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The overall objective of this thesis is to elucidate previously unexplored nuances of hippocampal
network communication while providing novel experimental and computational tools to motivate and
enrich primate research. Much of the existing literature on the physiology and function of the
hippocampus stems from work in rodents. However, while many anatomical features, physiological
hallmarks, and reported functions of the rodent hippocampus translate well to studies in monkeys and
humans, several primate-specific phenomena exist. Anatomical investigations reveal dramatic shifts in the
organization of the hippocampus relative to other brain areas in the evolution from rodent to primate.
Studies of continuous signals reveal that, in contrast to rodents, the primate hippocampus does not elicit
continuous oscillations in recorded local field potentials (LFPs) as animals explore a given environment.
Unfortunately, work in non-human primates (NHPs, monkeys) has historically lagged rodent

hippocampal research in its conceptualizing of primate-specific theories of hippocampal function and



applying novel tools, such as gene manipulation techniques. However, recent technological advances are
bringing work in NHPs to new prominence.

The work in this thesis presents several novel advancements in our theory of primate
hippocampal function, our understanding of primate hippocampal physiology, methods for improving
surgical methods related to genetic manipulations, and computational methods for analyzing noisy, non-
stationary signals. In Chapter 2, | synthesize existing findings from the main cortical input to the monkey
hippocampus, the entorhinal cortex (EC), to suggest that this region in primates is not just a simple relay
to the hippocampus, but rather a diverse processor of multiple information streams that conveys highly
specialized information to downstream regions. Chapter 3 contains a pipeline for planning and validating
in-vivo the types of intra-cranial viral injections needed for genetic manipulation procedures such as
optogenetics. Chapter 4 presents novel methods for detecting sharp-wave ripples (SPW-Rs) co-occurring
across the monkey hippocampus during quiescence and provides the first evidence of species-specific
motifs of traveling ripples across the entire longitudinal axis in primates. Finally, Chapter 5 introduces a
novel method for mitigating artifact in large, noisy datasets while preserving the underlying signal, as
well as a visualization technique to characterize non-stationary time series data. The overarching
objective of this thesis serves to elucidate nuances of hippocampal network communication not
previously explored and provide new tools, both hands-on and computational, to empower primate

researchers to continue to explore the unique unknowns of the primate hippocampus.
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CHAPTER 1 || INTRODUCTION

The hippocampus is one of the most prolifically studied brain areas and has garnered heavy
scientific attention since early anatomical dissections of the hippocampal formation in ancient Egypt (1).
Despite centuries of research, this area continues to enthrall neuroscientists looking to better understand
various phenomena ranging from evolutionary anatomy to electrophysiology to neuropathological diseases
such as Alzheimer’s Disease (1). Investigations into this structure have even received a Nobel Prize for
elucidating how the rodent hippocampus maps a given environment (2,3). Yet, our historical understanding
of the function of the hippocampus has changed dramatically over the years (1), and even the Nobel-prize
worthy theories that the function of the hippocampus is to provide cognitive maps of traversed space are
not widely accepted amongst hippocampal researchers (4,5,13). The divide further widens when
considering the hippocampus in translation across different species. Lesions to and electrical recordings
from the rodent hippocampus across several labs reveal amnesic effects and the previously mentioned
neuronal responses to space, respectively (3,6). However, efforts to identify the same effects in primates
are varied at best (7-10). Evolutionarily, part of the observed differences between the primate and rodent
hippocampus stem from large conformational changes of these structures in the brain, divergent proportions
of different cell populations, and species-specific intrinsic and extrinsic connectivity patterns (11,12). As a
result of these changes, several state-of-the-art techniques used to catapult our understanding of rodent
hippocampal physiology and function have historically been either severely limited or impossible to
conduct in this species.

This chapter serves primarily to review existing findings on hippocampal anatomy, physiology,
and function from both rodent and primate work. | will discuss findings from anatomical, lesion,
electrophysiological, and genetic manipulation studies of the hippocampal formation to highlight
convergent and divergent features across the rodent and primate hippocampus, lapses in our understanding
of various aspects of primate hippocampal physiology, and the difficulty in performing surgical procedures

associated with state-of-the-art genetic manipulations in the primate hippocampus. The main body of this



thesis subsequently addresses these items. In chapter 2, | provide a through review of existing literature on
the primate entorhinal cortex to suggest an elevated role of cortical information processing within this
structure. In chapter 3, | develop and successfully implement a novel surgical pipeline to improve planning
and targeting strategies, which can subsequently be validated in-vivo up to 24-hours post-procedure.
Chapter 4 leverages high-density electrophysiological recordings in the primate hippocampus to provide
the first evidence for intra-regional communication across the entirety of the structure. Finally, in Chapter
5 | develop novel tools for de-noising and visualizing large, noisy datasets of continuous signals, and |
apply these tools to both simulated data and local field potentials collected from the primate hippocampus.
When applied to the hippocampal recordings, I successfully show subregion-specific oscillatory profiles
that are present only when animals are engaged in goal-dependent behaviors. With these novel postulations
and findings, the overall aim of this work is to continue advancing our understanding monkey hippocampus

and motivate a new era of research in this species and structure.
1.1 WHAT IS THE HIPPOCAMPUS?
1.1.1 ANATOMY AND HISTORICAL PERSPECTIVES

The hippocampus is one component of the larger hippocampal formation (HF), which is located
deep within the primate medial temporal lobe (15,16). The broader HF is a group of structures that includes
not just the hippocampus proper (the CA fields), but also the dentate gyrus, the subicular complex
(subiculum, presubiculum, and parasubiculum), and the entorhinal cortex (15). This tissue runs along the
floor of the lateral ventricles and earned its name from anatomical dissections that revealed a peculiar
seahorse-like shape of this tissue (1). Classifications of hippocampal cytoarchitecture by Ariens-Kappers
and Brodmann would reveal a predominantly three-layered cortex, with only one distinct cell layer
compared to more elaborate five- and six-layered cortices (16). Because of this simplicity, it was dubbed
allocortex (“strange cortex”) and archicortex (“old cortex™) (16). Not included in this distinction were the
entorhinal cortex, presubiculum, and parasubiculum, which had a six-layered structure and were coined

peri-allocortex since they surrounded the allocortical hippocampus (16). However, the other areas that were



counted as archicortex were those of the olfactory system. Because of the proximity between and similarity
of these regions, some of our first theories of hippocampal function were that this area was merely an
extension of smell processing (1,16,17). However, in a 1947 review of hippocampal literature, Alf Brodal
would debunk this theory with the pivotal claim that olfactory bulb efferents did not innervate the rodent
HF at all and that the hippocampus proper played no role in olfaction (17). He claimed that entorhinal cortex
had a minor role by way of secondary communications with other areas innervated by olfactory cortices.
Modern neuroanatomical studies would refute this claim with the discovery of direct projections from the
olfactory bulb, piriform cortex, and other areas to the entorhinal cortex (18). With entorhinal being the
largest input into the hippocampus, one might expect some influence of olfaction on hippocampal function.
To this point, Brodal would presciently state that the entorhinal cortex is responsible for sensory integration
rather than pure olfactory processing (17).

Spurred by the debunking of this olfactory hypothesis and unique connectivity with subcortical
structures, the next prominent theory would be championed by James W. Papez, who claimed that the HF
was critical for emotional processing (19). The theoretical Papez circuit was based off connectivity from
the HF to the hypothalamus, anterior thalamic nuclei, the anterior cingulate gyrus, and back to the HF.
Investigations by Kluver and Bucy would seemingly support this theory, as lesions to the medial temporal
lobe of monkeys severely dampened the animals’ responses to pre-operatively fearful stimuli (20).
Unfortunately, work by the late Mortimer Mishkin, John Aggleton and others would show that it was not
the hippocampus but the amygdala that was responsible for a loss of fear response in these animals (21,22).
However, another symptom of the Kluver-Bucy lesions was a profound memory impairment in lesioned
animals. They constantly experienced objects as though they were novel, even after long windows of
engagement with the stimuli. Similar findings were observed by Brown and Shafer half a century earlier
and serendipitously provided some of the earliest evidence of a hippocampal role in memory formation
(23).

The most influential insights into the role of the HF in learning and memory came from the
observations of human patients with epilepsy, such as the famous Patient H.M (7). After surgical bilateral

3



lesions to his medial temporal lobe to cure his intractable epilepsy, H.M. suffered profound retrograde and
anterograde episodic amnesia. Specifically, he could neither remember facets of his life that occurred within
a decade of his procedure, and despite retaining the ability to learn new skills and complete rote memory
tests, he was incapable of forming new memories of his experiences post-operatively (7). While much
debate remains in the field and will be discussed below, one of the leading dogmatic theories is that the

hippocampus and broader HF are critical for learning and memory.

1.1.2 THE MODERN ERA DEBATE OVER HIPPOCAMPAL FUNCTION

The early observations of Patient H.M. and related findings in rodents paint a rosy picture that the
HF is critical for the processing of episodic memories. However, attempts at discerning the specific role of
the structures within the HF have been fraught with much argument and disagreement in the field. In rats,
lesions limited to the hippocampus proper produce profound navigational memory deficits (24), spatial
memory deficits across various delays (25), and even relational memory deficits in behaviors with complex
hierarchical associations (6). These findings, combined with evidence from neuroanatomical (26) and
electrophysiological studies in the rodent (discussed in Sections 1.2.3 & 1.3), introduced a framework by
which spatial information from an experienced event is processed by neocortical and HF areas in a parallel
but functionally unique stream from temporal and object information (27). Under this model of memory
formation, the hippocampus proper sits as the critical head of memory formation by combining the “where”
information with the “what/when”. This theory, which was championed by the late Howard Eichenbaum,
seemed like a perfect explanation for a hippocampal role in memory processing. However, results from
primate lesion studies provide inconclusive results that the hippocampus is necessary for either spatial,
temporal, or relational memories (9,28). In a comprehensive combination of meta-analysis and novel
experiments, Basile and colleagues revealed that focal lesions to the primate hippocampus fail to produce
impairments on multiple classical testing paradigms, including transitive inference, source memory, and
temporal-order memory (9). Impairments in spatial memory after primate hippocampal lesions have been

observed (29,30), but even such findings have been challenged (31). In personal conversations with Dr.



Eichenbaum, he suggested that overtraining animals on limited recognition paradigms led to behaviors that
simply were not hippocampal dependent*. This hypothesis has been echoed by others in the field (32).
However, an alternative hypothesis was posed to me during anecdotal conversations with Dr. Mishkin, who
claimed that our assignment as a field of the hippocampus as the “seat of memory” was misguided and

failed to address the critical role of the entorhinal cortex in memory processing.

1.1.3 THE OVERLOOKED PROCESSOR OF INFORMATION FLOW TO THE HIPPOCAMPUS:

THE ENTORHINAL CORTEX

It would be tremendously naive to say that we know nothing about the entorhinal cortex (EC;
Brodmann Area 28) or its role in learning and memory. Anatomically, the EC sits behind the hippocampus
proper in rodents and occupies the most postero-ventral position of the rodent brain. Perplexingly, this
region undergoes a significant migration in primates and is located anterior to the hippocampus in the most
antero-ventral portion of the temporal lobe (11). This makes it incredibly difficult to access in primates,
and as such only a handful of lesion studies and electrophysiological recordings have been performed in
this structure. Yet, this limited body of work strongly parallels findings in rodent research, which is in stark
contrast to the inconsistencies observed from the hippocampal lesion work described in the previous
section. As mentioned, the historical perspective on EC is a bifurcated subdivision between the medial EC
(MEC) and lateral EC (EC), which handle “where” and “what/when” information, respectively. However,
new research suggests a more complicated and conjunctive organization of information processing in the
entorhinal cortex of rats (33). Bilateral lesions to the entorhinal cortex impair acquisition of delayed spatial
alternation tasks (34). Yet, in work performed by myself and others in Howard Eichenbaum’s lab, we found

that temporary lesions to the rat MEC during mnemonic delays in a non-spatial object discrimination task

personal conversations with Mishkin and Eichenbaum during meetings on these issues while in their respective

labs.



severely impair behavioral performance (35). Importantly, this deficit was specific to the delay, such as
when animals were required to hold stimulus information in memory. No performance detriments were
observed when EC was inactivated during non-task-relevant epochs, such as running around the maze to
begin a new trial, or during object sampling. These findings mirror lesion studies in primates that show a
specific role of EC in holding information across mnemonic delays (36). Moreover, in non-spatial
behaviors, lesions to the primate EC are particularly detrimental when complex relationship between stimuli
are required to be remembered (37), including during tasks that are not affected by hippocampal lesions
9).

Rather than serving as a strict input structure to the hippocampus, these findings suggest—in
primates especially, that the EC itself is critical for memory formation and retrieval. Yet, much of the
current school of thought still minimizes the influence of EC and considers this area a simple updating relay
and support structure to the hippocampus in attractor-style network models (13,38). For these models, the
critical seat of memory processing is the hippocampus itself rather than the EC. In Chapter 2 | challenge
this idea and show through a comprehensive review of existing neuroanatomical and neurophysiological
evidence in primates that the EC has evolved to be a complex processor of conjunctive information rather
than a passive relay of information (published in 12). I highlight novel findings across species and motivate
further research to bolster our understanding of the anatomical and functional features of this critically

important brain area for memory processing.

1.1.4 NEURONAL RESPONSES IN THE HIPPOCAMPUS

Although the main work in this thesis does not concern itself with the activity of putatively
identified single neurons in the hippocampus, it is important to briefly touch upon identified roles of single
unit activity (SUA) across the hippocampus and HF at large in order to better understand some of the
rationale behind contemporary theories of hippocampal function. The now famous investigations of rodent
hippocampal neurophysiology by O’Keefe and Dostrovsky revealed that principal cells in the CA fields

hippocampus only fire action potentials when animals are in a particular location in an environment (2).



These findings have been replicated numerous times over the years (39,40), and similar “place cell”
phenotypes have also been observed in the dentate gyrus (41,42) and subiculum (43-45). Across a
population, the various place fields have been shown to tile an environment and, depending on what aspect
of the hippocampus one is recording from, populations and individual units will remap as animals are
exposed to multiple, unique environments (41-46). Hippocampal place cell findings were bolstered by the
observations of other types of spatial responses in other aspects of the rodent HF. In the subiculum, place
responses are observed in conjunction with neurons that respond when animals are facing in a particular
direction (head direction cells) or are a set distance from environmental borders (border cells/boundary
vector cells) (43,44). In addition to head direction and border cells, the EC of rodents elicits grid cell firing
patterns, which consist of multiple firing fields from single units that tile an environment in a regularly
spaced, triangular pattern (3,47). Place selectivity in the primate hippocampus is a burgeoning field, and
investigations suggested that animals’ viewing position mattered more than their physical location in space
(10, 48). Work from our lab has identified view cells in the monkey hippocampus both in 2-D and 3-D
visual environments (49,50), grid cells in the primate EC that elicit regular firing fields tiling visual space
(51), and even head direction cells (51).

While this evidence supports the role of the HF as a series of spatial “cognitive maps” (4,5), hon-
spatial responses from rodent and monkey hippocampal neurons that track temporal delays (52, 53) and
respond only during salient phases of spatial and non-spatial tasks (54, 55) have motivated novel models of
hippocampal function. These models deviate from standard cognitive map theories and propose
topological/relational frameworks by which the HF orders experiences (13, 28, 56), as opposed to older
models bound by rigid spatiotemporal dimensions (4, 57). In these models, the periodicity of grid cells is
generated predominantly by extrinsic sensory inputs, and the conjunction of multiple grid inputs onto
hippocampus neurons produces the more selective place cell firing. Multiple place cells become
intrinsically linked together over the course of learning, and these connections are further facilitated by the

periodicity of grid cell input. Unfortunately, this precisely describes the EC as an updating relay, as



discussed earlier. In Chapter 2 | provide evidence from the primate literature elucidating the potential for

more elaborate neuronal responses in the primate EC.
1.2 HALLMARKS OF SYNCHRONY IN THE HIPPOCAMPUS
1.2.1 MEASURING SYNCHRONY

The study of mesoscopic neural synchrony has its roots in the occult and mystical. In the early 20™
century, Hans Berger, a scientist and soldier in the Prussian army received a letter from his sister in which
she had a premonition that he would fall off his military horse and break his leg (reviewed in 58).
Supposedly, as he was reading of this his horse bucked him off, breaking his leg. Believing that some
telepathic force allowed willed this premonition into existence, Berger would go on to investigate whether
electromagnetic forces arising from the brain were sufficient to induce telepathic communication between
brains. To study this, he placed electrical contacts on the scalp of himself and other subjects and
inadvertently performed the first recordings of synchronous neural activity (58). This technique would be
coined electroenchephalograpahy (EEG) and now represents an entire field of recording continuous activity
from large populations of neurons (58). The continuous EEG signals reflect the rhythmic fluctuations of
the extracellular gradient of ions generated by millions of post-synaptic potentials. The activity of neuron
is too low amplitude to detect through these types of recordings, and similarly the syncopated or de-
synchronous activity of a population tends to produce faster, noisier, and lower amplitude signals. By
contrast, more synchronous brain areas produce larger, slower waves of activity. EEG performed on the
scalp has poor spatial resolution and determining the brain areas responsible for observed oscillatory
fluctuations can be challenging. However, the development of macroelectrodes capable of being surgically
placed into the brain has allowed for EEG recordings predominantly from neurons in putative area(s) of
interest. Because the electrical field induced by post-synaptic potentials now reflects local changes near the

electrode tip, these recordings are called local field potential (LFP) recordings.

LFP signals are typically amplified during recordings, and because the recording electrodes are
effectively tuning into all electrical activity strong enough to travel to the recording site, recorded neural
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activity can become contaminated by artifactual noise. Particularly devastating artifacts may arise from
such sources as blinking and eye movements, electrical line noise, chewing, and even mechanical noise,
and special care needs to be taken to ensure recorded signals only reflect the local neurogenic signal
(reviewed in 59). Nevertheless, studies of LFP and its relationship to behaviors highlight the tremendous
role of synchronous neuronal oscillations at illuminating hallmarks of functionally relevant activity.
Recordings from motor cortex reveal unique hallmarks of motor planning (60), motor movement execution
(61), the direction of a movement (61), and even applied force (62). In the hippocampus, LFP recordings
of synchronous activity have helped us better understand systems-level mechanism of memory encoding,
consolidation. Moreover, they reflect unique circuit-level mechanics for processing serially experienced

information, such as that experienced during episodic memories.

1.2.2 OSCILLATIONS IN THE HIPPOCAMPUS DURING ACTIVE EXPLORATION

Early LFP recordings in the hippocampus of freely moving rabbits (63) and rodents (64, 65)
revealed a large, slow, long-lasting oscillation that appeared to dominate the electrical recordings while
animals were actively moving around in an environment. These slow waves, occurring between 6 and 12
Hz in these rodents, were dubbed theta oscillations and seemingly reflected large-scale hippocampal
engagement during active behaviors and locomotion. Theta oscillations have been shown to correlate with
animals’ speed as they traverse an environment (66) and synchronize with behaviors they use to explore an
environment (67). However, the most pivotal findings of the importance of theta come from our
understanding of this oscillation’s relationship to ordered place cells firing. As rodents run around,
hippocampal neurons are continuously discharging their place fields (Section 1.2.3) concurrent with the
more global theta oscillations in the LFP record. What Skaggs, Buzsaki, and others showed was that the
firing of neurons with adjacent place fields in familiar environments occurred in short, advancing sequences
as animals traversed space (38, 68, 69). Importantly, they observed that these sequences were bracketed by
windows of inhibition observable in the theta oscillation. Cells with place fields in the rats’ current position

fired at the trough of the theta oscillation, when disinhibition is at its maximum. Navigating from that



position produces firing at earlier phases for that neuron and firing at the theta trough by cells representing
the updated position of the animal—this phenomenon is known as phase precession (38, 68, 69). When the
medial septum, a subcortical pacemaker responsible for one of the dominant modes of hippocampal theta
synchrony, is disrupted, theta virtually disappears in all regions within the HF (70, 71). Importantly, grid
cell spatial periodicity in EC changes drastically (70) while place fields largely maintain their spatial
information content (71). Despite this preserved place information, the disruption of theta severely impairs
memory-guided and navigatory behaviors, thus suggesting that the organization provided from theta-paced
organization of hippocampal cell assemblies is critical for memory (71).

In both freely moving and head-fixed primates, theta is not as consistent during exploratory
behaviors (48, 72). Work from our lab and others provides evidence instead for short bouts of similar
frequency oscillations in the primate HF (48, 72). These oscillations synchronize with eye movements
similar to the synchrony observed with rodent theta and sniffing and whisking and also correlate with better
memory performance in visual matching behaviors (72). Intriguingly, in freely moving monkeys the
frequency of observed theta bouts inversely correlates with the speed of the animals’ movement (48).
Moreover, only a small subset of cells was shown to phase precess in the primate hippocampus, suggesting
species-specific differences in the organization of cell firing by global processes (48). A compounding
factor may be that the LFP of higher-order organisms such as primates may reflect non-oscillatory, or at
least non-stationary processes that jump through many different frequency states during active exploration.
This has been shown in bats, where novel methods were employed to detect phase locking and phase
precession were detected in the hippocampus and entorhinal cortex across a range of rapidly and
dramatically changing frequencies (73). Similar methods to identify non-stationary traveling waves have
also recently been developed that do not force a rigid frequency when determining relevant signals (74).

The other set of waking oscillations observed during active exploratory behaviors are the fast
gamma rhythms in the hippocampus, which are fast, low amplitude rhythms ranging from 25-90Hz and are
often nested within the larger amplitude theta rhythms in rodents (38, 65). These gamma rhythms have been
shown to reflect rhythmic inhibitory post-synaptic potentials from hippocampal interneurons (reviewed in
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38), and studies with selective inhibitory agents revealed two functionally distinct gamma modes: a slow
gamma (~25-50Hz) and fast gamma (~60-90Hz) (65). Modulation of hippocampal subregion CAL fast
gamma has been observed by manipulating inputs from the EC, whereas manipulating CA3 inputs alters
the presence of slow gamma (38). Slow and fast gamma have been suggested to have different roles in
memory function, and despite some debate over specifics, it appears that both play similar, if not
complimentary roles in memory processing (38). In primates, both low and high gamma in the hippocampus
have been observed, and work from our lab has shown a direct relationship between hippocampal gamma
and memory performance (48, 75). In animals performing a preferential looking task in which novel items
hold focus and gaze more than familiar stimuli, recorded gamma band oscillations and spike-amplitude
coherence with both low and high gamma reflected improved recognition of familiar stimuli (75).
Unfortunately, work on primate hippocampal LFP does not specify ontogeny at the sub-region level
for waking oscillations (and quiescent rhythmic activity discussed in Section 1.3.2). It has been shown in
rodents that theta rhythms emerging in CA1 and CA3 have offset phase relationships and arise from
different sources (65). Moreover, the fast and slow gamma rhythms that arise in the hippocampus have
different ontogenies. One stems from EC input to CAL and the other from CA3 (38, 65). Because of the
acute nature of recordings in traditional primate EEG studies, such functional distinctions are nearly
impossible to deduce. While novel recording technologies implemented in our lab and others using
chronically implanted high density drives are beginning to come online (48, 50, 76), more work needs to
be done to validate what homologous sub-regional interplay of LFP signals exist in the primate HF. In
Chapter 5 | will address both dilemmas and utilize novel analyses from high-density, chronic implanted

EEG arrays to analyze the non-stationary signals within the primate HF.

1.2.3 OSCILLATIONS OBSERVED DURING SLEEP AND QUIESCENCE

In contrast to the regularly occurring, highly oscillatory phenomena observed in rodent
hippocampal LFP during active exploration, during sleep and quiescence this region is remarkably quiet.

Intermixed with this relative silence are sporadic phenomena initially called large irregular activity and now
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known as sharp-wave ripples (SPW-R) (38,65). SPW-Rs are two simultaneously occurring LFP phenomena
with a slow and fast component. The slow component is known as a sharp wave and is a large amplitude,
sharp, single deflection in the electrical signal lasting 40-100ms. Nested within the sharp wave is a lower
amplitude fast oscillation between 100-200Hz. SPW-R complexes have been observed in humans during
recollection of episodic memories (77), and evidence for SPW-R involvement in memory consolidation has
been shown in rodent neurophysiology experiments. In these experiments, the same theta-driven sequences
of hippocampal place cells observed during active exploration fire in the same ordered pattern during
subsequent epochs of sleep (38, 78). Interestingly, these reactivated sequences unfold in a temporally
compressed manner relative to their activation during exploration, and these “replays” observed during
awake ripples correlate with remembering alternative choices after training on complex memory paradigms
(79). Inactivation of SPW-Rs during long periods of quiescence after training on memory-dependent
paradigms also induces severe memory deficits during subsequent testing, highlighting a causal role of this

phenomenon in memory consolidation (80).

