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ABSTRACT

Sensory neurons in the skin provide critical input for animal movement and a wide range of
behaviors. In this thesis, I analyze the pectoral fin sensory neurons of larval zebrafish with a fo-
cus on the detailed anatomy of individual neurons that innervate the fins. In chapter 2, this work
shows, for the first time, that the cell bodies of pectoral fin sensory neurons are located in both the
hindbrain and the spinal cord. Single cell reconstructions of the entire primary afferent arboriza-
tion revealed that many fin neurons branch widely across the fin and, in many cases, innervate
both medial and lateral surfaces as well as the surface of the axial trunk adjacent to the fin. Fin
sensory neurons exhibit four distinct soma morphologies, but they do not have any somatotopy
with respect to fin regions. Agglomerative hierarchical clustering analysis reveals that the entire
population of fin sensory neurons fall into three distinct clusters based on morphological param-
eters, suggesting possible subtypes. In chapter 3, I next examined the full sensory innervation of
the fin’s surface to better understand the fin as a sensory structure. In order to do this, I quan-
tified the terminal distributions for the whole population of fin sensory neurons and dorsal root
ganglia neurons innervating the fin structure. Comparison between full population-labeled and
stochastically labeled individual neurons suggests that the stochastic labeling approach under
sampled innervation of the lateral fin surface. By examining distances between nearest neigh-
bor neuron endings, I found that single cells tended to innervate the fin in an organized fashion
that prioritized filling space while self-avoiding whereas the whole population did not. Finally,
terminal distributions at two locations of functional importance to sensation and movement, the
fin membrane margin and the blood vessel, are not notably different from a control transect in
the membrane, indicating a lack of functional specificity of terminal distributions. However, the
density of terminals at the fin membrane margin is significantly higher than at the blood ves-
sel. Taken together, the results presented in this thesis establish the neuroanatomy, including
terminal distributions, of a tractable in vivo model that can be utilized for both anatomical and

functional studies of a whole limb sensory system.



CHAPTER 1

INTRODUCTION

Animals rely on input from primary sensory afferents in their skin in order to modulate their
internal homeostasis and navigate their external environments. Considerable previous research
has documented a wide range of sensory receptors and nerve ending in the skin of diverse animals
from tetrapods to invertebrates (e.g. [123, 25, 21] reviewed in [103]). While the anatomy of sensors
in the skin has been described through histology and other ultrastructure analysis, there is little
that is known about the underlying neuroanatomy of the whole cells. Sectioning, labeling, and
analyzing samples of surface tissue is quite a bit more straightforward than tracing the paths of
neuron branches from the cell body to those endings. Furthermore, an in-depth examination of
the entire terminal population of a whole limb has not been conducted before. This is likely due
to the fact that assessing large areas of skin with traditional approaches and at the single cell level
is impractical and mapping the limb by reconstructing the full skin surface section-by section in

an individual is not currently feasible.

1.1 Whole cell reconstructions provide insights into neuroanatomy

Classical neuroscience studies relied heavily on staining single neurons and examining their
structure. Indeed, the foundation of modern neurobiology can be traced back to the work of
Camillo Golgi and Santiago Ramoén y Cajal. In 1873, Golgi created the "reazione nera:" this "black
reaction" using silver nitrate randomly labeled neurons and glia in the central nervous system
[35]. Commonly referred to today as the Golgi method, this technique revolutionized scientific
inquiry in the field of neurobiology. Golgi himself utilized the method to describe a number of
structures in the central nervous system [36, 37, 38]. This staining approach and in-depth neu-
roanatomical examinations uniquely allowed for the identification of individual neurons. Perhaps
most significantly, Ramon y Cajal eventually adopted Golgi’s technique to investigate individual

neurons, and, as a result, he identified dendritic spines and theorized a new approach to ner-
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vous system function. This theory proposed that the central nervous system was composed not
of continuous tissues, as was commonly thought, but instead by interconnected individual cells
[116, 117, 118] reviewed in [27]. All of this foundational work was possible through the use of
the Golgi method and neuroanatomical examination.

More recently, classical neuroanatomical techniques have been replaced by a number of tech-
nological improvements allowing for more directed anatomical explorations. Chief among these
improvements are modernized genetic toolkits that allow for targeted single cell labeling with
minimal disruption of the surrounding tissues, advanced microscopy technologies with long
working distance high numerical aperture objectives, and significant improvements in computa-
tional power providing the capacity to examine and process massive image files. Genetic tools
(50, 8, 28, 5, 6, 89, 51], transsynaptic tracing techniques [147, 159, 161], and optogenetics [68]
allow labeling and silencing of sensory neuron subtypes, mapping of neural circuits, and assess-
ment of their functional roles in behavior. Through innovative and combinatorial experimental
paradigms, it is now possible to study model organisms with improved cellular resolution and in
more biologically relevant contexts [22, 57, 71].

Recent neuroanatomical studies in zebrafish have deepened our understanding of the spinal
cord. These studies have benefitted from improved imaging approaches including scanning,
tiling, and stitching, all of which have expanded the depth of in vivo interrogation in this optically
transparent and small vertebrate model system. These features, together with the zebrafish’s ge-
netic toolkit, allow for unprecedented access to the whole, intact nervous system in vivo. Classical
zebrafish studies utilized horseradish peroxidase to provide retrograde labeling of reticulospinal
neurons [69]. More recent work in zebrafish has identified subsets of spinal interneurons based
on retrograde labeling with modern fluorescent molecules [45, 20]. These neuroanatomical stud-
ies can eventually be combined with functional investigations to link neuroanatomy to function
[90]. Through these investigations, our understanding of the morphology and function of the

central nervous system of zebrafish has improved.



1.2 The pectoral fins of fish as a model for limb systems

The pectoral fins of actinopterygian fishes have been the subject of a number of studies in the
field of evolutionary developmental biology, and they are a useful model system with which to
examine homology across evolution [98, 34]. Like the tetrapod forelimb, the pectoral fins are
paired appendages situated anteriorly on the trunk of the vertebrate body plan. Exploration
through the field of evolutionary developmental biology has revealed that expression of the un-
derlying Hox genes regulating forelimb development has shifted more posteriorly through evolu-
tion [113, 138, 87, 24]. The developmental similarities in forelimb planning suggests that forelimb
features are conserved through evolution. As a result, the pectoral fins of fishes, homologs to the
tetrapod forelimb, provide an interesting playground within which to explore vertebrate limb
sensory systems.

Prior work in a variety of fish species has established that pectoral fins of adult fish are ca-
pable of proprioceptive, somatosensory, and chemosensory feedback. Early work in sea robins
indicated that free fin rays of adults are capable of chemosensory feedback [135]. Adults of an-
other benthic species, which live close to the substrate and frequently interact with surfaces, have
been shown to possess highly innervated fin rays that respond to pressure [47]. In adult fish that
live in the water column, pectoral fins contain both rapidly and slowly adapting mechanosensors
[151, 4]. In experimental manipulations ablating sensory feedback from fins, Williams and Hale
observed a decrease in locomotor function [150]. While these studies provided key insights into
the function of pectoral fins as sensors, adult fishes are not a tractable system in which to exam-
ine whole sensory neurons in their entirety. Larval zebrafish, however, are small and transparent,
thus making them an easily accessible model system that holds promise to examine the pectoral

fin and its associated neuroanatomy.



1.3 The pectoral fins of fish undergo significant remodeling through

early ontogeny

At 5 days post fertilization (dpf), the pectoral fins of larval zebrafish have developed into a two-
part structure that includes the fin body (FB) and the fin membrane (FM). The FB is composed of
an endochondrial disk layered on the medial and lateral sides with simple adductor and abductor
muscle fibers extending in a fan from the proximal to distal end of the FB [39, 143]. The FM
is comprised of the actinotrichia, which eventually give rise to the fin rays in adult zebrafish
[39, 143]. The FB of the pectoral fin is innervated by a pool of motor neurons that crosses the
anatomical transition area between the hindbrain and the spinal cord [87, 24, 138, 113], a stark
contrast to the mammalian forelimb motor pool that is restricted to the spinal cord. The pectoral
fin remains in this "larval state" until the juvenile stages [39].

During this time in development, larval zebrafish exhibit bilateral pectoral fin abduction while
initiating forward swimming bouts [41]. By 5dpf, they are capable of predatory strikes, escape
maneuvers, as well as slow swimming behaviors. Once moving forward in a slow swim bout,
larval zebrafish continue to beat their pectoral fins; however, there is no association between fin
beat frequency and swimming speed [41]. In experiments comparing the kinematics of finless
larval zebrafish morphants to wild type larvae, Green et al. found that there was no difference in
speed or duration of slow swim bouts [41]. While the pectoral fins of larval zebrafish are active
during locomotion, this work suggests that they do not function to generate appreciable force for
locomotor initiation, ongoing propulsion, or stabilization, raising the question of whether or not
they incorporate mechanosensory feedback. As larval zebrafish progress through the late larval
stages, the fin continuously adds muscle fibers to both adductors and abductors, approximately
doubling their muscle fiber numbers [108].

Following this period of hyperplasia and hypertrophy, the larval zebrafish pectoral fin begins
to undergo more substantial changes during the juvenile stages [143]. This time period, corre-

sponding to about 20 to 23dpf, sees a complete rotation of the fin from a vertical orientation to



horizontal orientation with reference to the body axis (Fig. 1.1) [39, 143]. The fin rays also finish
ossifying, a characteristic that is a key structural element of the adult pectoral fin [143]. Impor-
tantly, the simple musculature of the FB at the larval and early juvenile stages takes on the adult
morphology composed of three complementary adductor and abductor pairs [143]. At this point,
the fin is capable of the more subtle locomotor function of the adult. During adult stages, the fin
is functionally and anatomically distinct from the larval stages. In adult fishes, the pectoral fin is

primarily a locomotor structure, as is true of most tetrapod forelimbs.

FM
\> fin rays
—_—————

~~..... \
FB — ———
\> fin base

vertical orientation horizontal orientation

Figure 1.1: Schematic of larval vs. adult fins. (A) The pectoral fins at the larval stage are positioned
in a vertical orientation. The fin is composed of the fin body (dotted line, FB) and the fin membrane
(FM). (B) By adult stages, the pectoral fin has moved into a horizontal position, and the FB has
become the base of the fin (dotted line), and the FM has given rise to the fin rays in the fin itself
(horizontal lines). Anterior is to the left, dorsal is up.

A clear role for the sensory innervation of the pectoral fins in larval zebrafish has not been
identified. Despite the well-established evidence for mechanosensory feedback in the pectoral
fins of adult fishes, anecdotal evidence from both behavioral and physiological experiments in
the Hale Lab has not supported a mechanosensory function for larval zebrafish pectoral fins.
There is, however, evidence for a respiratory function of larval zebrafish fins. Post-hatch, larval
zebrafish utilize cutaneous respiration before their gills become functional at around 21dpf [125].
Early studies showed that the spontaneous bouts of forward swimming movement of larval fishes

increase in low oxygen environments [59, 146]. Functional studies altering oxygen concentrations
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have shown that larval fish increase their fin beats in the presence of low oxygen [41, 61, 64, 65].
On top of that, there is a marked decrease in fluid mixing around the anterior portion of the body
when the fins are not adducted [41]. In depth modeling of pectoral fin bending and fluid mixing
has also revealed that the "joint" between the FB and the FM is ideally positioned to maximize
fluid mixing around the head and anterior body axis [40]. These results, combined with the lack
of compelling evidence for mechanosensory function of larval zebrafish pectoral fins, suggest

that the pectoral fins at pre-juvenile stages may in fact serve a respiratory function.

1.4 Larval zebrafish possess centrally located primary sensors

innervating the skin

Aquatic vertebrates possess a unique class of sensory neurons that are found in the central ner-
vous system. These intraspinal sensory neurons are called Rohon-Beard neurons (RBs), and they
were initially described in the late 1800s in Xenopus laevis [124, 17, 123]. These sensory neurons,
with their cell bodies located in the central nervous system, are complemented by the dorsal root
ganglia neurons (DRG neurons) located in the peripheral nervous system. Recent studies incor-
porating novel techniques have led to a more nuanced view of these neurons and their synaptic
partners within spinal circuits.

RBs are now known to be present in a number of aquatic species. They are a transient popu-
lation of neurons present during early life history before development of sensory neurons in the
dorsal root ganglia [77, 99, 52, 53, 120]. RBs are located in the dorsal spinal cord and exhibit a
broad spectrum of primary afferent branching patterns in the skin [123, 25, 91]. Initial functional
studies identified RBs as mechanosensors that respond to touch on the skin in X. laevis [123, 25].
The classical views of RB function is that these glutamatergic cells mediate initiation of motor
output in response to tactile stimulation [25, 83]. While axial RBs are undoubtedly mechanosen-
sory, recent work has also begun to explore additional sensory modalities within this cell type.

