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ABSTRACT

The hippocampus is an integral structure for the construction and recollection of memory
in bothhumans and nehuman species. Since the r#f" century, extensive work has
elucidated its cellular responses to movement that form a robust foundation for spatial memory.
The advent oin vitro recordinggprovided an irdepth 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 potentillistrated the importance of the hippocampal theta
(4-9 Hz) oscillation in memory formation, and how itegence 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 meaary. The first study of this thesis provides insight ihtaw
hippocampal theta oscillations differ among spatial navigagtativeto fine-motor locomotion.
The second followup study sought to elucidate whether hippocampal neurons can flexibly map
ontosegments of time arkentimeters of string pulled (Ilengttiyiring a fine-motorbehavior In
the first study, we found opposing responses in theta frequency and power between spatial
navigation and finenotor locomotion. While theta frequency and power were positively related
to spatial navigation speed, theta oscillations were reduceaiteea frequency while power
increased with finenot or speed. The O6pull 6 and &6pushéo
an animal through space) were positively relatetheta frequency and power and were phase
locked to theta. The second follayp investigationfound hippocampal activity during discrete
segments of time and a novel dimension ofdkegthbduring finemotor behavior. These results
illustrate how the hippocampus may differentially support the perception of movement through

space and finenotor 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 heasad ganglia
(BG), in an anesthetized zebra finchadene s oci ated virus (AAV) model
(PD).In the early 28 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 knowhtbe neural substrates underlying early vocal symptoms.
An analysis of the two neuron classes, putative medium spiny neurons and pallidal neurons,
revealed reduced firing rates aalterations in waveform shape, which could indicate changes in
membranebound channelsn 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 disidinealnovel
hippocampal responses to limb movement and segments of length duringptorebehavior,
and suggest that neuronal modulation inBemay underlie vocal motor impairments observed

in early PD
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CHAPTER ONE:

The role of the hippocampus in movement, spatial

navigation, and episodic memory

Gabriel Holguin

Department of Psychology. The University of Arizona, Tucson, AZ 85721, USA
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1.1 Categories of memory and the hippocampus

Cognitive Psychologist, Endel Tulvingeferred to memorgsfiMental time traved
(Tulving, 1985) The simple but shrewd expression represents how we experience episodic
memoryi 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 wheewshaping our
current and future identities.

Memory is generally categorized in two domains: explicit and implicit melfTarying,
1972) Explicit memory contains two subcategories, semantic (e.g., general facts and knowledge)
and episodic memory (e.g., consciously recalling the tempedlal properties of personal
events), which is supported by the medial temporal lobes (MTL) anadfreqtal cortex.
However, the BG and cerebellum primarily drive implicit memory, which is broadly defined as
an o6unconscious® r ec altérmmemory (a.d.,anvingaatcar orplaymg or e d
an instrument)The first two inquiries of thithesisfocus on the neurophysiological mechanisms
believed to underlie explicit lonterm memory, namely episodic memdiulving, 1985) This
type of explicitlongt er m memory i s | argely constructed an
formati on, and we wil|l explore how movement p

form stable neural representation of recent experiences (pae Hi.1).
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TABLE 1
A schematic diagram of the relations between
memory systems and varieties of
consciousness

Memory system Consciousness

Episodic 4—»  Autonoetic

! !

Semantic 4——} Noetic

Procedural  eff———————3p Anoetic

Figure 1.1 Three memory systemsrefers to the three kinds of consciousness as anoetie (non
knowing), noetic (knowing), and autonoetic (daliowing). The table represents the relation of

the three memory systems to each offietving, 1985)Fi gur e fr om fAMemory
consciousnesso by Tulving, E. , published 1in
1985, 26(1), 1. Available at https://doi.org/10.1037/h0080017. Used in accordance with CPA's

permissions policy, which allows the reproductidmup 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 apivotalrole in the spatial encoding during navigation that can later be retrieved in the
form of episodic memoryBurgess et al., 2002; Ranson & Clark, 19599)e 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 cortexsé®gells that are specialized in

an

C
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creating a spatial layout of the environmeiiis grid cell activity forms a hexagonal grid of the
environmen{Hafting et al., 2005)border cells fire robustly at the edges or borders of a
environmen{Solstad et al., 2008and 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
occursi a computational process helps the brain differentiate similar memories and supports
accurate memory recalPattern 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 CA8revrecurrent 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 #®1Cand it is believed to play a role in social

memory. The CA3egionsendsexcitatoryinputs to CA1 via the glutamatergic Schaffer

collaterals, where its signals amtegrated and contribute to the refinement of spatial encoding
While the CAlregionrefines its actvity to provide precise spatial informati@Mlizuseki et al.,

2011) it also processes temporal cues that encode the sequential structure of experiences such as
the order in which events occMkhile CA1 does send some direct input to the entorhinal cortex,
its efferents primarilyroject to the subiculum, whiaglelaysintegrated spatisiemporal

information to the entorhinal cortex. The collective tempepaitial informatiorprojects to the
thalamus for further processing and relayed to the prefrontal cortex for higher order éecision
making. Together, the hippocampalrf@tion 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., 202The Hippocampus BopR007; van Strien et al., 2009ee Figure 1.2.
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Nature Reviews | Neuroscience

Figure 1.2 Anatomy of the rat hippocampusa horizontal cross section displaying cortical

layers indicate cortical layers and sections of the cornu amrf@ais CA2, and CA3) the

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

layer, stratum radiatum, and stratum lacunosnobecularglvan Strien et al., 2009igure

modi fied from AThe anatomy of memory: an inte
hi ppocampal net worko by van Strien, Cappaert,
Neuroscience, 2009, 10(4), 2282. DOI: 10.1038/nrn2614. Used in accordancé ttie

publi sherds open access policy, which permits
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1.3 Theta frequency generator s:
hippocampus

While CA1 axons project to treubiculum anentorhinal cortex, it also sends substantial
output to the septumvyhich is a significant generator of the theta oscillgtgrpporting
navigation, learning and the formation of spatial memory. Through the septum, the medial
septum/diagonal band of Broca (MS/DB) projects excitatory cholinargigglutamatergiand
inhibitory GABAergicaxonsto the hippocampus. These input directly to inhibitory interneurons
and excitatory pyramidal cells in the CA1 regiBoth metabotropic (muscarinic) and ionotropic
(nicotinic) cholinergicinput from the medial septum facilitate excitability and plasticity in the
hippocampus, while the GABAergic inhibitory theta rhythms synchronize and maintain theta
oscillations in the hippocampydangya et al., 2009; Miller & Remy, 201&everal

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

septum. This work established the i mportance

hippocampal theta oscillatiofiBetsche et al., 1962; Vertes & Kocsis, 19%¥hile cholinergic

and GABAergidnputs from themedialseptumare 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 hippocamfiusRobinson et al., 2016)\lthough 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., 1998)gether, the medial septa and hippocampal theta
oscillations acts as a fApacemaker 0 patiat i mer
encodingand is likelya pivotal mechanism for episodic memory formation and retri@gl

1.3).

t

(0]
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Medial septum Hippocampus
BN
. s I
Y t"\;‘:& té/’k"g}
|
A\ N <
b . :
Medial septum Hippocampus
CA1
GABAergic
neuron ﬂ CA3
. Glutamatergic H
neuron DG
Cholinergic
neuron
c Septo-hippocampal connectivity

Septal GABAergic

CA1 12 CA1
Interneurons: ‘ PCs: 27 projections
. Septal glutamatergic
projections
67 66 ‘ Septal cholinergic
projections
Figure 1.3 Medial septum/diagonal band of Broca fibersThe cholinergic, GABAergic, and
glutamatergic fibers projecting rhythmical theta, acting as a pacemaker and theta rhythm
generator in the hippocamp(Muller & Remy, 2018)F i gu r e f irhippocampdle pt o
interactionodo by M¢ller, C., & Remy, S., publi

565-575. doi:10.1007/s0044017-27452. 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 mem@y Keef e & Dostr o\
1971; O06Keefe & Nadel, 1978; Qasim et al., 20
Morris et al., 1982; Squire & Zolslorgan, 1991 )and spatial navigatiofMcNaughton et al.,