The presence of SPW-Rs is conserved in primates, and this phenomenon is largely similar in form
and function to those identified in rodents (81,82). Ripples in primates also elicit an inhibitory post-ripple
wave that is a large, slow deflection in the LFP that occurs after a ripple and reflects a system-wide period
of inhibition after the synchronous excitation (82). These refractory waves are weakly present in rodents
(83), and what makes them more prominent in primates is unclear. Moreover, the identification of ripples
along the longitudinal axis of the hippocampus has yet to be performed because of limited spatial specificity
and sparsity of acute recordings. In Chapter 4 of this work, | identify the prevalence of SPW-Rs across the
longitudinal extent of the primate hippocampus using chronic, high-density recordings. | provide the first
evidence for ripples with complex topographical relationships along the hippocampus. Importantly, 1
discover that ripples can travel throughout the entire longitudinal axis of the primate hippocampus, which
is a divergent feature from traveling ripple motifs identified in rodents and reflects primate-specific

communication with downstream structures such as the prefrontal cortex (83, 84).
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1.3 APPLYING GENETIC TECHNOLOGIES TO STUDIES OF HIPPOCAMPAL FUNCTION

Our present discussion of the function and physiology of the primate HF has continually mentioned
the limitations of the methodology typically employed. Unfortunately, similar limitations also exist that
hinder primate researchers’ abilities to perform state-of-the-art genetic manipulations, such as opto- or
chemo-genetics. Specifically, the position of the primate HF at ventral levels of the temporal lobe makes it
a difficult target to reliably target, and the multi-centimeter long, tubular shape of the hippocampus makes
injecting viral payload to this structure non-trivial. When combined with unknowns related to viral
expression (l.e. knowing what viruses will successfully infect cells in the structure), viral methods contain
too high a risk for researchers looking to perform causal experiments. Thus, the main method of
manipulating the hippocampus is to lesion it, and while lesions still carry accuracy and completion of
removal, even successful lesions produce unintended damage to surrounding structures (29-31).
Additionally, long post-operative recovery time may induce unintended plasticity, which confounds
findings of impairment (36). To circumvent issues such adaptive plasticity, applying trans-genetic tools to
primate research is integral to improving our ability to draw better conclusions about hippocampal
functions. Rather than standard lesions, methodologies such as optogenetics can be utilized in theory to
provide focal transient lesions. In optogenetics, a genetic subset of the neural population is infected with
light-sensitive channels that activate in response to light of a particular wavelength. In rodents, infecting
the EC indiscriminately with inhibitory optogenetic channels reveals a dependency on EC for proper time
cell organization and working memory function (35). The beauty of this technique is that it allows for
within-session control testing, such as inactivating during various task phases or running trials with no
inactivation. Aside from surgical limitations, optogenetic procedures in the hippocampus may still be
limited by the degree of viral expression, as well as light spread to a sufficient volume of the structure.
However, successfully applying these temporary lesions to monkeys would dramatically improve our
ability to ascribe function to distinct brain areas. In the case of animals performing memory-dependent

behaviors, successfully inactivating EC repeatedly may show sustained behavioral impairments and no
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sporadic plasticity across the tenure of the experiment as opposed to the transient effect and adaptive
plasticity observed in (36). Similarly, optogenetically tagging a subset of glutamatergic neurons from the
medial septum, which is upstream from the hippocampus and is a major driver of the theta oscillation, has
proved incredibly useful in studies looking to observe the preferred frequencies of oscillations within the
hippocampus (86). Selective tagging of hippocampal ensembles only during particular behaviors can even
be used to reproduce learned behaviors of a particular type in novel conditions, or at the wrong time (87-

88).

The primate field is already beginning to adopt these new techniques in structures adjacent to the
HF to identify time-dependent changes in object recognition (89). However, adopting this technique in the
hippocampal field is not without its challenges. Firstly, primates are an expensive, scarce resource. Whereas
rodent studies may be performed on as many as a hundred mice (85), typical primate experiments have
under ten subjects (9, 10, 21-23, 29, 30, 48-51, 55, 72, 76, 81, 82). This scarcity means that primate
researchers cannot haphazardly pilot new procedures to test the best possible application of a novel
technique. As alluded to earlier, injection procedures are typically performed without in-vivo validation of
accuracy, and researchers typically must wait ~two months before assessing a successful infection through
testing. However, an unsuccessful infection could be the result of either surgical/payload delivery error or
because the virus itself failed at successfully infecting cells of interest. Unfortunately, traditional surgical
methods prohibit disentangling surgical errors from viral failures because injections are performed blind in
the operating room with no in-vivo validation of targeting and payload spread. Thus, the widespread
utilization of these novel techniques is often fraught with much hesitation and concern. In Chapter 3 of this
thesis, | present a pipeline that combines computational, benchside, and in-vivo techniques to ameliorate
the surgical unknowns present in typical intracranial injections. This method utilizes an infusion technique
to rapidly deliver viral agents across a large, uniform area, and I provide a model based off in-vivo injections
to estimate the expected spread of a viral agent relative to the volume of a given infusion across a wide

array of brain areas. Additionally, I provide an in vivo validation method that builds upon existing methods
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for co-infusing with MRI-compatible radiolabels to visually validate the injection accuracy and spread up

to 24-hours postoperatively.

1.4 CONCLUSIONS AND RATIONALE FOR THIS WORK

Ultimately, work in understanding the primate HF has come a long way but has a long way yet to
go. This thesis joins the growing body of modern work aimed at both providing direct insight into
hippocampal function and providing new theories and tools to motivate new generations of hippocampal
research. The authors maintain that a critically understudied portion of the primate hippocampal formation
is the entorhinal cortex, and despite our many insights into its function and physiology over the years, the
difficulty in accessing this structure has served as a prohibitive block for asking more eloquent questions
that match the nature of those asked in rodents. The logistical, financial, and biological challenges with
applying novel tools to questions like these and others similarly hinders the scope of questions researchers
can ask. Our lab has pioneered some of the first high-density chronic arrays for depth EEG recordings, and
although various oscillatory phenomena have been well documented in primates during active exploration
and quiescence, our specific understanding of concepts such as dominant oscillatory modes and propagating
waves of synchrony remains to be tested. Similarly, the types of computations that | use to answer these

types of questions requires a severe update.

I hope that readers of this thesis gain knowledge and inspiration from reading this body of work. |
hope that the tools, techniques, and findings presented provide meaningful insights that help facilitate

current experiments, and | hope that our theories help motivate novel ones.
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CHAPTER 2 || ANATOMY AND FUNCTION OF THE PRIMATE ENTORHINAL CORTEX

Chapter adapted from published work: Garcia AD, Buffalo EA. Anatomy and Function of the Primate
Entorhinal Cortex. Annu Rev Vis Sci. 2020 Sep 15;6:411-432. doi: 10.1146/annurev-vision-030320-

041115. Epub 2020 Jun 24. PMID: 32580662.
2.1 INTRODUCTION

The hippocampal formation has long been implicated in learning and memory (Milner 1972,
Mishkin 1982, Squire & Zola-Morgan, 1983; Squire & Zola-Morgan, 1991). The entorhinal cortex (EC) is
a critical element of this network of integrated structures and receives a wide array of converging inputs
from polymodal sensory association cortices, as well as subcortical arousal areas (Brodmann & Garey
2006). In turn, the EC itself is the major source of cortical input into the hippocampus proper. The first
reported investigations into the EC came from dissections in rodents performed by Santiago Ramoén y Cajal
in the early twentieth century. His findings highlighted a portion of rat cortex with substantial reciprocal
connections with the hippocampus. Ramén y Cajal (1899) posited that this rich interconnectivity strongly
implicated this cortical region as necessary for proper hippocampal function. This hypothesis inspired the
current dogma of the EC as a gatekeeper of cortical communication with the hippocampus and has shaped
the ways in which this structure has been studied (Amaral et al. 1987). As such, it will come as no surprise
that the bulk of contemporary work on EC function has focused on elucidating how the physiology of this
structure facilitates hippocampal processing. This field has been driven predominantly by research in
rodents performing spatial navigation paradigms (Burgess et al. 2007, Hafting et al. 2005). Through this
work, medial (MEC) and lateral (LEC) subdivisions of the rodent EC have been identified that are
distinguishable by both their anatomy and their function (Witter et al. 2017). While EC input is limited to
the distal two-thirds of the molecular layer of the dentate gyrus (DG), MEC projects to the middle third,
whereas LEC projections terminate on the outer third (Witter 2007). Functionally, MEC’s constituent cells,

including grid cells, are largely driven by allocentric spatial reference frames (Hafting et al. 2005, Sargolini
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etal. 2006, Solstad et al. 2008). By contrast, LEC neurons have been reported to elicit temporally modulated
firing patterns (Tsao et al. 2018), as well as responses to specific objects, regardless of where in space those

objects exist (Deshmukh & Knierim 2011, Tsao et al. 2013).

While these findings in the rodent EC have had a significant impact on the trajectory of primate
research, several incongruences arise when directly comparing this structure across species. Anatomically,
the EC takes a much more rostral position in the primate temporal lobe than in the rodent; in the primate, it
sits largely anterior to the hippocampus. Additionally, whereas the EC in rodents is flatter and more
ellipsoid, this structure adopts a C-like shape in primates (Strange et al. 2014) (Figure 1a). The primate EC
contains more pervasive connectivity patterns with visual processing areas compared to that of the rodent
(Burwell 2006, Insausti et al. 1987a), a fact that is likely explained by the reliance of primates on vision as
their primary exploratory modality, compared to olfaction in rodents (Schroeder et al. 2010). Given the
cognitive deficits associated with Alzheimer’s-derived atrophy of the EC—one of the initial
neuropathologies in humans with this disease (Khan et al. 2014)—it is imperative that we continue to
investigate the relationship between this structure’s physiology and higher-order cognitive processes,
including episodic memory. In this review, we synthesize the growing field of primate EC research aimed
at doing just that. We examine how recent research has both elaborated on findings from rodent studies and
identified key differences between species. First, we review the anatomy of the primate EC, highlighting
its privileged position: The EC serves as a conduit to the hippocampus and as a remarkably efficient site of
information convergence. Second, we discuss the diverse network of communications within the
hippocampal formation, including interactions between the EC and hippocampus, as well as the robust
intrinsic connectivity within the cortical layers of the EC. Finally, we discuss how these anatomical findings
have motivated ideas regarding EC function, and we review the lesion and neurophysiological studies that
have examined various functional hypotheses. Clearly, the field has made significant headway in

uncovering the function of the EC; however, the emergence of new tools for neurophysiological recordings
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and targeted manipulations have the potential to dramatically increase our understanding. We hope that this

review will inspire and motivate further studies of this structure in the primate.
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FIGURE 2.1 THE PRIMATE ENTORHINAL CORTEX, ITS SUBDIVISIONS, AND MAJOR CONNECTIVITY

PATTERNS

(A) ILLUSTRATION SHOWING THE VARIATION OF ANATOMICAL PLACEMENT OF THE ENTORHINAL
CORTEX (EC) BETWEEN RODENTS AND PRIMATES. PANEL ADAPTED WITH PERMISSION FROM
STRANGE ET AL. (2014). (B) PHOTOMICROGRAPH OF THE VENTRAL SURFACE OF THE TEMPORAL LOBE
AND FLATTENED ILLUSTRATION OF EC SUBFIELDS AS DEFINED BY AMARAL ET AL. (1987). NOTE THE
CHANGE IN LAYER Il AND Il CELL DENSITY ACROSS THE DIFFERENT SUBREGIONS. PANEL ADAPTED
WITH PERMISSION FROM AMARAL ET AL. (1987) (EO: OLFACTORY EC, ER: ROSTRAL EC, ElI:

INTERMEDIATE EC, ELR: ROSTRO-LATERAL EC, ELC: ROSTRO-CAUDAL EC, EC: CAUDAL EC,
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ECL: CAUDO-LIMITING EC). (C) SCHEMATIC OF MAJOR EC CONNECTIVITY. PANEL ADAPTED WITH

PERMISSION FROM INSAUSTI ET AL. (1987A).
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2.2 WHAT IS THE ENTORHINAL CORTEX?
2.2.1 ETYMOLOGY AND ORIGIN

In the primate, the EC is situated in the anterior medial temporal lobe (MTL). It begins ventral to
the amygdala and anterior to hippocampus. From there, it extends caudally underneath the hippocampus
for approximately 5 mm. The earliest usage of the term “entorhinal cortex” was given by Brodmann after
his dissections of human tissue, during which he identified a cortical field extending medially from the
rhinal sulcus (Brodmann’s area 28) with distinct cytoarchitecture from the tissue surrounding the sulcus
(perirhinal cortex; Brodmann’s area 35) and the tissue extending laterally from it (ectorhinal or inferior

temporal cortex) (Amaral et al. 1987, Brodmann & Garey 2006).

2.2.2 CYTOARCHITECTURE

Despite the EC being recognized as an independent brain region by its unique cytoarchitecture,
anatomists have historically been in disagreement over this region’s exact cytoarchitectonic composition.
Ramon y Cajal (1899) proposed a seven-layer architecture in his initial dissections, although follow-up
investigations by his student, Lorente di No, reduced that number to six (Amaral et al. 1987). After many
subsequent years of disagreement, it is now broadly agreed that the EC is in fact a six-layered structure in
rodents (Witter et al. 2017) and primates (Amaral et al. 1987; Van Hoesen & Pandya 1975a,b). However,
as we discuss in Sections 3 and 4, the promiscuous connectivity of layers I-V has been the most intriguing
to researchers studying the functional role of EC. The proportionate layer sizes and constituent cell densities
change across the various subdivisions of the primate EC; however, the cell morphologies (or lack thereof)
that constitute each layer remain consistent. Layer | is devoid of cell bodies and contains axially directed
axons. Layer Il is comprised of cells that are morphologically modified pyramidal cells, typically referred
to as stellate cells. Layer Il is the canonical pyramidal cell layer often found in the cortex, and, like layer
I, it changes in thickness and density across the various EC subregions. Layer 1V is similar to layer | in
that it is devoid of cell bodies; accordingly, this area is typically labeled the lamina dissecans. Like layer I,

layer IV is a fiber-heavy zone. Layer V, another thick pyramidal cell layer similar to layer 111, contains a
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density gradient of its constituent cells such that they are most densely packed superficially. Because of this
cell density gradient, this layer is often subdivided into sublaminae Va, Vb, and Vc. Layer VI—perhaps the
least-studied portion of the EC—houses variously sized neurons in bands of differing density. In contrast
to the rest of the EC, the sub-bands of this layer are interesting in that they take a much more curved shape

compared to those of other layers (Amaral et al. 1987).

2.2.3 ENTORHINAL SUBREGIONS

The canonical subdivision of the rodent EC into MEC and LEC has its basis in several facets of
anatomy and physiology. The cytoarchitecture of the LEC is consistent with the majority of the cortex and
has smooth, continuous cell layers, which is a stark contrast from the patchy, interrupted cell layers seen in
the MEC (Witter et al. 2017). In addition, differing patterns of connectivity (Witter 2007) and unique
neurophysiological responses to behavioral phenomena serve to distinguish these subregions (Deshmukh
& Knierim 2011; Fyhn et al. 2004, Hafting et al. 2005; Sargolini et al. 2006; Solstad et al. 2008; Tsao et al.
2013, 2018). Our ability to subdivide the primate EC has also been steeped in a history of contradictions
(Amaral et al. 1987). In Brodmann’s initial dissections of the EC of various species, he opted not to
subdivide the EC of primates despite delineating medial and lateral aspects in the brains of bats, hedgehogs,
and other nonprimate species (Brodmann & Garey 2006). Subsequently, others have divided the primate
EC into as many as 14 subareas in monkeys and 23 in humans based on cytoarchitectonics alone (Amaral
et al. 1987). Just as the disagreements over gross cytoarchitecture were resolved, a subtle agreement has
been reached within the field over how to sub-divide the primate EC since the era of these initial studies.
In rhesus monkeys, pivotal work by Van Hoesen & Pandya (1975a,b) highlighted three predominant
subfields—a caudal, an intermediate, and a rostral area. One of the main findings to support this separation
was the changing cytoarchitecture between the caudal EC and the more rostral EC elements. Specifically,
in the rostral area, layer IV is virtually nonexistent, and the stellate cells in layer Il form small, discontiguous
clusters of islands. In the intermediate zone, the layer Il islets become more prominent and consistent,

moving caudally in conjunction with layer IV becoming increasingly visible. Finally, layer Il is a
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continuous band of cells, and the cell-less layer 1V is significantly more prominent in the caudal area. These
findings were largely corroborated by Amaral and colleagues (1987) in cynomologus macaques; however,
Amaral and colleagues also observed strong departures from the rhesus brain that led them to identify seven
distinct EC subregions (Figure 1b). The most rostral element, the olfactory EC (EO), is the only subregion
delineated by its unique inputs. As its name suggests, this region receives strong, direct terminations from
the olfactory bulb. Just behind the EO lies the region labeled the rostral EC (ER). The ER bears many
similarities with the rostral area in the rhesus. However, it lacks the cell-less layer 1V and contains patchy
islets of cells in its superficial layers. The intermediate EC (EI) sits directly behind the ER and serves as
the transitionary bound between the interrupted cell islands in the more anterior portions of the EC and the
continuous layers in more posterior elements. Lateral to both ER and El, the portion of EC that runs along
the medial edge of the rhinal sulcus is cytoarchitectonically distinct from its more medial subregions.
Because of changing cytoarchitecture even along its rostro-caudal extent, this lateral element of EC has
been divided into two distinct areas. The rostral portion (ELR) sits lateral to ER, and the caudal element
(ELC) lies lateral to El. Layers Il and Ill house thick islands of cells in both regions, with the ELC
containing more dense clusters. The cell-less layer | increases in size in the ELR relative to the ELC,
although there is no visible layer IV in either area. Interestingly, a rhesus homolog of these regions was
identified by Van Hoesen & Pandya (1975a,b), and it was named prorhinal cortex. Yet Amaral et al. (1987)
opted not to label this an independent brain area because its projection patterns were similar to other
subregions within the EC of cynomologous macaques. The caudal EC is divided into two fields, EC and
ECL. The EC sits directly behind the El and the caudal-limiting field (ECL) behind the EC. In both regions,
the islands of layer Il cells become thicker and more robust as one moves caudally, such that, in the most
posterior elements of the EC and all of the ECL, the layer looks like a uniform band of neurons (Amaral et

al. 1987).
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2.3 NONHIPPOCAMPAL ENTORHINAL CONNECTIVITY
2.3.1. SUBCORTICAL CONNECTIVITY

The EC receives substantial input from subcortical areas, including the amygdala, claustrum,
striatum, basal forebrain, and others (Insausti et al. 1987b). Interestingly enough, with rare exceptions, there
is no strong evidence of topographic bias of subcortical projections onto the EC. Additionally, subcortical
sites appear to project only ipsilaterally to the EC, as opposed to bilaterally (Insausti et al. 1987b). However,
the diversity of these diffuse subcortical inputs, combined with the immense topography of cortical
termination patterns onto the EC (see Section 3.2), amplifies the high degree of specialized information that
this structure can convey to the downstream hippocampus. The number of subcortical sites that project to
the EC is tremendous; in this section, we highlight a few key areas that specifically communicate with the
primate EC in the service of learning and memory. In the rodent, the medial septal nucleus (MS) and
diagonal band of Broca (DBB), components of the basal forebrain, are considered to be among the most
critical cholinergic and GABAergic inputs into both the EC and hippocampus because of their strong
influence on the rhythmic mesoscopic properties of neuronal activity in these regions (Carpenter et al. 2017,
Dragoi et al. 1999, Mitchell et al. 1982). In the monkey, there exists strong projections between the
MS/DBB and the EC. However, in contrast to findings in rodents suggesting a strong topography of
connectivity (Kondo & Zaborszky 2016), the primate MS/DBB efferents to the EC appear to be
considerably more diffuse across the structure (Insausti et al. 1987b). In addition, strong cholinergic
projections (Liu et al. 2015) from the nucleus basalis of Meynert terminate onto the primate EC (Amaral &
Cowan 1980, Insausti et al. 1987b, Mesulam et al. 1983). Projections from this region are virtually
nonexistent in the rodent (Kondo & Zaborszky 2016), suggesting that there is an additional excitatory drive
into the EC that is primate-specific. This largely unexplored interaction between the nucleus basalis and
EC in primates may explain some of the observed differences in the neurophysiology of this region across
species (see Section 5.3). Surprisingly, the largest subcortical projections to the EC come not from the basal

forebrain nuclei, but rather by way of the amygdala, which has been implicated in numerous behavioral

23



phenomena including fear conditioning, reward processing, and memory-associated processes (Blair et al.
2001, Chudasama et al. 2009, LaLumiere 2014). Most of the projections from the amygdala to the EC
originate in the lateral nucleus of the amygdala, with sparser projections arising from the accessory basal
nucleus and periamygdaloid complex (Aggleton 1986, Insausti et al. 1987b). In contrast to other subcortical
termination patterns, these projections are biased toward rostral elements of the EC (Insausti et al. 1987b),
with the heaviest subregions innervated by the amygdala being the Eo, Er, and ELR. In these regions,
anterograde tracing experiments highlighted robust amygdala terminations specifically in layers I, 111, and
V, whereas amygdalar input is restricted to layer | in more intermediate and caudal EC regions (Insausti et

al. 1987b).

With respect to inputs from diencephalic structures, the primate EC receives considerable input
from both the thalamus and hypothalamus (Amaral & Cowan 1980, Insausti et al. 1987b). Thalamic input
to the EC is dominated mostly by the central lateral nucleus, which has been indicated by rodent studies to
be responsive to noxious, visceral stimulation (Ren et al. 2009). Retrograde tracing also suggests noticeable
terminations in EC after injections made in the paraventricular, parataenial, and pulvinar nuclei (Amaral &
Cowan 1980, Insausti et al. 1987b). Although efferents from the nucleus reuniens are also present in primate
EC, the density of these projections appear to be sparser than those in rodents (Dolleman-Van Der Weel &
Witter 1996, Insausti et al. 1987b). Several nuclei within the hypothalamus also project to the EC. Of these,
the most prominent projection comes from the supramammilary area (Amaral & Cowan 1980, Insausti et
al. 1987b). This is another region that contributes to rhythmic synchrony in the neurophysiology of the
rodent EC, both through its direct influences on the structure and through interactions with the MS/DBB
(Vertes & Kocsis 1997). Its promiscuous connectivity in the primate EC suggests an analogous
synchronizing function with the hippocampal formation of primates. Several neuromodulatory systems in
the brainstem also innervate the EC. Considerable projections from the dorsal raphe nucleus and ventral
tegmental area (VTA) have been observed through retrograde tracing (Insausti et al. 1987b). In the most

anterior EC subregion, EO, additional retrograde labeling can be seen in the substantia nigra and
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parabrachial nucleus, among others, suggesting a unique interaction of reward-related and visceral

brainstem areas with the most rostral element of the EC.

2.3.2 SENSORY AFFERENTS

The EC serves as the main sensory relay into the hippocampus (Figure 2a), and the strongest of
these sensory projections is sent directly from the olfactory bulb to the most rostral element of the EC, EO
(Carmichael et al. 1994, Insausti et al. 1987a). As mentioned above, this is the only entorhinal subregion
defined on the basis of its cortical inputs, and no other unimodal sensory area has been shown to project
directly to the EC in primates. The piriform cortex, which acts as the first cortical relay for the olfactory
bulb, sends modest projections to both ER and ELR and a much sparser projection to El. Retrograde tracing
studies have definitively shown that neither auditory cortices nor high-level visual cortices such as area TE

in the inferior temporal cortex project to any entorhinal subfield (Insausti et al. 1987a).

As may be expected, the majority of sensory input into the primate EC comes from polymodal
association cortices (Figure 2a). Two of the heaviest projections into EC come from perirhinal cortex (area
35/36) and parahippocampal cortex (TF/TH) (Insausti et al. 1987a, Van Hoesen & Pandya 1975b). While
these areas have been implicated in the processing of somatosensory and auditory stimuli, they receive
predominantly visual input (Baxter et al. 1999, Fritz et al. 2005, Ramos 2014). The perirhinal cortex has
been associated with the processing of complex visual objects (Buffalo et al. 1999, 2000; Gaffan & Murray
1992; Murray & Mishkin 1998), and, in the parahippocampal cortex, this culmination of sensory processing
is geared toward spatial information processing (Aguirre et al. 1996). It has long been accepted that in
rodents, homologous regions project to distinct parts of the EC and form discrete functional domains by
way of parahippocampal-MEC and perirhinal-LEC interactions (Burwell & Amaral 1998). However, this
dogma has been recently challenged by Doan and colleagues (2019). Through a combination of tract tracing
and in-vitro physiology experiments, Doan et al. (2019) identified a heavy bias of both perirhinal and
parahippocampal input towards LEC, with only minimal projections from parahippocampal cortex to a

limited portion of MEC. These recent findings parallel the diffuse perirhinal and parahippocampal
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projection patterns to the EC of primates. Anterograde and retrograde tracing experiments have shown that
both the perirhinal and parahippocampal cortices project to all subregions of the EC apart from the most
rostral EO and the lateral elements ELR and ELC (Insausti et al. 19873, Insausti & Amaral 2008, Suzuki &
Amaral 1994) (see Figure 2b for retrograde injection placements). Perirhinal cortex projects more strongly
to rostral elements of the EC, with only sparse terminations on caudo-lateral EC. In tandem, the
parahippocampal cortices are biased toward more caudo-central portions, with only minor projections to
rostro-lateral EC (Insausti & Amaral 2008, Suzuki & Amaral 1994) (Figure 2a). Interestingly, a restricted
portion of posterior parahippocampal cortex originates projections to the most caudo-medial portion of EC,
akin to what has been observed in rodents (Doan et al. 2019, Suzuki & Amaral 1997, Insausti & Amaral,
1987a). Thus, the input patterns of the rodent and primate ECs with their respective perirhinal and
parahippocampal cortices are consistent in that polymodal information converges onto lateral portions of

the EC in both species.

