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Abstract

Claustrum is a region of grey matter between striatum and cerebral cortex that is among the most
well-connected structures in the brain. It is hypothesized to function as a high-level coordinator of
brain-wide activities like sensory integration, attention, sleep, and consciousness. The exact ana-
tomical boundaries of claustrum have been controversial, and claustral subregions have not been
well-defined. This may be in part due to its compact structure in rodents and other commonly
studied species. In contrast, Seba’s short-tailed fruit (Carollia perspicillata) bat has a remark-
ably large claustrum, lending itself as a model and magnified view for investigating claustrum.
We studied the distributions of the claustral marker latexin and the calcium-binding proteins cal-
bindin, calretinin, and parvalbumin in claustrum. Using these markers, we defined clear claustral
boundaries and several distinct subregions. The calcium-binding proteins, which mark different
subtypes of inhibitory neurons, were differentially distributed among subregions, suggesting that
these regions are under the control of different inhibitory systems. In addition to having a large
claustrum, Carollia is a relatively long-lived species, lending itself as a model for the neurobiology
of aging and neurodegeneration. Two brain regions highly affected in the aging process are ret-
rosplenial cortex (Brodmann areas 29 and 30) and hippocampus. In the course of this work, we
found latexin was present in retrosplenial cortex, a region involved in memory and navigation, but
only in Brodmann areas 29a and 29b. This distinct division of retrosplenial cortex differs from
cytoarchitecturally-defined divisions but aligns with connectivity evidence that supports grouping
areas 29a and 29b separate from areas 29c and 30. Finally, we found, several features of Carollia
hippocampus, including a compacted CA3 cell layer and a prosubiculum, that are also present
in primate but not rodent hippocampus. Due to these unique neuroanatomical features, Carollia
may offer advantages in studying claustrum and other limbic cortical structures, especially in the
context of aging, that are not present in more commonly studied model species.
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Chapter 1: Introduction

1.1. The claustrum

Claustrum is a region in the brain between the striatum and the insular cortex that is among the
mostly densely connected structures in the brain (Atlan et al., 2017; Torgerson et al., 2015; Wang
et al., 2017; Zingg et al., 2018). Although the structure was described at least two centuries ago
(Johnson & Fenske, 2014), little is known about its function (J. R. Smythies et al., 2014). Several
hypotheses related to claustral function have been proposed based on its widespread reciprocal
connectivity including sensory integration (Edelstein & Denaro, 2004), ltering for salient stimuli

(J. Smythies et al., 2012b), attention and cognition (Goll et al., 2015; White et al., 2018), and sleep

(Norimoto et al., 2020; Renouard et al., 2015).

The widespread relationships of claustrum with cortical sensory regions have been well-documented
(Macchi et al., 1981; Mathur, 2014; Minciacchi et al., 1985; Olson & Graybiel, 1980; Pearson et al.,
1982; Sloniewski & Pilgrim, 1984; Sloniewski et al., 1986a, 1986b). This led to the speculation
that one role of claustrum is to monitor and process cross-modal sensory inputs combining sensa-
tions, like texture, sound, and color to create higher order sensory representations and experiences
(Crick & Koch, 2005; Edelstein & Denaro, 2004; J. Smythies et al., 2012a). How such multisensory
integration occurs is not known. Some studies have indeed found evidence for individual neurons
responding to multiple sensory inputs (Segundo & Machne, 1956; Spector et al., 1974), while others

have indicated that single claustral neurons have a strong preference for one type of sensory input



(Olson & Graybiel, 1980; Remedios et al., 2010).

Receiving input from widespread sensory cortices, claustrum may also be well-positioned to
Iter for relevant stimuli (Mathur, 2014; Smith et al., 2019; J. Smythies et al., 2012b). The salience
network is responsible for integrating sensation with emotion, bridging limbic and sensory brain
areas. Functional imaging studies have been fundamental to the development of this hypothesis
and have attempted to correlate claustral activity with the salience network (Gozzi & Schwarz,
2016; Jackson et al.,, 2020; Smith et al., 2019). However, a di culty in interpreting these data
results from the limited resolving power of imaging techniques, especially given the close proximity

of claustrum to insular cortex, which also engages in the salience network (Jackson et al., 2020).

Claustrum is also well-connected with regions beyond the sensory cortices that engage in brain-
wide activities like attention and cognition (Atlan et al., 2018; Fodoulian et al., 2020; Goll et al.,
2015; Jackson et al., 2020). It has been suggested that claustrum plays a role in top-down attention,
focusing only on stimuli that are relevant to the task at hand by suppressing responses to irrelevant
stimuli (Atlan et al., 2017). Experimentally, this is supported by the requirement of certain inputs
to claustrum for mouse to successfully complete a task requiring attention to a visual cue for reward
(White et al., 2018). This role of claustrum in attention is corroborated in a study demonstrating
the necessity of claustral function especially in the presence of a distractor (Atlan et al., 2018).
Genetic approaches have greatly increased the accessibility of claustrum for experimentation, but

there remains a di culty in correlating function with precise claustral regions.

Another hypothesis on claustral function lies in sleep (Norimoto et al., 2020; Renouard et al.,
2015). Some functional imaging and gene expression level experiments have revealed an increased
activity in claustrum during rapid eye movement (REM) sleep (Hong et al., 2009; Renouard et al.,
2015). It was further proposed that claustrum is responsible for coordinating slow-wave activity

during sleep, cortex wide synchronous activity that is important for memory consolidation (Narikiyo



et al., 2020). Claustrum may accomplish this by emitting a signal that rhythmically silences

widespread cortical areas, leading to brain-wide coordinated activity (Narikiyo et al., 2020).

1.2. Topographic organization

Claustrum is topographically organized by its connectivity with di erent cortical regions (Kowianski,
Dziewiatkowski, Berdel et al., 1998; Kowianski, Morys et al., 1998; LeVay & Sherk, 1981; Macchi
et al., 1981; Morys et al., 1996; Olson & Graybiel, 1980; Pearson et al., 1982; Sadowski et al., 1997;
Wang et al., 2017). Early tracing studies revealed principals of connectivity with sensory cortices
where anterior cortical areas connect with anterior claustral areas and posterior cortical areas with
posterior claustral areas (Pearson et al., 1982). For example, the motor and somatosensory regions
of claustrum are found anterior to the claustral auditory and visual regions, re ecting cortical to-
pographic relationships (Goll et al., 2015; Jackson et al., 2020). There is a notable overlap between
these regions, but there are con icting results on the extent to which individual claustral neurons
respond to stimuli from multiple cortical regions (Mathur, 2014; Remedios et al., 2010; Segundo &
Machne, 1956; Spector et al., 1974). Recent work has demonstrated that many claustrocortical pro-
jection neurons are not interconnected (Kim et al., 2016) and that neurons within claustrum tend
to respond to stimulation or sensory input from a single cortical area (Chia et al., 2020; Remedios
et al., 2010). The inner circuitry of claustrum remains mysterious and the manner in which claus-
trum coordinates widespread cortical regions has not been directly measured (J. Smythies et al.,

2012b, 2014).

Other brain regions such as the neocortex and the hippocampus are modelled as repeating
functional units. The visual cortex, for example, can be described as an array of columnar units,
each composed of a group of neurons that respond to speci c visual features, like line orientation

(da Costa et al., 2010). The collection of these columns, then, builds a structure that is sensitive



to a wide range of visual features. Repeating units of the hippocampus resemble poker chips,
where individual units contain radially connected neurons. Within these units are a diverse variety
of neurons, and the speci c composition of neuron subtypes contributes to de ning the overall
function of the unit. In contrast, a functional unit of claustrum has not been de ned. There is a
rostrocaudal connectivity, including streams of neurons with coordinated activity, but the functional
role of these streams is unknown (Orman, 2015; Orman et al., 2017). Tracing studies have revealed
this connectivity in the rostrocaudal direction (Behan & Haberly, 1999; Smith & Alloway, 2010;
Watson et al., 2017) while recordings have demonstrated the spread of activity along this axis in
disinhibited claustral brain slices, which correlated with neuron anatomical orientation (Orman,

2015; Orman et al., 2017).