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

(O6Keef e & .INhudankand dh@erim@nmmalian 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 hippqaegus
& Arduini, 1954) As the organism increases in speed through that environment, theta increases
in frequency and intensity or powdieta has been proposed to @stn orchestrator, adjusting
its rhythm to properly time the activation and sequence of neurons to form a stable neural
representation of s padghmgal aordinatiort resultb pyraflidale t a 6 s
neurondiring robustly only upon frequenting a specific locatidhe collective activity of place
cellsis thought to represent the spatial @odtextual information odn explored environment
(Drieu & Zugaro, 2019)In 1971, John O'Keefe inadvertently discovered these cells residing in
the rodent hippocampus andmed h e m ¢ p |, aadis@venry fod whishde attained the
2014 Nobel Prize in Physiology or Medicine. Each time an organism passes through a given
spati al | ocation, the place cell é6s informatio
spatial and contextual piece bktexperience. As each cell activates in its respective spatial
location, they collectively make up a consistent and accuratesesgation of the environment
t hat can be | ater recalled as an episodic mem
postulated that these cells were necessary for constractpegial map of the environment, and
damage to the hippocampus would result in spatial learning impairment. Several years later,
Lynne Nadel and O6Keefe formally introduced t
Acognitive mapo, pracesk anevstoregpatimlaniomeatiorsthat can be later
revisitedasamentalmap O6 Keef e & .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 resuo Location A. This example of

an individual cell 6s spatially selective acti
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representations of space during navigation.

cun;toin

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 lettearked locations around the platform. The middle histogram

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

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

the onset of its reduced activity at locatiof D epr i nt ed from OO6Keefe & D

permission)
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1.5 The coupling of movement and theta oscillations

Whil e one may not intrinsically associ ate
movement through an environment plays an integral role in the formation of theta and episodic
memoriesExperiments recordingippocampalocal field potentiademonstrata robust
association between ~7 Hz hippocampal theta oscillation and episodic m@&ieoret al.,

2014; OO6Keefe, 1976; O0O0Keef e & Damdégnavigations ky, 19
(Burgess et al ., 1994; 0606 Ke.®ikreptiofs tRieethete , 199 3 ;
oscillation are deleterious to both memory encodBugsaki, 2002; Mitchell et al., 1982;

ObKeef e & Recce, 199 3andnavigationfGivenses Ofion,M99D; Klecr |, 195
et al., 2020; Winson, 1978) Thet a was first tied to | ocomoti
established its robust positive relationship with movement qji&een & 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 behav{danderwolf, 1969)Evidence

supporting the sensorimotor hypothesis, including investigations into virtual reality and

reductions in selmotion behaviors, indicates that visual changes, proprioception, and vestibular
modulation contribute to generating hippocampal thetd that reductions in these domains

limits the range of theta frequency and po{&land & 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 regior{reprinted from Vanderwolf, 1969 with permission)

When explored in freely moving rats, theta oscillations are present during walking,
running, jumping, wheelunning, and bimanual manipulati¢@zurko et al., 1999; McFarland et
al., 1975; Vanderwolf, 1969; Whishaw & Vanderwolf, 1978Yidence 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 organi smés body through space
power( Sgawi EBska & Kasicki, 1998; Terrazks et al
suggests that theta is engaged during spatial displacementistexdaeptionally sensitive to
voluntary movement.

Later work solidified the link between movemeassociated 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 aatexcognitive map in
natural conditions where movement speed vd@eswn et al., 2022; Drieu & Zugaro, 2019;
FernandeRui z et al ., 2017; O0O06Keef eRegardiRgeremoey, 199 3;
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 environmenfTerrazas et al., 2005Additionally, more recent work in rats indicates that
theta oscillations phadeck to individual footsteps, but only when spatial working memory
demands are higtdoshi et al., 2023kuggesting 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 stronglyldiees

during increasedorking memory demands.
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Figure 1.6 bilateral stepping and its relationship to the hippocampal theta frequency.op

schematic depictsa-twvr ack apparatus where the 6Outboundd
memory load, as it requires the rat to maintain left and right alterations with each successive trial

to receive a reward. Th eingonemobyeftonsdad tharati al s dem
traverses to the center for a reward regardless of the left of right starting position. The lower

figure illustrates how bilateral steppimymore tightly coupled to theta frequency in the

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

movement and theta frequency duringreasedttentional demand§&igure adapted from
ADynamic synchronization bet ween bAbhdaghac a mp a l
Joshi et al(2023) published in Nature, 2023, 617(1231) 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: availablentips://doi.org/10.1038/s4158323059286.

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 evokieel yset of bar
pressing to seladminister 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 pressingéBuiio & Velluti, 1977) This effect held strongly when the electrical stimulation
was delayed, resulting in clear theta phlae&ing 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-thethated spikes in the medial

septum that are correlatemlpaw-stepping behavior (Figure 1.7D).
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Figure 1.7. Theta oscillations and limb movemef#) Theta phase over time during bar
pressing for lateral hypothalamic electrical ssiimulation. Theta oscillations are present in the
pre-pressing period prior to a potential evoked by the electricabsgililation (blue lines)B1)

Average theta oscillations alignment at lever press with a delayed electriestireelation from
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pressings onsets (lower right arro{)) 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 Nufiez, A., & Bufio, W.
(2021). Voluntary movemermind theta rhythm in the hippocampBEsontiers in Cellular
Neurosciencel5, 649262. https://doi.org/10.3389/fncel.2021.649262. © 2021 Nufiez and Bufio.
This figure is adapted under the terms of the Creative ComAttnisution 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 ekcéstivity 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 compdationship beyond movement through physicaktwo
dimensional space. The role of theta oscillations andrfiator locomotion will be discussed in
Chapter 3, and it will compare hippocampal theta frequency and power between traditional

spatial navigatiomnd a finemotor 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
mechani sms controlling the A msiructares suppordvaromdsf er e d
behaviors and cognition functions. Several historical cases in theeBfury 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, specificallysedic memory 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 removeddhe majy of HMO s
medial temporal lobe including the hippocampus, amygdala, and entorhinal cortex. While the
surgery alleviated HMOG6s seizures, he was wunab
experiences. However, HM6 s miespdor to hisssargenyi ng, pe
appeared intact, suggesting that the hippocampus was critical for forming new memories
(Scoville & Milner, 1957) HM6s serendi pitous case has been
the most influential case study tying the hippocampus to memory.

After observing HMés abilities after hippo
hippocampus was necessary for the formation of e@sodicmemories. 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, lateork 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 fairiddgtextent of

hi ppocampal damage was correlated with patien
memoriegNadel & 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 retriabwas impaired in patients with extensive hippocampal damage.
This inspiredthe Multiple Trace Theorypositing that the hippocampus does not just store
memories in the neocortex, but it is involved in retrieving the comieixt 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 measuringdmianity 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 (Gitbed et

al., 2004) This work framed the modern view that the hippocampus is fundamental for the
ability to form and retrieg details oepisodic 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 CognitMap, OO6 Keef e and Nadel discus

underscoring that the hippocampus functions a
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construct a spatial representation of the environthe@td Ke e f e & . Rriardienspf 197 8)
the hippocampus and medial temporal lobe suggested that they aided in steapbrse
learning, allowing animals to navigate toward rewards based on associative responses, such as
learning to turn left or right via trial and err@ull, 1945; Kenneth W. Spence, 1956; Tolman,
1948) O6 Keefebs and Nadel 6s theories challenged
beyond rote learning, and it forms a spatial map of the environment to support flexible reasoning
and responses during navigat i cogntiveimap s wor k bu
hypothesis Tolman posited that rats, like humans, construct and employ a cognitive spatial
representation of the environment to navigate, as opposed to merely stiesglosse 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 worksupportedd 6 Ke e f e 8 s a n d, sudlaad ©liorbasd Sarhuelson i e s
(1976), who employed a radial arm maaestudy spatial learning 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
visitedi this required the animals to mé&in spatial working memory based on allocentric distal
cues in the environment. Control n@sioned ratsigited 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 sevespatial memory impairmen{®Ilton & Samuelson, 1976)
This worksuggested thdahe hippocampsihelps to construct stable representation of space
allowing flexible responses to the environment.