The dorsal polymodal areas of the superior temporal gyrus also send projections to the EC, and
tracing studies implicate a bias toward more caudal aspects (Insausti & Amaral 2008, Insausti et al. 1987a)
(Figure 2a). Similar to the collective functions of the perirhinal and parahippocampal cortices, these inputs
from the superior temporal sulcus provide an additional avenue by which the caudal EC receives highly
processed visual information for object recognition and biological motion processing (Chaplin et al. 2018,
Desimone & Ungerleider 1986). The rostral EC receives unique polysensory input from the insula, and
anterior portions of this region (the agranular insula) innervate the anterior EC subregions ER, ELR, and
anterior El (Insausti & Amaral 2008, Insausti et al. 1987a). These inputs have been reported to carry audio-
visual information, although the insula has been implicated in widespread sensory and cognitive functioning
(Evrard 2019). For all sensory areas, the strongest sites of laminar termination were located in layers 111l
(Insausti & Amaral 2008) (Figure 1c). Thus, with the exception of the olfactory area Eo, the data suggest
that all areas of the EC receive largely visually modulated information about putative objects and relevant

motion information from neocortical sites.
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2.3.3 FRONTAL AND CINGULATE AFFERENTS

The frontal and cingulate cortices also send extensive projections to the primate EC (Figure 2a).
One of the largest inputs from the frontal cortices in primates to the EC originates in the orbitofrontal cortex
(OFC; area 13/13a) (Insausti & Amaral 2008, Insausti et al. 1987a, Rempel-Clower 2000, Van Hoesen &
Pandya 1975b Witter et al. 1989). These inputs preferentially innervate the rostro-lateral elements of the
EC but synapse on all subregions with the exception of ECL. These projections have been shown in
retrograde tracing experiments to most strongly emanate from caudal elements of areas 13/13a. Sparser
projections have also been observed from more rostral orbitofrontal areas 11 and 12, ventromedial area 14,
and dorsolateral frontal cortices (Insausti & Amaral 2008, Insausti et al. 1987a). Anterior cingulate areas
32, 24, and 25 project strongly to ER and ELR, with minor projections to more caudal aspects of EC. The
retrosplenial cortex (areas 29 & 30) constitutes the major projection from the posterior cingulate. This
region provides robust input to the more caudal elements of the EC, such as the posterior El, EC, and ECL
(Insausti & Amaral 2008, Insausti et al. 1987a). The projections from these frontal and cingulate areas are
similar to inputs from sensory areas (Section 3.2) in that they terminate preferentially onto layers I-llI,
although in the case of the retrosplenial cortex and some of the caudo-medial portions of the OFC, the
laminar distribution of projections included deep layers V and VI (Insausti & Amaral 2008, Rempel-Clower
2000). The OFC and anterior cingulate cortices have long been associated with reward-based learning and
complex contextual learning, respectively (Setogawa et al. 2019, Walton & Mars 2007). In contrast, the
retrosplenial cortex has been shown to be critical in maintaining allocentric heading during navigatory
behaviors (Chen et al. 1993, Clark et al. 2010). The parcellation of these functionally unique inputs onto
distinct rostro-caudal sites suggests an additional route of information specialization within the various

subregions of the primate EC.
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FIGURE 2.2 SUMMARY OF THE MAJOR SENSORY AND CORTICAL AFFERENTS TO THE PRIMATE

ENTORHINAL CORTEX

(A) THE GENERAL TOPOGRAPHY OF RESPECTIVE CORTICAL TERMINATION PATTERNS (EO:
OLFACTORY EC, ER: ROSTRAL EC, El: INTERMEDIATE EC, ELR: ROSTRO-LATERAL EC, ELC:
ROSTRO-CAUDAL EC, EC: CAuDAL EC, ECL: CAUDO-LIMITING EC). DATA ADAPTED WITH
PERMISSION FROM INSAUSTI ET AL. (1987A). (B) FLATTENED MAP OF EC SHOWING THE PLACEMENT
OF RETROGRADE TRACER INJECTIONS THAT CONTRIBUTE TO PANEL A. IMAGE ADAPTED WITH

PERMISSION FROM INSAUSTI ET AL. (1987A).
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2.4 ENTORHINAL CONNECTIVITY WITHIN THE HIPPOCAMPAL FORMATION

As mentioned above, the EC is the main source of cortical input to the hippocampus. In all species,
the perforant pathway provides the strongest connection between these two regions (Witter et al. 1989). In
macaque brains, layers Il and 111 of the EC comprise the majority of perforant path projections, with deeper
layers V and VI providing only sparse efferents (Van Hoesen 1975a, Witter & Amaral 1991, Witter et al.
1989). Layers Il and VI communicate specifically to the DG and CA3, whereas layers 1l and V projections
are more biased toward CAL and the subiculum (Witter & Amaral 1991). In turn, feedback from CALl and
the subiculum in the hippocampus terminates predominantly onto the deep layers V and VI, with very

sparse projections onto layer 11 (Witter & Amaral 1991) (Figure 1c).

The various connections between the hippocampus and EC are not homogenously distributed and
actually span three distinct topographies. In the first, cells located laterally in layers Il and 11l of the EC
project to more caudal aspects of the hippocampus, while more medially situated cells terminate rostrally
(Witter & Amaral 1991, Witter et al. 1989). Two distinct topographies have also been identified along the
rostral-caudal axis of the EC. Efferent projections to the DG and CA3, which arise largely from layer II,
are oriented such that rostral connections from the EC synapse onto more superficial aspects of the dendrites
of the principal cells within each area. Specifically, rostral projections terminate onto the dendrites of
granule cells in superficial aspects of the molecular layer of the DG, whereas more caudal efferents
terminate deeper in the molecular layer. Additionally, rostral projections terminate onto pyramidal cell
dendrites more distally in the strata lacunosum moleculare within CA3 in comparison to the more proximal
terminations by caudal efferents (Van Hoesen & Pandya 1975a, Witter & Amaral 1991). Projections to
CAL from layer 111 of the EC also have a rostro-caudal termination pattern, such that rostral efferents target
distal CA1 near its border with CA3 and the proximal subiculum, with increasingly caudal projections
synapsing onto more proximal CA1 and the distal subiculum (Suzuki & Amaral 1994). In contrast, the
recurrent projections from the hippocampus to the deep layers of the EC appear more homogenous in their

distribution (Witter & Amaral 1991).

29



Alongside its myriad projections to the hippocampus, the diverse intrinsic connectivity of the EC
adds an additional level of complexity when interpreting the role of this structure within the hippocampal
formation. As in rodents, the EC of primates can be distinguished as having at least three discrete bands of
interconnectivity (Chrobak & Amaral 2007). Rostro-medial layer VV and VI neurons synapse onto caudo-
medial layer 1l and 111 cells (and vice versa for caudal-medial layer V and VI cells), and similar recurrent
projection patterns are observed for intermediate and lateral aspects of the EC. However, unlike in rodents,
the bands do not span the entire length of the primate EC. Instead, they are limited to between one-third to
one-half the length of the EC (approximately 3-5 mm), with rostral bands being shorter and less dense than
more caudal elements (Chrobak & Amaral 2007). Interestingly, the deep-to-superficial orientation of
intrinsic EC connectivity has been identified to be largely excitatory and asymmetric, with 56% of the
projections from layer V and VI being glutamatergic and synapsing onto stellate and pyramidal cells,
respectively (Chrobak & Amaral 2007). The remaining 44% synapse onto the dendritic shafts of putative
interneurons, however, suggesting parallel mechanisms of gain modulation between deep and superficial
layers of the EC. Only 5% of total identified projections in superficial layers were identified as recurrent in
the monkey EC. Additionally, layer Il cells of the lateral EC (ELC and ELR) send projections to layer Il of

all other subregions of the structure (Chrobak & Amaral 2007).
2.5 FUNCTION OF THE ENTORHINAL CORTEX
2.5.1 FUNCTIONAL IMPLICATIONS FROM ANATOMY

Considering the diversity of cortical input to the EC, of EC projections to the hippocampus, and
within the intrinsic connectivity of EC, it is reasonable to assume that there are distinct processing domains
within the EC that enable it to send unique information to the downstream hippocampus. For example,
given the topography of projections from the perirhinal and parahippocampal cortices to the EC (see Section
3.2), we might expect that the rostral and caudal portions of this structure are somewhat biased towards
information processing of objects and space, respectively (Insausti & Amaral 2008, Insausti et al. 1987a).

The caudo-medial portion of EC that receives projections from parahippocampal cortex, but not perirhinal
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cortex, seems uniquely specialized for spatial processing, and this is where spatial representations have
been observed in electrophysiological recordings from our lab (see Section 5.3). In contrast, the
convergence of information on lateral portions of the EC suggests that neurons in this region have the
capacity to encode highly conjunctive and complex information. Additionally, in contrast to the rodent EC,
the intrinsic circuitry across different rostro-caudal elements of the monkey EC is discontinuous throughout
the length of the structure (Chrobak & Amaral 2007). This suggests more distinct functional specialization
within the primate EC by virtue of the fact that there is virtually no feedback from portions of the EC that

receive different cortical inputs.

Similar functional hypotheses can be posited from frontal connectivity with the primate EC. Both
the OFC and retrosplenial cortex project to the EC. The OFC is strongly implicated in value-based decision
making (Setogawa et al. 2019), whereas the retrosplenial cortex is more associated with allocentric
navigation (Chen et al. 1993, Clark et al. 2010). With respect to EC connectivity, as described in Section
3.3, the OFC synapses primarily onto rostral elements of the EC, and the retrosplenial cortex terminates
onto caudal sites. Again, because of limited feedback between different sections along the EC’s rostro-
caudal extent (Chrobak & Amaral 2007), this anatomical evidence suggests domains in the primate EC that
are functionally distinct by virtue of their different frontal influences. Because of the difficulty in accurately
targeting putative EC subareas, it has been difficult to test many of these hypothesized functional
distinctions. As electrophysiological recordings and elegant manipulation paradigms continue to evolve, it
will be important to assess how the diverse connectivity into and within the EC facilitates the specificity of

the information that it sends to the hippocampus in the service of learning and memory.
2.5.2 LESION RESULTS

Over the past two decades, lesion studies have directly examined the role of the EC in various
visually guided memory-dependent behaviors. The most ubiquitous of these paradigms are the delayed

match-to-sample (DMS) task and its nonmatch variant, in which subjects are rewarded for choosing a

stimulus that either matches or is distinct from an initially viewed sample after a delay period. Monkeys are
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remarkably skilled at performing these behaviors and achieve scores significantly above chance levels, even
when the delays between the sample and choice phases are extended to beyond 10 min (Buckmaster et al.
2004, Leonard et al. 1995, Murray & Mishkin 1998, Zola et al. 2000). Interestingly, unlike the cases of
recognition memory deficits observed in animals with lesions of the hippocampus alone (Nemanic et al.
2004, Pascalis & Bachevalier 1999, Zola et al. 2000) or lesions that include the perirhinal and
parahippocampal cortices (Buffalo et al. 1999, 2000; Gaffan & Murray 1992; Meunier et al. 1993), animals
with EC lesions show only transient impairment, with normal performance on tests of recognition memory
observed after approximately 1 year post lesion. (Leonard et al. 1995). Leonard and colleagues (1995)
showed through histological analyses that perirhinal cortex projections to CA1 become significantly more
robust in animals with EC lesions; providing a potential mechanism by which plasticity can induce the
observed behavioral recovery. Perirhinal involvement in object recognition observed through permanent
lesions (Buffalo et al. 1999, 2000; Gaffan & Murray 1992; Meunier et al. 1993) has been corroborated by
recent work using optogenetic techniques in which neurons in this region were manipulated to bias
recognition of a series of objects (Tamura et al. 2017). These transient and highly local manipulations were
effective in biasing animals’ perception of novel objects as familiar and familiar objects as novel when
neurons were activated or inhibited, respectively. Whether acute manipulations of the EC produce a deficit

in object recognition remains to be tested.

Intriguingly, EC lesions produce deficits on tasks that require the flexible manipulation of learned
associations (Buckmaster et al. 2004), suggesting a role for this structure in supporting the relational
organization of memory. Buckmaster and colleagues (2004) examined both monkeys with EC lesions and
intact monkeys in a series of memory-related paradigms that probed the animals’ ability to form
associational relationships between objects and flexibly access those relationships. The first of these was
the paired-associates (PA) task, in which subjects are rewarded for choosing the correct object from two
choices, based on a centrally located visual cue (Figure 3). The correct choice item can then serve as a

sample for a proceeding pair of objects, one of which is again rewarded by association with the cue.
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Monkeys with EC lesions were just as capable of learning these two premise pairs as unoperated controls,
although they did take slightly longer to reach the established acquisition criterion. When presented with
another pair of problems, the initial training in controls facilitated much more rapid acquisition. In stark
contrast, monkeys with EC lesions were just as slow at learning the associations in these new problems as
they were during initial training. Conducting the PA task with overlapping stimuli allowed for a critical
inference test in which the sample from the first trial was presented with the choice stimuli from the second
trial. Because these objects have never been shown together, the monkey must draw upon the overlapping
relationships between the experienced objects to solve this inherently novel problem. During these probe
trials, monkeys with EC lesions were incapable of linking the sample to the indirectly associated choice
object. By contrast, control monkeys were able to use their previously acquired associations flexibly to
correctly solve the probe trials. Similar results were observed in the transitive inference (TI) paradigm. In
TI, overlapping pairs of objects form a transitively associated hierarchy (i.e., A>B>C>D >E). Ifthe EC
is critical for either creating the overall reward hierarchy or flexibly manipulating the relationships that
constitute it, then monkeys with EC lesions should fail at an inference test where discontinuous objects in
the hierarchy are presented together (i.e., B versus D). This is exactly what was observed in the study by
Buckmaster et al. (2004). Although monkeys with EC lesions were not impaired at learning the initially
presented pairs, they were incapable of successfully employing the learned associations between items to
discriminate between nonadjacent items. By contrast, when presented with the first and last objects of the
hierarchy (the only items consistently rewarded and not rewarded, respectively), monkeys with EC lesions
performed normally, suggesting that they were able to leverage the consistent reward history of the objects
to solve the problem. Similar findings have been observed in monkeys with combined lesions of the
hippocampus and fornix, although the performance impairment observed in these animals might be
explained by the unintended damage of subcortical EC projections running through the fornix (Saunders &
Weiskrantz 1989). Given this apparent role of the EC in flexibly linking experiences with objects, one might
wonder if this structure plays a role in associating objects with other physical features such as spatial
location. Buckmaster and colleagues tested this potential function using a serial-delayed recognition span
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task, which rewarded monkeys for choosing one item from an identical set on a multisite board when that
item was in a novel spatial location. Results showed that monkeys with EC lesions were incapable of
holding even one spatial location in memory. Taken together, lesion studies suggest that, although the EC
is not critical for remembering putative objects or even simple associations between experienced objects, it

is necessary for employing existing relational frameworks between objects to navigate novel experiences.
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FIGURE 2.3 FLEXIBLE MEMORY DEPENDS ON THE ENTORHINAL CORTEX

(A) PAIRED ASSOCIATES (PA) TASK SCHEMATIC. MONKEYS ARE TRAINED TO SELECT ONE STIMULUS
IN THE PRESENCE OF A CENTRALLY LOCATED CUE. IN THE FOLLOWING TRIAL, THE PREVIOUSLY
CHOSEN STIMULUS BECOMES THE SAMPLE CUE FOR A NOVEL PAIR OF CHOICE STIMULI. THE CRITICAL
INFERENCE TEST UTILIZES THE INITIALLY CUED STIMULUS WITH THE LATTER PAIR OF CHOICE
STIMULI, AND ANIMALS ARE REWARDED FOR USING THE INDIRECT RELATIONSHIP BETWEEN OBJECTS
TO INFER THE REWARDED ASSOCIATIONS. (B) PERFORMANCE SCORES FOR THE PA TASK SHOW THAT
MONKEYS WITH ENTORHINAL CORTEX (EC) LESIONS (GREEN BARS) PERFORM JUST AS WELL AS
UNOPERATED CONTROLS (YELLOW BARS) AT THE INITIAL PREMISE PAIR TRAINING. HOWEVER,
MONKEYS WITH EC LESIONS ARE SIGNIFICANTLY IMPAIRED AT DISCERNING THE CORRECT PAIRED
STIMULUS DURING INFERENCE PROBES. FIGURE ADAPTED WITH PERMISSION FROM BUCKMASTER ET

AL. (2004).
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2.5.3 PHYSIOLOGICAL FINDINGS

One of the neurophysiological hallmarks of the rodent hippocampal formation is high-amplitude,
rhythmic neuronal activity that occurs in its constituent structures as animals actively explore an
environment. This activity is typically present as a consistent, theta-band (612 Hz) oscillation in recorded
local field potentials as animals translocate (Dragoi et al. 1999, Vanderwolf 1969), and it is strongly
correlated with olfactory exploratory behaviors such as sniffing and whisking (Komisaruk 1970). By
contrast, rhythmic activity in the theta band observed in the monkey hippocampal formation, including the
EC, is not observed as a sustained oscillation, but instead occurs in interrupted bouts (Courellis et al. 2019;
Hoffman et al. 2013; Jutras & Buffalo 2010, 2014; Jutras et al. 2013; Killian et al. 2012; Talakoub et al.
2019). These discontinuous bouts of theta are also observed in the hippocampus proper of humans (Aghajan
et al. 2017, Bohbot et al. 2017, Lega et al. 2012) and in both the hippocampus and EC of bats (Eliav et al.
2015, Ulanovsky & Moss 2007, Yartsev & Ulanovsky 2013, Yartsev et al. 2011). Additionally, whereas
non-REM sleep in rodents is characterized by a lack of sustained theta activity in MTL structures
(Constantinou et al. 2016, Vanderwolf 1969), evidence suggests that structures within the hippocampal
formation in primates, including the EC, paradoxically elicit stronger and longer bouts of theta-band activity
during transitions from awake behavior to sleep (Talakoub et al. 2019). Future work will be critical to
advance our understanding of the synchronized network states that organize neuronal activity in the primate

hippocampus and EC.

In addition to research focused on the mesoscopic physiology of this region, analysis of the
responses of EC neurons during memory-dependent paradigms has begun to elucidate the ways in which
the distinct neurophysiology of the EC facilitates its function, as proposed by anatomical (Sections 3, 4,
and 5.1) and lesion investigations (Section 5.2). The EC receives input from neurons in the most anterior
portions of the ventral visual stream, which do not themselves respond to simple stimulus features (Miller
et al. 1993). It is therefore not surprising that EC neurons do not show selective responses to particular

features of object stimuli, such as color or contour (Suzuki et al. 1997). Instead, single-unit recordings in
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the EC have identified memory-related responses to visual stimuli. For example, EC neurons show
stimulus-specific increases in firing rate in response to the presentation of the sample stimulus in a DMS
task (Riches et al. 1991, Suzuki et al. 1997). If the EC were simply relaying object identity to the
downstream hippocampus, then one would expect the firing rates of sample-selective neurons to be similar
between repeated presentations of the same stimulus. However, during match trials, EC neurons
demonstrated modulations in firing rates, showing both increases and decreases (Fahy et al. 1993, Riches
et al. 1991, Suzuki et al. 1997) (Figure 4a-b), and these match enhancement and suppression effects on
firing rate are observed before the animal makes its response during the test phase. Similar patterns of
activity have been observed in the hippocampus (Jutras & Buffalo 2010), perirhinal cortex (Miller &
Desimone 1994), and prefrontal cortex (Miller et al. 1996); these patterns suggest that the EC is potentially
tuning its responses to facilitate memory-based decision making. Alternatively, given the dopaminergic
inputs from the VTA mentioned in Section 3.1, stimulus novelty may drive the responses in this structure.
In fact, when unique nonmatching stimuli are presented between the sample and matching test item, EC
neurons elicit elevated firing (Suzuki et al. 1997). Interestingly, during interstimulus delays, EC neurons
show sustained firing across numerous delay lengths, and in the majority of cases, these responses are
sample selective, suggesting a possible influence of working memory on these neurons (Suzuki et al. 1997)
(Figure 4c). These delay-sustained responses stand in contrast to responses of the upstream perirhinal
cortex, in which any delay activity was eliminated upon presentation of intervening stimuli (Miller et al.
1993). Although lesion studies suggest only a transient role of the EC in simple object recognition (see
Section 5.2), these memory-related neural responses may underlie the role of the EC in the flexible

manipulation of learned associations (Buckmaster et al. 2004).
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FIGURE 2.4 MEMORY-ASSOCIATED NEUROPHYSIOLOGICAL RESPONSES

(A) AVERAGE FIRING-RATE HISTOGRAM (LEFT) AND TIME COURSE (RIGHT) OF STIMULUS-SELECTIVE
CELLS IN THE MONKEY ENTORHINAL CORTEX (EC) THAT SHOW MATCH SUPPRESSION DURING
DELAYED MATCH-TO-SAMPLE (DMS) WITH VARIOUS INTERVENING STIMULI. (B) AVERAGE FIRING-
RATE HISTOGRAM (LEFT) AND TIME COURSE (RIGHT) OF CELLS THAT EXHIBIT MATCH ENHANCEMENT
DURING DMS UNDER THE SAME CONDITIONS AS IN PANEL A. (C) FIRING-RATE HISTOGRAM OF AN EC
NEURON WITH SIGNIFICANT DELAY PERIOD ACTIVITY. AS MEMORY LOAD INCREASES WITH
INTERVENING IRRELEVANT STIMULI, THE FIRING RATE OF THIS NEURON INCREASES. FIGURE

ADAPTED WITH PERMISSION FROM SUZUKI ET AL. (1997).
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The most prominent neural response that has been identified in the rodent hippocampal formation
relates to allocentric spatial representations (Fyhn et al. 2004, Hafting et al. 2005, O’Keefe & Dostrovsky
1971, Sargolini et al. 2006); one of the major hypotheses of the function of the hippocampal formation is
that of a cognitive map that represents not just physical space but also relational object space (Buffalo 2015,
Eichenbaum 2017, O’Keefe & Nadel 1978, Schiller et al. 2015). During a spatial task in which monkeys
were rewarded for responding to a stimulus located in the same position as it was during a sample phase
(delayed match-to-place), a proportion of EC neurons elicited biased responses for particular locations
(Suzuki et al. 1997). Recent studies have also explored the extent to which EC neurons show place-specific
firing relative to visual exploration. In rodents, exploration in physical space elicits a range of neuronal
responses in the EC, including firing in symmetric, triangular patterns (grid cells) (Fyhn et al. 2004, Hafting
et al. 2005, Sargolini et al. 2006); firing in relation to experienced physical boundaries (border cells)
(Solstad et al. 2008); and firing relative to an animal’s orientation within an environment (head-direction
cells) (Sargolini et al. 2006). Work from our own lab in head-fixed animals viewing images on a computer
screen shows that some cells in the primate EC elicit spatial responses based on locations of gaze, including
grid-like firing fields and responses that are selective to fixations made at the borders of visual stimuli
(Killian et al. 2012) (Figure 5a—c). In addition, and potentially analogous to rodent head-direction cells, a
population of primate EC neurons were identified that were tuned to fire when the animal made saccades
in a particular direction (Killian et al. 2015) (Figure 5d). Grid cells in the monkey EC display a gradient of
grid field size and spacing such that both parameters increase in more medial recording sites. These findings
are consistent with the gradient of changing grid field structure along the longitudinal extent of the EC that
has been observed in both rodents (Hafting et al. 2005) and bats (Yartsev et al. 2011). In more recent work,
a large proportion of nongrid but spatially responsive EC neurons have been identified during visual
exploration (Meister & Buffalo 2018). The firing fields of these neurons are spatially reliable but more
amorphous than those of grid cells. These findings are consistent with a recently described population of
rodent EC cells (Diehl et al. 2017). Recordings in the monkey EC identified multiple frames of reference
among the population of nongrid spatial cells (Meister & Buffalo 2018). When monkeys viewed an image
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that shifted to multiple positions on a screen, the firing patterns of one population of EC neurons remained
the same relative to the image regardless of its position within the screen. In contrast, a second population
of EC neurons elicited egocentric firing preferences. As images shifted on the screen, these neurons stably
represented where on the screen the animal was looking, as opposed to boundaries established by the visual
image. Finally, spatial responses in the monkey EC were also identified relative to the location of attention,
even in the absence of any movement (Wilming et al. 2018). In this study, monkeys were trained to maintain
fixation on a small cross presented at the center of the screen and covertly attend to a small dot moving in
the periphery. Monkeys were rewarded for releasing a bar in response to a subtle luminance change in the
dot. The luminance change was titrated to ensure that selective attention to the cue was required for
successful performance. The responses of EC neurons were examined relative to the location of the
monkey’s attention on successful trials, and a significant proportion of EC neurons demonstrated grid-like
responses. These findings, taken together with recent similar findings in humans (Julian et al. 2018, Nau et
al. 2018a), suggest that primate EC neurons may have the ability to regularly tile experience, independent

of specific sensory or environmental dimensions.
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FIGURE 2.5 SPATIAL RESPONSES IN THE ENTORHINAL CORTEX

(A) EXAMPLE IMAGE PRESENTED ON A COMPUTER SCREEN DURING HEAD-FIXED VISUAL
EXPLORATION, WITH AN EXAMPLE VISUAL SCAN PATH OVERLAID (YELLOW TRACE). (B) COMBINED
EYE TRACE TRAJECTORIES (GRAY TRACES), WITH SPIKES FROM A PUTATIVE ENTORHINAL CORTEX
(EC) GRID CELL OVERLAID (RED DOTS). NOTE THE REGULAR INTERVAL OF SPIKE CLUSTERS THAT IS
ALSO APPARENT IN THE ADJACENT FIRING-RATE MAP OF THIS CELL AND BEST EXEMPLIFIED BY THE
SPATIAL AUTOCORRELATION MAP. (C) FIRING-RATE MAP (LEFT) AND AUTOCORRELATION MAP OF A
BORDER CELL ISOLATED DURING THE SAME VISUAL EXPLORATION PARADIGM. PANEL ADAPTED WITH
PERMISSION FROM KILLIAN ET AL. (2012). (D) EXAMPLE POLAR HISTOGRAMS OF EC NEURONS THAT
ELICITED STRONG FIRING RATE MODULATIONS FOR SACCADES IN A PARTICULAR DIRECTION MADE
IMMEDIATELY BEFORE (GREEN TRACE) OR AFTER (BLUE TRACE) SPIKES WERE COLLECTED. PANEL