1.3. Claustral boundaries

Some species have anatomical landmarks that clearly separate claustrum from surrounding struc-
tures. For example, the brains of species like cats, dogs, rabbits, cows, non-human primates, and
humans (Mai et al., 2015; Mathur, 2014; Mikula et al., 2007) have a well-developed white matter
tract known as the extreme capsule. This white matter tract sits just deep to the insular cortex
and marks the cortical boundary of claustrum. Some mammals, like mice and rats do not have an
extreme capsule or any other clear landmark that demarcates the boundary of claustrum (Mathur,
2014; Paxinos & Watson, 2006; Wang et al., 2020). This has led to searches for connectivity, genetic,

and molecular based markers that could be used to de ne claustrum and dorsal endopiriform.
With its distinct connectivity pro le compared to surrounding structures, tracing experiments
have successfully distinguished regions of claustrum from striatum and cortex (Wang et al., 2017).

However, claustral connections with the cortex topographically arranged, and no single cortical

region can be targeted to label the entire claustrum. Thus, while tracing studies are useful in

4



identifying connectivity between claustrum and other regions, the utility of tracing techniques in

identifying outer boundaries of claustrum is limited.

Genetic and molecular approaches have also been explored to de ne the boundaries of claustrum
in mammals lacking extreme capsules (Smith et al., 2018). However, molecular markers have
not o ered a clear consensus on claustrum boundaries and subdivisions. Markers like guanine
nucleotide-binding protein gamma subunit 2 (Gng2), parvalbumin, crystallin mu (Crym), netrin G2
(Ntng2), and latexin label claustral neurons, but have varying distribution patterns. For example,
Gng2 is strongly expressed in one portion, the core, of claustrum with weaker expression in dorsal
endopiriform and little presence in the cortex (Dillingham et al., 2019; Mathur et al., 2009; Pirone
et al.,, 2012; Smith et al., 2018). Parvalbumin is similarly strongly expressed in the core but is
virtually absent in the dorsal endopiriform (Davila et al., 2005; Druga et al., 1993; Mathur et al.,
2009). Alternatively, another pattern of claustral labelling is exhibited by Crym and calretinin,
which are seemingly absent in core but abundant in a shell region surrounding the core (Dillingham
et al., 2019). Whether the shell region should be grouped with claustrum or cortex is still debated
(Dillingham et al., 2019; Marriott et al., 2020). Ntng2 and latexin display yet another distribution
pattern that labels, core, shell, dorsal endopiriform nucleus, and an additional dorsal cluster of
claustral neurons, but also neurons in the nearby dorsolateral cortex (Arimatsu et al., 1992; Binks
et al., 2019; Orman, 2015; Orman et al., 2017; Smith et al., 2018). There are a variety of molecular
markers that have been identi ed to label claustrum, but there is not yet a single marker that

labels all areas of claustrum without also labelling nearby cortical regions.

There have been a variety of claustral imaging studies in humans to determine features of its
connectivity and activity. di usion tensor imaging (DTI), a modality that tracks the movement
of water molecules along white matter tracts, has been used to map the connectivity of claustrum

in humans, revealing extensive connectivity with cortical, thalamic, limbic, and brainstem regions



(Torgerson et al., 2015). DTI has also been used to reveal subdivisions of marmoset claustrum,
demonstrating regions that are analogous to the claustrum proper and the dorsal endopiriform in
rodents (Pham et al., 2019). Another di usion imaging study tested the similarities between claus-
trum and insular connectivity in the gray mouse lemur, revealing connectivity with the entorhinal
cortex, which is involved in memory and navigation (Park et al., 2012). Being a thin structure,
however, it has been di cult to fully resolve claustrum in imaging studies. New techniques, have im-
proved the ability to resolve small volumes with fMRI scans, and this has been used to demonstrate
correlated activity between claustrum and other brain regions in a way that was not previously pos-
sible (Krimmel et al., 2019). These data have revealed functional connectivity between claustrum
and brain regions associated with cognitive control, which are essential to goal directed behavior

(Krimmel et al., 2019; Mackie et al., 2013).

1.4. Latexin as a marker

Latexin was discovered as a marker for neuronal development in rats and is a label of claustrum
and dorsal endopiriform nucleus (Arimatsu et al., 1992; Arimatsu et al., 1994). Latexin is the
only known endogenous mammalian inhibitor of carboxypeptidase and has been shown to inhibit
carboxypeptidase A (Arimatsu et al., 2009; Normant et al., 1995). Carboxypeptidase A is a metal-
loprotease that has been linked to regulating the activity of neuropeptides in the extracellular
space (Lyons et al., 2008). Another potential target of latexin is carboxypeptidase E, which is co-
distributed with latexin in claustrum (Lynch et al., 1990; MacCumber et al., 1990). Carboxypepti-
dase E, also called enkephalin convertase, is involved in the pre-processing and sorting of many
peptide hormones and neurotransmitters (Cool et al., 1997; Fricker, 1988; Fricker & Snyder, 1982;
Hook et al., 1982). Latexin contains two subdomains, each comprising a beta-sheet surrounding an

alpha-helix, which are structurally similar to the cysteine protease inhibitors, cystatins (Pallaes



et al., 2005).

In humans, latexin is expressed in tissues throughout the body including heart, ovary, kidney,
pancreas, lung, liver, testis, skeletal muscle, thymus, and brain (Liu et al., 2000). Latexin has been
found in mast cells, where it is associated with secretory granules that contain carboxypeptidase
A3. In the brain, latexin labels a subpopulation of neurons early in embryonic development that are
destined to reside in deep cortical layers (layers 5 and 6) of the lateral neocortex (Arimatsu et al.,
1992). Latexin is expressed in cortical regions including the secondary somatosensory, primary and
secondary auditory, visceral sensory, and the secondary visual areas as well as insular and perirhinal

areas (Arimatsu et al., 1992; Arimatsu et al., 2009).

Latexin neurons are predominantly glutamatergic and form asymmetrical synaptic contacts
(Arimatsu, Kojima et al., 1999). Latexin is expressed in cortico-cortical, cortico-claustral, and
claustro-cortical neurons but not in cortico-thalamic neurons (Arimatsu, Ishida et al., 1999). In
layer 6, latexin neurons are \modi ed pyramidal neurons”, which are primarily oriented horizont-
ally as opposed to the vertically oriented cortico-thalamic neurons (Arimatsu, Ishida et al., 1999;
Thomson, 2010). Due to their morphological appearance, their glutamatergic nature, and their

connectivity, latexin neurons are categorized as excitatory projection neurons.

The pattern of latexin neuron distribution throughout the cortex has been observed in other
mammals including mouse (Kitanishi & Matsuo, 2017; Zingg et al., 2018), rat (Arimatsu et al.,
1992; Arimatsu et al., 1994; Orman, 2015), cat (Arimatsu et al., 2009), macaque (Watakabe et al.,
2014), hedgehog (Kunzle & Radtke-Schuller, 2001), and bat (Orman et al., 2017). However, as
with all other known markers of claustrum, latexin is not entirely exclusive or speci ¢ to claustrum

and dorsal endopiriform; it also labels some of the overlying cortex.



1.5. Interneuron diversity

Although evidence of excitatory connectivity between rostral and caudal regions exists, there is little
evidence for dorsoventral connectivity (Jackson et al., 2020; Smith & Alloway, 2010; Watson et al.,
2017). Whether or how individual rostrocaudal processing streams interact is unknown. Cortically
projecting claustral neurons are rarely observed interacting with other claustrocortical neurons,
but parvalbumin interneurons are well connected with both other interneurons and claustrocortical
neurons (Kim et al., 2016). Inhibitory interneurons may be poised to regulate claustral activity

and may do so between processing streams and subregions (Crick & Koch, 2005).

