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ABSTRACT

Multicellular organisms typically depend on O for energy production to maintain normal
cellular function, and even brief periods of O deprivation may have fatal consequences. The
aqueous environment is prone to changes in ambient water O tension (PO) and thus the ability
of fish to sense changes in water PO and to elicit appropriate physiological responses is
essential for their survival. Studies on fish O> chemoreception have identified neuroepithelial
cells (NECs), which are characterized as having dense-cored vesicles containing serotonin (5-
HT), as peripheral O> chemoreceptors. Upon exposure to hypoxia, isolated and cultured NECs in
vitro depolarize, likely resulting in neurotransmitter release. However, to date there is no
evidence that NECs are activated by hypoxia in vivo to initiate physiological responses such as
the hypoxic ventilatory response (HVR), which is the focus of this thesis. Initial findings
demonstrated that larval zebrafish fine-tune the HVR as early as 4 days post fertilization (dpf)
and by 7 dpf, the HVR aids in O, uptake under hypoxic conditions. In addition, the HVR is
multiphasic, with an initiation phase followed by a decline phase that gradually stabilizes above
normoxic baseline values (Chapter 2). In the absence of tools to probe the hypoxia sensitivity of
NECs in vivo, research focused on Merkel-like cells (MLCs), a newly proposed O>
chemoreceptor in larval zebrafish. Using in vivo calcium imaging it was shown that MLCs are
stimulated by hypoxia. Data suggest that MLCs are responsible for the initiation phase of the
HVR, while peripheral sensory neurons (PSNs)/peripheral sensory ganglia (PSG) that innervate
MLCs play a more important role in reducing ventilation during the decline phase of the HVR
(Chapter 4). Attempts at identifying the putative neurotransmitter(s) involved in the O signal
transduction pathway revealed that adrenaline (AD), serotonin (5-HT), and dopamine (DA) are

probable candidates (Chapter 4), though the presence of AD and DA within MLCs is yet to be



confirmed. In addition, 5-HT likely plays a role in the central nervous system (CNS), integrating
peripheral signals resulting in the final HVR (Chapter 3). Taken together, this thesis provides the
first evidence of putative O> chemoreceptors responding to hypoxia in vivo and thus significantly

advances models for Oz signal transduction in larval zebrafish.



RESUME

Les organismes multicellulaires dépendent géné&alement de I'O2 pour la production
d'éergie afin de maintenir une fonction cellulaire normale, ainsi et méne de breves p&iodes de
privation d'O2 peuvent avoir des conseguences fatales. L'environnement aqueux éant sujet ades
changements dans la pression partielle de 1’O> de I'eau (PO>). La capacitédes poissons adéecter
de tels changements et asusciter des réonses physiologiques appropri€ss est essentielle aleur
survie. Des @udes sur la chimioréeeption de I'O2 chez les poissons confirment la pré&ence de
cellules neuro - éith&iales (NEC). Celles-ci sont caract&isées par des vésicules anoyau dense
contenant de la s&otonine (5-HT), en tant que chimioré&epteurs p&iph&iques de I'O». Lors de
I'exposition al’hypoxie, les NECs isolé€es et cultiveées in vitro se déolarisent, entramant
probablement la libé&ation de neurotransmetteurs. Cependant, jusqu’a présent, aucune preuve ne
démontre que les chimioreéepteurs Oz sont sensibles al'hypoxie in vivo. Cette recherche de
preuve constitue 1’objet de cette thése. Les premiers résultats ont prouveque les larves de
poissons zébres affinent la réonse ventilatoire hypoxique (HVR) dés 4 jours apreés la
fé&ondation (dpf) et par 7 dpf, la HVR aide al'absorption d'O2 dans des conditions hypoxiques.
De plus, le HVR est multiphasique, avec une phase d'initiation suivie d'une phase de déelin qui
se stabilise progressivement au-dessus de la ligne de ré&ence de Normoxie (chapitre 2). En
I'absence d'outils pour sonder la sensibilitéal'hypoxie des NEC in vivo, la recherche s'est
concentrée sur les cellules de type Merkel (MLC), un chimioré&epteur Oz nouvellement proposé
chez les larves de poissons zébres. En utilisant I'imagerie calcique in vivo, il a @émontréque les
MLC sont stimulées par I'nypoxie. Les données suggeérent que les MLC sont responsables de la
phase d'initiation du HVR, tandis que les neurones sensoriels p&iphé&iques (PSN)/ganglions

sensoriels p&iphé&iques (PSG) qui innervent les MLC jouent un rde plus important dans la



r&luction de la ventilation pendant la phase de d&slin du HVR (chapitre 4). Les tentatives
d'identification du ou des neurotransmetteurs putatifs impliqués dans la voie de transduction du
signal Oz ont rév@eque l'adrénaline (AD), la s&otonine (5-HT) et la dopamine (DA) sont des
candidats probables (chapitre 4), bien que la pré&ence d'AD et de DA au sein des MLC reste &
confirmer. De plus, la 5-HT joue probablement un rde dans le systame nerveux central (SNC),
intégrant les signaux p&iphé&iques résultants dans le HVR final (chapitre 3). Dans I'ensemble,
cette thése fournit la premiée preuve de chimioreéeepteurs putatifs O, réondant al'hypoxie in
vivo et fait ainsi considé&ablement progresser les modées de transduction du signal O chez les

larves de poissons zébres.
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CHAPTER 1. General Introduction

Notes on Chapter

Chapter 1 is partly adapted from a review published in Molecular and Cellular Endocrinology as

per the following citation:

Pan, Y. K. and Perry, S. F. (2020). Neuroendocrine control of breathing in fish. Molecular and

cellular endocrinology, 110800.

Author contributions: Y.K.P. prepared the manuscript; S.F.P. performed conceptualization,

revision of the manuscript and supervision.



1.1 Introduction

Multicellular organisms typically depend on O for energy production, which is a
requirement for normal cellular function. Even brief periods of O deprivation may have fatal
consequences. Fish live in environments that are prone to changes (spatially or temporally) in
ambient water Oz tension [PO2, (Mandic and Regan, 2018)]. Thus, the ability of fish to sense
changes in water POz and to elicit appropriate physiological responses is essential for their
survival and requires the presence of O»-sensing cells (O2 chemoreceptors) able to monitor the
external and/or internal environments. In fish, neuroepithelial cells (NECs), first reported in
rainbow trout (Oncorhynchus mykiss) gills (Dunel-Erb et al., 1982), have been identified as O>
chemoreceptors. The trout NECs are characterized by the presence of dense-cored vesicles
(DCVs) containing serotonin (5-hydroxytryptamine; 5-HT), which degranulate (i.e. release 5-
HT) when exposed to hypoxia (Dunel-Erb et al., 1982). The notion that piscine NECs are O
chemoreceptors has been extended to several species (Burleson et al., 2006; Jonz et al., 2004;
Regan et al., 2011; Zaccone et al., 2017) and encompasses larval, juvenile and adult
developmental stages (Cochrane et al., 2021; Jonz and Nurse, 2005). Based on in vitro
experiments performed using zebrafish (Danio rerio) and O. mykiss, fish NECs are recognised as
polymodal chemoreceptors, exhibiting responsiveness to hypoxia (Jonz et al., 2004), hypercapnia
(Qin et al., 2010) and elevated ammonia levels (Porteus et al., 2021; Zhang et al., 2011). It is
widely believed that gill NECs respond universally to these chemosensory stimuli by a reduction
in plasma membrane K* conductance, membrane depolarization and activation of voltage-gated
Ca?* channels leading to an increase in intracellular Ca?* levels and the secretion of
neurotransmitters onto postsynaptic sensory neurons to elicit appropriate physiological responses

(Perry et al., 2009). However, only some of these processes such as the inhibition of K* channels



(Burleson et al., 2006; Jonz et al., 2004) under hypoxic conditions or the rise in intracellular Ca?*
levels during hypoxia (Zachar et al., 2017), hypercapnia (Abdallah et al., 2015a) or high

environmental ammonia (Zhang et al., 2011), have been shown in isolated NECs in vitro. There

is but scant and indirect evidence that NECs exhibit any of these responses in vivo. Indeed, there

are no in vivo data directly linking activation of NECs to physiological responses to
environmental changes. In addition, the specific neurotransmitter(s) involved in the process

remain(s) unidentified.

A fundamental response of fish to hypoxic conditions that is initiated by O>
chemoreceptors is an increase in ventilation volume through a change in ventilation frequency
(fv) and/or amplitude in a process referred to as the hypoxic ventilatory response (HVR). The
HVR helps to maintain arterial PO in the face of decreasing water PO., delaying an inevitable
decrease in Oz uptake as the severity of hypoxia increases (Forgue et al., 1989; Glass et al., 1990;
Itazawa and Takeda, 1978; Perry et al., 2009). Intriguingly, larval fish that rely predominantly on
cutaneous gas exchange (Rombough, 2002; Rombough and Ure, 1991; Wells and Pinder, 1996)
also hyperventilate in response to hypoxia (Burggren et al., 2016; Jonz and Nurse, 2005; Mandic

et al., 2020), begging the question of the physiological significance of the HVR in larval fish.

