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Abstract

The claustrum is highly interconnected with many structures in the brain, but the
organizing principles governing its vast connectivity have yet to be fully explored.
In this thesis, I investigate the architecture of circuits between the claustrum and
neocortex and within the claustrum itself. Immunohistochemistry, neuronal tract
tracing, in vitro whole-cell patch-clamp electrophysiology, dual-color optogenetic
circuit mapping, and in vivo calcium imaging of neural activity were used to
assess whether claustrum neurons combine inputs from multiple cortical areas and
what impact claustrum neurons have on the cortex. I determined that individual
claustrum neurons frequently integrate inputs from more than one cortical site,
most commonly between regions of the frontal cortex. Additionally, I found that
neurons in the claustrum receive inputs from an array of sensory and associative
cortical areas, albeit to a lesser extent. Neuronal tract tracing and electrophysiology
further indicated that input integration from frontal cortical regions depends on the
cell type and output target of claustrum neurons. Optogenetic mapping revealed
that intraclaustral connectivity was far more frequent than previously reported,
particularly among neurons that did not share the same output target. Finally,
activity in claustrum axons recorded with in vivo calcium imaging showed responses
to combinations of sensory stimuli that were then transmitted to downstream
cortical targets. My findings shed light on the organizing principles of claustrum
connectivity, demonstrating that individual claustrum neurons integrate afferent
inputs and redistribute this information back to cortex after performing output
target- and cell type-dependent local computations.
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Essential to understanding the function of a neural system in the context of animal
behavior and cognition is a firm grounding in its structure. How electrical activity is
transformed and shuttled around the brain and how this information is related to the
characteristics of the neurons in different parts of it remains a pervasive challenge in
modern neurosciencé. Recent, large-scale efforts to map and completely delineate

the anatomical?®, functional®® and genetic®™ boundaries within the nervous
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systems of mice have shed an important new light on how the brain, especially the
cortex, is structured and organized. However, many regions have yet to be explored
in such detail. It is vital that all areas of the brain receive this level of scrutiny

1213

as the diversity among clinical presentations in neurological dysfunction and

14416

their underlying causes often imply the involvement of widely distributed and

specialized structures.

The claustrum (CLA) is such a structure. The CLA is a small, bilateral sheet of
gray matter located beneath the insular cortex, adjacent to the striatum on the
lateral side of the external capsule. Thin and elongated, it is difficult to study
and easy to miss. Despite this, its reciprocal connectivity with many regions of
the brain'®!? has inspired several ideas of its function®?? that center the CLA
as an important hub in many cortical and subcortical networks. Clinical lesion
studies of the CLA in humans have implicated it in a number of dysfunctional brain
states, including epilepsy<®, sleep disturbances*”, and general loss of consciousness®.
Complementary hypotheses posit that the CLA supports a range of associational,
attentional, perceptual, and sleep-related processes?*?" that would underpin the

118,19,31734 and

dysfunctions seen after its destruction or disruption. Anatomica
behavioral***¥ experiments in mice generally support these findings, though many
questions remain about how the CLA mechanistically participates in these cognitive
processes at a synaptic and cellular level. Analysis of these features was essential
to revealing important mechanisms underlying visual processing?”®3; a holistic
understanding of CLA function will necessarily require a similar scrutiny of CLA

circuit architecture.

To address this problem, my colleagues and I optimized a previously reported>H#24444

retrograde neuronal tract tracing method for labeling and targeting CLA neurons
that project to the retrosplenial cortex (RSP). Reports using anterograde neuronal
tract tracing®2® have demonstrated little connectivity to RSP by structures adjacent
to CLA — RSP therefore represents an ideal candidate for specific labeling of CLA

via retrograde tracing methods. We compared this method to existing markers of
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the CLA and developed an anatomical and electrophysiological framework in which
we next investigated CLA circuit structure. We used retrograde adeno-associated
viruses?™® (AAVs) to express light-sensitive opsin proteins in RSP-projecting CLA
(CLARsp) neurons so that we could determine the frequency of excitatory connections
within the CLA. We could then study the effect these projections have on downstream
cortical targets both in vitro and in vivo. Anterograde AAV expression of opsins
sensitive to different wavelengths of light in different cortical axons allowed for the
reverse experiment: to reveal the extent to which individual CLA neurons integrate

information from more than one cortical area at a time.

Here, we show that the use of retrograde techniques to target a specific population
of CLA neurons in rodents offers a useful tool for identifying the CLA in vitro and
for introducing optogenetic methods for perturbing neurons with light. Doing so
revealed several key aspects of CLA synaptic structure and physiology that are
fundamentally important to consider in its broader function. First, the CLA is
composed of a variety of excitatory and inhibitory cell types that are defined by
their intrinsic electrophysiological properties and the likelihood that they project to
midline cortices like the RSP. Second, CLAggp neurons are regularly interconnected
with other excitatory projection neurons and interneurons of the CLA via chemical
synapses, but are rarely connected to each other. Third, afferent axons from across
the cortex are organized into modules along the dorsoventral axis of the CLA that
center on the CLAggp region. Fourth, CLAgrsp neurons act as the primary substrate
for integrating information from frontal cortices but are less strongly connected to
sensorimotor cortices than other CLA neural populations. Finally, CLA axons can
carry sensory-related information and differentially innervate the cortex depending

on region and layer.

To perform these experiments and to make these findings, I expanded on an

3320 which allowed us to specifically target a pop-

anatomical preparation in mice
ulation of CLA neurons without contamination from other nearby brain areas.

This technique was deployed in a number of experimental settings to probe the
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physiology and structure of CLA circuits both to and from the cortex and within
the CLA itself. With the aid of my colleagues, I used surgical interventions to
prepare animals for later use in in vitro and in vivo procedures. I built the
hardware and optimized experimental conditions for acquiring single-cell neural
recordings while delivering automated optogenetic stimulation of neural circuits,
digitally reconstructed morphologies of recorded neurons, prepared and imaged
tissue containing immunohistochemically, virally, or retrogradely labeled neurons.
Using these data, I developed and automated analysis pipelines from which I draw

conclusions about the principles of CLA circuit organization.

In this thesis, I briefly summarize the findings of CLA research to date, outline
methods for accessing and perturbing CLA neurons, describe how these methods
are used to understand CLA circuit architecture, and how the data obtained in
our experiments were interpreted statistically. Finally, I compare these findings to
those in existing literature to identify commonalities and discrepancies that may be

informative for further explorations of CLA structure and function.

1.1 The claustrum

The CLA has been recognized as a distinguishable nucleus of the telencephalon for
at least two centuries, known to Cajal and Brodmann2*%2Y Tt is an evolutionarily
ancient structure as well; correlates of the CLA can be found in birds®Y, reptiles®®°3,
and most extant mammals thus far examined®**%. Buried beneath the insular cortex
in both hemispheres, the CLA is a small strip of gray matter wedged between the
external and extreme capsules in mammals. Among mammals lacking an extreme
capsule, the CLA is otherwise located lateral to the external capsule in the region of
the insula®#2%, From a historical perspective, however, large strides have been made
only recently in assessing the cognitive and behavioral impacts of CLA activity and

22125130

how this might intersect with its gross anatomy . Here, I will outline past

and present research on the CLA with respect to its cells, synapses, structure, and
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hypothesized function. Later, I will describe the remaining gaps in our collective

knowledge, some of which this thesis seeks to fill.

Arguably the most relevant feature of the CLA is its dense reciprocal connectivity
with cortex — the highest per regional volume in the human brain, based on
DTI tractography and fMRI studies®™S. Anatomical studies in the mid-twentieth
century described how the CLA appeared to connect to all areas of cortex in

59H62

rabbits, cats, and macaques , with subsequent functional studies designating

topographically organized zones of innervation from primary sensory, motor, and

51152054163

association areas® ™’ Later comparative anatomical studies expanded the

range of species thought to have a CLA or CLA-like structure to birds, reptiles,
and all therian®® and some monotreme>*® mammals. Together, these early findings
provided an important first step forward in presenting the CLA as an ancient
structure worthy of attention — few cerebral nuclei other than the those comprising

the thalamus had demonstrated a similar density or pattern of innervation ™+,

During this period, some of the most important insights were made in immunohis-
tochemically labeling the CLA of rodents, insights that would shape conventional
opinions of its borders in most subsequent literature for the remainder of the
century and well into the next. Parvalbumin (PV), a calcium-binding protein that
primarily labels GABAergic interneurons throughout the brain, was instrumental
in delineating structural boundaries in the brainstem, thalamus, and layers of the
cerebral cortex™ ', PV and other calcium-binding proteins™ were among the first
to provide some structural marker for the CLASM2™ a5 well. PV-rich axon fibers
reliably form a dense plexus of neuropil in the "core"s#2%0 of the CLA and are
visibly distinguishable from the overlying layers of cortex and from the ventrally-
situated dorsal endopiriform nucleus (dEN) in immunohistochemcial preparations.
This critical discovery aided later physiological and anatomical experiments where

a reliable marker for the CLA was necessary.

As these findings were being made, clinical cases of damage to the CLA reported

deficits in mental functioning congruent with those one might expect in cases of
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disruption to such a well-connected area. Patients suffering from CLA damage
(incurred as a result of trauma, encephalitis, or another cause) often reported
highly variable symptoms including, but not limited to: electrical disturbances and
epilepsy 208182 - delusions™, disturbances in memory®®? decreased perceptual
sensitivity®®, loss of vision and hearing?”, sleep disturbances®’, and generalized loss
of consciousness®S™8 A recent comprehensive summary of these clinical lesion
cases notes the consistent inconsistency in the symptoms reported between studies,
an observation parsimoniously explained by a multi-functional or global role for the

CLA in brain activity=".

The accumulating experimental and clinical conclusions about CLA anatomy,
physiology, and pathology in the twentieth century sparked a twenty-first century
renaissance of CLA research in animals. This revival was fueled by hypotheses

that posited the CLA may act as a central node® in the neural mechanisms

2212390

of sensorimotor integration underlying conscious perception Studies in

91H94

monkeys , recapitulating those that had been done in cats, found largely

segregated zones of primary sensory input into the CLA, typically organized into

a rough topography, while frontal cortical input innervated most CLA regions.

95HIT.

Genetic and electrophysiological®®® studies, more frequently performed in

94100102

rodents as transgenic tools became more readily available , deepened the

knowledge of CLA intrinsic properties. It became apparent that the CLA housed

334621103 30,104

mostly spiny and glutamatergic projection neurons that seemed to be
rarely interconnected”?. The CLA appeared fairly cortical with respect to the ratio of
its projection and inhibitory neurons®#!%, It was discovered that CLA interneurons
are connected at gap-junctions® and that the CLA is genetically distinct from
comparable structures such as the cortical subplate and dEN22CIT Moreover, like
the cat and monkey CLA, rodents appeared to have a functionally organized CLA as
well, albeit with some structural differences!®!%1% These observations collectively
inspired new ideas of CLA activity that came to include attentional allocation=*%,
salience detection®”, synchronization of cortical oscillations?*2% task-engagement*",

37I53106/11T

and mediating behavioral or cognitive state transitions , such as those that
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occur from sleeping to waking or during activation of the stress-induced anxiety

respoinse.

1.2 The problem of the claustrum

Uncertainty still surrounds the CLA despite an increased research focus in recent
decades. Comprehensive functional descriptions of the CLA remain relatively
intractable and most of the ambiguity can be encapsulated in two categories
of research — anatomical definitions and physiology — both of which inform
each other as well as perspectives on CLA activity overall. Here, I will begin by
considering how difficulties in defining the CLA along these axes have contributed
to continued puzzlement among CLA researchers about its function. I will end by
describing how our gaps in knowledge represent opportunities for continued research
before going on to outline the methods my colleagues and I used to probe the CLA

experimentally.

Anatomy

The problem of defining the CLA anatomically has been significantly influenced
by the preponderance of nomenclature used to describe it?” — a direct result of
the CLA having few hard borders in animals lacking an extreme capsule, such as
rodents. This problem was succinctly diagnosed by Wang et al (2022) in which the
authors described four possible arrangements of CLA anatomy based on previous
findings: 1) the CLA is composed of dorsal and ventral compartments, 2) the CLA
is a homogeneous and singular structure with no subdivisions that sits immediately
below L6 of insular cortex and abuts directly onto the external capsule, 3) a "core"
and "shell" arrangement defined by output connectivity and interneuron neuropil
where the CLA core is insulated from direct contact with the capsule and cortex,
and 4) that the CLA is embedded in L6 of insular cortex on all sides but is otherwise
not subdivided®”. Although compelling evidence has been shown for each definition,
a convergent view of CLA anatomy is obscured by the different CLA markers or

methodologies used in each case.
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In the first anatomical definition, dorsal and ventral aspects arise from the apparent
continuity of the CLA with the dEN, which some have referred to as the "ventral
claustrum"#22599  The similarity between and individuality of these structures is
underscored by the following observations. Firstly, that the CLA and dEN both
express several of the same genetic markers — including Gng2”?, Gnb4*?, and
Nurrl™23 — jmplying a common ontogenetic heritage. Secondly, that PV-rich
fibers preferentially localize in the dorsal (CLA) compartment, implying a functional
discontinuity. Confusingly, the terms "dorsal" and "ventral" CLA have changed in
what they refer to over time as the dEN became viewed less and less as a part of
the CLA and more as a related, but independent nucleus!*14 Recent definitions
in rodents have divided what was once the dorsal CLA into the dorsal and ventral

CLAMSIS nomenclature that has since stabilized among CLA researchers.

In the second instance, the CLA is undivided and directly opposed to the external
capsule medially, the dEN ventrally, the cortical subplate and cortical layer L6
dorsally and laterally. Apparent structural uniformity in both cellular morphology*®
and PV labeling™ has led some to view the CLA as distinct and apart from the
cortex but structurally homogeneous throughout its rostrocaudal length?>*!17 This
view is additionally supported by an interruption in cellular expression of some
genetic markers for the subplate in the region of the CLA, such as Cplx3™&. As in
the previous case, differences between cortical and claustral expression of genetic
markers supports a developmental as well as structural definition of CLA that is

apart from that of cortex.

The third arrangement argues for the existence of central and periphery regions
in and around the CLA, all of which constitute the CLA but each having unique
properties. The term "core" as nomenclature for a central component of the CLA
appears to have originated in an immunohistochemical study of calcium-binding
proteins by Real et al (2003) but has roots in a study of cadherin proteins published

9

two years before™*. Cadherin staining showed three CLA components, rather

than two as discussed earlier, which were organized as dorsal, central, and ventral
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compartments of the CLA. The authors of the study noted the differential expression
of n- and r-cadherin in three discrete zones of the CLA which spanned the CLA
dorsoventral axis deep to the agranular insular cortex and were distinguishable
from superficial cortical laminae. The results were then expanded on in subsequent
immunohistochemical studies which showed a similar arrangement not only for
calcium-binding proteins but also for VGLUTZ2, a vesicular transporter of glutamate

SZEU0Y - Modern experiments using retrograde

and a marker for excitatory neurons
neuronal tract tracing and single-cell RNA sequencing recapitulated these findings
from the standpoint of CLA efferents®*1%" — the core, defined as the PV+ region
containing CLA neurons that projected to the RSP, and the dorsal and ventral shells
were composed of neurons of disparate efferent identity. The authors of this study
additionally demonstrated differences in neuropeptide Y and somatostatin labeling
that also conformed to a core/shell arrangement. Finally, an anterograde tracing

9% indicated this same arrangement was present for cortical afferents to the

study
CLA as well. These combined data have led proponents of a CLA organized into a
core and shell to posit that these compartments represent integrated but discrete

functional units, each with its own interneuron subnetwork providing inhibitory

tone to designated input and output pathways.

The final possibility for CLA anatomical organization that Wang et al outlined
(which the authors of the study support) defines the CLA as the an anatomically
homogeneous nucleus that lies embedded in L6b of insular cortex. This view
pools evidence from convergent methodologies including gene expression patterns in
transgenic animals, axonal tract tracing, and cytoarchitectonics 420 Tndirect
support from physiological and behavioral experiments in the CLA and insula show
different functional properties between these regionst%!2t: the CLA "shell", from a
connectivity, functional, and genetic standpoint, should be considered insular L6b.
This perspective on CLA structure, in consideration with the other perspectives,
has continued to drive conversations in the field about the implications of CLA
anatomy for other properties of the CLA and its ultimate evolutionary or functional

purpose in vertebrate brains.
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Physiology

As discussed above, the CLA is structurally complex and deeply buried within
the brain. These features have made physiological and behavioral characteriza-
tion practically and conceptually challenging, but not impossible. Early in vivo

0300070 i1y awake or anesthetized cats and monkeys were foundational

experiments
in establishing the topographic and reciprocal nature of CLA inputs and outputs,
providing key insights into its global connectivity. A notable in vivo investigation
of CLA intrinsic electrophysiology in rodents, in which the first recordings from single
CLA neurons were made, demonstrated the similarities between CLA projection
neurons and those of the cortex22!23, Confounding these findings, however, was
any clear marker for the CLA and a small sample size, which made interpreting
the apparent homogeneity in CLA projection neurons and their similarity to

cortex difficult. This type of characterization represented an essential first step in

assembling the CLA circuit but cried out for more work.

Direct inquiries into CLA physiology remained relatively sparse during the first
decade of the twenty-first century, although several important anatomical?2:€0124:125
and genetic? discoveries were made during this time. The last several years, however,
have seen a rapid increase in the number physiological studies that either directly
support or challenge the hypothesis that CLA underlies the "binding" of sensorimotor
and cognitive information set out previously®?. Studies challenging this view did
so based on a number of lines of evidence2>?293%9 These include past anatomical

0300 of mostly segregated input zones in the CLA combined with modern

reports
in vivo and in vitro electrophysiological, optogenetic, and behavioral experiments
which found excitatory connectivity between CLA neurons to be rare and bounded
by pervasive feed-forward inhibition promoted by local PV+ interneurons®>®,
Additionally, conforming to anatomical findings, CLA neurons appeared to be

unimodal in their inputs during in vivo recordings in monkeys.

The implications of the data presented in the above studies precludes the possibly

that information relayed to the CLA from cortex can be transformed in a mean-
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ingful way either by the CLA as a structure or within CLA neurons themselves.
Recurrent excitatory connectivity, a hallmark of corticocortical and thalmocortical

circuitst20:127

, is apparently absent in the CLA and positions it functionally closer to
coincidence and /or salience detection processes, both of which are among the current
hypotheses of CLA function?®2%2 However, no experiments have yet been done to
test connections from more than one cortex at a time onto a single CLA neuron in

vitro, and, therefore, it remains unknown how cortical information from across the

brain is pooled, transformed, and redistributed by individual CLA neurons.

Contrary to evidence showing a lack of intraclaustral excitatory-excitatory connectiv-
ity, other studies conducted during this same time found just that, both anatomically
and physiologically®12312%  How could these disparate findings come about and
how could they be explained? As recent reportst?3#30 have demonstrated, the
CLA comprises a heterogeneous mix of cells and output pathways that localize
into efferent-defined modules™™. Tt is entirely possible that connectivity within
genetically- or retrogradely-defined populations of CLA neurons is indeed sparse
and that cortical inputs to these cells does not instantiate much excitatory recurrent
activity. Excitatory CLA neurons of different identities, however, may be more likely
to communicate with each other and carry out the mechanisms posited in some
hypotheses. Taking the gross anatomy of the CLA into mind, it is also possible that
intraclaustral connections are specified along some geometrical axis, such as the
rostrocaudal axis, and would appear absent when this element is unaccounted for.