Although they were once lumped together as simply non-pyramidal cells, inhibitory interneurons
are recognized as incredibly diverse in their structures, physiologies, and connectivities. There is a
variety of inhibitory interneuron subtypes in claustrum and some of these subtypes are con ned to

speci ¢ subregions (Baizer & Baker, 2006).

Claustrum is a relatively quiescent structure with low spontaneous ring rates (Mathur, 2014;
Orman, 2015; Orman et al., 2017; Segundo & Machne, 1956; Spector et al., 1974). Understanding
the role of inhibition and inhibitory interneurons in this highly inhibited structure is integral to un-
derstanding the overall function. Interneurons, in contrast to projection neurons, are predominantly
GABAergic (inhibitory) and exert their primary in uence on local neuron populations (Freund &
Buzsaki, 1996; McBain & Fisahn, 2001; Tremblay et al., 2016). These neurons have been attributed
responsibility for modulating and synchronizing local neuron activity, hormonal e ects, and cortical
development (Freund & Buzsaki, 1996). GABAergic interneurons provide a necessary balance to
neuron excitation and are critical in proper brain function (Marn, 2012). Interneurons have been
characterized and subtyped in a variety of ways including by cytoarchitecture, electrophysiology,

interactivity with other neurons, and molecular markers like transcription factors, neuropeptides,



receptors, and calcium-binding proteins (DeFelipe et al., 2013; Monyer & Markram, 2004). Some
of these molecular markers have been robustly correlated with electrophysiological phenotypes and

exist in mostly non-overlapping populations (Rudy et al., 2011).

The calcium binding proteins calbindin, calretinin, and parvalbumin label discrete populations
of inhibitory interneurons with unique morphologies and electrophysiologies in otherwise seem-
ingly homogenous neuron populations as exempli ed in the hippocampus, thalamus, and neocortex

(Baimbridge et al., 1992; Jones, 1998; Jones & Hendry, 1989).

At the subcellular level, calcium binding proteins control the spatial and temporal dynamics
of intracellular calcium concentrations in cells. In neurons, the second-messenger calcium has a
wide range of e ects, like triggering neurotransmitter release, inducing synaptic plasticity, and
regulating gene transcription (Mateos-Aparicio & Rodrguez-Moreno, 2002; Matthews & Dietrich,
2015; Puri, 2020). There are many systems that control intracellular calcium availability including
limiting calcium entry, binding by calcium bu ers, sequestering within intracellular compartments,
and removal from the cell. The second system, binding by endogenous bu ers, is crucial to regu-
lating local concentrations of calcium immediately after calcium enters the cell that allow spatially
and temporally precise calcium signaling (Matthews & Dietrich, 2015). Calcium bu ers can, for
example, greatly reduce the di usion rate of calcium as well as prolong the duration of the signal
(Matthews & Dietrich, 2015). The variety of species of calcium bu ers allow for complex control

of calcium concentration dynamics.

These proteins have the potential to identify intrinsic structural features and connectivities
within brain regions. There is also a correlation between calcium binding protein expression and
neuron morphologies. For example, parvalbumin associates with chandelier cells and basket cells
(DeFelipe et al., 1989b; Fonseca et al., 1993), calbindin is associated with double-bouquet cells

(DeFelipe et al., 1989a; del Ro & DeFelipe, 1995), and calretinin labels bipolar and bitufted cells



(Baimbridge et al., 1992; Nitsch & Ohm, 1995). Each of these cortical interneuron sub-types
have unique electrophysiological properties and patterns of innervation (Baimbridge et al., 1992;
Gulas et al., 1996; Hu et al., 2014). In the hippocampus, for example, calretinin interneurons are
considered to speci cally target other interneurons, distinguishing these neurons from parvalbumin
and calbindin interneurons whose primary targets are excitatory pyramidal neurons (Acsady et al.,
1996; Guhas et al., 1996; Klausberger & Somogyi, 2008). Parvalbumin neurons label basket cells,
which receive heterogenous a erents and innervate pyramidal neurons in a perisomatic fashion
(Freund & Buzsaki, 1996). Calbindin marks hippocampal interneurons that project across sub eld
boundaries, de ning another separate population of neurons (Gulyas et al., 1996; Toth & Freund,
1992). Calcium binding proteins in the thalamus, a subcortical structure that connects with many
sensory cortical regions, distinguish thalamic nuclei and neuron subtypes based on their cortical
targets (Jones & Hendry, 1989). In the neocortex, neurons immunoreactive for calcium binding
proteins are distributed di erently throughout cortical layers and have characteristic morphologies

and matching physiologic behaviors (Hof et al., 1999).

While other calcium binding proteins like calmodulin have been well described with a diverse
set of cellular functions, the complete set of intracellular roles of parvalbumin, calbindin, and
calretinin is not totally understood. These calcium binding proteins have been primarily thought
of as calcium bu ers. Although the role of calcium bu ering seems to be an important aspect of
calcium binding protein functions, it is possible that other functions like sensing calcium levels or
contributing to calcium signaling are a part of these proteins' repertoires (Schmidt, 2012; Schwaller,
2014). Previously, calcium binding proteins were categorized into two groups: \trigger" proteins
and \bu er" proteins (Baimbridge et al., 1992; Dalgarno et al., 1984). Classically, calmodulin with
its well-studied roles in regulating certain kinase activity would be considered a trigger protein while

calbindin, for which calcium dependent protein interactions were not observed, would be considered
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a bu er protein. There is now, however, a growing body of work suggesting that these \bu er"
proteins have roles beyond those of simple calcium bu ers (Berggrd et al., 2002; Brimblecombe

et al., 2019; Schmidt, 2012; Schwaller, 2007, 2014). Some of these proteins have been shown to
undergo conformation changes upon binding calcium and to interact with other proteins involved

in intracellular signaling.

Parvalbumin GABAergic interneurons represent a population of fast-spiking neurons that have
characteristically short action potentials and can maintain high frequency ring rates with sustained
activation (Hu et al., 2014; Kawaguchi et al., 1987; Kelsom & Lu, 2013). Sharp and non-adapting
ring properties allow parvalbumin interneurons serve as provide fast and temporally precise com-
ponents in cortical neural circuits (Jouhanneau et al., 2018; Kelsom & Lu, 2013). In the cerebral
cortex, most parvalbumin neurons can be subtyped as either basket cells or chandelier cells (De-
Felipe et al., 2013; Kelsom & Lu, 2013; Petilla Interneuron Nomenclature Group et al., 2008).
Parvalbumin basket cells are among the dominant providers of inhibition in the neocortex and are
likely a major contributor to balancing excitation and inhibition and coordinating the activity of

nearby neurons (Hasenstaub et al., 2005; Kelsom & Lu, 2013).

The rates of binding and release of calcium with calcium bu ers is a determinant of calcium
bu er function (Baimbridge et al., 1992). Parvalbumin, a \slow" calcium bu er, has a slower
dissociation rate for calcium than calbindin or calretinin and shortens the time of a single action
potential, creating fast-spiking neurons (Caillard et al., 2000; Chard et al., 1993; Kelsom & Lu,
2013).

Parvalbumin interneurons are involved in diverse roles throughout the brain. In the hippocam-
pus, parvalbumin interneurons are involved in navigation as they help de ne precise boundaries of

place elds, the brain's \map" of an environment (Hu et al., 2014; Royer et al., 2012). In sensory

cortical areas, parvalbumin interneurons play a part in controlling gain of sensory responses which
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allows a brain region to amplify or diminish the strength of response to a given level of sensory
input (Atallah et al., 2012; Hu et al., 2014; Keller et al., 2018). Finally, parvalbumin interneurons
have been shown to play roles in plasticity and learning. These neurons play roles in, for example,
fear conditioning (Wol et al., 2014), altering reward seeking behavior (Sparta et al., 2014), and in
modifying the responsiveness of the visual cortex to one eye after monocular deprivation (Kuhlman

et al., 2013).