The primary goal of this thesis is to elucidate further the O> chemoreception pathway in
larval zebrafish and the associated downstream physiological responses, beginning with an
investigation of the physiological benefit of the HVR in larvae with subsequent focus on
identifying O2 chemoreceptors in vivo and identifying processes that are involved in O

chemoreception in vivo. The three overarching hypotheses are:

1) The hypoxic ventilatory response aids in hypoxic survival in larval zebrafish.



2) Serotonin is involved in mediating the hypoxic ventilatory response.

3) Merkel-like cells, a newly proposed cell type, can serve as O> chemoreceptors in larval

zebrafish.

It is hoped that this thesis will further advance our understanding of piscine O> chemoreception

and its downstream pathways.

In the remainder of the introduction, | will review the three key points pertaining to my
thesis: 1) the presumed O> chemoreceptors in fish, 2) neurotransmitters that have been implicated
in the control of breathing, and 3) the time course and physiological significance of the hypoxic

ventilatory response.

1.2 Piscine Oz chemoreceptors

1.2.1 Gill NECs

The putative peripheral chemoreceptors in fish — neuroepithelial cells (NECs) — were first
identified by Dunel-Erb et al. (1982) based on the morphology of the pulmonary NECs
previously described in the walls of the respiratory tract of mammals. Using formaldehyde-
induced fluorescence to reveal catecholamine- and indolamine-containing cells, they identified a
population of cells on the gill filament epithelium facing the buccopharyngeal cavity and thus in
contact with respiratory water. Based on indirect evidence, it was suggested that these NECs
contain the monoamine 5-HT (Dunel-Erb et al., 1982), a finding that was later confirmed directly
by immunocytochemistry using antibodies against 5-HT (Bailly et al., 1989; Bailly et al., 1992).

Further examination of NECs in rainbow trout using electron microscopy revealed that these



cells are characterized by the presence of DCVs and are innervated by postsynaptic nerve
profiles facing the DCVs (Bailly et al., 1992; Dunel-Erb et al., 1982). One population of the
nerve endings are sensitive to 5,6-dihydroxytryptamine, a serotonergic neurotoxin, and another
population of nerve endings is sensitive to 5- and 6-hydroxydopamines, a class of
catecholaminergic neurotoxin (Bailly et al., 1992). Similarly, in zebrafish, NECs appear to
receive innervation from a plexus of nerve fibres, with synaptic vesicles being polarized within
the basal cytoplasm near the adjacent nerve fibres (Jonz and Nurse, 2003). Based on the
morphology, location and innervation patterns of NECs, it was suggested that NECs act as
chemoreceptors in fish, sensing changes in the levels of Oy in the inhalant water and initiating
the reflex cardiorespiratory responses potentially through the direct release of neuroactive agents
including 5-HT (Bailly, 2009; Bailly et al., 1992; Dunel-Erb et al., 1982; Jonz and Nurse, 2003).
Supporting this notion is the fact that the NECs in trout exposed to hypoxia exhibit DCVs that
appear “degranulated” (Dunel-Erb et al., 1982). Changes in NEC morphology under hypoxic
conditions also provided further indirect evidence of their potential involvement in
chemoreception (Porteus et al., 2014b; Regan et al., 2011; Rossi et al., 2020; Shakarchi et al.,
2013), under the assumption that peripheral chemoreceptors are “plastic” and would respond to

changes in environmental O levels.

The first compelling direct evidence that NECs are involved in Oz chemoreception was
obtained from whole-cell patch-clamp recordings obtained from NECs isolated from adult
zebrafish gill filaments (Jonz et al., 2004). Under voltage-clamp, zebrafish NECs responded to
hypoxia with a concentration-dependent decrease in K* current while under current-clamp,
hypoxia produced membrane depolarization associated with a decrease in K* conductance. Both

responses were quinidine-sensitive, suggesting that hypoxia sensing via NECs is mediated by



inhibition of a background K* conductance, closely resembling the Oz sensitive background K*
currents identified in the chemoreceptor type | cells of the carotid body in mammals, which
generate a receptor potential necessary for neurosecretion and activation of sensory/response
pathways (Gonzalez et al., 1994). Isolated zebrafish NECs also are responsive to CO;
electrophysiological characterization of these cells using current or voltage clamp protocols
revealed that with increasing CO: levels, a background K* channel was inhibited, resulting in a
PCO.-dependent depolarization of the NECs (Qin et al., 2010). Evidence obtained from Ca?*
imaging of isolated trout NECs suggested that NECs also are sensitive to increases in ammonia,
with intracellular [Ca?*] being elevated to a comparable extent by addition of 30 mmol It KCI
and 1 mmol I NH4Cl (Zhang et al., 2011). Evidence in support of NECs being neurosecretory
in response to hypoxia was provided using isolated goldfish (Carassius auratus) NECs, where
cells with an undisturbed cytosol responded to hypoxia with increased intracellular Ca?* levels
and synaptic vesicle activity (Zachar et al., 2017). Yet, despite evidence from in vitro studies
suggesting that NECs function as tri-modal Oz, CO., and NHs chemoreceptors, there is a lack of
direct evidence in vivo to support this view. The only in vivo evidence that might suggest a role
of NECs in Oz chemoreception comes from a recent study looking at Ca2* events within the
ganglia of cranial nerves IX and X from 5-6 days post fertilization (dpf) larval zebrafish. Upon
hypoxia stimulus, these ganglia increase their activity (Yeh et al., 2019). This is interesting as
cranial nerves IX and X appear to initiate most cardio-ventilatory responses to hypoxia such as
the HVR [reviewed by Milsom (2012)], rhythmic stimulation of the ganglion of cranial nerve X
can entrain the respiratory rhythm (De Graaf and Roberts, 1991), and both cranial nerves IX and
X extend into the pharyngeal arch region and wrap around 5-HT positive cells, which the authors

identified as NECs (Yeh et al., 2019). However, upon close inspection of their morphology and



position in the pharyngeal arch, these 5-HT positive cells actually are Merkel-like cells (MLCs).
Merkel-like cells are serotonergic basal cells and together with the elongated taste receptor cells
comprise the taste buds of fish and amphibians (Hansen et al., 2002; Wake and Schwenk, 1986).
They differ from mammalian taste bud basal cells as there is no evidence of MLCs being
proliferative (Kapsimali et al., 2011), whereas mammalian basal cells are proliferating cells that
differentiate into taste support or receptor cells (Miura et al., 2001), suggesting that MLCs are
unique to fish and amphibians. Merkel-like cells are termed “Merkel-like” as they share many
ultrastructural features with the cutaneous Merkel cells first described by Merkel (1880),
including small, spiny processes that project into the cytoplasm of surrounding cells and synaptic
contacts with the innervating nerve fibers (Whitear, 1989). These features have led to speculation
that MLCs may be involved in mechanoreception (DCring and Andres, 1976; Ogawa et al., 1997)
and represent a homolog of the mammalian Merkel cell-neurite complex, which is important for
sensory transduction (Lumpkin and Caterina, 2007; Ma, 2014; Maksimovic et al., 2013;
Maricich et al., 2009). However despite these similarities, MLCs and Merkel cells differ in size,
shape, the extent of cytoplasm, number of mitochondria, and number and form of vesicles,
suggesting that these two are separate cell types and do not justify the assumption of comparable
functions (Whitear, 1989). Considering that NECs are not fully innervated at 5-6 dpf (Jonz and
Nurse, 2005), the data of Yeh et al. (2019) suggest that MLCs could serve as O2 chemoreceptors
in larval zebrafish prior to the innervation of NECs. Testing the hypothesis that MLCs are O

chemoreceptors is a central focus of this thesis.

1.2.2 Skin NECs

In addition to serotonergic NECs found on the gill filaments and lamellae, populations of

cutaneous serotonergic NEC-like cells have been reported in zebrafish larvae (Coccimiglio and



Jonz, 2012; Jonz and Nurse, 2006), mangrove rivulus [Kryptolebias marmoratus, (Cochrane et
al., 2021; Regan et al., 2011; Rossi et al., 2020)] and adult mudskipper [Periophthalmodon
schlosseri, (Zaccone et al., 2017)]. Because these skin NECs morphologically resemble O»-
sensitive NECs of the gills, it was proposed that they act as extrabranchial O2 chemoreceptors. In
zebrafish, skin NECs exhibiting innervation are evident in embryos 1 dpf, before the onset of
behavioral response to hypoxia (Coccimiglio and Jonz, 2012). A population of skin NECs also
expresses synaptic vesicle protein, suggesting the capacity for secretion of neurotransmitters
(Coccimiglio and Jonz, 2012). Under normoxic conditions, the total number of skin NECs in
larval zebrafish gradually declined with age (3-7 dpf) and were rarely observed in adults. This
decline in skin NEC numbers however, was prevented during hypoxia acclimation and was
accelerated during acclimation to hyperoxia (Coccimiglio and Jonz, 2012). These results were
the first to show that skin NECs in larval zebrafish are sensitive to changes in Oz. Skin NECs are
present in larval mangrove rivulus at hatch but not innervated, even though the fish are able to
mount a ventilatory response to hypoxia at this stage. In addition, skin NEC development in
larval mangrove rivulus is largely unaffected by environmental O levels during the embryonic
stage, as neither skin NEC size nor density changed in response to hypoxia or hyperoxia
acclimation (Cochrane et al., 2021). However, skin NEC morphology does change in response to
environmental O in adult mangrove rivulus, with an increase in cell surface area during hypoxia
exposure (Regan et al., 2011) and decreasing in surface area after air exposure (Rossi et al.,

2020).