These particular facets of CLA physiology have yet to be tested experimentally.

The final physiological perspective taken into consideration here is the effect CLA
projection neurons have on the cortex. This aspect is perhaps most fraught with the
potential for confounds or ambiguity and is, therefore, the most in need of rigorous
anatomical definition with appropriate cross-referencing to other labeling methods
prior to experimentation. As seen in a number of studies this far, CLA output

neurons spatially segregate along a dorsoventral and anteroposterior gradient??s%43
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which can have functional implications in behavioral task performance depending

on how these populations are targeted™".

In wvivo experiments in which CLA function could be accurately and reliably
perturbed were often prohibitively difficult or impossible prior to the advent of recent
genetic and viral technologies. The use of transgenic tools has been specifically
beneficial in identifying and probing CLA neurons with high penetrance and fidelity.
Physiological studies using such technology have reported indispensable knowledge
about CLA circuitry through either transgenic expression of some indicator or neural
actuator in the CLA or in combination with a Cre-dependent virus. For instance,
in vivo studies using transgenic approaches have revealed CLA involvement in
ignoring distracting auditory stimuli via disynaptic inhibition of auditory cortex®%34,
mediating the generation of slow waves and sleep/wake transitions via recruitment
of cortical interneurons?®, flexibly controlling stimulus-reward associations during
attentional set-shifting via connectivity to prefrontal cortex®?, and bidirectionally
inducing anxiety responses during stress via input from basolateral amygdalat. In
vitro assessments of CLA activity in cortex largely bear these findings out, indicating
that the CLA preferentially drives action potentials in cortical interneurons*?,
although the ratio of CLA-mediated inhibition to excitation varies by cortex and

cortical layert.

While certainly helpful in determining the broad-stroke functionality of CLA
circuits, transgenic strategies in this context are typically accompanied by one
major confound: the lack of precise, CLA-specific expression of markers, and,
thus, difficulty in making CLA-specific conclusions. This is particularly true
in chemogenetic experiments using DREADDs (Designer Receptors Exclusively

DOTLSALSY where the systemic application of a chemical

Activated by Designer Drugs)
ligand to transgenically-expressed receptors is confounded by the expression of those
receptors anywhere in the body, not just the brain, let alone the CLA. This is
further complicated by chemical decomposition of these ligands into derivatives

with an increased binding affinity for non-specific receptors*?. Targeted injection of
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Cre-dependent AAVs into the CLA of Cre-expressing transgenic mice also presents
hazards as transgene expression in the CLA is often accompanied by expression
in nearby areas, such as dEN and cortical deep layers as noted above, thereby
also preventing truly CLA-specific findings. These issues do, however, present an
insight into the interaction between anatomy and physiology in the CLA that is
informative for how results from such studies can be interpreted and expanded
through the judicious use of more specific methods. Differences in the findings
between studies using transgenic mice could be explained by both variations in
experimental design and the activation or inactivation of genetically distinct CLA
subpoplations. Therefore, it follows that findings in transgenic experiments are
entirely valid and should be accompanied by a fine-grained dissection of CLA circuits

to disambiguate which cells or structures may be involved.

In this section, I have circumscribed several modern difficulties in studying the CLA
from anatomical and physiological perspectives. These include: variable definitions
of CLA anatomy based on differences in interpretations between researchers using
different experimental approaches, discrepancies in the presence and/or extent
of intraclaustral circuitry, uncertainty surrounding whether single CLA neurons
integrate or are selective for cortical input, and the constraints on interpreting the
impact of CLA efferent activity in experiments using transgenic techniques alone.
Several studies have recently demonstrated, however, the efficacy of leveraging the
vast connectivity of the CLA using retrograde tracing, labeling, and expression
techniquess#HUELSEIAY £ veliably and specifically ameliorate some of these issues.
When combined with in witro, in vivo, or transgenic technologies, retrograde
strategies offer a powerful tool of defining, accessing, measuring, and perturbing

CLA neurons. Below, I will discuss specific methods for doing each.

1.3 Methods in neuronal tract tracing

The first step in understanding a neural circuit is tracing its inputs and outputs

— how is the flow of information organized by the connectivity of neurons in the
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system? This question is typically answered through anatomical means in fixed
tissue before using physiological or behavioral assays to probe network function.
Tracing a network involves locating neurons both upstream and downstream of a

target area and is of great importance in experimental and clinical settings'#2.

Underpinning all neural tract tracing techniques is the axon™* and the cytoplasmic
flow of proteins, vesicles, nutrients, nucleic acids, mitochondria, and other materials
mediated by the axoplasmic transport system 2244145 Transport of substances can
occur bidirectionally along the axon, anterogradely toward the presynaptic terminal
or retrogradely toward the soma, with transport of exogenous substances usually
being initiated by their uptake into lipid-lined endosomes via receptor-mediated
fluid endocytosis'*#144, Lateral spread through the lipid membrane is also possible
for some compounds*®47 The direction a substance will flow once inside a cell

148.
h**®: organelles, enzymes,

is determined by the transport system it engages wit
vesicles, mitochondria, and neurotransmitters can be transported anterogradely by
kinesin-family proteins utilizing the microtubule scaffolds making up the cellular
cytoskeleton while substances taken up by endocytosis, organelles, and proteins
can be transported retrogradely to the soma by dynein-family proteins. Neural
tract tracing leverages these biochemical mechanisms through the use of substances
engineered to travel in one direction or another along an axon, typically from a site
where the substance was injected directly into the brain and, in some cases, across
the synaptic cleft to pre- or postsynaptic neurons. Below, I will briefly discuss a

few of the methods in anterograde and retrograde neural tract tracing and note

their relevance to experiments conducted here.

Anterograde tracing

Anterograde tracing, as noted above, tracks the movement of substances from the
soma to the presynaptic terminal and is usually concerned with where the axons of
a neuron project to. This is important and useful for several reasons, among which
are understanding which cortices (and cortical layers) are projected to, the density

with which axons innervate a given region, the approximate length of labeled axons,
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and, in some cases, which cells or cell types are contacted explicitly. Though many
techniques are available for anterograde neural tracing, I will focus predominantly

on genetic and viral approaches here.

Of the modern anterograde tracing methods in neuroscience, the use of AAVs is
among the most common. AAVs are non-toxic, relatively cheap, easy to use, and
well-suited for a large variety of research and clinical applications'**°Y, These traits
make them ideal for use in animal studies where anterograde tracing of axons from a
whole region, a particular cell type, or even just a handful of cells is required. Below,
I will discuss their biology, mechanisms of action, and utility for contemporary

neuroscience research.

AAVs and recombinant AAVs (rAAVs) are viruses of the parvovirus family and carry
small sequences of single-stranded DNA"Y, AAVs are capable of infecting multiple
types of tissue but are not known to carry disease or illicit a pronounced immune

UL Unmodified AAV genomes contain two open reading frames, Cap

response
and Ref, each of which are flanked by inverted terminal repeat sequences. Cap and
Ref contain genes that encode proteins for constructing the 20 to 25 nm icosahedral
capsid and for AAV replication, respectively. In experimental or gene therapy
settings using AAVs, these sequences are typically deleted to prevent replication

and the possibility of cell death and can be replaced with coding sequences up to

the cloning capacity of the virus, typically genomes of less than 5 kbt2",

Capsid proteins make up capsomeres, the morphological subunits of the virus’ capsid

152153 The serotype, the specific

coat, and ultimately specify the viral serotype
surface antigens displayed on the viral capsid coat, confers the tropism of the virus
and is used in epidemiological classification of subspecies of microorganisms, such as
viruses'®#1%4 Eleven natural AAV serotypes, numbered AAV1 to AAV11, have been
documented thus far, each able to infect particular types of tissue — rAAVs are
engineered AAVs combining serotype properties from different AAVs to optimally

maximize a particular tropism! 24156,
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Among most AAV serotypes, cellular entry occurs by receptor-mediated endocytosis,
a process requiring the binding of capsid proteins to cell-surface receptors, commonly
specific AAV receptors (AAVR)*% heparan sulfate proteoglycan (HSPG), or N/O-
linked sialic acid in the cases of AAV2, 3, 4, and 5°Y. Once bound, intracellular
signalling cascades rapidly initiate clatherin-dependent endocytosis of the receptor
and virus. Efficiency of the uptake process can be enhanced for certain AAVs via
the binding of coreceptors™®23 If a preferred receptor is expressed throughout
the cell membrane, an AAV can theoretically bind and enter the cell anywhere,
highlighting its usefulness in tract tracing studies. Once enclosed within an
intracellular endosome, the virus is trafficked via a Rab protein-dependent process
along the cellular cytoskeleton to the nucleus in a manner that is also influenced
by viral serotypet®!. As such, AAVs have the capacity to travel through a neuron

anterogradely or retrogradely or even transynaptically in some casegtU50158159 - A

160

recent study*® used the anterograde transsynaptic infection properties of AAV1 to

explore the behavioral ramifications of optogenetically stimulating input-defined
populations of neurons in the superior colliculus. The authors noted the specific
serotype and concentration-dependence of their findings, highlighting conventional
difficulty of anterograde transsynaptic viral infection and the utility of their technique

and AAVs in neural tract tracing.

AAVs escape the endosome once trafficked to the soma and enter the nucleus
before shedding their capsid coat!®!. It is at this point that the potential of
AAV technologies is realized as the genomic payload the AAV carries can encode
any protein-coding sequence within the viral packaging capacity. Early studies

using AAVs to deliver engineered constructs to neurons often did so by injection

I7|146/161162

into the brains of transgenic animals as a means of circumventing the

t163

need to breed animals expressing Cre-dependent*®” genes with animals expressing

4164

Cre recombinase under a cell type-specific promoter Later studies would

165,166

introduce DNA sequences for fluorescently-labeled proteins either alone or in a

T84/ 164167

transgenic Cre-dependent design . Once produced by the native cellular

transcription and translation machinery, fluorescent proteins could be trafficked
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anterogradely throughout the cell body, dendrites, and axon and visualized in vitro

or in vivo with a number of light microscopy techniques'®®,

Taken together, AAV and transgenic technologies offer powerful, efficient, and highly
specific tools for anterograde neural tract tracing. In the next section, I will discuss

retrograde tracing methods, some of which rely on these same genetic tools.

Retrograde tracing

Unlike anterograde neural tracing, retrograde tracing cannot currently be accom-
plished with a transgenic-only strategy in mammals, although progress in this field
has been made recently in the fruit fly Drosophila melanogaster™®®17%  Contemporary
methods in retrograde tracing, discussed in order hereafter, typically use one or a
combination of inorganic fluorescent compounds, fluorophore-conjugated proteins,

and /or viral methods.

Inorganic neuronal tracers have been held up as prime candidates for retrograde
neural tracing for almost a half-century™™. Whether conjugated to a fluorescent
molecule or stained for in immunohistochemistry (IHC), they offer long-term, stable,

172 Notable among them are hydroxystilbamidine

and robust labeling of neurons
(FluoroGold™)*2 Jatex microbeads (retrobeads)'™, and carbocyanine lipophilic
dyes such as Dil**”. In the case of FluoroGold™ and retrobeads, these substances
can be taken up by cells via passive fluid endocytosis from an injection site into the
brain, trafficked preferentially back to the soma along the axon, and stably remain
stored in the cytosol or vesicles for weeks or months. In the case of Dil and other
lipophilic dyes, these molecules embed themselves directly into the neuronal lipid
membrane and passively diffuse along whatever part of the neuron they happen to
be nearest, resulting in complete labeling of a neuron and its neurites. In this sense,
lipophilic dyes are both retrograde and anterograde labels. Though not germane to

this study, inorganic tracers are often compared to those discussed below in terms

of efficacy, penetrance, brightness, and stability.
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Protein substances are effective retrograde tracers and advantageous for their
flexibility and ease of use. Horseradish peroixdase (HRP), eponymously named
for the plant from which it is derived, has been known for centuries. HRP is
a glycoprotein and metalloenzyme that catalyzes various oxidative reactions of
chromogenic compounds to produce a detectable stain™™. HRP was first observed
to be a potent retrograde neuronal tracer in the early 1970s and sparked a wave
of concentrated research on the use of biological substances in neuronal tract

LIT0  One result of these efforts was the discovery that cholera toxin

tracing
subunit B (CTB), the ganglioside-binding, non-pathogenic subunit of the toxin
produced by Vibrio cholerae!™, retrogradely labeled neurons when isolated and
injected into the brain. CTB demonstrated early on some advantages over several
other methods of neural tracing, including: The ability to conjugate CTB to
fluorophores that emit different wavelengths of light and use them together in
combined experiments, the relative evenness of its signal in tissue, its low toxicity
to cells, and its quick and specific uptake and transport via active endocytosist ™7,
Given the breadth of CLA connectivity with cortex, several modern studies have
effectively used CTB as a method for retrogradely labeling CLA cell bodies via

their efferent projectiong>#344445,

Finally, viral vectors can be used to deliver DNA or fluorescent payloads retrogradely
to the nuclei of target neurons. Several neurotropic virus species naturally exhibit
retrograde transport as a part of their life cycle, including rabies*?, poliovirus*,
herpes simplex virus (HSV)*¥ and certain serotypes of AAV. However, most viral
systems are accompanied by certain drawbacks that might inhibit their versatility
in experimental settings. For rabies, poliovirus, and HSV, a particular challenge
is their potential for neurotoxicity, spread beyond a desired amount, and that

149|182

they readily integrate into the host genome . Traditional AAV serotypes have

comparatively variable or weak retrograde transduction but low toxicity*20d59,
However, novel rAAVs have recently been engineered*® with enhanced retrograde
transduction efficiency using in vivo directed evolution. These new rAAV2-retro

variants pass the cell membrane via mechanisms similar to traditional AAVs, allow
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the same level of genetic access to neurons, support an improved genomic carrying
capacity for specific promotor-driven sequences, and do so with greatly improved

28150 Additionally, retro-AAV2 was shown to generalize

retrograde functionality
across neural cell types, brain regions, and circuits. The advent of low-toxicity,
high throughput retrograde rAAV technology has significantly bolstered options for
retrograde labeling, neuronal tract tracing, and genetic delivery of protein actuators

to upstream targets.

Anterograde and retrograde neuronal tract tracing are cornerstones of modern
neuroscience research to the extent that a rigorous and sprawling subfield has arisen
from them — connectomics. Neuronal tract tracing furnishes our understanding of
neural circuits by bringing microscopically entangled structures into the realm of
comprehensibility. In combination with physiological assays, which I will review in

subsequent sections, neural tracing becomes a particularly potent tool.

1.4 Recording electrophysiological properties of
neurons in vitro

The electrical properties of neurons allow for fast communication within the brain
and for the emergence of the various computations performed by neural ensembles.
The differential permeability of charged ion species’® and their conductance across
the cellular membrane underpins the action potential waveform, as shown in
now classic electrophysiological studies of the squid giant axon performed in the
mid-twentieth century!® ™9 The authors quantitatively reconstructed the action
potential by correlating the conductance of ions such as sodium and potassium
to the opening and closing of lipid-bound proteins known as ion channels, which
selectively permit the flow of certain ion species in a voltage- and time-dependent

manner.

Since that time, important insights and significant improvements have been made
in electrophysiology with respect to the properties of neurons and the methods

used to record them. Of these, there is perhaps no technique more fundamental
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to single-cell electrophysiology than whole cell patch-clamp, developed some years
after the modeling of the action potential waveform by Hodgkin and Huxley as a
means to experimentally test their theory!®). In the following section, I will review
whole cell patch-clamp as a method for understanding intrinsic electrical properties
of neurons, considerations for its use, and how patch-clamp electrophysiology can

be used to differentiate neural cell types.

Whole cell patch-clamp

In principle, in vitro whole cell patch-clamp is a fairly straightforward procedure

1907192 Briefly, cells from which

that can be expanded on in a variety of ways
recordings are to be made, whether cultured in a dish, tissue excised from living
organisms, or simply ion channel-containing membranous vesicles, are bathed in
an artificial salty solution meant to mimic the ionic properties of the extracellular
environment in whole brains. Cells are approached with a micropipette open on one
end that is filled with another electrolyte solution of a similar ionic content to the
intracellular fluid. Importantly, this micropipette also contains a metal electrode
connected to an electronic amplifier. An additional reference ground electrode sits in
the bath solution to complete the pipette-cell-ground circuit. Cells are "patched" by
direct apposition of the pipette to the cell surface, which is then ruptured through
application of negative pressure, providing access to the intracellular environment.
Once this is accomplished, either the voltage or the current of the cell can be

"clamped" and kept nearly constant during recording while the other is allowed vary

freely.

Voltage-clamp and current-clamp each offer useful capabilities for recording different
aspects of the electrochemical dynamics and environment within and around a cell.
Extracellular voltage-clamp was invented by Kenneth Cole and colleagues in 1947
and allowed for the clamping of the cellular membrane potential to a desired voltage
via the iterative measurement and application of current by two electrodes in a
feedback circuit!®>1%0 In the context of modern whole cell patch-clamp, developed

and refined by Neher and Sakmann in 1976-81190192 this technique is an extremely
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powerful tool for characterizing the conductance of ion channels in a variety of
experimental settings. Voltage-clamp is also useful for visualizing currents that arise
from synaptic events, either those stimulated by presynaptic inhibitory or excitatory

neurotransmitter release, or through the application of exogenous chemicals.

Current-clamp, by contrast, is a method for recording the voltage difference across
a membrane by constantly injecting positive or negative current into the cell. In
this setup, membrane voltage is allowed to fluctuate freely?H93194  When no
current is applied, the cellular membrane sits at its resting potential, determined
by the electrochemical ion gradients and proportion of opened and closed channels
across it1®#9  Because voltage can vary in response to either endogenous or
applied currents, the visualization of action potentials and other current-dependent
attributes — intrinsic biophysical properties*® — is made possible. While voltage-
clamp can be used to understand the features of conductance exerted by ion channels
on the neural membrane, current-clamp can be used to probe how the membrane
potential characteristically responds to changes in conductance based on the number
and type of ion channels it contains. Using these methods, one can capture an
accurate idea of the intrinsic properties of neurons and the differences between
them, differences that determine how a given neuron will integrate its inputs and

the nature of its output.

Sorting neurons by intrinsic electrical properties

As alluded to above, groups of neurons can be defined by characteristic passive
and active membrane properties, e.g. the intrinsic properties of a neuron based on
its electroresponsiveness®®*% to different current environments. This is typically
accomplished using whole cell patch-clamp electrophysiology to drive changes in
membrane potential by current injections of different sign, magnitude, and time
course up to and exceeding the action potential threshold, usually by several
fo]d123M1961197

. Thus, by observing how a neuron responds to changes in current,

one can infer intrinsic properties manifest in the shape of an action potential, the
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temporal pattern of firing, and in the way a given neuron transforms synaptic inputs

into spike output.