Later behavior al evidence confirmed Tol man



31

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 Maiea task requiring rats to smiin opaque water in search

of a hidden platform to learn its location relying on distal visual cues in the (Momis 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 hippocangsibned animals would swim randonand

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
hippocampalesioned 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 hippoc(Hropffetal.d20¥501 e i n
ObKeefe, 1976; Terr az a,sfurthertsolidifying its fuctiod &saa; Wi ns on

cognitive map.
2.3 Electrophysiological evidence of the cognitive map

Behavioralresearch in the mi@0" century was foundational in identifying the
hippocampus as a major player in spatial cognition. The emergence of experimeivtal
recordingssolidified 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 &b lsggations,

and that their activity during spatial navigation supports episodic nyeimanation and
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retrieval. I n the early 195006s, hi pCoeera&mp al t
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. Subsequertligmedialseptum(a key theta generatonas

lesioned to disrupt hippocampal theta oscillations. When theta was abolished, rats were severely
impaired in their ability to perform the spatial tablat theirrecognition memory remained

intact, even when they located the reward by chaHuis suggesid hippocampal involvement

in spatial encoding and retrieval without sensory or motivational disrufWarson, 1978)It is

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

for distance travelel O6 Keef e & Nadel |, 1 9Fbr&xamplecas anaalss s et a
moved more quickly through space, theta frequencyirasether words, there was a positive
relationship with the number of theta cycles and speed at which the animal traveled through an
environmen{Vanderwolf, 1969)Hippocampal theta was an important milestone for

understanding how the braimganizespace 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. OO
in showing that hippocampal neurons fired in specific spatial locatsoipporting the idea that
the hippocampus flexibly encodes space in a-hka&pfashion and is not simply engaged in
stimulusr esponses. As an extension to Ob6Keefebs or

explore dorsal hippocampal activity in &g 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 envirfn@®@énkK e e f e ,
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 fiveuddickly 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 orientationing out motor sequences or sensory stimuli as
confounding variable6 O 6 K e e f.&hese IeSultsGndicated 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
di scovered that <cells in the s ulhaacindependent i r e d
of its spatial locatiorfRanck, 1973)In the entorhinal cortex, grid cells fire in a hexagonal
pattern forming a gridike metric for spac¢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 arenvironmen{Solstad et al., 2008).astly, speed cells in the medial entorhinal
cortex encode speed during navigation to support grid and place cell s{&vdipyf 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 theseminal studies underscoregpocampal



34

involvement in spatial encoding and retrieMalh i s wor k sol i di fied O6Keef
theories around the hippocampus as a cognitiveintlaat the hippocampus was not only

important for memory, but it sculpted an internal spatial map of the environment. Findings from
various electrophysiologicatudies later revealed thiie hippocampus interacts with other

regions to construct accurate spategresentationsf the environmenfHafting 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
hippocampis-dependenspatial 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 discoxMeryvis no
known orchestrator of place cell activity. It was not until decades later that the theta oscillation
was identified as way to coordinatag i v e n rspatiakactivitgas the organism moved
through a place field. Nearly twenty years fo
phase precession, a phenomenon that underscored the important link between theta oscillations
and placecellf O6 Keef e & Recdefi 1®98hase precession,
place field, the cell initially fires at a late phase within the first theta ¢$taggs 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 fiel(Drieu & Zugaro, 2019)FHgure 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 regiordbghivhere the rat presently is

(itdéds current place field | ocation), and wher
wi || be as it traverses forward in space). To
activity in a spatial lod#on, and the overlap of numerous place cells firing at a given time

supports an accurate, stable representation of the surrounding spatial environment.
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Figure 2.1 Theta Phase PrecessiofA) 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 cycl€B) lllustrates 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

spati al map of the rat ds oaedpast and the dpapmirgt i o n It

location where it will progres&eprinted 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 learninhe 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, 199X ebbpostulated that learning occurs through repeated synaptic
connectivity of &6Neuron A6 to O6Neuron B6, und
memory. Although Hebbds theories were not bac
physiolgy suggested it did support Hebbdés postul a
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, elisigaptic growth and strengthens
the connection between the neurdngdtimately, this robust connection enhances cellular
functioning and facilitates learning and memory. The first electrophysiological evidence of
Hebbbds theory was atingtherdentate gyrusaviathk perfasant pathi, anu |
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 dentatgyrus displayed a lontasting increase in their response to a single electrical stimuli,
supporting the Hebbian plasticity thedBliss & GardnerMedwin, 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-d3®s window othe postsynaptic cell
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to increase the synaptic strength between the two ne(Warkram 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 calledtermy depression. Early findings from several
studies examining STDP confirmed that the gyitastrength 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 fif8i & Poo, 1998; Markram et al., 19973 ee 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

the presynaptic cel(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 stimulatiai the presynaptic cel(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 undersd¢wimgportance 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 postsypiic cell type. Journal of Neuroscience, 18(24), 1046472.

https://doi.org/10.1523/JNEUROSCI-P8-10464.1998. © 1998 Society for Neuroscience.
Long-term potentiation is thieiological basis fotearning in thébrain as Hebb postulated

in 1949 It is believed the theta phase precession constrains the timing for tlaagre

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

the cell sequences. These mechanisms strengthen synaptic plasticity betWwessteance of

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

of the environmenf O6 Ke e f e & . Rterestingly, theskéc@llx@quences are replayed

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

Ahi ppocampal repl ayo, iI's thought to further

support spatiamemory. 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 approximatéddli speed (~10@®00

ms) relative to their sequential activation during spatial navigédison & McNaughton,

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

Airehearseo memories at an accelerated rate th
cells and reinforce spatial memory of recent experiences.
2.5 Hippocampal place cells are context cells

The name fAplace cell 06 was coined from the
neurons in the hippocampus. Later work discov
depending on contextual changes in the environment. This was a landmark finding in
neurosience as it suggested that the hippocampus does not simply map to spatial locations, but
contextual changes in the environment can modulate its neural a@¥vuiligr & 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 o06clock
initial condition, authors found that their firing fields $bd in location upon rotating the cue
card 90A, However, their fields maintained th

the card shifted right, the place field would also shift to the right. Logically, the place fields
returned to theriginal 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 thesammment. Other
studies have demonstrated remapping in the absence of visuospatial environmental changes

including odor manipulatiofAnderson & Jeffery, 2003Jear 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 nonspatial dimensions. To test whether the hippocampus can generalize its mapping
to abstract dimensions, a study found that CA1 neurons altered theilyaatidiss 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 presente@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 plaldeefi@ishion,
indicatingthep r esence of fAfrequency fieldso (See Fi gl
cells behaved al most identically, showing a c
frequency. This indicated that the hippocampus was mapping across freguerenund in a
similar way it does across space during navigation, and that these neurons encode dimensions
outside of 2dimensional spatial navigation. Together, the literature suggests that the
hippocampus responds to contextual environmental varialiiesvitches its focus and dedicates
a portion of its neuronal activity to the most salient, 4&&vant demands. It is conceivable that
the hippocampus is not merely a cognitive map, but irearesenhonspatial dimensions

including auditory fregencies 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 (rige+R) 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 celiespond to brief

segmentsof 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 figur8 maze alternation taglPastalkova et al., 2008n this

pioneering study, authors identified the pres
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assembly was active only during a brief interval of thesd&ond 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 wheminning delay. Interestingly, he c el | assembl yobs
wheel running would change depending-8upon the
maze. For example, while a subset of cetisactive during the wheel running interval before

accurately embarking on a right lap trial, a unigoeupof cells were active during the wheel

running delay before correctly traversing a left lap trial. Figurelld€ratesa cel | 6s di scr
temporal respongarior 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 tawould traverse in the upcoming trials, suggesting rats may be ruminating

their future spatial trajectories. Interestingly, most of the neurons that showeddhice

predictive activity were active at the beginning of the wineehing interval, sugging that the
hippocampus is strongly engaged in coding the initial segments of a temporal Pastadkova

et al. (2008)postulated that the purpose of the temporally distinct firing patterns is to maintain
memory across the 15 second delay periodwatlg 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 hippoampus.
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Figure 2.4 AEpisode Cell so Encode Distinct Ti
Period. (D) Each panel demonstrates six simultaneously recorded neurons during the wheel

running period. Across all trials{ x i s) each cel |l 6s activity 1 s m
across the 15 second wheehning interval(E) The normalized firing rate of 30 neurons (y

axis) across the 15 second wheeining delay intervalAdaptedfrom Pastalkova, E., Itskov, V.,
Amarasingham, A., & Buzséki, G. (2008) with permissimternally generated cell assembly

sequences in the rat hippocampus. Science, 321(5894), 1322
https://doi.org/10.1126/science.1159775. © 2008 American Association for the Advancement of