Indirect evidence linking skin NECs and the HVR was provided from denervation
experiments in 3-7 dpf larval zebrafish. Following partial chemical denervation of skin NECs

using 6-hydroxydopamine, the hyperventilatory response to acute hypoxia was eliminated



(Coccimiglio and Jonz, 2012). The possibility of the drug directly impairing the ability of larvae
to hyperventilate was ruled out as both treated or untreated larvae responded to NaCN, a potent
ventilatory stimulant, with an increase in fv (Coccimiglio and Jonz, 2012). Considering that
functional gill NECs are also absent before 7 dpf, the authors attributed the HVR in developing
zebrafish to be dependent upon innervation of skin NECs. Combined with the morphological
changes of skin NECs under hypoxic condition (see above), these results suggest that skin NECs
are sensitive to changes in O and may play a role in initiating the responses to hypoxia in

developing zebrafish.

1.2.3 Central O2 chemoreceptors

The existence of a central O chemoreceptor capable of stimulating breathing is not
universally accepted, even within the mammalian literature (Funk and Gourine, 2018a; Funk and
Gourine, 2018b; Gourine and Funk, 2017; SheikhBahaei, 2020; Teppema, 2018). In support of
central O2 chemoreceptors, there is experimental evidence that the HVR in a variety of
mammalian species, although decreased initially, gradually recovers after peripheral
chemoreceptor (carotid body) denervation (Gourine and Funk, 2017). In addition, the imposition
of hypoxia within the central nervous system (CNS) alone, when carotid bodies were maintained
normoxic by means of vascular isolation and separate perfusion, evoked significant increases in
ventilation (Curran et al., 2000; Daristotle et al., 1991), suggesting the presence of central O>
chemoreceptors. An opposing view however is that the partial or complete restoration of the
HVR following carotid body denervation results from “upregulation” of aortic bodies, release
from cortical inhibition, recruitment of accessory glomus tissue in the trunk, neuroplastic
changes consisting of axon regeneration, building alternative circuitries and recruiting central O

sensors that may be normally silent (Teppema, 2018). Importantly, the central hypoxia-induced



rise in ventilation is either dependent upon peripheral chemoreceptor integrity (Curran et al.,
2000) or does not lead to a progressive increase in ventilation as occurs when the peripheral
chemoreceptors are stimulated (Daristotle et al., 1991), suggesting that there are no central O

chemoreceptors.

Few studies have examined central O, chemoreception in fish and the results of those few
studies are inconclusive. Evidence for the presence of central O chemoreceptors was the
occurrence of hyperventilation with infusion of hypoxic blood into the dorsal aorta of otherwise
normoxic sea raven [Hemitripterus americanus, (Saunders and Sutterlin, 1971)] whereas
infusion of hypoxic blood into the ventral aorta also resulted in hyperventilation but only after a
significant latency. It was thought that the delayed response reflected the time required for the
hypoxic blood to travel to central chemoreceptors (Bamford, 1974). A more direct approach of
exposing in vitro brain stem preparations of goldfish to hypoxia resulted in a 36% increase of
rhythmic motor output (C&éet al., 2014). However, direct perfusion of the brain with hypoxic
saline in both the tambaqui (Colossoma macropomum) and bowfin (Amia calva) failed to alter
ventilation and reveal the presence of central chemoreceptors responsive to hypoxia (Hedrick et
al., 1991; Milsom et al., 2002). Additionally, in the channel catfish (Ictalurus punctatus),
ventilatory reflexes to hypoxia were abolished following branchial denervation (Burleson and
Smatresk, 1990a), suggesting that that peripheral (branchial) sites are solely responsible for
hypoxic chemoreception in this species. Although there is no direct evidence for the presence of
piscine central O, chemoreceptors, the idea that central O chemoreceptors may be present in

fish is worthy of further investigation.
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1.3 Neuromodulation of ventilation in fish

Despite the lack of direct evidence that NECs secrete neurotransmitters in vivo during
hypoxia, hypercapnia or elevated ammonia, a wide array of neuroendocrine substances has been
implicated in the control of breathing in fish. In addition to acting directly through
neurosecretion from NECs onto afferent nerves, neuroendocrine substances could also act
directly on central integrative sites or other central areas impinging on respiratory centers and/or
on motor output pathways or effectors (muscles) directly (Burleson and Milsom, 1995a;
Burleson and Milsom, 1995b). Previous studies have shown that neuroendocrine factors
including serotonin, catecholamines, acetylcholine and gaseous neurotransmitters may play
important roles in mediating the ventilatory responses (Burleson and Milsom, 1995a; Burleson
and Milsom, 1995b; Jonz et al., 2015; Perry et al., 2016; Rahbar et al., 2016; Randall and Taylor,
1991; Shakarchi et al., 2013). In mammals, there is a growing consensus that the purines ATP
and adenosine are the principal signaling molecules released by peripheral chemoreceptors,
which ultimately activate cardiorespiratory centers in the brainstem leading to appropriate
changes in ventilation (Leonard et al., 2018). In contrast, there is less certainty concerning the

principal neuroendocrine factors that mediate the ventilatory responses in fish.

1.3.1 Serotonin (5-HT)

5-HT has received much attention as a neuroendocrine regulator of breathing owing to its
presence within NECs — the putative O, chemoreceptors. Early evidence of 5-HT playing a role
in the control of breathing arose from electrophysiological studies where application of 5-HT to
the external gill surfaces of spiny dogfish (Squalus acanthias) initiated discharge of afferent

nerve fibers of the gill filaments (Poole and Satchell, 1979). Later, it was shown that single nerve
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fibres in the gills of rainbow trout were excited during perfusion with 5-HT, albeit with a modest
and transient activity. Notably, these were the same nerve fibers that responded to either internal
or external hypoxia (Burleson and Milsom, 1995a). Burleson and Milsom (1995b) further
showed that intra-arterial injection of 5-HT resulted in a significant increase in gill ventilation
rate, consistent with previous findings (Fritsche et al., 1992; Thomas et al., 1979). Ventilatory
responses to exogenous 5-HT have now been reported in several additional species including
European eel [Anguilla anguilla, (Janvier et al., 1996)], Gulf toadfish [Opsanus beta, (McDonald
et al., 2010; Panlilio et al., 2016)], and zebrafish (Abdallah et al., 2015b; Shakarchi et al., 2013).
Based on pharmacological studies, it would appear that 5-HT> and 5-HT3 receptors are
responsible for the modulation of breathing through 5-HT. In Gulf toadfish, ventilation
amplitude was stimulated by 5-HT> receptor agonists and this response was blocked by
ketanserin, a 5-HT> receptor antagonist (McDonald et al., 2010). Similarly, in zebrafish,
ketanserin inhibited the hyperventilatory response initiated by acute hypoxia (Shakarchi et al.,
2013). In European eel (Janvier et al., 1996) and zebrafish (Jonz et al., 2015), 5-HT3 receptor
agonists alone can elicit a hyperventilatory response, while 5-HT3 receptor blockade reduces the

hyperventilation in response to external 5-HT or acute hypoxia.

Knowledge concerning the specific site of action in vivo is scarce owing, in part, to the
technical challenge of blocking/activating site-specific 5-HT receptors. In the few studies using
rainbow trout, exogenously administered 5-HT in the brain caused a potent stimulatory effect on
ventilation, which was mimicked by a-methyl-5-HT, a 5-HT> receptor agonist, leading the
authors to conclude that 5-HT mediates ventilation centrally, potentially through 5-HT. receptors
(Kermorgant et al., 2014a). In addition, fluoxetine, a selective 5-HT reuptake inhibitor,

administrated into the brain also increased ventilation amplitude, further supporting 5-HT’s role
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in mediating ventilation through central pathways (Kermorgant et al., 2014b). Alternatively, 5-
HT could be playing an indirect role in the control of ventilation, because it is known to provoke
large increases in circulating catecholamine levels (Fritsche et al., 1993; Fritsche et al., 1992),

which themselves are implicated in the neuroendocrine control of breathing (see below).