Classifying groups of neurons into distinct subpopulations by intrinsic biophysical
properties can reveal aspects of the structure and function of a network. In addition,
modern approaches to neuronal classification overlay a variety of datasets with
intrinsic electrophysiology. For example, the geometrical (morphological) properties
of recorded neurons and their location in the brain. This is achieved through an
experimental approach in whole cell patch-clamp where the intracellular pipette is
filled with an electrolytic solution containing a chemical dye or organic compound
that diffuses into the cell during recording. Post hoc tissue fixation and THC
renders the compound visible in light microscopy, allowing neural morphologies to
be procured and compared to electrophysiological attributes™ 2398199 T 5 classic
study, the dendritic and axonal arbors of cortical projection neurons and interneurons
were reconstructed and mapped to intrinsic electrophysiological properties after

whole cell recordings in vitro*?2.

The authors found that the columnar location
and morphology of neurons they recorded, as well as their synaptic partners, was
reflected in their intrinsic electrical properties. Notably, the authors additionally
demonstrated that subclasses of interneurons could be defined in this manner.
Superimposing related information onto intrinsic electrophysiology in this way

bolsters the available interpretations one can make about neurons and neural

circuits.

The versatility of whole cell patch-clamp and the wealth of data it provides makes
it a highly effective tool for describing the properties of neurons and the differences
between them. When combined with genetic and biophysical methods, as I will
explain in the next section, experimenters gain the ability to describe the properties

and functionality of large, widely dispersed circuits of the nervous system.
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1.5 In vitro circuit mapping with light

Mapping functional connectivity between distant regions of the mouse brain is
difficult using in vitro whole cell patch-clamp methods alone, as these methods often
require sectioning tissue that can sever presynaptic axons. Furthermore, the extent
to which connectivity can be understood within a network is depleted with distance,
as neurons tend to receive most of their local connections from within 200 ym of
the soma??’, When studying long-range neural circuits, as in the case of the CLA,
there is a need for experimental tools to combat these limitations. Optogenetics,
the use of genetically encoded opsin channel proteins to control the activity of
specific groups of neurons with light, can be an especially effective work-around to

slice-generated artifacts in wvitro.

Francis Crick identified in 1979 the need to make sense of circuits in the mammalian
brain by precisely controlling individual populations of neurons, later speculating
that this could be accomplished with light*#22% During this same period, Oesterhelt
and Stoeckenius discovered bacteriorhodopsins, light-sensitive single-component ion
pumps found in the cell membranes of the microbe Halobacterium halobium?“?. The
next several decades saw the slow expansion of opsin-based genetic technologies
that would eventually marry with advances in optics and neuroscience, ultimately
allowing optogenetic methods to be used in living organisms or tissue cultures to

control ionic activity within neurong'®22V3i207,

In the modern scientific context, optogenetic experiments proceed first, in general,
by engineering a light-sensitive opsin protein with consideration given to features
such as the wavelength to which it is maximally driven to conduct ions, the kinetics
of how quickly it might do so, and to what cellular compartments it is localized

to®®, Next, opsins are expressed in neurons via viral** or transgenic2t%211

means.
This then allows an experimenter to alter neural function simply by shining a light
of the right frequency to drive currents through opsin channels expressed in the
membrane?t2213. These techniques combined offer unparalleled versatility through

a relatively simple method of restricting gain or loss of function to individual brain
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regions, cells, cell types, or projection-defined populations with precise temporal

control.

Single-wavelength circuit mapping

The best studied and most popular opsin variants used in optogenetics are channel-
rhodopsinl (ChR1), channelrhodopsin2 (ChR2), and the family of opsins similar to
or engineered from them!®22 ChR are light-gated cation channels first discovered

1205215

in the eyespot of green algae Chlamydomonas reinhardti and would later form

the biophysical basis for thousands of optogenetic studies'®2,

ChR mechanisms of action are directly tied to their molecular structure, from the
strength and duration of their photocurrents to where they localize in a cellular
membrane“#. At the level of primary structure, all ChR (and most other rhodopsins)
operate by the same process — absorption of a photon of (usually blue) light by the
light-sensitive chromophore retinal, bound via a Schiff base to the H7 transmembrane
subunit of the ChR protein. Photoabsorption and retinal isomerization induces
conformational changes in the tertiary and quaternary structure of the ChR protein
that prompt a shift from a closed channel state, to an open one, and eventually back
to a closed state through light desensitization and further conformational shifts
(the complete operation is known as the photocycle). The rate at which these steps
occur, the types of ions that are permitted through the channel once open, and
the wavelength of light that maximally drives the photocycle are subject to the
primary structure of the ChR in question, the many varieties of which have useful

experimental properties that I will explore in the next section.

Although which ChR to use is a matter of experimental design, most single-
wavelength in vitro optogenetic circuit-mapping experiments utilize the membrane
trafficking properties of conventional and modified ChR#® to localize expressed
opsins to specific compartments or the whole cell. Briefly, opsins are produced from
the expression of viral or transgenic vectors in the soma of a genetically- or projection-

defined population of neurons. Opsin proteins are then trafficked throughout the
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cell through interactions with their C-terminal intracellular domain“*. Patch-
clamp recording experiments proceed via optogenetic photostimulation of opsin-
expressing neurons. Because opsins can be trafficked to any given segment of
membrane, including the axon terminal, in vitro whole cell patch-clamp experiments
need not be confined to local circuits where the axon remains intact — severed
axon terminals can still be stimulated to release neurotransmitter from synaptic
vesicles onto the postsynaptic neuron under opsin-mediated presynaptic terminal
depolarization. The experimental paradigm described here, known as ChR-assisted
circuit mapping (CRACM)*& has become an integral component of most circuit

mapping experiments in neuroscience.

Dual-wavelength circuit mapping

Key to opsin activity within the membrane is the range of wavelengths of light over
which they are maximally excited to open and conduct ionic currents (their excitation
spectra). This property varies among opsins which can show maximal excitation
to anywhere from blue to red light*!#. Two opsins used in the production of this
thesis, originating from Stigeoclonium helveticum (Chronos) and Chlamydomonas
noctigama (Chrimson), have ideally separated maximum excitation frequencies in
the blue and red spectra, respectively*?, lending experimental usefulness to each
in different settings. Using differentially excited opsins in concert, however, is
less straightforward. Red-shifted opsins, like all opsins, still demonstrate some
responsiveness to blue light, though the reverse relation among blue-shifted opsins is
very weak. Previous studies have achieved specific excitation of dual-expressed opsins
of different peak excitation wavelengths through rigorously titrated light power
and opsin expression*'?. However, doing so under viral or transgenic paradigms is
often challenging or prohibitive as expression of opsin proteins is difficult to control

precisely.

One solution to this problem arises from the biophysics of ChR proteins mentioned

earlier — repetitive or prolonged light exposure induces a dark-adapted, desensitized

conformational state in which peak photocurrents are diminished or abolished?!
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and cannot be recovered for several seconds. Recently, this property has been
exploited in experiments where opsins of red- and blue-shifted action spectra are
expressed in different regions of the brain and their resulting convergence tested in

220221 Experimenters in these studies employed a

vitro on post-synaptic neurons
sequential stimulation scheme in which red-shifted light was used to activate, and
then desensitize red-shifted opsins so that blue-shifted opsins could be activated
independently. In each case, this method allowed the interrogation of two input
streams to single neurons nearly simultaneously. Until blue-light responses can be

eliminated among ChR derivatives, sequential dual-wavelength photostimulation

represents a promising avenue for dissecting convergent circuits in the brain.

Together, single- and dual-wavelength circuit mapping in vitro are bedrock tools
for investigating the physiology of neural circuits. Such investigations form the
baseline from which more generalized observations or experiments can build upon.
At a certain point, however, circuit knowledge must be translated into the context
of animal experience — how does the architecture of a circuit inform perception or
behavior? In the next section, I will discuss in vivo calcium imaging as a means of

recording neural activity in awake mice.

1.6 In wvivo recording of calcium activity

Circuits within the brain do not act in isolation but in concert with other pathways
that together underpin all neural computation®2223 With this in mind, it is
important to simultaneously record the activity of many neurons as it would occur
in the brains of alive animals, e.g. in vivo. Historically, multi-neuron recording
had been accomplished using microelectrodes that had been inserted into the brain,
allowing for the recording of action potentials with high temporal accuracy#2+23,
Modern in vivo electrophysiology has rendered vastly superior electrodes capable of
recording hundreds of neurons simultaneously” that, nevertheless, present certain

challenges when drawing conclusions about neural activity. These include the

inability to track the identity or precise location of recorded neurons in the brain,
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2

complex analysis procedures®?®, and is inflexibly limited to precise® or broad#222

stimulation regimes during recording.

23U of neural activity circumvents these issues to record large

In vivo calcium imaging
populations of neurons with single-cell accuracy. This method grants the ability
to record neural activity with light via the expression of a genetically engineered
fluorescent molecule which undergoes a conformational state change after binding

calcium, typically the result of the rapid flux of ions during an action potential:?#231,

GCaMP, the most widely used genetically encoded calcium indicator (GECI)#*,

)165

is a fusion protein of GFP (green fluorescent protein)*®?, calmodulin (a calcium-

binding protein), and a short peptide sequence from myosin light-chain kinase?3234,

GCaMP can be stably expressed in neurons through viral®*® or transgenic” means,
enabling repetitive experimentation with the same group of neurons within an animal.
Although slower in the temporal domain than whole cell or in vivo electrophysiology
due to the intracellular dynamics of calcium during and after the action potential**L,
compensation takes form in the immense benefits provided by visualizing neural

activity in alive and awake animals.

Imaging of GCaMP signal takes place during light microscopy, which leverages
the difference in excitation and emission wavelengths of a fluorophore to excite
GCaMP with one wavelength and then record activity emitted as another, longer
wavelength using a camera or photomultiplier tube as a sensor®*®. This — known as
single-photon microscopy — is useful when under low objective power or when spatial
resolution is less important. However, due to the intrinsically photon-scattering
nature of biological tissue, single-photon excitation is often less useful when precise
localization of fluorescing cells is required and is specifically poor at doing so in
the z-dimension, as photons liberated by the excitation beam can often originate
beyond the focal plane. This problem is ameliorated in scanning microscopy, such
as laser scanning confocal microscopy, in which the excitation beam samples only
small sections of the specimen in sequence and emitted photons can be attributed

to known regions by the detector®®. However, confocal and scanning microscopy
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are of limited use in in vivo mammalian neuroscience as the excitation spectra of
most common calcium indicators like GCaMP require wavelengths of light that do
not readily penetrate through more than a few hundred microns of brain tissue?’.
Instead, multiphoton absorption of longer, less easily scattered wavelengths, such
as those in the far-red spectrum, allow for deep tissue penetration and a high
signal-to-noise ratio. This technique, known as two-photon microscopy, produces
photons of half the energy needed to excite a fluorophore, two of which are contrived
to arrive simultaneously at the focal plane and combine their energies. Because
the probability of this occurring is highly unlikely much beyond the limits of the
focal plane, two-photon microscopy grants the ability to image neurons and their

processes deeply in scattering tissue while being minimally invasive and delivering

high-resolution, low-noise images.

Through the use of two-photon imaging of calcium dynamics in alive animals, it
becomes possible to translate in vitro experiments on a given population of neurons

or circuits into in vivo perception and behavior.

1.7 Summary

This text aims fill an important niche in CLA literature by applying the methods
and ideas presented above to understanding the properties of CLA circuits. The
CLA offers a unique insight into higher-order networks, the function for which
has yet to be fully elucidated. At a fundamental level, the CLA is a case study
in the long-range propagation of neural signals throughout the brain. Here, I use
in vitro and in vivo methods to dissect CLA input and output streams, allowing
for a detailed, cell-by-cell look into its anatomy and physiology, from which I
perform comparative analyses on the resulting data. This work is a perspective on
the organizing principles of the CLA that provides a mechanistic baseline for its

proposed roles in the many facets of consciousness.
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As mentioned in the introduction, a thorough interrogation of CLA anatomy and
physiology is necessary to draw functional conclusions about its activity, as the
CLA comprises many spatially segregated and potentially non-overlapping input-
output pathwaydt®3%46  This connectivity, however, can provide a useful baseline
for understanding CLA gross architecture and cell types — a ground-truth marker
not only for CLA identification on the whole, but also for an aspect of cellular
identity, i.e. the projection target of a neuron. The RSP has been identified®® in
tracing experiments as having a unique relationship to the CLA — RSP receives
innervation from CLA efferents but not at all from CLA-adjacent structures. This

quality positions RSP as a prime candidate for specifically targeting the CLA. In

29
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this way, CLA neurons can be retrogradely labeled for further investigation and

compared on the basis of their projection identity.

Here, I expanded on a previously reported retrograde neuronal tract tracing
method™™ for labeling the CLAZ% via stereotaxic injection of CTB into three
different sites along the rostrocaudal axis of the RSP in mice. Machine learning-
assisted image processing techniques were subsequently used to interpret the density
and area comprised by CLAggp neurons labeled from the RSP injection that gave
the highest number of labeled cells. Below, I present the spatial relationship of
CLARsp neurons to each other and to the CLA overall before going on to describe
the CLA intrinsic electrophysiological and morphological properties circumscribed

by this projection-defined perspective.

2.1 Anatomical delineation of CLARgp

To understand how CLA neurons differentially innervate RSP, we injected wild-
type (WT) C57BL6/J male mice with CTB488 (green; caudal), CTB555 (red;
intermediate), CTB647 (blue; rostral) into three separate rostrocaudal locations
along the RSP (n = 3 mice, Fig. [lh) based on coordinates obtained from the
Franklin & Paxinos reference atlas™®. Confocal microscopy imaging of 100 pm-thick
coronal sections revealed that each injection strongly labeled highly overlapping
populations of ipsilateral CLA neurons, distinct from the surrounding, unlabeled
tissue (Fig. ,c). Dense cell body labeling was also noted in the ipsilateral anterior
cingulate nucleus (ACA), contralateral RSP, and several ipsilateral thalamic nuclei
including the ventrolateral thalamus and the laterodosal thalamus ventrolateral
part (Fig. [Ib). Sparser labeling could be found in contralateral ACA, contralateral
thalamus, contralateral CLA, ipsilateral preoptic area, and ipsilateral nucleus of

the diagonal band.

Comparison of CTB labeling in CLA between injection sites revealed that the
caudal-most injection site reliably labeled the highest proportion of cells, followed

by the intermediate and rostral injection sites, respectively (Fig. [Id-f). This was
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especially true for the caudal regions of the CLA (51% of all labeled neurons) but
less so for rostral regions where the proportion of labeled neurons from each site
was roughly equivalent (33%, Fig. [Il). On the average, there were more CLAggp
neurons labeled by their projection to caudal RSP across all slices (p = 0.0005
Mann-Whitney U test) than to the intermediate and rostral RSP, while there was
no difference found between these latter two injections (p = 0.17; Fig. [Ik). Across
all slices and animals, caudally-projecting CLAggp neurons comprised 43% of all
labeled CLA neurons (Fig. ) Additionally, the largest proportion of dual-labeled
neurons projected to caudal and intermediate RSP (13%), while only a small number

of counted neurons projected to all three RSP locations (4%).

Injection of retrograde neuronal tracers into the RSP consistently demonstrated
that at least some CLAggp neurons could be found along the whole CLA length

(as defined by other sources®#112)

. No gross differences in the dorsoventral or
mediolateral localization of CLAggp were observed between injection sites (Fig.
[p,c.d). We chose the caudal-most RSP injection site for the remainder of the study

due to the dense and highly specific labeling it yielded in CLAggp neurons.
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Figure 1: Retrograde tracers label CLAgrgp. (a) Schematic of the injection strategy using
three CTB conjugates in different rostrocaudal regions of RSP. (b) Representative whole-slice
images of a mouse brain spanning the approximate rostrocaudal axis of the CLArgp. (c) Insets of
b of the CLARgp. (d) Proportion of neurons labeled from each injection site in a-c. Proportions
normalized within each rostrocaudal section. Sections matched manually between animals (n = 3
mice). (e) Box-and-whisker plots displaying the range of cells labeled across slices in d for each
injection site. (f) Caudal injections of CTB labeled the largest proportion of cells. Scale bars: (b)
1 mm, (c¢) 100 pm.

2.2 Comparison of CLARrsp to known markers of
CLA

We next compared known immunohistochemical markers of the CLA against
retrograde labeling of CLARrsp neurons to obtain a better understanding of the
intraclaustral localization of CLARggsp neurons. Calcium-binding proteins such as

PVELE28099 and myelin basic protein (MBP)™ have been previously shown to label
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the CLA. PV-rich neuropil and a paucity in MBP labeling give both positive and
negative stains for the CLA region. Thus, we chose these two markers against which

we compared CLARsp neurons in a subset of slices from the CLA rostrocaudal axis

(n = 3 mice, Fig. 2h).

As in our triple-retrograde experiments (Fig. , we found that injection of C'TB
into RSP labeled CLA neurons across the CLA rostrocaudal axis (Fig. [2p, left). We
saw a similar trend for MBP (Fig. b, center-left) and PV (Fig. Pb, center-right)
when each were labeled using IHC. MBP strongly labeled myelinated structures,
such as the white matter of the external capsule, while PV showed bright expression
in cell bodies and neuropil, specifically in the CLA and agranular insular cortex
(AI). When these signals were overlaid (Fig. , right), it became apparent that
CLARgp neurons preferentially localized around the PV-rich plexus in the central
CLA region as well as with the gap in fluorescence of the MBP stain. MBP+ fibers
could be seen coursing above, around, and below the CTB/PV area but few if any

axons appeared labeled by MBP within this same region.

Quantification of average fluorescence across the dorsoventral and mediolateral
axes in the CLA region (Fig. ) further supported the qualitative observations
described above. In the mediolateral case (Fig. , left), MBP fluorescence was
high medially near the external capsule and waned laterally. PV and CLAggsp
fluorescence, however, were well-aligned and peaked where MBP signal tended to
plateau at a low value. This relationship was, in general, preserved across the CLA
rostrocaudal axis. The dorsoventral axis (Fig. 2, right) showed a similar pattern
— CTB and PV signals were tightly overlaid across the rostrocaudal axis. In caudal
sections, the width of the CTB signal became narrower, indicating a decreased
cross-sectional area occupied by CLAgrgp that will be addressed in the next section
(Fig. . Interestingly, MBP signal peaked dorsally to the PV and CTB peaks,
dropped to a minimum that was generally aligned to the CTB/PV peak, before

rising again ventrally. The dorsal peak in MBP was less pronounced in caudal
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sections and the MBP local minimum had a slight ventral offset from the CTB/PV

peak in rostral sections.

CLARsp neurons were demonstrated to overlap with established markers for the
CLA along the dorsoventral, mediolateral, and rostrocaudal axes. Based on

193234

current anatomical perspectives , CLARsp neurons were taken to represent a

subpopulation of neurons in the ventral or "core" region of the CLA.
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Figure 2: Canonical CLA markers align with CLAggp. (a) Schematic of tissue sections
analyzed at representative rostrocaudal levels of the CLA. (b) CTB (green), MBP (orange),
and PV (cyan) labeling in the region of the CLA from the shaded areas in a. Dashed lines in
the right-most panels indicate approximate borders between CLA and other structures/layers.
(c) Normalized average fluorescence traces for each label in b along the mediolateral (left) and
dorsoventral (right) axes of the CLA (n = 6 mice). Anatomical boundaries based on those from
the Allen Brain Atlas. Traces aligned to peak CTB signal. Scale bars: (b) 100 pm.

