place cellsô spatial selectivity, OôKeefe 

postulated that these cells were necessary for constructing a spatial map of the environment, and 

damage to the hippocampus would result in spatial learning impairment. Several years later, 

Lynne Nadel and OôKeefe formally introduced the influential theory of the hippocampus as a 

ñcognitive mapò, allowing mammals to process and store spatial information that can be later 

revisited as a mental map (OôKeefe & Nadel, 1978).  

Figure 1.4 illustrates an example of a hippocampal unit responding robustly to only the 

spatial Location A. As the restrained rat is rotated counterclockwise, there is a precipitous drop 

of cell activity until its increased activity is observed as it returns to Location A. This example of 

an individual cellôs spatially selective activity represents how the hippocampus supports stable 
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representations of space during navigation. 

 

Figure 1.4 Responses of a hippocampal (CA1) unit to a restraining tactile stimulus as a 

function of the rat's spatial orientation. The animal was restrained and turned 

counterclockwise direction. Neural recordings began as the animal was stopped and paused for 

several seconds at the letter-marked locations around the platform. The middle histogram 

represents the firing rate of a single neuron at each location. Below is illustration 1, representing 

raw data of a high-firing neuron firing at the onset of location A, and illustration 2, representing 

the onset of its reduced activity at location D (reprinted from OôKeefe & Dostrovsky, 1971 with 

permission).  
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1.5 The coupling of movement and theta oscillations 

While one may not intrinsically associate memory with movement, an organismôs 

movement through an environment plays an integral role in the formation of theta and episodic 

memories. Experiments recording hippocampal local field potential demonstrate a robust 

association between ~7 Hz hippocampal theta oscillation and episodic memory (Bieri et al., 

2014; OôKeefe, 1976; OôKeefe & Dostrovsky, 1971; OôKeefe & Recce, 1993) and navigation 

(Burgess et al., 1994; OôKeefe & Recce, 1993; Vanderwolf, 1969). Disruptions to the theta 

oscillation are deleterious to both memory encoding (Buzsáki, 2002; Mitchell et al., 1982; 

OôKeefe & Recce, 1993; Scoville & Milner, 1957) and navigation (Givens & Olton, 1990; Kloc 

et al., 2020; Winson, 1978). Theta was first tied to locomotion in the 1950ôs, and work quickly 

established its robust positive relationship with movement speed (Green & Arduini, 1954; 

Vanderwolf, 1969). Figure 1.5 illustrates the first recording of hippocampal theta oscillations in a 

freely moving rat performing a variety of locomotor behaviors (Vanderwolf, 1969). Evidence 

supporting the sensorimotor hypothesis, including investigations into virtual reality and 

reductions in self-motion behaviors, indicates that visual changes, proprioception, and vestibular 

modulation contribute to generating hippocampal theta, and that reductions in these domains 

limits the range of theta frequency and power (Bland & Oddie, 2001; Ekstrom et al., 2005; 

Foster et al., 1989; Ravassard et al., 2013; Safaryan & Mehta, 2021; Terrazas et al., 2005).  
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Figure 1.5. Examples of different behaviors and theta activity: comparing neurons in the 

neocortex and hippocampal CA1 region (reprinted from Vanderwolf, 1969 with permission). 

When explored in freely moving rats, theta oscillations are present during walking, 

running, jumping, wheel-running, and bimanual manipulation (Czurkó et al., 1999; McFarland et 

al., 1975; Vanderwolf, 1969; Whishaw & Vanderwolf, 1973). Evidence suggests that theta 

oscillations are particularly coupled to volitional movement through space. While theta is present 

during passive movement, such as being transported in a car, the voluntary action of running or 
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propelling the organismôs body through space is associated with stronger theta frequency and 

power (SğawiŒska & Kasicki, 1998; Terrazas et al., 2005; Whishaw & Vanderwolf, 1973). This 

suggests that theta is engaged during spatial displacement, but it is exceptionally sensitive to 

voluntary movement. 

Later work solidified the link between movement-associated theta and theta associated 

with spatial memory and navigation. This monotonic, positive relationship is believed to be 

essential for the maintenance of stable place fields and constructing an accurate cognitive map in 

natural conditions where movement speed varies (Crown et al., 2022; Drieu & Zugaro, 2019; 

Fernández-Ruiz et al., 2017; OôKeefe & Recce, 1993; Qasim et al., 2021). Regarding memory, 

theta oscillations are less robust during passive movement, and corresponding place fields 

become degraded, suggesting voluntary limb movement contributes to a stable cognitive map of 

the environment (Terrazas et al., 2005). Additionally, more recent work in rats indicates that 

theta oscillations phase-lock to individual footsteps, but only when spatial working memory 

demands are high (Joshi et al., 2023), suggesting that interactions between hippocampal 

processing and the body are highest when cognitive demands peak. Figure 1.6 illustrates the 

synchronization of bilateral stepping to theta oscillations that are more strongly phase-locked 

during increased working memory demands.  



24 

 

 

Figure 1.6 bilateral stepping and its relationship to the hippocampal theta frequency. Top 

schematic depicts a w-track apparatus where the óOutboundô trials demand increased working 

memory load, as it requires the rat to maintain left and right alterations with each successive trial 

to receive a reward. The óInboundô trials demand less working memory efforts, as the rat 

traverses to the center for a reward regardless of the left of right starting position. The lower 

figure illustrates how bilateral stepping is more tightly coupled to theta frequency in the 

outbound trials relative to the inbound trials, suggesting a stronger relationship between 

movement and theta frequency during increased attentional demands. Figure adapted from 

ñDynamic synchronization between hippocampal representations and steppingò by Abhilasha 

Joshi et al. (2023) published in Nature, 2023, 617(125 ï131) under CC BY 4.0 

(http://creativecommons.org/licenses/by/4.0/). Portions of the original figure were cropped to 
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include only select subfigures: available at https://doi.org/10.1038/s41586-023-05928-6. 

 Only several studies have investigated the relationship between individual limb 

movements and theta frequency. Earlier work demonstrated a relationship with bar pressing and 

theta oscillations. In one study, hippocampal theta oscillations were evoked by the onset of bar-

pressing to self-administer electrical stimulation in the lateral hypothalamus. Findings revealed 

that theta was phase locked prior to pressing onsets, and that some were phase locked following 

lever pressings (Buño & Velluti, 1977). This effect held strongly when the electrical stimulation 

was delayed, resulting in clear theta phase-locking before and after the bar pressings. Figure 

1.7A-B shows the theta phase locking at bar pressing epochs; this is complimented by data from 

Abhilasha Joshi et al. (2023) demonstrating hippocampal theta-mediated spikes in the medial 

septum that are correlated to paw-stepping behavior (Figure 1.7D). 

 

Figure 1.7. Theta oscillations and limb movement. (A) Theta phase over time during bar 

pressing for lateral hypothalamic electrical self-stimulation. Theta oscillations are present in the 

pre-pressing period prior to a potential evoked by the electrical self-stimulation (blue lines). (B1) 

Average theta oscillations alignment at lever press with a delayed electrical self-stimulation from 

https://doi.org/10.1038/s41586-023-05928-6
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pressings onsets (lower right arrow). (D) Raster plots of medial septum neuron spikes at theta 

troughs (top) and paw step troughs (bottom) demonstrating the medial septal spikes are 

synchronized with theta and forelimb stepping. Figure adapted from Nuñez, Á., & Buño, W. 

(2021). Voluntary movement and theta rhythm in the hippocampus. Frontiers in Cellular 

Neuroscience, 15, 649262. https://doi.org/10.3389/fncel.2021.649262. © 2021 Nuñez and Buño. 

This figure is adapted under the terms of the Creative Commons Attribution License (CC BY), 

which permits use, distribution, and reproduction in any medium, provided the original authors 

and source are credited. 

Summary 

Decades of collective research have underscored the importance of the hippocampal theta 

oscillation in regard to movement and accurate spatial encoding. Since its initial association with 

physical movement through space, other sensorimotor input elicits its activity including visual 

changes, vestibular input, and proprioception. To date, only several studies have investigated the 

relationship between hippocampal theta oscillations and individual limb movement. However, 

there does appear to be a more complex relationship beyond movement through physical two-

dimensional space. The role of theta oscillations and fine-motor locomotion will be discussed in 

Chapter 3, and it will compare hippocampal theta frequency and power between traditional 

spatial navigation and a fine-motor reaching and grasping behavior. 
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2.1 A brief history of the hippocampus 

 Historical scientific breakthroughs associating the brain with behavior sometimes 

stemmed from anecdotal cases and unexpected discoveries. These incidents demystified 

mechanisms controlling the ñmindò and offered insight into how brain structures support various 

behaviors and cognition functions. Several historical cases in the 20th century contributed to the 

present day understanding of how individual neurons and groups of cells shape our 

consciousness. Several case studies pertaining to the medial temporal lobe revealed how its 

structures is foundational to memory, specifically episodic memory ï the reliving of rich detailed 

autobiographical events. 

 In 1953, a young man named Henry Molaison, or HM, underwent a risky procedure to 

remove a section of his brain in attempt to correct his seizures. William Scoville, a then trusted 

and renowned lobotomist, agreed to complete the surgery. He removed the majority of HMôs 

medial temporal lobe including the hippocampus, amygdala, and entorhinal cortex. While the 

surgery alleviated HMôs seizures, he was unable to form new memories or recall recent 

experiences. However, HMôs motor learning, personality, and memories prior to his surgery 

appeared intact, suggesting that the hippocampus was critical for forming new memories 

(Scoville & Milner, 1957). HMôs serendipitous case has been studied extensively and remains 

the most influential case study tying the hippocampus to memory. 

 After observing HMôs abilities after hippocampal removal, researchers postulated that the 

hippocampus was necessary for the formation of new episodic memories. Although HM was 

unable to form new memories, it appeared that all of his old memories were intact, and scientists 

concluded that they were stored in brain regions outside of the medial temporal lobe. However, 

upon more careful examination, later work decoupled semantic from episodic memory which 
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shed light into the true function of the hippocampus. While HM was able to recall memories 

from childhood, he was unable to recall events from the more recent decades preceding his 

surgery. A closer examination into neuropsychological case studies found that the extent of 

hippocampal damage was correlated with patientsô ability to retrieve all autobiographical 

memories (Nadel & Moscovitch, 1997). This work challenged the theory that the hippocampus is 

only involved temporarily in memory formation, after which memories are permanently 

consolidated in the cortex. Neuropsychological evidence indicated that even remote 

autobiographical memory retrieval was impaired in patients with extensive hippocampal damage. 

This inspired the Multiple Trace Theory, positing that the hippocampus does not just store 

memories in the neocortex, but it is involved in retrieving the context-rich, spatiotemporal details 

that constitute episodic memories. Subsequent work investigating the relationship between the 

medial temporal lobe and autobiographical memory further supported this theory. Researchers 

probed autobiographical memories of participants while measuring brain activity via fMRI. 

Results showed that the hippocampus was significantly involved in the richness and detail of 

reexperiencing events regardless of whether the memory was old or recently formed (Gilboa et 

al., 2004). This work framed the modern view that the hippocampus is fundamental for the 

ability to form and retrieve details of episodic memories throughout our lives. It allows us to 

mentally time travel, reliving the vividly rich, scenic details of our autobiographical memories. 

2.2 Behavioral evidence supporting the hippocampus as a cognitive 

map 

 In The Hippocampus as a Cognitive Map, OôKeefe and Nadel discussed evidence 

underscoring that the hippocampus functions as a ñcognitiveò map, allowing an organism to 
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construct a spatial representation of the environment (OôKeefe & Nadel, 1978). Prior views of 

the hippocampus and medial temporal lobe suggested that they aided in stimulus-response 

learning, allowing animals to navigate toward rewards based on associative responses, such as 

learning to turn left or right via trial and error (Hull, 1945; Kenneth W. Spence, 1956; Tolman, 

1948). OôKeefeôs and Nadelôs theories challenged this, arguing that the hippocampus functions 

beyond rote learning, and it forms a spatial map of the environment to support flexible reasoning 

and responses during navigation. This work built upon Tolmanôs (1948) cognitive map 

hypothesis ï Tolman posited that rats, like humans, construct and employ a cognitive spatial 

representation of the environment to navigate, as opposed to merely stimulus-response learning 

(Tolman, 1948). His theories on the cognitive map challenged leading behaviorism views at the 

time, which inspired later work that implicated the hippocampus in spatial cognition.  

 Other work supported OôKeefeôs and Nadelôs theories, such as Olton and Samuelson 

(1976), who employed a radial arm maze to study spatial learning in hippocampal lesioned rats. 

The maze contained a central platform with eight equally spaced arms where a food reward was 

placed. Rats were required to visit each arm for a reward without reentering arms they had 

visited ï this required the animals to maintain spatial working memory based on allocentric distal 

cues in the environment. Control non-lesioned rats visited each arm without reentering 

previously visited arms, suggesting functioning spatial working memory. However, rats with 

hippocampal lesions performed poorly on the task, as they repeatedly entered arms that were 

previously visited, indicating severe spatial memory impairments (Olton & Samuelson, 1976). 