Calbindin D-28K (CALBL1), is one of the three members of the calbindin sub-family, also known
as the hexa-EF protein family. It contains 6 EF-hand motifs, 4 of which are functional and bind
calcium. In vitro studies have demonstrated evidence for a calcium sensor function. For example,
calbindin undergoes signi cant conformational changes upon calcium binding with the exposure
of hydrophobic regions, typical of substrate induced protein interactions (Schmidt, 2012). It was
also shown that calbindin interacts with myo-inositol monophosphatase-1, a protein involved in IP3
signaling, and with Ran-binding-protein-M (Berggrd et al., 2002), a GTPase involved in nuclear

transport and in the formation of microtubules (Lutz et al., 2003).

Calretinin (CALB2) is also a member of the calbindin sub-family. Like the others in the
sub-family, it contains 6 EF-hand motifs. In calretinin, the rst 5 of the EF-hands are able to
bind calcium while the sixth is inactive (Schwaller, 2010, 2014). It was originally discovered in
the retina (cal-ret-inin). Calretinin binds calcium in its rst four calcium binding sites with strong
cooperative binding while its fth calcium binding site has a signi cantly weaker a nity for calcium
(Faas et al., 2007; Stevens & Rogers, 1997). In addition to its function as a calcium bu er, there
is evidence in support of calretinin having functions as a calcium sensor. From a structural point
of view, calretinin undergoes signi cant calcium dependent conformation changes (Kuwenicki et al.,
1995). Calretinin is also reported to undergo a vitamin D3 dependent translocation to the nucleus,

suggesting nuclear binding partners (Schwaller & Herrmann, 1997). Calretinin expression has also
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Table 1.1: Example properties of calbindin-, calretinin-, and parvalbumin-immunoreactive neurons

Calcium-Binding Protein  Bu er property Example ring property Example function

Calbindin Fast bu er Burst- ring Synchronize population ring across regions
Calretinin Fast bu er Rhythmic ring Disinhibition
Parvalbumin Slow bu er Fast- ring, non-adapting  Feed-forward inhibition

been linked to neuronal development with a transient expression in dentate gyrus cells in the early
stage of their post-mitotic life (Brandt et al., 2003). See Table 1.1 for a summary of example

properties for neurons immunoreactive for each calcium binding protein.

1.6. Carollia perspicillata

Bats or Chiroptera form the second largest order of mammals (second to Rodentia), and with over
1,300 species makes up about a quarter of all mammalian species (Burgin et al., 2018; Fenton &
Simmons, 2015; Wilson & Reeder, 2005) Carollia perspicillata (perspicillata: Latin, spectacular
(Braun & Mares, 1995)), also known as Seba's short-tailed bat, is native to Central and South
America. It is an echolocating bat and a member of the Yangochiroptera suborder of Chiroptera
(Lei & Dong, 2016). Interestingly bats are more closely related to dolphins than they are to mice,
dispelling the myth that bats are simply \ ying rodents” (O'Leary et al., 2013; Welker et al., 2015).
There are many unique characteristics ofCarollia that make them interesting subjects for biological
study. For example, Carollia have reproductive physiology that is similar in many ways to that
of humans. They have a menstrual cycle that lasts approximately one month with an endocrine
pro le matching that of humans (Crichton & Krutzsch, 2000; Rasweiler et al., 2010; Zhang et al.,
2007). The gestation period inCarollia is 113 to 120 days (Badwaik et al., 1997) and weaning
occurs 6 to 8 weeks postpartum (Fleming, 1988). The adult mass d€arollia (15 to 19 g) is reached

by 10 to 13 weeks of age (Fleming, 1988). In the wild, males and females reach sexual maturity in
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one to two years (Fleming, 1988). The maximum recorded lifespan foCarollia in captivity is 17

years (Weigl, 2005).

The brains of Carollia have striking neuroanatomical features especially compared to the more
commonly studied rodents. First, Carollia has an internal capsule that separates a distinct caudate
nucleus from putamen. Second, the hippocampus primarily follows a dorsoventral axis in contrast
to the rostrocaudal path of the rat hippocampus. Third, Carollia have an uniquely large claustrum

and amygdala (Orman, 2015; Scalia et al., 2013).

Finally, as a ying mammal, bats have been used to reveal how 3-dimensional space exploration
is encoded in the brain. How hippocampal place cells are able to encode volumetric space, for
example, was rst reported in the bat where 3D place elds were described (Wohlgemuth et al.,
2018; Yartsev & Ulanovsky, 2013). Three dimensional coding for head direction cells, creating an

intrinsic 3-dimensional compass, were also rst described in the bat (Finkelstein et al., 2015).

1.7. Clinical implications

Claustrum involvement has been documented in clinical conditions including epilepsy, Wilson's dis-
ease, and neurodegenerative diseases like Alzheimer's and Parkinson's disease. Claustrum changes
have been observed on magnetic resonance imaging (MRI) in association with seizures of di er-
ent etiologies including viral encephalitis (Ishii et al., 2011; Sener, 1998), autoimmune encephalitis
(Ayatollahi et al., 2021; Steriade et al., 2017), and febrile illness (Meletti et al., 2015). Notably,
psychic auras (e.g., cep vu, a sense of fear) or out-of-body experiences were associated with some
of these seizures (Steriade et al., 2017). Lesions a ecting claustrum have also been observed in
Wilson's disease, a condition that results in the deposition of copper in tissue throughout the body.

In Alzheimer's disease there has been evidence of claustral degeneration including deposition of

amyloid and neuronal loss (Morys et al., 1996). Claustral involvement is speculated to link these
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pathological ndings with cognitive changes (Venneri & Shanks, 2014). Pathological changes are
also observed in claustrum in Parkinson's disease and Lewy Body Dementia (Arrigo et al., 2019;

Kalaitzakis et al., 2009; Sener, 1998; Sitte et al., 2017).
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Aims

Specic Aim 1. De ne claustral and dorsal endopiriform boundaries according to
features and distributions of latexin neurons.

This will be accomplished by determining the density and distribution of latexin immunore-
activity from serial sections in sagittal and coronal planes in bats using immuno uorescence and

wide eld and confocal microscopy.

Speci c Aim 2. Determine the distributions of neurons immunoreactive for speci c
calcium binding proteins (calbindin, calretinin, and parvalbumin) to describe regional
heterogeneity within claustrum and dorsal endopiriform.

This will be accomplished by labelling and imaging serial sections of claustrum and dorsal

endopiriform with each calcium binding protein (calbindin, calretinin, parvalbumin) and latexin.

Speci c Aim 3. Determine the major sources of innervation from inhibitory calcium
binding protein (calbindin, calretinin, parvalbumin) neurons on somata of local latexin
neurons in claustrum subregions and dorsal endopiriform.

This aim will be accomplished by mapping the densities of calcium binding protein-ir appositions
on local latexin neurons. Accompanying this aim will be co-labelling with the GABAergic marker,
glutamate decarboxylase 67 (GAD67) which will establish calbindin, calretinin, and parvalbumin

as inhibitory in claustrum and dorsal endopiriform of bats.
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Carollia perspicillata is a uniqgue model organism with much potential in studies of neurobiology.
In this thesis, we describe the utility of bat claustrum in parcellating subregions due to its greater
size compared to rodent or primate claustrum. We also discovered a group of latexin neurons in
retrosplenial cortex of bat, a brain region heavily implicated in navigation. Finally, we observed a
presubiculum in bat, a hippocampal structure known in primates but not rodents. These studies
0 er an insight into brain regions with yet unexplored function and suggest that bat will be useful

in further understanding these region's roles.