Science.
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during wheelrunning interval time depending on future trial directioaérsing a left or right

lap on themaze)(B)An assembly of @ep s etereaks précedong dur i n ¢
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 trialeéah
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neuron. The grey line depicts the number of cells discriminating between left and right trials at
times spanning the whesinning durationReprinted from Pastalkova, E., Itskov, V.,
Amarasingham, A., & Buzséki, G. (2008) with permission. Internally generated cell assembly
sequences in the rat hippocampus. Science, 321(5894), 1322
https://doi.org/10.1126/science.1159775. © 2008 Amerssociation for the Advancement of

Science.

An i mportant follow up study examined whet

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 lodvied in maintaining the

spatial memories needed for the upcoming trial. Instead of-adaftturn 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 thereat wing (east or west) of the maz&ill 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 trialsinthiésited 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 delaterval. Unlike the previously discussed study where

rats were locomoting in a wherlnning delay, rats in this study were on a platform where their
movement was voluntary. Results showed that movement did not influence episode cells activity,
andthatel | s6 temporal f i ri ng -epsaandgaveshcondidons This r e d
suggests that the hippocampus engages a unique subset of cells to encode the passage of time

when anticipating various spatial conditions, maintaining a stable repxgea of space in

b
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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 occurreg gathe delay interval more

accurately differentiated the gmast and govest 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 requirdsetmaintenance of spatial memory. This may serve as a temporal
Afibookmar ko that helps to construct accurate r

environment.

I', I& ﬂ

Figure 2.6 Episode Cells Encode Time During Spatial Memory Maintenance. (M) Time-
fixed firing rates of individual hippocampal neurons across traix{§) across time in the

variable delay period ¢axis). Rats navigated east in the first 14 trials and west in trials 15
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through 28. To the right ¢fC) and(F), the red dots represent examples of neuronal firing as the
rat moved in its path represented by grey lif@g-iring 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 t i mkaclosaldietap (P04l iditatecttieeltelstafté 0 At i me c el
in an important study that identified temporally sensitive hippocampal ensembles in the absence
of spatial cues during a stationary delay period requiring attentional de(aci3onald et al.,

2011) Figure 2.7 illustrates the behavioral apparatus and example of time cells active during the
10-second delay period. In an objaltslay-odor task, rats were presented with an object,

followed by a 18second delay interval where the rat was restricted &patial 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 objgettte 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 irMacDonald et al. (2013yas the manipulation of timiehow do
hippocampal time cells respond when manipulating the delay interval duration? Comparable to
pl ace cel l Aremappingd in response to a chang
varying responses when tleewras time added to the delay interval period. Some cells, referred to
as fiabsoluteodo time cell s, remai n-eod20setoadb | e i n

del ay, wher eas s o akedirctreeir flriry atfiliffeeentitimes during thed p e
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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 neuronsaativein 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, sugdesy the hippocapus intrinsicallyreflectsthe 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 cle{§himbo 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 |l onger trials. Essen
encompass the longer trials and qoess their activity to encode the shorter intervals. These

data underscore the hippocampusdé flexibility,
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 | eft figure-giolbl uespanese bhedafgod ad
object was presented to the rat before the delay interval. Following-t#ectfd delay, rats

were presented with an odor in a flowerpot. If the odor matched the prgvmvasented 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 matchhe 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 acrosssbeoid

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 t
Ango o ( r Rdprinted filoaiviacDonald et al., 2011 with permissioAdapted 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) 47
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 hedided odor memory task to further examine the temporal properties of
hippocampal cell§MacDonald et al., 2013 hey also examined whether theta oscillations were
present during temporal firing patterns even when eliminating movement. In the odor memory
task, rats were hediked and presented with an initial odor, the sample odor, followed by a
delay period, angresented with the test odor that would either match or mismatch the sample
odor. I n the correct fAmatchedo trials, the ra
licking if the odors were mismatched. Results showed that neurons were seleatiwa\during
brief moments across the delay period while theta oscillations were present (see Figarel2.8)
they were theta phase lockéste 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 tperiaiay
Authors concluded that locomotion is not necessary for hippocampal time cell activation, and
that its phaséocking to theta can serve as a mechanism that encodes the passage of time outside

of spatial memory such as an odlmlay memory task.
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Figure 2.8 Hippocampal Time Cells Phase Locked to Theta During the Delay IntervglA)
Increased hippocampal theta power during the delay interval relative to the santpiesiodor
intervals averaged across trials in a sesg®hHippocampal theta power averaged across trials
within the same sessiofC) A series of theta cycles sampled from one second of the delay
period of a sessioiiD) Examples of four cells with peak firing during a preferred phase of theta
cycles.Reprintedrom MacDonald, C. JCarrow, S., Place, R., & Eichenbaum, H. (2013).

Distinct hippocampal time cell sequences represent odor memories in immobilized rats. Journal
of Neuroscience, 33(36), 146Q[4616. https://doi.org/10.1523/JNEUROSCI.18372013.
Reprintedwith permission under Creative Commons AttributddanCommercialShareAlike

3.0 Unported License (https://creativecommons.org/licensestisg/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 thgtkes (xaxis) elapsed across the delay

period. The red tick marks represent one second following the onset of the teFiguter.
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reprinted with permission from MacDonald et al. (2013), Journal of Neuroscience, 33(36),
14607 14616. https://doi.org/10.1523/JINEUROSCI.189372013. Licensed under CC BNC-
SA 3.0 (https://creativecommons.org/licensegiiysa/3.0/).

While the original episode cell study investigated neuronal activity during a-wheel
running delay intervalPastalkova et al., 2008nhother studyKraus et al., 2013ought 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 rewénd ahd of the delay interval. Animals
subsequently alternated between turning left or right on the fgjghe maze toward the reward
water port at the end of a goal arm. To distinguish time elapsed from distance traveled, the
treadmill speed was mani@ted while the duration remained constant across the delay.
Similarly, distancedixed conditions modulated the speed of the treadmill to keep distance
constant and independent of time. Findings revealed that while some hippocampal cells were
significantlyinfluenced 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 distanckettawhile 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 interdakerestingly, 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. (20133oncluded 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) studyppocampal neurons adjusted their tuning to the relevant
di mensions of the task at hand. To further es
or distance, Abramson et al. (2023) reanalyzed data from Kraus et al. (2013), and compared
hippocamph cel | act i wWiitxye dd ocmo ndhiet féatmi eitké TCohadodi &1
Results suggested that the contextual demands of the experimental conditions influenced
neuronal activity such that more cells mappedtbodisn ce i n -tihxeedd@i csd mdictei or
a greater proportion r espoefnidxeedd 6t o(Abmaotsoetet tosn si n
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 DistancéA-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 pd@el3) 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 thakfiring 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



56

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-eightmaze alternation task requiring a working memory load andaaegoop track

devoid of attention or memory demarn(@slz et al., 2016)n 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 testecethler this was necessary to engage the hippocampus in
temporal encoding. Even in the absence of working memory demands, cells in both CAl1 and
CA3 regions displayed temporal modulation, and time cells were also active as place cells while
navigating the trek. 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 sraeecell
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 repitesegual proportion

and orthogonal activation of hippocampal time cells in the CA1 and CA3 region. When
comparing place cells to time cells in CA1 and CAS3, authors founglded cellspatial

resolution, or field widthfemained the same over distance traveled, but the tenmpsadlition
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 intervali this is onsistent 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. Proportfatetls and activity did not differ
significantly between the alternation and loop maze conditions. Figure reprinte8ditanD.
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){ #3846
https://doi.org/10.1523/JNEUROSCI.0088.2016. Licensed under (&Y 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 eatadrtex
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during an episodic memory tafldmbach et al., 2020Ppuring 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 ented a 36second 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 duringpmestrieval