This work suggested that the hippocampus helps to construct stable representation of space, 

allowing flexible responses to the environment. 

 Later behavioral evidence confirmed Tolmanôs, OôKeefe, and Nadelôs theories by 
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directly testing spatial navigation abilities in rats with hippocampal damage. Using a novel 

apparatus to tap spatial learning and memory, researchers lesioned the hippocampus of rats prior 

to performing the Morris Water Maze ï a task requiring rats to swim in opaque water in search 

of a hidden platform to learn its location relying on distal visual cues in the room (Morris et al., 

1982). Over multiple trials, control rats learned where the hidden platform was located, 

indicating that they had used visual cues to form a cognitive map of the environment. 

Conversely, even after many trials the hippocampal-lesioned animals would swim randomly and 

were unable to find the platform, suggesting severe spatial learning and memory impairment 

(Morris et al., 1982). To control for other factors explaining these results, Morris added another 

condition in which the platform was visible in the water maze. In both controls and the 

hippocampal-lesioned group swam toward the platform suggesting no visual, motor, or 

motivational impairment, and that the differences in performance between the two groups was a 

disparity in spatial learning and memory attributed to hippocampal damage. Later seminal 

studies established the hippocampusô role in spatial learning and memory (Kropff et al., 2015; 

OôKeefe, 1976; Terrazas et al., 2005a; Winson, 1978), further solidifying its function as a 

cognitive map. 

2.3 Electrophysiological evidence of the cognitive map 

Behavioral research in the mid-20th century was foundational in identifying the 

hippocampus as a major player in spatial cognition. The emergence of experimental in vivo 

recordings solidified theories of how the brain functioned by correlating neuronal activity with 

behavior and task performance. An accumulation of this evidence strongly suggested that 

individual cells and groups of neurons in the hippocampus were sensitive to spatial locations, 

and that their activity during spatial navigation supports episodic memory formation and 
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retrieval. In the early 1950ôs, hippocampal theta oscillations were discovered in rabbits (Green & 

Arduini, 1954), while later work tightly coupled theta band to voluntary movement and 

navigation (Vanderwolf, 1969). Later work highlighted the importance of the theta oscillation in 

spatial memory. Winson (1978) trained rats on an elevated circular track to learn reward location 

as a proxy for spatial memory. Subsequently, the medial septum (a key theta generator) was 

lesioned to disrupt hippocampal theta oscillations. When theta was abolished, rats were severely 

impaired in their ability to perform the spatial task, but their recognition memory remained 

intact, even when they located the reward by chance. This suggested hippocampal involvement 

in spatial encoding and retrieval without sensory or motivational disruption (Winson, 1978). It is 

believed that the theta band largely supports neurons in the hippocampus by acting as a metric 

for distance traveled (OôKeefe & Nadel, 1978; Terrazas et al., 2005). For example, as animals 

moved more quickly through space, theta frequency rose ï in other words, there was a positive 

relationship with the number of theta cycles and speed at which the animal traveled through an 

environment (Vanderwolf, 1969). Hippocampal theta was an important milestone for 

understanding how the brain organizes space during navigation, and later work established how 

it coordinates individual cells to support spatial encoding. See Chapter 1 for more background on 

hippocampal theta, locomotion, and navigation. 

The observation of spatially tuned cells in the hippocampus, namely place cells, strongly 

suggested its function as a cognitive map. OôKeefe and Dostrovsky (1971) findings were pivotal 

in showing that hippocampal neurons fired in specific spatial locations, supporting the idea that 

the hippocampus flexibly encodes space in a map-like fashion and is not simply engaged in 

stimulus-responses. As an extension to OôKeefeôs original place cell study, he sought to further 

explore dorsal hippocampal activity in freely moving rats. Similar to the original study, he found 
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that cells in the hippocampus responded to spatial locations, and that the activity of multiple cells 

mapped to unique regions, together creating a complete map of the environment (OôKeefe, 

1976). He also identified a relationship between place cell firing activity and theta oscillations, 

such that both firing and theta frequency increased as an animal ran faster through the 

environment. He also reported that when animals were running, a cell would fire quickly in a 

bursting fashion that was synchronized to a particular phase of the theta wave, indicating a 

coupling of the theta cycle and timing of single unit activity. Furthermore, this activity was not 

influenced by lights or body orientation, ruling out motor sequences or sensory stimuli as 

confounding variables (OôKeefe, 1976). These results indicated that hippocampal neurons were 

flexibly encoding spatial locations based on distal allocentric cues, providing robust support for 

the cognitive map theory of the hippocampus. 

Aside from neurons responding to spatial location, new evidence suggested that cells in 

the hippocampus respond to other dimensions that support spatial encoding. Researchers 

discovered that cells in the subiculum fired based on the direction of the ratôs head independent 

of its spatial location (Ranck, 1973). In the entorhinal cortex, grid cells fire in a hexagonal 

pattern forming a grid-like metric for space (Hafting et al., 2005). Border cells were identified in 

the entorhinal cortex and subiculum that fire at the borders of a field which help to define the 

spatial limits of an environment (Solstad et al., 2008). Lastly, speed cells in the medial entorhinal 

cortex encode speed during navigation to support grid and place cell stability (Kropff et al., 

2015). Together, head direction, grid, border, and speed cells synergistically provide a neural 

spatial metric for navigation that interacts with place cells in the hippocampus proper to 

construct the cognitive map.  

The collective evidence from these seminal studies underscored hippocampal 
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involvement in spatial encoding and retrieval. This work solidified OôKeefeôs and Nadelôs 

theories around the hippocampus as a cognitive map ï that the hippocampus was not only 

important for memory, but it sculpted an internal spatial map of the environment. Findings from 

various electrophysiological studies later revealed that the hippocampus interacts with other 

regions to construct accurate spatial representations of the environment (Hafting et al., 2005; 

Kropff et al., 2015; Ranck, 1973) . 

2.4 Temporal mechanisms for spatial encoding: phase precession 

and spike time dependent plasticity 

The discovery of place cells was monumental in forming our current understanding of 

hippocampus-dependent spatial memory. If a cell fired only when the animal traversed a specific 

location, it was conceivable that place cells were spatially tuned to a dedicated location that 

represented that portion of the environment. However, at the time of its discovery there was no 

known orchestrator of place cell activity. It was not until decades later that the theta oscillation 

was identified as a way to coordinate a given neuronôs spatial activity as the organism moved 

through a place field. Nearly twenty years following OôKeefeôs place cell discovery, he unveiled 

phase precession, a phenomenon that underscored the important link between theta oscillations 

and place cells (OôKeefe & Recce, 1993). To define phase precession, as a rat enters a cellôs 

place field, the cell initially fires at a late phase within the first theta cycle (Skaggs et al., 1996). 

As the animal progresses through the place field, the place cell fires at an earlier phase within 

each progressing theta cycle. See Figure 2.1A demonstrating theta phase precession in a rat 

traversing a place field (Drieu & Zugaro, 2019). Figure 2.1B demonstrates how phase precession 

temporally organizes multiple place cells to comprehensively encode a spatial region of an 
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environment. Each successive place field overlaps with the previous field opposite to the 

direction that the rat is traversing. It is believed that this overlap contributes to a perception of 

where the organism has been in the past (the spatial region behind it), where the rat presently is 

(itôs current place field location), and where it will advance in the future (the location where it 

will be as it traverses forward in space). Together, theta temporally organizes a place cellôs 

activity in a spatial location, and the overlap of numerous place cells firing at a given time 

supports an accurate, stable representation of the surrounding spatial environment. 

 

Figure 2.1 Theta Phase Precession. (A) As the rat enters a place field, the neuron fires late in 

the theta phase. As it progresses through the field, the place cell fires earlier in the subsequent 

phases of the theta cycles. (B) Illustrates the interaction between numerous place cells via phase 

precession. As the rat progresses through each place field, theta phase precession coordinates 

place cell firing to overlap among neighboring fields. This overlap is thought to construct a 

spatial map of the ratôs current location, itôs recently experienced past, and the upcoming 

location where it will progress. Reprinted from Drieu & Zugaro (2019), published in Frontiers in 
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Cellular Neuroscience. Licensed under CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/). 

Theta oscillations and the overlap in place cell activity are not only important for 

encoding the spatial whereabouts of an organism, but are vital for the plasticity and cell 

connectivity supporting spatial learning. The phrase 'cells that fire together wire together' is 

associated with neurobiologist, Carla Shatz, who popularized this expression to describe the 

principle originally proposed by Donald Hebb in 1949 regarding how learning occurs in the brain 

(Hebb, 1949; Shatz, 1992). Hebb postulated that learning occurs through repeated synaptic 

connectivity of óNeuron Aô to óNeuron Bô, underlying the physiological process of learning and 

memory. Although Hebbôs theories were not backed by physiological evidence at the time, later 

physiology suggested it did support Hebbôs postulate. Today we recognize this phenomenon as 

long-term potentiation, a process in which repeated electrical stimulation to a presynaptic Cell A, 

followed by the swift activation of a postsynaptic Cell B, elicits synaptic growth and strengthens 

the connection between the neurons ï ultimately, this robust connection enhances cellular 

functioning and facilitates learning and memory. The first electrophysiological evidence of 

Hebbôs theory was from researchers stimulating the dentate gyrus via the perforant path, a 

hippocampal subregion supporting the ability to encode and distinguish new from old memories. 

After repetitively electrically stimulating this region at 15 times per second, the granule cells in 

the dentate gyrus displayed a long-lasting increase in their response to a single electrical stimuli, 

supporting the Hebbian plasticity theory (Bliss & Gardner-Medwin, 1973; Bliss & Lomo, 1973). 

Later work showed that plasticity via LTP was dependent upon not only repeated stimulation 

between neurons, but upon the timing in which neuron A fired before neuron B. Researchers 

found that the presynaptic cell needed to fire within a 10-15ms window of the postsynaptic cell 
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to increase the synaptic strength between the two neurons (Markram et al., 1997). Furthermore, if 

the postsynaptic cell activated before the presynaptic cell, the synaptic strength between the two 

decreased, a phenomenon that is now called long-term depression. Early findings from several 

studies examining STDP confirmed that the synaptic strength between two cells is dependent 

upon the order in which they fire, and that there is a critical temporal window of 20ms in which 

the pre- and postsynaptic cells must fire (Bi & Poo, 1998; Markram et al., 1997). See Figure 2.2 

illustrating the importance of STDP in long term potentiation and long term depression. 
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Figure 2.2 Spike Time Dependent Plasticity Demonstrated by LTP and LTD in 

Hippocampal Neurons. (A) LTP and a strengthening of EPSPs (black dots) over time when a 

presynaptic cell fires before a postsynaptic cell within the critical temporal window. The right 

figure represents the inverse relationship (LTD) when the postsynaptic cell is stimulated prior to 

the presynaptic cell. (B) Enhanced response of EPSPs after a small current was induced in the 

postsynaptic cell. The right figure represents LTD in the postsynaptic neuron occurring when it 

is artificially stimulated prior to the artificial stimulation of the presynaptic cell. (C) Average 

EPSP amplitudes over the two experiments. The open circles illustrate averaged EPSP activity 

when the pre and postsynaptic neurons were stimulated together, and the blockade of NMDA 

receptors (black dots) decreased synaptic strength underscoring the importance of NMDA 

receptors in LTP and LTD induction. Figure reprinted from Bi, G. Q., & Poo, M. M. (1998). 

Synaptic modifications in cultured hippocampal neurons: dependence on spike timing, synaptic 

strength, and postsynaptic cell type. Journal of Neuroscience, 18(24), 10464ï10472. 

https://doi.org/10.1523/JNEUROSCI.18-24-10464.1998. © 1998 Society for Neuroscience. 

Long-term potentiation is the biological basis for learning in the brain as Hebb postulated 

in 1949. It is believed the theta phase precession constrains the timing for the pre- and 

postsynaptic place cells to fire in the temporal critical window allowing STDP to occur among 

the cell sequences. These mechanisms strengthen synaptic plasticity between each sequence of 

pre- and postsynaptic neurons, ultimately supporting accurate spatial encoding and a stable map 

of the environment (OôKeefe & Recce, 1993). Interestingly, these cell sequences are replayed 

during sleep in the same order in which they fired during prior navigation. This phenomenon, 

ñhippocampal replayò, is thought to further strengthen the cell ensemble synaptic connectivity to 

support spatial memory. In the foundational study identifying hippocampal replay, researchers 
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recorded from place cells as rats navigated a track and compared the firing activity during 

navigation to the activity during slow wave sleep. They found that the place cells active on the 

track would replay in the same spatial sequence at approximately 10-fold in speed (~100ï200 

ms) relative to their sequential activation during spatial navigation (Wilson & McNaughton, 

1994). These findings were influential in suggesting that the hippocampus may reactivate or 

ñrehearseò memories at an accelerated rate that further strengthen the synapses between place 

cells and reinforce spatial memory of recent experiences. 