1.3.2 Catecholamines

Catecholamines [adrenaline (AD), noradrenaline (NA), and dopamine (DA)] are another
class of neuroendocrine factors that have been extensively studied as possible modulators of
breathing in fishes. The idea that circulating catecholamines may contribute to ventilatory
responses in fish originated with the studies of Peyraud-Waitzenegger and colleagues (Peyraud-
Waitzenegger, 1979; Peyraud-Waitzenegger et al., 1980) using the European eel (Anguilla
anguilla). In those studies, intravenously administered adrenaline or noradrenaline caused a
hyperventilatory response in summer months owing to stimulation of 3-adrenoreceptors, whereas
adrenaline or noradrenaline caused a hypoventilatory response in winter months owing to the
stimulation of a-adrenoreceptors (Peyraud-Waitzenegger, 1979; Peyraud-Waitzenegger et al.,
1980). Subsequent studies extending to other species and utilizing a variety of protocols
demonstrated that the effects of circulating catecholamines on ventilation are highly variable
regardless of season with responses ranging from hypoventilation to hyperventilation and in
some cases, no effect [see Table 1 in Pan and Perry (2020)]. Ultimately, two opposing views on
the role of circulating catecholamines on the control of breathing emerged. In one (Randall and
Taylor, 1991), circulating catecholamines are thought to play a critical role in eliciting
hyperventilatory responses, while in the other (Perry et al., 1992), circulating catecholamines do
not play a significant role in the control of ventilation, but rather that breathing is controlled

primarily by both external and internal respiratory/acid-base status. It is now generally accepted
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that circulating catecholamines although frequently elevated during periods of hyperventilation,
do not contribute significantly to the initiation of increased ventilation but may play a secondary
modulatory role. Certainly, there is no doubt that fish can mobilize catecholamines to the blood
plasma at times when ventilation is stimulated such as when exposed to acute hypoxia (Boutilier
et al., 1988; Butler et al., 1978; Kinkead et al., 1991; Perry and Gilmour, 1996; Perry et al., 1991,
Perry and Reid, 1992; Perry et al., 2004; Perry and Wood, 1989; Reid and Perry, 2003).
However, some species such as spiny dogfish (Squalus acanthias) may not exhibit an increase in
catecholamine levels despite elevated ventilation (Perry and Gilmour, 1996), and in other
species, the release of catecholamines into the circulation is delayed until the stressor becomes
severe, by which time the fish is already hyperventilating (Perry and Reid, 1992; Perry et al.,
2004). Additionally, intra-arterial/intravenous administration of catecholamines to fish with
elevated breathing does not increase ventilation further and in some cases, ventilation may

actually decrease (Kinkead and Perry, 1991; Milsom et al., 2002; Perry and Thomas, 1991).

While circulating catecholamines are unlikely to initiate hyperventilation, it is possible that
catecholamines acting as neurotransmitters might influence breathing, potentially via
sympathetic stimulation of gill O> chemoreceptors or activation of central respiratory neurons.
Currently, there are no data in fish to support the sympathetic stimulation of gill O2
chemoreceptors hypothesis. Even though the B-adrenoreceptor antagonist propranolol inhibited
O- receptor discharge from perfused O. mykiss first gill arch preparation (Burleson and Milsom,
1990), B-adrenergic stimulation of the same preparation using adrenaline, noradrenaline or
isoproterenol had little effect on neural activity from chemoreceptor afferent neurons (Burleson
and Milsom, 1995a). However, there is some evidence in mammals that intravenous

catecholamine infusion can stimulate carotid body chemoreceptors (Joels and White, 1968). The
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activation of central respiratory neurons hypothesis is more probable because noradrenaline can
cross the blood-brain barrier in some fish species including rainbow trout (Nekvasil and Olson,
1986), possibly explaining the effects of catecholamines on breathing. Moreover, direct injection
of catecholamines in the vicinity of the central pattern generator or the respiratory motor neurons
caused a marked change in the pattern of central respiratory drive measured as bursting activity
in branchial nerves, suggesting that catecholamines can alter breathing patterns in the central

nervous system (Randall and Taylor, 1991).

Recent studies examining the role of catecholamines in regulating ventilation is scarce, but a
previous study showed that exogenous dopamine depressed ventilation frequency in zebrafish at
7 — 21 dpf (Shakarchi et al., 2013). Data from our own lab also suggests that 4 dpf larval
zebrafish hyperventilate when exposed to adrenaline (Pan and Perry, 2020). Given the ease of
genetic manipulation, zebrafish may emerge as a good model to further assess the roles of

circulating versus neuronal catecholamines in the control of breathing in fish.

1.3.3 Acetylcholine (ACh)

In mammals, there is compelling evidence that acetylcholine is one of the primary excitatory
neurotransmitters within the peripheral chemoreceptor — the carotid body glomus cells (Nurse,
2010). However, the role of acetylcholine in the control of breathing in fish has received little
attention. There is evidence of presumptive cholinergic NECs localized to the gills in fish. In
zebrafish and mangrove rivulus, non-serotonergic NEC-like cells express the vesicular
acetylcholine transporter (Regan et al., 2011; Shakarchi et al., 2013), a protein that mediates
loading of acetylcholine into secretory vesicles, which may be used as a marker for cholinergic
cells (Prado et al., 2002). In the absence of further investigation, it is unclear whether these

cholinergic cells function as chemoreceptors.
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As for acetylcholine itself, there is evidence both for and against its role in the control of
breathing in fish. Early evidence for cholinergic influence of ventilation was demonstrated in
African lungfish (Protopterus aethiopicus), where intravenous administration of nicotine elicited
an increase in both pulmonary and branchial breathing (Johansen and Lenfant, 1968). Later,
afferent nerve activity from rainbow trout perfused first gill arch preparations was stimulated
markedly by acetylcholine or nicotine, while muscarine elicited only a moderate stimulation.
However, the muscarinic receptor antagonist atropine prevented the stimulation caused by
acetylcholine, nicotine, muscarine as well as hypoxia in the gill arch preparations (Burleson and
Milsom, 1995a). Intra-arterial injection of acetylcholine, nicotine or muscarine into rainbow trout
also caused an increase in ventilation through increases in both fy and opercular pressure, yet
atropine had no effect on these ventilation variables (Burleson and Milsom, 1995b). Similarly,
atropine also did not abolish the ventilatory responses to hypoxia and NaCN in channel catfish
(Burleson and Smatresk, 1990b). Moreover, intra-arterial injection of atropine did not attenuate
the increase in fv or opercular pressure in the Adriatic sturgeon (Acipenser naccarii) in response
to hypoxia or NaCN (McKenzie et al., 1995). More recently, the cholinergic control of breathing
was examined in zebrafish. Exogenous application of acetylcholine increased ventilation
frequency in late stage (14 — 21 dpf) larvae (Rahbar et al., 2016; Shakarchi et al., 2013) but not
in younger (10 — 12 dpf) larvae (Shakarchi et al., 2013), yet nicotine was able to irreversibly
increase fv in both stages (Jonz et al., 2015). The increase in ventilation caused by acetylcholine
was blocked by the nicotinic acetylcholine receptor antagonist hexamethonium (Shakarchi et al.,
2013) or high doses of atropine (Rahbar et al., 2016). Overall, the results of these studies suggest
that there may be a cholinergic control of breathing in fish, which possibly is mediated by the

nicotinic rather than the muscarinic acetylcholine receptors.
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1.3.4 Adenosine triphosphate (ATP)

ATP is a primary excitatory neurotransmitter within the carotid body in mammals (Nurse,
2010) that has received little attention in fish with respect to its role in the control of breathing.
In the few studies that examined the purinergic control of ventilation, it was shown that the
hyperventilatory response to hypoxia is inhibited by exogenous application of P2X3
purinoceptor antagonists and adenosine antagonists (Coe et al., 2017; Rahbar et al., 2016; Stecyk
and Farrell, 2006). Importantly, the exogenous administration of ATP-y-S, a broad-spectrum
purinoceptor agonist, elicited hyperventilation in zebrafish (Coe et al., 2017).
Immunohistochemical studies showed that P2X3 receptors are present in 5-HT-positive NECs of
zebrafish gill filaments, as well as in adjacent non-serotonergic cells, suggesting a paracrine role

for NEC P2X3 receptors in modulating neurotransmitter release in the gill (Rahbar et al., 2016).

More definitive evidence for the purinergic control of ventilation at the central level was
demonstrated using isolated brainstem preparations of the lamprey (Petromyzon marinus). ATP
caused a biphasic respiratory response that was related to ATP metabolism, because increases in
fictive respiratory frequency were evoked by the non-hydrolysable purinoceptor agonist ATP-y-
S, while observed decreases in fictive respiratory frequency were mimicked by the ATP
metabolite adenosine. These results suggest that in the brainstem, the determination of fictive
breathing is related, in part, by the balance between ATP- and adenosine-induced effects (Cinelli

etal., 2017).
1.3.5 Gaseous neurotransmitters (gasotransmitters)
Gasotransmitters including nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide

(H2S), are small membrane permeable biologically active gases produced endogenously that can
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act as potent intracellular signaling molecules to influence an array of diverse physiological
functions via autocrine, paracrine or neuroendocrine routes (Olson et al., 2012). The role of
gasotransmitters in the control of breathing was reviewed in detail by Perry et al. (2016), and

thus only a brief summary is provided here.

The formation of NO is catalyzed by nitric oxide synthase (NOS), of which two isoforms are
found in fish — neuronal NOS (nNOS) and inducible NOS [iNOS, (Perry et al., 2016). Of the two
isoforms, nNOS was localized to NECs of both Indian catfish [Heteropneustes fossilis, (Mauceri
et al., 1999)] and zebrafish (Porteus et al., 2015). In zebrafish larvae, NO produced via nNOS
contributes to the hyperventilatory response to hypoxia while in adult zebrafish, NO is inhibitory
and may contribute to hypoventilatory responses to hyperoxia (Porteus et al., 2015). Centrally,
nNOS is present in the brain regions involved in respiratory integration and rhythm generation of
zebrafish as early as 5 dpf (Holmquvist et al., 2000; Holmqyvist et al., 2004), but its function in the

central control of breathing has not yet been investigated.