2.3 Modeling the spatial organization of CLARgsp

Although CLARgsp neurons have been shown to span the rostrocaudal axis of the
CLA®** (Fig. (1)), it remains unclear how the spatial organization of individual
CLARgsp neurons changes across this plane. This is a relevant feature of CLA
anatomy to understand, especially if there is a modular organization of inputs

and outputs that occur along the height and length of the CLA, as has been
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suggestediSSEBI0 - Thys we opted to investigate CLARgp structure in greater

detail.

Serial coronal sectioning of thin (50 pm) slices of tissue followed by confocal imaging
revealed in finer detail how the area comprised by CLARgsp neurons varies with
rostrocaudal position (n = 3 mice, Fig. [3p). Beginning rostrally, CLAggp neurons
were dispersed over a large cross-section. Moving caudally, labeled neurons became
more compact and occupied a smaller area overall, a finding that could be inferred

3445|107

from data presented elsewhere Few, if any, CLARrsp neurons were seen

rostral to 2.0 mm bregma and caudal to -1.0 mm bregma.

As noted already, a key difficulty in defining the CLA anatomically is precisely
where to place boundaries that separate it from other structures. Historically, the
parceling of brain regions has been done using plain structural boundaries (white
matter, for instance) or based on data obtained from cytoarchitectural stains™?.
Here, I approached the problem of defining the CLAggp region in an automated
fashion, using image processing and machine learning techniques to allocate CLAggp
neurons to a delimited area (Fig. Bp). Confocal images of each slice across mice were
preprocessed through signal denoising and normalization steps (see Ch Materials
& Methods). Images of the same section were then aligned to the center of mass
(COM) of CTB signal and averaged, producing average images for each rostrocaudal
coronal plane. An active contour model was then applied to each average image

in turn, which produced the lowest energy, optimally smoothed contours of the

CLARSP region.

As expected, contours taken from rostral sections were large and generally remained
so until approximately 1.0 mm bregma before constricting considerably toward the
caudal CLA pole (Fig. ) Analysis of the area comprised by the contours showed
the CLARgp has a maximal cross-sectional area of 0.25 mm?® and a minimum area
of 0.05 mm?3, a five-fold difference across the length of the CLA. The inter-cell
distance across this span reflected a tightening nucleus — CLARggsp neurons became

much more closely spaced in caudal sections, from an average of greater than 50
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pm between cells in rostral areas to less than 25 pm in caudal areas (Fig. , left).
Interestingly, the sections of CLA containing the most CLAgrgp neurons centered
about 1.0 mm bregma (Fig. , right). This aligned the with general transition
point between a less dense CLA rostrally to a more dense CLA caudally. Here, the
use of retrograde labeling, confocal imaging, and techniques in image processing

reveal the gross anatomical organization of CLAgrgp neurons.
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Figure 3: CLARgp varies in cell density and shape along the rostrocaudal axis. (a)
Injection of CTB in caudal RSP labeled CLA neurons from bregma 2.00 mm to -1.00 mm (n = 3
mice). (b) Process for producing CLAgrgp area contours. Images of CLA in the same slice across
mice are COM-aligned and averaged. Average images are then COM-aligned and contours are
made for each average image. (c¢) Centroid-aligned contours from average images of the CLA. The
cross-sectional area varied widely from rostral to caudal sections. (d) Cell density of CLARgp
increased caudally. Left: Kernel density estimates of inter-cell distances across the CLARsp
rostrocaudal axis, colored by contour area from c. Right: Average number of cells counted in all
slices from a-c. Shaded region indicates the 95% confidence interval. Scale bars: (a) 200 ym, (b)
100 pm.
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2.4 In vitro electrophysiological characterization

We repeated our retrograde labeling strategy to target both CLAggp neurons and
non-CLARggp neurons for acute in vitro whole-cell patch clamp electrophysiology
(Fig. ) CTB+ CLARsp neurons were readily apparent and were visualized during
patching via a combination of transmitted and fluorescence microscopy (Fig. )
Electrophysiological profiles were collected using a standardized protocol that was
scaled to the rheobase current of recorded neurons and intrinsic properties were
collected (53 features; Tabl Fig. ) All patched neurons were subjected to

rigorous automated and manual quality control to be included in the final dataset

(Ngotal = 669 cells, ngpa = 540 cells).

Quality Control Criteria
|AV, | <10 mV
p < -850 mV

AP,,.. > 50 mV

AMP

<30 pA

||ho\d|

Figure 4: In vitro patching strategy. (a) Schematic of the in vitro whole cell patch-clamp
strategy. CTB was injected into RSP to label CLA. CLAgsp and non-CLARsp neurons were
patched for intrinsic profiling. (b) Example transmitted light and CTB fluorescence images
obtained n wvitro of a patched neuron. (c¢) Example trace (top: voltage, bottom: current)
and quality control criteria from a standardized intrinsic profile protocol used throughout all
experiments. Insets show examples of metrics used in analysis. Quality criteria color-coded to
regions from which they are extracted. Scale bars: (b) 100 pm, (¢) 20 mV and 100 ms.

In line with previous accounts!®13%238 e identified several subtypes of both

putative excitatory (ngx = 434) and inhibitory (niy = 106) neurons based on
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intrinsic electrophysiological properties (Tabl, Fig. , top). Delineation of
some electrophysiological subtypes was validated by statistical methods and by
unsupervised clustering on a dimensionally reduced dataset (Fig. —e). While a
significant proportion of putative excitatory neurons were CTB+ and, by definition,
CLARsp neurons, population-level homogeneity among this group impeded further
separation using K-means clustering, an unsupervised method of cluster identifica-
tion (Fig. right, center). We additionally attempted clustering via hierarchical
(Ward’s) clustering and affinity propagation with similar results. The high degree
of variability within the excitatory population extracted during dimensionality
reduction, especially within key explanatory features such as the delay to spiking,
threshold current, and resting membrane potential, confounded attempts to separate
clusters. Rather, we relied on a number of intrinsic electrophysiological features —
evident within the action potential wave-form for each cell — to define four excitatory
cell subtypes (E1-4; Fig. ) E1l, E2, and E3 could be divided by spike amplitude
adaptation normalized from the first action potential where E1 monophasically
declined, E2 increased to a plateau, and E3 showed a biphasic pattern, initially
declining sharply before recovering slightly. E4 neurons showed a similar pattern
to E3 but more pronounced and also could be differentiated from all others by
the presence of an afterdepolarization potential (ADP, 3.1 +/- 2.2 mV, p = 7.4 X
109).

Putative interneurons, by contrast, could be easily categorized into four groups (high
rheobase [HR], fast spiking [F'S], low threshold [LT], irregular [IR]) using raw features
(Fig. ) or unsupervised k-means clustering (average inhibitory silhouette score =
0.853, k = 4 clusters; Fig. right, €). While hierarchical and affinity propagation
clustering provided similar results to k-means, k-means clustering results were
reported here for their superior separability. Interestingly, all clustering methods
found a small continuity between FS and LT neural populations in low-dimensional
space (Fig. [pld). FS cells were found to fire narrow spikes between 50-200 Hz,
while LT cells had a low rheobase and high input resistance. Conversely, HR cells

had a large rheobase and low input resistance with a significant delay-to-spike at
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threshold. Finally, IR cells fired irregularly and very infrequently compared to other
types. Electrophysiological feature comparisons between these cells additionally
supported distinct subtypes that differed from excitatory cells (Fig. ), in line
with cortical literature™ ™23 Surprisingly, a small subset of the neurons allocated
to interneuron subtypes were found to be CTB+ during patching, suggesting either
the presence of further excitatory subtypes mixed within our interneuron cohort
or the presence of inhibitory projection neurons within the CLA. These cells, the
majority of which were HR neurons, represented 23% of our putative inhibitory

subtypes and 5% of total CLA neurons (Fig. ba bottom).

Across all cells, E3 and E4 types were the most prevalent and, within excitatory
neurons, the most likely to project to RSP (26% and 32% of all neurons, respectively;
Fig. pf). E1 neurons (18%) comprised a slightly smaller grouping, followed by E2,
which made up the lowest proportion of excitatory neurons (5%). Interneurons
were collectively 19% of all recorded neurons, a figure which comported with
the proportion of inhibitory and excitatory neurons in the CLA reported in

immunohistochemical studies222Y,
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Figure 5: Electrophysiologically-defined cell types of the CLA. (a) Top: Representative
intrinsic profiles of the eight CLA cell types found in in wvitro electrophysiology. Top traces are
from hyperpolarizing and depolarizing current injections at rheobase and 2x rheobase. Single
spikes from the dashed black box in the top traces taken at rheobase. Bottom: proportion of
patched neurons shown to be CTB+ during experimentation. (b) Left: Comparison of spike
amplitude between excitatory types on the first ten spikes during 2x rheobase current injection,
normalized to the amplitude of the first spike. Right: Kernel density estimate of ADP amplitude
across CLA excitatory cell types. Right, inset: Example traces of ADP in E4 neurons compared
to other types after a spike, aligned to 10 ms before spike onset. (c) Left: FS, LT, and HR types
separated by input resistance and spike half-width. Right: FS, LT, and IR types were noticeably
different in spike frequency at large current steps (5x rheobase). (d) Dimensionality reduction of
electrophysiological features accurately separated manually-classified inhibitory, but not excitatory
cell types. (e) K-means clustering and silhouette analysis of inhibitory neurons. (f) Proportion of
CLA cell types across the dataset. Scale bars: (a) top: 20 mV and 100 ms, topeyrrent: 200 DA,
middle: 20mV and 10 ms.
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Property El E2 E3 E4 FS HR LT IR
Rin (M) | 350 £+ 136 | 401 4+ 163 | 270 4+ 112 | 310 &+ 131 | 341 + 189 | 110 + 19 | 669 £ 298 | 231 + 119
RMP (mV) |-70.1 + 5.1|-67.4 + 4.1[-70.6 + 5.3|-70.5 + 4.6|-66.0 + 5.6]-75.4 £+ 6.3]|-66.5 + 4.0[-69.7 + 5.2
Thre. (mV) [-39.0 + 5.4[-37.8 + 4.8|-38.2 + 5.0|-37.9 + 4.1|-41.2 + 7.6|-35.6 + 3.8]-40.9 &+ 5.6[-37.5 £ 5.5
Rheo. (pA) | 79 + 38 66 £ 35 | 109 £50 | 89 + 42 97 £ 55 | 298 £65 | 36 £ 12 | 163 £ 96
fAHP (mV) [-12.3 + 3.4[-11.3 + 3.5 -9.6 £ 34 | -6.5 + 3.4 |-18.2 £ 4.5] -9.3 + 3.5 |-13.2 &+ 5.8] -8.7 £+ 3.1
ADP (mV) | 05+ 1.7 | 0.5 +£0.1 |05+ 1.19 3.1 +2.24 N/A 1.4 £ 2.2 N/A N/A
APy (ms) | 1.8 £04 | 1.7+£02 | 19£05 [ 1.8+05 | 0803 | 1.7£04 | 1.7+ 06 | 1.9+ 0.6
Freq. (Hz) [38.9 + 21.8|37.7 + 12.4]33.2 £+ 11.8]33.6 £+ 13.5/93.2 £+ 44.0(38.5 + 10.8|28.8 £ 9.6| 6.0 = 4.9
APy (mV) | 793 £9.2 1682 +9.3|77.8 +9.9]74.9 +88|75.2 + 11.8| 81.8 £ 6.7|75.9 + 9.2|83.0 + 6.7
SPKdelay (ms)| 188 £ 104 | 216 £ 106 | 152 £ 94 | 137 £ 68 | 24 £42 | 127 £ 87 | 99 £ 65 70 £ 75

Table 2.1: Select electrophysiological properties of CLA neurons. All values reported
here as the mean + the standard deviation. Abbreviations: Rj, - input resistance, RMP -
resting membrane potential, Thre. - spike threshold, Rheo. - rheobase current, fAHP - fast
afterhyperpolarization potential, ADP - afterdepolarization potential, AP/, - action potential
half-width, Freq. - maximum recorded spike frequency, AP,.x - maximum spike height at rheobase,
Spkdelay - delay to spike onset.
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2.5 Morphological reconstruction of CLA neu-
rons

From our electrophysiological investigations, we filled and reconstructed 134 recov-
ered morphologies for analysis of their features (33 morphological features; Tabl
Fig. @a), a recovery rate of approximately 25%. To be included in the dataset,
morphologies were required to have accompanying quality-checked electrophysiology
and pass manual inspection. Of this cohort, we were able to count spines along
primary and secondary dendrites of 72 reconstructed neurons, approximately 54%
of reconstructions. This group included neurons from each electrophysiological class
which were categorized as either "spiny" or "aspiny" if dendritic spines were visible
and countable or not (Fig. [6b). This distinction was taken as a proxy for excitatory

and inhibitory neural cell types, respectively239%,

Our results recapitulated previous findings of predominantly spiny neurons in the
CLA (81.9%; Fig. [6k) and a smaller (18.1%) group of aspiny neurons®*1%., These
proportions were in general accordance with those found in our in wvitro intrinsic
profiling (Fig. [pf). Within electrophysiologically-defined subtypes, E1-4 had spiny
dendrites, consistent with them being excitatory neurons (Fig. [ Fig. [6d, top).
FS, HR, LT, and IR types were either aspiny or sparsely spiny in line with cortical
GABAergic interneurons™ (Fig. [6d, bottom). HR cells additionally had dense,
branching dendritic arbors (Table similar to that reported for neurogliaform
cells?*?, These distinctions aside, CLA morphologies were highly variable in both
general appearance and in coronal orientation (Fig. @e,f). This said, most CLA
neurons tended to avoid projecting medially, directly toward the capsule, many
branched dorsally and ventrally while others projected outward laterally or retained
most of their dendrites within the CLA itself (Fig. [6f). These patterns did not lead
to useful cell type identification after dimensionality reduction and unsupervised
clustering, however, and did not overlap with electrophysiological types either in

a solely morphological dataset or in a combined electrophysiological dataset (Fig.

[6).
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In summary, I demonstrated in this chapter the use of retrograde tracers in defining
a subpopulation of claustrum neurons, how this method overlaps with previously
defined markers for the CLA, and how the dimensions of this subpopulation changes
across the rostrocaudal axis. Additionally, I showed that CLA neurons can be
accurately grouped into several subpopulation that vary in both electrophysiological
properties and projection target. Finally, I demonstrated the relative heterogeneity
of CLA morphologies. These features of CLA anatomy and intrinsic physiology are
important aspects, as I will show in the following chapters, when viewed in the light

of CLA circuitry.
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Figure 6: Dendritic morphology among CLA neurons is highly variable. (a) Confocal
image of a patched neuron filled with biocytin and fluorescently labeled with streptavidin-555
in a field of CTB+ CLAgsp neurons. (b) Top: Example morphologies of spiny, sparsely spiny,
and aspiny neurons. Bottom: Insets of top showing the presence/absence of dendritic spines
(red arrows). (c) 72/134 reconstructed neurons were of sufficient image quality to count spines.
Shown here is the proportion of spiny and aspiny neurons in the morphological dataset. (d)
Electrophysiologically-defined types displayed differences in spininess. Top: Percentage of cells in
each cell type category found to be spiny or aspiny. Interneurons were typically aspiny or sparsely
spiny. Bottom: Though some interneuron types had sparsely spiny cells, they were less spiny on
average than excitatory types. (e) Morphologies across neuronal types were highly variable. Left:
Dimensionality reduction of the morphological dataset found cells from each electrophysiological
type in every cluster. Clustering and identification of types was not improved by overlaying the
electrophysiological and morphological datasets in this case. (f) Example morphologies from each
electrophysiological cell type. Top: morphologies localized to their approximate location relative
to CLARrgp. Bottom: Polar wedge analysis showing the average amount of dendritic length within
each 10° polar bin. Scale bars: (a) 20 ym, (b) 50 pm, 10 pm,(f) 50 pm.
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Property E1l E2 E3 E4 FS HR LT IR
#Den. 542 6+3 5+ 1 6+ 2 4+ 2 6+ 1 4+ 2 6+ 2
#Nodes 14 £ 8 15 +£8 20 + 11 19 £+ 12 124+7 |29+ 15 11+6 16 £ 11
<Den.> (um)| 349 + 253 | 473 + 294 | 368 + 192 | 427 + 328 | 314 + 144 [409 £+ 157| 416 + 235 | 519 + 521
Max Den.grger| 6 £+ 2 8+ 2 7T+2 7T+3 5+2 942 5+ 1 7T+3
<Seg.> (pum)[50.3 + 27.5{64.7 + 23.0/43.0 £+ 19.5|54.6 + 18.1|46.5 £+ 11.5|39.6 + 6.5{68.1 + 28.5|58.4 + 20.7
ND (n/sholl) | 3.7 +£25 | 25+ 15| 53+25|43+2730+22(724+55]24+18]29+1.9
Den.pax (pm)] 203 + 129 | 298 + 101 | 186 + 99 | 236 + 102 | 187 + 76 |210 £ 116] 279 + 126 | 284 + 134
Len.max (°) | 20 =79 50 +94 | 10 £100 | 10 =100 | 0 4+ 120 | 40 + 60 | 340 £ 110 0 + 120

Table 2.2: Select morphological properties of CLA neurons. All values reported here
as the mean =+ the standard deviation. Abbreviations: #Den. - number of primary dendrites,

#Nodes - number of dendritic nodes, <Den.> - average dendritic length, Max Den.gyqer

- the

highest order dendrite, <Seg.> - average dendritic segment length, ND - node density, Den.ax -
longest dendrite, Len. .« - the polar bin of the longest dendrite.
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Intraclaustral connectivity likely underpins how the CLA is able to respond to

12299 and subsequently drive cortical neurons through its efferent

cortical inpu
projections™!. Yet surprisingly little is actually known about intraclaustral signalling
due, in large part, to its famously sequestered location beneath the cortex. Previous
work”™ has indicated that feed-forward inhibition is the primary motif at play
within CLA circuits — cortical afferents jointly excite CLA projection neurons
and local interneurons, which then, in turn, inhibit CLA projection neurons. CLA
interneurons perform this function in a rapid and synchronized manner through
extensive electrical synapses between them. In addition, the authors of this study
found little evidence of excitatory-excitatory connectivity in coronal sections during

dual-patch electrophysiological recordings. This finding would suggest that CLA

circuits with the cortex, especially in anatomically distant parts of the CLA, are

46
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non-overlapping and information relayed to different input domains of the CLA is

not propagated through it.

Despite this, other studies using mostly anatomical methods (see, however, Orman,
2015) found evidence of such connectivity, confusing an already complex outlook on
intraclaustral signalling?®28:129 - Given the elongated structure of the CLA, there
could plausibly be connectivity specified over the rostrocaudal axis that would
be immeasurable in dual-patch recordings without the assistance of techniques to
circumvent tissue sectioning-imposed experimental confounds. Thus, I set out to
understand intraclaustral connectivity via a dual-retrograde approach to both label

and perturb CLAggp neurons in vitro.

3.1 Dual-retrograde strategy for labeling and per-
turbing CLA activity

To resolve whether excitatory-excitatory connectivity exists — with implications for
information transfer within the CLA — my colleagues and I returned to a retrograde
neuronal tracing strategy using C'TB injections into RSP as in Ch[2] (Fig. [7]). In
addition, we combined this injection with a retrograde Cre virus (retroAAV-Cre) in
RSP and conditional viral expression of AAV-FLEX-ChrimsonR-tdTomato adjacent

to CLA for specific labeling and opsin expression (Fig. [Th).