2.5 Hippocampal place cells are context cells  

The name ñplace cellò was coined from the initial evidence of spatially modulated 

neurons in the hippocampus. Later work discovered that hippocampal cells can ñremapò 

depending on contextual changes in the environment. This was a landmark finding in 

neuroscience as it suggested that the hippocampus does not simply map to spatial locations, but 

contextual changes in the environment can modulate its neural activity (Muller & Kubie, 1987). 

Researchers recorded from the hippocampus of rats as they foraged in a cylindrical arena with a 

cue card centered on the wall at a 3 oôclock position. While they identified place cells in the 

initial condition, authors found that their firing fields shifted in location upon rotating the cue 

card 90Á. However, their fields maintained their locations relative to the cardôs position, so that if 

the card shifted right, the place field would also shift to the right. Logically, the place fields 

returned to the original firing location when rotating the cue card back to its original position. 

Other manipulations, such as removing the cue card, adding barriers, and altering the size and 

shape of the arena, also elicited remapping to different locations in the same environment. Other 

studies have demonstrated remapping in the absence of visuospatial environmental changes 

including odor manipulation (Anderson & Jeffery, 2003), fear conditioning via electric shock 
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(Moita et al., 2004), and changes in task context such as shifting the location of a reward 

(Markus et al., 1995). This growing evidence suggests that these units respond not only to space, 

but they differentially map to spatial locations depending on the context. 

Aside from remapping to different spatial locations, hippocampal neurons alter their 

activity to non-spatial dimensions. To test whether the hippocampus can generalize its mapping 

to abstract dimensions, a study found that CA1 neurons altered their activity across changes in 

auditory frequencies during a sound manipulation task. Rats were presented with a sound 

frequency and were trained to manipulate a joystick to match the frequency with which they 

were initially presented (Aronov et al., 2017). Animals were trained to press a joystick to 

increase sound frequency and were required to release it upon reaching the target frequency. As 

the frequencies shifted, neurons responded to a particular frequency in a place field-like fashion, 

indicating the presence of ñfrequency fieldsò (See Figure 2.3). Analogous to place cells, these 

cells behaved almost identically, showing a clear increase in activity at a given cellôs preferred 

frequency. This indicated that the hippocampus was mapping across frequencies of sound in a 

similar way it does across space during navigation, and that these neurons encode dimensions 

outside of 2-dimensional spatial navigation. Together, the literature suggests that the 

hippocampus responds to contextual environmental variables ï it switches its focus and dedicates 

a portion of its neuronal activity to the most salient, task-relevant demands. It is conceivable that 

the hippocampus is not merely a cognitive map, but it can represent non-spatial dimensions 

including auditory frequencies and even the passage of time.  
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Figure 2.3 Hippocampal and Medial Entorhinal Cortex Neural Activity Across a 

Frequency Axis. (A-B) Neuronal firing rates across all cells (rows) sorted by peak firing rate of 

a given frequency field in the CA1 (left) and medial entorhinal cortex (right). (C-D) Frequency 

field width averaged across neurons in the CA1 (left) and medial entorhinal cortex (right) 

(reprinted from Aronov et al., 2017 with permission).  

2.6 The hippocampus as cognitive clock: time cells respond to brief 

segments of time 

The first evidence of hippocampal cells mapping to segments of time was in 2008, when 

researchers recorded from the hippocampal CA1 region while rats ran on a wheel during a fixed 

time period, followed by a figure-8 maze alternation task (Pastalkova et al., 2008). In this 

pioneering study, authors identified the presence of ñepisode cellsò, such that each cell in the 
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assembly was active only during a brief interval of the 15-second delay period prior to the onset 

of spatial navigation. Figure 2.4 represents the cell assembly sequence, responding to distinct 

periods of time during the wheel-running delay. Interestingly, the cell assemblyôs activity during 

wheel running would change depending upon the ratsô upcoming spatial path in the figure-8 

maze. For example, while a subset of cells was active during the wheel running interval before 

accurately embarking on a right lap trial, a unique group of cells were active during the wheel 

running delay before correctly traversing a left lap trial. Figure 2.5 illustrates a cellôs discrete 

temporal response prior to traversing a right lap in the maze, while it is inactive during wheel 

running intervals prior to navigating a left lap. This differential cell activity reliably predicted 

which direction the rat would traverse in the upcoming trials, suggesting rats may be ruminating 

their future spatial trajectories. Interestingly, most of the neurons that showed future-choice 

predictive activity were active at the beginning of the wheel-running interval, suggesting that the 

hippocampus is strongly engaged in coding the initial segments of a temporal period. Pastalkova 

et al. (2008) postulated that the purpose of the temporally distinct firing patterns is to maintain 

memory across the 15 second delay period, allowing the rat to accurately select the correct 

direction in the upcoming trial. This idea of envisioning future spatial locations led authors to use 

similar designs for various subsequent studies investigating neuronal representations of time in 

the hippocampus. 



43 

 

 

Figure 2.4 ñEpisode Cellsò Encode Distinct Timepoints During a Wheel Running Delay 

Period. (D) Each panel demonstrates six simultaneously recorded neurons during the wheel 

running period. Across all trials (y-axis) each cellôs activity is mapped to a segment of time 

across the 15 second wheel-running interval. (E) The normalized firing rate of 30 neurons (y-

axis) across the 15 second wheel-running delay interval. Adapted from Pastalkova, E., Itskov, V., 

Amarasingham, A., & Buzsáki, G. (2008) with permission. Internally generated cell assembly 

sequences in the rat hippocampus. Science, 321(5894), 1322ï1327. 

https://doi.org/10.1126/science.1159775. © 2008 American Association for the Advancement of 

Science.  
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Figure 2.5 ñEpisode Cellò Activity During Wheel -Running Intervals Predicts Future Path 

Navigation. (A) Each panel represents a different cell active during the wheel-running period 

prior to the right or left turn condition. Across trials (y-axis), cells were differentially activated 

during wheel-running interval time depending on future trial direction (traversing a left or right 

lap on the maze). (B) An assembly of ñepisode cellsò during wheel-running intervals preceding 

left (left column) and right trials (middle column). The right column represents times of 

significantly different firing rates during wheel running prior to left and right trials for each 
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neuron. The grey line depicts the number of cells discriminating between left and right trials at 

times spanning the wheel-running duration. Reprinted from Pastalkova, E., Itskov, V., 

Amarasingham, A., & Buzsáki, G. (2008) with permission. Internally generated cell assembly 

sequences in the rat hippocampus. Science, 321(5894), 1322ï1327. 

https://doi.org/10.1126/science.1159775. © 2008 American Association for the Advancement of 

Science. 

 An important follow up study examined whether ñepisode cellsò were engaged during a 

delay interval before navigating toward a specific reward location, as opposed to simply turning 

left or right. If so, this would suggest that hippocampal cells may be involved in maintaining the 

spatial memories needed for the upcoming trial. Instead of a left-right turn alternation task, rats 

were restricted to a delay interval on a random wing of a plus maze (north or south), and then 

were rewarded when navigating the correct wing (east or west) of the maze (Gill et al., 2011). 

Regardless of what wing the delay interval was in, neurons exhibited episode fields prior to 

choosing the correct wing of the reward location. Figure 2.6 illustrates episode cells active 

during segments of time during the delay period across trials. This indicated that when rats 

actively maintained memory of an upcoming spatial location, episode cells encoded the passage 

of time throughout the delay period. They also sought to determine the importance of movement 

in episode cell activity during the delay interval. Unlike the previously discussed study where 

rats were locomoting in a wheel-running delay, rats in this study were on a platform where their 

movement was voluntary. Results showed that movement did not influence episode cells activity, 

and that cellsô temporal firing patterns differed between the go-east and go-west conditions. This 

suggests that the hippocampus engages a unique subset of cells to encode the passage of time 

when anticipating various spatial conditions, maintaining a stable representation of space in 
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future trajectories. As in the previous study, the presence of episode fields was more likely to 

occur during the first 5 seconds of the delay interval compared to later times in the delay. 

Authors in this study found that episode fields that occurred early in the delay interval more 

accurately differentiated the go-east and go-west conditions compared to cells with fields later in 

the delay. This suggests that the hippocampus is more temporally sensitive to early times during 

a salient task that requires the maintenance of spatial memory. This may serve as a temporal 

ñbookmarkò that helps to construct accurate representations of the current and future 

environment.  

 

Figure 2.6 Episode Cells Encode Time During Spatial Memory Maintenance. (A-H) Time-

fixed firing rates of individual hippocampal neurons across trails (y-axis) across time in the 

variable delay period (x-axis). Rats navigated east in the first 14 trials and west in trials 15 
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through 28. To the right of (C) and (F), the red dots represent examples of neuronal firing as the 

rat moved in its path represented by grey lines. (I)  Firing rates across 53 neurons recorded from 

12 rats. Each row illustrates the temporal sensitivity of each cell across the delay interval 

duration (reprinted from Gill et al., 2011 with permission). 

Pastalkova et al. (2008) and Gill et al. (2011) experiments referred to cells responding to 

periods of time as ñepisode cellsò. MacDonald et al. (2011) initiated the term-shift to ñtime cellsò 

in an important study that identified temporally sensitive hippocampal ensembles in the absence 

of spatial cues during a stationary delay period requiring attentional demands (MacDonald et al., 

2011). Figure 2.7 illustrates the behavioral apparatus and example of time cells active during the 

10-second delay period. In an object-delay-odor task, rats were presented with an object, 

followed by a 10-second delay interval where the rat was restricted from spatial navigation. 

Following the delay, rats were presented with a scented pot where they were required to dig in 

sand for a reward if the scent was previously associated with the object. However, if the scent 

following the delay did not match the object, the rat would withhold from digging and receive its 

reward in a different location. Even when controlling for movement related factors, such as 

location, direction, and speed, hippocampal cells demonstrated temporal encoding throughout the 

delay interval.  

An important factor in MacDonald et al. (2011) was the manipulation of time ï how do 

hippocampal time cells respond when manipulating the delay interval duration? Comparable to 

place cell ñremappingò in response to a change in the environment, time cells exhibited a suite of 

varying responses when there was time added to the delay interval period. Some cells, referred to 

as ñabsoluteò time cells, remained stable in their peak firing times across the 10- or 20-second 

delay, whereas some cells ñretimeò and peaked in their firing at different times during the 
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interval. Hippocampal time cell activity changed solely due to temporal alterations in the delay 

interval regardless of where they plan to traverse in the future. These findings are critical in 

suggesting that hippocampal neurons are active in the absence of spatial cues, and they are 

sensitive to changes in time within delay intervals regardless of future task demands. 

Furthermore, movement and spatial memory demands are not necessary to evoke time cell 

activity in hippocampal cells, suggesting the hippocampus intrinsically reflects the temporal 

components of an experience. To further understand how time cells may adapt their firing to 

temporal changes, another study employed a treadmill task requiring rats to distinguish short and 

long trials based on running interval duration changes (Shimbo et al., 2021). Results indicated 

that time cells that would fire at brief moments in the short trials would proportionately expand 

their time fields in the longer trials. Essentially, time cells would ñstretchò their firing fields to 

encompass the longer trials and compress their activity to encode the shorter intervals. These 

data underscore the hippocampusô flexibility, showing that it not only ñretimesò to different 

timepoints, but it can proportionately scale its activity when expanding or truncating the time 

axis. 
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Figure 2.7 The Presence of Time Cells in the Absence of Spatial Cues or Future Spatial 

Trajectories. The left figure illustrates the ñgoò or ñno-goò response behavioral apparatus. An 

object was presented to the rat before the delay interval. Following the 10-second delay, rats 

were presented with an odor in a flowerpot. If the odor matched the previously presented object, 

the rat would dig for a reward, or rats would navigate to a different part of the track to receive its 

reward if the scent did not match. The first column of the right figure represents different cells 

mapping to time segments across one second as the rats were presented the object. Panels in the 

middle column represent individual cells active during different segments across the 10-second 

delay interval. Panels in the right column show different cells responding to time in the one-
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second period when rats were presented with the correctly matched ñgoò (green) or mismatched 

ñno-goò (red) odor (Reprinted from MacDonald et al., 2011 with permission). Adapted from 

MacDonald, C. J., Lepage, K. Q., Eden, U. T., & Eichenbaum, H. (2011). Hippocampal "time 

cells" bridge the gap in memory for discontiguous events. Neuron, 71(4), 737ï749. 

https://doi.org/10.1016/j.neuron.2011.07.012. © 2011 Elsevier. 