Endogenous CO is produced largely by heme oxygenases (HO). Of the three heme
oxygenase isoforms (HO-1, HO-2 and HO-3) that are known to exist in mammals, only two have
been identified in fish; the inducible HO-1 and the constitutively expressed HO-2 (Perry et al.,
2016). Of the two isoforms, HO-1 was localized to a sub-population of NECs in larval zebrafish
(Tzaneva and Perry, 2016) and NECs of cold- but not warm- acclimated goldfish [Carassius
auratus, (Tzaneva and Perry, 2014)]. Similar to mammals where CO is an inhibitory gaseous
messenger in the carotid body (Prabhakar, 2012), inhibition of HO-1 in cold-acclimated goldfish
increased the ventilatory response to hypoxia (Tzaneva and Perry, 2014), and knockdown of HO-
1 in larval zebrafish significantly elevated fv under normoxic conditions, which was reduced by

the addition of exogenous CO (Tzaneva and Perry, 2016). These results suggest that the
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endogenous production of CO via HO-1 plays an inhibitory role in the control of ventilation in

fish.

The most recently discovered gasotransmitter, H>S (Wang, 2002), may play the most
important role in the sensing of Oz and the control of breathing. Biosynthesis of H2S is
predominantly mediated by the enzymes cystathionine B-synthase (CBS) and cystathionine -
lyase (CSE), both of which are expressed within the gills of rainbow trout. Homogenized trout
gills are able to produce H>S enzymatically, a reaction which is inhibited by O>. More
importantly, intrabuccal injection of H>S in unanesthetized trout increased fv and amplitude
similar to that of the hypoxic response (Olson et al., 2008). In zebrafish, CSE, but interestingly
not CBS, is co-localized in skin NECs of 4 dpf larvae, indicating that H»S is likely produced
endogenously (Porteus et al., 2014a). At this stage, larvae responded to exogenous H2S by
increasing ventilation; inhibiting the production of endogenous HsS either pharmacologically or
by knocking down CBS or CSE blunted or abolished the acute hypoxic ventilatory response
(Porteus et al., 2014a). Adult zebrafish also hyperventilated in response to exogenous H,S and as
in larvae, pharmacological inhibition of H.S production reduced the hypoxic hyperventilatory
response (Porteus et al., 2014a). In zebrafish NECs isolated from adult gill filaments, hypoxia or
H>S application produced a similar ~10-mV depolarization (Olson et al., 2008), These results are
consistent with findings in mammals where hypoxia evoked H>S production in the carotid body
glomus cells leads to increased cytosolic Ca®* and the secretion of catecholamines (Makarenko et

al., 2012; Peng et al., 2010).
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1.4 The hypoxic ventilatory response (HVR)

To date, all fish species studied exhibit a HVR when exposed to hypoxia (Perry et al.,
2009). This simple statement however does not do justice to the complexity of this response, as
the HVR is not just a simple increase of ventilation under the challenge of hypoxia. Depending
on the pattern, intensity and duration of the hypoxic stimuli, the patterns of the HVR may differ
greatly (Porteus et al., 2011; Powell et al., 1998). In fish, the temporal profiles of the HVR have
not been extensively studied, but in mammals exposed to a single, continuous hypoxia (ranging
from minutes to hours), the HVR appears as a biphasic response consisting of a short initial rise
in ventilation (augmentation phase) rapidly followed by a secondary roll-off or depression phase
(Bissonnette, 2000; Moss, 2000; Teppema and Dahan, 2010). The pattern of HVR also differs
slightly between neonatal and adult animals, with neonates exhibiting a small augmentation
phase compared to the depression phase, resulting in a lower baseline ventilation compared to
normoxia, while adults have a much greater augmentation phase and a smaller depression phase,
resulting in a new steady state of ventilation that is ~25-40% above the normoxic baseline when
under hypoxic conditions (Bissonnette, 2000; Moss, 2000; Teppema and Dahan, 2010). The
augmentation phase in mammals is mediated by peripheral chemoreceptors, as carotid body
denervation abolishes or greatly attenuates this response. However, the mechanisms mediating
the depression phase is much more controversial, with a time-dependent decrease in peripheral
chemoreceptor activity or sensitivity, impaired central integration of peripheral chemoreceptor
input, decreased metabolism, and active inhibition of central regions involved in ventilation by
inhibitory neurotransmitters all as possible mechanism (Bissonnette, 2000; Powell et al., 1998;

Teppema and Dahan, 2010). For a more comprehensive review of the mechanisms underlying
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both the augmentation and depression phase, the reader is referred to these reviews by

Bissonnette (2000) and Teppema and Dahan (2010).

The majority of studies examining the HVR in fish have focused on a single time point or
a few time points during hypoxia exposure and lacked the sensitivity to observe temporal
patterns of the HVR, particularly during the acute phase. Regardless, in general most species
increase total gill ventilation by increasing ventilation amplitude with small increases in fv when
exposed to hypoxia (Perry et al., 2009). Studies of prolonged hypoxia exposure (> 2 h) suggest
that the HVR of fish also may be biphasic, although the depression phase that occurs within 5-30
min of hypoxic exposure in mammals may take several hours to develop in bowfin[Amia calva,
(Porteus et al., 2011)]. Recently, studies from our lab have shown that the HVR in larval
zebrafish is biphasic under short term continuous hypoxia exposure (Mandic et al., 2019;
Zimmer et al., 2020). This interesting finding suggests that a complex network controlling
ventilation is likely well-developed at this stage, even though larval zebrafish (< 14 dpf) do not

possess developed gills and rely predominantly on cutaneous respiration (Rombough, 2002).

In adult fish, the HVR serves to minimise the negative consequences of hypoxia on
respiratory gas transfer. Under increased ventilation, the residence time of water flowing over the
gill lamellae is decreased, in turn decreasing the difference in PO2 between inspired and expired
water and serving to increase the water-to-blood PO- gradient and raising O diffusive
conductance (Perry et al., 2009; Perry and Gilmour, 2002). An important outcome of the HVR is
delaying the transition from aerobic to anaerobic metabolism during progressively severe
hypoxia. Interestingly, some larval fish species also exhibit a HVR (Burggren et al., 2016;
Holeton, 1971; Jonz and Nurse, 2005; McDonald and McMahon, 1977; Peterson, 1975). The

HVR in larvae is intriguing because at this stage of development, these fish possess undeveloped
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gills that contribute little to gas and ion exchange, in comparison to skin (Fu et al., 2010;
Rombough, 2002; Rombough and Ure, 1991; Wells and Pinder, 1996; Zimmer et al., 2014).
Thus, the physiological significance of the HVR and its temporal patterns in larval fish that rely
predominately on cutaneous gas transfer are areas deserving of further research; each is

addressed in Chapter 2.

1.5 Rationale and outline of the thesis

There is a general consensus that gill and skin NECs are the peripheral O
chemoreceptors in fish. Surprisingly, however, there is no evidence that either gill or skill NECs

are O sensitive in vivo, nor has a link been established between NEC activation and the HVR.

Research in piscine O2 chemoreception also has focused on identifying the neurotransmitters
involved in Oz sensing and signal transduction, with most studies using pharmalogical
activation/inhibition of various neurotransmitter receptors. An inherent downside of this
approach is that when measuring ventilation as an end-point, interpretation of the data is
confounded by the multiple possible sites of action of these drugs. With the recent advances in
genetic manipulation, especially Tol2 based transgenesis techniques and CRISPR/Cas9 based
knockout techniques (Zimmer et al., 2019), zebrafish is emerging as an important model species
to further examine piscine O2 chemoreception through gene editing. The main goal of my thesis
is to use genetically manipulated zebrafish larvae to demonstrate O sensitivity of peripheral O
chemoreceptors in vivo, identify potential neurotransmitters involved in O2 chemoreception by
examining cellular responses within a signaling network believed to contribute to the control of
breathing, and to establish a link between peripheral O, chemoreceptors and the HVR. However,

before proceeding, | needed to address questions regarding the physiological significance of O2
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chemoreception and the HVR in zebrafish larvae. Because the larvae rely predominately on
cutaneous gas transfer, the benefit of increasing water flow over the undeveloped gill is of
questionable value. Thus, my thesis is composed of three data chapters; Chapter 2 focuses on the
physiological significance of the HVR in larval zebrafish, Chapter 3 addresses the role of 5-HT
in Oz chemoreception/HVR, and Chapter 4 present in vivo evidence of O, chemoreception in
Merkel-like cells (MLCs), a newly proposed piscine peripheral O2> chemoreceptor. Chapter 5
attempts to synthesize the principles gained from these studies and proposes a model for piscine
O2 chemoreception, beginning with peripheral O, chemoreception and culminating in the HVR.
Where possible, | have tried to avoid repetition, but some duplication is unavoidable because this
thesis is composed partly of published manuscripts. This thesis provides valuable and novel

insights into piscine O2 chemoreception and offers additional directions for future research.
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CHAPTER 2. Evaluating the physiological significance of hypoxic hyperventilation in

larval zebrafish (Danio rerio)
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Abstract