ADAPTED WITH PERMISSION FROM KILLIAN ET AL. (2015).
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One might expect that, in addition to responding to particular places and things during an
experienced event, a structure implicated in episodic memory would also process information about the
temporal order of those experiences, and several forms of timing-related responses have been observed in
the primate EC. When monkeys are rewarded for remembering the order of a list of individually presented
objects, EC neurons demonstrate selective responses for objects in a particular position within the presented
list (Naya & Suzuki 2011, Naya et al. 2017) (Figure 6a—b). In contrast to neurons recorded from the ventral
prefrontal cortex (Naya et al. 2017), EC neurons also elicit conjunctive object-list position specificity.
Recent work has demonstrated timing responses in the monkey EC as monkeys perform a free-viewing task
(Bright et al. 2019). Many neurons in the EC responded to image onset, showing large changes relative to
baseline shortly after image onset. Interestingly, these neurons showed a wide variety of rates with which
they relaxed back to baseline, extending from hundreds of milliseconds to over 5 s (Figure 6¢c—d). Results
from a linear discriminant analysis suggested that elapsed time could be decoded from the population, along
with the identity of the presented image. Taken together, these neurophysiological investigations provide

evidence that information about what, when, and where is represented within the monkey EC.
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FIGURE 2.6 TEMPORAL ORDER & DELAY TRACKING RESPONSES IN THE ENTORHINAL CORTEX

(A) SCHEMATIC OF THE TEMPORAL ORDER MEMORY TASK FROM NAYA ET AL. (2011, 2017). MONKEYS
WERE SHOWN TWO CUES SEPARATED BY BRIEF DELAYS (ENCODING PHASE). DURING THE RESPONSE
PHASE, MONKEYS WERE REWARDED FOR SELECTING THE FIRST, THEN SECOND OBSERVED OBJECT
FROM A CLUSTER OF SIMULTANEOUSLY PRESENTED ITEMS. (B) PERCENTAGE OF ORDER- AND ITEM-
SPECIFIC CELLS ISOLATED FROM VARIOUS REGIONS IN THE MEDIAL TEMPORAL LOBE. NOTE THAT, IN
CONTRAST TO THE STRONG TEMPORAL SELECTIVITY IN HIPPOCAMPAL NEURONS AND ITEM
SELECTIVITY IN PERIRHINAL CORTEX AND INFERIOR TEMPORAL LOBE NEURONS, CELLS IN THE
ENTORHINAL CORTEX (EC) ARE HEAVILY MIXED IN THEIR TEMPORAL ORDER AND STIMULUS
SELECTIVITIES (HPC: HipPOCAMPUS, ERC: ENTORHINAL CORTEX, PRC: PERIRHINAL CORTEX,
TE:INFEROTEMPORAL CORTEX). PANEL ADAPTED WITH PERMISSION FROM NAYA & SUzUKI (2011).
(C) RASTER PLOTS AND FIRING-RATE HISTOGRAMS OF PUTATIVE TEMPORAL CONTEXT CELLS
ACQUIRED DURING A VISUAL EXPLORATION PARADIGM (SEE FIGURE 4A) THAT DIFFERENTIALLY
MODULATE THEIR FIRING RATE RELATIVE TO A PRESTIMULUS BASELINE WITH DIFFERING RATES OF
RELAXATION. (D) NORMALIZED FIRING RATE MAP OF 128 EC NEURONS SORTED BY THEIR TIME OF
RETURN TO BASELINE FIRING RATE. ALL RECORDED CELLS ELICITED LITTLE VARIANCE IN THEIR

RESPONSE LATENCY TO THE PRESENTED IMAGE. HOWEVER, THEIR VARIANCE IN RELAXATION TIME
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OVER THE COURSE OF PRESENTATION SUGGESTS THE ABILITY OF EC NEURONS TO TRACK THE
PASSAGE OF TIME AT DIFFERENT TIMESCALES. PANEL ADAPTED WITH PERMISSION FROM BRIGHT ET

AL. (2019).
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2.6 PARALLELS WITH THE HUMAN ENTORHINAL CORTEX

There is a growing body of evidence suggesting that the EC in humans closely mirrors what has
been observed in nonhuman primates in both its anatomy and function. Although tracing experiments are
not possible in humans, homologous subregions of the human EC were identified in functional connectivity
experiments using functional magnetic resonance imaging (FMRI) (Maass et al. 2015, Schrdder et al. 2015).
Specifically, a strong blood oxygen level-dependent (BOLD) signal was observed in the rostro-lateral EC
and caudo-medial EC that was coherent with the BOLD signal measured in the perirhinal and
parahippocampal cortices, respectively. As described in Section 3.2, tracing studies in nonhuman primates
also strongly imply topographic biases of projections from the perirhinal cortex to the rostro-lateral EC and
from the parahippocampal cortex to the caudo-medial EC (Insausti & Amaral 2008, Suzuki & Amaral
1994). Unique functional connectivity between proximal and distal portions of the human subiculum with
the rostro-lateral and caudo-medial EC was also observed, which is consistent with the patterns of
projections observed through tracing experiments in nonhuman primates (Maass et al. 2016, Schroder et al.

2015, Suzuki & Amaral 1994).

The rostro-lateral and caudo-medial aspects of the human EC also exhibit behavioral selectivity in
their respective BOLD activity preferences, with the rostro-lateral elements being more object responsive
and the caudo-medial portions eliciting more spatially correlated BOLD responses (Schréder et al. 2015).
While additional research is needed to confirm homologous functional specialization of EC subregions in
nonhuman primates, these observed functional specializations in humans parallel the respective object and
spatial specificity of the LEC and MEC in rodents (Deshmukh & Knierim 2011; Fyhn et al. 2004; Hafting
et al. 2005; Sargolini et al. 2006; Solstad et al. 2008; Tsao et al. 2013, 2018). Deep brain stimulation of the
human EC during virtual spatial navigation has shown a critical, albeit still not fully understood, influence
of this structure in remembering previously visited locations (Jacobs et al. 2016, Suthana et al. 2012). As
mentioned in Section 5.2, EC lesions in nonhuman primates produce profound deficits in spatial memory

(Buckmaster et al. 2004). Neurophysiological recordings and imaging studies have also identified neural
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firing motifs within the human EC homologous to those observed in other species (see Section 5.3).
Specifically, fMRI reveals macroscopic activity patterns with hexadirectionally selective, grid-like
regularity in healthy subjects navigating a virtual reality open field maze (Doeller et al. 2010). Like rodent
grid cells, these grid-like BOLD signals are anchored to allocentric cues, and certain signals were
conjunctively modulated by the direction of virtual movement. These hexadirectionally modulated patterns
are also present when subjects are tasked with imagining a route to a target stimulus (Horner et al. 2016),
during visual scan behaviors (Nau et al. 2018b), and when subjects are required to conceptually organize
information along two orthogonal discriminative axes (Constantinescu et al. 2016), suggesting a
generalized coding scheme within the human EC for flexibly encoding and retrieving continuous
information across behaviors. These imaging findings have been corroborated by single-unit recordings
taken from human epileptic patients, in which EC neurons with grid-like firing fields (Jacobs et al. 2013)
and those with direction-selective firing patterns (Jacobs et al. 2010) were identified during virtual reality
navigation paradigms. Taken together, the growing body of converging evidence suggests that both the

anatomical and functional features of the EC are largely conserved across species.
2.7 SUMMARY

The primate EC provides the majority of the cortical input to the hippocampus; however, data from
lesion and neurophysiological studies suggest that the EC functions as much more than a simple information
relay. The impairments observed following lesions restricted to the primate EC are distinct from those
following hippocampal or perirhinal lesions, and the diverse neural activity observed among EC neurons is
similarly distinct from that of its neighboring regions. In particular, the EC is only transiently necessary for
simple object recognition but becomes critically important when the relationships between indirectly related
objects must be inferred and when previously experienced locations must be remembered. Along with the
object-related delay activity and timing responses that have been observed in the EC, these neurons also
display robust and reliable spatial responses similar to the exquisite spatial representations identified in the

rodent EC. Anatomically, the EC is a site of convergence of multiple cortical information streams, many
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with their own topographical projection patterns. Combined with the EC’s own limited intrinsic
connectivity and topographically biased projections to different subregions within the hippocampus, this
suggests that the EC is a computationally diverse area with elegant targeting of downstream structures.
However, all of these anatomical findings come from only a handful of injections, and additional tracing
studies should be performed to validate the complexity and subregional specificity of these different
patterns of connectivity. Moreover, to date, the functions of these distinct processing streams have not been
fully characterized. Novel technologies, including large-scale chronic recordings to densely sample neurons
across EC subregions simultaneously with other brain regions, >1,000-site laminar probes to more
thoroughly investigate network oscillations across laminae, and targeted modulation through cell-type-
specific optogenetic manipulations, are becoming accessible in primate research. Such tools will be critical
to advancing our understanding of the computations that the EC performs intrinsically and in concert with

other memory-associated machinery within the hippocampal formation.
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CHAPTER 3 || IMPROVING THE EFFICACY AND ACCESSIBILITY OF INTRACRANIAL VIRAL

VECTOR DELIVERY IN NON-HUMAN PRIMATES

Chapter adapted from published work: Griggs DJ & Garcia AD, Au WY, Ojemann WKS, Johnson AG,
Ting JT, Buffalo EA, Yazdan-Shahmorad A. Improving the Efficacy and Accessibility of Intracranial Viral
Vector Delivery in Non-Human Primates. Pharmaceutics. 2022 Jul 8;14(7):1435. doi:

10.3390/pharmaceutics14071435. PMID: 35890331; PMCID: PMC9323200.
3.1 INTRODUCTION

The development of novel tools to genetically alter the properties of neurons has been instrumental
in expanding the scope of neuroscientific questions. Perhaps one of the most popular of these genetic
modification methods is optogenetics, through which cells can be made susceptible to rapid, reversible
manipulations via light stimulation. This technique was first demonstrated in 2005 [1] and since then has
been robustly developed and widely adopted. In particular, optogenetics has become a powerful tool for
rodent neuroscience [2,3]. The high-throughput nature of experiments with these models means that
researchers can pilot, experiment, and make corrections with new subjects rapidly and with minimal
resources. Additionally, the rapid gestational time (~1 month for most research species) and large litter size
(4-12 pups/L) of these models extends the genetic modification toolkit of rodent researchers to allow for
breeding genetically altered lines and testing transgenic subjects with relative ease. However, transgenic
lines are largely unavailable for highly translational non-human primate (NHP) models. In contrast to
rodents, the macaque has a gestational period of ~6 months and gives birth to singular offspring, which
eliminates the practical viability of transgenic approaches. This leaves viral vector transfection as the
primary method of preparing NHPs for experiments requiring genetic modification. However, this
experimental approach still proves to be a challenging, and potentially costly, endeavor. Here, we present
novel and updated methods that eliminate several of the main dissuading factors of transduction studies in

NHPs.
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Convection-enhanced delivery (CED) is an infusion technique that has been developed over the
past few decades to deliver medicinal agents to the brain [4,5]. Classic neural infusion techniques rely on
diffusion, which is based on a concentration gradient and therefore is heavily influenced by molecular
weight [6]. Large molecules such as viral vectors are inefficiently spread by diffusion. By contrast, CED
capitalizes on a pressure gradient for delivery, which is much less influenced by molecular weight and
comes with a number of benefits over diffusion: 1. CED can be performed at higher delivery rates (on the
order of 1 uL/min or higher), which speeds up delivery [7-9], 2. CED can distribute agent over greater
volumes (hundreds of mm3) [8,9], 3. CED produces a roughly uniform concentration of agent throughout
the distribution volume [6,7,10-14], and 4. as previously alluded, CED is effective at transporting large

molecules, such as viral vectors, throughout regions of the brain [7,11-15].

Incentivized by these desirable properties, we have used CED in recent years to deliver optogenetic
viral vectors into the brains of non-human primates for neuroscientific experiments [8,9,16,17]. To
complement the technique, we utilized a method of realtime infusion validation with magnetic resonance
imaging (MRI) technology using a gadolinium-based contrast agent co-infused with the optogenetic viral
vector [18]. We previously validated the resulting optogenetic expression with epifluorescence imaging,
electrophysiology, and histology [8,9]. However, we recognize that not all institutions have access to an
MRI scanner in which live validation of an injection can be visualized. Thus, a separate set of CED
experiments without live MRI guidance was performed using novel optogenetic viral vectors co-infused
with a manganese-based contrast agent. This allowed us to confirm infusion success the following day with
MRI. With these live and next-day in vivo MRI data collected across ten animals and three different brain
regions, we were uniquely positioned to develop a model to assist in planning CED procedures in the brains
of NHPs. This work is important to the field because not all researchers have access to MRI scanners for
next-day imaging, and fewer still are equipped to perform NHP viral infusions in an MRI scanner. We

propose a CED modeling method that can assist any researcher in NHP neurosurgical CED planning.
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Here, we have developed a quantitative bench-side CED model that provides the users with hands-
on CED experience. Our bench-side model builds on our recent qualitative infusion modeling work [19],
as well as our in vivo NHP data [8,9]. Bench-side CED models usually comprise dye infused into agar
phantom, a clear gel with material properties similar to the brain [20,21]. In this work, we propose a similar
model, but to our knowledge, we are the first to base a bench-side model on in vivo MRI data of CED in
NHP brains. We provide the MRI data and we present a calibration method for our model using the MRI
data to ensure that the reproduction of our quantitative method is practical for the field. Infusions into the
primate brain are inherently coupled with surgical and experimental risks; however, the toolkit presented
here mitigates the risk factors of these procedures, such as cost, surgical time, and overall subject count, by
providing easily accessible ways to plan CED experiments. We also utilize a radiolabel that can be co-
infused with viruses that can be imaged in MRI 24 h post-operatively, which empowers researchers without
immediate access to an MRI scanner to identify issues and make any necessary surgical corrections in a

timely fashion.
3.2 MATERIALS AND METHODS
3.2.1 SUBJECTS

Data from ten macaques were used for this study, as described in Table 1. The cortical and thalamic
data (total n = 5) come from previously published procedures [8,9,18,22,23], and those data have been used
in the present study. In contrast, data from the medial temporal lobe (MTL) group are derived from new
injection procedures, which are described in detail below. The ages ranged from 5 to 11 years, and weights
ranged from 5.7 to 17.5 kg. Five females and four males were rhesus macaques (Macaca mulatta) and one
male was a pigtail macaque (Macaca nemestrina). MTL subjects were provided by the tissue distribution
program available from the Washington National Primate Center (WaNPRC), and no observable

differences were seen in our data as a function of age, sex, species, or weight.
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S:;Ii: C1 C2 CT T1 T2 MTL1 MTL2 MTL3 MTL4 MTL5
Infusion Cortex Cortex, Thalamus MTL MTL MTL MTL
Target Thalamus (HPC+C) (EC) (HPC+C) | (HPC)
NHP — Pigtail
Variety Rhesus Macaque Macaque
Sex M M M F F F F F M M
Age () 7 8 8 g il 8 g 3 8 5
1'\;11-’:53;1[ 16.5 17.5 8.7 7.5 6.5 8.2 6.4 A7 8.88 7.2
Cannula 1 (Cortex)
Step Tip 1 and 3 3
Length (Thala-
(mm) mus)
Left
Hemi- 50
sphere 50,50,50,50 | 50,50,50,50 - 140, 120 115, 85 15 20 10,10 15 N/A
. (Cortex)
Infusions
{uL)
Right
Hemi- 246
sphere - - (Thala- 152, 111 - 15 20 10, 10 15 20
Infusions mus)
{ul)
Contrast . .
Agent Gadoteridol Manganese
MRI . Live .
Timing Live ‘ (2 infusions) Live Next-day
Institution University of California, San Francisco University of Washington, Seattle
NHP Monkey | Monkey G MNHP-H NHP-A | NHP-B N/A
Alias 5] 8] [9,23] [9] [9]

TABLE 3.1: NHP AND SURGICAL DATA

NHPS ARE NAMED FOR THEIR INFUSION LOCATION(S). MEDIAL TEMPORAL LOBE AND CAUDATE

NUCLEUS (MTL). HippoCAMPUS (HPC). ENTORHINAL CORTEX (EC), TAIL OF CAUDATE NUCLEUS

(©).
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3.2.2 ANIMAL PROCEDURES AND MRI ANALYSES

Three different neuroanatomical structures were targeted for CED infusions: cortex, thalamus, and
the medial temporal lobe together with the caudate nucleus (MTL). Most of the cortical and thalamic
infusions were validated with live MRI, while MTL infusions were validated with MRI the day following

infusion. Table 1 contains the infusion details for each subject.

Subsequent subsections describe the various methods and MRI analysis related to the cortical,
thalamic, and MTL infusions. Because the procedures relating to the cortical and thalamic groups have been
previously published, detailed surgical methods are omitted with references to the respective primary
studies. However, aspects of the procedures germane to the present study are presented. For the MTL group,
details of the surgical methods, euthanasia, and immunohistochemistry are presented in full. For all

procedures, vital signs such as heart rate, respiration, and body temperature were monitored throughout.

We have previously described the surgical methods for cortical CED procedures [8,18]. Briefly,
the subjects were anesthetized under isoflurane, a craniotomy was made above the sensorimotor cortex in
a sterile operating room, and an MR-compatible cannula guide was affixed to the skull with MR-compatible
screws and dental acrylic. Afterwards, the subjects were transferred to an MR scanner (Siemens 3T) while
remaining under isoflurane anesthesia. We inserted the tip of a stepped-tip cannula about 2 mm below the
surface of the brain in the sensorimotor cortex. A syringe pump (WPl UMP3, MICRO2T SMARTouch
SGE250TLL, Sarasota, FL, USA) was used to co-infuse a mixture of AAVCamKIla-C1V1-EYFP (Table
2; 2.5 x 1012 virus molecules/milliliter (vm UPenn vector core) and a gadolinium-based contrast agent
(Table 2; 2 MM Gd-DTPA, ratio of 250:1, Gadoteridol, Prohance, Bracco Diagnostic Inc., Princeton, NJ,
USA\) into the brain at a starting rate of 1 pL/min, which was increased every few minutes up to 5 pL/min.
After the majority of the volume had been delivered, the rate was reduced in the same stair-step method to
end with a rate of 1 pL/min. After infusion, we left the cannula in place for 10 min and then removed the

cannula. This infusion process was repeated multiple times. During the infusion process, multiple MRI

52



images were taken to track the progress of the infusions. We used fast (2 min) flash T1-weighted images
(flip angle = 30° , repetition time/echo time = 3.05, matrix size = 128 x 128, slice thickness = 1 mm, 64
slices, Siemens 3T MR scanner). After recovery and optogenetic expression, Monkeys C1, C2, and CT

were euthanized for immunohistochemical analysis of optogenetic expression [8,22,23].
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“’:'::1‘:] a | o cT T T2 MTL1 MTL2 MTL3 MTL4 MTL5
Hemisphere] Left Right Left Right| Left | Left | Right Left | Right] Teft | Right Left | Right] Left Right Right
Target ST+M1 g1 MI AT+PT frc | C | HrC EC FPC C FIPC
Vector AAVS AAV2Y AAV22 AAV29 AAVRetrograde PHPeB| AAV2 PHP.cB
Serotype
ARV-
AAV- AAV- . B
AAV- CAG- | Aavsyn | cac- | AMWCEG- | Sxhielcorey IS /6
Vector CamKIla- AAV-CaMKII-ChR2(H134R)-YFP hChR2- Chronos- | hChR2- ChR2- inBla- mLLAS
CIVI-EYFP HI34R- GFP HI3R- HI34R- ChRACRC)- ChrimsonR-
tdTomato EYFP-WIRE3- tdTomato
td Tomato td Tomato -
BGHpA
Titer 5.26 % 76 % 76 % 35 BT x 355
n - 13 12 - 12 - 1z - o
(vmimL) 25 x 10 t 1.02 x 10 526 x 10 o 9% 10 o 9% 10 1[:(13 o0 o

TABLE 3.2: VIRUS INFORMATION

S1 (PRIMARY SENSORIMOTOR CORTEX), M1 (PRIMARY MOTOR CORTEX), AT (ANTERIOR THALAMUS),

MT (MEDIAL THALAMUS), PT (POSTERIOR THALAMUS), HPC (HIPPOCAMPUS), C (TAIL OF CAUDATE

NUCLEUS), EC (ENTORHINAL CORTEX). VM/ML (VIRUS MOLECULES PER MILLILITER).



We previously described the surgical details of the thalamic CED infusions [9], which are similar
to the cortical infusion procedures described above. Briefly, the subjects were anesthetized with isoflurane
and craniotomies were made (15 mm diameter). We implanted cannula guides and secured them with plastic
screws and dental acrylic. We allowed the subjects to recover for two weeks before performing CED. After
recovery, the subjects were anesthetized, placed in a stereotax and transported to an MR scanner. We used
the cannula guides to manually insert a 3 mm stepped-tip cannula (ClearPoint Neuro Inc. (formerly MRI
Interventions, Solana Beach, CA, USA) to the targeted regions of the thalamus. We used a syringe pump
(WPI UMP3, MICRO2T SMARTouch, SGE250TLL, Sarasota, FL, USA) to co-infuse multiple serotypes
of AAV-CamKII-ChR2 (Table 2; Upenn vector core) with gadolinium-based contrast agent (Table 2; 2 mM
Gadoteridol, Prohance, Bracco Diagnostic Inc., Princeton, NJ, USA) at rates between 0.5 pL/min and 3
pL/min while simultaneously performing fast (2 min) flash T1 MR scans (flip angle = 30° , repetition
time/echo time = 3.05, matrix size = 128 x 128, slice thickness = 1 mm, 64 slices, Siemens 3T MR scanner).
After all infusions were complete, the subjects were transported back to the surgical suite where the cannula
guides were explanted and the incision closed. After recovery and optogenetic expression, Monkeys CT,

T1, and T2 were euthanized for immunohistochemical analysis of optogenetic expression [9,23].

To pilot the efficacy of expression in the medial temporal lobe (MTL), five viral vectors were
infused into the brains of five subjects. Subjects MTL1-3 were infused with two retrograde viruses (gifted
from Edward Boyden and Karel Svoboda; Addgene viral preps #59170-AAVrg and #29017-AAVrg,
respectively) [24,25]. Subjects MTL4 and 5 were infused with three GABA-selective viruses (Allen
Institute for Brain Science and University of Washington, Seattle, WA.). See Table 2 for specific

information about the vectors and target regions for all animals.

The surgical details of the MTL infusions are described in detail here. The animals were sedated

with ketamine. A surgical plane was induced with propofol and maintained with 0.8—-1.2% isoflurane, and
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the subjects were then stereotaxed. Analgesia was administered prior to (meloxicam) and during the
procedure (fentanyl CRI transitioned to sustainedrelease buprenorphine). Sagittal incisions were made to
expose the skull, and burr holes were drilled above our intended target. A 3 mm stepped-tip cannula
(ClearPoint Neuro Inc. (formerly MRI Interventions, Solana Beach, CA, USA) was stereotactically lowered
with a micro-manipulator arm through the burr hole to the targeted region of the MTL (hippocampus or
entorhinal cortex), or the tail of the caudate nucleus. We used a syringe pump (WPI UMP3, MICRO2T
SMARTouch, SGE250TLL, Sarasota, FL, USA) to co-infuse optogenetic viral vector with manganese-
based contrast agent (Mn2+, Millipore Sigma, Burlington, MA) at rates between 1 pL/min and 5 pL/min.
The final concentration of Mn2+ mixed with virus was 6.5 mM and was specifically chosen as it is well
under the limit for neuronal toxicity and interference with viral efficacy, as identified by [26]. After all
infusions were complete, the cannula was removed and the incision closed. In one case (MTL5), this
procedure was performed using the Brainsight veterinary surgical robot (Rogue Research Inc., Montreal,
QC, Canada) instead of micromanipulator arms. A final analgesic was administered in the form of a local
anesthetic block (bupivacaine). The day following infusion, the subjects were again anesthetized and placed
in an MR-compatible stereotax, and 3D MPRAGE sequences were taken in a 3T MRI scanner to localize
the manganese signal (Scanner: Phillips GE, Boston, MA, slice thickness: 0.35 x 0.35 x 0.5 mm anisotropic
and 0.5 isotropic voxels, repetition time/echo time = 2, flip angle: 9 degrees). After eight weeks, the animals
were euthanized via intraperitoneal pentobarbital injection and transcardially perfused with 4%

paraformaldehyde—phosphate buffer solution.

The harvested tissue was stored in sucrose and then sliced into 50 um sections using a freezing
microtome. The resulting slices were treated in a sodium borohydride bath (Millipore Sigma, Burlington,
MA, USA) to reduce background fluorescence for 24 h. Afterward, the slices were incubated for 72 h at 4
°C in primary antibodies targeting the respective fluorescent tag of the infused virus (for case MTL4: rabbit-

Anti-GFP 1:1000, Abcam #ab290). This was followed by two-hour incubation in fluorescent secondary
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antibodies (for case MTL4: donkey anti-rabbit 568 1:200, Invitrogen Molecular Probes #A10042) and

DAPI stain (1:5000, ThermoFisher Scientific #D21490) before mounting and visualization.

The following infusion volume extraction procedure was performed on the MRI scans. For cortical
and thalamic trials, the MRIs were taken throughout the infusion period. For MTL infusions, the MRIs were
taken the day after infusion. We imported each MRI scan into MRI viewing software (Mango, Research
Imaging Institute, UTHSCSA, San Antonio, TX, USA) and identified the location of the infusion—due to
the contrast agent, this area had a higher contrast than the surrounding tissue. A spherical region of interest
(ROI) was created and adjusted as necessary to encompass the infused volume. We shrink-wrapped the
ROI in 3D with a threshold value below the intensity of the infusion location, but above the intensity of the
surrounding tissue. The threshold for the ROI was adjusted until it only contained the infusion volume and
the final ROI was saved in the NIFTI file format. Next, we reloaded each ROI as its own image and
generated an interpolated surface of the infusion volume. Finally, we measured the volume of the bolus
using this interpolated surface in the MRI viewing software. In the case of live imaging during infusions,
we mapped the infusion trajectories by applying this protocol to successive MRI scans within an infusion

trial.

3.2.3 BENCH-SIDE MODELING

We developed a bench-side CED infusion technigue using agar and custom-built cannulas. We also

developed an image processing technique and statistical methods to analyze the agar data.