Imaging of fluorescence in vitro demonstrated incomplete overlap between CTB-
labeled and opsin-expressing neurons in the CLA (Fig. ) This implied two
experimental caveats: 1) that uptake and eventual labeling by CTB and retroAAV-
Cre occurs with differential penetrance and 2) that the spread through tissue
of AAV-FLEX-ChrimsonR-tdTomato occurs within a delimited range prior to
experimentation, thus, only labeling a subset of neurons expressing retroAAV.
This feature was confirmed in post hoc histology and confocal imaging (Fig. [7c).
CTB, as in previous experiments, reliably labeled the CLAgrsp core all along the
CLA rostrocaudal axis. AAV-ChrimsonR-tdTomato was visible in the soma of

CLARsp neurons in regions approximately 200-400 pm from the injection site (1.00
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mm rostral to bregma, see Tabl. In rostral and caudal CLA regions, CLAgsp
neurons were labeled only by CTB and surrounded by a field of tdTomato+ CLARrsp
axons, presumably from cells whose soma was located nearer the CLA injection site.
In caudal regions specifically, CLAgrgsp axons appeared to avoid the CLAgrgp core
labeled by CTB+ neurons almost entirely (Fig. [T, lower right). This pattern was
not observed in rostral CLA, though the region occupied by florescent axons was
larger than in posterior regions, congruent with our modeling results (Fig. |3) and

literature on CLA structure!®?,

Because of the differential expression and labeling between AAV-ChrimsonR-
tdTomato and CTB, we could address synaptic connectivity between separate
subpopulations of CLA neurons — CLAgrsp and non-CLAgsp. Further, because
this method does not rely on intact axons to measure connection probability but
simply whether a CLA neuron receives excitatory CLA input or not, we could record
neurons at any point in the CLA irrespective of the soma location of presynaptic

cells.

0.00 mm

ChrimsonR-
tdTomato

-0.20 mm -1.00 mm

Figure 7: Dual-retrograde labeling in CLAggp (a) Schematic of the injection strategy
retroAAV-Cre and CTB in RSP and AAV-FLEX-ChrimsonR-tdTomato in the CLA. (b) Example
in vitro images taken using transmitted light and fluorescence microscopy. Green arrows: cells
labeled only with CTB. Magenta arrows: cells labeled only with tdTomato. (c¢) 10X confocal
microscopy images of CTB labeling and ChrimsonR-tdTomato expression at representative points
along the length of the CLA. Somatic expression of ChrimsonR-tdTomato was generally restricted
to the injection site. Axon labeling could be seen at rostral and caudal locations. Scale bars: (b)
50 pm, (c) 200 pm.
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3.2 Neurons in CLA frequently form excitatory
synapses

From the preparation described above, we tested synaptic connectivity in the CLA
via whole cell patch-clamp electrophysiology. We used brief pulses of orange (595
nm) LED light to stimulate presynaptic axon terminals throughout the rostrocaudal
length of CLA while recording from either CTB+ or CTB- CLA neurons (Fig.
Bh). We found that we could evoke excitatory postsynaptic potentials (EPSPs) in
the majority (69.5%; n = 32/46) of recorded CLA neurons, although only a small
subset of these were CLAggp neurons (n = 4/11 CTB+ cells responsive; Fig. [8b).
Examination of response magnitude and latency among responsive neurons (Fig. )
strongly suggest monosynaptic connectivity, as shown in studies of opsin kinetics*®.
Compared to the fast latency (0.69 £ 0.49 ms) of CLA neurons directly expressing
opsin, monosynaptically-connected CLA neurons displayed longer latencies (4.9
+ 1.3 ms) that were nevertheless considered too short to have been evoked by a
disynaptic connection. In vitro imaging of the soma location of recorded neurons
with reference to the CLAgsp core additionally indicated that neurons located

outside the core but within the field of axonal labeling were more likely to respond

to CLAggp input than neurons located within the core area (Fig. [8d).

We simultaneously acquired intrinsic electrophysiology from recorded neurons and
found that both excitatory and inhibitory neuronal subtypes exhibited EPSPs in
response to CLA optogenetic stimulation (Fig. ) Among inhibitory subtypes, FS
neurons exhibited the highest frequency of receiving CLA input, while LT neurons
received CLA input at rates comparable to that of excitatory types. Within the
excitatory cell subtypes, E1 was more likely to receive local CLA input than E3 and
E4 neurons, despite these latter two groups being the predominant subtypes in the
CLA. In contrast to previous studies™, we found that 66% of all responsive neurons
were excitatory E1-4 neurons (Fig. ) It was additionally observed that projection

target significantly modulated the likelihood of intraclaustral responsiveness (p =
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0.01 Fisher Exact test; Fig. ) but that electrophysiological class, i.e. inhibitory
or excitatory, did not (p = 0.45 Fisher Exact test; Fig. )

These experiments collectively point to an extensive intraclaustral connectivity,
engaging both excitatory and inhibitory neurons in a manner defined by efferent
target. This further supports the idea that CLA contains the necessary circuitry to

act as an integrative, excitatory hub for cross-modal associations.
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Figure 8: CLARgp communicate extensively within the CLA (a) Example postsynaptic
excitatory potential in a CLA neuron in response to presynaptic CLAgrsp input. Shaded regions
indicate the area under the curve used as a proxy for response magnitude. (b) Proportion of
responsive and non-responsive cells in the CLA to CLAggp input. The majority of responsive cell
were non-CLARgp neurons. (¢) Comparison of response magnitude and latencies across responsive
neurons. Compared to neurons directly expressing opsin, postsynaptic CLA neurons showed slower
and weaker EPSPs. (d) CLA neurons were most likely to respond to presynaptic CLAggp input if
the soma of the postsynaptic neuron was not located directly in the CLAggp core. (e) Response
probability among CLA electrophysiological types. (f) Proportion of responsive neurons of each
electrophysiological type. (g) CTB+ and CTB- neurons show a significant difference in response
probability (p = 0.01, Fisher Exact test). (h) No difference was seen in response probability
between excitatory and inhibitory types (p = 0.45, Fisher Exact test).
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In general, the broad connectome of the CLA is reciprocal with cortex!®, albeit with
notable exceptions such as RSP, shown here (Fig. [1)) and in other works*®. CLA
receives innervation from many, if not all cortical areas in mice, most densely

18JJ19351391109

from structures in the frontal lobe Regions of weakest innervation,

curiously, appear to be those concerned with primary sensorimotor processing=>%,
Furthermore, evidence from recent years indicates that the mouse CLA, similar to the
CLA of monkeys”??¥ and cats®>% is functionally subdivided rostrocaudally* and

1% into regions of innervation from different cortices. Physiological

dorsoventrally
assays bear this out somewhat — neurons of a known projection identity tend to be
more or less responsive to input from some cortices and not otherst®® underpinning

the existence of functional modules in the CLA defined by output target, as shown in

51
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our intraclaustral experiments in Ch. [3] However, a compelling demonstration of the
anatomical distribution of cortical axons in the CLA and their electrophysiological
significance to a distinct CLA subpopulation has yet to be carried out. Moreover, it
is completely unknown whether CLA neurons can be responsive to more than one
input cortex at all. Are CLA neurons individually capable of multimodal processing

and how does this intersect with cell type and axon/soma location within the

CLA?

To answer these questions, I investigated the relationship of cortical inputs and
CLA neuron activity in vitro using single- and dual-wavelength optogenetic input
mapping. [ used investigated a number of different cortical areas based on previously
shown output modules to the same areas by retrograde neuronal tract tracing®*
(Table [4.1)). T again returned to defining CLAggp neurons using CTB injections into
RSP in order to retain anatomical and physiological knowledge of a known CLA
neural subpopulation. Below, I describe my findings first in anatomical terms, then
in the physiological significance of inputs from single cortices with an emphasis on
the spatial organization of axons and CLA neurons. Finally, I use a dual-wavelength

optogenetic stimulation strategy to map combinations of cortical inputs to the CLA

cell types already delineated here (Ch. .

Cortical area Abbreviation

Orbitofrontal area ORB
Prelimbic area PL

Anterior cingulate area, anterior part ACAa
Primary motor area MOp
Dorsal auditory area AUDd
Anteromedial visual area VISam
Entorhinal area, lateral part ENTI

Table 4.1: Abbreviations of cortical areas used to assess corticoclaustral connectivity.
From the Allen Institute Mouse Reference Atlas (see?).
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4.1 Anterograde anatomical mapping of cortical
afferents

Given the proposed role of CLA as a cortical network hub, we sought to better
understand how cortical axons are arranged within the CLA. We again used a
retrograde labeling method to distinguish CLAggsp, now in tandem with anterograde
viral expression of tdTomato (AAV-ChrismonR-tdTomato) in one of a range of
afferent neocortical areas: frontal (ORB, PL, ACAa), motor (MOp), sensory (VISam,
AUDd) and parahippcampal (ENTI) cortices (n = 3 mice/injection site, n = 21
mice total, Fig. @a,b). Coronal sections from the rostral, intermediate , and caudal
CLA (Fig. [O¢) revealed variation in neocortical pyramidal cell axon innervation
about the CLARgp region along the dorsoventral axis that were nevertheless stable

rostrocaudally, proportional to CLAgsp area (Fig. [O{).

a b

AAV-ChrimsonR-tdTomato

Figure 9: Mapping cortical afferents to CLA by anterograde and retrograde tracing.
(a) Schematic of a mouse brain viewed from above, labeled with injection sites for AAV-ChrimsonR-~
tdTomato (magenta) and CTB (green). (b) Representative tissue sections and regional boundaries
of injection sites in a. (c) Schematic of tissue sections used for analysis. (d) 10X magnification
confocal microscopy images of cortical axons and CLAgrgp neurons in the CLA from the rostrocaudal
locations depicted in c. Scale bars: (a) 1 mm, (d) 200 pm.
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We next quantified axonal innervation in the CLA across mice to better to draw
statistical conclusion about the spatial arrangement of cortical afferents with respect
to CLARsp, our known regional anchor. For each injection experiment, images of
fluorophore-labeled axons were aligned to CLAggp at 1.00 mm rostral to bregma
across mice, averaged, and binned to a 15 um x 15 um pixel heatmap (Fig.
10h). From the qualitative appraisal given in Fig. @, axons innervated distinct,
but overlapping dorsoventral domains, indicative of a core-shell structure akin to
previously reported domains seen in output neurons of CLA®4. Thus, dorsal, core,
and ventral regions were defined by the areas above and below the average contour
of 1.00 mm rostral to bregma (Fig. [3), including the regions of labeling medial and
lateral to the CLARgp "core' area (Fig. , left). Axon fluorescence was normalized
and compared between these regions (Fig. [10p).
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Figure 10: Afferent input to CLA from cortex forms a modular structure. (a) Average
heatmaps of axonal fluorescence for each cortical site, arranged by projection to dorsal, core, then
ventral CLA. Dorsal, core, and ventral regions of CLA appeared differentially innervated by cortex.
Core region is the average contour of 1.00 mm bregma defined by CLAggp. Dorsal and ventral
ares comprise image regions surrounding the CLAggp core. (b) Average regional fluorescence for
each cortical area in the CLA in (a). Scale bars: (a) 200 pm.

Distinct preferences in innervation along the dorsoventral axis could be observed

between cortical areas, exemplified by the heatmaps for MOp, PL, and ORB. These
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regions are congruent with those for both cortical afferents and CLA efferents
found in other studies®®% validating the existence of discrete but overlapping CLA
modules. In addition, several cortices innervated medially and laterally to CLARgsp,
including ACAa, ENTI, and ORB, further underscoring a core/shell arrangement
of inputs to CLA centered about CLARgp.

These results highlighted potential functional modules of the CLA, arranged spatially.
How these patterns of innervation might intersect with CLA neuron responsiveness,

cell type, or projection identity remained to be seen.

4.2 Single-wavelength optogenetic input mapping

We next investigated the physiological significance of this innervation by opto-
genetically stimulating presynaptic cortical axon terminals while recording from
post-synaptic CLA neurons in vitro (Fig ) We observed excitatory post-synaptic
potentials (EPSPs) in CLA neurons in response to optogenetic stimulation of axons

arising from every neocortical injection site (n = 175 cells, 40 animals).

AUDd

n=45 n=45 n =59
. CTB+ M, Cortical-responsive

n=2

~ ’ ol2= = n=1
Seo e Dorsal Core Ventral Dorsal Core Ventral Dorsal Core Ventral Dorsal Core Ventral
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Figure 11: CLA neurons are mostly responsive to frontal cortical input. (a) Schematic
of injection and patching strategy. Mice were injected with AAV-ChrimsonR-tdTomato (magenta)
in cortex and CTB (green) in RSP. (b) Response proportions of CLA neurons for each injected
cortical area. (c) Response probabilities for each injected cortical area in the CLA regions
described in Fig.

We found striking variability in the percentage of responsive CLA neurons when
stimulating of axons from different cortical areas — PL and ACAa having the

highest probability of evoking a response in both CLAgsp and non-CLAgsp neurons.
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Stimulation of axons arising from sensorimotor areas such as AUDd and MOp had
the lowest probability of evoking an EPSP with the notable exception of VISam.
Further, CLA neurons were more likely to receive input from frontal cortical regions
if they projected onward to RSP i.e. were CTB+. This relationship was weaker or
absent in other areas, such as MOp and AUDd, suggesting differences in the input-
output circuits of these CLA neurons. Additionally, the likelihood of a recording
an EPSP in a CLA neuron for each input cortex was roughly congruent with the
dorsoventral region of innervation for that cortex (Fig. [L0): CLA neurons whose
soma was located in the densest region of axonal innervation were generally more
likely to respond with an EPSP (Fig. [I1k). Results from these experiments further
underscore the modularity of CLA anatomy and the interaction between input and

output connectivity underlying the circuitry of CLA neurons.

4.3 Dual-wavelength optogenetic input mapping

One of the posited functions of CLA is to effect sensorimotor “binding” or in-

212229 Given the distinct topography of input axons (Fig.

formation integration
and spatial organization of projection targets®* of the CLA, we next set out
to test if single CLA neurons in mice are responsive to more than one cortical
region and, therefore, support established models of CLA function. To do so, we
sought to combine retrograde tracer injections into the RSP with a dual-color
optogenetic strategy, injecting AAV-Chronos-GFP and AAV-ChrimsonR-tdTomato
into combinations of the neocortical regions investigated in Ch[]1-2. However,
because of the notable optical cross-talk and excitation in response to blue light
from red-shifted opsins noted earlier (Ch. [1}5), we first characterized a sequential
stimulation strategy in mice expressing only one type of opsin in a single cortical

area (PL; Fig. [12h).

220221 of dual-color optogenetic

Drawing from previously reported methodology
stimulation, we used prolonged orange light (595 nm, 500 ms) to desensitize

ChrimsonR opsins and reveal independent blue light-sensitive (470 nm, 4 ms)
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Chronos-expressing input (n = 6 mice, 21 cells; Fig. ) Doing so revealed that
ChrimsonR could be successfully desensitized to blue light through prolonged orange
light exposure prior to blue light onset, indicated by a sharp decrease in EPSP
magnitude (Fig. , top). Chronos opsins retained blue light responsiveness
even after prolonged orange light exposure. Postsynaptic potentials to opsin
photostimulation in both cases were fast (EPSP latency after 595 nm stimulation:
7.1 £ 1.6 ms, 470 nm: 6.1 £ 1.8 ms; Fig. ), indicating that these evoked

responses were likely from monosynaptic innervation of CLA neurons by the injected

cortex.
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Figure 12: Opsin cross-talk can be eliminated through desensitization and sequential
stimulation. (a) Injection strategy for control experiments in which only one of AAV-ChrimsonR-
tdTomato or AAV-Chronos-GFP was injected into the prelimbic area (PL). (b) Example whole cell
current-clamp recording of sequential photostimulation. ChrimsonR was successfully desensitized
by exposure to prolonged 595 nm light. (¢) Quantification of response magnitude, normalized
to the maximum response within each condition of b. ChrimsonR-responsive neurons showed
significant responses to 595 nm light (p < 0.0001) but not to 470 nm light after desensitization (p
> 0.05). Chronos-responsive neurons showed significant responses to 470 nm light (p < 0.0001)
but not to 595 nm light after desensitization (p > 0.05). (d) Response latencies for each opsin in
all experiments to its peak excitation wavelength.

We next injected AAV-ChrimsonR-tdTomato and AAV-Chronos-GFP into com-
binations of upstream cortical areas previously characterized (Fig. |§|, and
assessed the amount of co-innervation of either CLAgrgp or non-CLARsp neurons, i.e.
integration of cortical input (Fig. ) Opsin-fluorophore expression was evident in

axons localized in and around the region of CLAgrgp neurons during in vitro whole
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cell patch-clamp recordings and post hoc histology (Fig. ) Using the sequential
stimulation strategy (Fig. , we found CLA neurons displayed one of four response
profiles: dual-responsive and integrating (Fig. , top), single-cortex-responsive

(Fig. 13k, middle), or no response (Fig. [L3, bottom).
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Figure 13: CLA neurons integrate cortical inputs. (a) Schematic of the injection and
patching strategy for AAV-ChrimsonR-tdTomato and AAV-Chronos-GFP into different cortices of
the same animal. (b) 4X (left) and 10X (right) magnification image of axons from PL (ChrimsonR,
magenta) and MOp (Chronos, cyan) surrounding CLAgrgp neurons (CTB, green). (c¢) Sequential
stimulation protocol elicits one four response types in CLA. (d) Dual-color optogenetics response
and CTB proportions for cortices examined in Fig. using the strategy in c. (e) Expected
probability of integration compared to the measured probability in wvitro. All combinations
demonstrated a slightly higher probability during recording than expected. Scale bars: (b),left:
500 pm, right: 200 pm.

Among all cortical combinations, CLAgsp neurons were more likely to integrate
inputs from frontal areas than they were from other areas, similar to our single opsin
observations, although integration as a theme was constant throughout all examined

pairs (n = 259 cells; Fig. ) Integration was most common between ACAa and

ORB, while less so when only one or neither of the input cortices were located in
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the frontal lobe, and lowest between VISam and AUDd. The measured probability
of integration, however, was slightly higher than expected based on the probability
of receiving inputs from each cortical area individually, implying integration among
single CLA neurons in these experiments occurred at a likelihood higher than would

be implied merely from coincidental con-innervation (Fig. )
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Figure 14: CLA neurons integrate inputs from cortex in a cell type-dependent manner.
(a) River plots indicating the projection strength of each cortical area to each of the cell types as
a proportion of cells showing EPSPs in response to optogenetic stimulation of cortical axons. Left:
Only E3, E4, and FS neurons received input from all examined cortices. Center: Interneuron
populations were targeted by different cortical areas to differing degrees. Right: Cortical areas
displayed a bias for the excitatory types that they targeted. (b) Integration across CLA cell types
recorded during dual-wavelength optogenetics experiments. E3, E4, and FS neurons were most
likely to integrate cortical inputs.