(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 theceting 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 thstiable 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 afgampi
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 linkinglaelemporal 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 tif@eD) 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 andvaitconditions(F) A non
significant correlation between peak firing rates across normalized time in the retrieval and
encoding conditions.i§ure reprinted with permission from Umbach et al. (2020), PNAS,
117(45), 2846B828474. https://doi.org/10.1073/pnas.2013250117. Licensed under @0CBY
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 andSphoehaut et al.,
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2023) Authors recorded from patients with hippocampal electrode implants during a virtual
waiting room interval a taskfree, timefixed delay period prior to the onset of a virtual
navigation task. There was clear evidence of a subset of hippocampal nmaapgisg 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 suggestatlttiere 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 navigabn 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 norhuman rodent models, little work has examined the properties of time cell fields across
the time axis. Literature suggests that time fields tend to be tightemaeite 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) sght to quantify these observations by directly comparing time
cell fields across the interval time axis. In agegond delayethatching task similar to
MacDonald et al. (2011), authors examined estimates of the wiithimeceptive field width and
the arosstrial 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 dinei 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 timegthwatian 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 thexperience. This suggests that the brain efficiently stores time and sequences

of events by Abookmarkingdo the initial det ai |
temporal representation as time passes. In other words, this early and dethitgthgrmay

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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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 twedimensional space during navigation. Since being linked to autobiographical
memory in the HMcase 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 therneed fo
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 flmrman organisms this underscores its na&uto support

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

The hippocampus plays an essential role in episodic mem@y Keef e & Dostr oy
1971; O6Keefe & Nadel, 1978; Qasim et al ., 20
Morris et al., 1982; Squire & Zolslorgan, 1991 )and spatial navigatiofMcNaughton et al.,

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

(O6Keef e & .Rhgsbledical invegigatohs into hippocampal function have shown a

robust association between ~7 Hz hippocampal theta oscillation and episodic r(idiest

al., 2014; FernandeRui z et al ., 2017; OO6Keefe, 1976; OO0K
Recce, 19933nd navigatiof Bur gess et al ., 1994; O0O06Keefe & F
Furthermore, manipulations that disrupt the theta oscillation disrupt both memory encoding
(Buzssg8ki, 2002; Mi t c Reede,|1998; Scowlle & Milnet, 398&hd OO Ke e f
navigation(Givens & Olton, 1990; Kloc et al., 2020; Winson, 197A8nile 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 dugirunning, jumping, and bimanual manipulat{@zurké 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 rieeplelated
finding is the monotonic relationship between theta power and theta frequenonitog speed
(Kennedy et al ., 2022, Mc Farl and et al ., 1975
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 variefCrown et al., 2022; Drieu & Zugaro, 2019; FernanBez i z et al . , 2017,
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Recce, 1993; Qasim et al., 202Ihe theta harmonic (~16 Hz) emerges with increased spatial
velocity, and it is believed to be a product of asymmetric orteath shaped theta sine waves
(Sheremet et al., 2016} 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, this taeta
generators are not synchronized, resulting in an asymmetrigpstiwsine wave that creates the
theta harmoni¢Sheremet et al., 2016)

Regarding memory, recent work in rats indicates that theta oscillationslpbkge
individual footsteps, but only when spatial working memory demands ardéJughi 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 demandé&pshket al., 2023Another

study found thetahase locking before and after the onset of lever pr¢Bsé® & 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 isddegrad
(Terrazas et al., 2005)

The hippocampus is believed to primarily encode higinder cognitive and locomotor
variables, such as position, speed, and movement diréGadgin, 2013; Kay et al., 2020;
McNaughton et al., 1983; Wikenheiser & Redish, 20&#jereas limb movements that drive
locomotion are thought to be computed subcortical regions including the cerebellum, brainstem,
and spinal cor@Bellardita & Kiehn, 2015; Grillner & Wallén, 1985; Machado et al., 2015;

Sarnaik & Raman, 2018Ynlike somatosensory and motor cortex, the hippocampus, at least in
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humans, responds to movements of the ipsi and contralateral limb during manu@ tasie,
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 paititerest 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 spedxiatisence 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 bimanugidtiig
behavior in rodent§lordan et al., 2024)

String-pulling behaviors have been studied for more thanthwosand years and in over
160 specieglacobs & Osvath, 2015%tringpulling has also been adopted in rodents for the
assessment of bimanual fine motor conf@@lio et al., 2015; Russo et al., 2018; W. Yang et al.,
2023)and strokdFarr & Whishaw, 2002; Hart et al., 2022; MacLellan et al., 2@06)n the
manual precision it requires and the capacity to segment the regchspmng motion into
stages. Our group recently developed the automated Pulling and Neural Data Analysis (PANDA)
system for controlling and higiesolution monitoring stringulling behaviors during
extracellular recording@lordan et al., 2024Here, 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 posiely 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 (43nonths old, weighing 36820 g,Envigo RMC
Inc., Indianapolis, INwere singlenoused in a temperature and humidity controlledhd 2
reverse light/dark cycle room with food and water availablébitumduring the habituation
period. During behavioral training, rats were food restricted to 85% ofatidiibitumbody
weight. All procedures were in accordance with NIH guidelines for the Care and Use of

Laboratory Animals and approved IACUC protocols at the Universifriabna.

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 npdoyudie training
through a syringe. Adequate performance was reached when rats ran at least 20 laps per training
session. Stringulling training began by tying Cheerios® to the end of a cotton string and
draping the string over the wall of the enclos{iig. 3.1G). Strings were initially ~12 cm in
length and the length was progressively increased in ~30 cm increments until rats consistently
pulledthe string~100 cm. The Pulling And Neural Data Analysis (PANDA) systéardan 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, Chinanhd 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 microcontfdltduino,
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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 pulletiils regarding the
construction and animal training can be foundandan et al., (2024and all code is available

on GitHub fttps://github.com/CowenLab/String Pulling Sysjem
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Figure 3.1. Animal Behavior. (A)Still photo from video acquired during stripailling. Dots
indicate tracking of the nose and paws (DeepLab@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, pusf®) Top: Plot of string speed during two
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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 sessiofD) 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 (2.5E)idjean +

SEM distribution of speeds forack-running (blue) and strirgulling (orange)(F) While the

shape of the distributions of speed differed during track running and pulling (E), a paised t
indicated no difference in the mean speed peiprat.05,n = 5). (G) The timeline for training

the stringpulling 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 isoflurane3% isoflurane mixed with oxygen, 1.5 L of
oxygen/ min) . | sofl urane was | owered after ind
breathing stabilized at ~50 breaths per minute. Rats were implanted with guater82
channel tetrode arrays. Each array consisted of 8 twigtedetrodes constructed 2 um
diametempolyamideinsulated nickel chromium steel wir& shorted reference and ground wire
soldered to a skull screw was placed over the cerebellum addes ground/reference. The
tetrode array was implanted in CALl in the right hemisphere {&B; ML: +2.0, DV:-2.5).
Analgesia and antibiotic ointment over the surgical incision were administered for two days
following surgery. Animals recovered forlaast 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 thecBa8nnel 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 minutesliofebas
measurement as animals rested in a pot (Fig. 3.1H). Rats then performeadnrang and
string-pulling behaviors with the order of these behaviors being counterbalanced across
recordings sessions. During tracknning, the animal ran clockwise o4 cm diameter track
for 10 minutes. During stringulling, rats performed the striqmulling 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 thetpBach rat completed ~5 sessions over awgek

period.