We manufactured 1 mm and 3 mm stepped-tip cannulas (Supplementary Figure S1) with
polyimide-coated fused silica capillary tubing (Polymicro Technologies, Phoenix, AZ, USA) for the cortical

and deep infusions, respectively. These cannulas were created by sliding the smaller tubing into the larger
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tubing until the smaller tubing extended out of the larger tubing by 1 mm or 3 mm. This placement was
then secured with cyanoacrylate (Super Glue Corporation, liquid super glue, Ontario, CA, USA). For both
cannulas, the inner tubing had an inner diameter of 320 um and an outer diameter of 435 pum (part
#1068150204) and the outer tubing had an inner diameter of 450 um and an outer diameter of 673 um (part
#1068150625). The cannulas were the same as, or similar to, the cannulas used for our NHP CED

experiments above.

We prepared a solution of 1x phosphate-buffered saline (PBS) and 0.6% powder mixture, where
the powder mixture comprised agar powder (Benchmark Scientific, A1700, Sayreville, NJ, USA) and locust
bean gum powder (Modernist Pantry LLC, Eliot, ME, USA) in a 4:1 ratio by mass, respectively. We heated
and mixed the solution in a microwave to dissolve the powder and poured it into molds to set. Setting
occurred in a refrigerator for at least two hours. The molds were 3D printed with polylactic acid (PLA)
filament and were designed to produce agar blocks with a 2 x 2 cm base and either 2 or 4 cm high. The agar

phantoms were used shortly after setting or were refrigerated for up to one day for future use.

To prepare for CED infusion, we mounted a pump (WPl UMP3, MICRO2T SMARTouch,
Sarasota, FL, USA) to a stereotactic arm (KOPF, 1460, Tujunga, CA, USA) attached to a stereotactic frame
(KOPF, 1430, Tujunga, CA, USA). We filled the pump’s 250 mL syringe (WPI, SGE250TLL, Sarasota,
FL, USA) with deionized (DI) water and attached it to the pump. The cannula was attached to the syringe
with a catheter connector (B. Braun Medical Inc., part #332283, Bethlehem, PA, USA). All of the DI water
was ejected from the syringe to fill the cannula with DI water. Undiluted yellow food coloring (McCormick
yellow food coloring, Hunt Valley, MD, USA) was then drawn through the cannula and into the syringe.
We positioned the agar phantom under the cannula so that it was centered. The agar phantom was oriented
such that the side of the block that was not in contact with the mold during the molding process (i.e., the
top side, which was the smoothest side of the phantom) was facing up and would be the side to receive the

cannula insertion. The cannula was then lowered until the tip touched the surface of the agar phantom. We
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lowered the cannula manually with the stereotactic arm to a pre-specified depth, 2 mm deep for cortical
infusions and 2 cm deep for thalamic and MTL infusions. We checked that the surface of the agar sealed

around the cannula above the stepped-tip before proceeding with the infusion.

To image the infusion process, we positioned a digital single-lens reflex (DSLR) camera (Nikon
D5300, Minato City, Tokyo, Japan) with a 35 mm lens (Nikon, AF-S NIKKOR 1:1.8G) and adjusted the
camera settings to clearly image the agar phantom edges, needle, and bolus. The 1SO was set at 400, the
shutter speed at 1/125, and the aperture at f/6.3. We used interval time shooting. We arranged a white
backdrop to help with image processing and placed a ruler near the agar phantom and in-plane with the
cannula for scale. We prepared a script in MATLAB (MathWorks Inc., Natick, MA, USA) to run the pump
autonomously and in accordance with the infusion rates used in corresponding surgical infusions (Table 3).
We started the script and the camera’s time interval shooting simultaneously. Representative cortical and
thalamic infusion models are compared with MRI data as shown in Figures 1 and 2, respectively.
Refinements to infusion techniques during preliminary trials included optimizing lighting conditions, and

camera angle and placement with respect to the agar phantom.
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Cortical Infusion Duration Thalamic Infusion Duration MTL Infusion Duration
Rates (uL/min) (min) Rates (uL/min) (min) Rates (uL/min) (min)
1 1 1 1 1 1
2 1 2 1 2 1
3 1 3 80 3 3
4 1 2 1 2 1
5 6 1 1 1 1
4 1
3 1
2 1
1 1
Total infused: Total time: Total infused: Total time: Total infused: Total time:
50 uL 14 min 246 L 84 min 15 ul 7 min

TABLE 3.3: GEL INFUSION RATES

MEDIAL TEMPORAL LOBE (MTL).
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2.3.3. AGAR PHANTOM IMAGE PROCESSING

We estimated volumes of distribution from photographs of the agar phantom infusion. A single-
color component was selected from the color images. (Further description of the color component selection
process is found below in Section 2.3.4.) Then, we applied a threshold value to the remaining matrix to
produce a mask, being a matrix of binary values. (Specific methods for selecting this threshold value are
found below in Section 2.3.5.) We manually selected the cluster of binary values representative of the
infusion bolus and erased the other clusters from the mask. In some cases, this was enough to isolate the
bolus, but in other cases, the mask appeared to depict the cannula together with the bolus. In these cases,
the cannula was erased by masking all pixels above a manually selected point in the image such that the
mask outlined the bolus alone. Representative images of the agar phantom image processing are shown in
Figure 3. Finally, we converted the mask of the bolus to a volume by assuming an ellipsoidal form, where
the ellipsoid was radially symmetric about the axis of the cannula. Similar to [27,28], we took the height

(h) and width (w) of the bolus and calculated the volume (v) of the associated ellipsoid with the equation:
v= (%) * ho* w? (eq. 2.1)

The volume estimation was converted to metric units based on the ruler in the original image. We

performed all agar image processing with MATLAB.
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FIGURE 3.1: TIME-LAPSE (LEFT TO RIGHT) OF CORTICAL CED

(A) EXAMPLE TRIAL OF CED IN AGAR PHANTOM. (B) EXAMPLE MRI VISUALIZATION OF CED IN AN

NHP. (C) POST HOC RECONSTRUCTION OF NHP BRAIN (GRAY) AND INFUSION VOLUME (RED).
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FIGURE 3.2: TIME-LAPSE (LEFT TO RIGHT) OF THALAMIC CED

(A) EXAMPLE TRIAL OF CED IN AGAR PHANTOM. (B) EXAMPLE MRI VISUALIZATION OF CED IN AN

NHP. (C) POST HOC RECONSTRUCTION OF NHP BRAIN (GRAY) AND INFUSION VOLUME (RED).
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FIGURE 3.3 IMAGE PROCESSING ALGORITHM

(A) ORIGINAL COLOR IMAGE. (B) SINGLE-COLOR COMPONENT IMAGE. (C) THRESHOLDED IMAGE. (D)
CANNULA ERASURE. (E) BINARY INVERSION. (F) DELETION OF ALL NON-BOLUS PIXELS. THIS IS THE
FINAL IMAGE USED FOR VOLUME CALCULATION. (G) COLOR IMAGE OF BOLUS OVERLAID ON FINAL
IMAGE FOR USER REFERENCE. (H) COLOR IMAGE OF BOLUS OVERLAID ON THE SINGLE-COLOR

COMPONENT IMAGE FOR USER REFERENCE.
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Our color component selection is the process by which a 24-bit RGB color image is converted to
an image with one 8-bit value per pixel. We tested the three different color components to determine which
aligned the agar data most closely with the MRI data. All data of the same infusion type were processed
with one selected color component. While image processing software often have functions built in that will
reduce images to a single value per pixel (e.g., the “rgb2gray” function in MATLAB), we found our color

component selection process to be more effective.

After the color component selection, we used a threshold value to distinguish which pixels had
strong enough values to be included as part of the bolus. To select the threshold value, we identified a
region of the image where heavy coloration faded to no coloration, and then we selected a pixel from this
region and used its value as the initial threshold. We performed the entire image processing procedure with
this threshold value and plotted the agar data together with the MRI data to observe the quality of alignment.
Based on the results, we selected a new threshold and repeated as necessary in an iterative fashion until the
MRI data and the agar data were in alignment. Once aligned qualitatively, we compared the NHP volume
data quantitatively with the agar volume data by using linear regression to determine the slope of each agar
and NHP trial, as described in more detail in Section 2.3.6. All data of the same infusion type were

processed with one selected threshold value.

To compare the agar and NHP data for the cortical and thalamic trials, we required a quantitative
method that would take into account correlations between data points within a given trial, and also compare
the different groups of trials. Additionally, we required a method that would not assume a fixed slope
between the volume infused by the syringe and the measured bolus volume. To this end, we used a linear
mixed-effects model with random slopes to fit each infusion trial, both in agar and in NHP data. All best-
fit lines were restricted to passing through the origin (i.e., zero input volume and zero output volume). From
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this model, we calculated the interaction effect, which is an approximation of the difference in the average
slope between the agar and NHP data. All linear mixed-effect model calculations were performed with

MATLAB?’s built-in “fitlme” function.

All other statistical calculations were performed in MATLAB except the average and percent error

values of Table 4, which were performed in Excel (Microsoft Corp., Redmond, WA, USA).
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Cortical Infusion Slopes

NHP MRI Slopes (uL/uL) Trial Gel Slopes (uL/uL)
C1 2.86 1 3.03
C1 3.90 2 2.69
C1 3.07 3 272
C1 4.61 4 4.74
C2 2.67 5 4.11
c2 3.05 6 4.67
CcT 3.07 7 423
8 3.10
9 4.81
10 3.82

Thalamic Infusion Slopes

NHP MRI Slopes (uL/uL) Trial Gel Slopes (uL/uL)
T1 348 1 263
T2 3.59 2 371
T2 3.30 3 4.02
CT 6.38 4 2.66
5 3.17

TABLE 3.4: CORTICAL AND THALAMIC DATA
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3.3 RESULTS

Some agar infusion trials were unsuccessful, and these failed trials were omitted from statistical
analyses and reattempted. Failed trials may have been produced by reasons such as dye leaking out through

the catheter adapter or damaged agar phantoms.

3.3.1 CORTICAL AND THALAMIC INFUSIONS

We iteratively selected color components and threshold values to align the agar data with our
previously published cortical [8] and thalamic [9] NHP data (Figures 4 and 5, respectively). The green
component and threshold value of 110 (43% of green component intensity range) were best for the thalamic
infusions, and the blue component and threshold value of 67 (26% of blue component intensity range) were
best for the cortical infusions. When comparing the cortical agar data to the thalamic agar data, we observed
that the agar and NHP best-fit slopes were similar (Figures 4 and 5). The cortical NHP data had slopes
ranging from 2.9-4.6 pL/pL, and the cortical agar data had a range of 2.7—4.8 pL/uL. Meanwhile, the
thalamic NHP data had a range of 3.5-6.4 uL/uL and the thalamic agar data had a range of 2.6-4.4 pL/uL
(Table 4). There is significant variation in the slopes of the best-fit lines of the agar infusion data; however,

this variation reflects the variation in the NHP data (Figures 4B and 5B).

We observed that a reduction of flow rate at the end of the cortical agar trials led to greater increase
in bolus volume with respect to infused volume, i.e., the plots steepen near the end of the infusion protocol
(Supplementary Figure S2). This is not characteristic of NHP cortical data, so we omitted the agar cortical
data from 44 L to 50 pL from statistical analysis and Figure 4 because it was not characteristic of NHP

cortical data. Further descriptions may be found in the discussion (Section 4.4).

For the cortical and thalamic trials, we used a linear mixed-effects model with random slopes to fit
each infusion trial, both in agar and in NHPs. This model produces an interaction effect of 1.1 and —0.5 for
the cortical and thalamic infusions, respectively. These values are close to zero in comparison with the

aforementioned ranges of the slopes, and these values have magnitudes less than the slope ranges, indicating
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that the agar and NHP data differ only mildly and that our agar phantom is a good representation of the

NHP data for cortical and thalamic infusions.
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FIGURE 3.4: COMPARISON OF AGAR AND MRI cORTICAL CED

(A) EXAMPLE MRIS OF CORTICAL INFUSIONS. (B) QUANTITATIVE AND EXAMPLE QUALITATIVE
(INSET) COMPARISONS OF AGAR AND NHP DATA. BOX COLORS IN INSET RELATE TO IMAGES IN (A)

AND TRACES IN (B). REPRINTED/ADAPTED WITH PERMISSION FROM REF. [8]. COPYRIGHT 2016,

NEURON.
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FIGURE 3.5: COMPARISON OF AGAR AND MRI THALAMIC CED

(A) EXAMPLE MRIS OF CORTICAL INFUSIONS. (B) QUANTITATIVE AND EXAMPLE QUALITATIVE
(INSET) COMPARISONS OF AGAR AND NHP DATA. BOX COLORS IN INSET RELATE TO IMAGES IN (A)
AND TRACES IN (B). REPRINTED/ADAPTED WITH PERMISSION FROM REF. [9]. COPYRIGHT 2018,

JOURNAL OF NEUROSCIENCE METHODS.
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3.3.2 MTL INFUSIONS

Our MTL NHP data were highly variable, and upon analysis of the MRI scans, we observed that
four of the nine infusions displayed a bolus in the MTL as expected (Figure 6A). We only modeled these
four successful MTL NHP infusions and omitted the remaining five infusions, which are discussed below

(Section 3.2.1).

Because the thalamic and MTL NHP infusions used similar cannulas and differed chiefly in the
infused volume, we initially compared the thalamic agar bolus volumes with MTL NHP bolus volumes
(Figure 6B). Counter to our expectations, the MTL NHP data did not align with either the thalamic NHP or
agar data. We recognized that while the cortical and thalamic MRI scans were collected during CED
infusion, the MTL MRI scans were collected the next day. Therefore, we reasoned that a CED-generated
bolus may diffuse overnight and thus be displayed as a larger bolus in the NHP when MRI is performed the
day after infusion. With this in mind, we proposed that the diffusion of food coloring in agar after a standard
CED protocol would approximate our MTL data. We collected data following the end of 15 uL infusions
into agar and observed that the agar data closely modeled the NHP data after approximately 29 min of
diffusion following the completion of the infusion (Figure 7). We calculated the mean of the NHP infusion
volumes and the mean of the agar infusion volumes selected approximately 29 min after infusion
completion (Table 5), and report a 3.5% percent error between the two datasets. Given the biological context
of our model, this error is small enough to safely conclude that 29 min of diffusion in our agar phantom,
following CED, approximates the next-day MRI results of NHP MTL infusions. Because of limitations
imposed by our experimental protocols, multiple sedations and post-operative MRIs were not performed.
However, future studies should validate our single point observation by looking at manganese spread across

multiple time points.

The green component and threshold value of 100 (39% of green component intensity range) were
best to model the MTL infusions. We used a t-test to compare the two NHP data points for the 15 pL

infusions and two data points for the 20 pL infusions, and because the two populations were not statistically
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significant (p = 0.56), we pooled the four NHP data points for comparison with the agar data. Significant
noise was observed in the MTL agar data, more so than in the cortical and thalamic agar infusions. The
additional noise was possibly due to the smaller infusion volumes. We addressed the noise by fitting a line
with linear regression to each agar infusion trial and removing data points greater than 1.1 times the

corresponding value on the best-fit line.
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FIGURE 3.6: MTL MRI DATA COMPARED WITH BOTH AGAR AND MRI THALAMIC DATA

(A) DEEP CED INFUSIONS WERE MADE INTO THE HIPPOCAMPUS, ENTORHINAL CORTEX, AND THE TAIL
OF THE CAUDATE NUCLEUS. BAR PLOTS SHOW THE MEAN VALUE OF MEASURED MN2+ BOLUS SEEN IN
NEXT-DAY, POST-OPERATIVE MRIS, WITH INDIVIDUAL DATA POINTS OVERLAID. CORRESPONDING
MRI SLICES IN THE CORONAL PLANE ARE SHOWN FOR INFUSIONS INTO DEEP BRAIN AREAS, WHICH
ARE VISUALLY SIMILAR TO CORTICAL AND THALAMIC DATA. SHAPE LABELS CORRESPOND TO EACH
SUBJECT CONTRIBUTING TO THE DATA. (B) MTL MRI DATA COMPARED WITH BOTH AGAR AND MRI
THALAMIC DATA. REPRINTED/ADAPTED WITH PERMISSION FROM REF. [9]. COPYRIGHT 2018,

JOURNAL OF NEUROSCIENCE METHODS.
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FIGURE 3.7 MTL MRI DATA COMPARED WITH MTL AGAR DATA AFTER CED COMPLETION

SOME TRIALS LACK DATA EARLY IN THE DIFFUSION PROCESS DUE TO THE BOLUS BEING DIFFICULT
TO IDENTIFY. BLACK XS INDICATE THE FINAL POINT USED FOR STATISTICAL ANALYSIS FROM EACH
AGAR TRIAL. THE FINAL CHOSEN POINTS MAY BE SHIFTED SLIGHTLY TO AVOID NOISE SPIKES. ALL

AGAR INFUSIONS WERE 15 pL.
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NHP, Hemisphere Infusion Volume (uL) Measured Volume (uL)
MTL1, left 15 221.1
MTL1, right 15 212.2
MTL2, left 20 285.3
MTLS3, right 20 204.7
Average: 230.8
Gel Trial Infusion Volume (uL) Measured Volume (uL)
1 15 196.7
2 15 229.2
3 15 260.2
4 15 220.7
5 15 207.0
Average: 222.8
% Error: 3.5

TABLE 3.5: MTL DATA
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Five of the nine NHP MTL infusions were excluded from the analysis since the next-day MRI did
not confirm infusion into the MTL regions (Figure 6 and Supplementary Figure S3). These failed infusions
mostly likely occurred due to the complex shapes of the hippocampus and neighboring structures, which
contrast with the structures of the cortex and thalamus. In three of the five unsuccessful MTL cases, the
boluses were very small, which suggested either puncturing into the hippocampal fissure, or infusing deep
in the dentate gyrus, depending on the injection depth (Supplementary Figure S3). Penetration of the fissure
resulted in contrast agent and virus partially escaping our injection target, indicative of unsuccessful CED.
By contrast, deep dentate gyrus infusions were limited to a small portion of the hippocampus, limiting the
amount of diffusion observed when compared to our gel model. In the remaining unsuccessful case, the
bolus was very large and extended well outside of the volume of the hippocampus, indicating that the
contrast agent refluxed along the track of the cannula (Supplementary Figure S3). We excluded these five
unsuccessful MTL CED data points from our models, but these negative results are presented to highlight

the value of in vivo verification of deep injection surgeries.

3.3.3 HISTOLOGICAL ANALYSIS

For cortical and thalamic infusions, the spread of the MR contrast agent modeled the volume of
expression of the optogenetic viral vector, as previously analyzed and reported [8,9]. We used different
constructs, including retrograde viruses, for our MTL infusions. Because of the variability of the resulting
expression, further experiments using a single virus known to express well in these regions is necessary to
confirm whether the next-day, Mn2+ MRI signal mirrors expression. Nevertheless, the Mn2+ MRI
confirmed our targeting in vivo. Additionally, preliminary evidence from the successful local infection in

case MTL4-L suggests a close match between Mn2+ signal and immunofluorescence (Figure 8).
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FIGURE 3.8: RELATIONSHIP BETWEEN MANGANESE SIGNAL AND VIRAL INFECTION

COMPARISON OF MN2+ MRI SIGNAL (LEFT) AND LOCAL EXPRESSION OF VIRUS (RIGHT) AFTER A
HIPPOCAMPAL INJECTION IN CASE MTL4-L. RIGHT-IMAGED REGION HIGHLIGHTED WITH RED
SQUARE IN MRI (LEFT). OUR VIRUS USED A GABA-SPECIFIC ENHANCER TO SELECTIVELY TARGET
INTERNEURONS, AS EVIDENCED BY A LACK OF RED PYRAMIDAL CELL BODY LABELING IN CA3 AND
GRANULE CELL BODY LABELING IN THE DENTATE GYRUS (DG). WE TAGGED INFECTED
INTERNEURONS AND ASSOCIATED FIBERS WITH RED-SHIFTED FLUOROPHORES (ANTI-EYFP,
THERMOFISHER, WALTHAM, MA, USA) AND CELL BODIES WERE NON-SELECTIVELY LABELED
USING A DAPI STAIN (THERMOFISHER, WALTHAM, MA, USA). (VIRAL CONSTRUCT CN1760:
TRAAV-3XHI561(CORE)- MINBG-CHR2(CRC)-EYFP-WPRE3-BGHPA (PAUL ALLEN INSTITUTE,

SEATTLE, WA, USA)).
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3.4 DISCUSSION

Targeted neural manipulations, such as those achieved via optogenetics, are revolutionary
techniques for investigating circuit-level communication in the brain and have the potential to influence
novel neurotherapeutic technologies in humans. NHPs are the keystone model for validating these
techniques because of their similarity to humans, but they are a scarce resource that does not allow for
experiments with many unknowns. As such, the risks associated with the viral infusions necessary for most
genetic manipulations have led to a lack of uniformity in experimental design and much trepidation in
engaging this type of research [29]. In this work, we developed a simple and efficient pipeline to ameliorate
a number of these concerns. Our method improves upon past models [7,20,21] by quantitatively matching
agar data with in vivo infusions of viral particles co-infused with MRI contrast agents, which serve as a
proxy of the effective infusion volume. Further, we observe that certain contrast agents can signal the
location of infusions up to 24 h post-infusion, which is a greater time delay for bolus localization than
previously demonstrated [26]. Taken together, the methods presented here serve as an accessible and
inexpensive protocol to plan the optimized spread of infusions bench-side and validate the spread and
accuracy in vivo, significantly reducing the number of unknowns that hinder confidence during circuit-
manipulation experiments. Our presented methods contribute to a body of work supporting large-scale

optogenetics in NHPs [8,9,16-19,22,23,30-39].

Agar has been previously established as a model of intraparenchymal neural tissue and is now
commonly used as a medium for simulating infusion procedures [7,20,21]. Our work builds on prior studies
by presenting a data-driven method developed from in vivo results. To our knowledge, the model proposed
here is the first to provide a quantitative method of fitting agar infusion data with NHP CED data collected
with live MRI. Because of this, our model serves as a more accurate guide for selecting infusion parameters

for future in vivo infusions targeting a wide array of brain areas when compared to other simulations.

Our work lends itself well to case-by-case methodological refinements: for example, researchers

may consider alternative cannulas, infusion protocols, etc., to cater to their goals. Additionally, our method
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is designed to facilitate replication by other labs with its simplicity in both materials and methods. We also
recognize that labs replicating our work are unlikely to implement agar infusion imaging setups identical
to our own. With this in mind, we designed our image processing technique to be easily adaptable to
different imaging setups. We provide NHP MRI bolus volume data (see Supplementary Materials) to which
other labs may align their own agar infusion data, using our presented method. We have also made our
custom code freely available (see Data Availability Statement), and the code is written in MATLAB, which

is widely used by researchers and is straightforward to adapt for applications akin to ours.

3.4.1 DIVERSITY OF MODELED STRUCTURES

To maximize the flexibility in accurately predicting spread of CED infusions in a variety of brain
areas, we used in vivo data from cortical, thalamic, and MTL infusions of viruses co-infused with MRI
contrast agent. Our cortical and thalamic procedures, which represented shallow and deep infusions into
large brain structures, utilized live MRI taken during surgery. In addition to the qualitative agreement
between these infusion types, the ranges of MRI data best-fit slopes were similar (2.9—-4.6 uL/uL for cortical
and 3.5-6.4 pL/uL for thalamic), which suggested that the agar models for cortical and thalamic infusions
may be similar as well. This proved to be the case. Despite differences in the cannula design, depth of
insertion, and infusion protocol, the models for both cortical and thalamic CED were generated with our
same presented method and aligned well with the in vivo data (agar model best-fit slopes were 2.7-4.8 pL
for cortical and 2.6-4.4 pL/uL for thalamic). The cortical and thalamic models did differ in the parameters
used during image processing (cortical: blue component, threshold = 67; thalamic: green component,
threshold = 110), but this demonstrates that our method is robust to variations in agar infusion processes.
Our successful MTL cases differed from the previous two conditions and represented infusions into more
limited and more difficult to access deep structures. Additionally, they differed in their post-operative MRIs
in that scans were taken ~20 h after infusion. We found that our initial hypothesis of these data aligning to
the thalamic cases was invalidated. However, after accounting for diffusion expected from the delay in

imaging, our model successfully aligned to all three conditions.
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3.4.2 INSIGHTS FROM MTL INFUSIONS

Because of its unfurled shape in primates compared to rodents [40], standard injections into the
NHP hippocampus are laborious and often require either multiple craniotomies and penetrations [41], or
penetrating through the long-axis of the structure and periodically injecting while retracting [42] to try and
maximize coverage. To inject into this structure more efficiently, we leveraged the unique ability of CED
to deliver a large bolus with a single infusion in our MTL CED group, which, to our knowledge, is the first
set of CED infusions delivered to this area in NHPs. Because of the exploratory nature of these experiments,
we experienced challenges that made delivery into this structure and subsequent imaging of our contrast
agents more difficult. Infusion MTL2-L was a case of mass reflux due to an error made during the infusion
delivery. MTL3-R and MTL4-R represent issues in targeting. Because much of the hippocampus is
separated from the rest of the brain by ventricular spaces except laterally, targets made too shallow or too
deep will leak into those spaces and either dissipate away or reflux upwards. For similar reasons, posterior—
medial injections—for example, targeting the intermediate dentate gyrus—produced more isolated boluses
(cases MTL4-L, MTL5-R). Our successful cases were qualitatively similar to our cortical and thalamic data
because they were delivered to larger, more anterior regions in the genu of the hippocampus, or to large
neighboring regions such as the entorhinal cortex or tail of the caudate nucleus. For areas such as MTL,
where targeting needs to be very precise, we strongly recommend the use of MRI validation of injection

either during infusion or the next day.