In water-breathing fishes, the hypoxic ventilatory response (HVR) represents an increase
in water flow over the gills during exposure to lowered ambient Oz levels. The HVR is a critical
defense mechanism that serves to delay the negative consequences of hypoxia on aerobic
respiration. However, the physiological significance of the HVR in larval fishes is unclear as
they do not have a fully developed gill and rely primarily on cutaneous gas transfer. Using larval
zebrafish (4, 7, 10 and 15 days post fertilization; dpf), we examined their HVR under three levels
of hypoxia (25, 45 and 60 mmHg). The larvae exhibited widely different HVRs as a function of
developmental age and level of the hypoxia. Yet, critical O, tensions (Pcrit) remained constant (30
- 34 mmHg) over the same period of development. Micro-optrode O sensors were used to
measure a significant decrease in buccal cavity water O tensions in 4 and 7 dpf larvae compared
to the water they inspired, demonstrating significant extraction of O, from the buccal cavity. To
assess the physiological significance of the HVR, ventilatory water flow was prevented in larvae
at 4 and 7 dpf by embedding their heads in agar. An increase in Pcrit was observed in 7 but not 4
dpf larvae, suggesting that buccal ventilation is important for O, extraction by 7 dpf. Combined,
these data indicate that branchial/buccal gas transfer plays a significant role in O uptake during

hypoxia, and supports a physiological benefit of the HVR in early life stages of zebrafish.
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2.1 Introduction

The hypoxic ventilatory response (HVR) is a widely conserved physiological
phenomenon in fish exposed to lowered ambient water Oz tension (PO2). By increasing
ventilation frequency (fv) and/or ventilation amplitude, the vast majority of water-breathing
fishes studied to date exhibit an increase in the volume of water flowing over the gills when
exposed to hypoxia (Perry et al., 2009). By decreasing the residence time of water flowing over
the gill lamellae, an increase in ventilation volume serves to decrease the PO difference between
inspired and expired water, hence raising the average PO- of the ventilatory water and increasing
the water-to-blood PO, gradient (APO>). In addition to raising O diffusive conductance (O
uptake/APQ), the increased average ventilatory water PO minimizes the decline in arterial PO>
during hypoxia (Perry et al., 2009; Perry and Gilmour, 2002). Thus, hyperventilation during
hypoxia ultimately delays the transition from aerobic to anaerobic metabolism. A drawback of
the HVR is an increase in energy expenditure for ventilation, which is believed to be relatively
high even under normoxic conditions (Jones and Schwarzfeld, 1974; Steffensen, 1985). As water
PO: first begins to drop, ventilation rises to a maximal rate, and then decreases during the most
severe levels of hypoxia (Cerezo and Garc B Garc B, 2004; Scott et al., 2008) presumably at the
point where the cost of increasing ventilation exceeds the benefits to O transfer (Perry et al.,
2009).

Similar to adults, some larval fish species also hyperventilate in response to hypoxia
(Burggren et al., 2016; Holeton, 1971; Jonz and Nurse, 2005; McDonald and McMahon, 1977;
Peterson, 1975). The hyperventilatory response of larvae is intriguing because at this stage of

development, these fish possess undeveloped gills that contribute little to gas and ion exchange,
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in comparison to skin (Fu et al., 2010; Rombough, 2002; Rombough and Ure, 1991; Wells and
Pinder, 1996; Zimmer et al., 2014).

At the time of hatch, the gill of the rainbow trout (Oncorhynchus mykiss) larva possesses
filaments, with rudimentary lamellae developing soon after (Gonzalez et al., 1996; Morgan,
1974; Rombough, 1999). However, the gill of post-hatch trout larvae is not the primary site for
gas or ion transfer. Indeed, at hatch, the gill does not contribute to ammonia excretion (Zimmer
et al., 2014) and accounts for merely 10% of Na* uptake and approximately 20% of total O,
uptake (Fu et al., 2010; Zimmer et al., 2014). The gill does not become the primary site of O
uptake until 27 days post-hatch [dph, (Fu et al., 2010; Zimmer et al., 2014)]. Nonetheless, it is
clear that larval trout exhibit a HVR as early as 1 dph (Holeton, 1971). Similarly, in zebrafish
(Danio rerio), gill development does not occur until just after hatching [at 3 days post
fertilization (dpf) at 28 €], beginning with the appearance of gill filament primordia on the
pharyngeal arches, followed by the appearance of lamellae at 7 dpf (Jonz and Nurse, 2005;
Kimmel et al., 1995). Like trout, early larval zebrafish also do not utilize gills as a primary site
for O, uptake (Rombough, 2002). Based on the empirical relationship between skin surface area
per unit O uptake and body mass (Rombough, 2004) as well as the results of experiments that
prevented buccal water flow (Rombough, 2002), it was determined that gills are not required for
O uptake until 10 - 14 dpf. Yet, despite the gills not being the primary O uptake site in early
development, larval zebrafish initiate the HVR as early as 3 dpf (Jonz and Nurse, 2005).

Given the limited role of the larval gill in Oz uptake, the physiological significance of a
hyperventilatory response to hypoxia in larval fishes is unclear. It has been suggested, however,
that the development of the HVR before complete formation of the gill may act to ensure that

0O2-sensing pathways are functional by the time the larvae become dependent on branchial
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respiration (Jonz and Nurse, 2005). Because small larvae reside in a viscous environment (i.e.
low Reynolds number), fluid accelerated by ventilation rapidly decelerates between cycles,
potentially incurring a higher ventilation energy expenditure than in adult fish (Rombough,
1988). Thus, it is conceivable that increasing ventilation might decrease survival time in hypoxia
if the hyperventilatory response is of no physiological benefit. We therefore hypothesize that
zebrafish larvae can regulate the HVR depending on PO; levels, and that the HVR plays a
physiological role in maintaining Oz uptake in larval zebrafish. A first objective was to examine
the HVR at several development stages (4, 7, 10 and 15 dpf) and to determine whether the
dynamic characteristics of the HVR are related to critical Oz tension (Pcrit), the PO2 below which
the fish can no longer maintain a stable rate of Oz consumption [MO2, (Ultsch et al., 1978)]. A
second objective was to measure PO, within the buccal cavity of 4 and 7 dpf larvae to determine
whether O; is extracted from water in the buccal cavity. Lastly, we prevented larvae from

ventilating and observed whether the fish exhibited a reduced capacity for O, uptake.

2.2 Materials and Methods

2.2.1 Experimental animals

Zebrafish were obtained from in-house stock at the University of Ottawa aquatic care
facility. Fish were maintained at 28 <C under a 14 h:10 h light:dark cycle in dechloraminated city
of Ottawa tap water and fed to satiation twice daily. Adults were bred using breeding traps as per
standard methods (Westerfield, 2000) to obtain embryos. Briefly, one male and two females
were separated the night before breeding using a divider in 2 L breeding traps. Once lights turned
on the next day, water in the tank was changed and the dividers were removed allowing the

zebrafish to breed. Embryos were collected and reared initially in an incubator (28.5<C) in 50 ml
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Petri dishes containing dechloraminated city of Ottawa tap water and 0.05% Methylene Blue. At
5 days post fertilization (dpf), larvae were transferred to static 1 | tanks and fed once daily except
on the day of the experiment when food was withheld. Water was changed daily in the Petri
dishes and every other day in the static tanks. The larvae were raised in static tanks until 7, 10 or
15 dpf. All procedures for animal use and experimentation were carried out in compliance with
the University of Ottawa Animal Care and Veterinary Service guidelines under protocol BL-226
and adhered to the recommendations for animal use provided by the Canadian Council for
Animal Care.
2.2.2 Ventilation in developing larvae

The hypoxic ventilatory response, specifically ventilation frequency (fv), was measured
at 4, 7, 10 and 15 dpf during acute exposure to hypoxia (60, 45 or 25 mmHg). These
developmental stages were chosen based on the timing of the physical development of the gills,
as well as the development of O2-sensing pathways within the gills of zebrafish larvae. At 4 dpf,
gill filament primordia are present on the pharyngeal arches yet the putative O, chemoreceptors —
neuroepithelial cells (NECs) of the gill filaments — do not appear until 5 dpf (Jonz and Nurse,
2005). By 7 dpf, lamellae begin to form, and all NECs receive innervation (Jonz and Nurse,
2005) yet regular buccal movements are not observed until 8 dpf (Jonz and Nurse, 2005). Lastly,
the 15 dpf point was chosen as it is believed that gills become the dominant site of gas transfer at
14 dpf (Rombough, 2002). An individual larva was placed in a glass micro-capillary tube with an
inner diameter of 1 mm. Water containing 0.05 mg ml~* Tris-buffered (pH 7.6) MS-222 (ethyl-3-
aminobenzoate methanesulfonate salt, Syndel Laboratories, Nanaimo, Canada) maintained at
28.5 € was gravity-fed through the microcapillary tube at a rate of 1.6 — 1.8 ml min™. Tris-

buffered MS-222 was used to minimize the movement in larval zebrafish to facilitate fv analysis
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(Jonz and Nurse, 2005). Each larva was allowed to recover from handling in the chamber for 10
min in normoxic water (PO2 = 153 mmHg) prior to the start of the trial. During each trial, fv was
recorded by video for 5 min under normoxic conditions (baseline), followed by 15 min under
hypoxia and an additional 5 min after returning to normoxia. Videos were recorded using an
iPhone SE mounted onto a dissecting microscope (stereo trinocular microscope, AmScope,
Irvine, USA). Average fv was determined for each minute by counting either buccal or opercular
movements depending on the fish orientation in the chamber and the visibility of the mouth
and/or operculae. Each larval zebrafish was exposed to only one single level of hypoxia;
different animals were used for different levels of hypoxia.
2.2.3 Respirometry in developing larvae