In a later study, the authors further controlled for movement and spatial related 

components during a head-fixed odor memory task to further examine the temporal properties of 

hippocampal cells (MacDonald et al., 2013). They also examined whether theta oscillations were 

present during temporal firing patterns even when eliminating movement. In the odor memory 

task, rats were head-fixed and presented with an initial odor, the sample odor, followed by a 

delay period, and presented with the test odor that would either match or mismatch the sample 

odor. In the correct ñmatchedò trials, the rat would lick a waterspout for a reward and withhold 

licking if the odors were mismatched. Results showed that neurons were selectively active during 

brief moments across the delay period while theta oscillations were present (see Figure 2.8), and 

they were theta phase locked (see Figure 2.9). This may suggest that theta orchestrates time cells 

in a similar fashion to place cells, such that time cells activate consistently across multiple theta 

cycles and phases that may support a stable representation of time during the delay period. 

Authors concluded that locomotion is not necessary for hippocampal time cell activation, and 

that its phase locking to theta can serve as a mechanism that encodes the passage of time outside 

of spatial memory such as an odor-delay memory task. 
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Figure 2.8 Hippocampal Time Cells Phase Locked to Theta During the Delay Interval. (A) 

Increased hippocampal theta power during the delay interval relative to the sample- and test-odor 

intervals averaged across trials in a session. (B) Hippocampal theta power averaged across trials 

within the same session. (C) A series of theta cycles sampled from one second of the delay 

period of a session. (D) Examples of four cells with peak firing during a preferred phase of theta 

cycles. Reprinted from MacDonald, C. J., Carrow, S., Place, R., & Eichenbaum, H. (2013). 

Distinct hippocampal time cell sequences represent odor memories in immobilized rats. Journal 

of Neuroscience, 33(36), 14607ï14616. https://doi.org/10.1523/JNEUROSCI.1537-13.2013. 

Reprinted with permission under Creative Commons Attribution-NonCommercial-ShareAlike 

3.0 Unported License (https://creativecommons.org/licenses/by-nc-sa/3.0/). 
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Figure 2.9 Hippocampal Time Cells Locked to Theta Cycles During the Delay Interval. 

Each column depicts a series of six time cells locked to theta cycles across four rats. Time cells 

were active at distinct moments of time across the delay intervals (shaded grey). Each of the six 

cells in the columns were locked to the number of theta cycles (x-axis) elapsed across the delay 

period. The red tick marks represent one second following the onset of the test odor. Figure 
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reprinted with permission from MacDonald et al. (2013), Journal of Neuroscience, 33(36), 

14607ï14616. https://doi.org/10.1523/JNEUROSCI.1537-13.2013. Licensed under CC BY-NC-

SA 3.0 (https://creativecommons.org/licenses/by-nc-sa/3.0/). 

While the original episode cell study investigated neuronal activity during a wheel-

running delay interval (Pastalkova et al., 2008) another study (Kraus et al., 2013) sought to 

delineate neural responses to time and distance in a treadmill interval task. Kraus et al. (2013) 

recorded from the hippocampal CA1 region as rats ran on a treadmill for a fixed duration at a 

randomly chosen speed and received a water reward at the end of the delay interval. Animals 

subsequently alternated between turning left or right on the figure-eight maze toward the reward 

water port at the end of a goal arm. To distinguish time elapsed from distance traveled, the 

treadmill speed was manipulated while the duration remained constant across the delay. 

Similarly, distance-fixed conditions modulated the speed of the treadmill to keep distance 

constant and independent of time. Findings revealed that while some hippocampal cells were 

significantly influenced by only time or distance, other neurons were engaged in both time and 

distance encoding (see Figure 2.10). For example, neurons sensitive to time were only active at 

brief intervals within the running period regardless of speed or distance traveled, while other 

cells reliably fired at various distances independent of time. While some of the time and distance 

neuron populations were separate, a portion of these cells mapped to both segments of time and 

distance during the treadmill delay interval. Interestingly, authors found that cells only 

responding to time and those only responding to distance fired together in each trial, indicating 

that hippocampal neurons simultaneously encode time and distance across treadmill intervals. 

Kraus et al. (2013) concluded that hippocampal neurons encode a range of contextual factors 

including time, distance, and spatial locations, and that each of these variables influence 
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hippocampal cell activity to varying degrees.  

In the Kraus et al. (2013) study, hippocampal neurons adjusted their tuning to the relevant 

dimensions of the task at hand. To further establish how neurons ñchooseò to map to either time 

or distance, Abramson et al. (2023) reanalyzed data from Kraus et al. (2013), and compared 

hippocampal cell activity from the ótime-fixedô condition to the ódistance-fixedô condition. 

Results suggested that the contextual demands of the experimental conditions influenced 

neuronal activity such that more cells mapped to distance in the ódistance-fixedô conditions, and 

a greater proportion responded to moments in time in the ótime-fixedô conditions (Abramson et 

al., 2023). These findings further support the theory that hippocampal units are flexible, and that 

they adjust their tuning to contextually salient task demands.  
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Figure 2.10 Hippocampal Cells Encode both Time and Distance. (A-B) Raster plots represent 

firing activity from hippocampal neurons that were more strongly influenced by time (left 

panels) compared to cells responding strongly to distance (right panels). (C-D) Hippocampal cell 

activity that was more strongly responsive to distance compared to time. The blue, brown, and 

green subplots represent varying speeds of the treadmill in order from slowest to fastest. 

Numbers in the corresponding colors indicate the peak firing rate in each speed condition 

(reprinted from Kraus et al., 2013 with permission). 

While time cells are primarily studied in the CA1 region of the hippocampus and in the 

context of working memory demands, later work revealed their existence across the 
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hippocampus, and that they are engaged in behaviors independent of attention and memory 

demands. One foundational study compared time cell activity across CA1 and CA3 regions in a 

figure-eight-maze alternation task requiring a working memory load and a separate loop track 

devoid of attention or memory demands (Salz et al., 2016). In addition to time cells active in the 

CA1 region, there was an equal proportion of time cells in the CA3 region during the working 

memory alternation task. While previous time cell paradigms employed tasks with working 

memory demands, authors tested whether this was necessary to engage the hippocampus in 

temporal encoding. Even in the absence of working memory demands, cells in both CA1 and 

CA3 regions displayed temporal modulation, and time cells were also active as place cells while 

navigating the track. These findings suggest that temporal encoding is distributed across the 

hippocampus proper, and that an equal proportion of cells engage in temporal and spatial 

encoding regardless of attentional or working memory demands. This indicates that time cells are 

engaged in tasks that do not demand focus and are not solely driven by memory demands. 

Authors also concluded that roughly the same proportions of cells across CA1 and CA3 encode 

both time and space depending on the task at hand. Figure 2.11 represents the equal proportion 

and orthogonal activation of hippocampal time cells in the CA1 and CA3 region. When 

comparing place cells to time cells in CA1 and CA3, authors found that place cell spatial 

resolution, or field width, remained the same over distance traveled, but the temporal resolution 

diminished over time within the delay intervals. This suggests the hippocampus differs in how it 

encodes dimensions of space and time, and that time is more sharply encoded in the beginning of 

an interval ï this is consistent with prior studies showing increased temporal resolution early in a 

task. 
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Figure 2.11 Comparable Time Cell Activity in CA1 and CA3 Hippocampal Regions in 

Working Memory and Non-Working Memory Navigation Tasks. A-B) Hippocampal CA1 

and CA3 neurons activating at timepoints across the working memory alteration task (subfigure 

C). D-E) Time cells active across the CA1 and CA3 during the looping maze (subfigure F) 

independent of working memory demands. Proportion of cells and activity did not differ 

significantly between the alternation and loop maze conditions. Figure reprinted from Salz, D. 

M., Tiganj, Z., Khasnabish, S., Kohley, A., Sheehan, D., Howard, M. W., & Eichenbaum, H. 

(2016). Time cells in hippocampal area CA3. The Journal of Neuroscience, 36(28), 7476ï7484. 

https://doi.org/10.1523/JNEUROSCI.0087-16.2016. Licensed under CC BY 4.0. 

While hippocampal time cells are predominantly explored in rodent models, later work 

investigated whether time cells resided in the human hippocampus. Authors recorded from 27 

humans with intracranial microelectrode implanted in the hippocampus and entorhinal cortex 
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during an episodic memory task (Umbach et al., 2020). During the encoding period, participants 

studied a list of words that appeared sequentially on a screen, each appearing for 1.6 seconds. In 

the distractor period, they completed arithmetic problems for at least 20 seconds. Subsequently, 

participants entered a 30-second retrieval period where they recalled as many words as possible 

from the studied word list. Findings revealed the presence of time cells during memory encoding, 

and later their activity predicted the temporal organization of words during memory retrieval 

(See Figure 2.12). To parallel rodent work, human hippocampal time cells also exhibited phase 

precession during memory encoding. Additionally, Umbach et al. (2020) sought to understand 

the relationship between time cell activity during the encoding phase and accuracy of memory 

during the retrieval phase, specifically memory accuracy of the order in which the words were 

presented. Given that reliable time fields across trials predict future memory performance in 

rodents, it is conceivable that stable time fields in humans would predict memory acuity. Results 

showed that stable time cell activity during the encoding period predicted the order accuracy in 

which words were later retrieved. Interestingly, Umbach et al. (2020) found evidence of ramping 

cells, which is a novel mechanism identified supporting how the hippocampus functions to create 

temporal representations of an experience. This was the first evidence of neural mechanisms 

representing time in the human hippocampus, directly linking cellular temporal properties to 

episodic memory accuracy in the subjects. 
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Figure 2.12. Time Cells Aid in Encoding and Retrieval Across the Human Hippocampus 

and Entorhinal Cortex. (A-B) Hippocampal and entorhinal cortex time cell firing rates during 

the encoding and retrieval period normalized by time. (C-D) The proportion of cells responding 

to moments in time during retrieval and encoding periods in the hippocampus and entorhinal 

cortex, respectively. (E) The proportions of hippocampal and entorhinal cortex time cells 

engaged during encoding, retrieval, or both encoding and retrieval conditions. (F) A non-

significant correlation between peak firing rates across normalized time in the retrieval and 

encoding conditions. Figure reprinted with permission from Umbach et al. (2020), PNAS, 

117(45), 28463ï28474. https://doi.org/10.1073/pnas.2013250117. Licensed under CC BY-NC-

ND 4.0. 

To further investigate human time cells, and to compliment rodent work highlighting 

time cells in the absence of memory demands, a human study revealed an unprecedented 

interaction in how the hippocampus simultaneously encodes time and space (Schonhaut et al., 
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2023). Authors recorded from patients with hippocampal electrode implants during a virtual 

waiting room interval ï a task-free, time-fixed delay period prior to the onset of a virtual 

navigation task. There was clear evidence of a subset of hippocampal neurons mapping to 

distinct periods of time during the delay interval. However, authors sought to identify the 

existence of time cells during spatial navigation as participants searched and dug for gold in 

various virtual locations of a mine. Findings suggested that there was parallel activation of time 

and place cells in the hippocampus as participants searched for gold locations in the virtual mine. 

Approximately 9% of neurons fired at a given location that depended upon time from the onset 

of the virtual navigation task. Although these cells represented a small population, this evidence 

further confirms that hippocampal place and time cells are more complex and can encode 

spatiotemporal features of the task at hand. 

While these studies have strongly confirmed the presence of time cells in both humans 

and non-human rodent models, little work has examined the properties of time cell fields across 

the time axis. Literature suggests that time fields tend to be tighter with more neurons engaged in 

encoding the initial moments of a time interval. Conversely, in the later phases of a delay period 

time cells are sparser and appear to have wider time fields, suggesting less temporally accurate 

information. Cao et al. (2022) sought to quantify these observations by directly comparing time 

cell fields across the interval time axis. In an 8-second delayed-matching task similar to 

MacDonald et al. (2011), authors examined estimates of the within-trial receptive field width and 

the across-trial variability and found that time field width increased linearly with increased 

delays. Authors concluded that the neural temporal representation in rodent hippocampus is 

logarithmically compressed, suggesting that temporal acuity is highest during the early phases of 

a delay period (see Figure 2.13). These results complement prior findings that identified smaller 
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time fields early in the intervals from a large proportion of total time cells. This provides insight 

into how the brain encodes and processes time across the span of an experience. Specifically, the 

hippocampus does not appear to map moments in time throughout an experience evenly. Instead, 

single units respond more precisely to the initial periods and become less precise for longer ones. 

In doing so, it is compressing time so that shorter periods are more detailed, while the later ones 

may generalize the experience. This suggests that the brain efficiently stores time and sequences 

of events by ñbookmarkingò the initial details of an experience and employs a more generalized 

temporal representation as time passes. In other words, this early and detailed anchoring may 

serve as a temporal marker from which later moments in the experience can be recalled. This 

enables the hippocampus to organize experiences efficiently through temporal markers to 

differentiate and accurately recall events. 
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Figure 2.13 Hippocampal Time Cells are Log-Compressed Over Time. (A) demonstrates 

normalized time cell peak firing rate activity over the delay interval. The dashed white line 

represents the expected peak times if the time cells uniformly mapped to log time: ñEquivalently, 

the dashed white line shows the peak times that would result if the probability of observing a 

peak time M went down like Mī1 corresponding to Ŭ=1.0ò. (B) shows the relationship between 

time-field width over compared to time-field peaks over time. (C) depicts a distribution of a 

power-law exponent parameter Ŭ above 0, suggesting that time is being compressed (blue line 

represents a uniform distribution). (D) shows a cumulative distribution function (CDF) of time 

field peaks, showing a straight line when Ŭ=1 indicating compression of time. The solid red line 

represents the same slope as a best fitting linear regression function to the CDF. Figure reprinted 
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with permission from Cao et al. (2022), eLife, 11, e75353. https://doi.org/10.7554/eLife.75353. 

Licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Summary 

Overall, a growing wealth of evidence has confirmed that the hippocampus functions 

well beyond two-dimensional space during navigation. Since being linked to autobiographical 

memory in the HM case study, research has unveiled how the hippocampus dynamically encodes 

information from the environment, and that its neurons map to the salient dimensions of an 

experience. In the context of hippocampal temporal encoding, early work posited the need for 

attention or working memory demands. However, subsequent data suggested that the 

hippocampus intrinsically scales the passage of time during a variety of stationary or mobile 

experiences in both human and non-human organisms -- this underscores its nature to support 

temporal coding and the accurate recall of experiences in the form of episodic memory. 

  



64 

 

CHAPTER THREE:  

Opposing responses of hippocampal theta oscillations to 

running and bimanual fine-motor movement 

 

Gabriel Holguin1, Krystina Jorgensen1, Andrew Tapia2, Giana Jordan2, Abhilasha Vishwanath1, 

Carol A. Barnes1,3, Stephen L. Cowen1, 3 

 

1Department of Psychology, 2Department of Biomedical Engineering, 3Evelyn F. McKnight 

Brain Institute, The University of Arizona, Tucson, AZ 85721, USA 

 



65 

 

Introduction  

The hippocampus plays an essential role in episodic memory (OôKeefe & Dostrovsky, 

1971; OôKeefe & Nadel, 1978; Qasim et al., 2021; Seger et al., 2023; Drieu & Zugaro, 2019; 

Morris et al., 1982; Squire & Zola-Morgan, 1991) and spatial navigation (McNaughton et al., 

1996, 2006; Wilson & McNaughton, 1993). These two cognitive processes are intertwined 

(OôKeefe & Nadel, 1978). Physiological investigations into hippocampal function have shown a 

robust association between ~7 Hz hippocampal theta oscillation and episodic memory (Bieri et 

al., 2014; Fernández-Ruiz et al., 2017; OôKeefe, 1976; OôKeefe & Dostrovsky, 1971; OôKeefe & 

Recce, 1993) and navigation (Burgess et al., 1994; OôKeefe & Recce, 1993; Vanderwolf, 1969). 

Furthermore, manipulations that disrupt the theta oscillation disrupt both memory encoding 

(Buzs§ki, 2002; Mitchell et al., 1982; OôKeefe & Recce, 1993; Scoville & Milner, 1957) and 

navigation (Givens & Olton, 1990; Kloc et al., 2020; Winson, 1978). While the link between 

theta, navigation, and memory is well established, there is an even longer history of research 

linking hippocampal theta to motion. To illustrate, the first reported investigations of the theta 

oscillation showed robust theta during running, jumping, and bimanual manipulation (Czurkó et 

al., 1999; McFarland et al., 1975; Vanderwolf, 1969; Whishaw & Vanderwolf, 1973).  

Several observations suggest a link between theta associated with movement and theta 

associated with memory, cognition, and spatial navigation. For example, a well-replicated 

finding is the monotonic relationship between theta power and theta frequency to running speed 

(Kennedy et al., 2022; McFarland et al., 1975; SğawiŒska & Kasicki, 1998; Whishaw & 

Vanderwolf, 1973). This positive relationship may be essential for the maintenance of stable 

place fields and constructing an accurate cognitive map in natural conditions where movement 

speed varies (Crown et al., 2022; Drieu & Zugaro, 2019; Fernández-Ruiz et al., 2017; OôKeefe & 
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Recce, 1993; Qasim et al., 2021). The theta harmonic (~16 Hz) emerges with increased spatial 

velocity, and it is believed to be a product of asymmetric or saw-tooth shaped theta sine waves 

(Sheremet et al., 2016). It is postulated that as an organism accelerates through its spatial 

environment, separate classes of theta generating interneurons, in addition to theta generators 

from sensorimotor systems, entrain the accurate firing of place cells. However, the various theta 

generators are not synchronized, resulting in an asymmetric, saw-tooth sine wave that creates the 

theta harmonic (Sheremet et al., 2016). 

Regarding memory, recent work in rats indicates that theta oscillations phase-lock to 

individual footsteps, but only when spatial working memory demands are high (Joshi et al., 

2023). Planting times of the left and right forelimbs aligned with hippocampal representations of 

positions near the rat's actual location, suggesting that interactions between hippocampal 

processing and the body are highest when cognitive demands peak (Joshi et al., 2023). Another 

study found theta-phase locking before and after the onset of lever presses (Buño & Velluti, 

1977). Together, this work suggests a relationship between paw movements and theta 

oscillations. This coincides with evidence indicating that during passive navigation, in the 

absence of voluntary paw movement, theta is reduced and place cell encoding is degraded 

(Terrazas et al., 2005).  

The hippocampus is believed to primarily encode higher-order cognitive and locomotor 

variables, such as position, speed, and movement direction (Colgin, 2013; Kay et al., 2020; 

McNaughton et al., 1983; Wikenheiser & Redish, 2015), whereas limb movements that drive 

locomotion are thought to be computed subcortical regions including the cerebellum, brainstem, 

and spinal cord (Bellardita & Kiehn, 2015; Grillner & Wallén, 1985; Machado et al., 2015; 

Sarnaik & Raman, 2018). Unlike somatosensory and motor cortex, the hippocampus, at least in 
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humans, responds to movements of the ipsi and contralateral limb during manual tasks (Burman, 

2019). Relationships between theta and movement speed have traditionally been demonstrated 

using animals running on tracks and treadmills. Consequently, little is known about how theta 

frequency, phase, and power change with other motor behaviors. Of particular interest are 

bimanual fine motor manipulation as such behaviors are complex, vary with speed, and are 

critical for survival (e.g., food consumption, tool use, climbing). They are also interesting in that 

they can be used to investigate movement speed in the absence of hindlimb movement, 

vestibular changes, and visual flow field information. In this study, we investigated the 

relationships between movement speed and theta during a novel bimanual string-pulling 

behavior in rodents (Jordan et al., 2024).  

String-pulling behaviors have been studied for more than two-thousand years and in over 

160 species (Jacobs & Osvath, 2015). String-pulling has also been adopted in rodents for the 

assessment of bimanual fine motor control (Guo et al., 2015; Russo et al., 2018; W. Yang et al., 

2023) and stroke (Farr & Whishaw, 2002; Hart et al., 2022; MacLellan et al., 2006) given the 

manual precision it requires and the capacity to segment the reaching-grasping motion into 

stages. Our group recently developed the automated Pulling and Neural Data Analysis (PANDA) 

system for controlling and high-resolution monitoring string-pulling behaviors during 

extracellular recordings (Jordan et al., 2024). Here, we measured hippocampal theta as animals 

performed this task to determine if known relationships between locomotion and theta features 

also hold for bimanual motor control. Specifically, we investigated whether theta frequency and 

power were positively associated with string pulling speed and whether the phases of string 

pulling (e.g., reach, grasp, pull, push) were related to phases of the theta oscillation. 
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Methods 

Animals 

Five male Sprague Dawley rats (~3-4 months old, weighing 360-420 g, Envigo RMC 

Inc., Indianapolis, IN) were single-housed in a temperature and humidity controlled 12-hr 

reverse light/dark cycle room with food and water available ad libitum during the habituation 

period. During behavioral training, rats were food restricted to 85% of their ad libitum body 

weight. All procedures were in accordance with NIH guidelines for the Care and Use of 

Laboratory Animals and approved IACUC protocols at the University of Arizona. 

Track-running and string-pulling behavioral training 

Prior to electrode implantation, animals were trained to run on a circular track and pull 

strings. Rats were trained for ~3 days to run clockwise on a 54 cm diameter circular track and 

received Ensure® food reward at each lap. Ensure® was delivered manually by the training 

through a syringe. Adequate performance was reached when rats ran at least 20 laps per training 

session. String-pulling training began by tying Cheerios® to the end of a cotton string and 

draping the string over the wall of the enclosure (Fig. 3.1G). Strings were initially ~12 cm in 

length and the length was progressively increased in ~30 cm increments until rats consistently 

pulled the string ~100 cm. The Pulling And Neural Data Analysis (PANDA) system (Jordan et 

al., 2024) consisted of a loop of string mounted on pulleys that allows animals to pull 

continuously. The length and speed of string pulled was monitored using a digital rotary encoder 

(BQLZR, Shenzhen, China) and Ensure® was delivered through a solenoid valve and spout 

located 30 cm from the string. Reward could be triggered by the experimenter or automatically 

(e.g., when a target length of string was pulled). An Arduino microcontroller (Arduino, 
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Somerville, Massachusetts, United States) managed all data collection, reward delivery, and 

control. Initially, rewards were delivered by manually triggering the solenoid. Once animals 

regularly pulled the string on the PANDA apparatus, all rewards were then delivered 

automatically when predetermined lengths of string were pulled. Details regarding the 

construction and animal training can be found in Jordan et al., (2024), and all code is available 

on GitHub (https://github.com/CowenLab/String_Pulling_System). 

 

Figure 3.1. Animal Behavior. (A) Still photo from video acquired during string-pulling. Dots 

indicate tracking of the nose and paws (DeepLabCut). (B) Trajectory of the left paw throughout a 

single behavioral session. Colors indicate the results of automatic segmentation of the 5 phases 

of string pulling (lift, advance, grasp, pull, push). (C) Top: Plot of string speed during two 

https://github.com/CowenLab/String_Pulling_System
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pulling bouts (colors). The vertical line indicates the separation of the bouts (the bouts were not 

contiguous). Bottom: Running speed during 5 trials (colors) on the circular running track from 

the same session. (D) Autocorrelogram of the speed of the string (blue) measured from the rotary 

encoder and the speed of the left paw (orange) during a single session. The peaks indicate that 

the string speed fluctuated at ~5 Hz while the left paw was half of this (2.5 Hz). (E) Mean ± 

SEM distribution of speeds for track-running (blue) and string-pulling (orange). (F) While the 

shape of the distributions of speed differed during track running and pulling (E), a paired t-test 

indicated no difference in the mean speed per rat (p > .05, n = 5). (G) The timeline for training 

the string-pulling behavior. (H) The timeline for a given neural recording session. The order of 

track running and string pulling was randomized in each session. 

Surgical Procedures 

Rats were anesthetized using isoflurane (1 - 3% isoflurane mixed with oxygen, 1.5 L of 

oxygen/min). Isoflurane was lowered after induction and implantation until the animalôs 

breathing stabilized at ~50 breaths per minute. Rats were implanted with custom-made 32-

channel tetrode arrays. Each array consisted of 8 twisted-wire tetrodes constructed of 12 µm 

diameter polyamide-insulated nickel chromium steel wire. A shorted reference and ground wire 

soldered to a skull screw was placed over the cerebellum and used as a ground/reference. The 

tetrode array was implanted in CA1 in the right hemisphere (AP: -3.0, ML: +2.0, DV: -2.5). 

Analgesia and antibiotic ointment over the surgical incision were administered for two days 

following surgery. Animals recovered for at least one week prior to neural recording. Procedures 

were performed in accordance with National Institutes of Health guidelines for laboratory 

animals under protocols approved by the University of Arizona Institutional Animal Care and 

Use Committee. 
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Electrophysiology and experimental procedures 

Electrophysiological data was acquired from the 32-channel electrode array using the 

Intan neural recording system (Intan Technologies Inc.). Data was acquired at 30 kHz and then 

downsampled to 500 Hz for analysis. Each session began with 30 minutes of baseline 

measurement as animals rested in a pot (Fig. 3.1H). Rats then performed track-running and 

string-pulling behaviors with the order of these behaviors being counterbalanced across 

recordings sessions. During track-running, the animal ran clockwise on a 54 cm diameter track 

for 10 minutes. During string-pulling, rats performed the string-pulling task described previously 

on an elevated platform for 20 minutes. After completion of these behaviors, the rat was again 

allowed to rest for 30 minutes in the pot. Each rat completed ~5 sessions over a two-week 

period. 

Motion tracking 

A side-facing camera (MakoU130b, Allied Vision, Stadtroda, Germany) monitored 

string-pulling behavior and data was acquired at 367 fps using the Image Acquisition Toolbox in 

Matlab (2019). A top-down camera (Manta G-033C, Allied Vision, Stadtroda, Germany) 

monitored track running and data was acquired at 60 fps using NorPix software (Montreal, 

Quebec). DeepLabCut (DeepLabCut, Mathis et al., 2018), was used to track the nose and paw 

position during string pulling and the nose, ear, and tail position during track running (Fig. 3.1A-

B). 