3.4.3 MRI SCAN PARAMETERS FOR SUCCESSFUL CONTRAST LABEL VISUALIZATION

Our novel MTL infusions were also the first to utilize co-infused manganese to localize viral
infusions in MRI scans acquired ~20 h post-operatively. Despite the differences in the employed contrast
agent, scan acquisition timing, and even the scanner used between this group and our cortical and thalamic
infusions, we observed a few similar parameters for successful contrast imaging in all MRI scans for all

groups. Specifically, all scans were T1-weighted scans with a repetition time/echo time ratio around 2 to 3
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and flip angles from 9 to 30 degrees. Analysis of other studies employing similar manganese-enhanced
MRI protocols either to image viral injections delivered at shorter delays [26] or at much longer delays for
in vivo tract tracing [43] also closely mirrored the majority of the parameters used in these experiments,

suggesting a range of optimized parameters for imaging T1-weighted MRI contrast agents.

3.4.4 DIFFUSION VERSUS CONVECTION USING AGAR

It is important to note that while agar is a good model of CED, agar’s rate of diffusion differs from
the rate of diffusion in the brain. This factor became apparent when we observed that a reduction of flow
rate at the end of the cortical agar trials led to a greater increase in the bolus volume with respect to the
infused volume, i.e., the plots steepen near the end of the infusion protocol (Supplementary Figure S2).
This is consistent with our observation that diffusion will continue to cause the bolus to grow in agar after
the end of our infusion trials. With this in mind, we concluded that diffusion and convection both contribute
to bolus size in agar to varying degrees during CED. However, we propose the relative contributions of
diffusion and convection were skewed when the flow rate was reduced at the end of the protocol, thus
allowing diffusion to contribute more heavily to the bolus size in the agar. To prevent the best-fit lines of
the cortical agar data from being skewed due to this effect, we omitted the data from 44 pL to 50 pL from
the statistical analysis and Figure 4. This effect was not observed in the thalamic agar infusions, likely due
to the lower maximum rate of infusion (3 pL for the thalamic agar protocol, as contrasted with 5 pL for the
cortical agar protocol) in conjunction with the short duration of infusion at the lower rates and small amount
of volume infused during the flow rate reduction at the end of the protocol. This effect was not observed in
the in vivo cortical or thalamic injections collected with live MRI. We observed diffusion in our in vivo
MTL data, but the data were collected with our next-day imaging technique, thus allowing sufficient time
for diffusion. We show that MTL next-day imaging data aligns well with our agar phantom when we allow
29 min of diffusion following the end of the infusion protocol. However, future imaging at multiple time
points should be performed to validate this initial finding. This highlights that the speed of diffusion in agar

differs from that of the brain. This is also in agreement with our observation that the cortical and thalamic
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NHP data collected with live MRI did not exhibit high levels of diffusion at the end of the protocols, in

contrast to the cortical agar data.

3.4.5 TECHNICAL CONSIDERATIONS

We encountered some issues during the agar infusions. The most common issues faced when
refining the infusion techniques were damaging the agar during its extraction from the mold, such that no
smooth surface was available for imaging, and reflux of the dye during the infusion. While the agar
preparation became more efficient with practice, we suggest that custom, flexible silicone molds be
considered in lieu of our 3D-printed molds to more easily produce undamaged agar phantoms. Reflux issues
can arise in agar, neural tissue, and other media and are less easily mitigated because the cause of reflux is
not always obvious. In some cases, the reflux may be related to the quality of the seal between the media
and cannula, which is difficult to assess visually even in transparent media such as agar. Additionally, we
hypothesize that, in some cases, the cannula becomes clogged with the media during insertion. To address

this potential issue, we suggest a low flow rate during insertion to avoid clogging.

As previously mentioned, the agar data are aligned with the in vivo MRI data with an iterative
process of parameter selection. The iterative alignment process allows researchers to fine tune their image
processing parameters to overcome potential differences in lighting, camera placement, etc. While our agar
image processing techniques are effective, we acknowledge that software refinements may be attained. Our
process is currently semiautomated, yet we expect it could be more fully automated in future work.
Improvement opportunities may also exist in the refinement of our volume estimation formula, and the

characterization of the bolus shape.

3.4.6 ETHICAL CONSIDERATIONS

Despite the limitations presented, our methods will allow for the development of more efficient and
effective CED procedures. We can inexpensively plan the expected spread of our infusions with our data-
driven model and validate our surgical targeting rapidly without the need to perform infusions in an MRI

scanner. Critically, our method is not only quantitative and data-based, but also designed to aid surgical
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planning with its visual, hands-on nature. Our bench-side modeling technique serves to increase the
likelihood of success in NHP CED experiments, thus refining animal research processes and reducing the
number of animals required for experimentation, both of which are key ethical considerations in animal
research and included in the 3Rs [44]. Our model was capable of simulating both cortical and deep infusions
(limitations discussed above). Because of this, our method provides a generalized surgical preparation
technique to all researchers regardless of region of interest, and particularly to research groups that do not
have the facilities or resources required to perform live MRI during CED infusions. Our novel next-day
MRI data additionally serve to showcase a post hoc infusion confirmation method that improves upon
previous work [26] to highlight the verification of infusion placement ~20 h post-operatively. This method
supplements our proposed modeling technique and is a welcome alternative to live MRI, which requires
specialized equipment and facilities often unavailable to researchers. In sum, we propose our method as an
additional way of applying the principles of replacement, reduction, and refinement (3Rs) to injections in
NHPs [44,45]. We recommend NHP CED infusions be modeled in advance of surgery with our proposed
method to reduce the number of animals, replace an excess of pilot procedures with artificial simulations,
and refine the overall technigue to reduce harm. We also suggest the results be confirmed after surgery with
MRI if live MRI is not feasible during infusion. Finally, our work is designed to be highly flexible. While
our methods are specifically prepared for NHP experiments involving optogenetic actuators, we expect that
our method would also be generally effective for modeling the CED of optogenetic sensors, pharmaceutical

compounds, and other therapeutic agents in large brains.
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3.5 SUPPLEMENTARY MATERIALS:

FIGURE S 3.1: 3-MM (LEFT) AND 1-MM (RIGHT) STEPPED-TIP CANNULAS.
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FIGURE S 3.2: COMPARISON OF AGAR AND CORTICAL CED.

THIS FIGURE IS THE SAME AS FIGURE 2.4B WITH THE ADDITION OF DATA (DASHED LINES) FROM

44UL TO 50UL, WHICH WERE OMITTED FROM STATISTICAL ANALYSIS DUE TO THEIR
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PROGRESSIVELY STEEP UPWARD TREND THAT DID NOT ALIGN WITH THE MRI DATA. MRI DATA HAS

BEEN PREVIOUSLY PUBLISHED [8].
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FIGURE S 3.3: MALIGNED MTL DATA.

IN ADDITION TO THE DEEP INFUSIONS PRESENTED IN FIGURE 6A, SOME INFUSIONS WERE NOT
VISUALLY SIMILAR TO CORTICAL AND THALAMIC DATA. THESE DEEP CED INFUSIONS WERE ALSO
MADE TO THE HIPPOCAMPUS, ENTORHINAL CORTEX, AND THE TAIL OF THE CAUDATE NUCLEUS. BAR
PLOTS SHOW THE MEAN VALUE OF MEASURED MANGANESE SIGNAL OBSERVED THE NEXT-DAY, POST-
OPERATIVE MRIS, WITH INDIVIDUAL DATA POINTS OVERLAID. CORRESPONDING MRI SLICES IN THE
CORONAL PLANE ARE SHOWN. SHAPE LABELS AND CORRESPOND TO EACH SUBJECT CONTRIBUTING

TO THE DATA.
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CHAPTER 4 || CO-OCCURRENCE OF SHARP WAVE-RIPPLES ACROSS THE LONGITUDINAL

AXIS OF THE PRIMATE HIPPOCAMPUS

4.1 INTRODUCTION

Hippocampal sharp wave-ripples (SPW-R) are some of the most synchronous phenomena observed
within the entire brain of all mammalian species (1). They are a two-part, complex signal observed in local
field potential (LFP) recordings that consists of a burst of high-frequency (100-250Hz) activity nested
within a large-amplitude sharp wave lasting ~100ms (1, 2, 3, 4). These complexes are first generated when
spontaneous, synchronous potentiation of CA3 pyramidal cells induce large transmembrane currents at the
nearby apical dendrites of CA1 pyramidal cells (1,2,4). These currents are identified in the LFP as the sharp
wave. The depolarization induced by the sharp wave is sufficiently large to recruit both CAL1 pyramidal
cells and CA1 inhibitory interneurons, and this interplay between excitation and inhibition both induces
and limits the high-frequency ripple event (1,2,4). Although sharp waves and ripples are dissociable
phenomena (17,18), SPW-Rs as a complex are highly coupled and are typically present during quiescent
periods and slow wave sleep (1,8). They can also be identified in LFP recordings while animals are
immobile (1,2,6) and during consummatory behaviors such as eating or grooming (1,7). Single unit activity
during SPW-Rs unfolds in sequences that mimic the sequential firing patterns observed as animals perform
memory-associated behaviors and navigation, albeit at a compressed time scale (1, 3, 8). Manipulating
SPW-R generation has profound effects on memory performance and highlights the strong link between

this hippocampal phenomenon and memory consolidation and working memory performance (9, 10).

Most of our understanding regarding SPW-Rs comes from studies in rodents, but SPW-Rs in
monkeys have also been identified with similar phenotypes as rodent SPW-Rs (11, 12). Yet, studies of
primate SPW-Rs are scarce, and many unanswered questions remain- such as if the generation of sharp
waves and ripples in the monkey mirrors the rodent ontogeny. Additionally, it has been discovered that

ripple activity recorded across the rodent hippocampus co-occurs in two unique motifs along the
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longitudinal axis (13). Specifically, ripples generated in the dorsal two-thirds of hippocampus spread to
other aspects of the dorsal hippocampus and occur independently from ripples observed in the ventral third
of the structure in rodents. This segregation of ripple co-occurrence reflects both the intrinsic connectivity
patterns across the hippocampus and exogenous afferents from the hippocampus’ main cortical input, the
entorhinal cortex (19). Thus, identifying whether ripple propagation occurs as a result of changing

exogenous or intrinsic is non-trivial to understand from rodent LFP recordings.

In contrast to rodent, the primate hippocampus has different intrinsic and extrinsic connectivity
schemes. Tracing experiments from David Amaral’s lab reveal that intrinsic connections from CA3 to CAl
in primates reach multiple lengths and can span the entire longitudinal extent of the primate hippocampus
(20). Conversely, inputs from entorhinal cortex maintain a topographic organization to the hippocampal
long axis (14, Chapter 1). As a result, if exogenous input from entorhinal is driving ripple activity, then in
primates we should observe hippocampal ripples that have limited spatial spread. On the other hand, ripples
are likely to co-occur across the entire hippocampal long axis in primates if these phenomena are sustained
by intrinsic drive. Previously, this has been impossible to study because of limitations with recording
technologies, and differences in ripple detection between rodent studies and primate studies make
identifying true ripple events non-trivial. However, in the wake of new consensus on SPW-R identification
methods (1) and chronic recordings that span the entirety of the hippocampal A-P axis, we now stand ready

to ask what motifs for co-occurring SPW-Rs exist in the primate hippocampus.

In this chapter, | share findings from three monkeys with 124-channel, chronically implanted
hyperdrives centered over the hippocampal formation (Gray Matters, Inc.). During restful periods we
detected a plethora of SPW-Rs across the entire primate hippocampus with similar phenotypes to previous
monkey and rodent studies. Detection of these SPW-Rs was not limited to any region of the hippocampal
long axis. Furthermore, some events were shown to co-occur in multidirectional patterns that included uni-
directional, simultaneously multi-directional, and even rebounding phenotypes. Importantly, the co-

occurrence of ripples was not strictly spatially limited or biased for a particular direction of travel. These
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findings suggest that the primate hippocampus engages in organ-wide network communication with cortex
during non-exploratory periods that is predominantly driven by intrinsic excitability. These findings have
strong implications for the mechanisms of communication between the hippocampus and recurrently

connected cortical areas during memory consolidation events.

4.2 METHODS
4.2.1 SUBJECTS, BEHAVIORAL PROCEDURES, AND IMPLANTATION METHODS

Data from three young monkeys (2 male, 1 female) weighing between 7 and 13kg was utilized for
this study. Monkeys were housed in singular cages but were paired when possible, and all animals had
constant visual access to other conspecifics in their housing room. All animals received a wide array of
enrichment in the form of various food and toys. Monkeys were trained using appetitive reinforcement to
sit in a custom-made primate chair (WaNPRC Machine Shop) and engage with either a large projector for
various virtual reality tasks (MK1-2, male subjects) or a computer screen and electro-receptive touch bar
(MK3, female subject) (Fig. 4.1a). During task engagement, monkeys were rewarded with a custom-made
slurry consisting of recipes tailored to each animal’s preferences that included their standard monkey
“chow”, bananas, and other rewarding sweets. After acclimation to the primate chair and testing
environment, animals were implanted with a titanium rod (Gray Matters, Inc) for head-fixing procedures.
Following a six-week recovery period, animals were trained to sit upright in the chair, let a neck plate come
through the chair to maintain that position, and allow themselves to be headposted to the primate chair. All

training was again performed only using appetitive, positive reinforcement.

Once animals were reliably headposted without issue, implantation of the 124-channel hyperdrive
occurred over the course of two procedures (Fig 4.1b). First, a custom-built chamber (Gray Matters, Inc)
whose base was custom-shaped to the skull of each monkey using pre-operative MRIs was cemented to the
animals’ skulls over predetermined coordinates that would ensure sufficient hippocampal targeting by the
wires in the drive (also identified with pre-op MRI). Subsequently, a transcranial window was created by

removing the skull within the bounds of the chamber, and the drive was slowly lowered into the chamber—
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hovering just above the now exposed brain. Wires, spaced 1.5mm apart in an 8x16 grid (except the first and
16" column which only had six wires instead of eight) and loaded in the drive by spring-loaded screws,
were meticulously lowered incrementally in surgery and over the course of the animals’ recordings using
precise turn estimates detailed in section 4.2.2 (Fig 4.1c). Final testing procedures consisted of the
implanted monkeys getting headposted and alternating between their respective computer-based tasks

(~60mins) and sitting in ambient lighting as an inter-session rest period (~10mins).
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Hippocampal
4 \\ Formation

FIGURE 4.1 BEHAVIOR PARADIGMS, ELECTROPHYSIOLOGICAL, AND ELECTRODE POSITION

ESTIMATES

(A) ILLUSTRATION OF BEHAVIORAL SETUP. MONKEYS WERE HEADFIXED AND SAT IN FRONT OF A
PROJECTOR SCREEN, ALTERNATING BETWEEN VARIOUS VIRTUAL-REALITY BEHAVIORS AND SITTING
IN DARKNESS. (B) 3-D MODELS OF THE HYPERDRIVE PLACEMENT ON THE SKULL, ASWELL AS THE GRID
OF ELECTRODES SPANNING HIPPOCAMPUS. (C) EXAMPLE ESTIMATES OF RECORDING ELECTRODE

ALIGNMENT AND DAILY ESTIMATES OF POSITION BASED OFF CO-REGISTERED ESTIMATES.
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4.2.2 ANATOMICAL LOCALIZATION

As mentioned, monkeys underwent a pre-operative MRI for drive placement estimates, and a
second scan was performed after initial hyperdrive chamber placement. The post-operative MRI included
a set of fiducial markers mounted on the animals’ heads to estimate the angle and placement of the drive.
However, because of distortion induced by the chamber, final models of alignment were generated (.STL)
using a combination of post-operative measurements, stereotactic X-rays, and 3D laser scans of the animals’

heads and drives.

The starting positions for each electrode were estimated from the drive alignment models.
Electrodes were manually turned down into desired recording locations using precise turns of screws at the
drive base. Turns were manually logged, and electrode distance across all recording sessions was estimated
using the measured distance correlation from one full turn during non-implanted practice turns. These
distances were transformed into 3-D coordinates using the alignment models as a starting reference. X-ray
images were used to confirm that electrode trajectories did not deviate, and any electrodes not progressing
in a straight line stopped being turned. Models of the hippocampal formation (.STL) were made in an MRI
processing suite (3D Slicer), and scripts for estimating 3D position of each electrode were made in
MATLAB that incorporated information from turn count estimates and drive placement estimates.
Subregion determination was performed automatically by comparing an electrode’s 3D position estimate
and the 3D coordinates of manually identified hippocampal subregions from the MRI, and these
determinations were manually verified by comparing positions in the MRI. Data was analyzed from

sessions where the majority of electrodes were optimized for experimenter-identified SPW-R presence.

In primates, the hippocampus unfurls relative to that of rodent such that it largely extends anterior-
posterior rather than dorso-ventral. Additionally, the primate hippocampus is impacted by the temporal
pole, resulting in the most anterior elements of the hippocampus folding over themselves medially. To
parcellate the hippocampal long axis, we first divided the hippocampus into equally spaced subsections

approximating 1.5mm moving from the most posterior row of the recording drive to the genu of the
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hippocampus. However, because the primate hippocampus folds over on itself anteriorly, we rotated the
axis twice. First, for channels located in the genu anterior to the fundus of the uncus, we advanced the long
axis in the medial-lateral direction. Then we rotated and reversed the axis going posterior-anterior for wires
located in the uncus of the hippocampus. An illustration of the long axis and our parcellation of electrodes
along it can be observed in Fig 4.2a, and individual assignments for all three subjects can be seen in Fig

4.2b.
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FIGURE 4.2 MANUAL SUBDIVISION OF THE HIPPOCAMPAL LONG AXIS

(A) AXIAL-VIEW ILLUSTRATION OF THE PRIMATE HIPPOCAMPUS, AS WELL AS AN IDEALIZED
PARCELLATION OF ELECTRODES ACROSS THE LONGITUDINAL AXIS (EXPRESSED AS ABLACK LINE). (B)

INDIVIDUAL 3-D MODELS OF OUR SUBJECTS’ HIPPOCAMPI AND ASSIGNMENT OF HIPPOCAMPAL

ELECTRODES (MK1: LEFT, MK2: MIDDLE, MK3: RIGHT).
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4.2.3 DATA ACQUISITION AND LFP PRE-PROCESSING

Data from each wire/channel was collected using a Neuralynx Cheetah system (v6.0). Neural
signals were collected at 32kHz and collected in wideband format (0.1-8000Hz). For LFP collection, data
was first low-pass filtered (0.1-1000Hz) to avoid aliasing and then downsampled to 1KHz. During
collection, data was referenced to the animals’ headpost implant to mitigate contamination of collected
signals by volume conducted noise. Data from each channel was manually inspected to identify strong
contamination by 60Hz line noise, and in cases where line noise obfuscated the underlying recordings, data
was notch-filtered using a spectrum interpolation technique presented Mewett et al. (18). Signals were then

mean centered and normalized (z score) prior to further analysis.

Because of heavy contamination by extrinsic noise, the data required additional offline artifact
removal using either independent components analysis (ICA) artifact removal, or a novel approach using
the singular value decomposition (SVD). The novel artifact removal is discussed in detail in chapter 5,
however it is worth noting that prior comparisons between principle components analysis (PCA), which
SVD is a generalized version of, and ICA have found the two methods similar in quality as artifact rejection

methods (15, 16).

4.2.4 SINGLE CHANNEL SHARP WAVE-RIPPLE DETECTION

Existing methods for SPW-R detection have recently been criticized for using improper descriptive
statistics on amplitude distributions and setting arbitrary detection thresholds that change wildly across labs
(1). In a recent consensus statement put out by researchers across many labs, including our own, and
working with various species, the authors propose forgoing parametric statistics (i.e. z-score, mean, and
standard deviation), and using alternative means of thresholding and identifying ripple events (1). Thus,
our ripple detection method employs novel methodology to identify SPW-R events. The entire pipeline can
be observed in Figure 4.3. First, we filtered our recorded LFP into the ripple band (95-180Hz). Two 25ms
moving averages (one prospective and the other retrospective) were taken and then subtracted one another

in complex space and subsequently absolute valued to identify smooth changes in ripple band amplitude
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during candidate events. A significance threshold was generated using the cumulative distribution function
(ECDF) of the binned deviations and identifying the value corresponding to the 99.5" percentile of the
distribution function. This value corresponds to data in the top 99.5" percentile of ripple band amplitude
changes for each individual channel. The starts and ends of candidate events were identified by detecting
when the differences in amplitude exceeded our deviation threshold, and timestamps bridging the two
events were cross validated using the threshold value for amplitude. Adjacent events occurring <20ms apart
were concatenated into a single event. Similarly, candidate events lasting less than 50ms were excluded as
candidate ripples. To preclude the possibility of false detection of high-frequency oscillations (HFO;
180Hz-250Hz), candidate ripples with a higher power in the HFO band than the ripple band were excluded

from further analysis.

Descriptive features collected for each identified ripple included the starts and ends of the event,
center of mass/midpoint, duration, the max, mean, and median amplitudes, the cumulative raw amplitude,

and mean and instantaneous frequency. All analyses were performed in MATLAB (Mathworks).
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(A). RAW LFP SNIPPET. (B). RIPPLE-BAND (95-180HZ) FILTERED SIGNAL. (C). AMPLITUDE OF RIPPLE
BAND DATA, ALONGSIDE PROSPECTIVE AND RETROSPECTIVE 25MS MOVING AMPLITUDE AVERAGES
(ONLY REAL VALUES SHOWN). (D). ABSOLUTE VALUE OF THE COMPLEX DIFFERENCE OF THE 25MS
MOVING AVERAGES AND AMPLITUDE-CHANGE THRESHOLD DERIVED FROM AN ECDF OF THE

DIFFERENCE TIME SERIES. (E) RESULTING RIPPLE IDENTIFIED FROM THE ABOVE PIPELINE.
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4.2.5 MULTI-CHANNEL EVENT DETECTION AND ANALYSIS

Once ripples on all individual channels were identified, events across channels with nearby
timestamps were concatenated. First, timestamps from each channel were concatenated into a large array
sorted by each wire, and corresponding wire indices were placed into a second array of similar size. The
timestamp array was then sorted by ascending time, which shuffled the corresponding wire indices. Data
was a single, multichannel event if the gap between adjacent timestamps was less than or equal to 30ms.
Events pertaining to each multi-channel ripple were amassed into a single structure and ordered by center
of mass. To ensure that high-frequency noise was not accidentally collected as a cross-channel ripple, we
employed a custom-built GUI in MATLAB (partially shown in Fig 4.5) to manually flag any multi-channel
event with unusually high coherence across channels. Coherence was identified using pairwise mean

resultant length vectors of ripple-band phase amassed into a confusion matrix.

Although we identify traveling events in section 4.3, because of uneven sampling of ripples across
our electrodes, we focused predominantly on assessing the spatial distribution of starts and ends of our
multi-channel events, which per the detection described above were the first and last ripple of every

identified event.