The rst two aims are described in detail in Chapter 3. We found evidence for a core-and-shell
architecture of claustrum and described further subdivisions highlighted by di erential expression
of latexin and the calcium binding proteins calretinin, parvalbumin, and calbindin. Since each cal-
cium binding protein marks unique populations of inhibitory neurons, these cytochemically de ned
subdivisions may re ect subnuclei of claustrum. In this study, we also discovered a previously un-
described cell type that was double-immunoreactive for latexin and calretinin. This was surprising
because latexin and calretinin are typically used as markers of excitatory and inhibitory, antagon-
istic, neuron populations (Chapter 4). Future directions will explore the functional di erences of
these claustrum subregions and this novel cell type. Aim 3 originally proposed to quantify putat-
ive synaptic contacts of inhibitory neurons on excitatory neurons. We developed a programmatic
approach that automatically identi ed neuron cell bodies and measured the density of inhibitory
processes closely apposing these somata (Appendix B). We identi ed that parvalbumin processes
form dense perisomatic nets around latexin neurons in core of claustrum. Future directions toward
this research should utilize multi- uorescence experiments (greater than two markers) to investigate

colocalization of calcium binding protein processes with inhibitory synapse markers.

Preliminary data from Aim 1 demonstrated latexin immunoreactive neurons in a brain region

heavily involved in navigation, the retrosplenial cortex. Given the strong dependence of bat on
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complex navigational behavior and the novelty of the latexin neuron in the retrosplenial cortex,
we decided to pursue this nding and describe bat retrosplenial cortex in further detail. Since bat
navigates in three-dimensional space, the brain structures involved in navigation would be expected
to be highly specialized. Interestingly, we found that the marker for the predominant excitatory cell
type in claustrum, latexin, was also present in retrosplenial cortex (Chapter 5). We continued to
cytoarchitecturally de ne the retrosplenial cortex and its subdivisions, which will play a useful role
in future studies of connectivity and function, strengthening the foundation of our understanding

of complex navigational behaviors.

Finally, we propose that bat will have great utility in studies of neurobiology and disease,
considering its neuroanatomical advantages (described above) in combination with its considerably
longer lifespan (Chapter 6). Since bat hippocampus, for example, has features that more closely
resemble human hippocampus than rodent hippocampus, bat may provide the model to unlock an

understanding of neurodegenerative disease not possible in more common animal models.
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Chapter 2: Materials and Methods

2.1. Bats

Bats (ages 3{8 years, body masses 15{19 g) were raised in the animal facility at SUNY Downstate
according to NIH standards (Guide for the Care and Use of Laboratory, Animals 8th ed., National
Academies Press, 2011). All experimentation was approved by the Institutional Animal Care and

Use Committee.

2.2. Perfusion and Cryoprotection

Bats were deeply anesthetized with two to three subcutaneous injections of 0.2{§6 mL (0.04{0:12¢g
urethane, 23G needle) of 20% (w/v) aqueous urethane solution until loss of the foot-withdrawal
re ex. Perfusion was performed with a drip bottle perfusion lled with cold PBS (pH 7.4, NaCl
1:37 10 1M, KCI 2:68 10 3M, NayHPO,4 1:.014 10 2M, KH,PO4 176 10 3M) and para-
formaldehyde (PFA, 4% PFA-PBS w/v). To perfuse, the abdomen was transversely bisected, and
the diaphragm bisected with blunt surgical scissors. The rib cage was bisected bilaterally on the
midclavicular lines and lifted toward the head of the animal to expose the thoracic cavity and
clamped with a hemostat which is then placed over the head of the animal. Using a 15G blunt
needle, the left ventricle was penetrated followed by the delivery of PBS. A small incision was made
in the wall of the right atrium with iris scissors to allow circulating uid to exit into the thoracic

cavity. When the body was adequately perfused with PBS as evidenced by clear uid leaving the
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right atrium, delivery of PFA began. While perfusing with xative the animal was monitored for
tremors indicating xative delivery to the muscles and the brain. After perfusion, animals were
decapitated, and brains were removed from the skull. Brains were post- xed for 18 h in 4% par-
aformaldehyde at 4°C. Following that period, brains were placed in a cryoprotectant solution of

30% sucrose (w/v) in PBS at 4°C until sunken.

2.3. Tissue Sectioning

Brains were placed on a freezing stage sliding microtome at 35°C (Thermo Scienti c Microm
HM 430) in Tissue-Tek® O.C.T. Compound (supplier no. 4583, Sakur® Finetek, Torrance, CA)
and sectioned in the sagittal or coronal planes at a thickness of 3@m. Sections are collected in
a 50 5 well plastic bead box, each well containing PBS (pH 7.2, NaCl 54 10 M, NayHPO4

7:68 10 M, NaH,PO4 9:08 10 3M), and stored at 4°C until further processing.

2.4. Immunolabeling

Sections were transferred to a 12-well at-bottom plate. All incubations were done at room tem-
perature on a rocker unless noted otherwise. Free- oating sections were rst permeabilized (8QL
0.4% Triton X in PBS) for 10 min. The permeabilization solution was removed and sections were
washed 3 times (3mL PBS, 5min). Sections were blocked in 8QfQ blocking bu er [1% (w/v)
bovine serum albumin, 5% (v/v) normal goat serum in PBS with 0.1% (v/v) Tween-20] for 30 min.
The blocking bu er was removed and replaced with primary antibodies (800uL, diluted in block-

ing bu er). Sections were incubated with primary antibodies overnight (16{20 h) at 4 °C. Primary
antibody solutions were collected for reuse or discarded. Sections were washed 3 times (3mL PBS,
5min). Secondary antibodies (1/500 dilution, Alexa Fluor® 488 A niPure Goat Anti-Mouse IgG,

Jackson ImmunoResearch Laboratories; 1/500 dilution, Rhodamine Red-X A niPure Goat Anti-
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Table 2.1: Table of Antibodies

Target Species Immunogen Clonality Isotype Working
dilution

Source (Cat. #)

RRID

Primary Antibodies

Calbindin Rabbit Recombinant rat Poly (Antiserum) 1/3000
calbindin D-28K

Calretinin Rabbit Recombinant Poly (Antiserum) 1/3000
human calretinin
containing a
6-his tag at the
N-terminal

GAD67 Mouse Recombinant Mono IgG2a 1/1000
GADG67 protein

Latexin Mouse Unknown epitope; Mono IgG1 1/500
neocortical tissue
from 3-week-old
rats

Latexin Rabbit Recombinant Poly 19G 1/300
protein
corresponding to
human LXN

NeuN Mouse Puri ed cell nuclei Mono IgG1 1/2000
from mouse
brain

Parvalbumin Rabbit Recombinant rat Poly (Antiserum) 1/3000
parvalbumin

Secondary Antibodies
Mouse IgG  Goat Poly IgG 1/500
Rabbit IgG  Goat Poly IgG 1/500

Swant (CB 38)

Swant (CR7697)

Sigma-Aldrich
(MAB5406)
Gift from Y. Arimatsu

Invitrogen (PA5-82498)

Millipore (MAB377)

Swant (PV 27)

Jackson (115{545-003)
Jackson (111{295-003)

AB 10000340

AB 2619710
AB _2278725
AB  _2571634
AB  _2789656
AB  _2298772
AB 2631173
AB _2338840
AB  _2338022

Rabbit 1gG Jackson ImmunoResearch Laboratories) were diluted in blocking bu er, 80QuL was

added to each well, and incubated protected from light for 2h. Secondary antibody solution was re-

moved and discarded, followed by the addition of 80QL (1 pg/ mL) 4',6-diamidino-2-phenylindole

(4',6-diamidino-2-phenylindole (DAPI), Invitrogen, D357), which incubated for 10 min. Sections

were washed 3 times (3mL PBS, 5min, transferred to slides (Fisherbrang-Superfrost—Plus Mi-

croscope Slides, cat. no. 12-550-15) with a paintbrush, and coverslipped (FisherbrareMicroscope

Cover Glass, cat. no. 12-541A) with ProLong Diamond Antifade Mountant (Invitrogen, P36961).