Histology 

Upon completion of ~5 recording sessions, electrolytic lesions were made at each 

recording site to confirm targeting. Three days following the lesion, animals were sacrificed 
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using 0.35 ml euthanasia solution (390 mg/ml pentobarbital sodium and 50 mg/ml phenytoin 

sodium; Vetone, Boise, ID) and perfused with 4% paraformaldehyde in phosphate-buffered 

saline. Brains were extracted, stored in 30% sucrose solution, and coronally sectioned. Tissue 

was stained using cresyl violet for verification of electrode placement. Electrolytic lesions were 

found in all but one rat ï this animal was included in the analysis upon verifying tetrode traces 

above the CA1, and robust theta activity during running and pulling behaviors. 

Data analysis 

Neural data and position tracking data from DeepLabCut were analyzed using Matlab 

2022a. LFP signals from CA1 were referenced to the cerebellar skull screw signal, and the 

acquired signal was downsampled (using resample in Matlab) from 30 kHz to 500 Hz for 

analysis. Theta (6-11 Hz) and its harmonic (12-22 Hz) were isolated using a 12th order 

Butterworth band-pass filter (designfilt). Instantaneous power and phase within the target band 

were determined using the Hilbert transform (hilbert). To ensure analyses were performed on 

smooth and continuous movement that was comparable between track running and string pulling, 

LFP was only analyzed for epochs where animals were moving between 10 - 70 cm/s. For the 

analysis of acceleration/deceleration, epochs were limited to 1 to ±25 cm/s². Paw motion tracking 

was smoothed using a 200 ms moving average (movmean) temporal window. Right and left paw 

movements were averaged to compare fine-motor theta to running epochs, while the left paw 

(contralateral to implant) was used to determine the paw phase relationship to theta. Wavelet 

transforms of the LFP data were performed using a bump wavelet (cwt()) as the bump wavelet 

has a higher frequency resolution than the Morelet wavelet. 

Statistical Tests 

Inferential tests used the animal as the sample (n = 5 rats). To acquire a measure from a 
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given animal, values of the variable in question (e.g., the correlation between theta and running 

speed) were averaged across sessions for a given animal (~3 sessions per animal). This value was 

then used as the within-animal measure. Unless otherwise stated, paired- and one-sample t-tests 

(Ŭ = 0.05) were used to assess statistical significance. Statistical analyses were performed using 

R-Studio 2023. 

Results 

Contrary to track-running, pulling speed is negatively correlated with theta 

frequency, and its harmonic power is diminished. 

While a positive relationship between running speed and theta frequency was observed, we 

found an inverse relationship with pulling speed. Theta frequency was reduced during string 

pulling relative to running in all animals (paired t-test, p = 0.0017) (Fig. 3.2B). Theta harmonic 

power was also significantly reduced during string-pulling (Fig 3.2C-D). To ensure this effect 

held while controlling for theta frequency, we analyzed data at 7.8 Hz (Fig. 3.2E). With the mean 

wavelet spectrogram at 7.8 Hz, the inset shows the within-animal difference (run-pull) averaged 

across animals, showing a significantly larger harmonic during running when controlling for 

frequency (paired t-test, p = 0.042). 

 

Figure 3.2. Vigorous string-pulling triggers low-frequency theta with a low harmonic. (A) 
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Fourier Power-spectral density during track-running and string-pulling bouts for all 5 rats (Mean 

±SEM). (B) Paired frequency was reduced during string pulling relative to running in all animals 

(paired t-test, p = 0.0017). (C) Harmonic power was significantly reduced during string-pulling. 

(D) The theta harmonic as a function of theta frequency during running. To determine if this is 

the case for string-pulling, the spectral response (Morelet Wavelet) was computed as a function 

of the frequency at the peak of the PSD at each speed (black and white dots). While there was a 

small indication of a harmonic during string pulling, it was reduced during relative to running. 

(E) To ensure this effect held while controlling for theta frequency, we analyzed data at 7.8 Hz 

(vertical red lines in D and E). E shows the mean wavelet spectrogram at 7.8 Hz. The inset 

shows the within-animal difference (run-pull) averaged across animals (mean ± SEM) showing a 

significantly larger harmonic during running when controlling for frequency. A paired t-test was 

performed to determine if the difference at 16 Hz was significant (paired t-test, p = 0.042). * P < 

0.05, ** P < 0.01, and *** P < 0.001. Error bars show mean ±SEM. 

There is a dissociation between theta frequency and power during string pulling 

 There was a significant difference between the frequency slope across string pulling and 

running speed (Fig. 3.3G, paired t-test, p = 0.011). There was a positive slope observed during 

running, and a negative slope across string-pulling speed (Fig. 3.3B). Upon frequency 

normalization, there was a clear positive relationship during running and theta frequency. 

However, this relationship was reversed during string pulling (Fig. 3.3C-D). There was no 

significant difference in theta power slope between running and string pulling (Fig. 3.3H, paired 

t-test, p = 0.732). 
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Figure 3.3. Theta frequency is not positively correlated with pulling speed. (A) Theta 

frequency (left) and power (right) as a function of speed during running (blue) and string-pulling 

(orange) during a single recording session of one rat. (B) Average wavelet spectrogram (n = 5 

rats) computed for running (left) and pulling (right) speed (x axis). The expected positive 

relationship was observed during running, but not during string pulling. Dots indicate the peak of 

the power spectral density for each speed. Values are in units of standard deviation from the 

mean at each speed. (C) Normalized theta frequency by running (blue) and pulling (orange) 

speed (Mean ±SEM) where theta was standardized to -1 (minimum) and +1 (maximum) for each 

animal. (D) As in C but where the data are Hz and normalized by subtracting the frequency value 

at the lowest speed (10 cm) from each individual value. This illustrates that the magnitude of the 

effect of speed on frequency during running was larger than during string pulling. While a clear 

positive relationship was observed between running and theta frequency, this relationship was 

reversed during string pulling. (E) As in C, but for the relationship between speed and power. (F) 

As in D, but for power normalized to the power at the lowest speed. (G) Slope of the relationship 
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between speed and theta frequency for each animal during running and string pulling. There was 

a significant difference between string pulling and running (paired t-test, p = 0.011). While all 

slopes were positive during running, 4 of 5 were negative during string pulling. (H) Slope of the 

relationship between speed and theta power during running and string pulling. There was no 

significant difference between running and string pulling (paired t-test, p = 0.732). * P < 0.05, ** 

P < 0.01, and ***P < 0.001. Error bars show mean ±SEM. 

Theta frequency, power, and theta phase locking to the reach-pull cycle 

 The speed of the left paw significantly varied by pull phase (Fig. 3.4A, within-subject 

ANOVA, F = 54.1, p = 0.00001). Speeds were higher during the lift and advance phases than the 

pull and push phases. Acceleration (cm/sec²) also varied significantly as a function of pull phase 

(Fig. 3.4B, within-subject ANOVA, F = 61.9, p = 0.00001). Theta frequency peaked during the 

push phase (Fig. 3.4C, F = 7.692, p = 0.0012, post-hoc with Tukey-Kramer correction). No 

relationship between theta power and pull phase was observed (Fig. 3.4D). 
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Figure 3.4. Behavior and theta activity within each reach-pull cycle. (A) The speed of the left 

paw (Mean ±SEM) significantly varied by pull-phase (within-subject ANOVA, F = 54.1, p = 

0.00001). Each dot indicates a single rat. Speeds were higher during the lift and advance phases 

than the pull and push phases. Inset: Illustration of the different reach-pull phases. (B) 

Acceleration (cm/sec²) also varied significantly as a function of reach-pull phase (within 

ANOVA, F = 61.9, p = 0.00001). (C) Theta frequency peaked during the push phase. Y-axis 

indicates the z-score normalized theta frequency during each phase. A within ANOVA was 

performed (post-hoc with Tukey-Kramer correction; F = 7.692, p = 0.0012). (D) No relationship 
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between theta power and pull phase was observed (within subject Anova, p > 0.05). * P < 0.05, 

** P < 0.01, and *** P < 0.001. Error bars show mean ±SEM. 

 Theta frequency changes within the pull phase cycle for each rat (row) was normalized as 

z-scores to control for inter-animal differences in mean frequency. Normalized theta frequency 

increased significantly during the ópushô phase of paw movement (Fig. 3.5D; within-subject 

ANOVA, F=3.03, p < 0.001, ɖ2 = 0.43). While significant, it should be noted that the absolute 

difference between the minimum and maximum frequency was small (0.1 Hz). As with 

frequency, power peaked during the ópushô phase (Fig. 3.5E; ANOVA, F = 5.25, p < 0.0001, ɖ2 

= 0.57). Significant theta phase locking across pull phase cycles was observed (Fig. 3.5F; 

ANOVA, F=4.42, p < 0.0001, ɖ2 = 0.53) with phase locking peaking during the ópullô phase. 

Notably, no significant relationship between the pull phases and hippocampal gamma frequency, 

power, or phase locking was observed. 
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Figure 3.5 Pulling speed across paw movement phases. (A) Reach-pull trajectories from the 

left paw acquired from a single behavioral session color coded by the phase of the pull. (B) Top 

plots the average speed of the left paw for each rat (row) with the mean ±SEM presented as the 

orange line in the subplot below. The dashed line indicates the speed of the string through each 

phase. The color-coded line at the bottom of the plot indicates the pull phase as illustrated in A. 

(C) As in B, except for paw acceleration. (D-E) Theta frequency, power, and theta phase locking 
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to the óreach-pullô cycle. The top plots indicate theta features for each rat (row), and the bottom 

plot indicates the mean ±SEM. Two reach-pull cycles (720°) are presented on the x axis to 

improve visualization. Vertical dashed lines are to indicate the relationship between the peak of 

each feature and the reach-pull phase. (D) Theta frequency changes within the reach-pull cycle 

for each rat (row) was normalized as z-scores to control for inter-animal differences in mean 

frequency. A clear effect of reach-pull phase was identified (within-subject ANOVA, p<0.001, 

F=3.03 , ɖ2 =0.43) with frequency peaking during the ópushô phase. (E) As with frequency, a 

significant effect of reach-pull phase was observed for theta power (within subject ANOVA, 

p<0.0001, F=5.25 , ɖ2 = 0.57). (F) Phase locking to theta computed between each reach-pull 

cycle for each animal and measured as the Rayleigh z measure (circ_rtest). Significant theta 

phase locking across reach-pull cycles was observed (within subject ANOVA; p < 0.0001, F = 

4.42, ɖ2 =0.53) with phase locking peaking during the ópullô phase. * P < 0.05, ** P < 0.01, and 

*** P < 0.001. Error bars show mean ±SEM.  

Discussion  

 Heightened hippocampal theta frequency and power are neural signatures of spatial 

navigation speed, serving as a metric for distance and temporal organization of single units 

supporting episodic memory (Bieri et al., 2014; Fernández-Ruiz et al., 2017; OôKeefe, 1976; 

OôKeefe & Dostrovsky, 1971; OôKeefe & Recce, 1993). However, fine-motor locomotion has 

remained understudied in the realm of hippocampal electrophysiology. The present study is the 

first to investigate hippocampal theta oscillations during skilled, fine-motor locomotion. Our 

findings parallel literature showing decreased hippocampal theta frequency and power during 

movement involving reductions in optic flow, proprioception, and vestibular drive (Bland & 

Oddie, 2001; Ekstrom et al., 2005; Foster et al., 1989; Ravassard et al., 2013; Safaryan & Mehta, 
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2021; Terrazas et al., 2005), and a more complex relationship between limb movement and theta 

oscillations as suggested by prior reports (Buño & Velluti, 1977; Joshi et al., 2023). 

Diminished theta frequency during fine-motor locomotion relative to spatial 

navigation 

In every animal, there was a negative shift in theta frequency with increased pulling 

speed relative to track-running. These findings moderately parallel literature showing diminished 

theta frequency and power in the reduction of sensorimotor integration (e.g., vestibular input, 

optic flow, proprioception) such as virtual reality and reductions in self-motion behaviors (Bland 

& Oddie, 2001; Ekstrom et al., 2005; Foster et al., 1989; Ravassard et al., 2013; Safaryan & 

Mehta, 2021; Terrazas et al., 2005). To our knowledge, we are the first to report a negative 

relationship between movement speed and theta frequency. During track-running that involves 

spatial navigation, the animal experiences optic flow, full limb proprioception, and heightened 

vestibular sensation, all of which feed into the hippocampus creating an uptick in theta frequency 

and power. In contrast, the string-pulling task requires the animal to stand upright on their hind-

limbs while reaching, grasping, and pulling a fixed-length string. It was expected that theta 

would be present but strongly diminished during string-pulling given that there is only half of 

limb proprioception activated, no changes in optic flow, and virtually no vestibular sensation. 