With respect to the electrophysiological identities of CLA neurons themselves,
we observed both striking and subtle differences in the proportion of innervation
allocated by cortices to each cell type (Fig. . Overall, only E3, E4, and FS
neurons received input from each examined cortical area, broadly implying these
cells act as the main input domain for cortical afferents (Fig. , left). Within the
interneuron category, F'S neurons received the bulk of cortical innervation (Fig. @a,
center), while IR neurons (n = 6) received innervation from just one cortex, ACAa.

Interestingly, a large proportion of cortical inputs were given to interneuron classes
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from ENTI (43%) and VISam (23%), indicating a functional specificity of afferents
from these regions. Similarly, excitatory classes were differentially innervated by
the cortex (Fig. , right). For example, innervation of E3 neurons comprised 50%
of all VISam inputs, while only 20% from MOp, despite 50% of MOp inputs being
devoted to E4 neurons and 23% by VISam.

Taking innervation by more than one cortex into account, integration of cortical
inputs appeared to be more prevalent in certain cell types (Fig. ) 30% of E3
and E4 neurons and 48% of all recorded FS interneurons were found to integrate
cortical input, irrespective of the cortex in question. A large proportion of LT
neurons were also found to integrate despite making up less than 10% of all neurons
recorded. E1, E2, HR, and IR types showed little to no propensity for integrating

any cortical inputs.

Our data suggest that CLA is broadly connected to neocortex overall and frontal
and midline cortical areas in particular. We find that E3 and E4 neurons and FS
interneurons are the most likely to integrate information from the cortex, while
other excitatory and inhibitory cell types may participate in different circuits or
have a dedicated and unitary region of input. These findings support the idea
that CLA is a functionally diverse structure with integrative and modality-specific

components.
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Ascribing functionality to CLA circuits is typically done through exploration of its
output to cortex. This has occurred in numerous ways experimentally and usually
involves conditional expression of a genetic tool in and around the region of the
CLA, such as a transgenically-encoded opsin or calcium indicator. In this way,
CLA axons and cell bodies can be labeled, measured, and perturbed to understand
where they localize, their activity, and the consequences of their in/activation.
Pioneering studies in this area have demonstrated broad roles for CLA in global
brain processes. Transgenic strategies in the CLA, for instance, have found that the
CLA is most active during active behavior and not passive sensory stimulation®?,
that the CLA aids in controlling attentional allocation with prefrontal cortex®”,
is involved in behavioral state transitions>**%1Y and that the CLA innervates

midline cortices in a layer and region-specific manner!?132:133 that typically elicits
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feed-forward inhibition. However, while these studies can shed light on the general
behavioral and cognitive processes the CLA has influence over, the lack of explicit
specificity for CLA neurons in most transgenic strategies precludes CLA-specific

findings.

We investigated the nature of CLA projections to cortex by returning to our
retrograde injection strategy both in vitro and in vivo using conditionally-expressed
opsins and fluorescent calcium indicators in CLA axons. This method is distin-
guished from similar studies’ %2222l that employed retrograde strategies by our
extensive characterization of the CLAggp subpopulation, lending a unique lens
through we can understand the outputs of the CLA in the context of the neural

types represented by a projection-defined subpopulation.

5.1 CLARgsp axons differentially innervate cortex
in vitro

To explore how CLA influences the neocortex we used retroAAV-Cre conditional
expression of opsin in CLAggp neurons (Fig. ), focusing our analysis on ACA
and RSP (Fig. ,c). In accordance with other studies’”, CLAggp axons could be
seen distributed unevenly across layers in both regions (Fig. [L5p). Cells in ACA or
RSP were filled with biocytin during recording for post hoc analysis of their location
within the cortical laminae (Fig. [I5k). Axonal fluorescence from CLA neurons
varied by cortical layer in these regions (Fig. [L5{).

Whole-field optogenetic stimulation of CLA axons evoked both inhibitory postsy-
naptic currents (IPSCs) and excitatory postsynaptic currents (EPSCs) in cortical
neurons during voltage-clamp at holding potentials of 0 mV and -70 mV, respectively
(Fig. [15k,f). Observed EPSC latencies of 3 - 12 ms are in line with previous reports
of monosynaptic connections studied using optogenetic approaches?™® (Fig. [L5[).
The longer latency to onset of IPSCs (7 - 15 ms) suggests recruitment of feed-forward
inhibition by CLA neurons in both cortical areas, though some short latency IPSCs

could be due to direct long-range inhibitory projections. However, IPSC latencies
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Figure 15: CLA afferents target cortices by layer. (a) Schematic of injection and patching
strategy for assessing cortex responses to photostimulation of CLA axons. (b) Representative
coronal sections of opsin expression in CLA cell bodies (left), ACA (middle), and RSP (right). (c)
Example image of L5 pyramidal neurons patched in L5 of ACA. CLA axons were seen to have a
clear laminar distribution. Layer definitions based on the Allen Brain Atlas. (d) Normalized CLA
axonal fluorescence in ACA and RSP. (e) Example traces of IPSC (0 mV, blue trace) and EPSC
(-70 mV, red trace) responses from a single neuron in both the ACA and RSP. (f) Mean IPSCs
and EPSCs from e aligned to stimulus onset. (g) EPSC and IPSC latency for ACA (top) and
RSP (bottom). EPSC and IPSC latency for ACA (top) and RSP (bottom). IPSC latency than
EPSC latency in each area (ACA: p = 0.0006; RSP: p = 0.025). (h) PSC probability in cortical
neurons sorted by the layer in which neurons were patched (n = 92 cells, 10 mice). Scale bars:
(b) 1 mm (top), 200 pm (bottom); (c) 200 pm.

in both ACA and RSP were significantly later than EPSCs on average (ACA: p
= 0.00005, RSP: p = 0.025), indicating that these connections were more likely
disynaptic. The lack of obvious (low-latency) monosynaptic IPSCs in RSP, the
existence of which is suggested by our earlier retrograde tracing (Ch. [5)) could be
due, in part, to tropism differences between CTB and retro-AAV2-Cre for retrograde
uptake by projecting CLA neurons (see Ch. .3). Beyond this, it is possible the
afferent inhibitory projections from CLA to cortex could be highly selective for

cell type. A mechanistic explanation stemming from this could be that inhibitory
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projections from CLA preferentially synapse onto local inhibitory neurons in the
cortex. This could allow the CLA to flexibly release target areas or layers from

inhibition while promoting feed-forward inhibition elsewhere.

PSCs could be evoked relatively evenly across most cortical layers of ACA with the
ratio of inhibition to excitation increasing in deep layers (n = 49 cells, Fig. [L5;,
top). In RSP, we observed stronger responses in L5 neurons as compared to other
laminae, especially inhibitory responses, though 1.2/3 and L6a exhibited a higher
probability of excitation compared to inhibition (n = 43 cells, , bottom). Overall,
RSP exhibited excitation-to-inhibition ratios that were skewed toward superficial
layers and somewhat to L6, while in ACA, the probability of excitation was loaded
more heavily to deep layers. These experiments point to a complex interaction with

target cortical areas that are both cortex and layer-dependent.

5.2 CLA axons carry diverse information to cor-
tex tn vivo

We next sought to understand what signals CLA conveys to the cortex in vivo. We
injected mice with a retro-Cre virus in ACA and RSP and a Cre-dependent calcium
indicator (AAV-FLEX-GCaMP7b) in the CLA. Mice were subsequently implanted
with cranial windows centered above bregma for observation during two-photon
calcium imaging (117 recordings from 7 animals including 1342 axon segments;
Fig. [16h, left). Congruent with previous experiments, the expression of GCaMP7b
was restricted to CLA neurons and axons from these neurons were visible in the
cortex (Fig. [16b). GCaMP7b labeled axons were recorded throughout the cranial

window.

During recording, mice were exposed to stimuli intended to evoke responses in
different sensory modalities: a flash of light, stimulation of the whisker pad via a
piezo-controlled paddle, and/or a complex auditory tone (Fig. [L6h, right). Stimuli
were randomized at 8-11 second intervals and interleaved with a “blank” period

in which no stimulus was delivered (Fig. [I16b). 47% of tested axons displayed



5. In wvitro and in vivo analysis of claustrocortical connectivity 65

significant calcium transients to at least one stimulus modality during passive
presentation and all modalities could evoke responses in at least some CLA axons
(Fig. ,e). Interestingly, 85% of stimulus-responsive CLA axons were responsive
to one or more multisensory combination, while only 15% of responsive axons were
specific to unisensory stimuli (Fig. ) This result is consistent with our in wvitro
recordings that suggested input integration among CLA neurons was a common
occurrence and/or that CLA neurons receive input from one cortex that contains
neurons of mixed-selectivity (Fig. [L3). Somatosensory stimuli (whisker) were the
most likely to elicit changes in fluorescence, followed by light and then sound. The

proportion of responsive axons tended to be highest when stimuli were combined
(Fig. [L6).

These data collectively build on previous work aimed at understanding CLA activity
in the cortex. CLA axons can carry signals derived from unimodal or multimodal
sensory inputs and differentially innervate downstream targets depending on the
cortical layer and cortical area in question. Moreover, based on axonal morphology
shown in other works™ and input mapping demonstrated here, it would seem that
single CLARgp neurons appear to be capable of integrating diverse input information

and then redistributing the transformed signal across the cortex.
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Figure 16: In vivo imaging of sensory-responsive CLA axons in cortex. (a, left)
Schematic of injection strategy and window placement over bregma. (a, right) Schematic of
in vivo recording strategy with symbols for stimuli (upper right: white-noise tone, upper left:
LED light, lower left: whisker stimulator). (b) Example FOV above ACA with CLA axons
expressing GCaMP7b. Highlighted area and arrow indicate the axon from which the red trace
below was recorded. Inset: GCaMP7b expression in CLA from approximately 0.0 mm bregma.
(c) Passive stimulation protocol using three stimulus modalities. Stimuli and combinations thereof
were presented 8-11 s apart (randomized) with a fourth “blank” period where no stimulus was
presented. (d) Average dF/F traces for each stimulus and combination type across all recorded
axons (n = 7 mice, 1342 axons). (e) Proportion of all recorded axons displaying responses to
any of the stimuli in d. (f) Some axons were modulated only by combinations of stimuli (left),
both single and multiple stimuli (center), or only single stimuli (right). (g) Percentage of all
significantly activated axons responsive to each category and combination of stimuli. Light gray
bars show the percentage exclusively responsive to each stimulus type. Scale bars: (b) 50 pm, 10
seconds; Inset = 200 pm.



Discussion

The CLA is one of the most densely connected regions of the mammalian brain®#2

and has commensurately garnered attention over the long history of its study as a
bilateral hub of cortical and subcortical network activity. Breakthrough work on the
CLA in recent decades, spurred on many advances in genetic? and molecular?212243
tools for measuring and perturbing CLA activity, has reshaped the perspective of
this nucleus as an inscrutable "hidden space" to an important player in global
behavioral and cognitive functions. Modern hypotheses of CLA function posit that
25I0924T) ¢

it is involved in processes ranging from sleep?"2>2% to salience detection

task engagement?tY,

Recent studies have begun to address the lingering gaps in information on the nature
of the CLA and have made critical insights into its cells and connectivity20Ss%l32244
These include the disynaptic connectivity of cortical afferents onto CLA projection
neurons and interneurons® to instantiate feed-forward inhibition, the functional

modularity of CLA afferents and efferents>4%

, and the propensity for CLA pro-
jection neurons to contact cortical interneurons™™33  However, many questions
remain, including how combinations of afferents from disparate cortices are arranged

onto CLA cell types as well as the details of how the CLA connects to itself. These
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unknowns are central to resolving the wider function of the CLA in brain activity

as these details are the basic facts on which larger hypotheses are built.

This thesis has attempted to answer some of these remaining questions. First, our
experimental preparation made use of CLA connectivity itself**%% allowing us to
measure and perturb CLA activity in vitro and in vivo. Doing so provided us
with the opportunity to base our conceptual paradigm around a subpopulation
of CLA neurons of known projection identity and avoid experimental pitfalls that
can come about due to CLA anatomy, location in the brain, and vague genetic
delineation from cortex. Further, we defined this subpopulation anatomically and
physiologically against other CLA neurons to build a framework from which we
could interpret later experiments. Finally, we employed a variety of experimental
techniques, including in vitro whole cell patch-clamp electrophysiology, optogenetics,
immunohistochemistry, neural tract tracing, and in vivo calcium imaging to broaden

our perspective on the organizing principles of CLA cell types and circuitry.

By exploiting CLA projections to RSP using a retrograde labeling approach, we
identified several electrophysiological CLA cell types and assessed their role in
corticoclaustral, intraclaustral, and claustrocortical circuits. Our results show
that individual CLA neurons integrate diverse information from across the cortex,
participate in specific intraclaustral networks, and are capable of broadcasting

sensory-related information to the cortex in a region- and layer-specific manner.

6.1 Defining CLA anatomy & physiology

A key difficulty in researching CLA neurons is defining the CLA itself. By using a
retrograde tracing strategy in the RSP, we could label and assess a delimited region
and subpopulation of CLA neurons®**%1% The RSP is uniquely positioned for use
in this technique as it does not receive inputs from structures around the CLA but
receives dense innervation from the CLA itself. We found that CLAggp neurons

span the rostrocaudal axis of the CLA and align with previously identified markers

of the CLA “core’21i32:80:243
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We found that retrograde tracing using CTB differentially labeled CLA neurons
based on the rostrocaudal injection site in the RSP. Caudal RSP injections tended
to label more CLA neurons. Moreover, the low proportion of dual- or triple-labeled
CLARsp neurons in tri-CTB investigations is surprising; other reports in which the

dL%2428240 show widely branching

full axonal arbor of CLA neurons were reconstructe
processes that appear to cover all three injected RSP zones. Given this, one would
expect the proportion of triple-labeled neurons to exceed just 4%, reported here.
These results may be explained by a number of factors. Firstly, the buildup of
more than one CTB in a neuron may be toxic and induce cell death, lowering the
apparent proportion of neurons labeled. Secondly, this thesis was not selective for a
particular transgenic cell type as were other reconstruction studies —it is possible
that highly branching CLA neurons are idiosyncratic to a particular transgenic line.
Additionally, because CTB selectively binds gangliosides residing on the surface of

the cell membranel”

7 only exposed, non-myelinated axonal segments would take
up the tracer. Fibers of passage from highly branching CLA axons would likely not
take up CTB unless damaged or exposed in some other way. Finally, differences in
tracer labeling could reflect different projection pathways from the CLA to the RSP.
It is known that the CLA contains several different projection motifs to cortex*

—the apparent low proportion of co-labeled cells could arise from populations of

CLARsp with different projection patterns.

Analysis of cell density and CLAggp area in retrograde tracing experiments found
significant variability across the rostrocaudal axis of the CLA. Importantly, we
showed that a steep transition in the CLARgsp cross-sectional area occurs as
the number of retro-labeled CLAgsp neurons peaked. This transition, therefore,
represents a notable change in CLAggp cell density and could indicate the border

1819963 Significant in

between two CLA functional modules, described elsewherée
this finding is that CLARrgp neurons persist through this transition, despite changes
in their spatial organization. These results, in combination with those from our

other experiments, offers comprehensive perspective on CLAggp organization that
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proved useful in assessment of the physiological features of the CLA in later

experiments.

Disparate accounts have been reported of CLA neurons’ intrinsic electrophysio-
logical properties, which poses a challenge when trying to determine the role of

ISO91S024T - From our perspective, this

CLA neuronal subtypes in brain activity
disparity could arise from uncertainty over which group of CLA neurons is being
recorded between studies. Retrograde labeling of CLAgsp proved useful for targeted
investigations of CLA electrophysiology in vitro using a standardized protocolt?™%2,
From our recordings across a large population of both CLArsp and non-CLARggp
neurons, it was evident that a heterogeneous mix of spiny, excitatory neurons
and aspiny, inhibitory neurons exist in the CLA. These broad categories could be
further subdivided into smaller subgroups consisting of four electrophysiological
types in each. Similar to the cortex™), excitatory neurons were found to be relatively
homogeneous from an unsupervised clustering perspective but could nevertheless

be differentiated by their AP waveforms and variability in their tendency to project
to RSP.

Though direct comparisons are difficult, the E1, E3, and E4 subtypes shown
here resembled the excitatory cell types found in another study™®”. Based on the
spike waveform, our E1 excitatory type appears most similar to the PN1 group of
this study, with both groups showing a striking monophasic adaptation in spike
amplitude during prolonged current injections. PN1 cells were also found to have
one of the lowest rates of retrograde labeling from cortex, congruent with E1 neurons
shown in Fig. [f] Further, their PN2 and PN3-5 subtypes closely matched our E3
and E4 cells, respectively. In the former comparison, both PN2 and E3 neurons
displayed biphasic spike amplitude adaptation patterns without the presence of an
ADP. In the latter, PN3-5 and E4 neurons also demonstrated this pattern but with

an ADP of various sizes.

Only E2 neurons were apparently absent from the excitatory types of Graf et al

(2020). However, this could potentially be explained by differences in sample size
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and methodology between our two studies: if E2 neurons comprise roughly 5%
of all CLA neurons, as shown here, then Graf et al would have recorded from
approximately 16 of these neurons (N = 326 recorded cells) had they solely injected
RSP with retrograde tracer. Instead, they injected a variety of cortices with tracer,
including lateral orbital (LO) and primary motor (MOp) cortices. It is possible that
E2 does not project to these other locations or that the CLA modules retro-labeled
by projections to these areas was different from that of CLARgp, thereby biasing
cell-targeting during patching (see Fig. [10{and*%). These factors together would have
potentially lowered the likelihood that the E2 neural subtype would be retro-labeled
and recorded from. Finally, what few E2 neurons they may have recorded would

likely have been allocated to another, larger group.

With respect to inhibitory neurons, low within-group and high between-group
variability accurately distinguished subtypes using unsupervised methods. Many
of these inhibitory interneuron subtypes are similar to those observed in the
neocortex?*®, In addition, we found multiple lines of evidence indicating the existence
of a substantial subpopulation of inhibitory projection neurons, which have also
been observed in prefrontal cortex, amygdala, hippocampal areas, entorhinal cortex,

2497255 However, this finding has yet to be confirmed by other

and the subplate
independent studies. Graf et al (2020), in fact, specifically does not find retrogradely
labeled CLA inhibitory neurons as confirmed by IHC*Y. Differences between their
study and ours may again be explained by differences in methodology: uptake and
transport of CTB and the fluorescent latex microbeads used in Graf et al may occur
by different means that may bias findings to particular subsets of CLA neurons.
In addition, their smaller sample size of retrogradely labeled neurons (n = 44/326
cells, 13.5%) compared to ours (n = 118/284 cells of known CTB status, 41.5%)
suggests lower penetrance of the retrograde label using their method. Adjusting
the proportion of projection inhibitory neurons reported here (9% of retrogradely
labeled neurons) using the rate of labeling in their study, Graf et al would have

expected to see less than four (3.7) retrogradely labeled inhibitory neurons across

their dataset. Given this, it is possible that projection inhibitory neurons could
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have been miscategorized in their study. As the largest group of such neurons in
our findings are HR inhibitory neurons, which bear some similarity to excitatory
substypes, Graf et al may have grouped the few projection inhibitory neurons they

may have seen into excitatory clusters.

If a cohort of CLA inhibitory neurons are indeed long-range projecting, this not
only highlights the similarity of the CLA to other forebrain structures that also
display this trait'® but additionally suggests previously unconsidered functional
possibilities for it. These putative monosynaptic inhibitory inputs may provide
another route by which CLA exerts a direct suppressive influence on the cortex (see

also below).