Motion tracking

A sidefacing cameraNlakoU130b, Allied Vision, Stadtroda, Germany) monitored
string-pulling behavior and data was acquired at 367 fps using the Image Acquisition Toolbox in
Matlab (2019). A topdown cameraMlanta GO33C,Allied Vision, Stadtroda, Germany)
monitored track running and data was acquired at 60 fps Nsirigjx software (Montreal,
Quebec)DeepLabCufDeepLabCut, Mathis et al., 2018)as 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 phospiffsed

saline. Brains were extracted, stored in 30% sucrose solution, and coronabiyeskcTissue

was stained using cresyl violet for verification of electrode placement. Electrolytic lesions were
found in all but one rat this animal was included in the analysis upon verifying tetrode traces

above the CA1, and robust theta activityidgmunning 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 (@1 Hz) and its harmonic (322 Hz) were isolated using al@rder
Butterworth banepass filter (designfilt). Instantaneous power and phase within the target band
were determined using the Hilbert transform (hilpéfb 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 betweéi® ton/s. For the
analysis of acceleration/deceléoat epochs were limited to 1 to £25 cmRawmotion tracking
was smoothed using a 200 ms moving average (movmean) temporal witigbtvand left paw
movements were averaged to comgare-motor theta to running epochshile the leftpaw
(contralaterbto implant)was usedo determine the paw phase relationship to thé&tavelet
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 sampeX 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 withenimal measure. Unless otherwiseedapaired and onesample ttests

(U = 0.05) were used to assess statistical si

R-Studio 2023.

Results

Contrary to trackrunning, 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 (pairetest p= 0.0017) (Fig. 3.2B). Theta harmonic
power was also significantly reduced during styngdling (Fig 3.2CD). 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 at8/Hz, the inset shows the withémimal difference (rwpull) averaged

across animals, showing a significantly larger harmonic during running when controlling for

frequency (pairedtest p= 0.042).
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Figure 3.2. Vigorous stringpulling triggers low-frequency theta with a low harmonic. (A)
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Fourier Powerspectral density during tragkinning and stringulling bouts for all 5 rats (Mean
+SEM). (B) Paired frequency was reduced during string pulling relative to running in all animals
(paired ttest p=0.0017)(C) Harmonic power was significantly reduced during stjigjing.

(D) The theta harmonic as a function of theta frequency during running. To determine if this is
the case for stringulling, the spectral response (Morelet Wavelet) was computed as a function
of the frequency at the peakthe 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 withiranimal difference (rupull) averaged across animatsgan + SEM) showing a
significantly larger harmonic during running when controllingffequency. A paired-test was
performed to determine if the difference at 16 Hz was significant (paiesd 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, pairetest,p = 0.011). There was a positive slope observed during
running, and a negative slope across stpalling speed (Fig. 3.3B). Upon frequency
normalization, there was a clear positive relationship during running and theta frequency.
However, this relationspiwas reversed during string pulling (Fig. 3-:BE There was no
significant difference in theta power slope between runantystring 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)heta

frequency (left) and power (right) as a function of speed during running (blue) anepstiling
(orange) during a single recording session of onéBatAverage 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 densityrfeach speed. Values are in units of standard deviation from the

mean at each sped) Normalized theta frequency by running (blue) and pulling (orange)

speed (Mean +SEM) where theta was standardized (fminimum) 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 ptritng. While a clear
positive relationship was observed between running and theta fiogqtieis relationship was
reversed during string pullingg) As in C, but for the relationship between speed and pdwgr.

As in D, but for power normalized to the power at the lowest sig€g&lope 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 (paitesttp= 0.011). While all

slopes were positive during running, 4 of 5 were negative during string pitih&lope of the
relationship between speed and theta power during running and string pulling. There was no
significant difference between running and string pulling (paitedttp= 0.732). *P < 0.05, **

P < 0.01, and *P < 0.001. Eror bars show mean +SEM.

Theta frequency, power, and theta phase locking to the repah cycle

The speed of the left paw significantly varied by phlase (Fig. 3.4A, withisubject
ANOVA, F =54.1,p=0.00001). Speeds were higher during the lift and advance phases than the
pull and push phases. Acceleration (cm/sec?) also varied significantly as a fungidinpbiase
(Fig. 3.4B, withinrsubject ANOVA,F = 61.9,p = 0.00001). Theta frequency peaked during the
push phase (Fig. 3.4€,= 7.692,p = 0.0012, poshoc withTukey-Kramer correction). No

relationship between theta power and pull phaae ebserved (Fig. 3.4D).



77

Left Paw Speed B 6 Left Paw Acceleration

1

60 i\ I
) )
2 50 3
£ £ 4
o
L 40 =
% S 2
—30 ‘g
8 @ 0
820 g
) <
10 27
Q
0 4 bt
e NS ) N
;:\6“ s G‘Q%Q Vou? ;}5\" @000‘@59 ou

O

Theta Frequency Theta Power

N

I
—k K-
@

ot
[4; TN

-0.5

Norm. Frequency (sd from mean) O
o

Norm. Power (sd from mean)

\,\g: 'a“oec’,@e& Q\ﬁ\?oe‘(‘ \,\;: '3‘0066‘959 Q\>\\Q\>e“
B

Figure 3.4. Behavior and theta activity within each reackpull cycle. (A) The speed of the left

paw (Mean +SEM) significantly varied by pydhase (withirsubject ANOVAF =54.1p=

0.00001). Each dot indicates a single rat. Speeds were higher during the lift and advance phases
than the pull and push phases. Inset: lllustration of the different-pedighhases(B)

Acceleration (cm/sec?) also varied significantly as a function of rpattiphase (within

ANOVA, F =61.9,p=0.00001)(C) Theta frequency peaked during the push phassi¥

indicates the &core normalizedheta frequency during each phase. A within ANOVA was

performed (poshoc with Tukey-Kramer correctionf = 7.692,p = 0.0012) (D) No relationship
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between theta power and pull phase was observed (within subject Aroga)5). *P < 0.05,
** P <0.01, and ***P < 0.001. Error bars show mean +SEM.

Theta frequency changes within the pliasecycle for each rat (row) was normalized as
z-scores to control for inteanimal differences in mean frequency. Normalized theta frequency
increased significantly during the-subjgcushoé pha
ANOVA, F=3.03,p<0.001,d 2 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
frequencypower peaked dur(Figa335EIANCGVA,¢p b2 PH0.0001d 8 e
= 0.57). Significant theta phase locking acnogk phasecycles was observed (Fig. 3.5F;

ANOVA, F=4.42,p<0.0001d2 0.53) with phase |l ocking peaki
Notably, no significant relationship between thél phasesnd hippocampal gamma frequency,

power, or phase locking was observed.
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Figure 3.5 Pulling speed across paw movement phases. R9achpull trajectories from the

left paw acquired from a single behavioral session color coded by the phase of t{i2) fuap

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 colecoded line at the bottom of the plot inglies the pull phase as illustrated in A.

(C) As in B, except for paw acagiation.(D-E) Theta frequency, power, and theta phase locking
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to theudreaachycle. The top plots indicate thet
plot indicates the mean +SEM. Two regalil cycles (720°) are presented on the x axis to

improve visualization. Vertical dashed lines are to indicatedlaionship between the peak of

each feature and the reagtll phase(D) Theta frequency changes within the reacii cycle

for each rat (row) was normalized ascores to control for inteanimal differences in mean

frequency. A clear effect of reagull phase was identified (withisubject ANOVA,p<0.001,
F=3.03,d20.43) with frequency p(E)Akwitmfequenayraa ng t he
significant effect of reacpull phase was observed for theta power (within subject ANOVA,

p<0.0001, F=5.25d 2 0.57).(F) Phase locking to theta computed between each-math

cycle for each animal and measured as the Rayleigh z measure (circ_rtest). Significant theta

phase locking across reaphll cycles was observed (within subject ANOM#&x 0.0001F =

442,d20. 53) with phase | ockingP<pX*R<0D@®l,andr i ng t

*** 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 memo(Rieri et al., 2014; Fernanddzui z et al ., 2017; OO6I
ObKeefe & Dostrovsky, 1 Bovaver, fikemdfoe lecbneotiok haR e c ¢ e ,
remained understudied in the realm of hippocampal electrophysiology. The present study is the
first to investigate hippocampal theta oscillations during skilled;rfiogor locomotion. Our
findings parallel literaturel®wing decreased hippocampal theta frequency and power during
movement involvingeductions in optic flow, proprioception, and vestibular d{B&and &