While RBs were traditionally thought to be a homogeneous population [123, 134], recent ex-



periments have identified subpopulations of RBs with different ion channel compositions and
gene expression patterns [110, 75, 104]. The heterogeneity of ion channels, specifically the ex-
pression of different classes of sodium channels, suggests differences in sensory roles across
the RB population [110]. Heterogeneity of gene expression has revealed subsets of RBs express
mechanosensory piezo2b, a homolog to the stretch-activated piezo2 in mammals [29], and others
that express chemosensory transient receptor potential, trpA1 ion channels [114]. In mammalian
systems, it is known that primary sensory cells of the dorsal root ganglia are separated into sub-
types based on firing properties, mechanosensory ion channels, soma positions, and projections
to the spinal cord [109, 80, 48, 81]. Taken together, the diversity of ion channels expressed in sub-
types of RBs suggests that similar organizational principles might also exist for RBs in zebrafish
and other aquatic organisms with RB subtypes responding to different sensory inputs. Zebrafish
offer a unique opportunity to investigate in vivo how primary sensory signals are encoded by

subtypes of sensory neurons in the spinal cord.

1.5 Larval zebrafish also possess peripheral sensory ganglia

Like all other vertebrates, larval zebrafish also possess dorsal root ganglia (DRG) neurons. Past
hypotheses suggested that the timing of DRG neuron development also signaled RB apoptosis
[58], but this is now understood to be de-coupled from RB cell death [120]. Indeed, the two
neuron types overlap during mid to late larval stages [20, 149, 55]. By 48 hours post fertilization,
the most anterior of the DRG neurons have begun to differentiate and migrate ventrally [115,
149]. Between two and half and three days post fertilization (dpf), larval zebrafish have at least
one fully differentiated DRG neuron present at the level of the ventral root of each myomere
along the entire body axis [20, 149]. The axons of DRG neurons and RBs together form the
dorsal longitudinal fasciculus (DLF) [20]. While DRG neurons develop later in the post-embryonic
stages, their anatomical distributions in each myomere and their projections mixing with RB
axons suggest the possibility of similar targets within the spinal cord. DRG neurons steadily

increase in number until there are over 100 neurons in a single ganglion at 28dpf [7].
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1.6 Research focus and thesis organization

In my dissertation research, I examine sensory innervation of the pectoral fins in 5dpf larval
zebrafish through the lens of whole limb innervation. Prior work has only been able to exam-
ine sensory innervation in reduced preparations. While this has proven insightful for exploring
sensory structure piecemeal, we are now at a point where we can begin to explore the sensory
structure of a whole limb system in its entirety. A baseline examination of the arborization of the
larval fish pectoral fin will be critical for further investigations of the whole limb as a sensor that
changes radically through metamorphosis. On top of that, general principles of sensorimotor
organization can be explored in this tractable system.

In chapter two of this thesis, I examine the fin sensory neurons (FSNs) of 5dpf transgenic
larval zebrafish. This chapter centers around the question: What is the population of neurons
responsible for sensory innervation of the pectoral fins? Surprisingly, I identified that FSNs are
a mixed population composed of RBs and a novel population of islet2B+ neurons located at the
level of rhombomere 7/8 in the hindbrain. Across the 20 neuron sample, I used 10 morphological
parameters and two cell body parameters to examine the inter-relatedness of the sampled popu-
lation. Using agglomerative hierarchical clustering, I identify at least two subtypes of FSN with a
possible third subtype identified as well. I explore the functional implications of innervation pat-
terns within the fin, and I note that there is no somatotopy with regard to soma locations and fin
innervation patterns. I do identify a strong trend between medial fin surface terminal numbers
and axial terminal numbers in the area immediately under the fin.

In chapter three, I further delve into the pectoral fin as a sensory structure in and of itself.
For this work, I extensively examined the islet2B+ terminals arising from both FSNs and DRG
neurons. [ examined two functionally relevant margins in the fin: the blood vessel bounding the
muscle in the fin body and the fin margin at the very edge of the fin membrane. As a control, I
also examined a midpoint on the membrane between the two margins. These regions encompass
the functional "joint" that bends with fin adduction, the distal most point of the sensory structure,

and a third intermediate point, respectively. I compare the entire sensory population to individual
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cells to begin to untangle the representation of single neurons in the entire pectoral fin nervous
innervation. I also establish distribution densities of terminals across the entire medial and lateral
surfaces of the fin.

Finally, in my fourth chapter, I discuss my results and propose new directions for future work.
I have identified that sensory neurons in the fin are composed of multiple populations, and I
propose that there are functional subtypes of FSNs that are reflected by their neuroanatomy.
Furthermore, the intermixing of FSNs and DRG neurons reflects functional overlap between the
two populations. Both groups of cells are innervating the surface of the fin at this stage, and DRG
neurons may indeed be adopting some of the sensory roles of the FSNs. I explore analyses of my
dissertation results within the context of what is already known about vertebrate limb sensation

more broadly, and I provide some suggestions for future neuroanatomical and functional studies.



CHAPTER 2
HINDBRAIN AND SPINAL CORD CONTRIBUTIONS TO THE SENSORY

INNERVATION OF THE LARVAL ZEBRAFISH PECTORAL FIN

2.1 Abstract

Vertebrate forelimbs contain arrays of sensory neuron fibers that transmit signals from the skin
to the nervous system. We used the genetic toolkit and optical clarity of the larval zebrafish to
conduct a live imaging study of the sensory neurons innervating the pectoral fin skin. Sensory
neurons in both the hindbrain and the spinal cord innervate the fin, with most of the population
located in the hindbrain. The hindbrain somas are located in rhombomere 7/8, laterally and dor-
sally displaced from the pectoral fin motor pool. The spinal cord somas are located in the most
anterior part of the cord, aligned with myomere four. Single cell reconstructions were used to map
afferent processes and compare the distributions of processes to soma locations. Reconstructions
indicate that this sensory system breaks from the canonical somatotopic organization of sensory
systems by lacking a clear organization with reference to fin region. Arborizations from a single
cell branch widely over the skin, innervating the axial skin, lateral fin surface, and medial fin
surface. The extensive branching over the fin and the surrounding axial surface suggests that
these fin sensory neurons report on general conditions of the fin area or a global stimulant (e.g.
oxygen) rather than providing fine location specificity, as has been demonstrated in other verte-
brate limbs. With neuron reconstructions that span the full primary afferent arborization from
the soma to the peripheral cutaneous innervation, this neuroanatomical study describes a system

of primary sensory neurons and lays the groundwork for future functional studies.

2.2 Contributions

In this chapter, I conducted the labeling experiments, imaged all the specimens, reconstructed all

the neurons, ran the and clustering analysis. Alexander Roche calculated the morphological pa-
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rameters for the neuronal reconstructions. Evdokia Menelaou helped conceive of the experiments
and provided critical feedback in the progress of the chapter. The McLean Lab at Northwestern
University contributed reagents and fish lines for this chapter. Drs. Sliman Bensmaia and Stefano
Allesina assisted with identifying the appropriate statistical analyses. Haley Stinnett contributed

her ingenious injection setup.

2.3 Introduction

The limbs of vertebrates are innervated with primary sensory afferents that provide input on
both movement of the limb and properties of the animal’s environment. In mammals, these
sensory neurons are known to synapse directly with both local spinal motor neurons and as-
cending projection neurons relaying information to the brain [10, 159, 43, 1]. Like the skin of
terrestrial mammalian limbs, the skin of aquatic vertebrate fins is also densely innervated by
sensors [58, 123, 141, 25]. Fin sensory neurons transmit mechanosensory and other inputs from
the fin [85, 12, 122, 135, 151], and that input modulates movement [150, 2]. To interpret fin
mechanosensory physiology and function in behavior, a more detailed understanding of sensory
neuroanatomy is required.

The larval zebrafish pectoral fin provides a complementary system to adult fish and tetrapods
for examining vertebrate limb sensation. At 5 days post fertilization (dpf), the pectoral fins are
flexible structures that are active during locomotor bouts and periodically when the fish is station-
ary [142, 41]. At this late larval stage, the fin can be subdivided into two regions: the fin body and
the fin membrane. The fin body (FB) includes an endochondral disk separating the fan-shaped
adductor and abductor muscle on either side [143]. Parallel to the endochondral disk, a simple
set of muscles originate in the fin base and insert into the actinotrichia in the more peripheral
fin membrane (FM), which eventually gives rise to the adult fin rays [143]. A single blood vessel
bounds the FB from the FM. Movement studies have shown that the fin has a distinct curvature at
this blood vessel during fin abduction [41, 40]. This articulation appears functionally analogous

to the elbow joint of a tetrapod limb that allows bending in one direction.
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The fins can beat rhythmically and have been shown to play a critical role in fluid mixing
that occurs near the head and anterior trunk, thus supporting cutaneous respiration [41, 40].
Movement of the fin with the pair of muscles at the FB is coordinated by a pool of pectoral fin
motor neurons that innervate the FB [142, 144]. This motor population has mixed origins in both
the spinal cord and the hindbrain, consistent with myomeres two through five [97, 86]. Adductor
and abductor motor neurons present a mixed mediolateral distribution within the pectoral fin
pool [144]. These motor neurons give rise to the rhythmic asynchronous fin beats that encourage
the mixing of the water immediately surrounding the fish. While prior work has indicated a
sensory population innervating the fin [144], there has not been an in depth exploration of the
corresponding sensory neurons.

For limb sensation in larval zebrafish and aquatic tetrapods, the focus of research has been on
spinal cord sensory neurons; in larval zebrafish these are called Rohon-Beard cells (RBs). Early
research in Xenopus laevis characterized RBs as transient mechanosensory neurons that innervate
the body axis and respond to touch [124, 15, 16, 17, 58, 123, 141, 25]. These studies described RBs
dying off during mid-larval stages [58, 120]. More recent work in zebrafish has found that RBs
are not only intact at late larval to juvenile stages [104], they are also functioning as key touch
responsive neurons in that species [29, 67]. At 5dpf, RBs have established connections with motor
circuits [22, 57, 145, 71, 83]. As a functional sensory population at 5dpf, we hypothesized RBs
would be innervating the pectoral fins.

We present here the first in depth description of the afferent arborization of the whole larval
zebrafish pectoral fin surface. Using the larval zebrafish model, we aimed to determine how
sensory neurons innervating the skin of the pectoral fin are organized as a population in the
central nervous system (CNS). The robust genetic toolkit available in the zebrafish [8] facilitates
the neuroanatomy work presented here. In addition, 5dpf zebrafish are small and transparent,
thus allowing for in vivo approaches to study neuroanatomy. Here, we image the entire sensory
innervation of the pectoral fin from CNS to peripheral skin. This in vivo preparation avoids

distortion related to fixation and sample processing. Furthermore, we sought to assess afferent
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anatomy and how it relates to other aspects of fin anatomy, movement, and function.

In exploring the cutaneous innervation of the 5dpf larval zebrafish fin, we sought to answer
several central questions. First, what is the population identity of the fin sensory neurons (FSNs)?
Based on prior work in the zebrafish motor system [86], we hypothesized that we would see a
mixed population of hindbrain and spinal cord sensory neurons innervating the fin. Second, do
the FSNs "map" to specific areas of the fin? Based on prior work in sea robin [94, 31] showing
somatotopic organization of sensory innervation of the free fin rays, we anticipated that we would
see some degree of somatotopy with FSN somas in the CNS organized according to their afferent
patterns in the pectoral fins. Specifically, we expected more posterior somas to innervate more
ventral regions of the fin. Based on prior data in axial RBs in zebrafish and Xenopus laevis [123],
we also anticipated a high degree of branching of each primary afferent of each cell. Finally, we
asked: is the innervation of the pectoral fin concentrated at the location of increased bending on
the fin that occurs between the FB and the FM [41, 40]? Given the functional importance of this
region, we expected some heterogeneity with greater innervation in the FM compared to the FB.
In addition to describing sensory innervation, together with existing work on the motor system,

these data support future studies exploring sensorimotor integration and fin function.

2.4 Materials and Methods

2.4.1 Fish

Animal use was approved by the University of Chicago’s Institutional Animal Care and Use
Committee. Adult zebrafish were maintained at 27°C on a 14/10 hour light/dark cycle in a cus-
tom fish facility. Fertilized eggs were held in 10% Hank’s Solution in a 28.5°C incubator until
5dpf. At 5dpf, larval zebrafish were used for imaging studies and then euthanized in 0.02% 3-
aminobenzoic acid ethyl ester (MS222, Sigma-Aldrich, St. Louis, MO, USA). To target sensory neu-
rons, we used two transgenic lines that drive reporter expression in islet2B+ neurons [111, 102].

For initial studies examining the whole population, we used the Tg[isl2b:GFPJ*“” transgenic line
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(Tg[islet2b:GFP]) [111]. In some cases, we used double transgenics by crossing Tg[islet2b:GFP] fish
with Tg[mnx1:Gal4;UAS:pTagRFP] [160, 18] fish to examine the motor pool innervating the fin (Ma
et al., 2010). We subsequently used Tg[islet2b:Gal4]?°%” transgenic animals (gift from McLean Lab,
Northwestern University, Evanston, IL, USA; [19]) to achieve sparse stochastic labeling [8, 90],

enabling the reconstruction of individual neurons.

2.4.2 Mauthner cell labeling

Tg[islet2b:GFP] fish at 4dpf were briefly anesthetized in 0.02% MS222 in Hanks. Once fish were
non-responsive to touch, we placed them on a petri dish filled with 2% agar. Using 10% dextran
conjugated with Alexa Fluor 647 (10,000MW Thermo Fisher Scientific, St. Louis, MO, USA), we
followed the backfilling procedure described previously [45]. In these experiments, the capillary
tube was aligned to be parallel with the ventral boundary of the spinal cord of the 4dpf larval
zebrafish. Fish were allowed to recover post injections for 24 hours so that the dextran could
thoroughly diffuse through backfilled neurons. Fish were then imaged on a Zeiss LSM 710 con-

focal microscope with a 20x dry 0.8NA objective.