6.2 CLA circuitry within & without

23124

Hypotheses that position the CLA as affecting synchronization®*<% cross-modal

256|257 22129

processing , or integration! implicitly rely on a substantive intraclaustral
excitatory network to link projection neurons across its considerable length. Con-
flicting evidence thus far has not been able to deliver a satisfying answer to whether

4609128129247 ere. we
* )

such connectivity exists and, if so, with what specificity
used a dual-retrograde and conditional opsin expression strategy to understand if
such connections are present in the CLA. We found that excitatory connections are
quite common in the CLA and broadly target most CLA excitatory and inhibitory
types. Moreover, these connections are highly likely to be monosynaptic in this
case because of the low likelihood of local (within-slice) excitatory connections
that could be initiated by opsin stimulation to produce a disynaptic connection, as
seen in other studies®. That is, due to slicing artifacts, any disynaptic connection
would necessitate an intact axon of a local neuron presynaptic to the recorded cell
and opsin-mediated synaptic release onto this neuron enough to drive it to spike.
Additionally, we observed that this connectivity was less biased toward inhibitory

types than previously thought®, but was influenced more by the output target

of postsynaptic CLA neurons. Data obtained here offer critical insights into the
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types of computations the CLA is capable of performing given its extensive internal
excitatory connectivity. From an functional perspective, these findings suggest
that the CLA could perform computations ranging from coincidence detection
to winner-take-all input integration where CLA modules responsive to various
cortices compare input salience via recurrent excitation and reinforce or temporally

synchronize those that induce stronger drive in CLA neurons.

Much like CLA efferents®*, we found that cortical projections to CLA arrange into
modules along the dorsoventral axis. Interestingly, certain cortices such as ORB
and ACAa “cupped” CLARgrsp both medially and laterally in addition to dorsally
or ventrally. Physiological investigations of cortical input revealed that CLAggp
neurons are more likely to respond to frontal cortical regions than non-CLAggp
neurons. CLAgrsp neurons were also more likely than non-CLAggp neurons to
respond to motor and association cortices. Surprisingly, however, we found that
CLA neurons, especially non-CLAgsp neurons, were far more likely to respond to
secondary visual cortex input in vitro, more so than has been reported in primary
sensory cortices®%  These findings both confirm the deep ties between CLA
and frontal areas associated with top-down cognitive functions and suggest higher

responsiveness to more highly processed sensory information.

The patterning of cortical axons in the CLA of mice is simultaneously segmented,
with identifiable dorsal, core, and ventral modules, while also forming an overlapping
gradient™™ that blends input streams to CLA neurons. From an anatomical
perspective, we thought it very likely that CLA neurons in mice instantiate
multimodal integration at the level of single cells given the overlap of cortical
afferents within it, despite previous reports of unisensory modules in the CLA

030692 Ty test whether this was the case, we used a dual-

of cats and monkeys
color optogenetic input mapping strategy to assess the responsiveness of CLARgsp
neurons and non-CLAggp neurons to more than one cortical area in vitro*>s. Our
findings demonstrate that individual CLA neurons are frequently responsive to

multiple different inputs. This was especially true for CLArsp neurons when the
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cortices in question were both frontal, while the balance of responsiveness shifted

to non-CLARgp neurons when other cortical areas were involved.

What this "integration" means, at the level of a single neuron, however, is open to
interpretation when using this methodology. Due to the overlapping action spectra
of ChrimsonR and Chronos opsins and the differences in the photocurrents they
elicit (see Ch. [1]5), it was not possible to assess whether coincident inputs from
any two cortical areas was additive or subtractive, linear or non-linear, especially
as pharmacological control of inhibitory tone was not accounted for. As such, these
experiments confirm that neurons within the CLA of mice are, at least, less selective
than those seen in monkeys”® and that dual-response to cortical input is highly
dependent on projection target and cell type. Future experiments might eliminate
inhibitory currents using gabazine and tightly control the photocurrents elicited by
Chronos and Chrimson in order to indirectly understand how postsynaptic CLA

neurons may be transforming inputs temporally coincident inputs from cortex.

Our final set of experiments sought to investigate the regional and laminar differences
of CLA innervation of the cortex as well as the types of sensory-related information
CLA axons convey to their cortical targets. Recent in vivo electrophysiological
evidence points toward differences in excitatory and inhibitory tone elicited by
excitation of CLA cell bodies that varies by cortical area and layer! %133 Other
studies in single cortical regions find more uniform responses to CLA inputs,

Y132 although electrophysiological studies in cats have found

generally inhibitory
more variable or bidirectional responses in visual cortices®>*2Y  We chose to
investigate CLARsp connections to ACA and RSP in vitro and in vivo — ACA for
the dense connectivity it shares with CLA (and CLAgsp) and RSP for the known
properties of neurons that project there. From in wvitro studies, we found that
CLA axons innervate the cortical layers of ACA and RSP differently. The ratio of
excitatory and inhibitory response probabilities in ACA neurons slightly favored

excitation and was generally equal across layers in ACA but higher overall in deep

layers. Supragranular and deep (L6a) layers of RSP were excited by CLA input
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whereas L5, by contrast, was more likely to be inhibited than other layers relative
to excitation. These results demonstrate the CLA exhibits a variable influence over

cortical function that is both region- and layer-dependent.

Our in vivo calcium imaging experiments concurrently confirmed that axons of
CLARsp neurons can carry representations of sensory stimuli to cortical regions.
Moreover, we found CLA axons were frequently responsive during stimulation,
implying the CLA actively participates during the processing of sensory information.

3738 in which CLA neurons were

This finding contrasts with recent studies in mice
infrequently responsive to sensory stimulation in vivo. The disparity between these
results may be explained by methodological differences. Both studies used different
methods of labelling CLA neurons: Ollerenshaw et al used a transgenic line (Gnb4)
while Chevée et al optotagged neurons based on their projections to somatosensory
cortex. While the Chevée et al study used a similar retrograde labelling strategy,
they likely still targeted a different subpopulation of CLA neurons®*. Additionally,
both studies also used different techniques to record neural activity. Ollerenshaw et
al used calcium imaging to record responses in CLA neurons directly, requiring the
implantation of a GRIN lens, which may reduce the transmission of inputs to the
CLA. Chevée et al used less invasive extracellular electrophysiological recordings,
but this required post-hoc confirmation of CLA identity that cannot precisely map
each recorded neuron back onto its exact location in the tissue. Finally, we observe
the strongest responses to whisker stimulation with a paddle in mice with all

whiskers intact, which neither Ollerenshaw et al nor Chevée et al incorporated into

their studies (Chevée et al used single whisker stimulation).

6.3 Limitations & future work

Through the course of this exploration into the CLA, my colleagues and I have
sought to ameliorate common confounds present in other studies through the diligent
use of specific and reliable methods for making the CLA experimentally tractable.

Despite these efforts, we nevertheless acknowledge the imperfectness of our approach,



6. Discussion 76

which I duly summarize below along with avenues for avoiding these issues and

expanding on our findings in future research.

Firstly, although retrograde labeling and expression methods are cleaner in many
respects than transgenic or Cre recombinase-dependent technologies in terms of
specificity, they are by no means immune from a bevy of experimental pitfalls that
must be noted here. When using such specific methods, the obvious drawback is a
lack of penetrance — CLA neurons project widely across the cortex™ and are rarely
limited to a single projection target. As such, using projection-based strategies
usually labels only a subset of a subset of CLA neurons. Therefore, thematic
claims of CLA circuitry must be understood through this delimited perspective.
Subsequent work in this area would do well to combine these methods in order to
access different CLA subpopulations simultaneously to invoke a more nuanced view
of how projection targets of CLA neurons and their intrinsic properties might be

overlaid.

Concerning the delineation of CLA neural cell types, the classic peril arises

"261 dilemma. Often,

here that has been described as the "lumpers vs. splitters
the demarcations between biological states exist more for our own conceptual
convenience than they do in reality. This is reflected in the difficulty of defining
excitatory neurons along only a small number of features or even an experimental
method™. Often times, for biological relevance to emerge from collected data, the
most important considerations end up being what is both experimentally convenient
and experimentally realistic. Therefore, the categorizations of CLA neurons used
here surely represent reality, but only along select facets of it. CLA research
conducted in studies hereafter would benefit from a collated database from which

a community-wide consensus of cell types can drive further exploration of their

attributes and differences.

Difficulties arising from classifying interneuron subtypes could be ameliorated in
a more straightforward way. As mentioned above (Ch. , discerning specific

types of interneurons, even in CLA, can be accomplished via IHC against known
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markers, such as PV, SOM, NPY. Future work in delineating CLA interneurons
should prioritize confirming the identity of such neurons through whole cell patch-
clamp, morphological analysis, and THC. It is possible through such analysis that
some inhibitory neurons found here would be more suited to a putative excitatory

class.

Concerning the designation of a subpopulation of inhibitory neurons as cortical-
projecting, specifically, the answer is far less clear. While the use of retrograde
tracers, in this case CTB, is extremely powerful, it can be prone confounds. It is
possible that CTB+ inhibitory neurons found here could have received the label
through some indirect means. For example, the rupturing of a projecting excitatory
CLA neuron could then release CTB into the extracellular space that is later taken
up by non-projecting local inhibitory neurons. Careful confirmation of labeling
through post-hoc THC and more thorough investigations of potentially inhibitory
post-synaptic currents promoted by CLA afferents in cortex could help resolve this

issue.

The integrative properties of CLA neurons described above do not necessarily imply
that the CLA, or even most CLA neurons, are receiving inputs from all areas
of cortex, has as been shown in the anatomical literature and in our own. For
example, olfactory signals are noticeably absent from CLA inputs and are directed,
instead, to dEN. However, recent thinking of CLA anatomy and functionality“*
indicates that the CLA forms a "claustrum complex" with the dEN and deep layers
of adjacent cortex — these structures being both genetically and anatomically related.
It’s possible that some larger functional group including these structures could
mediate a much wider range of processes in the brain. Therefore, future work should
investigate the CLA, dEN, and other structures individually as well as components
of a broader system. For example, anatomical and functional connectivity between
the CLA and dEN remains poorly understood and could provide a much broader

perspective on both. Conceptually, in vivo experiments using olfactory cues could

test this functionally through manipulation of CLA-projecting dEN neurons, and
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vice versa. Should these connections exist and inter-CLA-dEN carry olfactory
signals, then integration of olfactory signals should be observable in the CLA
only in the presence of an intact and active dEN. Experiments like these would
further the argument of CLA as an integrative hub as well as member of the larger

complex.

Finally, we offer here a unique view of the internal workings of CLA circuits by
describing the robust excitatory innervation between CLA neurons of different
projection identities. However, this is is by no means a complete view. The CLA
is undoubtedly a more complex structure than has been described here and has
been modified and expanded upon countless ways between species over evolutionary
time. The use of retrograde labeling and expression methods allowed us to delve
into this circuitry but future work using finer tools and strategies may be able
to parse it even further. It remains unclear exactly how intraclaustral circuitry
is specified between definitive functional modules (for instance, between visual
and motor domains) and intense focus on this aspect of CLA organization will be
essential to divining how top-down information from the cortex is transformed by
local CLA computations. To this end, electrophysiological tools and high-resolution
serial confocal or electron microscopy together could prove extremely powerful. In
the opinion of the author this particular aspect of the CLA is perhaps one of the
greatest challenges, but among the most rewarding of enterprises, remaining in
unraveling how the CLA could be represented in the neural correlates of conscious

perception and cognition.

6.4 Summary

This thesis finds that the CLA, specifically CLAgsp, participates in a complex
circuit with both the cortex and other CLA neurons that is specified by intrinsic
electrophysiological type and efferent projection target. CLA neurons are broadly
capable of synthesizing a wide range of cortical inputs at the level of single neurons,

a finding that supports the idea of CLA acting as a cortical network hub. The
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presence of a robust internal network of excitatory CLA neurons additionally
supports the view that the CLA performs local computations. These computations
then differentially influence downstream cortical processing in a regional- and layer-
specific manner, which may then depend on the specific CLA output modules
that are active at the time. The fast monosynaptic connections investigated in
this study could give rise to cortical synchronization or oscillations through these
integrative and cross-modular CLA networks. Finally, the fundamentally integrative
nature of the claustrum at the anatomical and functional levels may provide crucial
neural substrates for a diverse and computationally powerful set of roles for brain

function.
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7.1 Animal usage

Animal procedures were subject to local ethical approval and adhered to the
United Kingdom Home Office (Scientific Procedures) Act of 1986. Male and female

C57BL/6J or Nkx2.1Cre;Ai9 mice were used in these experiments. Mice were

80
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between 3-4 weeks of age when surgery was performed.

7.2 Surgical Procedures

Cortical and claustral injections of viruses and/or retrograde tracers were performed
in mice aged p22-40. Briefly, mice were anesthetized under 5% isoflurane and placed
in a stereotaxic frame before intraperitoneal injection of 5 mg/kg meloxicam and
0.1 mg/kg buprenorphine. Animals were then maintained on 1.5% isoflurane and
warmed on a heating pad at 37°C for the duration of the procedure. The scalp was
sterilized with chlorhexidine gluconate and isopropyl alcohol (ChloraPrep). Local
anesthetic (bupivacaine) was applied under the scalp two minutes prior to making
the initial incision. The scalp was then incised along the midline and retracted in
order to expose the skull, which was then manually leveled between bregma and
lambda. Target regions were found using coordinates derived from the Paxinos
& Franklin Mouse Brain Atlas (3rd ed.}*” and marked onto the skull manually
(see Table for coordinates). Craniotomies were performed using a dental drill
(500 pm tip) at 1-3 sites above the cortex. Craniotomies were made exclusively
in the right hemisphere unless otherwise noted. Pulled injection pipettes were
beveled and back-filled with mineral oil before being loaded with one or more of
the following: AAV1-Syn-ChrimsonR-tdTomato (Chrimson, 2.10e+13 gc/mL, 250
nl, Addgene #59171-AAV1), AAV5-Syn-FLEX-rc[ChrimsonR-td Tomato| (FLEX-
Chrimson, 1.20e+13 ge/mL, 250 nL, Addgene #62723-AAV5), AAVrg-hSyn-Cre-
WPRE-hGH (retro-Cre, 2.10e+13 gc/mL, 80 nL, Addgene #105553-AAVrg), AAV1-
Syn-Chronos-GFP (Chronos, 2.90e+13 gc/mL, 250 nL, Addgene #59170-AAV1),
AAV-syn-FLEX-jGCaMP7b-WPRE (FLEX-GCaMP7b, 1.90e+13 gc/ml, 250 nL,
Addgene, Addgene #104493-AAV1), Cholera Toxin Subunit B (Recombinant)
Alexa Fluor™ 488/555/647 Conjugate (CTB-488/555/647, 0.1% wt/vol, 80 nL,
ThermoFisher C34775/C34776/C34778). Pipettes were lowered to the surface of
the pia at the center of the craniotomy and zeroed before being lowered into the
brain. The pipette was allowed to rest two minutes prior to injection of substances,

at which point injection took place at 5-10 ul/sec. Pipettes were allowed to rest for
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ten minutes after injection. The incision was sutured with Vicryl sutures and sealed
with Vetbond (3M) after all craniotomies and injections had been made. Mice were
then transferred to a fresh cage and allowed to recover. Mice were supplied with

edible meloxicam jelly during post-op recovery for additional analgesia.

Mice to be implanted with cranial windows first received intracranial injections
as described above. Once fully recovered from the injection surgery, mice were re-
anesthetized for window implantation. Surgical preparation, anesthesia, analgesia,
and recovery procedures were the same as for intracranial injection surgeries.
Following sterilization of the scalp, a section was removed. The skull was then
cleaned to remove the periosteum. An aluminum headplate with an imaging-well
centered on bregma was then secured in place with dental cement (Super-Bond
C&B, Sun-Medical). A 4 mm circular craniotomy centered on bregma was then
drilled. After soaking in saline, the skull within the craniotomy was removed. The
craniectomy was then flushed with sterile saline to clean any bleeding. A durotomy
was then performed over the right hemisphere. A cranial window composed of a
4 mm circular coverslip glued to a 5 mm circular coverslip was pressed into the
craniotomy and sealed with cyanoacrylate (VetBond) and dental cement. Mice were

then allowed to recover fully before any further experimental procedures.
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Table 7.1: Stereotaxic injection coordinates. Dorsoventral coordinates measures from pia.

Target AP (mm) [ML (mm) [DV (mm)
Area

CLA 1.0 3.4 -2.7
RSPr -1.75 0.50 -1.00
RSPi -2.25 0.50 -1.00
RSPc -3.00 0.50 1.00
ACAa 1.34 0.30 -1.25
ACAp 0.11 0.25 0.90
PL 1.50 0.60 -1.80
ORB 2.50 1.20 -1.80
MOp 0.60 1.50 -0.75
ENTI -4.30 3.50 2.25
VISam -2.70 1.50 -0.50
AUDd -2.12 3.75 -0.50

7.3 In wvitro slice preparation

Acute coronal brain slices (300 pm thick) were prepared from tracer- and/or virus-
injected mice (average age at time of experimentation = p52). Slices from virus-
injected mice were prepared exclusively 3-5 weeks post-injection. Mice were deeply
anesthetized with 5% isoflurane and transcardially perfused with ice cold NMDG
ACSF of the following composition: 92 mM N-Methyl-D-Glucamine (NMDG), 2.5
mM KCI, 1.25 mM NaH;PO,, 30 mM NaHCO3, 20 mM HEPES, 25 mM glucose,
2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl, - 4H50
and 10 mM MgSOy - TH20O, 12 mM N-acetyl-cysteine (NAC), titrated pH to 7.3-7.4
with concentrated hydrochloric acid, 300-310 mOsm. The brain was then extracted,
mounted, and sliced in ice cold NMDG ACSF on a Leica VT1200s vibratome or a
Vibratome 3000 vibratome. Slices were incubated in NMDG solution at 34°C for
12-15 minutes before being transferred to room temperature HEPES holding ACSF

of the following composition for 45-60 minutes before experimentation began: 92
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mM NaCl, 2.5 mM KCI, 1.25 mM NaH,PO,4, 30 mM NaHCOg3, 20 mM HEPES,
25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 2 mM
CaCl; - 4H50 and 2 mM MgSOy - 7TH,O, 12 mM NAC, titrated pH to 7.3-7.4 with
concentrated hydrochloric acid, 300-310 mOsm. All solutions were continuously

perfused with 5% CO3/95% Os from 20 minutes prior to use.

7.4 Cell identification & electrophysiological record-
ing

Individual slices were transferred to a submersion chamber continuously superfused
with bath ACSF of the following composition: 119 mM NaCl, 2.5 mM KCI, 1.25
mM NaHyPOy, 24 mM NaHCOg, 12.5 mM glucose, 2 mM CaCl, - 4H,0O and 2 mM
MgSQy - TH50, titrated pH to 7.3-7.4 with concentrated hydrochloric acid, 300-310
mOsm, held at 32°C, and perfused with 5% CO3/95% O, for 20 minutes prior to
use. Neurons were visualized with a digital camera (Hammamatsu ORCA-Flash4.0
V3 C13440) and imaged under an upright microscope (Sutter Instruments) using
10X (0.3 NA, Olympus) and 40X (0.8 NA, Zeiss) objective lenses and transmitted

infrared light or epifluorescence in various wavelengths.