Slides were kept in slide boxes at 4C or 20°C until imaging.
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2.4.1. Controls

Isotype controls corresponding to the primary antibody host species (mouse IgG and rabbit IgG,
see Table 2.1) were performed to control for non-speci ¢ binding of primary antibodies. Secondary

antibody controls, to control for non-speci ¢ binding of secondary antibodies.

2.5. Imaging

Wide eld:  Wide eld whole section images were acquired with a 10 dry lens, (Plan-Apochromatic
100/0.45 DICII), LED lighting (405nm, 493 nm, 575nm), and a quad-band bandpass Iter using

a Zeiss Axio Observer 7 inverted microscope and ZEN 2.3 (blue edition) software. Light intensities
(50{100%) and exposure times (50 ms to 6s) were adjusted once per label per brain. Nine focus

anchor points were placed, and the software autofocus was used to determine focus.

Confocal: Confocal images were generated with a Zeiss Axio Observer inverted microscope
and the Zeiss LSM 800 confocal unit. Carl Zeiss ImmerseHmmersion QOil (refractive index 1.518,
purchased through Fisher Scientic, cat. no. 10539438) was used with the objective lens
(Plan-Apochromatic 630/1.4 DICII, Zeiss). 405nm, 493nm and 575nm laser diode light sources
were used for DAPI, Alexa Fluor 488, and Rhodamine Red-X, respectively. Tiled mosaic images
of claustrum and dorsal endopiriform were taken (5120 512 pixel tiles, 1ps/pixel, 2 times line
averaging, 1 Airy Unit pinhole diameter; DAPI and Rhodamine Red-X were scanned simultaneously
with tracks alternating every line). Four anchor points placed at corners of the tiled region were
focused at the middle of the depth of the section. Laser intensity was set between 0.5% and 2%
on the device and master gain was set between 650 and 850V once per label per brain. The upper
border of the image region was placed superior to the dorsal claustrum, identi able as a group of

neurons that split from the dorsal cortex, and the inferior border was placed in the piriform cortex,
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ventral to the dorsal endopiriform. The outer border was set in the middle layers of the insular

cortex, and the inner border was set in the basal ganglia.

2.6. Analysis

2.6.1. Image Pre-Processing

Shading correction. To correct for tiling artifacts that result from uneven illumination, an
estimated shading pro le was calculated for each channel with the BaSiC tool for illumination
correction using a MATLAB script (Peng et al., 2017). Shading correction was applied in Zen 2.3

software using the \Shading Correction"” function.

Stitching.  Stitching was performed in Zen 2.3 software with the "Stitching' function on the

Alexa Fluor 488 channel (5% minimum overlap, 10% maximum shift).

Orientation.  When necessary, images were ipped and rotated to orient section images in a

standard anatomical representation (dorsal up, ventral down, rostral left).

2.6.2. Image Analysis

Image analysis was performed with QuPath software (version 0.2.3, Bankhead et al., 2017) and

with scripts written in Python and MATLAB.

Prole Plots. Intensity pro les display a two-dimensional representation of the intensities of
pixels along a line drawn on an image. Pro les were generated in Fiji/lmageJ with the \Pro le
Plot" feature (Schindelin et al., 2012). In latexin labeled sections, the dorsoventral axis of the ellipse
shaped core of claustrum was represented by a line drawn between the superior and inferior vertices
of the claustral core. Perpendicular to the dorsoventral axis, another line was drawn through the

widest part of claustrum, from 200um inside the external capsule to 40um outside the latexin
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de ned shell. Pixel coordinates for the ends of the line segment were recorded and an intensity
pro le was generated. Measurements from the intensity pro le were plotted with a custom Python
script. In non-latexin labeled sections, the dorsoventral axis was determined by the labeling CBPs,
each of which demonstrate either positive (parvalbumin) or negative (calbindin, calretinin) labeling

of the claustral core which aligns with the latexin axis in latexin labeled sections.

Segmentation. Cell segmentation (the process of labeling objects in an image) was performed
with Cellpose, a deep learning-based segmentation algorithm, in Google Colaboratory (Stringer
et al., 2021). Images were downsampled 2 fold and a ® 5 kernel median Iter was applied. The
cell diameter parameter was set to 40 pixels and cell probability threshold to 50%. Large images
were processed in 2048 2084 pixel tiles with 5% edge overlap. Overlapping detections at the
edges of the tiles were detected and ltered by searching for object overlap through an R-Tree.

Detections were exported in GeoJSON format and imported into QuPath for further analysis.

Cell classi cation. Classi cation of positivity or negativity for each label was performed
using a Random Forests classi er on intensity (mean, median, standard deviation, Haralick texture
features (Haralick et al., 1973) and shape features (e.g., area, circularity, maximum diameter,
minimum diameter). The model was trained in QuPath by marking ve immunopositive and
ve immunonegative cells in each of the dorsal cortex, dorsal claustrum, core, shell, and dorsal
endopiriform. These regions su ciently represented the diverse neuron appearance throughout the
entire image. To detect colabelled neurons, classi ers for each label were trained separately and

applied together.
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Chapter 3: Dierential Distributions of Calcium Binding Proteins in Claus-

trum and Dorsal Endopiriform Nucleus of Carollia

This chapter was published in Brain Structure and Function in its entirety on February 21, 2022.

| collected and analyzed data, made gures, and helped prepare the manuscript.

DOI: 10.1007/s00429-022-02459-0

3.1. Abstract

Few brain regions have such wide-ranging inputs and outputs as the claustrum does, and fewer have
posed equivalent challenges in de ning their structural boundaries. We studied the distributions
of three calcium-binding proteins|calretinin, parvalbumin, and calbindin|in the claustrum and
dorsal endopiriform nucleus of the fruit bat, Carollia perspicillata. The proportionately large sizes
of claustrum and dorsal endopiriform nucleus inCarollia brain a ord unique access to these struc-
tures' intrinsic anatomy. Latexin immunoreactivity permits a separation of claustrum into core
and shell subregions and an equivalent separation of dorsal endopiriform nucleus. Using latexin
labeling, we found that the claustral shell in Carollia brain can be further subdivided into at least
four distinct subregions. Calretinin and parvalbumin immunoreactivity reinforced the boundar-
ies of the claustral core and its shell subregions with diametrically opposite distribution patterns.

Calretinin, parvalbumin, and calbindin all colocalized with glutamate decarboxylase 67 (GADG67),
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indicating that these proteins label inhibitory neurons in both claustrum and dorsal endopiriform
nucleus. Calretinin, however, also colocalized with latexin in a subset of neurons. Confocal micro-
scopy revealed appositions that suggest synaptic contacts between cells labeled for each of the three
calcium binding proteins and latexin-immunoreactive somata in claustrum and dorsal endopiriform
nucleus. Our results indicate signi cant subregional di erences in the intrinsic inhibitory con-
nectivity within and between claustrum and dorsal endopiriform nucleus. We conclude that the
claustrum is structurally more complex than previously appreciated and that claustral and dorsal
endopiriform nucleus subregions are di erentially modulated by multiple inhibitory systems. These
ndings can also account for the excitability di erences between claustrum and dorsal endopiriform

nucleus described previously.