2.4.3 UAS construct injections

Embryos from Tg[islet2b:Gal4] transgenic fish were collected immediately following fertilization.
These embryos were then transferred to an injection plate composed of a plastic dish with a
microscopy slide taped to it. Using capillary action with a Kimwipe (Thermo Fisher Scientific,
Waltham, MA, USA) on the opposite side, embryos were aligned against the slide. In this arrange-
ment, embryos at the one or two-cell stage were held stationary for DNA construct injections to
generate stochastic labeling in the Tg[islet2b:Gal4] line with UAS:ptagRFP as described previously
(gift from McLean Lab, Northwestern University, Evanston, IL, USA; [160, 90]). Following injec-
tions, embryos were transferred to fresh 10% Hanks and maintained at 28.5¢C in a Fisher Scien-
tific Low Temperature Incubator (Thermo Fisher Scientific, Waltham, MA, USA). After hatching

at 3dpf, embryos were transferred to fresh Hanks and screened for single cell or sparse multi-
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cell labeling in the pectoral fin using a Leica MZFLIII dissecting scope (Leica Microsystems, Inc.,

Buffalo Grove, IL, USA) with a mercury lamp as the excitation source.

2.4.4 Imaging

Fish were transferred to a 24-well plate to track left or right pectoral fin innervation. At 5dpf,
fish were anesthetized in 0.02% MS222 in Hanks, and mounted laterally in low-melt agarose as
previously described [45]. In this study, we used a round 35mm dish with high precision No. 1.5
coverglass (MatTek Corporation, Ashland, MA, USA) for optimal signal. To facilitate imaging of
processes in the area of the yolk sac, the air bubble from the swim bladder was carefully removed
with a patch pipette secured to a 1mL syringe with Parafilm. With this process, it was possible
to remove the swim bladder from the non-imaging side of the fish with minimal disruption to
the cells of interest. Embedded fish were imaged on a Leica TCS SP8 II STED laser scanning
confocal microscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA) under Kohler illumination
conditions. We used the White Light Laser set to 555nm as the excitation source, and the specimen
was imaged through a 40x/1.30 NA oil immersion HC PlanApo objective. For RFP, the detector
was a HyD tuned to 562nm to 700nm with gain set to 20 and gating turned on, and for visible light
the detector was a PMT with gain set at 415. We used bidirectional scanning with phase adjusted
at the beginning of each imaging session. Pinhole was set for 1 airy unit. For each fish, we imaged
a 3x3 region with excitation gain turned on through a 150 to 250 micron z-stack for a total of nine
stitched images of 1024x1024 pixels at 8-bit depth using LAS X software (Leica Microsystems,
Inc., Buffalo Grove, IL, USA), stitched in the software with statistical blending between tiles, and

saved as lif files.

2.4.5 Soma data

To calculate the size of single RB somas, we used the Bio-Formats [82] importer in Fiji version
2.0.0—rc—71/1.52p, Java version 1.8.0172 [130, 131] to open .lif z-stack files for image processing

on a desktop computer with an Intel Zeon CPU E5-2630 v4 @ 2.20GHz x 10, 62.8GiB of memory,
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2TB hard drive, and an NVIDIA Corporation GM107GL [Quadro K2200] graphics card (Dell Round
Rock, TX, USA) running Linux Mint 18.3 Cinnamon 64-bit (Cinnamon version 3.6.7, Linux Kernel:
4.10.0-38-generic, everyone, everywhere). In the full z-stack, we selected the single micron optical
section in the middle of the soma along the medial to lateral axis. Using the freehand selection

tool in Fiji, we traced around the fluorescent boundary of the cell body and recorded the value.

2.4.6 Innervation reconstruction

Whole z-stack tile scans were processed in Fiji [130, 131] using the Tubeness plugin [129] with
a sigma value of 1. Output images were saved as 32-bit depth .tif files. We note that these files
require substantial memory to open and work with. Post preprocessing for "tubes," we recon-
structed the fin innervation of 21 RBs using the semi-automated Simple Neurite Tracer (SNT,
version 3.1.3, [84]). Due to overlapping processes, we were able to accurately reconstruct the
axial portion of only 12 neurons of the original 21 RBs. We reconstructed the fin innervation
projections for 20 neurons. Fin afferent reconstruction was not performed on one RB since it did
not branch in the fin. For detailed analyses of reconstructions, SNT .traces files were converted to
.swec files and analyzed with a custom C script on a MacBook Air with macOS High Sierra 10.13.6
(Apple, Cuptertino, CA, USA). Traces were re-segmented to isolate the interbranch segments of
each primary afferent. We selected a number of parameters utilized by NeuroMorpho.org [9],
quantified the following metrics for each neuron: 1) number of branch points, which is the total
number of branches of the afferent in the fin and the processes leading up to the fin (if the pro-
cesses branch before the fin), 2) maximum order of any branch on the tree, which is how many
branch points (n) are between the soma and the end point of the most branched afferent (n + 1),
3) Strahler number, which is the degree of branching as calculated backwards from each termi-
nal branch as 1, subsequent more basal branches are n + 1 if both daughters are n, alternatively
the next branch is also n if one daughter is n and the other is less than n, 4) average partition
asymmetry over all of the branch points, which is the measure of asymmetry of the tree where 0

is completely symmetric and 1 is highly asymmetric, 5) maximum path distance from the soma
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to any terminal point, the longest afferent from the soma to the terminal point, 6) the average
contraction of the neuron, the ratio of the euclidean distance of a path to the actual path length
that generates one estimation of the space filling of a neuron, 7) the average angle of the branches
near the branch point, which is the Euclidean distance of each segment divided by the total length
of the neuron, 8) the average local angle, which is the immediate angle 10 nodes (pixels) away
from the branch point in each segment, 9) the average remote angle, which is the angle 10 nodes
(pixels) away on the next daughter branch, 10) the average fractal dimension of the branches,
which is a measure of how much the afferent meanders with a straight line being one and a more
meandering line having a slightly higher value than one, 11) total length of all segments, all of
the lengths of the segments projecting to the fin added together from the initial branch off the
soma to the entire innervation of the fin, 12) the area of the soma, which is calculated at a single
micron z-slice from the confocal z-stack 13) the position of the soma, which is calculated with

reference to the boundary between myomeres three and four [9].

2.4.7 Neuronal classification

Based on the number of FSN RBs in the dataset, we opted to use a hierarchical clustering algorithm
to examine the dissimilarities among the 20 reconstructed neurons that exhibited branching in the
fin. Data were scaled in R (R version 3.6.3 (R Core Team, 2014), RStudio Version 1.2.5042 ([127])
such that the mean over all neurons was 0 and the standard deviation was 1. A dissimilarity
matrix based on the Euclidean distance of the individual measures of each of the 13 parameters
was established. We used agglomerative hierarchical clustering using Ward’s linkage method [30]
in R. In this method, individual neurons, the leaves, are iteratively combined into nodes based on
the similarity between them. Grouping continues until all the leaves are part of one big cluster.
We used the average silhouette method to confirm the optimal number of clusters. This method
allows for intracluster evaluation of similarity, which is how well an individual fits within its

cluster.
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2.4.8 Quantification of axis and fin innervation overlap

Even with sparse stochastic labeling, there was overlap of primary afferent arborizations on the
axis that made it difficult to reconstruct individual neurons. Due to this overlap, we were re-
stricted to full reconstructions of fin and axis innervation in only 12 neurons. All of them had
their cell bodies in the hindbrain. When the fin is adducted it lies close to or against the axis.
To examine the spatial relationship of the axial innervation relative to the fin innervation of a
cell we examined how axial innervation and fin innervation overlap, and potentially interact, in
this region. We designated a "model fin" that was used as a stereotyped fin across those sampled.
This model fin was an average of all the fin contours collected. A 2D projection of the model to
its best-fit plane was rotated and moved for each fish such that the midpoint of its base and the
angle its base made with the body matched up to the actual fish’s fin. The axial innervation was
projected onto the plane defined by this fin, and innervation within this area was assumed to be
contacted by the fin during adduction. The total length of the innervation within this area, along

with the percentage of the total axial innervation within this area, was calculated for each fish.

2.4.9 Fin quadrant innervation

To analyze the innervation patterns within the fin, we divided the fin into eight regions. Lateral
and medial surfaces were both examined. For each, the FM and FB were bisected into ventral and
dorsal portions (see 2.5 A), generating a dorsal and ventral FM region and a dorsal and ventral
FB region for both the lateral and medial surfaces. We used the Bio-Formats importer [82] in Fiji
[130, 131] to open the fluorescent and brightfield confocal z-stacks. We merged the two images
together and used the multipoint function in Fiji to assign 18 points in three-dimensional space:
nine points on the outer edge of the FB as demarcated by the blood vessel and nine points on
the edge of the FM. Of each of these sets of nine points, two points were at the base, one on
either side, one point was at the maximum distance from the base, and, on each side of that
point, there were three points that roughly defined the shape of the fin. In Mathematica version

12.0.0.0 (Wolfram Research, Champaign, IL, USA), we used the 14 non-base points to find a best-
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fit plane onto which we orthogonally projected all of the points. We also projected each of the
21 reconstructed neurons onto this plane, one at a time. We divided the plane into quadrants
based on the fin points: the dorsal and ventral portions of FB and FM. A line from the midpoint of
the proximal and distal points of the fin body to the median point on the fin membrane defined
the dorsal/ventral boundary (Fig. 2.5 A). In SNT, we tagged the primary afferents to segregate
them into medial surface innervation and lateral surface innervation. Altogether, we had eight
different possible fin locations. In Mathematica, we calculated the total length of each primary

afferent in each of these octants.

2.4.10 Figure preparation

We generated a duplicate set of microscopy images specifically for image preparation. Stitched,
tiled z-stacks were projected along the z-axis, smoothed in Fiji, and flattened. We generated
merged two channel images as well as z depth color coded single channel images. When neces-
sary, we cropped processed images for specific regions of interest. All graphs were generated in
RStudio using ggplot2 [148]. All figures were arranged in Adobe Illustrator (Adobe, San Jose, CA,
USA).

2.5 Results

2.5.1 Pectoral fin surfaces are innervated by projections of neurons from the

hindbrain and spinal cord

Sensory neurons labeled in Tg[islet2b:GFP] transgenic fish have somas in the hindbrain and spinal
cord, and their processes can be seen innervating the pectoral fin (Fig. 2.1 brightfield compared
to Fig. 2.1 fluorescent images). This transgenic line, labeling the entire population of sensory
neurons, was used to examine the broader features and locations of the somas of fin-innervating
cells. We used the Tg[islet2b:GFP] x Tg[mnx1:Gal4;UAS:pTagRFP] double transgenic fish to exam-

ine the sensory neuron cell bodies relative to motor pools in the CNS (Fig. 2.1). There are two
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distinct populations of motor neurons visible in the z-projected z-stack: a spinal population and a

hindbrain population (Fig. 2.1) shown previously [86]. The spinal cord motor neuron population

isl2B/

medial lateral

Figure 2.1: islet2B+ neurons innervate the pectoral fins of 5dpflarval zebrafish. (A) Brightfield lat-
eral view of a 5dpflarval zebrafish. Arrow indicates distal fin membrane, and dotted line indicates
the blood vessel boundary between the fin body (FB) and fin membrane (FM). (B) Tg[islet2B:GFP]
x Tg[mnx1:tagRFP] double transgenic fish (N = 4) showing sensory neurons and their processes
(cyan) and motor neurons and their processes (red). Arrow indicates distal fin membrane. (C)
Depth coded z-projection of islet2B+ neurons highlights the lateral placement of the sensory
neuron cell bodies compared to the more medially located mnx1+ motor neurons in panel D.
Depth scale is the same for (C) and (D). Anterior is to the left, dorsal is up in all images. Scale is
100 microns.

appears larger than the hindbrain motor neuron population (Fig. 2.1). We find that the FSNs are
distributed similarly with both a hindbrain and spinal cord population. The hindbrain FSNs are
located more lateral and dorsal with respect to the motor neuron population (Fig. 2.1). In the
spinal cord, GFP+ Rohon-Beard neurons (RBs) (Fig. 2.2, n = 4), are located at the dorsal margin
of the cord, and their processes innervating the fins extended from the RB pool associated with
myomere four and five. The total number of RB somas associated with myomeres four and five
ranged from six to eight (n = 4).