4.2.5 STATISTICAL ANALYSES

For individual ripples, Pearson correlation coefficients (r) were used to assess whether amplitude, duration,
and mean frequency changed as a function of long axis position. Kolmogorov-Smirnov (KS) tests were
used to test for significant biases of spatial distribution of starts and end locations of multichannel events,
as well as for biases of the distribution of distance offsets by ripples at a given long axis location. A Mann-
Whitney U Test (U) was used to quantify significance of ripple spread direction biases for the entire

hippocampus.
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4.3 RESULTS

4.3.1 SHARP-WAVE RIPPLES ARE GENERATED ACROSS THE ENTIRE PRIMATE

HIPPOCAMPUS

LFP recordings were analyzed from 219 recording days (MK1 = 77 days, MK2 = 79 days, MK3
= 63 days) spanning three years of data collection (2019-2021 all subjects). In total, | detected 71,373
hippocampal ripple events (MK1 = 20690, MK2 = 25366, MK3 = 25317). Ripples had an average
frequency of 122.9Hz (SD: +/- 10.37Hz) and average duration of 92.1ms (SD: +/- 41.94ms). Individual
events were manually screened and condensed by the time of occurrence of their amplitude center of mass
timestamp into a grand total of 11,502 multi-channel ripple events (MK1 = 3449, MK2 = 3991, MK3 =
4062). Hippocampal channels were grouped by their manually identified long-axis subdivisions and, as in
the rodent, individual ripple events could be identified across all subdivisions of the established long axis
(Fig 4.4a-c). While I did observe substantially fewer ripples in the most posterior 30% of the long axis in
my recordings, | attribute this to more shallow/improper electrode placement in these locations (Fig 4.4c).
Because our detection algorithm necessitated a minimum increase in contiguous amplitude at the sampled
timestamp relative to the timestamps that preceded it, for low amplitude LFP signals we likely only sampled
the highest-amplitude ripple events at that location. Despite fewer sampled ripples in the posterior third of
the long axis, | observed that amplitude remained relatively static as a function of position across the
longitudinal axis (Pearson’s R = 0.0386, p<0.0001). Similarly, ripple duration (R = 0.0024, p = 0.5237) and

frequency (R = 0.1421, p <0.0001) remained relatively constant across the longitudinal axis (Fig 4.4d).
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FIGURE 4.4 INDIVIDUAL RIPPLES ACROSS THE PRIMATE HIPPOCAMPUS

(A) COLOR-CODED ELECTRODE LOCATIONS ALONG PRIMATE HIPPOCAMPAL LONG AXIS AND
EXAMPLE OF MULTI-CHANNEL EVENT, COLOR-CODED BY POSITION. (B) DECOMPOSITION OF A SHARP
WAVE-RIPPLE COMPLEX INTO ITS HIGH FREQUENCY AND LOW FREQUENCY COMPONENT. (C)
IDENTIFIED RIPPLES ACROSS THE PRIMATE HIPPOCAMPAL LONG AXIS. (D) MEAN AMPLITUDE, CENTER

OF MASS FREQUENCY, AND DURATION OF RIPPLES RECORDED AT EACH LONG AXIS SUBDIVISION.
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4.3.2 SHARP-WAVE RIPPLES CO-OCCUR ACROSS THE LONGITUDINAL EXTENT OF THE

HIPPOCAMPUS

Ripples co-occur in multiple phenotypes across the rodent hippocampus (13). Looking across our
multi-channel events, we identified numerous phenotypes of ripple co-occurrence that spanned the entire
extent of our sampled primate hippocampal long axis (Fig 4.5). Multichannel events had an average
duration of 120ms (+/-SD) These patterns included, but were not limited to, forward-traveling and
backwards-traveling events across the long axis (Fig 4.6). However, because we did not homogenously
sample across the entirety of the long axis, and because the positioning of our electrodes was not perfectly
optimized for ripple identification for every recording session, we focused on addressing whether multi-
channel ripple events generated in a particular subdivision of the long axis were spatially biased by their
termination locations (i.e. were the locations of the first and last ripple of each multi-channel event spatially
biased). As Figure 4.8a shows, we were able to identify multichannel ripple events that spanned nearly all
other subdivisions of the hippocampal long axis, regardless of the site of origin. A one-way Kruskal Wallis
Test did significant differences between sampled starting locations of multichannel events and their
corresponding end locations (df = 16, X? =224.09, p<10®). However, a subsequent test for multiple
comparisons (MATLAB multcompare.mat, Fig 4.7c) revealed that the identified significant differences
largely stemmed from two subdivisions, a posterior subdivision ~3mm/20% along the longitudinal axis
with fewer than 100 observations sampled, and an anterior, uncal subdivision roughly 17.6mm/~88%.
Further investigation revealed a strong bias in this location to only projections in the proximal 1mm, which
is supported by anatomical reports of increased local connectivity in the uncus of the primate hippocampus
(20). For the rest of our observations, no significant interactions were observed, suggesting that the patterns
of co-occurrence across the primate hippocampal long axis were not independent across our defined

subdivisions.
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FIGURE 4.5 VARIABILITY OF RIPPLE CO-OCCURRENCE ACROSS THE PRIMATE HIPPOCAMPUS

FOUR EXAMPLES OF MULTICHANNEL RIPPLE EVENTS FROM TWO DIFFERENT ANIMALS. FROM LEFT TO
RIGHT, PLOTS SHOW THE RAW LFP SIGNAL OF INDIVIDUAL RIPPLES, RIPPLE BAND-FILTERED TRACES,
POINT PROCESSES CORRESPONDING TO THE CENTER OF MASS (COM) OF EACH RIPPLE, AND THEIR
TEMPORAL RELATIONSHIP COMBINED WITH THEIR ANATOMICAL LOCATION ON EACH ANIMAL’S

HIPPOCAMPUS (GRADIENT: BLUE = -50MS, WHITE = 0MS, RED = +50MS) .
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FIGURE 4.6 TRAVELING SHARP WAVE-RIPPLES

TRACES OF LFP SIGNALS ACROSS THE RECORDING ARRAY OF ONE ANIMAL SHOWING THE PRESENCE

OF MULTI-DIRECTIONAL TRAVELING WAVES.
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FIGURE 4.7 RELATIONSHIPS BETWEEN RIPPLE GENERATION AND TERMINATION SITES

(A) TWO-DIMENSIONAL HISTOGRAM OF IDENTIFIED GENERATION AND TERMINATION SITES ACROSS
THE HIPPOCAMPAL LONG AXIS. (B) CONDITIONAL PROBABILITY MATRIX SHOWING THE LIKELIHOOD
OF TERMINATING AT DISTINCT POINTS ACROSS THE HIPPOCAMPAL LONG AXIS INDEPENDENTLY FOR
EACH STARTING POSITION. (C) P-VALUES OF PAIRWISE COMPARISONS OF MULTICHANNEL EVENT

STARTING LOCATIONS’ DISTRIBUTION OF RESPECTIVE TERMINATION LOCATIONS.
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4.3.3 DIRECTIONALITY OF SHARP WAVE RIPPLE TRAVEL

Our observations that multichannel event termination sites largely overlapped regardless of their
origin location suggest that, because there is no topography of origin and termination sites, all hippocampal
subdivisions can communicate amongst each other. As such, posterior elements can communicate to
anterior subdivisions, and vice versa. Thus, the direction of information flow during co-occurring ripple
events must flip somewhere across the longitudinal axis. Investigation of our raw data sorted by
multichannel event start location (Fig 4.8) revealed that posterior hippocampus predominantly sends
information anteriorly, the anterior/uncal hippocampus sends information in the backward direction relative
to the longitudinal axis, and the intermediate portion (beginning of the genu, lateral to the fundus of the
uncus) engages in bidirectional communication (Fig 4.9b-d). Figures 4.9b & 4.9c emphasize the
bidirectional span of multichannel event distances. Importantly, Figure 4.9 reveals that for any particular
long axis position, multichannel ripple events elicited from that location are not biased in their travel
distances. Despite the overt differences in multichannel ripple event travel direction across the hippocampal
long axis, when collapsed across long axis sub-divisions, we observed that 49.2% of our identified multi-
channel events traveled in the backward/posterior direction, 43.9% of events traveled
forward/anterior/uncal, and only 6.9% of events terminated in the same subdivision as their site of origin

(Fig. 4.9a), suggesting no overall bias of the hippocampus in its communication scheme.
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FIGURE 4.8 RIPPLE DIRECTIONALITY PREFERENCES
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RAW DIRECTION DATA TAKEN FROM ALL MULTICHANNEL EVENTS FOR ALL THREE SUBJECTS (MK1:

LEFT, MK2: MIDDLE, MK3: RIGHT). X-AXIS REPRESENTS THE LONG AXIS START LOCATION FOR

EACH MULTI-CHANNEL EVENT, AND Y-AXIS IS EVENT NUMBER. PLOTS ARE SORTED BY THEIR ONSET

LOCATION, AND LINES AND ARROWS REFLECT FORWARD TRAVEL (EMPHASIZED BY RED COLORING)

OR BACKWARD TRAVEL (EMPHASIZED BY BLUE).
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FIGURE 4.9 RIPPLE DIRECTION SUMMARIES AND BIASES

(A) OVERALL PROPORTIONS OF MULTICHANNEL EVENTS AGGREGATED ACROSS ALL SUBDIVISIONS
AND SUBJECTS, EXPRESSED AS TOTAL OBSERVATIONS (FORWARD: 5048 EVENTS, LOCAL: 792 EVENTS,
BACKWARD: 5662 EVENTS). (B) SCATTERPLOT OF INDIVIDUAL TRAJECTORY LENGTHS ACROSS THE
HIPPOCAMPAL LONG AXIS FOR ALL SUBJECTS. DATA ARTIFICIALLY JITTERED FOR VISIBILITY. (C)
MEAN SUMMARIES OF (B). (D) BINNED CONDITIONAL PROBABILITY HIGHLIGHTING THE LACK OF

SPECIFIC DISTANCE TRAVELED FOR ANY GIVEN LONG AXIS START POSITION.
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4.4 DISCUSSION

In this chapter, | provide the first evidence suggesting that the primate hippocampus engages in
organ-wide communication during quiescent periods. Using putatively detected sharp wave-ripples (SPW-
Rs), | show that there is no significant difference in the properties of individual ripples recorded from
different locations across the primate hippocampal long axis. Although more ripples were identified in the
anterior half of the hippocampus, | did not observe significant differences in the patterns of ripple co-
occurrence across our segmented long axis subdivisions. When coupled with the surprising identification
of multichannel events in distinct sites within the uncus that were spatially limited, this finding supports
the hypothesis that changing drive from intrinsic circuitry induces ripple co-occurrence. The intrinsic
connectivity of the primate has previously been shown to be a diffuse gradient of termination patterns that
spans multiple distances and can even reach from one end of the hippocampus to the other in both directions
(20). By contrast, afferents from entorhinal cortex are limited both by their topographic reach to the
hippocampal long axis as well as entorhinal’s own limited intrinsic circuitry (See Chapter 2). This is in
stark contrast to the rodent, whose intrinsic hippocampal connectivity and input from entorhinal both elicit
much more punctate termination sites that separate along the intermediate boundaries of dorsal and ventral
hippocampus (14). Nevertheless, when we combine our novel results from previous studies in the rodent,
our data strongly suggest that ripple events are generated by exogenous drive from both subiculum (20) and
entorhinal cortex (21) but sustained predominantly by intrinsic connectivity before being sent back out to

cortex through the above structures via recurrent connectivity.

4.4.1 IMPLICATIONS OF BI-DIRECTIONAL RIPPLE CO-OCCURRENCE ON BROADER

COMMUNICATION AND CONSOLIDATION

In addition to co-occurrence spanning all putatively defined subdivisions of the monkey
hippocampal long axis, we observed the presence of traveling waves across and an overall drift in direction
flow moving across the structure, which we describe as a natural consequence of bidirectional span of co-

occurrence. However, these results have strong implications for how we as a field think about the
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association between hippocampal-cortical communication during consolidation periods. SPW-Rs are
strongly correlated with cortical slow waves (recorded predominantly from cortex) (22-24), and our models
of memory consolidation link ripple activity and the replay of temporally linked neuronal firing to
subsequent cortical activations (25). However, these models do not consider how ripples as a hippocampus-
wide event may recruit large and distinct portions of cortex, which can in turn excite and inhibit adjacent
regions via lateral connections (26). Given our findings and the topographic afferent and efferent
connectivity of entorhinal cortex in primates (Ch. 2), we can theorize that the primate hippocampus is able
to activate multiple, distinct portions of cortex in a species-specific way that changes as a function of the
spatial distribution of ripple co-occurrence. Taken to its logical extreme, our finding of traveling ripple
waves in the primate hippocampus during quiescent rest periods provides a potential mechanism by which
propagating SPW-R activity can induce cortex-wide traveling activity. However, this is purely speculative,
and future experiments should focus on disrupting or artificially inducing ripples in the primate

hippocampus to determine the effects on both intrinsic travel and subsequent cortical activity.

4.4.2 LIMITATIONS OF THIS STUDY AND FUTURE DIRECTIONS

A major innovation in this chapter is the deployment of a novel ripple detection algorithm that
utilizes changes in amplitude over time, as opposed to normalized and binned amplitude, to detect ripples
on channels with low overall amplitude. This algorithm was partly designed to overcome the limitation that
our independently movable electrodes were not always at the optimal depth for prominent SPW-R
detection. We were ultimately pleased by the performance of the algorithm’s threshold on ripple detection
across our recordings. However, it cannot be dismissed that the hard threshold value of the 99.5™ percentile
of amplitude change may inadvertently lead to excluding low-magnitude ripples in signals with a wide
variety of ripple amplitudes. This may partially explain the post-hoc observation that we detected far fewer
ripples in the posterior hippocampus. However, to remain consistent with ripple detection on other channels
and to avoid the introduction of spurious single-channel noise in our multi-channel events, this threshold

was not adjusted independently. Future modifications of this algorithm can employ template matching
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across identified candidate ripples to help define an appropriate feature space for single-channel inclusion

and exclusion.

In addition to co-occurring with cortical slow waves, one of the hallmarks of sharp wave-ripples is
their relationship to hippocampal single-unit activity (SUA). Specifically, SUA has been shown to co-occur
during ripple events in both rodents (8) and monkeys (12, 27). Moreover, in rodents the pattern of
simultaneously active neurons mimics the temporal firing patterns observed during active exploration (8).
Although our recordings and hyperdrive were optimized for spatial coverage, the single electrodes that we
recorded from makes isolating putative single units from broader multi-unit activity and noise non-trivial
and impossible to perform confidently. Future work using tetrode recordings (12, 27) or high-density multi-
contact probes, such as the Neuropixels probes, in a spatially distributed hyperdrive will allow for

triangulation of individual units and more dense simultaneous collection.

Ultimately, the findings presented in this chapter provide the first evidence for a hallmark of organ-
wide communication within the primate hippocampus. | show that ripples can occur anywhere across the
full extent of the structure, which is distinct from the dual patterns of independent ripple generation in
rodents. Furthermore, the bidirectional co-occurrence of ripples across the primate longitudinal axis
provides support for a mechanism of temporal organization of cortical activity by propagating hippocampal
SPW-Rs. These findings have strong implications for global mechanisms of memory consolidation, and
they specifically provide evidence for why non-human primates make a better translational model to
understanding biophysical mechanisms of memory in humans. Future work should leverage manipulations
of the hippocampus during dual hippocampal-cortical recordings, as well as dense, multi-contact
recordings, to identify the influence of various traveling patterns (or lack thereof) on local single unit firing

patterns and broader cortical slow waves.
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CHAPTER 5 || NOVEL TECHNIQUES FOR IMPROVING DETECTION AND

CHARACTERIZATION OF NON-STATIONARY NETWORK OSCILLATIONS

5.1 INTRODUCTION

In depth EEG recordings, the local field potential (LFP) is a continuous measure of mesoscopic
neural synchrony. This signal represents changes in the extracellular milieu that arise from fluctuations in
ion concentrations caused by post-synaptic potentials (PSPs) received from brain areas upstream of the
recording location. When PSPs are received by a large population simultaneously, these fluctuations
produce highly synchronous network states that can provide transient periods of disinhibition, excitation,
and inhibition depending on the types of neurons in the stimulated population (1). These transient states are
often seen in the LFP record as oscillations. Thus, oscillatory activity in the LFP reflects circuit level
dynamics of communication between brain areas. Moreover, the LFP provides a clear and accessible
readout of the potential range of coherent dynamics a neural network may fall into because of changing

cognitive (2), behavioral (3), or conscious states (4).

In the field of rodent hippocampal physiology, LFP recordings have critically informed our
understanding of how the hippocampus functions in service of proper learning and memory function. For
example, seminal investigations by Case Vanderwolf and colleagues identified a prominent oscillation in
the ~6-12Hz band that dominated the recorded signals as animals engaged in active, goal-oriented behaviors
(reviewed in detail in 6). This oscillation was found to be highly stationary (i.e., sinusoidal and at a
consistent frequency), was sustained for the duration of observed behaviors, and had a strong co-occurrence
with faster gamma oscillations (~30-90Hz) (6,8). These oscillations correlated with olfactory exploratory
behaviors and the rate at which rats explored their environment (9). In subsequent studies, both oscillations
were shown to organize the sequential firing of hippocampal neurons during acquisition and retrieval of

memories (6, 7, 8). Moreover, disrupting the upstream generators of the theta rhythm was discovered to
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severely impair memory performance and influence the information content of the individual hippocampal

neurons, thus showing a causal link between LFP phenomena and proper memory processing (10).

LFP features in the primate hippocampus are largely homogenous with those identified in rodent.
Theta-range oscillations (3-12Hz) are observed in the hippocampus as monkeys perform various behaviors,
and the presence and frequency of these oscillations correlates with the monkeys’ visual exploratory
behaviors (11,12). However, rather than spanning the entirety of a particular behavioral epoch, oscillations
in this band are brief and occur in sporadic bouts (11,12). These observed differences might be explained
by more elaborate cognitive capacity in primates. Recent studies of single unit activity from our lab (13)
and others (14) suggest the presence of cells that map complex task phases and task rules rather than simple
place or time information. It warrants consideration that the organizing LFP states may also change in a
way that reflects these more diverse neuronal dynamics elicited by increased cognitive demands. This could
potentially be reflected in oscillatory phenomena that change dramatically in frequency and structure, which
unfortunately would make these signals unsuitable for many of the traditional methods of frequency-based
analyses. Additionally, sparse sampling in acute recordings means that disambiguating neurogenic signal
from volume conducted noise becomes non-trivial. Volume conducted artifacts are obstructive
epiphenomenon that obfuscate neuronal LFP signals and arise from many sources include chewing,
breathing, animal movement, large potentials from distant brain regions, etc (17). Online filtering of data
might mitigate some of the sources of noise, but reliable offline methods of artifact removal are needed to

confirm that observed phenomena are generated by the brain area of interest rather than external sources.

In this chapter, we present two novel and easily accessible methods to mitigate volume conducted
noise and characterize sporadic features of neural time series data, respectively. We demonstrate with
simulated data and LFP recordings recording chronically implanted hyperdrives (Chapter 4) that using the
singular value decomposition (SVD) of the signals allows for computing a common-source average (CSA)
that scales with the magnitude of each electrode. We illuminate the degree of contamination caused by

volume conducted artifact and improved detection of neurogenic signals after removal. Additionally, we
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implement a novel method of summarizing time-frequency power information termed the spectral
“landscape”, which can visualize the frequency-specific variance of energy in LFP signal across a recording
session. We apply these spectral landscapes to our simulations and high-density recordings, and in
conjunction with anatomical localization of our chronically placed electrodes, provide some of the first
preliminary depictions of task-specific LFP signatures in various subregions of the monkey hippocampal

formation.
5.2 COMMON SOURCE ARTIFACT REMOVAL WITH SINGULAR VALUE DECOMPOSITION
5.2.1 SINGULAR VALUE DECOMPOSITION EXPLAINED

The SVD is a matrix factorization method that can be applied to any real or complex matrix,
regardless of size. This generalizes from the canonical eigendecomposition, which can only function on a

square (m-by-m) matrix. In the case of a given m-by-n data matrix M, the SVD can be represented as:

M=UYV' (eq. 5.1)

where U and V are orthonormal unitary matrices in the m and n dimensions, respectively, and Y is an m-
by-n diagonal matrix whose diagonal, non-negative elements are ordered by descending value (Illustrated
in Figure 5.1) (18). These diagonal elements are called singular values. Whereas U and V can be seen as
rotations, the singular values in Y’ can be interpreted as stretch factors along each of the rotation directions.
The total value of non-zero singular values is equal to min(m,n). Thinking about the SVD as a generalized
method of eigendecomposition, we can interpret the columns of U and V as two ortho-normal sets of
eigenvectors such that columns of U are eigenvectors of the m-by-m matrix MM* and columns of V
represent eigenvectors for the n-by-n matrix A*A. Singular values can be explained as eigenvalues for both

series of eigenvectors (specifically in form 3?).
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FIGURE 5.1: SINGULAR VALUE DECOMPOSITION ILLUSTRATION

THE ORIGINAL DATA MATRIX OF SIZE MXN CAN BE DECOMPOSED INTO THE THREE MATRICES, U
(S1zE: MXM), 3 (S1ZE:MXN), AND V(S1ZE:NXN). THESE THREE MATRICES CAN BE COMBINED USING
EQUATION 5.1 TO REPRODUCE THE ORIGINAL MATRIX. (NOTE: ONLY THE FIRST M MODES ARE SHOWN

IN'Y. AND V FOR CLARITY.)
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5.2.2 EXTRACTING SHARED SIGNALS FROM SVD

Because the SVD provides orthogonal basis sets ordered by explained variance and generated by
the original data matrices, this method is especially useful for directly identifying trends in multivariate
data sets. For instance, let the m-by-n matrix M be a neural recording of length m across a grid of electrodes
with n contacts. In this case, columns of U provide the dominant patterns of co-variability across the
recording array (or shared signal across the electrodes), and corresponding columns of V represent the
amplitude scaling or loading of these patterns along each electrode. To generate various modes of activity
scaled by their presence across electrodes, we thus simplified equation 5.1 into the following format for

any mode k:

Mk = UROLVy (eq 52)

The resulting mode My is a matrix of identical signals (uk) that are scaled by explained system variance by
mode k (ok) and individual loadings from amplitude variation across electrodes (vi). The individual SVD
modes can reflect the underlying dimensionality of a particular dataset. For example, in the hypothetical
dataset shown in Figure 5.2, we have three different oscillatory patterns built upon low amplitude noise and
spread across an array of 64 channels. Identifying the three dominant trends may not readily apparent by
just visual observation of the signals. However, performing SVD and investigating the singular value
spectrum (3)) of the dataset reveals that ~100% of the variance can be explained by the first three modes.
Because (m<n) in this case, the first three columns of U tell us the relative magnitude of the presence of
each identified mode on each channel, and the first three columns of V highlight the dynamics over time
for each mode. If our data matrix was transposed, the applicable interpretations of U and V would be
reversed such that U would explain the amplitude loadings and V would explain the temporal dynamics.
Backprojecting each of the first three modes into our data space using equation 5.2 shows which patterns

are prominently expressed on different electrodes for express classification. Moreover, we can add our 3
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modes together to produce a denoised matrix that keeps only the variance-explaining signals or combine

only a subset of the modes if we wanted to ignore one (or more) of the dynamics in the dataset.
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FIGURE 5.2 SVD OF SYNTHETIC 3-MODE DATASET

(A) SYNTHETIC SIGNAL ARRAY (64 CHANNEL-BY-10000MmS). (B) VARIANCE EXPLAINED BY SINGULAR
VALUES AND SINGULAR VALUE SPECTRUM OF (A). (C) V MATRIX SHOWING RELATIVE LOADINGS
ACROSS CHANNELS FROM (A). (D) U MATRIX SHOWING TEMPORAL DYNAMICS OF SVD MODES. RED

BOUNDING BOXES OUTLINE THE THREE MODES WHICH EXPLAIN ~100% OF THE VARIANCE
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FIGURE 5.3 RECONSTRUCTION OF UNDERLYING SIGNAL PHENOTYPES WITH SVD

(A) ORIGINAL SIGNAL MATRIX. (B) RECONSTRUCTION OF FIRST MODE (1HZ CONSTANT OSCILLATION
+ 35HZz BURSTS). (C) RECONSTRUCTION OF SECOND MODE (12HZ + 25HZ CONSTANT OSCILLATIONS).

(D) RECONSTRUCTION OF THIRD MODE (12HZ CONSTANT OSCILLATION + 35HZ BURSTS).

121



5.2.3 REMOVING VOLUME CONDUCTION FROM SYNTHETIC SIGNALS

While SVD is useful for identifying inherent patterns of a given dataset, there are cases—as we
will show in subsequent sections with our data— in which synchronous noise across a recording array
prevents the singular value spectrum from accurately reflecting the true dimensionality of a given system.
This is especially true when the scale of the noise is significantly larger than that of the underlying signals.
For example, adding synchronous large amplitude, low-frequency noise to the three-mode set of signals
described in section 5.2.2 and investigating the singular value spectrum reveals that one mode dominates
the explained variance. In this case, the various modes produced by SVD no longer resemble those from
figure 5.2. Because SVD is biased towards the largest trends across the data, this may seem like a limitation
of the decomposition to capture all meaningful dynamics when one dominates. However, we can utilize the
SVD output and the first SVD mode to eliminate this synchronous noise, which we designed to be analogous
to volume conducted noise observed in our neural signals. As described in the previous section, we can
reconstruct the first SVD mode (Figure 5.4). Subtracting this mode from our initial data matrix now leaves
us with our original set of signals from section 5.2.2. Further investigation of the first SVD mode highlights
a striking resemblance to the common-source average taken across all our signals (Mean Squared Error

(MSE): 7.8e’™) (Figure 5.5).

For low-dimensional datasets, noise must be drastically larger compared to the underlying signals
for the SVD to accurately capture the noise without producing multiple, contaminated modes. In our
simulations, the amplitude of the noise injected into our data had to be ~11-fold larger than the signal
amplitude for a single mode to explain >99% of the system variance (Figure 5.6). However, a strong
resemblance to the common-source average (Mean squared error: ~0) was observed when the amplitude of
noise was only twice as large as the underlying signal and the first SVD mode contained ~70% of the
explained variance. As dimensionality/asynchrony within the data set increases, the magnitude of
synchronous noise becomes less of an influence on overall SVD output. In the simple case of a synthetic,

64-channel dataset with a traveling 20 Hz wave, synchronous wideband pink noise present on all channels
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is easily detectable by SVD, even though its amplitude scaling is 1:1 with our traveling wave (Figure 5.7A).
As Figure 5.7 shows, reconstructing the first mode and subtracting it from our data leaves us with a faithful
reproduction of the non-noised traveling wave matrix (cross-channel mean MSE: 2.27e7). Thus, SVD is an
efficient method of identifying patterns of synchrony across all datasets, and this method becomes
increasingly better at identifying coherent artifacts at lower amplitudes as the inherent dimensionality of

the data under study increases.
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FIGURE 5.4 REMOVAL OF ARTIFACT WITH SVD

(A) THE SAME DATA SHOWN IN FIGURE 5.3 OCCLUDED BY LARGE, LOW-FREQUENCY ARTIFACT. (B).
THE SVD OUTPUT FROM (A) REVEALS A SINGULAR DOMINANT TREND ACROSS ALL CHANNELS. (C)
SUBTRACTING THE FIRST MODE FROM ALL ELECTRODES PRODUCES A FAITHFUL REPRODUCTION OF

THE ORIGINAL DATASET FROM FIGURE 5.3.
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FIGURE 5.5: COMPARISON OF COMMON-SOURCE AVERAGE AND FIRST SVD MODE.