3.2. Introduction

Claustrum is a brain structure whose extensive reciprocal connections with sensory and limbic
cortices have led researchers to conclude that claustrum serves broad, high-level brain functions
such as consciousness (Chau et al., 2015; Crick & Koch, 2005; J. Smythies et al., 2012b), sensory
integration (Edelstein & Denaro, 2004; Naghavi et al., 2007; Shadi et al., 2020; Witter et al., 1988),
attention (Atlan et al., 2018; Barrett et al., 2020; Bayat et al., 2018; Goll et al., 2015; Jackson
et al., 2018; Jackson et al., 2020), salience processing (Mathur, 2014; Qadir et al., 2018; Smith et
al., 2019), and top-down action control (White & Mathur, 2018; White et al., 2018). A signi cant
challenge for these studies is claustrum's slender structure that limits one's ability to interpret
anatomical, physiological, or pathological data. Whether it is brain stimulation, electrophysiological
recordings, functional imaging, or experimental lesions, the small physical distances to neighboring
brain regions make it di cult to assign speci ¢ activities to claustrum. The absence of an extreme

capsule in rodents raises additional boundary concerns (Mai et al., 2015; Mathur, 2014).
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Attempts to establish molecular markers that identify claustrum and di erentiate it from adja-
cent brain regions have been successful to varying degrees. Latexin, an endogenous carboxypepti-
dase inhibitor, is one of the established markers for claustrum (Arimatsu, 1994; Arimatsu, Kojima
et al., 1999; Arimatsu et al., 2009; Hatanaka et al., 1994; Kunzle & Radtke-Schuller, 2001; Orman,
2015; Orman et al., 2017). However, latexin labels other cells outside of the claustrum (Arimatsu,
1994; Arimatsu, Ishida et al., 1999; Arimatsu et al., 2009; Hatanaka et al., 1994; Kunzle & Radtke-
Schuller, 2001; Orman, 2015; Orman et al., 2017; Takiguchi-Hayashi & Arimatsu, 1995; Takiguchi-
Hayashi et al., 1998) cf. (Watakabe et al., 2014) and does not label all cells in the claustrum, such
as inhibitory neurons and a subset of non-inhibitory neurons (Arimatsu & Ishida, 1998; Arimatsu
et al., 2009; Kunzle & Radtke-Schuller, 2001; Orman, 2015; Orman et al., 2017; Watakabe et al.,
2014). Other markers, for example, guanine nucleotide-binding protein gamma subunit 2 (Gng2),
can be more selective within claustrum than latexin (Dillingham et al., 2019; Mathur et al., 2009),
marking primarily a subset of claustral neurons with less non-claustral labeling. Still other markers
can help distinguish claustrum from adjacent brain regions but are much less selective than latexin.
In this class are the calcium-binding proteins parvalbumin, calbindin, and calretinin, which have
been shown to be di erentially distributed in the claustrum of several species ([avila et al., 2005;
Druga et al., 1993; Druga et al., 2015; Hinova-Palova et al., 2014; Hinova-Palova et al., 2007;
Kowianski et al., 2003; Migita et al., 2001; Rahman & Baizer, 2007; Real et al., 2003; Real et al.,
2006; Reynhout & Baizer, 1999; Wbjcik et al., 2004) but also label inhibitory neurons in many other
brain structures (Baimbridge et al., 1992; DeFelipe et al., 2013; Petilla Interneuron Nomenclature

Group et al., 2008).

The results of multiple studies have led to di erences in opinion on the boundaries of claustrum
and its internal organization. In particular, claustral boundaries are more contentious in animals

such as rodents that lack an extreme capsule as a clear claustral border. De ning regional bound-
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aries necessarily transitions into the de nition of subregional boundaries. In particular, there has
been discussion about the notion of a dense grouping of neurons referred to as the claustral core
region surrounded by a shell region comprised of neurons with \less dense" packing based on several
labeling studies (Puelles, 2014; Real et al., 2006; Smith et al., 2018; Watakabe et al., 2014). Worth
noting, the calcium-binding proteins have also been used to support core and shell designations in
other brain structures, including nucleus accumbens (Brauer et al., 2000; Jongen-Relo et al., 1994;

Meredith et al., 1996) and subfornical organ (S. Huang et al., 2019).

Adjacent to the claustrum on its ventral aspect is the dorsal endopiriform nucleus, a structure
that is anatomically related to claustrum so much so that there has been debate about whether
the two are parts of a single structure (Smith et al., 2018). The dorsal endopiriform nucleus shows
latexin-immunoreactive (ir) and latexin-immunonegative subregions, as claustrum does. However,
dorsal endopiriform nucleus di ers in multiple respects from claustrum, including other immun-
ohistochemical features and physiology. Importantly, dorsal endopiriform nucleus appears to be
epileptogenic, whereas claustrum is noted to be physiologically quiescent in a number of studies
(Ho man & Haberly, 1991, 1993, 1996; Mathur, 2014; Orman, 2015; Orman et al., 2017; Segundo &
Machne, 1956; Spector et al., 1974). This activity di erence may re ect di erences in the intrinsic

inhibitory systems of claustrum and dorsal endopiriform nucleus.

The claustrum in the brain of Seba's short-tailed bat, Carollia perspicillata, is proportionately
very large compared to the claustrum in other species (Smith et al., 2018) and thus o ers advant-
ages over rodents and other model species for studying the intrinsic structure of claustrum and
dorsal endopiriform nucleus. The proportionately larger size and the possibility that there is less
spatial compression of the bat claustrum are expected to facilitate investigations of its intrinsic
structure. In this study, we examined the distributions of cells immunoreactive for latexin and for

calcium binding proteinsjcalretinin, parvalbumin, or calbindin|in the Carollia brain. We nd
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that inhibitory cells labeled for any of the three calcium-binding proteins are present in claustrum
and dorsal endopiriform nucleus with di erent spatial distributions that (1) inform the de nition of
core versus shell boundaries in both structures, (2) de ne subregions of the shell in claustrum, and
(3) suggest explanations for the functional di erences between claustrum and dorsal endopiriform

nucleus.

3.3. Methods

3.3.1. Animals

All animal work conformed to the standards set forth in the NIH Guide for the Care and Use of
Laboratory Animals (Guide for the Care and Use of Laboratory Animals 2011) and was approved
by the SUNY Downstate Institutional Animal Care and Use Committee under protocols for tran-

scardial perfusion of Carollia perspicillata with subsequent microtome sectioning of brain tissue
and immunohistochemistry. Methods were similar to those published previously (Orman, 2015;

Orman et al., 2017).

Animals were housed in mixed- or single-gender groups of 10{20 animals per cage (Rasweiler
& Badwaik, 1996; Skrinyer et al., 2017) and kept on a 12:12 light:dark cycle with continuous
access to water. They were fed once daily with a mixture of apricot nectar, pureed peaches, ground
monkey chow, supplemental vitamins and minerals, and emulsi ed corn oil (Rasweiler et al., 2009a),

supplemented occasionally with whole fruits.

3.3.2. Experimental Design

From 8 adult Carollia perspicillata bats (6 female and 2 male; 4{12 months of age; weighing

15{25g), we obtained 6 sagittal and 2 coronal series of whole-brain sections. On serially adjacent
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sections, we labeled nuclei, latexin protein as a marker for neurons in claustrum and dorsal endopiri-
form nucleus, and one of three calcium-binding proteins calretinin, parvalbumin, or calbindin. For
some sections, we substituted neuron-specic nuclear protein (NeuN) protein as a general neur-
onal marker or GAD67 protein, an isoform of the synthetic enzyme for gamma-aminobutyric acid
(GABA), as a marker for GABAergic inhibitory neurons. Myelin was speci cally stained with
uoromyelin red. Low- and high-magni cation images were then used to compare the markers'
locations at both whole-brain and cellular resolution. For each animal, pairs of antibodies were
chosen in di erent combinations to establish expression patterns that would (1) re ne or reinforce
the boundaries de ned by latexin of claustrum with dorsal endopiriform nucleus and surrounding
cortical regions, (2) address whether GADG67-ir inhibitory cell types co-express calcium-binding
proteins in claustrum and dorsal endopiriform nucleus, and (3) address whether latexin-ir neurons

co-express calcium-binding proteins in claustrum and dorsal endopiriform nucleus.