The hindbrain component of the FSN pool was anterior to the boundary between muscle
myomeres three and four (orange line, Fig. 2.2) and located in hindbrain rhombomere 7/8. In
the hindbrain FSN population, a minimum of two cell bodies (not shown) and a maximum of
seven cell bodies were labeled per fish (Fig. 2.2) (n = 14 fish). To refine information regarding the

location of the hindbrain fin sensory neurons, they were examined in Tg[islet2b:GFP] fish that
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Figure 2.2: FSNs have somas in the hindbrain and spinal cord. (A) Left panel: Brightfield and flu-
orescent merged image adjacent to myomeres one through five, indicating the distribution of the
islet2B+ somas (cyan) innervating the fin. The somas innervating the fin are located dorsal to the
dorsal root ganglia (DRG neuron) neurons visible as clusters (asterisks). The lateral longitudinal
lateral longitudinal fasciculus (LLF) extends from the hindbrain into the spinal cord. The tran-
sition area between myomeres three and four, historically referred to as the transition between
the hindbrain and spinal cord, is indicated in orange. Cells posterior to the boundary are located
in the spinal cord, and islet2B+ cells in this location are Rohon-Beards. Right panel: Brightfield
and fluorescent merged image of a dorsal view of a Tg[islet2B:GFP] fish. The hindbrain and spinal
cord boundary is again marked in orange. The organization of the sensory neurons along the
lateral margins of rhombomere 7/8 is bounded by the LLF. (B) All of the somas (cyan, left panel)
are located posterior to the Mauthner neurons (red, M). Additionally, Mauthner neurons are no-
tably more ventral (M) in the hindbrain than the FSNs (asterisk is DRG neuron). Anterior is to
the left, dorsal is up in (A left panel). Anterior is up, dorsal view in (A right panel and B). Scale is
40 microns in (A left panel) and 50 microns in (A right panel and B).
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had been secondarily labeled through injection of dextran to fill reticulospinal cells (Fig. 2.2) (n
= 10). The most anterior islet2B+ neuron in each fish was on average 184.38 +8.83um (average
+ SE) posterior to the Mauthner neurons, which are located in rhombomere 4 [69]. Mauthner
neurons are on average 279.82 £7.93um from the HB/SC boundary, as previously defined [93, 87,
86], confirming that these fin neurons are well within the hindbrain. In lateral view (Fig. 2.2),
FSNs show a range of dorsoventral positions. In dorsal view, labeling of the lateral longitudinal
fasciculus (LLF), provides a marker along the mediolateral axis (Fig. 2.2 A, right). The fin sensory
neurons that we observed were all located medial and dorsal to the LLF and dorsal to the level of

Mauthner neurons (Fig. 2.2 B).

2.5.2  Fin sensory neurons show a variety of soma morphologies

We analyzed individual neurons in 21 sparsely labeled Tg[islet2b:Gal4] larval fish injected with
UAS:ptagRFP, again using confocal microscopy. In these stochastic labeling experiments, a large
majority of the cells (17 out of 21) were located in the hindbrain. The remaining cells were RB
neurons in the spinal cord, of which three were associated with myomere four and only one was
associated with myomere 5. The population of FSNs sampled exhibited a range of morphologies.
At the level of myomere two, a total of three neurons were labeled. One of the cells was circular
and 178.60pm?, another was asymmetric, spherical, and 105.03um?, and the third was teardrop
shaped and smaller at 92.24 umz (2.3, A, clockwise second image). In myomere three, where 14
cells were labeled, we observed seven spherical cells ranging from 61.39um? to 117.31um?, four
teardrop shaped cells ranging from 48.9m? to 88.95um?, and three inverted teardrop shaped cells
that were 73.82pm?, 79.44;m?, and 85.64,m? (2.3 A, clockwise third image). In contrast, all of the
spinal neurons at the levels of myomeres four and five (n = 4) exhibited the classic morphology
of RBs: they were elongated along the anteroposterior axis, dorsally displaced, and arranged in
a columnar fashion in the dorsal most regions of the spinal cord (2.3 A, clockwise fourth image).
RBs ranged from 84.56 to 107.56,um? in cell area (mean 93.77m?, SD = 9.761m?, Fig. 2.3). There

is no significant difference in the areas of HB FSNs and RB FSNs (Fig. 2.3 B, ANOVA, p > 0.05).
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Figure 2.3: FSNs exhibit a variety of soma morphologies. (A) The four main FSN soma morpholo-
gies clockwise from top left: small spherical hindbrain (HB), small teardrop HB, rounded HB with
dorsal projection, and a classic RB elongated along the anteroposterior axis. The three hindbrain
morphologies are apparent across cells associated with myomeres two and three. (B) FSNs are
distributed across myomeres two through five, and they show no significant trends in soma size
or distribution patterns across the anterior to posterior axis within any of these myomeres. FSNs
exhibit no trends with regard to the hindbrain/spinal cord transition area (indicated in orange).
Negative numbers are consistent with a hindbrain location, and positive numbers indicate a spinal
cord location. Most of the cells innervating the fin are found in myomere three. (D) Anterior is
to the left, dorsal is up in (A). Scale is 25um in (A).

2.5.3 FSNs innervate the axis and extend concomitant projections to the fin

FSNs projected towards the fin in two different manners. At this stage in development (5dpf),
the pectoral fins are comprised of fan-shaped musculature in the fin body (FB) and a surround-
ing thin cutaneous fin membrane (FM) (Fig. 2.4). The processes of the FSNs exit the CNS and
establish extensive innervation projections along the axis and into the fin (Fig. 2.4). All 21 of
these neurons showed extensive innervation across the skin of the axis. At the level of the skin,
FSN processes track to the fin body and enter the fin in two possible configurations. In five out
of 21 cases, FSNs had two branches that eventually projected into the fin (Fig. 2.4) whereas the
majority of the reconstructed neurons (16 out of 21) had a prominent process that projected to
the fin with no secondary projections that concomitantly entered the fin (Fig. 2.4). Once the FSNs
innervated the fin, they tended to project to fill the entire fin on both the medial and lateral sides.

In preliminary examination, 19 of the 21 neurons had initial projections onto the medial surface

23



of the fin only while 16 of the 21 neurons had initial projections onto the lateral surface of the
fin only. In the majority of neurons examined, the individual neurons innervated both sides of
the fin. Afferents of many neurons wrapped around the fin membrane to innervate the opposite
side. In two cases, reconstructed neurons innervated the fin, looped around and exited the fin.
While the processes crossed over the surface area of the muscle in the FB, we never observed
stochastically labeled cells with fiber endings in the FB muscle. The primary afferents exhib-
ited occasional varicosities along their superficial primary afferents, but they lacked any obvious

associated sensory structures, ultimately terminating in free nerve endings.

2.5.4 FSNs form three clusters based on morphological parameters

We deconstructed the primary afferent reconstructions into individual branch components and
analyzed 11 tree morphological parameters and two soma parameters. With these 13 parameters,
we explored potential subtype classifications among the 20 individually reconstructed neurons
with hierarchical clustering analysis (Fig. 2.4). As stated previously, the 21st neuron was elimi-
nated due to its lack of any branches in the fin. Three clusters of neurons emerged: one group
of highly arborized fin specific processes, a second group with less dense branching, and a third
group containing a single neuron that has very limited branching in the fin. The first group con-
tains 14 neurons that are spread across four arbitrary units (purple, Fig. 2.4). This group has a
variety of neuronal morphologies represented (Fig.2.4), with some cells exhibiting distally biased
process branching (cell 2 in purple cluster one) and others exhibiting more even branching (cell
20 in purple). The second group contains five closely related cells (green, Fig. 2.4). In contrast to
the first cluster, this second cluster (cells 6, 10, 14, 9, and 15 in green cluster two) exhibits higher
degrees of branching and larger innervation lengths (Fig. 2.4). The third group, with just a single
cell, is noticeably disparate from either cluster (Fig. 2.4, cell 11 in yellow cluster three). No-
tably, HB and RB FSNs are intermixed in these two clusters. The cluster arrangements remained
when individual morphological components were removed and the clustering analysis was re-

examined (e.g. removal of Strahler number values had minor effects on the cluster organization).
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Figure 2.4: islet2B+ neurons innervating the fin fall into three distinct morphological clusters. (A)
Brightfield image of 5dpf larval zebrafish in lateral view. The fin is indicated with a black arrow,
and the fin body (FB) is bounded by a dotted line indicating the position of the blood vessel sep-
arating the FB and the fin membrane (FM). (A’) A depth coded z-projection of a single islet2B+
neuron from the same fish in (A) shows an extensive arborization on the body and some sparse
processes visible in the fin (white arrow). (A”) The same z-projection with an overlay of the re-
construction of the primary afferents projecting into the fin. (B) Reconstructions of the primary
afferents innervating the fin show a diversity in both innervation pattern and fin coverage. The
reconstruction in the top left has the axial innervation included in gray, the rest of the recon-
structions are of only the fin innervation. The numbers are color coded to correspond to one
of the three clusters in (C). The last reconstruction innervated the pectoral fin with a single un-
branched process, and this one was excluded from the clustering analysis due to its unbranched
nature (RB*, black). (C) Dendrogram of the results of agglomerative hierarchical clustering analy-
sis using Ward’s method. There are three distinct clusters, color coded to reflect the number labels
associated with the neuronal reconstructions in (B). The y-axis indicates the Euclidean distance
between clusters and leaves. (D) Box plots of each of the 10 morphological parameters, together
with two soma parameters from Figure 3, utilized in the cluster analysis. Boxes are color coded
in accordance with cluster number, with the exception of cluster 3, which only contains one cell.
Black point overlays indicate the individual values for each neuron. Anterior is to the left, dorsal
isup in (A, A’, A”). Scale is 100 microns in (A). N = 21 in (B) and 20 in (C & D).
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Morphological parameter results detailed in Table 2.1.

Morphological Parameter Min Value | Max Value | Mean | Median SD Shapiro-Wilk Normality p-value
total length of innervation (pm) 971.92 7751.764 3409.5 | 3139.8 | £1857.869 0.019
average contraction of the neuron (AU) 0.509 0.736 0.6252 0.642 +0.066 0.121
number of branch points (AU) 1 83 23.5 15 +20.92719 0.002
maximum path distance (m) 896.526 1748.026 1319.7 1315.8 | £202.6641 0.755
average branch fractal dimension (AU) 1.056 1.121 1.078 1.077 +0.016 0.303
average partition asymmetry (AU) 0 0.875 0.483 0.509 +0.198 0.371
average local angle (°) 57.0805 127.903 95.54 96.11 +12.807 0.005
average remote angle (%) 50.165 144.936 82.62 82.04 +18.692 0.003
maximum euclidean distance (um) 349.222 699.373 491.2 467.3 +89.653 0.227
Strahler number (AU) 2 5 3.75 4 +1.070 0.002
maximum branch order (AU) 2 15 9 0 +3 0.612

Table 2.1: Numbers for all the morphological parameters used to investigate primary afferents in
the fin. Shapiro-Wilk Normality p-value > 0.05 indicate data is normally distributed (n =20 fish).

2.5.5 Primary afferents are not "mapped" to FB or FM, but do "map" to the

mediolateral surfaces

We hypothesized that, between the two main clusters of neurons, there may be distinct inner-
vation patterns with reference to the pectoral fins themselves. Specifically, we sought to answer
whether or not the FSNs exhibited any evidence of a fin "map," with specific projections to cer-
tain areas. FSNs of the two clusters innervated the pectoral fins in a seemingly random manner
(ANOVA, p > 0.05). Given the organization of the FSN population across the hindbrain and the
spinal cord, we next examined the anteroposterior organization of the peripheral processes with
regards to the total length of fin innervation. More anteriorly located FSNs had higher total af-
ferent lengths in the fin than their more posterior counterparts (ANOVA, p = 0.04, Fig. 2.5). Due
to the longer initial axial segment leading to the fin projecting to the RBs, we re-examined these
data without the RBs. This trend remains significant without the RBs (ANOVA, p = 0.031). Based
on this trend in overall afferent length, we sought to examine any potential "map" arrangements
in the fin. Here, we describe innervation patterns established along the dorsal and ventral part
of the fin, pink for dorsal and green for ventral (Fig. 5A). We also delineate between the FB and
the FM, light pink and dark pink, respectively. By rotating the reconstructions, we could further

subdivide the quadrants into octants based on their positioning on the medial or lateral surface
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of the fin (Fig. 2.5 right panel).
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Figure 2.5: Fin sensory neurons exhibit biases to specific fin areas depending on soma location.
(A) A single neuron reconstruction shows coverage of all four quadrants (left panel), and also
shows bias towards the medial surface of the fin (right panel). Note: due to the nature of the
projection in the right panel, the overlay of the dorsal and ventral shadings is consistent with
the shading at the level of the blood vessel. (B) The distribution of primary processes across
the fin quadrants including the dorsal membrane (DM, dark pink), dorsal base (DB, light pink),
ventral base (VB, light green), and ventral membrane (VM, dark green). There is notably more
innervation of the medial fin surface (middle panel) across all quadrants compared to the lateral

fin (right panel).
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In the four main quadrants (the ventral and dorsal FB and the ventral and dorsal FM), there
was no clear preference for one section over the other (Fig. 2.4). Primary afferents did not pref-
erentially innervate the FM, as hypothesized, and they did not preferentially innervate the FB in
either the dorsal or ventral regions (ANOVA, p > 0.05, Fig. 2.4). There were two cells that had
highly biased innervation patterns, one innervating almost exclusively the dorsal membrane and
one innervating almost exclusively the ventral membrane (Fig. 2.4). In all the other cases, the
distribution of the primary afferents across the fin quadrants lacked any clear organizational pat-
tern. In no cases did we observe an obvious preference for the "joint" region that bends between
the FB and the FM. As stated above, the logical next investigation was the examine the functional
octants of the pectoral fin.