CLA neurons were identified in acute slices by one of several methods. First, in the
majority of experiments, neurons were patched within the subregion of retrogradely
labeled somas following CTB injection in the RSP. Additionally, in most experiments
we also used fluorescently-labeled corticoclaustral axons from two different sources
to further identify the CLA. In a small subset of experiments in Nkx2.1-Cre;Ai9
animals, we were also able to visualize a tdTomato-labeled dense plexus of fibers in
the CLA that matches with previous identifications of the CLA relying on a dense

plexus of parvalbumin-positive fiberg?#348059

Borosilicate glass pipettes (4-8 M2, 1-3 um tip outer diameter) were pulled using a
Narishige PC-10 two-step puller with steps at 65.1°C and 44.2°C and filled with

an intracellular solution for electrophysiological recordings of one of the following
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compositions: 1) 128 mM K-Gluconate, 10 mM HEPES, 4 mM NaCl, 5 mM Mg-
ATP, 0.3 mM Lip-GTP, 2 mM CacCl,, 8.054 mM biocytin, pH 7.2, 285-290 mOsm. 2)
110 mM Gluconic acid, 40 mM HEPES, 5 mM MgCl,, 0.2 mM EGTA, 2 mM ATP,
0.3 mM GTP, 5 mM lidocaine, 8.054 mM biocytin, pH 7.2 with CsOH, 285-290

mOsm.

Whole-cell patch-clamp recordings were made in single neurons using a Multi-Clamp
700B amplifier (Molecular Devices) in current-clamp mode and controlled with
custom protocols in PacklO*4, Briefly, neurons were approached in voltage-clamp
(0 mV) with intracellular solution back-filled pipettes under positive pipette pressure
and 40X magnification. Negative pressure was applied once a small dimple in the
membrane could be seen and was held (-60 mV) until >1 G seal had formed, after
which the seal was broken and recording began. Recordings were low-pass filtered
at 10 kHz and digitized at 10 or 20 kHz. Results were not corrected for the -14
mV liquid junction potential during current-clamp experiments and the -0.69 mV
junction potential in voltage-clamp experiments. The chloride reversal potential in

each case was -72 mV and -65 mV, respectively.

To be included for further analysis, patched neurons needed to pass a number of
quality-control criteria during recording of intrinsic profiles. These included R,ccess<
35 MQ or < 20% of Rinput, relative action potential amplitude at rheobase > 50 mV
and a absolute amplitude above 0 mV, I;5q > -30 pA, absolute drift from baseline
(measured from the beginning of the recording) < 10 mV, and a resting membrane

potential < -50 mV.

In most cases, only one CLA neuron was patched per slice to prevent ambiguity
during morphological reconstruction. Once recordings were complete, neurons were
allowed to fill with biocytin for up to 30 minutes, after which the pipette was
withdrawn from the tissue and slices were transferred to 4% paraformaldehyde

(PFA).
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7.5 Optical system for in vitro visualization /
photostimulation

The optical system used for in vitro visualization and photostimulation combined
blue (Thorlabs M470L4), orange (Thorlabs M595L3), and far-red (Thorlabs M625L3)
LED paths. Briefly, orange and far-red LED paths were combined via a 50/50
beamsplitter (Thorlabs BSW10R), then passed through a blue/red combining
dichroic mirror (Thorlabs DMLP505R). Light was then passed down onto the
sample through either a RGB dichroic mirror (Laser2000 FF409,/493/573/652-Di02-
25x36) for epifluorescence visualization or a “cold” mirror (Thorlabs FM03R) for
photostimulation. Tissue was visualized via 850 nm light transmitted through a
condenser mounted beneath the slice chamber (Thorlabs M850L3). Incident and
reflected light passed through excitation (Semrock FF01-378/474/554/635-25) and
emission (Semrock FF01-432/515/595/730-25) filters while in RGB visualization

mode.

7.6 Optical system for in wvivo visualization of
CLA axons

All two-photon imaging was performed using a Bruker Ultima 2P+ two-photon mi-
croscope controlled by Prairie View software, and a femtosecond-pulsed, dispersion-
corrected laser (Chameleon, Coherent). Imaging was performed using a Nikon 16X
0.8 NA water immersion lens. The lens was insulated from external light using a
custom 3D printed cone connected to a flexible rubber sleeve. A wavelength of 920
nm and 50 mW power on sample was used for visualizing GCaMP. An imaging
rate of 30 Hz and a 512 x 512 pixel square field of view (FOV) were used for all
recordings. FOVs were selected across the right side of the cranial window. The
approximate coordinates of the center of the FOV relative to bregma ranged from:
AP -1.2 mm to +1.3 mm; ML mm +40.3 mm to +1.5 mm; DV -0.03 mm to -0.3

min.



7. Materials and Methods 87

7.7 In vivo sensory stimulation

Once mice had completely recovered from surgery, and after allowing sufficient time
for viral expression (> 3 weeks), mice were assessed for GCaMP7b labeled axons in
the cortex. Animals were first acclimated to head fixation under the microscope.
Next, GCaMP7b expression levels were assessed by eye. Animals in which no
GCaMPT7hb labeled axons could be found in the cranial window were excluded from
future experiments. Animals with GCaMP7h labeled axons in the cortex were then

used for multisensory stimulation experiments.

Sensory stimuli were delivered using a data acquisition card (National Instruments)
and PackIO software. Briefly, custom MATLAB (MathWorks) code was used
to generate voltage traces. These traces were then used by PackIO to output
timed voltage from the data acquisition card to a white light LED (Thorlabs), a
piezoelectric whisker stimulator (Physik Instrumente), and a speaker (Dell). Stimuli
lasted 500ms. A complex tone, white LED light, and an oscillating paddle adjacent
to the whisker pad were used for auditory, visual, and tactile stimulation respectively.
The light stimulus consisted of a flash of white light, the auditory stimulus of a
complex sound, and the tactile stimulus of a paddle moving vertically within the

mouse’s right-hand whiskers.

During each experiment, mice were first head-fixed under the microscope. Imaging
was performed in an enclosed hood to minimize visual stimuli, and white noise
was used to obscure extraneous sounds. The surface of the cranial window was
leveled relative to the imaging plane using a tip-tilt stage (Thorlabs). During each
imaging session, FOVs with visible axon expression were selected manually. In the
unisensory-only cohort, mice were presented with 60 randomly interleaved stimulus
presentations separated by randomly generated 8-11 second inter-trial intervals.
These 60 stimuli were randomly drawn from 4 trial types: sound, light, whisker, and
blank. In the uni- and multisensory cohort, mice were presented with 120 stimuli
randomly drawn from 8 trial types: sound alone; light alone; whisker alone; sound

and light; sound and whisker; light and whisker; sound, light, and whisker; and
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blank. During blank trials, no stimuli were delivered. The order and the precise
number of each trial type were randomly generated each day. After all stimuli were
delivered, a new FOV was then selected and the sensory stimulation was repeated.
Imaging FOVs were selected based on visible axon expression and were drawn from
across the extent of the cranial window. Care was taken to avoid recording from
the same axon twice on a given day. However, as axons were only visible when
active, and given the contorted and branched shape, separate regions of interest

may have included the same axons.

The first round of unisensory data collection involved 5 mice, of which 1 was
excluded due to unrecoverable histology (not shown). The second round of data
collection involved 7 mice, of which 1 was excluded due to unrecoverable histology
(not shown), and two were excluded due to off-target expression in cortex. Two
animals were used in both data sets of which one was excluded due to unrecoverable

histology (not shown).

7.8 Photostimulation of ChrimsonR & Chronos

In experiments where opsin-expressing viruses were injected into either the cortex
or CLA, a number of different optogenetic photostimulation protocols were used.
Briefly, 470/595 nm LEDs were used to deliver light pulses (4 ms or 500 ms) through
a 40X objective lens. LED power on the sample was titrated to the minimum power
required to elicit a response in each cell. 470 nm LED power under the objective
lens ranged between 0.069 mW and 3.99 mW and was typically 0.6 mW. 595 nm
LED power under the objective lens ranged between 0.61 mW and 4.4 mW and was
typically 1.22 mW. With the exception of dual-color sequential stimulation, all light

pulses were separated by 10s to allow sufficient time for opsins to resensitize.

For dual-color sequential photostimulation, contributions of each cortical presynaptic
input axon expressing either Chrimson or Chronos were assessed separately by
photostimulation with 470 or 595 nm light pulses (4 ms). To disambiguate 470

nm-evoked Chrimson responses from 470 nm-evoked Chronos responses, 595 nm
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light was pulsed for 500 ms followed immediately by a brief 4 ms 470 nm pulse
in order to desensitize Chrimson opsins expressed in presynaptic terminals before
Chronos stimulation. All photostimulation experiments were repeated ten times

and averaged.

For experiments in which FLEX-Chrimson was expressed directly in CLA neurons
via retro-Cre injection into RSP, non-expressing CLA neurons were patched and
stimulated using 595 nm light (4ms) at both 0.1 Hz. 595 nm light was typically set
at 1.22 mW power on sample. The same protocol was used during voltage-clamp

recording of cortical neurons in response to CLA axon stimulation.

7.9 Morphological recovery

Patched tissue was fixed in 4% PFA for 2 hours or overnight as described above.
Sections were then removed from PFA and washed 3 x 5 minutes in 0.01M
PBS. Sections were then transferred to 0.25% PBST and allowed to incubate
in streptavidin for at least three days (1:500 Streptavidin, Alexa Fluor™ 488/647
conjugate, ThermoFisher S11223/S21374). Tissue was then washed 3 x 5 minutes

in 0.01M PBS, mounted, coverslipped, and imaged as described below.

7.10 Perfusion & tissue sectioning

Mice were deeply anesthetized with 5% isoflurane before receiving an overdose of
pentobarbital via intraperitoneal injection. Mice were then transcardially perfused
with 0.01M phosphate buffered saline (PBS), followed by 4% paraformaldehyde
(PFA). The brain was then extracted and allowed to fix in 4% PFA overnight.
Brains were then moved to 0.01M PBS and mounted for sectioning on a Leica
VT1000s vibratome. Slices were sectioned coronally to 50 pym or 100 pm thickness
and placed in 0.01M PBS before immunohistochemistry and mounting or stored in
tissue freezing solution (TFS, 45% 0.01M PBS, 30% ethylene glycol, 25% glycerol)

at -20°C for up to three years.
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7.11 Immunohistochemistry & imaging

Mice were perfused and sections were collected as above. Sections were first
washed 3 x 5 minutes 0.01M PBS before permeabilization in 0.01M PBS and 0.5%
TritonX (PBST) for 2 x 10 minutes. Sections were then blocked for 90 minutes
in PBST and 5% normal goat or donkey serum at room temperature, after which
they were incubated in primary antibody (mouse anti-MBP 1:500, Merck NE1019,
RRID:AB_ 604550; rabbit anti-PV 1:400-500, Swant PV27a, RRID:AB_ 2631173;
chicken anti-GFP 1:2500, AVES GFP-1020, RRID: AB_10000240) for at least
48 hours at 4°C. The slices were then washed 3 x 5 min in 0.5% PBST followed
by incubation in secondary antibodies (goat anti-mouse Alexa Fluor 405 1:500,
Invitrogen A31553, RRID:AB_ 221604; goat anti-rabbit Alexa Fluor 488 1:500,
Invitrogen A11034, RRID:AB_ 2576217; donkey anti-rabbit Alexa Fluor 594 1:500,
Jackson ImmunoResearch 711-585-152, RRID:AB_ 2340621; Donkey anti-chicken
Alexa Fluor 488 1:500, Jackson ImmunoResearch 703-545-155, RRID:AB_ 2340375)
for 3 hours. Finally, tissue was washed in 0.01M PBS for 3 x 5 minutes, then

mounted and coverslipped.

Once dry, whole slice and CLA images were taken at 4X and 10X magnification
(UPlanSApo, 0.16 and 0.4 NA) on an Olympus FV3000 laser scanning confocal
microscope. For recovered morphologies, images were taken on the above microscope
or on a Zeiss LSM710 confocal laser scanning microscope at 20X magnification and
tiled across the z-axis, or on a custom 2p microscope at 16X magnification (Coherent
Vision-S laser, Bruker 2PPlus microscope, Nikon 16X 0.8 NA objective). Slices and

morphologies were not corrected for tissue shrinkage as a result of fixation.

7.12 Data Analysis & Availability

All analyses were performed with custom routines using Python 3.7.9 and open
source packages unless otherwise stated. All processed data and the functions used
to generate the figure panels in this study are available upon request from the

author.
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Electrophysiological analysis

Intrinsic electrophysiological recordings taken in current clamp mode were passed
through a series of automated quality-controls before features were calculated and
stored for later cell-typing analysis. All extracted feature data is available from the

author upon request.

Neurons that passed quality-controls were first sorted manually based on their
intrinsic profiles at threshold and 2x threshold current injection. Excitatory and
inhibitory neurons were classified together, then independently classified into further
subgroups. Automated classification involved a preprocessing step in which the
electrophysiological dataset was standardized for feature and for every cell. Principal
component analysis (PCA) was then used to reduce the dimensionality of the
standardized dataset, producing a neurons x components matrix, the first three
components of which accounted for greater than 85% of the explained variance in
the dataset. All components were used in uniform manifold approximation and
projection (UMAP), the data from which was plotted and clustered using k-means
clustering. Clusters were compared via silhouette analysis and the average silhouette
score across samples was used as an indicator of how well unsupervised methods

had identified which value of k best represented electrophysiological groups.

Due to poor separation among subclasses of excitatory neurons using the above
method, we compared manually sorted groups of excitatory neurons using a select
set of electrophysiological features. Values for each feature between groups were
compared using non-parametric Mann-Whitney U test and corrected for multiple
comparisons with a false-discovery rate of 10% (Benjamini-Hochberg). Feature
comparisons for which the correlation between the features was high (r > 0.7; e.g.

spike rise time and spike rise rate) were ignored for this analysis.

For in wvitro optogenetic mapping experiments, ten trials for each cell were recorded
and averaged. Response magnitudes relative to baseline were calculated as the

difference in the integral of the post-stimulus (30 ms after stimulus offset) and



7. Materials and Methods 92

pre-stimulus (30 ms before stimulus onset) periods. Significant responses in current-
clamp and voltage-clamp modes were taken as those exceeding three and five
standard deviations from the average baseline period, respectively, and validated
manually and by Mann-Whitney U tests that were corrected for multiple comparisons
via Benjamini-Hochberg false discovery rate analysis with an alpha of 10%. Latencies

for significant and non-significant responses were found manually.

Expected probabilities were defined as:

p(expected) = p(event; + eventy o) * p(eventy + eventy o) (7.1)

Two-photon calcium imaging analysis

Calcium imaging data was preprocessed using Suite2P to automatically segment
axonal regions of interest (ROIs)**. For the unisensory-only cohort, axonal regions
of interest (ROIs) were selected by hand using ImagelJ. For the uni- and multisensory
cohort, axonal ROIs were automatically selected using Suite2P. Automatically
generated ROIs were then curated manually. ROIs were selected based on their
morphology and activity traces. We computed AF/F for each axon using the

equation:

AF/F =(F—F)/F (7.2)

where:

F = The mean of F' across time through the entire session.

For axonal ROIs selected by suite2P, F' was first corrected for neuropil fluorescence
by subtracting 0.7* Fney. After calcium traces were exported from Suite2P, all
analyses were carried out using custom MATLAB code. Calcium traces were

plotted using the gramm software package®*.

Extracted calcium signals were then analyzed to identify axon segments that
significantly responded to one or more sensory modalities. First, the calcium

signal from 2 seconds before to 6 seconds after stimulus onset was averaged for all
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presentations of a given trial type (i.e. whisker alone, whisker and sound) for each
axon segment in each FOV. Significantly responsive axon segments were identified
by using a non-parametric Mann-Whitney U test to compare the signal in the
1 second before and after stimulus onset. Multiple comparisons correction was

performed using the Benjamini-Hochberg false discovery rate analysis with an alpha

of 1%.

Morphological reconstruction analysis

Images of filled neurons were processed using ImageJ (v1.8.0_172), then uploaded
to the software Neurolucida 360 (MBF) and used as a template for semi-automated,
user-guided reconstruction in three dimensions. Neurolucida Explorer (MBF Bio-
science) was used to extract a range of dendritic, somatic, and axonal properties from
neuronal reconstructions. All cell data was compiled into an online morphological

dataset that is available from the authors upon request.

Confocal image analysis

All images used for quantitative analysis in this study were imaged on a confocal
microscope at 10X magnification (see Immunohistochemistry & imaging section
above for details). Cell counts and cell coordinates were collected and analyzed
using ImageJ and custom JavaScript macros. Comparisons between cell counts
from injection cites were done using Mann-Whitney U tests, corrected for multiple
comparisons by Bonferroni correction. Inter-cell distances were calculated as the
smallest euclidean distance between cell somas. Fluorescence traces (Fig. 2)
were produced by aligning CLA images across mice (n = 6) to the max CTB
signal, cropped to the same area, and rotated along the external capsule. Images
were then normalized and averaged along the horizontal and vertical axes. The
fluorescence profiles were processed in Python and smoothed using a Gaussian
filter. The intensity of the signal for each indicator was scaled using min-max

normalization.
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Contours generated from confocal images of CTB+ neurons in the CLA (n = 3

265l266

mice) were made via morphological snakes of average images. Briefly, confocal

images of the CLA taken from 50 pm-thick sections were thresholded using Otsu’s

d?*?. A binary erosion algorithm®® was applied to thresholded images to

metho
remove noise from small, punctate autofluorescence above threshold in each image.
Processed images was then multiplied by their original counterparts to create
denoised, native fluorescence intensity images of CTB+ CLA neurons. Images of the
same slice across mice were grouped based on the Paxinos & Franklin Brain Atlas
and the Allen Brain Atlas*!% Each image in a group representing a single coronal
plane was normalized and aligned to the center of mass (COM) of fluorescence
before being averaged into a single image. After generation of these average images
for each AP plane, the border of the CLA as defined by CTB+ neurons was found by
initializing an ellipse about the COM of CLA fluorescence to act as a boundary for
morphological snake active contours. These contours evolve in time and are pulled

toward object boundaries until the energy functions reach their minimum. Area for

each contour was calculated as the integral for the closed contour path.

Confocal images of cortical axons innervating the CLA were prepared as above
and COM-aligned to the CTB signal in the CLA across mice for a given cortical
injection (n = 3 mice/injection site). Axonal fluorescence from each image was

normalized and averaged to 15 um x 15 pum bins and displayed as a heatmap.

To determine the amount of dorsal/core/ventral fluorescence within the CLA of
each injection experiment, the CLA contour at the AP position of the analyzed
image was used as a mask for the core. Dorsal and ventral masks were taken as the
regions in the image above and below the core, including medial and lateral regions
above and below % the core height. Image masks were multiplied to each processed
and normalized image within an injection experiment set and fluorescence from that
region was averaged pixel-wise. Regional fluorescence was then averaged across mice

to obtain a comparison of dorsal, core, and ventral axon fluorescence in the CLA
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from each cortical area. Values for each region were compared using independent t-
test. Multiple comparisons correction was performed using the Benjamini-Hochberg

false discovery rate analysis with an alpha of 10%.
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