Oddie, 2001; Ekstrom et al., 2005; Foster et al., 1989; Ravassard et al., 2013; Safaryan & Mehta,
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2021; Terrazas et al., 200%8nd a more complex relationship between limb movement and theta

oscillations as suggested by prior rep@Bsfio & Velluti, 1977; Joshi et al., 2023)

Diminished theta frequency during fingnotor locomotion relative to spatial

navigation

In every animal, there was a negative shift in theta frequency with increased pulling
speed relative to traetunning. These findings moderately parallel literature showing diminished
theta frequency and power in the reduction of sensorimotor integratgpn\{estibular input,
optic flow, proprioception) such as virtual reality and reductions iansetfon behavior¢Bland
& Oddie, 2001; Ekstrom et al., 2005; Foster et al., 1989; Ravassard et al., 2013; Safaryan &
Mehta, 2021; Terrazas et al., 2005) our knowledge, we are the first to reponiegative
relationship between movement speed and theta frequency. Duringuredkg that involves
spatial navigation, the animal experiences optic flow, full limb proprioception, and heightened
vestibular sensation, all of which feed into the hippocampus geatti uptick in theta frequency
and power. In contrast, the stripglling task requires the animal to stand upright on their-hind
limbs while reaching, grasping, and pulling a fixedgth string.tlwas expected that theta
would be present but strongly diminished during stpagding 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 itséimbs 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 ., 2 0 1 3it;is plausilectrat hppodampalahedta is mufflédd 7 8 )
during our stationary task similar to artificial navigation such as virtual ré€&liistrom et al.,

2005; Ravassard et al., 2013; Safaryan & Mehta, 2021)
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Theta harmonic power is diminished during finmotor locomotion relative to

spatial navigation

Motor correlates of hippocampal theta harmonic ¢284Hz) have been relatively
understudied and never been examined duringrfiatr behaviorAs an organism increases in
velocity through space, distinct classes of tlygtaerating interneuronand theta generators
such as the medial septuemtrain theprecisetiming of place cellactivity. However, the various
theta generators are not synchronized, resulting in an asymmetritathvsine wave that
creates the theta harmorfiéennedy et al., 2022; Sheremet et al., 20¥®)ile previous work
has not directly compared theta harmonic between spatial anchéitos behaviors, reduced
limb movement and sethotion cues are associated with a decrease in harmonic frequency and
power(Terrazas et al., 2005 onsistent with literature, theta harmonic power was reduced
during stringpulling compared to trackunning 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 oupstlimg task.
These results suggest that the theta harmonic may support hippocampal encoding during spatial

navigation and serve less purpose duringsyetial finemotor behsior.

Dissociation between theta frequency and power during fmetor behavior

While there was a positive relationship between theta frequency and power during
running, there was an inverse relationship during sfouing such that theta frequency
decreased while its power increased across pulling speed. This negative relatiaship
indicate that frequency and power uniquely contribute to spatial andpatial movement. It is

necessary that theta frequency increases with running speed during navigation to maintain



83

accurate single unit representations of the spatial enviror@eswn et al., 2022; Drieu &
Zugaro, 2019; Fernandé&zui z et al ., 2017; O6Keefe & Recce,
However, during our stringulling 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, combiuitadeduced 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 hidight that theta power increases while initiating haptertion

movements, such as jumping large distarfgéisishaw & Vanderwolf, 1973)nd increased

velocity during seimotion (Foster et al., 1989; Terrazas et al., 20@®nsistent with these

findings, we show that the increase in theta power with speed may be associated with effortful
pull s and proprioceptive exertion. It appears
speed may play a stronger role in spataligation, 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 Oreachingb6, O0gmmatipniongd, Opu
segmented paw movements revealed that speed is a weak predictor of hippocampal theta, at least
in the context of stationary |l ocomotion. Alth
6advanced mpul bhnngf shshdgwyhawasededpcited the
frequency. As with frequency, theta power pea

Opushingé phase of paw movement may demand hi
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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,-fgesgng, and head movements
(Whishaw & Vanderwolf, 1973) Si mi |l arl 'y, the O6pullingdé and 0
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 ths 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.

Il nterestingly, theta phase synchronized at
shifted to a low phase and progressed throughout the pull. Our findings compliment early reports
showing theta phadecking before and after lever pres¢Bsiio & 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 weréopkaddo theta

and paw steps, suggesting a complex relationship with pawmeaus and hippocampal theta
oscillations(Joshi et al., 2023)'hese 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 stringulling behavior included a sample of both male and female
subjects. Another limitation was the variability of string torque. While effeet® 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



85

the stringpulling task.

Conclusions

The present study is the first to present properties of hippocampal theta during a fine
motor, humarike reaching and grasping behavior, and directly compare it to traditional spatial
navigation. To date, the theta oscillation has been associated widmmot/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 consistentlyftglsi down in frequency or power compared to spatial
navigation. Each sensory input reduction, combined with virtually no environmental change,
may notdemandhe 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 importathiefgpatial
maintenance of place cell activityr the result of additional theta generators edaby
increased sensorimotor integration during spatial navigation. Howbeés, power may be
associated with general exertion, force, or effort regardless of movement type.

Despite being the sl owest in speed, the O0p
related to theta frequency, power, and tigase locking. Interestingly, these are the
movements that advance an animal through its spatial environment. This indiaatbettnis
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 asgami@m 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 lgmgfted. 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 stationanogtel

intrinsic to navigation may help eluciddtee mechanisms supporting hippocampal spatial

encoding and memory.
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Introduction

In the mid20™" 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 taptspatial,
temporal, and contextual details that are the foundation to rich autobiographical memories
(Gil boa et al., 2004, Nadel & Moscovitech, 199
The discovery of dAplace cellsd in the 19706s
activity to one spatial locatioh O6 Keef e, 1976 ; 006 K ewhithesupportddo st r ov
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 environmefitO6 Keef e & .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-akeappresentation
of the environment O6 Keef e, 1976; OO0 K elLatérdiscaveriBssegyestedv s k y ,
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 ldoat(Ranck, 1973)grid cells in the entorhinal cortex form a
hexagonal pattern to create a ¢grigk metric for spacéHafting et al., 2005)border cells in the
entorhinal cortex and subiculum respond to the borders of a spatial envirditereazas et al.,
2005) and speed cells in the medial entorhinal cortex encode speed during navigation to support
grid and place cell stabilitfKropff 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
|l ocati on. Later observations showed that pl ac
locations when there are changes to the environment. While plaeetoety is altered by
visual changeéVuller & Kubie, 1987) studies revealed that place cells also remap their activity
in response to contextual changes such as odor manipulatiderson & Jeffery, 2003)
electric shock fear conditionin@/loita et al., 2004)and task salience such as changes in reward
location(Markus et al., 1995During a task requiring animals to attendhbanges in auditory
frequency, place cells in the hippocampus retune their activity to respond to segments of sound,
suggesting an auditory Afrequency fieldo map.
hippocampal neurons are not merely mappespaxe, but the spatiabntextual 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 doigabcampus show that
neurons encode the passage of tfad et al., 2011; MacDonald et al., 2011, 2013; Pastalkova
et al., 2008) The cornerstone studies investigating temporal properties of hippocampal neurons
found fAepisode cellso. As rats ran on a wheel
brief intervals of time that corresponded to future spatial trajectorieex@onple, 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 trav@iPeatalkova et al., 2008)ater
evidence corroborated this effect demonstrating that cells uniquely map to timepoints prior to
navigating spatial reward locationgheir activity predicted future locations beyond simple left

or right alternation¢Gill etal., 2011) Subsequent|l vy, Ati me cell so w
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stationary temporal interval where rats performed an cbgat matching task. Neuronal

activity was mapped to brief periods of time during the delay, and their activity was modulated

by the duration of the interv@MacDonald et al., 2011Analogous to spatial remapping, cells

Areti medod in response to changes in the tempo
sensitivity to contextual changésn effect that has been observed in-haman 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 duringfaxkdad
odormatching task where time cells encoded segments across a delagl {iMexxDonald et
al.,2013) Time cells activity predicted the corre:t
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 20&6)(recorded from the
CA1 and CA3 while animals ran on a treadmill for a fixed interval that precededrigleft
alternation task or a simpleop that did not require attentional demands. Results showed no
differences in the resolution or proportioh@A1 and CA3 time cells, nor was there a difference
in time cells when comparing between the alteration and silopfetask. These results suggest
that time cells are active across the hippocampus, and that they equally exhibit temporal
responses in thebsence of higher order cognitive or attentional dem¢dalz 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 ofspatial distance. Kus 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 fixemhterval duration or treadmill speed, suggesting the hippocampus

concurrently tracks multidimensional features of the environifieaus et al., 2013Another

analysis of this data revealed that the proportion of cells encoding time or distance was related to
the contextual demands of the task. For- examp
fixedo conditions, eantaleddimegrrtie setmmorally plampdadirialsn o f ¢
This further underscores the neural flexibility of the hippocampus, and thataiseskce

demands shape its neuronal respofdbsamson 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 fineotor behavior. To date, literature has exploredeihanning,
freely-moving intervals, heafixed intervals, and treadmill running. However, our group is the
first to examine hippocampal properties across intervals of voluntaryniter behavior.