(MEAN SQUARED ERROR: 7.8E™%)
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FIGURE 5.6 INFLUENCE OF RELATIVE NOISE MAGNITUDE ON DIMENSIONALITY

(A) NUMBER OF SVD MODES NEEDED TO EXPLAIN 99% DATA VARIANCE AT VARIOUS AMPLITUDE
SCALINGS OF LOW FREQUENCY NOISE. (B) FRACTION OF TOTAL VARIANCE EXPLAINED BY FIRST SVD
MODE AT VARIOUS AMPLITUDE SCALINGS OF NOISE. (C) MEAN SQUARED ERROR OF COMMON-SOURCE

AVERAGE TO THE FIRST SVD MODE AT DIFFERENT AMPLITUDE SCALINGS.
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FIGURE 5.7: SVD-CSA REMOVAL ON HIGH-DIMENSIONAL DATA

(A) AN INTERMITTENT TRAVELING 20HZ WAVE SPREAD ACROSS 64 CHANNELS WITH PINK NOISE
UNDERNEATH (AMPLITUDE SCALING = 1:1 NOISE:SIGNAL). (B) VARIANCE EXPLAINED BY SINGULAR
VALUES IN NOISELESS DATA AND DATA IN (A). (C) COMPARISON OF FIRST SVD MODE AND COMMON-
SOURCE AVERAGE (MSE: 1.68E®). (D) RECONSTRUCTION OF SIGNALS AFTER ARTIFACT
SUBTRACTION. (E) ORIGINAL NOISELESS DATA. (F) MSE COMPARISON OF NOISELESS DATA AND

ARTIFACT REMOVED DATA (MEAN MSE: 2.27E7).
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5.2.4 SVD REVEALS AND MITIGATES VOLUME CONDUCTED NOISE IN HIGH-DENSITY

NEURAL RECORDINGS

To assess the efficacy of SVD-CSA removal on real neural signals, we analyzed neural recordings
from primates that were collected from chronically implanted, 124-channel microdrives (Gray Matter
Research, Inc). Manual inspection and cross-correlation of the signals revealed high amplitude, low
frequency, synchronous potentials across most channels in the array (Figure 5.8A&B). Investigating the
singular value spectrum for these recordings revealed a dominant trend by which many sessions had >70%
variance explainable by one mode (Figure 5.8 C). Because these data are several hours long and the
electrodes are in various brain regions, we expected the inherent dimensionality of the recording matrix to
be higher. We generated the first mode of the SVD and subtracted it from our signals as described in section
5.2.3 (Figure 5.9A). This subtraction led to much less coherence across the entire recording array and
increased dimensionality on the LFP signal matrix after re-running and examining the singular values after

artifact removal (Figure 5.9B).
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FIGURE 5.8 NEURAL RECORDINGS OCCLUDED BY NOISE

(A) TEN SECOND EXAMPLE FROM ONE ANIMAL (MK1) OF RECORDED SIGNALS TARGETING THE
MEDIAL TEMPORAL LOBE (MTL) IN WHICH LARGE, LOW FREQUENCY ARTIFACTS ARE PRESENT
ACROSS ALL CHANNELS. (B) AVERAGE CORRELATION MATRICES OF MTL CHANNELS FOR MK2 (TOP;
N =195 RECORDINGS) AND MK1 (BoTTOM; N = 250 RECORDINGS). (C) HISTOGRAM OF FRACTION OF
TOTAL VARIANCE EXPLAINED BY THE FIRST MODE FOR MANY SESSIONS ACROSS BOTH ANIMALS (MEAN

=0.7208; N=445 RECORDINGS).
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FIGURE 5.9 NEURAL RECORDINGS AFTER CLEANING

(A) EXAMPLE NEURAL SIGNALS FROM MK1 AFTER SVD-CSA REMOVAL. (B) AVERAGE
CORRELATION MATRICES OF MTL CHANNELS AFTER DENOISING FOR MK2 (Top; N = 195
RECORDINGS) AND MK1 (BOTTOM; N = 250 RECORDINGS). (C) HISTOGRAM OF FRACTION OF TOTAL
VARIANCE EXPLAINED BY THE FIRST MODE FOR MANY SESSIONS ACROSS BOTH ANIMALS AFTER

CLEANING (MEAN = 0.0629; N=445 RECORDINGS).
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5.3 TRACKING OSCILLATORY VARIABILITY OVER TIME WITH SPECTRAL LANDSCAPES
5.3.1 SPECTRAL LANDSCAPE CONSTRUCTION

“Spectral landscapes” of time-series data are a dimension-reduced version of wavelet
spectrograms, which are created by convolving signals with a series of complex Morlet wavelets (CMW).

From (19), these wavelets take the form:
CMW = e9ei27ft (eq. 5.3)
g = —t?/2s? (eq.5.4)

In eq. 2.3, €9 represents a gaussian window of length s. This window is multiplied by e>*, which is a
complex sine wave with band-specific peak frequency (f). The number of cycles in the wavelet is
determined by s. For subsequent analysis, we created a family of 60 logarithmically spaced CMWSs with
peak frequencies ranging from 1Hz-100Hz and cycle length also logarithmically increasing from 3-10
cycles. The band-specific increase in number of cycles was included to avoid spurious power in higher
frequency bands. Bandlimited amplitude for each frequency was calculated by convolving signals with each
CMW and taking the absolute value of the resulting complex time series. Bandlimited power was calculated
as the square of the absolute value. Wavelet spectrograms are the resulting frequency-by-time matrix (size:
60-by-t). We calculated power spectral density (PSD) estimates from the spectrogram by obtaining the
median power for each frequency across all time points (60-by-1). To get a sense of power variation across
time, we then calculated the 5™, 25, 75" and 95 percentiles across time for each frequency. Each of these
four percentile lines, in addition to the median PSD, defines the basis for our spectral landscapes (Figure

5.10).
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FIGURE 5.10 CONSTRUCTION OF SPECTRAL LANDSCAPES

(A) A 3-SECOND SIGNAL CONTAINING A 12 HZ SUSTAINED OSCILLATION AND SPURIOUS BURSTS OF
30HZ SIGNAL. (B) BOTH THE WAVELET PSD AND WAVELET SPECTROGRAM IDENTIFY POWER IN THE
12HZz BAND, HOWEVER THE PSD FAILS TO RECOGNIZE SUFFICIENT POWER IN THE 30HZ BAND. (C)
AGGREGATING DATA OVER TIME IN HISTOGRAM FORMAT ALLOWS FOR COLLECTION OF QUANTILES
FOR DESCRIPTIVE COLLECTION OF POWER VARIANCE ACROSS THE RECORDING WINDOW(5%, 25%,
50%, 75%, 90%). (D) PERFORMING THE PROCESS IN C FOR EVERY FREQUENCY IN THE SPECTROGRAM

ALLOWS FOR THE CREATION OF FIVE PSD-LIKE LINES THAT CONSTITUTE THE LANDSCAPE.
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5.3.2 SPECTRAL LANDSCAPES CAPTURE ARHYTHMIC COMPONENTS NESTED WITHIN

RHYTHMIC SIGNALS

Fourier-based density estimates, such as the Fourier Transform, Multi-taper Spectrum, Welch’s
PSD estimate, and even our CMW PSDs are designed to provide information about the constellation of
band-specific energies that constitute a given time-series signal. However, they require the data to conform
to many assumptions. Chief among those is the assumption that oscillatory contents within a signal are
stationary, which means that statistical properties (i.e. mean and variance) of signals at the frequency band
being analyzed to not change. For consistent oscillations with mild fluctuations over an analyzed epoch,
such as the hippocampal theta rhythm in rodents (5,6,9), these Fourier analyses are often sufficient for
capturing the dynamics over time. However, standard PSD estimates taken across long periods of time will
fail to reliably capture dynamics for more sporadic rhythms, such as the intermittent gamma-band activity
that co-occurs in the troughs of hippocampal theta (1,5,6). To demonstrate this, we simulated a consistent
12Hz oscillation with 35Hz signals occurring in random 250ms bouts. As Figure 5.11 shows, despite the
35Hz activity being clearly visible by eye and in wavelet spectrograms, the wavelet PSD (displayed as the
50% shaded line in 5.11(c)) only captures the consistent 12Hz oscillation in the signal. By contrast, applying
our spectral landscapes to these data highlight the 35Hz band in the upper percentiles. When 35Hz occurs
only once within the analyzed epoch, landscapes detect the activity only in the highest percentile. As
expected, in the case where more bouts occur, we identify 35Hz activity at lower percentiles (75% in

5.11(c), Right).

133



A. B.

2
zt . '
'I‘M'\'\” MOMAATRA A ”""“"W”\ \l | ““m;l'

1 hu\ Il
0“”'!‘\”“1' i | ‘ IV

Hnwlbu ml r
‘ R A
4 n'n‘n'nlllln&(lrl "hlnnni.hn\nnli HLHH‘

-

o

—_——
e
—

IR
...‘J..‘.’m’..».n fhl

2 1
-2
0 500 1000 1500 2000 2500 3000 0 500 1500 2000 2500 3000
- WAVELET SPECTRUM o WAVELET SPECTRUM
e i
a 40 3 40
: g
@ ®
L 20 i 20
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Time (ms) Time (ms)
0.3 03
A f M 05% Ty
f,} I 5% I e
0.2 ) "‘ I 0 T 0
P~ [ s s I
z (i B8 z B
o [ c
0.1 O
N
Al N
9 L= A =
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Frecuency (Hz) Frequancy (Hz)

FIGURE 5.11 DIFFERENT LANDSCAPE CHARACTERIZATION PATTERNS

(A) THE LANDSCAPE FOR A SUSTAINED 12HZ SIGNAL AND A SINGLE 30HZ BURST CAPTURES CONSTANT
12HZ POWER ACROSS ALL QUANTILE LINES AND 30HZ POWER ONLY IN THE 90™ PERCENTILE. (B) THE
LANDSCAPE FOR A SUSTAINED 12HZ SIGNAL AND MULTIPLE 30HZ BURSTS NOW CAPTURES HIGH
FREQUENCY CONTENT ACROSS MORE QUANTILE LINES. NOTE: IN BOTH SCENARIOS THE 50™

PERCENTILE (REPRESENTING THE PSD) FAILS TO CAPTURE HIGH FREQUENCY POWER.
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5.3.3 SPECTRAL LANDSCAPES CAPTURE RHYTHMIC BOUTS IN NOISY DATA

Considering the bouts of theta that have been observed in the primate hippocampus (11,12), we
asked how spectral landscapes would characterize bouts of sporadic oscillatory activity that occur in the
presence of otherwise noisy signals. We assessed this by investigating how sporadic bouts of 12Hz activity
would appear in signals otherwise dominated by pink (1/f) noise. Immediately, we can observe a limitation
of the landscapes, which is that noise produces elevated power across all frequency bands despite us only
manually injecting signal at 12Hz. This might preclude landscapes from revealing the desired signal,
however we observed that this was not the case. Our simulations revealed that despite the presence of noise
in all percentiles of the landscape, we could still identify putative increases in 12Hz activity (Figure 5.12).
This became especially prevalent at higher percentiles, where the changes in activity were much more

dramatic than at lower quantile lines.
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FIGURE 5.12 SPECTRAL LANDSCAPE OF SPORADIC 12HZ BURSTS EMBEDDED IN NOISE.
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5.3.4 SPECTRAL LANDSCAPES FROM NEURAL SIGNALS IN THE PRIMATE HIPPOCAMPAL

FORMATION

From previous reports (11,12,20), we expected that signals from our chronic, primate hippocampal
recordings would lack any oscillations that were stationary for a considerable period. Thus, we applied
spectral landscapes to these recordings to assess how signals in different regions within the primate
hippocampal formation (HF) change over time as subjects alternate between active engagement in a virtual
reality task and quiescence in minimal lighting. Landscapes were created from data recorded from two
monkeys with channels located along the extent of the longitudinal axis of the hippocampal formation. We
were able to make estimates about anatomical localization of each electrode using a custom co-registration
method (Section 5.5). Many days of recordings from each region within the HF were obtained to ensure
adequate sampling (min: 132 days, max: 264 days). Landscapes reveal immediate differences across
different regions of the hippocampal formation. As Figure 5.13 highlights, when animals engage in virtual
reality exploration, the CA3 subfield of the hippocampus proper, the dentate gyrus (DG), and Entorhinal
Cortex (EC) elicited increased 10-30Hz activity. During quiescent rest periods, CA1, DG, and Subiculum
showed increased variability in the 10-15Hz range. In both these cases, the massive spread between
guantiles across all landscapes suggests a sporadic, bout-like nature of activity in the primate hippocampus.
Moreover, applying a weighted distribution mean (Tukey’s Trimean) to the landscapes reveals a global
trend of network states in the HF to being paced by faster oscillations (20-50Hz) during active exploration
and switching to a slower state (3-15Hz) during quiescence (Figure 5.14). This corroborates previous
findings in primates (20), although future work will have to assess whether these network states employ the

same circuitry of theta generation in rodents.
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5.4 DISCUSSION

In this chapter, we highlighted the capacity of our novel techniques, the SVD-CSA removal and
spectral landscapes, to mitigate volume conducted artifact from time series data and capture the variability
over time of sporadic oscillatory features, respectively. Data from two animals confirms simulated findings
that even strong contaminating signal can be deleted without significant detriment to underlying signals of
interest. Moreover, characterizing spectral variability using landscapes reveals a global shift of network
states in the hippocampal formation such that the system operates at faster frequencies during active task
engagement and switches to slower frequency states during rest. While it is possible that some of these
observations may still be occluded by residual artifacts from SVD-CSA removal, the diversity of spectral
landscapes across hippocampal sub-regions suggests unique, neurogenic, oscillatory activity during task

engagement.

The main motivation for designing these methods stems from two major practical issues
experienced during my graduate career while investigating primate neural recordings. My first challenge
was being able to eliminate artifact while preserving the underlying signal, rather than tossing many hours
and even days of data because of obstructive artifacts. Second, | wanted to be able to better describe how
the frequency-specific content of LFP recordings changed for given brain areas in a way that compromised
between the data-intensive time-frequency information obtained from a spectrogram, and the overly vague
summaries offered by traditional PSD estimates. As our data suggests, SVD-CSA removal and spectral

landscapes are helpful tools to tackle these problems.

As with any method, there are some limitations with these techniques. While SVD-CSA removal
is oblivious to the frequency information of the data, it is bound by the constraints that artifacts must be
phase-aligned across most electrodes in an array. SVD will fail to reliably identify phenomena present on
only a scarce number of channels. Additionally, because the method described here operates on broadband
data, the subtraction of artifact may induce phase shifts that will have detrimental effects on phase

relationships of higher-frequency oscillations. To subvert this, one may low-pass filter the subtraction
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matrix prior to the operation. It warrants notice that SVD is not a blind source separation method like
independent components analysis (ICA), which attempts to reconstruct statistically independent signals
from a matrix of time series data assumed to be a constellation of data arising from multiple sources. ICA
prevails over SVD-CSA removal when artifacts exist on a subset of channels, and ICA can be used in a
similar fashion as SVD for artifact removal (21,22). However, the advantage of SVD-CSA removal over
ICA for large artifact removal is that SVD does not estimate signals. In contrast to ICA, every iteration of
SVD on a given data set will consistently produce the same variables, in the same order, without changing
magnitudes or information content. This is because SVD is deconstructing that matrix as opposed to trying
to identify coefficients to estimate the original data. This ultimately leads to faster processing time and

better reliability from SVD-CSA removal compared to ICA.

Our spectral landscapes successfully captured variability in different subregions of the primate HF.
However, determining the underlying features of the sporadic oscillatory phenotypes is beyond the scope
of the landscapes. We provide evidence for participation of different percentiles in the landscape to suggest
more frequent occurrences of a given oscillation in the data. However, increased participation could arise
from spurious, massive-amplitude noise because the various features of our landscapes stem from a
distribution of the data. Outliers placed well beyond the median of our distribution may bias the landscapes
artificially. However, | do not mean to sell the landscapes as a complete replacement for the spectrogram.
Spectral landscapes should be thought of as an improvement upon traditional Fourier-based energy
estimates like the PSD. Subsequent analyses to characterize waveform properties, relationships to spikes,
and coherence with other brain areas should always be used as confirmatory measures to ensure identified

power (or power variability) observed in landscapes is genuine.

The complex nature of primate hippocampal LFP is reflective of the increased behavioral and
cognitive range that the species has over rodents. That said, the lack of sustained theta rhythmicity observed
in the monkey hippocampal LFP may also stem from morphological changes in the primate hippocampus.

The packing of pyramidal neurons in the primate hippocampus is much more diffuse than that of the rodent
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(15). In rodent CAL, the tightly packed row of pyramidal neurons produces a nice electric dipole in the
extracellular space, which leads to easily detectible mesoscopic electrical changes recorded by the LFP (1).
In primates, all hippocampal subfields have staggered pyramidal layers that cause an inconsistent gradient
of ion flow and makes accurate detection of neurogenic events much more difficult (15). Changes in
intrinsic and extrinsic connectivity also have a large influence on the degree of synchrony (See Chapter 2).
In rodents, the theta rhythms observed in area CA3 are much noisier than those observed in CA1 (16), and
as such the latter is typically targeted for clean theta signals. Given the sporadic nature of our findings,
directly manipulating the microcircuitry using methods described in Chapter 3 would be instrumental for
deducing frequency-specific network states within the macaque hippocampus. Nevertheless, our findings

provide a first step towards demystifying the subregions in the primate HF.

5.5 EXPERIMENTAL METHODS
5.5.1 CHRONIC HIGH-DENSITY EXPERIMENTS

The methods utilized for the chronic high-density recordings used for the analyses in this chapter
are the same as those described in Chapter 4. Briefly, two animals trained via positive reinforcement to sit
and become head-fixed in a custom-made primate chair were implanted with a 124-channel hyperdrive
(Gray Matter Research) centered on the skull above the hippocampus. Each channel consisted of a 100-
micron tungsten wire (FHC), and all 124 channels were spaced 1.25 mm apart from each other. During
recording sessions, animals alternated between active exploration in a virtual environment (Unity 2017.f)

and periods of quiescence in minimal ambient light.

5.5.2 DATA COLLECTION AND PRE-PROCESSING

Data collection occurred in the same manner as described in Chapter 4. Data from each
wire/channel was collected using a Neuralynx Cheetah system (v6.0). Neural signals were collected at
32kHz and collected in wideband format (0.1-8000Hz). For LFP collection, data was first low-pass filtered

(0.1-1000Hz) to avoid aliasing and then downsampled to 1KHz. During collection, data was referenced to
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the animals’ headpost implant to mitigate contamination of collected signals by volume conducted noise.
Data from each channel was manually inspected to identify strong contamination by 60Hz line noise, and
in cases where line noise obfuscated the underlying recordings, data was notch-filtered using a spectrum
interpolation technique presented Mewett et al. (18). Signals were then mean centered and normalized (z

score) prior to further analysis.

5.5.3 MRI CO-REGISTRATION AND ANATOMICAL LOCALIZATION

Anatomical localization estimates of our chronic recordings was the same MRI-based procedure as
detailed in Chapter 4. Monkeys underwent a pre-operative MRI, and an MRI after initial hyperdrive
chamber placement. The post-operative MRI included a set of fiducial markers mounted on the animals’
heads to estimate the angle and placement of the drive. However, because of distortion induced by the
chamber, final models of alignment were generated (.STL) using a combination of post-operative

measurements, stereotactic X-rays, and 3D scans of the animals’ heads and drives.

The starting positions for each electrode were estimated from the drive alignment models.
Electrodes were manually turned down into desired recording locations using precise turns of screws at the
drive base. Turns were manually logged, and electrode distance across all recording sessions was estimated
using the measured distance correlation from one full turn during non-implanted practice turns. These
distances were transformed into 3-D coordinates using the alignment models as a starting reference. X-ray
images were used to confirm that electrode trajectories did not deviate, and any electrodes not progressing
in a straight line stopped being turned. Models of the hippocampal formation (.STL) were made in an MRI
processing suite (3D Slicer), and scripts for estimating 3D position of each electrode were made in
MATLAB that incorporated information from turn count estimates and drive placement estimates.
Subregion determination was performed automatically by comparing an electrode’s 3D position estimate
and the 3D coordinates of manually identified hippocampal subregions from the MRI, and these

determinations were manually verified by comparing positions in the MRI.
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CHAPTER 6 || CONCLUDING REMARKS AND FUTURE DIRECTIONS

6.1 WHAT DID WE ACCOMPLISH HERE?

The findings and theories presented in this thesis reflect a portion of six and a half challenging
years of work dedicated towards better understanding how synchrony within the hippocampus facilitates
its role in learning and memory. | performed the first comprehensive meta-analysis of the literature
surrounding the entorhinal cortex and have provided a basis to study this structure as more than a passive
relay to the hippocampus. | have successfully shown that motifs of sharp-wave ripple travel during
guiescence are like the patterns observed in rats. Specifically, | found that many events only persist near
the site of generation. However, | also observed that many ripples travel along the longitudinal extent of
the hippocampus in multi-directional ways. This shows that at a systems level, the hippocampus engages
in unigue mechanisms of communication with extrinsic brain regions during memory consolidation epochs.
I also elucidate different network states at slower frequencies that the hippocampus shifts between as
animals alternate between active engagement in memory-dependent behaviors and quiescence. From these
same findings, | also provide the first evidence that the primate hippocampus, like that of rodents, exhibits
sub-region-specific hallmarks of physiology observed via recorded local field potentials (LFP). These data
serve to bolster the burgeoning field of hippocampal physiology and highlight global phenotypes of neural
dynamics that can help future researchers disambiguate between subfields when attempting to record from
the hippocampus. Moreover, the results presented here provide key preliminary insight into the circuit
mechanisms elicited by various subregions of primate hippocampal formation during different cognitive

states (active exploration vs. rest).

The scientific findings in this body of work were accompanied by the development of multiple
novel techniques, some of which were integral to the discoveries themselves. To efficiently mitigate large,
obfuscating artifacts seen in my lab’s neural recordings, | designed a filter using singular value

decomposition (SVD) that identifies large, synchronous potentials in our data in the first SVD mode. The
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first mode had a striking resemblance to the cross-channel average (common source average; CSA). Thus,
subtracting the first SVD mode from the signals (SVD-CSA removal) eliminated that mean and illuminated
the true dimensionality of the neural data. However, because the neural data was still noisy in nature, using
gross power spectral density estimates was insufficient to explain the various dynamics contained in the
data. Yet, taking spectrograms was too memory-intensive and time consuming for the sheer size of the data
from our high-density recordings. I struck a compromise between the lackluster PSD estimates and overly
detailed spectrograms by creating the spectral landscape, which applies a five-point summary method to
each frequency of the spectrogram to ask how frequency-specific power varies over a given epoch. These
landscapes, together with denoising with SVD-CSA removal, allowed for more nuanced insight into

hallmarks of state-specific neurophysiology in the primate hippocampus.

Any findings with LFP observations should be validated with manipulation experiments to ask the
relevant purpose the identified mesoscopic signal plays with the microcircuits that generate it. However, in
primates use of manipulation techniques, especially novel genetic technologies such as optogenetics, are
risky and come at great cost to pilot methods. To circumvent this, | helped develop a pipeline for intracranial
viral deliveries alongside close collaborators from multiple institutions to help plan and validate injection

surgeries while reducing the number of animals needed to pilot these procedures.

6.2 WHERE DO WE GO FROM HERE?

The field of primate hippocampal physiology has made great strides in disambiguating the
hippocampal formation’s structure and function from that of rodents. Many advancements have been made
from neural recordings about how both spatial and contextual information may coalesce in the regions
within this area to enable learning, memory, planning, and even navigation in both real and virtual
environments. While this thesis certainly contributes findings that help further illuminate our knowledge of
hippocampal function, | believe that the methods contained within this work can bring studies of the primate
hippocampus to further prominence. Use of spectral landscapes should be applied to data from acute

hippocampal recordings, and chronic recordings from more animals, to make define more concrete
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phenotypes of sub-regions within the hippocampus. Additionally, future chronic recordings should
investigate previous findings from acute studies after volume conduction is removed to validate the
observations made are not artifactual. Of course, future studies need to address the potential functional role
of subregions within the primate entorhinal cortex. Chronic arrays like our Gray Matter hyperdrives should
be implanted that target the entorhinal cortex in animals engaged in various behaviors. Specific
investigations should focus on sub-region-specific physiology and the potential for modality-specific
contributions of different entorhinal subregions to the information processed and sent to the hippocampus
proper. Recent work in rodents suggests that more neurons in the entorhinal cortex integrate conjunctive
information than previously reported (1). Considering the reduced reciprocal connectivity within the
primate entorhinal cortex relative to that of rodents, it stands to reason that the entorhinal cortex of primates

would elicit a remarkable myriad of neural dynamics.

I am personally most excited to see how genetic manipulation experiments in the primate
hippocampal formation shape our hypotheses and theories of function in these medial temporal lobe
structures. In rodents, perturbing ripples severely impairs memory-dependent behaviors (2). Given our
findings that ripples in the primate behave in a similar fashion to those in naturally behaving rodents, it
seems necessary to assess whether the sharp-wave ripple is as critical in primates for proper memory
consolidation after learning, and whether ripple generation in primates is strongly influenced by
acetylcholine dynamics (2). With respect to waking oscillations, optogenetic manipulations in rodents
highlight the proclivity of the hippocampal microcircuitry to oscillate at specific frequencies within the
theta range (3). We do not observe sustained oscillations of a particular frequency in primates, and similar
theta-pacing studies can directly assess whether this is because the network itself does not inherently
oscillate, even with a periodic extrinsic drive. On the other hand, if the primate hippocampus can be induced
into a sustained oscillatory state, what influence does that have on exploratory behaviors? Because of
previous connections to theta bouts and eye movements (4, 5, 6), does a sustained theta rhythm in the

hippocampus somehow induce a series of hon-stop search behaviors that would otherwise not be present in
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monkeys? Additionally, theta manipulation work in rodents highlights a necessity for cholinergic and
glutamatergic drive to the hippocampus for proper theta-range oscillatory dynamics (3, 7). To date, we have
no direct evidence for how specific neurotransmitters in the macaque hippocampus enable or prohibit the
oscillatory phenotypes we observe and only circuitous evidence from anesthesia studies of a role of
acetylcholine (8). Applying these state of the art, cell specific manipulations in the monkey hippocampus
would not only be flashy but could provide real insight into expected phenotypes after neurodegeneration

in this region, such as after severe Alzheimer’s or epilepsy.

Ultimately, many of our theories of dysfunction in the human hippocampus stem from studies in
rodents. However, comparing studies of function between rodents and primates suggests large physiological
discrepancies that ultimately make identifying disruptive phenotypes difficult. Non-human primates are the
critical bridge to understanding how a healthy primate hippocampus should operate, what its physiology
should look like, and what neurotransmitters critically contribute to proper physiology and function. By
improving our tools for analyzing the complex network dynamics elicited by the hippocampus and
manipulating the dynamic-generating neurocircuitry, scientists will be able to both elevate the field of
monkey hippocampology and make more definitive translational claims about how the healthy primate

hippocampus contributes to proper learning and memory function.
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