Despite the lack of notable organization with respect to the FB or the FM, or the "joint" formed
between the two areas, there was a trend in innervation of the mediolateral surfaces of the fin.
Most of the primary afferent innervation in the fin was on the medial surface of the fin (Fig. 2.4

middle panel). Correspondingly, the more posterior located FSNs innervated the lateral surface
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less (ANOVA, p < 0.01). This relationship was maintained even when we removed RBs from the

dataset. The mediolateral innervation bias reflects a broader trend that we examine further below.

2.5.6 Sensory neurons innervate the body wall as well as the fin

Regardless of their soma locations, all stochastically labeled cells examined innervated the skin of
the body wall as well as the fin. In the interest of exploring the relationship between the fin surface
and the axial surface, we reconstructed axial branches on 12 of the 21 FSNs that had no overlap
from other stochastically labeled cells on the axial skin. The lack of overlap allowed unambiguous
assignment of the processes to the FSN of interest. These 12 neurons exhibited innervation both
posterior to and anterior to the base of the fin (Fig. 2.6). In many cases, we observed innervation
on the axis under the fin (Fig. 2.6). The extent of axial innervation was comparable to that of
the fin, with no significant difference between the total afferent length innervating the axial skin
compared to the total afferent length innervating the pectoral fin surface (Fig. 2.6 B, right panel,
Chi-square test, p > 0.05).

We examined the number of terminals on the medial and lateral surface of the fin as well as on
the axis under the fin. As with the innervation percentages in the octants, we found a significant
trend in mediolateral organization of terminals. We found that the number of medial surface fin
terminals correlates positively with the number of terminals on the axial surface under the fin
(correlation, p < 0.01) (Fig. 2.6 C, right panel left graph in purple). In contrast, no significant rela-
tionship was apparent between lateral surface fin terminal numbers and the number of terminals

on the axial surface under the fin (p > 0.05) (Fig. 2.6 C, right panel right graph in orange).

2.6 Discussion

The small size and transparency of the larval zebrafish and the molecular tools available to inter-
rogate neuronal morphology make it possible to take a whole-structure approach to understand-

ing limb innervation in a vertebrate. Here, we describe the sensory innervation of the pectoral
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Figure 2.6: islet2B+ neurons innervate both the fin and the axis. A subset of single neuron re-
constructions color coded to indicate the axial innervation in white and the fin only innervation
in pink. (A) Left, the cell has very little fin innervation and the primary afferent that enters the
fin loops back out of the fin. Right, the cell has far more extensive coverage of the fin. (B) Left, a
third cell is color coded for axial innervation (white), fin innervation (pink), and axial innervation
under the fin (green). The inset image shows a 90 degree rotation of the same fish with the same
color coding. Right, there is a substantial amount of axial innervation across all sampled fish,
and the amount of axial, fin, or under the fin innervation varies across a wide range of afferent
lengths. In general, the whole population has higher primary afferent lengths on the axis com-
pared to the fin. Notably, some fish have zero to very little innervation under the fin. (C) Left,
the same reconstruction in (B) is color coded for medial fin innervation (purple) and lateral fin
innervation (orange). The inset again shows the same reconstruction rotated 90 degrees. Right,
the number of terminals on the medial fin surface is positively correlated with the number of
terminals on the axial surface under the fin (purple graph, correlation, p < 0.01). The number of
terminals on the lateral fin surface shows no trend in relation to the number of terminals on the
axial surface under the fin (orange graph, correlation, p > 0.05). Anterior is to the left, dorsal is
up in reconstructions. In insets, medial is to the left and dorsal is up.

29



fin, a vertebrate forelimb homolog. We show that the 5dpf larval zebrafish pectoral fin is inner-
vated by both hindbrain and spinal cord FSNs. The morphology of the spinal cord neurons is
consistent with that of RBs. The HB FSNs appear distinct from the classic RBs based on both
their brain location and cell body morphology. Our finding of both hindbrain and spinal sensory
innervation builds on prior work describing the somas of the pectoral fin motor pool in both the
hindbrain and the spinal cord [87]. Prior work in the sea robin, Prionotus carolinus, showed that a
functionally unique chemosensory system had nerves originating solely in the spinal cord from
specialized accessory spinal lobes that are formed by fusion of the dorsal root ganglia with the
dorsal horn [31, 135]. Our results highlight a mixed sensory neuron population, demonstrating
more complexity in the organization of sensory fin neuron populations across fish species and/or
life stages than previously recognized. The highly varied arborization patterns and the extensive
innervation of both the fin and body wall suggest a lack of specificity for regions of the fin, thus
raising questions regarding the function of the zebrafish FSNs. Future functional studies may be

able to tease apart the relationship of our neuroanatomical findings to cellular function.

2.6.1 Functional implications of morphological features

The overwhelming majority of fin neurons labeled were located in rhombomere 7/8 (r7/8) of the
hindbrain. We define r7/8 by its alignment with muscle myomeres one through three, and it is
the most posterior of hindbrain rhombomeres. Accordingly, this region of the brain is in close
proximity to spinal neurons [113, 138, 87, 24], but it is considered anatomically and functionally
distinct. As zebrafish are Cypriniforms, an order of teleost fish possessing a unique vocal appa-
ratus by adulthood, it is important to note that this hindbrain region is the location of inferior
olive neurons, respiratory neurons, and vocal pacemaker neurons [14, 87, 13]. Throughout devel-
opment, the region between myomeres one through six undergoes a number of developmental
changes as the vocalization function appears behaviorally [93]. These features suggest a number
of potential targets for hindbrain FSNs.

The variability in cell number observed in the hindbrain FSNs labeled in the Tg[islet2b:GFP]
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is interesting with respect to canonical descriptions of other hindbrain neurons, like the reticu-
lospinal neuron array, which is much more stereotypical in morphology and location of individual
neurons [69]. It is possible that there is some variability innate to this particular transgenic line.
As previously described in sensory neuron populations, different enhancers drive expression at
different times and in the same population of cells [104]. Alternatively, there are some other po-
tential factors that could be leading to the variable numbers. First, the 5dpf larval zebrafish is
at the beginning of a transition stage in ontogeny during which the free-swimming larvae are
beginning to hunt and feed. The larval fish pectoral fins are undergoing extensive growth and
development [143], and, as a result, there is likely significant remodeling of the sensory system
during this period. Second, at around 7dpf, larval zebrafish begin to transition from cutaneous
respiration to gill based respiration. It is possible that, as the 5dpf larva progresses through the
life history stages that require different sensory feedback and new motor repertoires, the sensory
system must change to accommodate these needs. Additionally, perhaps variability in zebrafish
neuron population numbers is not uncommon, as adult zebrafish exhibit widespread adult neuro-
genesis [163, 54]. On top of this, RBs have been described as a transient sensory neuron popula-
tion that is lost during the larval stages as dorsal root ganglion neurons (DRG neurons) overtake
some of their functions [153]. There is evidence that numbers of neurons are variable in a variety
of organisms [72, 88, 73] review in [152]. In addition, adult neurogenesis in zebrafish results in
about 6000 new neurons in the brain every 20 minutes [54]. If the FSNs are in a similar period
of transition, then it logically follows that we would observe variable numbers of FSNs reflecting
the changing life history demands. Perhaps during this phase of rapid and extensive remodeling,
the FSN population is undergoing equivalent changes. Furthermore, dorsal root ganglia neurons
innervate the pectoral fin beginning at this stage (data not shown). This developmental timing,
while not functionally linked to the turn over of RBs [149], may indicate a transitional period in
the sensory architecture of the pectoral fin.

We found that fin sensory neurons of larval zebrafish also innervated the body wall adjacent

to the fin. The number of terminal branches on the medial fin surface is positively correlated with
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the number of terminal branches on the body wall. In this context, our results suggest that, while
somatotopic organization of fin sensory systems is apparent only at later stages in DRG neurons,
trends in mediolateral terminal distributions may already be in place at larval stages. Future
studies could further explore these trends across ontogeny, and functional studies could unravel
the physiological importance of the mediolateral bias. Or, more simply, perhaps this organization
is an early transition stage building the framework for a later anteroposterior organization. Prior
work has examined the anteroposterior organization of fin nerves innervating both the larval
and the adult zebrafish fin [144]. In other specialized fish species, such as the sea robin [31] there
is a similar organization. Importantly, these later stage fin nerve descriptions are most likely
from DRG neurons. Perhaps trends in mediolateral terminal distributions are early drivers or
landmarks for later developing sensory neurons that exhibit somatotopic organization along the
anteroposterior axis.

That the FSNs of larval zebrafish innervate the skin of both the pectoral fins and the body
axis suggests that they are not well suited for proprioception in the fin, as has been proposed for
fin sensation in mature fish [151]. If the FSNs are mechanosensitive, they would be activating
their own processes both in the fin and under the fin. Instead, it appears that these FSNs are
likely to be nonspecifically detecting stimuli across a large area of the larval body and pectoral
fin. In this context, it seems unlikely that the FSNs would be activated by somatosensory stimuli
specific for the fin itself. If they were, these cells would presumably be activated constantly as the
fins are actuated. Instead, we propose that these limb sensors may be involved in chemosensory
function related to cutaneous respiration, or they may be functioning as general rhythm detectors.
Prior work has established r8 as the location of rhythmic motor neurons [14, 87], and the role
of rhythmic pectoral fin movements in fluid mixing has been established [41, 40]. A sensory
population in this region would provide feedback on the nature of rhythmic systems critical for
cutaneous respiration. Future functional studies could investigate these hypotheses in order to
untangle the functional role of the FSN.

Functional investigation would be particularly insightful within the fin. At later stages of
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ontogeny, the FM will eventually give rise to the fin rays [39], which we know from prior work
encode proprioceptive feedback on fin ray bending in a number of species [151, 3, 47]. In some
cases, fin rays have also been shown to provide chemosensory feedback [31, 135] and this is also
likely to be more common than previously appreciated [46]. Subtypes in trigeminal neurons have
been described at the morphological level [105], and trpa1b has been identified as an important
channel in RBs regulating the response to nociceptive chemical stimuli [114, 33]. Taken together,
we propose that the FSNs of larval zebrafish are involved in different sensory processes beyond

mechanosensation, the known feature of RBs.

2.6.2 Sensorimotor remodeling across ontogeny and the fin to limb transition

Prior work has shown that RBs are a transient population that begins to die off at some point dur-
ing late larval stages. Initial reports suggested RB cell death began around 5-7dpf [149]. However,
several more recent studies have found that at least a subset of RBs are present at later stages,
at least until 16dpf [104]. In our lab, RBs have been anecdotally observed until at least 14dpf.
Thus, the FSNs in both the hindbrain and spinal cord are possibly intact throughout the larval
ontogenic changes to the fin. It will be necessary in future studies to explicitly identify the fate
of these cells through ontogeny. If they are a transient population like RBs, there will be a need
to determine when they die off and what sensory population replaces them.

Honing in on the functional and morphological changes during ontogeny could shed light
on the structural and functional changes of sensory systems across evolution. Teleost fish have
developed a number of ways to repurpose paired fins for specific environmental needs [31, 135,
96, 4, 78], and there is plentiful evidence for variance in brain organization and structure across
evolution [126, 95]. Prior work in evolutionary developmental biology has indicated that the shift
of pectoral fin motor neurons from a mixed hindbrain and spinal cord population to only a spinal
cord population, as found in forelimb motor neurons in mammals, has largely happened as a re-
sult of a shift in Hox gene expression [113, 138, 87, 24]. We have found that the sensory system in

larval zebrafish follows the same pattern as the motor system, and the genetic patterning respon-
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sible for this will be interesting to investigate. A full description of the sensorimotor patterning
in the zebrafish, together with the plentiful genetic tools available, could provide a playground
within which to explore how the sensorimotor system of paired appendages can be remodeled.
Interestingly, this is the first time that sensory neurons from the hindbrain have been de-
scribed as innervating paired forelimb appendages. The sensory neuron organization we have
described, from both the hindbrain and spinal cord, could represent an ancestral state, or it could
represent a highly derived state that appeared at some point on the teleost lineage. The ability of
the sensory neurons to exist between both the hindbrain and spinal cord organization suggests
some degree of modularity, at least at larval stages. Prior comparative research across species
has indicated a high degree of variability within sensory structures [126]. Regardless of its ori-
gins in evolutionary history, we propose that further work on the sensory innervation from the

hindbrain FSNs could be used to interrogate the evolution of forelimb sensorimotor systems.
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CHAPTER 3
THE PECTORAL FIN AS A SENSORY STRUCTURE: TERMINAL

ANALYSIS ACROSS THE WHOLE FIN

3.1 Abstract

Limbs of animals perform a wide range of behaviors with sophisticated sensorimotor control.
Sensation from the skin of the limb is an important component of sensory input, providing infor-
mation on the external environment as well as on the limb itself. Here, I harnessed the genetic
tools, small size, and optical clarity of larval zebrafish to examine the sensory terminals of the
entire larval zebrafish pectoral fin. Islet2B+ terminals appear all across the fin on both the medial
and lateral surfaces of the fin. Initial examination of the whole population shows there are two
terminal subtypes: simple free endings and varicosities. Examination of stochastically labeled
Tg[islet2b:Gal4] transgenic fish injected with UAS:ptagRFP reveals that these terminal subtypes
are found in single cells as well, indicating that terminals are intermingled on endings from just
one cell. Analysis of the sensory terminals with respect to the functional subregions of the fin,
the fin body and the fin membrane, reveals that the highest density of the sensory terminals are
found on the skin of the fin body. In contrast, the highest densities of terminals from single cells
were not found in specific locations on the fin. I used interterminal nearest neighbor distances to
assess the degree of tiling between the population and the single cell sample. The interterminal
distances between endings from a single cell were much larger than the interterminal distances
calculated for the entire population indicating that neurons overlap significantly in their arboriza-
tions and possibly that the neurites of an individual cell self-avoid with a lower minimum terminal
distances in the whole population. Finally, I characterize the terminal distributions around the
blood vessel associated "joint" and the fin membrane margin, and I compare these distributions
to an intermediate membrane midpoint as a control. There are significant biases towards the fin
membrane in the population level analysis, despite there being no observable biases in distribu-

tions of terminals. This study characterizes terminal distributions across the entire fin surface,
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and it provides a basis for future studies investigating sensorimotor integration.