Routine metabolic rate (RMR) and Pcrit were measured using closed system respirometry.
Larvae of the same developmental age were placed into individual respirometry wells (80 i for
4 and 7 dpf; 500 A for 10 and 15 dpf) using a 24-well glass microplate (Loligo Systems, Viborg,
Denmark) fitted with O2 sensor spots. The microplate was sealed with adhesive plate seals
(AB0580, ThermoFisher Scientific, Mississauga, Canada) and maintained at 29 <€ using a water
bath. The sealed microplate and water bath were attached to an Oz fluorescence sensor (SDR
SensorDish Reader, PreSens, Regensburg, Germany), and PO> levels were measured until they
plateaued, at which point the experiment was ended. Larval fish weights were obtained by
raising separate batches of fish to the same developmental age. Fish (n = 11-18) were pooled into
a single mini 5 pm cell strainer (pluriSelect, San Diego, USA) and excess water was removed by
centrifugation (100 x<g). Weights were measured using an analytical balance, and at least six
pooled weights were obtained for each developmental age and used in the following calculation

of MO (pmol gt hl):
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APO,; X a0, XV
02 = M

Where APOz is the slope of PO over time (mmHg h?), 0Oz is the solubility coefficient of O
(ol It mmHg™) in freshwater at 28 <C (Boutilier et al., 1984), V is the respirometer volume (1)
and M is the body mass of fish (g). The volume of the fish accounted for less than 0.4% of the
respirometer volume and thus was not considered to displace a significant volume in the
respirometer. Data were binned in 5 mmHg intervals. Metabolic rate was calculated as the
average MO before PO levels dropped below 90 mmHg. This cut-off was chosen because both
7 dpf larvae and adults do not hyperventilate when PO is above 90 mmHg (unpublished
observations; Vulesevic and Perry, 2006). Pcrit was calculated by the "broken-stick™ regression
approach, adopted from Yeager and Ultsch (1989). This approach estimates Pcit as the
intersection of the two linear regression lines that best fit the PO, versus MO plot and was
carried out using the REGRESS software (www.wfu.edu/~mudayja/software/02.exe). PO2 versus
MO plots and Peiit regression lines were inspected “blindly” by two researchers independently
for quality control, and only those that both researchers deemed to be valid traces were retained.
Traces that were excluded either did not have a stable oxy-regulatory phase in the PO2 versus
MO curve to fit a tightly fitted line or used less than 4 data points to fit the oxy-conforming
phase of the curve, indicating that the fit was likely driven by an outlier.

Respirometry was also conducted on 4 and 7 dpf larvae whose heads were embedded in
agar (applying an “agar helmet”) to prevent gill ventilation (Rombough, 2002). To apply the
agar, larvae were lightly anesthetised in 0.05 mg ml™ Tris-buffered MS-222. A larva was
transferred onto a glass slide and excess water around the larva was removed using a pipette. 1 —
2 ul of 2.5% low melting point agarose (ThermoFisher Scientific, Mississauga, Canada) was

applied to the head and was allowed to set before excess agar was trimmed off using a micro
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scalpel. Control fish were subjected to the same treatment excluding the application of agar. The
treated larvae were allowed to recover from anaesthesia and handling for 1 h before RMR and
Perit were measured as described above. To determine whether the agar might also be impeding
O: diffusion (in addition to preventing ventilatory water flow), a “proof of principle” experiment
was conducted in which RMR and Pcrit were compared in larvae with agar applied to the head
only and in larvae experiencing encasement of the whole body in agar. The results (data not
shown) demonstrated that RMR (P = 0.75, Mann-Whitney rank sum test) and Peit (P = 0.13,
Student’s t-test) did not differ in the two treatment groups suggesting that applying agar to the
head is a viable method of preventing ventilation without affecting cutaneous O uptake.
2.2.4 Visualization of buccal cavity water flow

Water flow through the buccal cavity of a ventilating 4 dpf larval zebrafish was
visualized by injecting 0.5% phenol red (Sigma-Aldrich, Oakville, Canada) solution in front of
the mouth. Video was recorded using an iPhone SE mounted onto a Nikon SMZ 1500 stereo
dissecting microscope (Nikon Instruments, Melville, USA).

2.2.5 Local Oz consumption within the buccal cavity

To test whether O3 is extracted from water upon passage through the buccal cavity of 4
and 7 dpf larval zebrafish, an O> micro-optrode technique was used. This system (Hughes et al.,
2019) consists of an O2-sensing fibre-optic micro-optrode (tip diameter = 20 jam) attached to a
detector system (Applicable Electronics, New Haven, USA), which was operated by custom
software (ASET-LV4; Science Wares, Falmouth, USA). Optrodes were calibrated with a “zero-
solution” containing 40 mg ml™* anyhydrous sodium sulfite dissolved in water in which
measurements were made and a well-aerated sample of water.

Larvae were anaesthetized with 0.3 mg ml? of Tris-buffered MS-222 to the point at
which ventilation ceased but heartbeat continued, and placed in a Petri dish containing water
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with the same anaesthetic level. Using a dissecting microscope (SMZ 1500; Nikon Instruments,
Melville, USA) the micro-optrodes were placed either directly in front of the mouth to obtain
PO, of the inspired water or into the mouth to obtain buccal cavity PO.. In both cases, optrodes
were left in place until a stable signal was achieved (usually within 3-5 min), after which PO
was measured every 10 s over 5 replicate measurements.

A separate experiment was designed to measure the PO, of the water leaving the buccal
cavity in a ventilating 7 dpf zebrafish. Larvae were exposed to a light anaesthetic dose (0.05 mg
ml? Tris-buffered MS-222) and to 10 pmol It L-Adrenaline (+)-bitartrate salt (Sigma-Aldrich,
Oakville, Canada) in the surrounding water (to stimulate ventilation) because the fish needed to
be ventilating in order to assess the ability of oxygen extraction through the buccal cavity. In the
absence of adrenaline, ventilation rates were too low (1-2 breaths min™*) under normoxic
conditions. Upon exposure to adrenaline, ventilation rates initially were high (~ 60 breaths min
1), but these rates eventually slowed (5-10 breaths min) at which point measurements were
made. Given that the cutaneous surfaces surrounding the opercula of larval zebrafish likely
contribute to O, uptake (Hughes et al., 2019), absolute expired PO could not be assessed.
Rather, the change in local PO2 behind the operculum that occurred following a breath was
assessed as a measure of O extraction capacity in ventilating 7 dpf larvae.

2.2.6 Statistical Analysis

Breathing frequencies of zebrafish expsosed to hypoxia were analyzed using Markov
chain Monte Carlo (MCMC) sampler for multivariate generalized linear models using
MCMCglmm package (Hadfield, 2010) in R (https://www.R-project.org/). In two of the models,
all fv measurements were fitted as dependent varaibles and either developmental age or PO, was

fitted as a fixed effect (fitted separately for each trait). In a separate model, fv measurements in

33



hypoxia were fitted as dependent variables and the last minute of the 5 min normoxia treatment
was fitted as a fixed effect. The model included an unstructured (co)variance matrix at the
residual level, using weakly informative inverse-Wishart priors with the scale parameter defined
as a diagonal matrix containing values of one and distribution parameters set to 0.001 for the
degrees of freedom. Posterior distributions were estimated from 13,000 MCMC iterations
sampled at 10 iteration intervals following an initial burn-in period of 3000 iterations. This
yielded effective samples sizes of 1000 for the parameters of interest. We inspected the 95%
highest posterior density (HPD) associated with each fixed effect estimate to check whether they
overlapped with zero. A 95% HPD interval contains most of the posterior distribution and is
analogous to a confidence interval (Cl) in the frequentist approach; a 95% HPD that overlaps 0
indicates that the effect does not differ significantly from zero. Thus, for each estimate associated
with the fixed effect we determined whether the 95% HPDs included or excluded zero. For
similar analysis see Mandic et al. (2019).

All other statistical analyses were carried out in Sigmaplot (Systat Software, USA).
Respirometry data were analyzed using one-way analysis of variance (ANOVA). Routine
metabolic rate data did not pass a normality test (Shapiro-Wilk test), thus the Kruskal-Wallis
ANOVA on ranks was used followed by Dunn’s post hoc test. Critical PO> data passed both
normality and equal variance tests (Levene’s test), thus ANOVA was performed on these data.
The difference between inspired and buccal cavity PO- in fish of the same developmental age
was compared using a paired t-test. For 4 dpf larvae, the data did not pass the normality test, and
thus a Wilcoxon signed rank test was used. Difference in APO2 between 4 and 7 dpf larvae was
compared using a Student’s t-test. Respirometry data for fish with and without agar were

analyzed by comparing only the difference in RMR or Pt between these two groups at the same
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developmental age. RMR data for 4 dpf larvae was analyzed using a Student's t-test. RMR data
for 7 dpf larvae, and Pcrit data for 4 and 7 dpf larvae either failed the normality or equal variance
test, and thus Mann-Whitney rank sum test was performed. Slopes of MO, versus PO before
Perit for each group in the agar experiment were tested against O for significance using a linear

regression. For all tests, significance was set at P < 0.05.