Bimanual finemotor manipulations are complex and pivdtalsurvival such as foraging, tool
use, and climbing. Finmotor locomotion behaviors have been underexplored in temporal
encoding research. As such, little is known of how the hippocampus may enced®fore
behavioral experiences. For centuries, héay, grasping, and pulling (strifulling) behaviors
have been implemented across human and over 160 specieshafman animal models

(Jacobs & Osvath, 2015%tringpulling is a current metric in rodent research as an assessment
of bimanual fine motor contr¢Guo et al., 2015; Russo et al., 2018; W. Yang et al., 2828)
stroke(Farr & Whishaw, 2002; Hart et al., 2022; MacLellan et al., 2@0&)n the manual
precision it requires and the capacity to segment the reaghasging 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 firmaotor behavior and extracellular activity in rodefdtsrdan et al.,

2024) Relative to the existing time cell measures, staatliing 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 areratmal changes to visual flow,
vestibular fluctuations, and proprioceptive inpull of which are believed to drive

spatiotemporal hippocampal activigland & 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 anpl u | |langthgduriing the stringpulling 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 fixedength, and evidence suggests that the hippocampus responds to salient task

demands, we predicted a bias toward cells encodingriendion of length relative to time.

Methods

Subjects

A total of ten (nale, n = 7, female n = 3) Sprague Dawley rats (~Bmonths old,
weighing 366420 g, Envigo RMC Inc., Indianapolis, IN) were singleused in a temperature
and humidity controlled 1Br reverse light/dark cycle room with food and water available ad
libitum during the habituatn 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 flgadth string, followed
by traversing a circular 200 cm track toward a reward. Sfuiting training began by tying
Cheerios® to the end of a cotton string and draping the string everathof 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 sygtiardan 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 learrssthtiage 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 striqmulling peformance 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 cirdar 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_Sys}€dordan 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 stringpulling. Dots indicate tracking of the nose and paws (DeepLab@)tAn
example of histology confirming Dil probe traces through the hippocampal CA1 and ©A3.
lllustration of Neuropixels 2.0 probg®) The timeline for training the strirgulling behavior.
(E) The timeline for a given neural recording session. The order of long and shorpsiiing
conditions was randomized in each session.

Surgical procedures

Rats were anesthetized using isoflurane3% isoflurane mixed with oxygen, 1.5 L of
oxygen/ min). | sofl urane was | owered after ind
breathing stabilized at ~50 breaths per minute. Rats were implanted with Nelgdpd( = 5)
and 2.0 = 5) probegJun et al., 2017)Prior to implantation, Neuropixels probes were coated
with Dil to allow anatomical tracing of the electrode path (Fig. 42)BProbes were implanted

in the right hippocampal CA1 and CA3 (AR.25, ML: +2.6, DV:-2.4 t0-4.2). 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 atdeastveek 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 -@Bénnel Neuropixels probé3dun 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 thieoshong lengths

that were separated bymBinute rest periods (e.g., shednditionE breakE long-conditionE

breakE shortcondition). Pseudorandomized probe trails were included to tap behavioral

changes around the expected reward time, servingnaskaer for temporahnd stringlength

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 theyabethe next stringulling trial. Arduine
controlled lasers were used to ensure rats navigated past the first laser near tpalbtring

location, followed by the second laser at the reward location (Fig. 4.1E).
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Figure 4.3. String pulling speed averages across animals by trial type. (R)lling speedor
each rat averageatross long (left) and short (right) conditions. Each row represents the mean
pulling speed across trials for a given aninfa). Pulling speed averages across animals in the

long-probe (left) and shoyprobe (right) conditions.

Video motion tracking

A sidefacing camera (MakoU130b, Allied Vision, Stadtroda, Germany) monitored
string-pulling behavior and data was acquired at 367 fps using NorPix software (Montreal,
Quebec). A togdown camera (Manta-B33C, 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 strisylling, and the implant, head, body, and tail top camera positions

were tracked during traekinning.

Tissue processing and histology

Following the end of the experimental recordings, animals were sacrificed using 0.35 m|
euthanasia solution (390 mg/ml pentobarbital sodium and 50 mg/ml phenytoin sodium; Vetone,
Boise, ID) and perfused with 4% paraformaldehyde in phosiihdtered salineBrains were
extracted, stored in 30% sucrose solution, and coronally sectioned. Tissue was stained using
green fluorescent Nissl Stain and Dil for verification of electrode placement (Life Technologies,
N21480). Slides were covatipped in ProLong 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 regidi&irons were separated into two
subgroups using-kneans clustering based on pdaakrough and halvidth ratios (Fig. 4.4AB).
There were initially 1,446 and 430 cells from Cluster 1 and Cluster 2, respectively. Upon
eliminating 67 neurons with a high wdprization period baseline (~1ms) standard deviation (std
> 0.35) , 1,444 neurons from A&i dewo CCusseer 12
criteria and were used for further analysis (
neurons with a halfvidth greater than 12, and those with a pgakgh value greater than 19.5

were reclassified into the AWideod neuron cl us
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Hippocampal neurons were grouped into either putative pyramidal cells or interneurons

based on established criteria for waveform shape and firing rate métlenasn 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 (>5Adedss all rats, total

of 607 putative pyramidal (widew rate) and 171 interneurons (narrbvgh rate) were included

in the analysis (Fig. 4-4.8). Prior work investigating time cells in the hippocampal CA1 and
CA3 region indicated no differences in the proportionsropgrties of time cells across the two
hippocampal subregior{Salz et al., 2016)As such, CA1 and CA3 neurons with significant

responses to time or length were grouped together for the analysis.
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Figure 4.4. Classification of neuronal subtypes (AJwo neuron subtypes (wide and narrow
waveforms) were identified based on peak to trough ratio and peakild&if Neurons with
high baseline standard deviations (green) were identified and excluded from the afBlysis.
Mean waveform of putative pyramidal neurons (wiole rate) and interneuron (narrelwgh

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 ¢dapgaus and entorhinal cortex
(Umbachetal.,,2020) As such, Spearmanés correlation was
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 duratomethod fowvisualizing
time across trials that vary in durati@bmbach et al., 2020All neuronal activity was averaged
across trials for normalized time (spikes per bin) and length (firing rate) prior to computing each
cell 6s Spearmandés correlation values. Cells w
(1) Those with a sigficant Spearman correlatiop € 0.05), and (2) Those withstores falling
outsidetherangeel . 96 to +1. 96 of a given cell 0s rando
a significant deviation from chance alone. Those that passed both thresholdeseveesl 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 ratés example of py

across long and short trials. (A)Pyramidal cells are sorted by peak actidtyossnormalized
time (left) and length (right) across long trigBsighter color represent increased mean activity
across normalized time or length of a given ¢&).Proportion of cells with significant
responses to time and length relative to those withsigmificant response¢C-D) As in A-B

for short trials.
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Figure 4.6. An individual ratodos example of
long and short trials. (A) Interneurons are sorted by peak activity by normalized time (left) and
length (right) across long trial@) Proportion of cells with significant responses to time and

length relative to those with nesignificant response$C-D) As in A-B for short trials.










































































































