3.2 Introduction

Sensory terminals embedded in the skin of animals are critical for sensory input that occurs on
the skin. Work in a variety of animals has identified that the skin is densely packed with sensory
terminals [123, 141, 25, 76, 80, 100, 56, 92, 11, 106, 21] reviewed in [62, 79, 103]. While I established
the cell populations that innervate the pectoral fin (chapter 2), we do not yet have a full map of the
sensory field of the fin itself. Here, I take a step toward building that sensory map by investigating
terminal endings as the presumptive source of the major sensory input to afferents. I examined
the distributions of terminal endings of both the fin sensory neurons (FSNs) identified in chapter 2
and the neurons from dorsal root ganglia (DRG neurons). Specifically, I interrogate how terminal
afferent endings are distributed across the full population of sensory neurons innervating the fin.

The larval zebrafish is the ideal system within which to explore terminal distributions of a
limb system. At mid to late larval stages, the pectoral fin is relatively large compared to the total
axis length, but it has not yet developed into the complex structure of the adult zebrafish [39, 143].
The pectoral fins beat asynchronously during forward slow-swimming, and they are periodically
active while the fish is stationary [142, 41]. During this time period, the fin is composed of
two basic structures: the fin body (FB), composed of the endochondral disk surrounded by the
adductor and abductor muscles, and the fin membrane (FM), composed of the actinotrichia and
a thin membrane [143]. A blood vessel runs along the margin between these two regions. This
simple organization is maintained throughout the late larval stages, with the transition to the
adult fin morphology occurring much later, at roughly 23dpf [39].

As larval zebrafish actuate their fins, the fin bends at the position of the blood vessel [41, 40].
During fin abduction the FM folds in toward the body at the position of the blood vessel’s distal
margin, while in adduction the region remains straight and in line with the FB. Functionally, this
"joint" is similar to the elbow join in tetrapods. In prior work (chapter 2), I examined sensory

innervation with reference to significant regions of the fin related to this joint: the ventral FB,
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ventral FM, dorsal FB, and dorsal FM. Surprisingly, I found that the branches of primary afferents
were not organized with respect to this blood vessel location or the functional subregions of the
fin. This result raised questions about how sensory terminals, the presumed site of sensation for
the FSNs, are organized on the pectoral fin.

Here, I present a deep dive examination of the sensory terminals distributed across the skin
of the pectoral fin. I took advantage of the larval zebrafish’s small size and transgenic toolkit to
examine terminals in the full fin-context. I sought to characterize the terminals over the full area
of the pectoral fin surfaces and on both the medial and lateral sides of the fin. Using laser point
scanning confocal microscopy, I acquired single micron optical sections across the entire pectoral
fin. The single micron resolution allowed for clear differentiation between the medial and lateral
surfaces of the fin at functionally interesting points. Finally, I utilize two different transgenic
fish lines to sample both the entire sensory population in the fin and single cells with stochastic
labeling.

Through these experiments, I sought to answer four specific questions to understand termi-
nal ending distributions. First, how are sensory terminals distributed across the entire surface of
the fin? Prior work investigating the distribution of serotonin positive cells on the caudal fins
of zebrafish described a total of 10 putative sensory cells across the entire caudal fin [74]. This
was a substantially lower number than would be reasonable given our results from chapter 2.
Given the different developmental stages of the pectoral and caudal fins at 5dpf, I hypothesized
there would be somewhere between 100 to 200 terminals on the pectoral fins. Next, I asked are
terminals distributed at functionally important regions of the pectoral fin? I hypothesized that
terminal distributions would be biased to the blood vessel separating the FM and the FB, based
on the description of that region as the functional "joint." Furthermore, because the edges of the
fin are highly flexible and positioned to optimally be involved in fluid mixing, I expected to find
increased numbers of terminals around the very edge of the FM. Third, I ask about the distribu-
tions of terminals with respect to each other. Based on prior work in invertebrates and vertebrates

(reviewed in [42, 162], I expected the spacing between terminals to be fairly uniform. Prior in-
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vestigations of trigeminal sensory neurons in the head of larval zebrafish described avoidance
between overlapping processes [128]. Based on this work, I expected that interterminal distances
would be somewhat standardized, and furthermore that they would be consistent at the single
cell level and the population level. Finally, I aggregate all these data and compare the sensory
population with the single cell labeling. While this work primarily provides insight into the ar-
chitecture of the sensory neuroanatomy of the pectoral fin, it also lays the groundwork for future

functional investigations.

3.3 Materials and Methods

3.3.1 Fish

Animal use was approved by the University of Chicago’s Institutional Animal Care and Use
Committee. Adult zebrafish were maintained at 27°C on a 14/10 hour light/dark cycle in a cus-
tom fish facility. Fertilized eggs were held in 10% Hank’s Solution in a 28.5°C incubator until
5dpf. At 5dpf, larval zebrafish were used for imaging studies and then euthanized in 0.02% 3-
aminobenzoic acid ethyl ester (MS222, Sigma-Aldrich, St. Louis, MO, USA). To target sensory neu-
rons, we used two transgenic lines that drive reporter expression in islet2B+ neurons [111, 102].
For initial studies examining the whole population, we used the Tg[isl2b:GFPJ**’ transgenic line
(Tg[islet2b:GFP]) [111]. We subsequently used Tg[islet2b:Gal4]?°®’ transgenic animals (gift from
McLean Lab, Northwestern University, Evanston, IL, USA; [19]) to achieve sparse stochastic la-

beling [8, 90], enabling the reconstruction of individual neurons.

3.3.2 UAS construct injections

Embryos from Tg[islet2b:Gal4] transgenic fish were collected immediately following fertilization.
These embryos were then transferred to an injection plate composed of a plastic dish with a
microscopy slide taped to it. Using capillary action with a Kimwipe (Thermo Fisher Scientific,
Waltham, MA, USA) on the opposite side, embryos were aligned against the slide. In this arrange-
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ment, embryos at the one or two-cell stage were held stationary for DNA construct injections to
generate stochastic labeling in the Tg[islet2b:Gal4] line with UAS:ptagRFP as described previously
(gift from McLean Lab, Northwestern University, Evanston, IL, USA; [160, 90]). Following injec-
tions, embryos were transferred to fresh 10% Hanks and maintained at 28.5°C in a Fisher Scien-
tific Low Temperature Incubator (Thermo Fisher Scientific, Waltham, MA, USA). After hatching
at 3dpf, embryos were transferred to fresh Hanks and screened for single cell or sparse multi-
cell labeling in the pectoral fin using a Leica MZFLIII dissecting scope (Leica Microsystems, Inc.,

Buffalo Grove, IL, USA) with a mercury lamp as the excitation source.

3.3.3 Imaging

Fish were transferred to a 24-well plate to track left or right pectoral fin innervation. At 5dpf,
fish were anesthetized in 0.02% MS222 in Hanks, and mounted laterally in low-melt agarose as
previously described [45]. In this study, we used a round 35mm dish with high precision No.
1.5 coverglass (MatTek Corporation, Ashland, MA, USA) for optimal signal. Embedded fish, with
air from the swim bladder removed, were imaged on a Leica TCS SP8 II STED laser scanning
confocal microscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA) under Kohler illumination
conditions. We used the White Light Laser set to 555nm as the excitation source, and the specimen
was imaged through a 40x/1.30 NA oil immersion HC PlanApo objective. For RFP, the detector
was a HyD tuned to 562nm to 700nm with gain set to 20 and gating turned on, and for visible light
the detector was a PMT with gain set at 415. We used bidirectional scanning with phase adjusted
at the beginning of each imaging session. Pinhole was set for 1 airy unit. For each fish, we imaged
a 3x3 region with excitation gain turned on through a 150 to 250 micron z-stack for a total of nine
stitched images of 1024x1024 pixels at 8-bit depth using LAS X software (Leica Microsystems,
Inc., Buffalo Grove, IL, USA), stitched in the software with statistical blending between tiles, and

saved as lif files.
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3.3.4 Innervation reconstruction for single cells

Whole z-stack tile scans were processed in Fiji [130, 131] using the Tubeness plugin [129] with
a sigma value of 1. Output images were saved as 32-bit depth .tif files. We note that these files
require substantial memory to open and work with. Post preprocessing for "tubes," we recon-
structed the fin and axis innervation of 12 FSNs using the semi-automated Simple Neurite Tracer
(SNT, version 3.1.3, [84]. SNT .traces files were exported as .swc files. These files were then read

with the NeuoAnatomy Toolbox for Analysis of 3D Image Data (nat) package for R.

3.3.5 Fin outlines

To analyze the terminal distribution patterns within the fin, we digitized 18 points on the fins of
brightfield images for each confocal z-stack. We then flattened these 18 points in order to examine
the terminal distributions in 2D. We used the Bio-Formats importer [82] in Fiji [130, 131] to open
the fluorescent and brightfield confocal z-stacks. We merged the two images together and used
the multipoint function in Fiji to assign the 18 points in three-dimensional space: nine points on
the outer edge of the FB as demarked by the blood vessel and nine points on the edge of the FM.
Of each of these sets of nine points, two points were at the base, one on either side, one point was
at the maximum distance from the base, and, on each side of that point, there were three points

that roughly defined the shape of the fin.

3.3.6 Fin terminal reconstructions and density mapping

In SNT, we tagged the primary afferents of single cells to segregate them into medial surface
innervation and lateral surface innervation. SNT .traces files for fin only reconstructions were
loaded into FIJI for each fish. Reconstructions were exported as "tips" only to the ROI manager of
FIJI. Once in the ROI manager, endpoints were measured for x and y position for both medial fin
surface and lateral fin surface. For whole population sampling, terminals were marked through

the 3D z-stack using the multi-point selection tool, then measured and z-stack location was dis-
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carded. Individual terminals were separated out into medial and lateral fin surface positions by
visual inspection of the brightfield and fluorescent image overlays. Two dimensional x and y
data for each terminal point were mapped with the specific x and y dimensions of the fin for each
individual fish using R. Densities were color coded with respect to the number of terminal points

across the entire plot.

3.3.7 Nearest neighbor analysis of interterminal distance

The single cell terminals were assessed from the stochastic labeling in the Tg[islet2b:Gal4] trans-
genic fish, and the population terminals were assessed from the Tg[islet2b:GFP| transgenic fish.
X and y coordinates for individual terminals were imported into R and tagged based on their fish
ID number and their terminal "type." Each point was assigned the categorical value of "SC" for
single cell or "pop" for population quantification. Using the Classes and Methods for Spatial Data
(sp) and Interface to Geometry Engine Open Source (rgeos) packages in R, raw x and y coordi-
nates were first transformed into spatial objects. I next assessed the minimum distance in microns
between the second closest point to each starting terminal. The second point was assessed be-
cause the first closest point is the same terminal (i.e. closest terminal to the starting terminal
is that terminal). Duplicate points were then removed. Minimum interterminal distances were
analyzed between the single cell terminal samples and the population terminal samples, and they
were compared using an ANOVA for both fin surfaces, the lateral fin surfaces, and the medial fin

surfaces.

3.3.8 Fin margin, blood vessel margin, and intermediate midpoint analysis

I analyzed innervation of two hypothesized functional regions of the larval zebrafish pectoral fin:
the fin margin on the fin membrane (FMM), the blood vessel margin (BVM), and an intermediate
artificial boundary between the two, which we will term the membrane midpoint (MPM). Based
on the hypotheses that the BVM and the FMM are functional subregions of the fin, the MPM

should be a functionally insignificant intermediate between the two, therefore showing corre-
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spondingly lower numbers of terminals. The FMM and BVM were assessed using the brightfield
images from intact z-stacks in FIJI. Both margins were marked first with the multipoint function,
and then they were traced with the freehand line tool. For terminal distribution analysis, termi-
nals within 20 microns of the margins or the MPM were marked using the multipoint function.
The FMM and BVM were traced from the proximal and ventral base of the fin. Once the FMM
and BVM were traced, the MPM was marked using the multipoint function at an intermediate
point midway between the FMM and the BVM on the fin membrane only. The MPM was traced
all the way to the base of the fin for accurate length measurements, however terminals in this
region were already assigned to either the FMM or BVM due to the fact that the fin membrane
and blood vessel are within 20 microns of each other by the fin base. As result, there may be some
under sampling of the MPM in the most proximal areas of the fin closer to the base of the fin,
however these terminals are still captured by the FMM and BVM quantifications. The freehand
line tool outlines were added to the ROI manager for accurate tracking of progress throughout
the measurement process. Once all the terminals were marked, the freehand line tool was used
to measure the lengths between the base of the fin and the first terminal. Then each subsequent
terminal was measured based on its distance from the prior terminal. Then, using the overall
length of the margin, each terminal was mapped according to the percentage of the length of the
fin. The length of the fin begins at 0% at the proximal ventral fin base and continues around the
outside of the respective margin, either FMM, BVM, or MPM, until it reaches 100% at the proximal

most point on the dorsal edge of the fin base.