Although the animal is engaging its forelimbs to pull the target length, it is not experiencing true 

movement through space, rendering a rise in theta frequency unnecessary. While a rise in theta 

frequency with speed is necessary for creating stable place fields and a reliable spatial map 

(Kraus et al., 2013; OôKeefe & Nadel, 1978), it is plausible that hippocampal theta is muffled 

during our stationary task similar to artificial navigation such as virtual reality (Ekstrom et al., 

2005; Ravassard et al., 2013; Safaryan & Mehta, 2021). 
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Theta harmonic power is diminished during fine-motor locomotion relative to 

spatial navigation 

Motor correlates of hippocampal theta harmonic (~14-18 Hz) have been relatively 

understudied and never been examined during fine-motor behavior. As an organism increases in 

velocity through space, distinct classes of theta-generating interneurons, and theta generators 

such as the medial septum, entrain the precise timing of place cell activity. However, the various 

theta generators are not synchronized, resulting in an asymmetric, saw-tooth sine wave that 

creates the theta harmonic (Kennedy et al., 2022; Sheremet et al., 2016). While previous work 

has not directly compared theta harmonic between spatial and fine-motor behaviors, reduced 

limb movement and self-motion cues are associated with a decrease in harmonic frequency and 

power (Terrazas et al., 2005). Consistent with literature, theta harmonic power was reduced 

during string-pulling compared to track-running before and after controlling for theta frequency. 

The reduction of sensorimotor integration and stationary experience of not truly navigating 

through space may contribute to diminished theta harmonic power seen in our string-pulling task. 

These results suggest that the theta harmonic may support hippocampal encoding during spatial 

navigation and serve less purpose during non-spatial fine-motor behavior. 

Dissociation between theta frequency and power during fine-motor behavior 

While there was a positive relationship between theta frequency and power during 

running, there was an inverse relationship during string-pulling such that theta frequency 

decreased while its power increased across pulling speed. This negative relationship may 

indicate that frequency and power uniquely contribute to spatial and non-spatial movement. It is 

necessary that theta frequency increases with running speed during navigation to maintain 
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accurate single unit representations of the spatial environment (Crown et al., 2022; Drieu & 

Zugaro, 2019; Fernández-Ruiz et al., 2017; OôKeefe & Recce, 1993; Qasim et al., 2021). 

However, during our string-pulling task, the animal is stationary while pulling toward a target 

length. It is conceivable that increased theta frequency with speed is unnecessary during periods 

when the animal is not moving through space. This, combined with reduced proprioception, optic 

flow, and vestibular sensation, may have further disrupted the traditional positive relationship 

between speed and theta frequency. While this dissociation between theta power and frequency 

is puzzling, prior reports highlight that theta power increases while initiating high-exertion 

movements, such as jumping large distances (Whishaw & Vanderwolf, 1973), and increased 

velocity during self-motion (Foster et al., 1989; Terrazas et al., 2005). Consistent with these 

findings, we show that the increase in theta power with speed may be associated with effortful 

pulls and proprioceptive exertion. It appears that theta frequencyôs positive relationship with 

speed may play a stronger role in spatial navigation, and power may hold a stronger tie to 

effortful proprioceptive movements regardless of spatial or stationery locomotion. 

Individual paw movement and theta modulation  

 The strong relationship between theta frequency and power and increased speed is well 

documented. However, studies have yet to examine this relationship during individual paw 

movements such as óreachingô, ógraspingô, ópushingô, and ópullingô. A closer examination of 

segmented paw movements revealed that speed is a weak predictor of hippocampal theta, at least 

in the context of stationary locomotion. Although speed was greatest during the upward óliftô and 

óadvanceô motion of string-pulling, the downward ópushô phase elicited the greatest peak in theta 

frequency. As with frequency, theta power peaked during the ópushô phase. The ópullingô and 

ópushingô phase of paw movement may demand high effort due to increased resistance and 
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proprioceptive force. Previous work demonstrated that the increase in theta frequency and power 

was positively associated with forceful movements such as jumping high distances requiring 

more force or acceleration relative to smaller distances, lever-pressing, and head movements 

(Whishaw & Vanderwolf, 1973). Similarly, the ópullingô and ópushingô paw motion is 

comparable and directionally similar to pushing down and forward during running and jumping, 

which projects the animal through its spatial environment that drives increased theta frequency. 

Because this forceful pushing down motion is associated with navigation and propelling the 

organism through space, it is conceivable that theta frequency and power would increase as if the 

hippocampus is preparing to encode its spatial environment. 

Interestingly, theta phase synchronized at the ópullô phase, such that during pulling, theta 

shifted to a low phase and progressed throughout the pull. Our findings compliment early reports 

showing theta phase-locking before and after lever presses (Buño & Velluti, 1977). Joshi et al. 

(2023) highlighted a positive relationship between paw steps and theta frequency while 

attentional demands were high. Furthermore, medial septal neurons were phase-locked to theta 

and paw steps, suggesting a complex relationship with paw movements and hippocampal theta 

oscillations (Joshi et al., 2023). These results indicate that hippocampal theta is finely modulated 

by types of voluntary movement beyond the scope of speed and spatial navigation. 

Limitations  

One limitation to the present study is the exclusive use of male rats. However, our 

follow-up study examining string-pulling behavior included a sample of both male and female 

subjects. Another limitation was the variability of string torque. While efforts were made to keep 

the string torque consistent, there may be variability due to differences in string tightness. Future 

work will employ torque detectors to examine how effort may influence neuronal activity during 
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the string-pulling task. 

Conclusions 

The present study is the first to present properties of hippocampal theta during a fine-

motor, human-like reaching and grasping behavior, and directly compare it to traditional spatial 

navigation. To date, the theta oscillation has been associated with movement and its role in 

regulating the timing and sequencing of single units underlying spatial encoding and recall of an 

explored environment. While hippocampal theta and its harmonic are present across stationary 

fine-motor speed, they are consistently shifted down in frequency or power compared to spatial 

navigation. Each sensory input reduction, combined with virtually no environmental change, 

may not demand the same increase in theta frequency needed to support spatial encoding during 

traditional navigation. The observed dissociation between theta frequency and power during 

string-pulling, suggests that an uptick in frequency may be particularly important for the spatial 

maintenance of place cell activity, or the result of additional theta generators evoked by 

increased sensorimotor integration during spatial navigation. However, theta power may be 

associated with general exertion, force, or effort regardless of movement type. 

Despite being the slowest in speed, the ópullô and ópushô paw motions were directly 

related to theta frequency, power, and theta-phase locking. Interestingly, these are the 

movements that advance an animal through its spatial environment. This indicates that theta is 

sensitive to types of movements associated with spatial changes in the environment regardless of 

speed. This responsiveness to paw movements associated with spatial navigation may support 

increased cognitive awareness of spatial shifts as an organism moves through space. These 

observations provide further support for the notion that dorsal hippocampal theta is not only 

modulated by movement through space, but that modulation extends to fine limb movements in a 
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task where the animal is stationary and does not receive visual flow or vestibular information. 

This work will increase our understanding of how hippocampal theta may support the encoding 

of fine-motor locomotion, creating a mental representation of length pulled. These findings shed 

light on how the hippocampus may support movement and spatial navigation in ways that differ 

from traditional perspectives. Unraveling the nuances of spatial and stationary self-motion 

intrinsic to navigation may help elucidate the mechanisms supporting hippocampal spatial 

encoding and memory. 
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Introduction  

In the mid-20th century, the hippocampus was identified as an integral structure involved 

in the encoding and retrieval of the spatiotemporal properties of an experience. Robust evidence 

from case studies and experimental work suggests that it is finely tuned to capture the spatial, 

temporal, and contextual details that are the foundation to rich autobiographical memories 

(Gilboa et al., 2004; Nadel & Moscovitch, 1997; OôKeefe & Nadel, 1978; Terrazas et al., 2005). 

The discovery of ñplace cellsò in the 1970ôs indicated that cells in the hippocampus map their 

activity to one spatial location (OôKeefe, 1976; OôKeefe & Dostrovsky, 1971), which supported 

the theory of the hippocampus as a cognitive map. It is now believed that the collective activity 

of place cells contributes to the neuronal framework supporting stable spatial encoding, learning, 

and recall of the environment (OôKeefe & Nadel, 1978). 

The observation of spatially tuned place cells in the hippocampus suggested that the 

collective interaction of place cells flexibly encodes space to supports a map-like representation 

of the environment (OôKeefe, 1976; OôKeefe & Dostrovsky, 1971). Later discoveries suggested 

that the hippocampal formation supported various dimensions that contribute to a complete 

spatial layout of the environment: head direction cells in the subiculum respond to distinct head 

positions independent of spatial location (Ranck, 1973), grid cells in the entorhinal cortex form a 

hexagonal pattern to create a grid-like metric for space (Hafting et al., 2005), border cells in the 

entorhinal cortex and subiculum respond to the borders of a spatial environment (Terrazas et al., 

2005), and speed cells in the medial entorhinal cortex encode speed during navigation to support 

grid and place cell stability (Kropff et al., 2015). It is believed that place cells, combined with 

other dimensionally tuned cells in the hippocampal formation, function as a metric for accurate 

spatial encoding underlying episodic memory.  
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Upon further examination, place cells appeared to respond beyond the limits of spatial 

location. Later observations showed that place cells can ñremapò their activity to alternate spatial 

locations when there are changes to the environment. While place cell activity is altered by 

visual changes (Muller & Kubie, 1987), studies revealed that place cells also remap their activity 

in response to contextual changes such as odor manipulation (Anderson & Jeffery, 2003), 

electric shock fear conditioning (Moita et al., 2004), and task salience such as changes in reward 

location (Markus et al., 1995). During a task requiring animals to attend to changes in auditory 

frequency, place cells in the hippocampus retune their activity to respond to segments of sound, 

suggesting an auditory ñfrequency fieldò map. This growing body of literature reinforces that 

hippocampal neurons are not merely mapped to space, but the spatial-contextual interaction 

modulates their tuning to construct unique representations of an experience. 

Space and time are two integral properties that construct episodic memory. Together, 

spatiotemporal interaction creates a cohesive representation of space, context, time, and the order 

in which events occur. Electrophysiological recordings from the dorsal hippocampus show that 

neurons encode the passage of time (Gill et al., 2011; MacDonald et al., 2011, 2013; Pastalkova 

et al., 2008). The cornerstone studies investigating temporal properties of hippocampal neurons 

found ñepisode cellsò. As rats ran on a wheel for a fixed duration, hippocampal units mapped to 

brief intervals of time that corresponded to future spatial trajectories. For example, if an episode 

cell displayed a temporal response on the wheel before a future left turn traversal, it would not be 

active in the wheel running trials preceding a right turn traversal (Pastalkova et al., 2008). Later 

evidence corroborated this effect demonstrating that cells uniquely map to timepoints prior to 

navigating spatial reward locations ï their activity predicted future locations beyond simple left 

or right alternations (Gill et al., 2011). Subsequently, ñtime cellsò were identified during a 
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stationary temporal interval where rats performed an object-odor matching task. Neuronal 

activity was mapped to brief periods of time during the delay, and their activity was modulated 

by the duration of the interval (MacDonald et al., 2011). Analogous to spatial remapping, cells 

ñretimedò in response to changes in the temporal environment, further underscoring hippocampal 

sensitivity to contextual changes ï an effect that has been observed in non-human and human 

models (Kraus et al., 2013; Pastalkova et al., 2008; Salz et al., 2016; Schonhaut et al., 2023; 

Umbach et al., 2020). 

Later work aimed to further elucidate the properties of hippocampal time cells and their 

activity outside of attentional or motor demands. Movement was abolished during a head-fixed 

odor-matching task where time cells encoded segments across a delay interval (MacDonald et 

al., 2013). Time cells activity predicted the correct ñgoò lick responses upon matching the correct 

odor prior to the delay interval. To that point, studies had yet to explore temporal encoding when 

attentional or working memory demands were abolished. Salz et al. (2016) recorded from the 

CA1 and CA3 while animals ran on a treadmill for a fixed interval that preceded a left-right 

alternation task or a simple-loop that did not require attentional demands. Results showed no 

differences in the resolution or proportion of CA1 and CA3 time cells, nor was there a difference 

in time cells when comparing between the alteration and simple-loop task. These results suggest 

that time cells are active across the hippocampus, and that they equally exhibit temporal 

responses in the absence of higher order cognitive or attentional demands (Salz et al., 2016). 

Recent literature has further elucidated time cell properties, pointing at their flexibility in 

how they encode dimensions in the environment. Another milestone study investigated whether 

the hippocampus could respond to segments of non-spatial distance. Kraus et al. (2013) 

manipulated the time and speed of a treadmill to delineate how cells map to time relative to 
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distance traveled. Interestingly, hippocampal neurons simultaneously encoded time and distance 

regardless of the fixed-interval duration or treadmill speed, suggesting the hippocampus 

concurrently tracks multidimensional features of the environment (Kraus et al., 2013). Another 

analysis of this data revealed that the proportion of cells encoding time or distance was related to 

the contextual demands of the task. For example, more cells mapped to distance in the ñdistance-

fixedò conditions, and a greater portion of cells encoded time in the temporally clamped trials. 