3.3.3. Immunohistochemistry

For anatomical studies, each bat was anesthetized with urethane (0.02{04 mL/animal of a 20%
wi/v solution in water given subcutaneously) and transcardially perfused with cold phosphate bu er
(PB, 0:1M, pH 7.4: NaCl 1:37 10 M, KCI 2:68 10 3M, NayHPO4 1:014 10 2M, KH 2POy4
1:76 10 3M), followed by cold 4% w/v paraformaldehyde in PBS. Brains were removed, post- xed
for 18 h at 4°C in 4% w/v paraformaldehyde in phosphate bu er, rinsed twice in cold PBS, and
then transferred to 30% w/v sucrose for cryoprotection. Frozen sections were cut at 3m thickness
in sagittal or coronal planes (Orman et al., 2017) using a freezing microtome (Thermo Scienti c
Microm HM 430, Waltham, MA). In our experience, sagittal sections o er the clearest alignment
of sampling from animal to animal because the brain midline is obvious. The rounded shape of

the Carollia brain (Scalia et al., 2013) compared to rodent brain can lead to some variability in
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the coronal or horizontal sectioning planes. Sections were collected in a ® 5 well plastic bead
box, each well containing phosphate-bu ered saline (PBS: pH 7.2, NaCl 54 10 M, Na,HPO4

7:68 10 3M, NaH,PO4 9:08 10 3M), and stored at 4°C until processed.

Free- oating sections were permeabilized in 0.4% vol/ vol Triton X-100 solution (10 min),
washed with PBS, and blocked in a mixture containing 1% w/v bovine serum albumin, 5% v/v
normal goat serum, and 0.1% v/v Tween-20 in PBS for 30 min. The blocking bu er was removed

and replaced with primary antibodies diluted in blocking bu er.

Adjacent sections were incubated with primary antibodies overnight (16{20h) at 4°C. The
primary antibodies were mono- and polyclonal antibodies against latexin, NeuN, parvalbumin,
calbindin, calretinin, and GAD67 (see Table 3.2 for sources and RRID numbers). After washing
with PBS, secondary antibodies diluted in blocking bu er were added and incubated in the dark
for 2h. After washing, sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI)
(Invitrogen, D357) for 20 min, washed and mounted with ProLong Diamond Antifade Mountant
(Invitrogen, P36961). Some sections were incubated with a 1:500 dilution of uoromyelin red stock

solution (3000 in water; Invitrogen, F34652) for 1 h prior to DAPI staining.

3.3.4. Imaging

Sections were imaged with an Axio Observer 7/LSM 800 inverted compound microscope and Zen

Blue version 2.3 software (Carl Zeiss Microscopy, Thornwood, NY).

Wide eld whole section images were acquired with a ® or 100 dry lens (Plan-Apochromatic
50/0.16 or 100/0.45 DICII), LED lighting (405 nm, 493 nm, 575nm), and a quad-band bandpass
Iter. Light intensities (50{100%) and exposure times (50 ms to 6 s) were adjusted once per label

per brain. At least nine focus anchor points were placed on the tiling montage.
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Table 3.1: Table of Antibodies

Target Species Immunogen Clonality Isotype

Working
dilution

Source (Cat. #)

RRID

Primary Antibodies

Calbindin Rabbit Recombinant rat Poly
calbindin D-28K

Calretinin Rabbit Recombinant Poly
human calretinin
containing a
6-his tag at the
N-terminal

GAD67 Mouse Recombinant Mono IgG2a
GADG67 protein

Latexin Mouse Unknown epitope; Mono lgG1
neocortical tissue
from 3-week-old
rats

Latexin Rabbit Recombinant Poly 19G
protein
corresponding to
human LXN

NeuN Mouse Puri ed cell nuclei Mono lgG1
from mouse
brain

Parvalbumin Rabbit Recombinant rat Poly
parvalbumin

Secondary Antibodies
Mouse IgG  Goat Poly 19G
Rabbit IgG  Goat Poly 1gG

(Antiserum) 1/3000

(Antiserum) 1/3000

1/1000

1/500

1/300

1/2000

(Antiserum) 1/3000

1/500

1/500

Swant (CB 38)

Swant (CR7697)

Sigma-Aldrich
(MAB5406)

Gift from Y. Arimatsu

Invitrogen (PA5-82498)

Millipore (MAB377)

Swant (PV 27)

Jackson (115{545-003)
Jackson (111{295-003)

AB  _10000340

AB _2619710
AB 2278725
AB  _2571634
AB  _2789656
AB  _2298772
AB  _2631173
AB _2338840
AB  _2338022
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Confocal images were obtained with a 63 oil lens (PlanApochromatic 630/1.4 DICII, Zeiss).
Tiled 630 overview images were taken with 512 512 pixel tile sizes, pixel dwell at 1us, 2 times
line averaging, and the pinhole sized at 1 Airy Unit. Four anchor points focused at the middle of
the section depth were placed at corners of the tiled region. Laser intensity was set between 0.5
and 2% on the device, and master gain was set between 650 and 850V once per label per brain.
Some images to assess cell morphology were taken as confocal z-stacks through the depth of the

tissue followed by maximume-intensity z-projection.

3.3.5. Quantitation of uorescence and automated cell counting

To correct for tiling artifacts that result from uneven illumination, an estimated shading pro le
was calculated for each channel with the BaSiC tool for illumination correction using a MATLAB
script (Peng et al., 2017) (https://github.com/marrlab/BaSiC). Shading correction was applied in

Zen 2.3 software using the “Shading Correction' function.

Image stitching was performed in Zen 2.3 software with the “Stitching' function on the Alexa

Fluor 488 channel (5% minimum overlap, 10% maximum shift).

Cell segmentation (the process of labeling objects in an image) was performed with Cellpose,
a deep-learning-based segmentation algorithm in Google Colaboratory (Stringer et al., 2021). Im-
ages were down-sampled twofold, and a ® 5 kernel median Iter was applied. The cell dia-
meter parameter was set to 40 pixels and cell probability threshold to 50%. Images were pro-
cessed in 20480 2048 pixel tiles with 5% edge overlap. Overlapping detections at the edges
of the tiles were detected and Itered by searching for object overlap through an R-Tree (ht-
tps://pypi.org/project/Rtree/). Detections were exported in GeoJSON format (https://geojson.org/)
and imported into QuPath (https://qupath.github.io/). Cell marking for plots was performed with

QuPath 0.2.2 (Bankhead et al., 2017) and Fiji/lmageJ software (https://imagej.net/software/ ji/).
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Fluorescence analysis was performed using Fiji/lmageJ with Python modules.

Pro le plots were generated in ImageJ. The core and shell regions were rst marked using latexin
immunoreactivity as a guide. A probe line (20 down-sampled image, 500-pixel sampling width)
was drawn along the dorsoventral axis of core of claustrum past the ventral boundary of shell of
claustrum and extending 200um into dorsal endopiriform nucleus (see Results for the de nitions
of core and shell). A line perpendicular to the dorsoventral axis was drawn through the center of
core of claustrum, beginning 20Qum posterior to the external capsule and ending 40@m beyond
the outer boundary of shell claustrum. Each probe line was converted to line segments based on
location (striatum, core, shell, or cortex). Lengths of line segments were normalized by resizing to
the mean length of the line segment for that region (e.g., the mean length of the core line segment
across all measured images). Resized segments were generated by block reducing line segments by
averaging the intensity values within bins 100 pixels wide. Fluorescent intensities were normalized

to minimum and maximum intensity values of each pro le line.

3.4. Results

3.4.1. Outer boundaries of claustrum and dorsal endopiriform nucleus

Latexin-ir neurons were present inCarollia claustrum and dorsal endopiriform nucleus. Figures 3.1
and 3.2. show the utility of latexin immunoreactivity for labeling claustrum and dorsal endopiriform
nucleus; its labeling of these structures inCarollia brain is as specic as in rodent brain. Claus-
trum and dorsal endopiriform nucleus are identi ed in these gures together with several other
structures for orientation purposes. As much as the speci city of latexin antibodies for claustrum
and dorsal endopiriform nucleus is impressive, latexin antibodies also labeled neurons outside of

these structures, such as cells in the deep layers 5 and 6 of neocortex running posteriorly from the
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dorsal-most part of claustrum and cells that lie anterior to the claustrum (Figures 3.1 and 3.2).
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