3.3.9 Figure preparation

I generated a duplicate set of microscopy images specifically for image preparation. Stitched,
tiled z-stacks were projected along the z-axis, smoothed in Fiji, and flattened. I generated merged
two channel images as well as z-depth color coded single channel images. When necessary, I
cropped processed images for specific regions of interest. All graphs were generated in RStudio

using ggplot2 [148]?. All figures were arranged in Adobe Illustrator (Adobe, San Jose, CA, USA).
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3.4 Results

3.4.1 The islet2B neuron population has terminals all across the fin

I examined Tg[islet2b:GFP] to assess the sensory terminals across the entire fin. There are many
terminals distributed across the skin from the surface of the FB to the FM. In both functional
regions, there are two distinguishable terminal types: fine processes that end in simple free end-
ings, and processes that terminate in enlarged varicosities. Along the FM, where the tissue is
quite thin, the two types of terminals are clearly distinguishable in a single micron optical slice
(Fig. 3.1 B). While two terminal subtypes were observed, distinct morphological differences be-
tween them could not be confirmed with the available methods. As a result, for the rest of the
results we quantify both types of terminals together. Occasionally, at various points across the fin
associated with both the FB and FM, a single process would exhibit two terminals in very close
proximity to each other. This is discussed in more detail later.

Terminals in different regions appeared to exhibit different orientations with regards to their
processes. Those towards the outer portion of the FM tended to be linear in organization, either
appearing at the end of a single process or at the ends of two opposing branched processes (Fig.
3.1 grey outline marks the FMM, star corresponds with the enlarged portion from (A)). Overall,
there are many terminals scattered across the FM. In contrast, terminals associated with the FB are
rarely exhibited the linear organization of those on the FM. More often, terminals associated with
the FB appeared to be on shorter branches off of longer processes. It was not possible to follow
individual processes through this area due to substantial overlap of afferent branches among cells.
Fluorescent terminals in single cell labeled samples showed the same terminal morphologies as
whole cell population analysis, with varicosities on some endings and simple free nerve endings
on others (Fig. 3.2). Because single cells were reconstructed, it is also possible to use the nat

package in R to clearly visualize the entire reconstruction with labeled terminals (Fig. 3.2).
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Figure 3.1: (A) Brightfield image of a 5dpf larval zebrafish with an overlay of the fin in pink, and
a star highlighting an enlarged segment of the fin in B. (B) Magnified segment of the margin
of the fin membrane, showing multiple terminals (some indicated with arrowheads), and the
fin membrane margin is outlined in gray. (C) Fluorescent image of a lateral view of the fish in
A, with a boxed region highlighting a portion of the fin magnified in C’. (C’) A closer look at
the terminal distributions associated with the fin body, which usually has terminals on short
processes branched off of longer processes (arrowhead). Anterior is to the left, dorsal is up. Scale
is 100pum in A and C, 50pm in B, and 204 in C’.
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031818_fishd.

Figure 3.2: (A) Brightfield and fluorescent combined image showing a stochastically labeled neu-
ron innervating the fin in a Tg[islet2b:Gal4] fish. Fin is bounded by a dotted line. (B) Brightfield
image from A in isolation, in which the shape of the fin is visible by the cell innervation pattern
alone. A box bounds the area enlarged in C. (C) Magnified image of the fin membrane from B
highlights different terminal morphologies in the fin membrane. (D) A reconstructions from the
nat package in R highlights terminals in green. Anterior is to the left, dorsal is up. Scale is 100m
in A, 75pm in B, and 20pm in C.

3.4.2 Whole population analysis reveals a small lateral to medial bias in terminal

numbers

The surfaces of Tg[islet2b:GFP] fish pectoral fins have terminals distributed across the skin, and
a majority of the terminals are concentrated on the FB (Fig. 3.3, n =3). I next investigated bias
for the medial fin surface, as we observed when quantifying primary afferents in chapter 2. Both
the lateral and the medial surfaces have distributions of terminals across the entire surface: on
average, there are 642 +-66 (mean £ SD) terminals on the entire fin (Fig. 3.3) (n = 3 fish). However,
there are slightly lower densities of terminals on the medial fin surface compared to the lateral
fin surface: there are an average of 283 £12 terminals on the medial surface of the fins compared
to the 390 +51 terminals on the lateral surface (t-test, p = 0.022). On both medial and lateral
surfaces, there is consistent distribution of terminals around the edges of the fin. To investigate
the density of terminals, I generated heat maps showing the overlay of actual terminal locations
with respect to fin points. The terminal densities of the whole population ranged from 0.010 to

0.012 terminals per zzm? with a mean and standard deviation of 0.011 4 0.0009 terminals per pm?.
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Figure 3.3: Terminals are scattered across the fin, and there are higher concentrations towards
the proximal fin body, as bounded by the inner gray circles. The outer gray circles delineate
the fin margin. Brown/orange distinguish higher terminal densities compared to green or purple
regions. Left panel is the lateral fin surface, right panel is the medial fin surface.
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3.4.3 Single cell labeling shows that terminals from individual cells tend to be

localized in the same regions of the fin

For single cell labeling, the density maps were more varied. For best evaluation of terminal den-
sities, I visualized density ranges specific for each fin. The distribution maps of terminals from
single cells revealed that terminals tend to cluster together in the same region of the fin (Fig. 3.4)
(n = 12). The density range for the Tg[islet2b:Gal4] was 0.00003 to 0.001 per ym?. For the FM,
individual neurons on the lateral fin surface had densities ranging from 0.00002 to 0.0006 termi-
nals per micron. In contrast, the medial fin surface had densities ranging from 0.00007 to 0.0005
terminals per ym?. For the FB, the lateral fin surface had terminal densities ranging from 0 to
0.0003 terminals per um?, and the medial fin surface had densities ranging from 0 to 0.0004 ter-
minals per ym?. For the most part, individual cells tended to have similar densities on the medial
to lateral sides of the fin, although the density of the medial and lateral sides did not match up in
three cases (Fig. 3.4). On average, the single cells label 30 +-24.5 terminals (n = 12). For surface
measurements on individual neurons there are insignificant differences with 14 £18 (mean =+
SD) terminals on the lateral fin surface compared to an average of 18 £13 (mean =+ SD) terminals

on the medial fin surface (t-test, p = 0.296, n = 12).

3.44 Interterminal distance shows that single cells tend to tile while the islet2B+

population does not

The nearest neighbor interterminal distances of the single cell population terminals are signif-
icantly higher than the whole population interterminal distances (Pearson’s Chi-squared, p <
0.001). This pattern holds true when examining the lateral fin surface (Pearson’s Chi-squared, p
=0.001) and the medial fin surface (Pearson’s Chi-squared, p = 0.003). The whole sensory neuron
population has a nearest neighbor interterminal distance distribution ranging from a minimum
of 0.311 to a maximum of 24.55 pm with a mean of 8.605 £3.271 um and a median of 8.241 um.

In comparison, the single cell FSNs have a nearest neighbor interterminal distance distribution
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Figure 3.4: Single cell terminals tend to group together in different regions of the fin rather than
spreading out across the entire fin. The outer gray circles delineate the fin margin. Brown/orange
distinguish higher terminal densities compared to green or purple regions. Left panel is the lateral
fin surface, right panel is the medial fin surface.
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Figure 3.4, continued.
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Figure 3.4, continued.
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ranging from a minimum of 0.9386 to a maximum of 148.458 ;m with a mean of 30.465 +23.411
pm and a median of 23.844 pm (Fig. 3.5). The whole population has a mean of 8.605 and a median
of 8.241 um. The single cells have a mean of 30.465 and a median of 23.844 ;m. Taken together,
these values suggest that a single neuron is sampling a large portion of the fin. Additionally,
the much greater interterminal distance between the single cell endings and the population end-
ings suggests that single neurons are tiling the fin and self-avoid to some degree, whereas the

population does not.
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Figure 3.5: (A) Interterminal distances between nearest neighbors reveal the single cell (red, SC)
terminals are significantly further from their nearest neighbors than the nearest neighbor ter-
minals in the population (blue, pop). (B) Binned graph of the population interterminal distances
show that most terminals are 5 to 10 um away from each other. (C) Binned graph of the single cell
interterminal distances show that most terminals are 10 to 30 ym away from each other. These
patterns are consistent across the medial (green) and lateral (orange) fin surfaces for both groups.

3.4.5 ‘Terminals are evenly distributed around two functionally significant

margins, but they differ in densities

Distributions around the FMM are fairly comparable in Tg[islet2b:GFP] fish (min: 1%, Q1: 31%,
median: 57%, mean: 55%, Q3: 81%, max: 99%) (Fig. 3.6) and in single cells of Tg[islet2b:Gal4] fish
(min: 0%, Q1: 39%, median: 64%, mean: 57%, Q3: 78%, max: 99%) (Fig. 3.6). This corresponds
to the proximal dorsal portion of the FM. The BVM also has an even distribution in the whole
population with a flat distribution curve (min: 1%, Q1: 30%, median: 49%, mean: 49%, Q3: 70%,

max: 98%) (Fig. 3.7), but the distribution of terminals around the BVM is slightly biased in the
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single cell sample (min: 2%, Q1: 24%, median: 46%, mean: 49%, Q3: 71%, max: 98%) (Fig. 3.7). For
the intermediate MPM, I analyzed the middle portion of the membrane to establish terminal
distributions across a line that was not on a functionally significant boundary. The distributions
in the whole cell population had a midpoint peak (min: 25%, Q1: 41%, median: 56%, mean: 55%,
Q3: 68%, max: 91%) (Fig. 3.8), and the single cell labeling had a similar, albeit more exaggerated
peak (min: 26%, Q1: 38%, median: 52%, mean: 52%, Q3: 63%, max: 87%) (Fig. 3.8). Distribution
patterns for the BVM and MPM were consistent across medial and lateral fin surfaces. I found no
key differences between the distributions of terminals for either FMM or BVM and the control

MPM. This raised the question about terminal densities around these margins.
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Figure 3.6: A reconstruction from the nat package in R highlights terminals in green, and overlays
signify the fin membrane (blue), blood vessel (red), and midpoint membrane (green). Middle panel
shows the distribution of terminals around the fin membrane of the population of all islet2B+ ter-
minals. Right panel shows the distribution of terminals around the fin membrane of stochastically

labeled cells.

The Tg[islet2b:GFP] fish have terminal densities that are biased to the FMM with 0.093 termi-
nals per micron. In comparison, the BVM only has a density of 0.008 terminals per ym, and the
control MPM has a density of 0.016 terminals per ym (n =3). The densities at the FMM and the
MPM were not significantly different (p = 0.305, n = 3), however, the densities of terminals at the
BVM was significantly lower than the MPM (p = 0.0007, n = 3). This effect was maintained when
examining the medial fin surface and the lateral fin surface in isolation (p = 0.002 for medial, p =
0.0003 for lateral, n = 3). Interestingly, the density trends around the FMM, BVM, and MPM were
not maintained in the single cell samples of the Tg[islet2b:Gal4] fish. For the FMM, the terminal

density was 0.009 terminals per ym (n =12). The BVM and MPM densities were 0.010 and 0.007
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terminals per um, respectively (n =12). These values were not significantly from each other (p =
0.207 for FMM and MPM, p = 0.127 for BVM and MPM). These results suggest that, in the popula-
tion, the terminals are biased towards the fin membrane, especially towards the FMM. This trend
is reflected by the much lower densities around the BVM as well. The fact that the single cell
labeling doesn’t show the same biases suggests that the terminals of single cells are not biased

toward functional regions.
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Figure 3.7: Left panel shows the distribution of terminals around the lateral surface associated
with the blood vessel of the single cell sample (top panel) and the whole population (bottom
panel). Right panel plots the distribution of terminals around the medial surface.