This further underscores the neural flexibility of the hippocampus, and that task-salience 

demands shape its neuronal responses (Abramson et al., 2023). 

Given the strong evidence that the hippocampus maps its activity across multiple 

dimensions of an experience, this study sought to determine if it can flexibly respond to 

segments of length during a fine-motor behavior. To date, literature has explored wheel running, 

freely-moving intervals, head-fixed intervals, and treadmill running. However, our group is the 

first to examine hippocampal properties across intervals of voluntary fine-motor behavior. 

Bimanual fine-motor manipulations are complex and pivotal for survival such as foraging, tool 

use, and climbing. Fine-motor locomotion behaviors have been underexplored in temporal 

encoding research. As such, little is known of how the hippocampus may encode fine-motor 

behavioral experiences. For centuries, reaching, grasping, and pulling (string-pulling) behaviors 

have been implemented across human and over 160 species of non-human animal models 

(Jacobs & Osvath, 2015). String-pulling is a current metric in rodent research as an assessment 

of bimanual fine motor control (Guo et al., 2015; Russo et al., 2018; W. Yang et al., 2023) and 

stroke (Farr & Whishaw, 2002; Hart et al., 2022; MacLellan et al., 2006) given the manual 

precision it requires and the capacity to segment the reaching-grasping motion into stages. Our 

group has developed the automated Pulling and Neural Data Analysis (PANDA) system to assess 
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the relationship between fine-motor behavior and extracellular activity in rodents (Jordan et al., 

2024). Relative to the existing time cell measures, string-pulling behavior is particularly unique 

in that it requires the animal to voluntarily pull toward a reward, as opposed to passively waiting 

or running across the span of a forced interval. There are also minimal changes to visual flow, 

vestibular fluctuations, and proprioceptive input ï all of which are believed to drive 

spatiotemporal hippocampal activity (Bland & Oddie, 2001; Ekstrom et al., 2005; Foster et al., 

1989; Ravassard et al., 2013; Safaryan & Mehta, 2021; Terrazas et al., 2005). 

In this study, we examined dorsal hippocampal CA1 and CA3 single unit activity across 

dimensions of time and pulling ólengthô during the string-pulling task. Given the flexibility in 

dimensional encoding of hippocampal neurons, we hypothesize that neurons would 

simultaneously encode distinct segments of time and length across the task. Given that our task is 

clamped to a fixed length, and evidence suggests that the hippocampus responds to salient task 

demands, we predicted a bias toward cells encoding the dimension of length relative to time. 

Methods 

Subjects 

 A total of ten (male, n = 7; female, n = 3) Sprague Dawley rats (~3-4 months old, 

weighing 360-420 g, Envigo RMC Inc., Indianapolis, IN) were single-housed in a temperature 

and humidity controlled 12-hr reverse light/dark cycle room with food and water available ad 

libitum during the habituation period. During behavioral training, rats were food restricted to 

85% of their ad libitum body weight. All procedures were in accordance with NIH guidelines for 

the Care and Use of Laboratory Animals and approved IACUC protocols at the University of 

Arizona. 
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Behavioral training 

Prior to electrode implantation, animals were trained to pull fixed-length string, followed 

by traversing a circular 200 cm track toward a reward. String-pulling training began by tying 

Cheerios® to the end of a cotton string and draping the string over the wall of the enclosure. 

Strings were initially ~2 cm, and the length was progressively increased to ~10 cm increments 

until rats consistently pulled ~30 cm (Fig. 4.1D). The PANDA system (Jordan et al., 2024) 

consisted of a loop of string mounted on pulleys that allows animals to pull continuously. The 

length and speed of string pulled was monitored using a digital rotary encoder (BQLZR, 

Shenzhen, China) that triggered a solenoid click sound. Rats learned to associate this click with 

the manual reward delivery at a well located 30 cm from the string. An Arduino microcontroller 

(Arduino, Somerville, Massachusetts, United States) managed all data collection, solenoid click, 

and control. Adequate string-pulling performance was met when rats could consistently pull 

three consecutive times without stopping in both the short (125 cm) and long (250 cm) 

conditions (Fig. 4.1D). Animals were subsequently trained for ~2 days to run bidirectionally on a 

64 cm diameter circular track and received Ensure® food reward at each lap. Ensure® was 

delivered manually by the training through a syringe. Adequate running performance was 

reached when rats ran at least 20 laps per training session. Details regarding the construction and 

animal training can be found in Jordan et al. (2024), and all code is available on GitHub 

(https://github.com/CowenLab/String_Pulling_System) (Jordan et al., 2024). 

https://github.com/CowenLab/String_Pulling_System
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Figure 4.1. Animal Behavior and experimental timeline. (A) Still photo from video acquired 

during string-pulling. Dots indicate tracking of the nose and paws (DeepLabCut). (B) An 

example of histology confirming DiI probe traces through the hippocampal CA1 and CA3. (C) 

Illustration of Neuropixels 2.0 probes. (D) The timeline for training the string-pulling behavior. 

(E) The timeline for a given neural recording session. The order of long and short string-pulling 

conditions was randomized in each session. 

Surgical procedures 

Rats were anesthetized using isoflurane (1 - 3% isoflurane mixed with oxygen, 1.5 L of 

oxygen/min). Isoflurane was lowered after induction and implantation until the animalôs 

breathing stabilized at ~50 breaths per minute. Rats were implanted with Neuropixels 1.0 (n = 5) 

and 2.0 (n = 5) probes (Jun et al., 2017). Prior to implantation, Neuropixels probes were coated 

with DiI to allow anatomical tracing of the electrode path (Fig. 4.1B-C). Probes were implanted 

in the right hippocampal CA1 and CA3 (AP: -3.25, ML: +2.6, DV: -2.4 to -4.2). A shorted 
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reference and ground wire soldered to a skull screw was placed over the cerebellum and used as 

a ground/reference. Analgesia and antibiotic ointment over the surgical incision were 

administered for two days following surgery. Animals recovered for at least one week prior to 

neural recording. Procedures were performed in accordance with National Institutes of Health 

guidelines for laboratory animals under protocols approved by the University of Arizona 

Institutional Animal Care and Use Committee. 

Electrophysiology and experimental procedures 

Electrophysiological data were acquired from 384-channel Neuropixels probes (Jun et al., 

2017) using SpikeGLX neural recording system (SpikeGLX Software) acquired at 30 kHz. Each 

session began with 30 minutes of baseline measurement as animals rested in a pot (Fig. 4.1E). 

Animals performed three pulling length conditions alternating between the short or long lengths 

that were separated by 5-minute rest periods (e.g., short-condition Ễ break Ễ long-condition Ễ 

break Ễ short-condition). Pseudorandomized probe trails were included to tap behavioral 

changes around the expected reward time, serving as a marker for temporal and string-length 

learning. Probe trials required animals to pull an additional 100 cm, and they were administered 

20% of the time following the completion of 10 regular trials (Fig. 4.3B). Rats were required to 

navigate the circular track for a reward before they began the next string-pulling trial. Arduino-

controlled lasers were used to ensure rats navigated past the first laser near the string-pulling 

location, followed by the second laser at the reward location (Fig. 4.1E). 
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Figure 4.2. Examples of individual animal string pulling speed across long and short 

conditions. (A) String pulling speed across long (left) and short (right) trials for Rat 436. (B) As 

in A for Rat 430. 
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Figure 4.3. String pulling speed averages across animals by trial type. (A) Pulling speed for 

each rat averaged across long (left) and short (right) conditions. Each row represents the mean 

pulling speed across trials for a given animal. (B) Pulling speed averages across animals in the 

long-probe (left) and short-probe (right) conditions. 

Video motion tracking 

A side-facing camera (MakoU130b, Allied Vision, Stadtroda, Germany) monitored 

string-pulling behavior and data was acquired at 367 fps using NorPix software (Montreal, 

Quebec). A top-down camera (Manta G-033C, Allied Vision, Stadtroda, Germany) monitored 

track running and data was acquired at 60 fps using NorPix software (Montreal, Quebec). 
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DeepLabCut (DeepLabCut, Mathis et al., 2018), was used to track the nose and paw front 

camera positions during string-pulling, and the implant, head, body, and tail top camera positions 

were tracked during track-running. 

Tissue processing and histology  

Following the end of the experimental recordings, animals were sacrificed using 0.35 ml 

euthanasia solution (390 mg/ml pentobarbital sodium and 50 mg/ml phenytoin sodium; Vetone, 

Boise, ID) and perfused with 4% paraformaldehyde in phosphate-buffered saline. Brains were 

extracted, stored in 30% sucrose solution, and coronally sectioned. Tissue was stained using 

green fluorescent Nissl Stain and DiI for verification of electrode placement (Life Technologies, 

N21480). Slides were cover-slipped in ProLongÊ Gold Antifade Mountant (ThermoFisher 

Scientific) and imaged using a Leica DMI6000 Microscope under the University of Arizona 

Imaging Cores - Optical Core Facility. 

Analysis 

One recording session per rat (N = 10) was analyzed, yielding a total of 1,876 

hippocampal neurons from the CA1 and CA3 regions. Neurons were separated into two 

subgroups using k-means clustering based on peak-to-trough and half-width ratios (Fig. 4.4A-B). 

There were initially 1,446 and 430 cells from Cluster 1 and Cluster 2, respectively. Upon 

eliminating 67 neurons with a high repolarization period baseline (~1ms) standard deviation (std 

> 0.35), 1,444 neurons from ñWideò Cluster 1 and 365 neurons from ñNarrowò Cluster 2 met 

criteria and were used for further analysis (Fig. 4.4). Upon visual inspection, 13 ñNarrowò 

neurons with a half-width greater than 12, and those with a peak-trough value greater than 19.5 

were reclassified into the ñWideò neuron cluster. 



99 

 

Hippocampal neurons were grouped into either putative pyramidal cells or interneurons 

based on established criteria for waveform shape and firing rate methods (Lemon et al., 2021). 

Putative pyramidal cells were defined by the wide waveform low firing rate (<5 Hz), while 

interneurons were defined by a narrow waveform high firing rate (>5 Hz). Across all rats, a total 

of 607 putative pyramidal (wide-low rate) and 171 interneurons (narrow-high rate) were included 

in the analysis (Fig. 4.7-4.8). Prior work investigating time cells in the hippocampal CA1 and 

CA3 region indicated no differences in the proportions or properties of time cells across the two 

hippocampal subregions (Salz et al., 2016). As such, CA1 and CA3 neurons with significant 

responses to time or length were grouped together for the analysis. 

 

Figure 4.4. Classification of neuronal subtypes (A) Two neuron subtypes (wide and narrow 

waveforms) were identified based on peak to trough ratio and peak half-width. Neurons with 

high baseline standard deviations (green) were identified and excluded from the analysis. (B) 

Mean waveform of putative pyramidal neurons (wide-low rate) and interneuron (narrow-high 

rate) subtypes. 
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Classification of neuronal responses to time and length 

Upon visually inspecting cell activity, there was notable bias in activity at the beginning 

and end of the pulling intervals relative to the middle segments. Recent reports indicate that time 

cells exhibit ramping responses across delay trials in the hippocampus and entorhinal cortex 

(Umbach et al., 2020). As such, Spearmanôs correlation was used to identify cells responding to 

the beginning and end of pulling trials across time and length. Due to pulling trials varying in 

speed, time was normalized to span the start to end of pull durations ï a method for visualizing 

time across trials that vary in duration (Umbach et al., 2020). All neuronal activity was averaged 

across trials for normalized time (spikes per bin) and length (firing rate) prior to computing each 

cellôs Spearmanôs correlation values. Cells were deemed significant upon passing two thresholds: 

(1) Those with a significant Spearman correlation (p < 0.05), and (2) Those with z-scores falling 

outside the range of -1.96 to +1.96 of a given cellôs randomized shuffled distribution, indicating 

a significant deviation from chance alone. Those that passed both thresholds were deemed as 

having significant responses to time and length and were included in the analysis. For 

visualization, neuronal activity was normalized and sorted by peak firing across the normalized 

time and length axes (Fig. 4.5A; 4.6A). 
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Figure 4.5. An individual ratôs example of pyramidal cell responses to time and length 

across long and short trials. (A) Pyramidal cells are sorted by peak activity across normalized 

time (left) and length (right) across long trials. Brighter color represent increased mean activity 

across normalized time or length of a given cell. (B) Proportion of cells with significant 

responses to time and length relative to those with non-significant responses. (C-D) As in A-B 

for short trials. 
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Figure 4.6. An individual ratôs example of interneuron responses to time and length across 

long and short trials. (A) Interneurons are sorted by peak activity by normalized time (left) and 

length (right) across long trials. (B) Proportion of cells with significant responses to time and 

length relative to those with non-significant responses. (C-D) As in A-B for short trials. 




























































