3.5 Discussion

In this chapter, I analyzed the terminal distributions in the 5dpf larval zebrafish pectoral fin. My
prior work examining single cell labeling in stochastically labeled Tg[islet2b:Gal4] transgenic fish

revealed extensive innervation of the pectoral fin by single cells, but that research left questions

about the organization of sensory endings from the entire population. Owing to the substantial
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Figure 3.8: Left panel shows the distribution of terminals around the lateral surface associated
with the membrane midpoint of the single cell sample (top panel) and the whole population
(bottom panel). Right panel plots the distribution of terminals around the medial surface.

overlap in processes, it was not possible to use the Tg[islet2b:GFP] to analyze the entire pectoral
fin as a sensory structure. As an alternative to examining primary afferents, here I have examined
terminals in the pectoral fin as an approach to explore the sensory structure of a whole limb. I
demonstrate that the pectoral fin is covered by sensory terminals on both the medial and lat-
eral surfaces. These terminals are closely associated with each other across the entire islet2B+
population, and they have a slightly sparser distribution within single cells. This sparseness in
the single cells suggests some degree of tiling at the level of individual neurons. Additionally, I
found that sensory terminals are not biased in their distributions around the two functional fin
margins examined. These results provide better context for the hindbrain (HB) and Rohon-Beard
(RB) fin sensory neurons (FSNs) identified in chapter 2. Physiological studies may provide further

insights into the exact sensory function of the fin at this stage.
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3.5.1 Two different terminal morphologies on the fin suggest possible functional

subtypes

I observed two different subtypes of endings on the cutaneous sensory neurons in the fin while
examining the entire population in the Tg[islet2b:GFP] fish. Often, sensory subtypes in the skin
can be distinguished by their terminal anatomy (reviewed in [121]). Based on this, I investigated
the terminals in stochastically labeled single neurons using the Tg[islet2b:Gal4] transgenic line.
Surprisingly, we found that single cells have intermixed terminals of both morphologies. While it
is possible that these observed morphological differences are due to neuroanatomical differences
that result in higher aggregations of fluorescent protein at the site of the observed varicosities, I
propose a different explanation.

An alternative hypothesis is that these neurons are multimodal: chemosensory, nociceptive,
or mechanosensory. In a variety of invertebrate and vertebrate systems, single sensory neurons
have been shown to be functionally responsive to multiple sensory stimuli [49, 133, 154, 66].
In some cases, taste bud chemoreceptors are also responsive to thermal stimuli [154]. In inver-
tebrates, specialized sensors detect both innocuous mechanosensory input as well as harmful
thermal stimuli [107]. Furthermore, prior work in adult fish has shown that the skin is covered in
taste buds [46, 70]. Multimodal primary sensors have not yet been identified in fish fins; however,
the larval zebrafish system holds promise as an in vivo system to explore how neuroanatomy may

shed light on a potentially multimodal group of cells.

3.5.2 High numbers of terminals suggest extensive DRG neuron innervation at

5dpf

Based on prior neuroanatomical work investigating the innervation of FSNs into the pectoral fin,
it is possible to estimate a rough number of DRG neurons innervating the fins. In chapter 2, we
identified that there are between six and eight RB FSNs and two to seven HB FSNs that could

be innervating the fin in any one fish. If we assume the maximum number of FSNs are present
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and innervating the fin, there are 15 FSNs innervating the fin in one animal. Those cells have an
average of 38 terminals on each single cell, for a total of 570 terminals across FSNs. Given that
the islet2B+ population has an average of 677, there are about 107 terminals that are unaccounted
for by the FSN population. This gap between the single cell labeling and the population labeling
could be filled by DRG neurons, and this difference suggests that DRG neurons are contributing
to the fin sensory population together with FSNs.

Observations regarding the terminals revealed a surprisingly high number of terminals at the
population level. In particular, we note a higher number of terminals on the lateral surface of
the fin compared to the medial surface of the fin. This is in contrast to the single cell labeling,
which reveals the opposite ratio. Notably, the single cell labeling fails to label DRG neurons.
This suggests that the increase in the number of terminals on the lateral side could be due to
higher DRG neuron innervation. Exploring this suggestion will require reliable labeling of single
DRG neuron neurons, something we have not been able to accomplish with the Tg[islet2b:Gal4]

transgenic line.

3.5.3 Preliminary exploration of tiling in a fish limb

Prior work has identified that neurons of the same subclass tend to self-avoid and "tile" in the
skin of invertebrates and vertebrates [76] reviewed in [42, 21]. Low-threshold mechanorecep-
tors in mammalian skin show little to no overlap within subclasses, however a small area of the
skin will be innervated by multiple individual neurons from different subtypes [76]. In my ex-
amination of the whole population of sensory neurons in the Tg[islet2b:GFP] and the single cells
in Tg[islet2b:Gal4] fish, I find that there are substantially lower interterminal distances between
terminals in the population compared to the single cell labeling. This result suggests that there
is some degree of self-avoidance in single neurons. Prior work in zebrafish has indicated tiling
between RBs and trigeminal neurons in the head [128], however my work in chapter 2 suggests
intermingling between HB FSNs and RB FSNs. Future work will need to identify whether or not

tiling is a result of distinct genetic or functional subclasses of sensory neurons.

56



Ultimately, this research into terminals lays exciting groundwork to further explore FSNis.
Further investigation of the two different terminal morphologies could lend insights into their
ultrastructure and function. Verifying that there are true subtypes of terminals would require
electron microscopy. This level of examination would establish structural differences at the end-
ings of the processes. As mentioned previously, electrophysiological and behavioral studies in
the Hale Lab exploring the potential mechanosensitivity in the larval zebrafish pectoral fins were
unsuccessful. Larval fish pectoral fins do not exhibit a clear response to touch either in fictive
preps or free swimming behavioral tests. These observations, however, do not rule out alternative
mechanosensory functions such as sensitivity to stretch or fluid flow on the fin membrane. Fol-
lowing confirmation of the terminal structure, next steps could include functional explorations

at both the single cell and population level.
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CHAPTER 4

DISCUSSION

In this thesis, I sought to explore the pectoral fin as a sensory structure and to establish the neu-
roanatomy of its associated sensory neurons. The major findings of chapter 2 revealed that, like
the fin motor population [86], the sensory neurons originate in both the hindbrain and the spinal
cord. This organization is a stark contrast to the mammalian vertebrate body plan, which has
forelimb sensors originating solely from post cranial peripheral ganglia [139]. I also found that
FSNs innervate both the pectoral fin and the axis in the immediate area around the fin, and they
do so without somatotopic organization. This unusually broad spatial distribution suggests that
FSNs are not only sensing input to the fin. The entire group of FSNs forms two clusters based
on morphological parameters, which provides evidence for neuronal subtypes across the HB and
RB FSNs as a population. In chapter 3, I investigated the terminal distributions across the en-
tire pectoral fin. Population level analysis revealed that the pectoral fin is covered with densely
grouped terminals. Comparison of single cell interterminal distances to population level interter-
minal distances suggests some tiling and self-avoidance within a single cell. Distributions around
two functional margins, the FMM and the BVM, were not different from distributions around a
control midpoint. This result further supports a lack of functional organization as identified in
chapter 2. Taken together, all these results suggest that FSNs are not mechanosensors for specific
regions of the fin. Furthermore, this work raises interesting ideas for future experiments, which

I will elaborate on more below.

4.1 The pectoral fin as a sensory structure

Prior work in fish has explored the pectoral fin as a sensory structure in adult fishes. Hardy et
al. identified mechanosensory responses in the fins of adult Pimedlodus pictus, a benthic species
of catfish living close to the substrate in murky water [47]. Interestingly, this study revealed that

sensory innervation in the fin was associated with putative mechanosensors in the membrane
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between the fin rays [47]. Studies in a variety of fish species have identified that different en-
vironmental demands create different sensory organizations in fins [31, 135, 96, 4, 78]. This is
true in both benthic species and pelagic species swimming in open water [151, 3]. Sensory feed-
back from paired appendages clearly plays a more significant role in adult fishes than previously
thought; however exploration of the integration into spinal circuitry is not tractable in adult fish.

The larval zebrafish system presents the ideal platform with which to explore sensory neu-
roanatomy and broader circuit integration. Here, I conducted an exploration of the primary af-
ferents in the pectoral fin as well as their sensory terminals. Based on my results, we have been
able to establish that the entire pectoral fin is densely innervated by single cells that together
form a population covering both the medial and lateral surfaces. Future work can also elaborate
on the functional integration of FSNs into fin circuitry. Studies of axial RBs have identified their
secondary targets as pre-motor interneurons [22, 57, 145, 71, 83], but the far anterior location of
the HB FSNs could mean they have different synaptic partners. As described previously, the pec-
toral fin motor pool is also a mixed population that spans the posterior hindbrain and the anterior
spinal cord [87], and this motor pool seems like a logical starting point for either calcium imaging
or optogenetic manipulations. There is also some possibility for circuit overlap with axial-only
RBs and those that are FSNs, however it seems unlikely that the hindbrain FSNs are innervating
local spinal circuits. Instead, perhaps the FSNs in the HB are targeting the local rhythmic circuits
in the hindbrain [14, 87]. Given the involvement of the fin in fluid mixing [40], this seems like a

plausible direction for future functional exploration.

4.2 Changing demands through ontogeny could be reflected in

changes in sensory structures

The functional constraints on the adult and larval pectoral fins raises interesting questions about
sensation in these different life stages. In my thesis work, I clarify the population of neurons

providing dense innervation of the fin prior to the development of fin rays [39]. Much of the
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prior work in fish fin sensation has been conducted in adults, however work in the Hale Lab has
never conclusively identified mechanosensory responses in pectoral fins of larval zebrafish either
through behavioral or functional studies. At the larval stages, zebrafish experience different func-
tional constraints. Notably, they require cutaneous respiration rather than gill-based respiration
(reviewed in [44]). Prior functional studies in a variety of larval species have identified increased
pectoral fin beats and/or increased swimming bouts in hypoxic environments [59, 60, 41]. These
behaviors are the aquatic vertebrate equivalent of lengthened breathing cycles in the presence
of high CO; environments in birds [23]. Relating behavioral results in zebrafish to pectoral fins
and FSNs will require both immunofluorescent experiments and functional interrogation at the
cellular level.

There is plentiful evidence for oxygen sensing cells in a variety of fish species. Both amphibi-
ous and air-breathing fish species have specialized neuroepithelial cells (NECs) on their gills and
skin [157, 119, 156]. These NECs are serotonin positive, and a similar type of cells has been found
on zebrafish before the development of gills [65]. By adulthood, zebrafish have putative oxygen
sensors all across their gills [158, 112, 26, 63]. Given the role of pectoral fins in circulating oxy-
genated water around the skin for cutaneous respiration, it would make sense that there may
be oxygen sensitive sensors on the fin. Future studies could examine markers associated with
oxygen sensing cells, and functional studies could target the FSN population for calcium imaging
experiments exploring responses to hypoxic environments.

We can draw additional comparisons between larval zebrafish and soft-bodied insect larvae.
Like fish, insects undergo a metamorphosis between the larval stages and the adult stages. In-
terestingly, larval insects exhibit different primary afferent structures as well as function [140].
There is evidence that sensory neurons, specifically mechanosensors, may actually play a direct
role in metamorphosis [101, 137]. Zebrafish also undergo substantial anatomical changes be-
tween larval and adult stages [143, 39, 108]. Prior work has revealed that the cell death of RBs is
decoupled from the development of DRG neurons [149], and we observed DRG neurons innervat-

ing the fin during the examination of Tg[islet2b:GFP]. Understanding the timing of FSN transition
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throughout ontogeny is feasible with genetic manipulations and observational studies, however
exploring their involvement in metamorphosis would require more directed manipulations.
Unraveling the sensory modality for these FSNs will necessitate functional studies to examine
responses in different conditions. This is especially relevant if these cells are multimodal. Prior
work has begun to explore the role of pectoral fins in fluid mixing [41], and these studies could be
incorporated into physiological studies. Due to the nature of the extensive axial innervation, I do
not think electrophysiological studies will be possible in the FSN population. Instead, I propose
that calcium imaging studies could be fruitful for exploring sensory responses. These experi-
ments could utilize newer genetically encoded calcium indicators with heightened sensitivities
and/or faster kinetics to image the responses of these cells in oxygen deprivation experiments.
Nociceptive responses can also be explored with mustard oil or pharmacological applications.
Conclusive chemosensitive or nociceptive responses would allow for more in depth exploration

of the lack of response to mechanosensory stimuli as well.

4.3 Future work will need to explore DRG neuron innervation

Finally, while we have not been able to gain the necessary single cell resolution to fully explore
this result, we have identified that DRG neurons are innervating the surface of the fin at 5dpf.
Prior work in adult sea robins has characterized a derived organization of the DRG neurons fused
with the dorsal horn of the spinal cord [31, 32]. This organization is in contrast to all other studied
vertebrates where the DRG neurons are a separate cluster of neurons completely distinct from
the spinal cord. In the sea robin, the "accessory lobes" are associated with specialized free fin
rays [31, 32]. This represents a certain modularity of peripheral sensory neurons and how they
integrate with the spinal cord. Once the DRG neuron innervation of the larval zebrafish pectoral
fins are characterized, this model system could be used for evolutionary developmental biology
studies. Specifically, the pectoral fins would be an ideal system in which to explore the modularity
of this sensory system.

More broadly, a fuller picture of the sensory innervation of the pectoral fin will be useful
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for regeneration studies. Zebrafish are a popular model organism for this work because they are
capable of regenerating their pectoral fins, and studies have shown that peripheral nerve innerva-
tion is critical for adequate regeneration of paired limbs [136]. More recent work has found that
zebrafish lose their ability to regenerate their pectoral fins through ontogeny [155]. Exploration
of the relationship between pectoral fin sensory innervation and these regenerative processes
could shed light on future clinical directions for a variety of pathologies or even integration of

sensory feedback into prosthetics [132].
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