2.3 Results

2.3.1 Ventilation frequency, resting metabolic rate and critical Oz tension across
developmental age groups

For larvae at all developmental ages, exposure to hypoxia resulted in an increase in fy,
which returned to baseline levels within minutes when larvae were switched back to normoxic
conditions (Fig. 2.1; Fig. S2.1). However, the duration and intensity of hyperventilation were
determined by both developmental age and severity of the hypoxia. In 4 dpf larvae (Fig. 2.1A),
fv increased and remained significantly elevated during exposure to 25 mmHg hypoxia (Fig.
S2.1A), while the significant increase in fv was transient (5 — 10 min) when larvae were exposed
to either 45 or 60 mmHg hypoxia (Fig. S2.1B, C). By 7 dpf (Fig. 2.1B), fv increased and was
maintained elevated in larvae exposed to both 25 and 45 mmHg hypoxia (Fig. S2.1D, E), with
hyperventilation being transient for the first 10 min when exposed to 60 mmHg hypoxia only
(Fig. S2.1F). In both 10 (Fig. 2.1C) and 15 dpf larvae (Fig. 2.1D), fv increased and remained
elevated at all three hypoxia levels tested (Fig. S2.1G-L). Interestingly, fv decreased to below
baseline levels in 15 dpf larvae when returned back to normoxia (Fig. S2.1J-L). Comparing
larvae of the same developmental age, exposure to 25 mmHg resulted in a significantly higher fv

than in the 45 or 60 mmHg exposures at all developmental ages (Fig. S2.2A, C-D, F-G, I-J, L).
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At 4 and 7 dpf, 45 and 60 mmHg exposure resulted in the same extent of increase in fy (Fig.
S2.2B, E), but by 10 and 15 dpf, 45 mmHg exposure resulted in a significantly greater increase
of fv compared to 60 mmHg exposure (Fig. S2.2H, K). For larvae at different development ages
exposed to the same level of hypoxia, there was a general trend for the maximum fy to increase
as the larvae developed (Fig. S2.3).

Oxygen consumption was measured at developmental ages matching those of larvae in
the ventilation experiment (Fig. 2.2A). Routine metabolic rate was significantly lower in 7 dpf
larvae compared to the other developmental ages (Fig. 2.2B), but Pcit was the same across all
developmental ages (30 - 34 mmHg, Fig. 2.2C).

2.3.2 Buccal cavity PO2

At 4 dpf, larvae were able to inspire water through the mouth and expire water from their
operculae (Fig. 2.3). Larvae at 4 and 7 dpf were able to extract Oz in the buccal cavity (Fig. 2.4).
Buccal cavity PO, was significantly lower than inspired PO in both 4 and 7 dpf larvae, however
the younger larvae showed a significantly greater difference between inspired and buccal cavity
PO:2 (Fig. 2.4B). True expired water PO> could not be assessed, thus the local changes in PO>
behind the operculum that occurred following a breath were assessed in ventilating 7 dpf larvae,
showing a decrease after each breath when fy was between 5-10 breaths min (see representative
trace, Fig. 2.4C).

2.3.3 The effects of blocking ventilation on resting metabolic rate and critical Oz tension

MO, was measured in 4 and 7 dpf larvae that were prevented from ventilating by
applying an agar helmet to the head (Fig. 2.5). At 4 dpf, larvae showed a significantly lower
RMR (Fig. 2.5C) when ventilation was blocked compared to larvae that were able to ventilate,

yet Perit (Fig. 2.5D) was not different between the two treatment groups. On the other hand, RMR
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(Fig. 2.5C) was not different in 7 dpf larvae between the ventilating and non-ventilating larvae,
but Perit (Fig. 2.5D) was significantly higher for larvae that were unable to hyperventilate. MO
increased as water PO; levels gradually decreased to Pcit for ventilating larvae of both
developmental ages; the slopes (4 dpf: -0.12, 7 dpf: -0.13) were significantly lower than zero (P
< 0.0001 for both 4 and 7 dpf). However, MO remained constant until Pt for larvae that were
unable to ventilate; the slopes (4 dpf: -0.03, 7 dpf: 0.01) were not significantly different from

zero (4 dpf: P =0.15, 7 dpf: P = 0.58, Fig. 2.5A, B).
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2.4 Tables and Figures

Figure 2.1. The interactive effects of hypoxia and developmental age on ventilation
frequency (fv) in larval zebrafish. Larvae [n = 9 for 7 days post fertilization (dpf) exposed to
60 mmHg; n = 17 for 4 dpf exposed to 45 mmHg; n = 10 for all other groups] at (A) 4 dpf, (B) 7
dpf, (C) 10 dpf and (D) 15 dpf exposed to 5 min normoxia (153 mmHg) followed by 15 min of
hypoxia at either 60 mmHg (black triangles), 45 mmHg (grey squares), or 25 mmHg (unfilled
circles) and subsequently returned to normoxia for 5 min. Vertical dashed lines represent
delineations between normoxia, hypoxia and normoxic recovery. Data are presented as means =+
s.e.m. Traces were analyzed using Markov chain Monte Carlo sampler for multivariate

generalized linear models, and the statistical analysis can be found in Figs. S1-S5.
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Figure 2.2. Respirometry data for 4, 7, 10 and 15 days post fertilization (dpf) larvae. (A)
Water oxygen tension (PO2) versus oxygen consumption rate (MO) for 4 dpf (black diamonds, n
= 14), 7 dpf (grey squares, n = 12), 10 dpf (grey triangles, n = 10), and 15 dpf (unfilled circles, n
= 12) larvae. (B) Routine metabolic rate (RMR) and (C) critical oxygen tension (Pcit) data were
calculated from the PO versus MO, plot. Data are presented as means =s.e.m. Values with

different letters are significantly different (P < 0.05).
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Figure 2.3. Image sequence of 4 days post fertilization (dpf) zebrafish larva inspiring water
from the mouth and expiring water out of the operculae. Concentrated phenol red solution
was injected at the mouth (A), and was inspired by the ventilating larva (B, C). The phenol red
solution was ejected during “coughing” (D) and reabsorbed into the buccal cavity (E), prior to

exiting the operculae (F). The white line represents the front of the phenol red solution.
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Figure 2.4. Water O2 tensions (PO2) levels measured at the head region of larval zebrafish
using micro-optrodes. (A) Inspired PO> was measured at position 1, buccal cavity PO> was
measured just above the gill basket shown in position 2, and expired PO, was measured at
position 3. (B) Inspired (grey) and buccal cavity (white) PO levels measured in 4 days post
fertilization [dpf, (n = 9)] and 7 dpf (n= 8) larvae, as well as the APO> between the two groups.
Data are presented as means =s.e.m. Asterisks represent the level of significance. (* P < 0.05, **
P <0.01, *** P <0.001). (C) Representative trace of expired PO levels measured at position 3

in a 7 dpf larva. Arrows represent distinct breaths.
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Figure 2.5. Respirometry data for agar helmet versus non-agar helmet treated larvae.
Water O, tension (PO2) versus O, consumption (MO) for agar helmet treated larvae (unfilled
symbols) and non-agar helmet treated larvae (filled symbols) in (A) 4 days post fertilization [dpf,
(n =13 for no agar larvae, n = 11 for agar helmet larvae)] and (B) 7 dpf (n = 17 for no agar
larvae, n = 11 for agar helmet larvae) zebrafish. Arrows indicate the critical O, tension (Pcrit) for
each treatment. (C) Routine metabolic rate (RMR) and (D) Pcrit data were calculated from the
PO, versus MO plots. Data are presented as means =+s.e.m. Asterisks represent the level of

significance. (* P < 0.05, ** P < 0.01, *** P <0.001).
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2.5 Discussion

The goals of this study were to determine whether larval zebrafish can regulate their
HVR and whether this physiological response is beneficial. Based on previous studies, it is
known that the gills are not the primary site of O; uptake in early larval stages of fishes (Fu et al.,
2010; Rombough, 2002; Rombough and Ure, 1991; Wells and Pinder, 1996; Zimmer et al.,
2014), leading to the question of why larval fishes hyperventilate in response to hypoxia. The
results of this study clearly show that larval zebrafish are not only able to regulate their HVR, but
also rely on it to maintain O uptake under hypoxic conditions as early as 7 dpf.

Depending on species, the HVR consists of an increase in fy or ventilation amplitude, or
both, to increase the volume of water flowing over the gills (Perry et al., 2009). In this study, we
focused on fv because adult zebrafish increase fv, but not ventilation amplitude, during hypoxia
(Vulesevic et al., 2006) and there is currently no reliable method for measuring ventilation
amplitude in larval zebrafish. The results of the present study demonstrate that larval zebrafish
are not only able to hyperventilate during hypoxia as early as 4 dpf, as has been previously
reported (Jonz and Nurse, 2005; Mandic et al., 2019), but that they are also able to modify the
magnitude and the duration of the HVR based on the level of hypoxia imposed and the
developmental age. In 4 and 7 dpf larvae exposed to mild hypoxia (60 mmHg), the increase in fv
was transient, decreasing back to baseline levels after 5-10 min. It is possible that up to 7 dpf,
cutaneous respiration is sufficient to meet metabolic demands, even in mild hypoxic conditions,
and thus sustained hyperventilation is avoided as ventilation itself is an energetically costly
response (Jones and Schwarzfeld, 1974; Steffensen, 1985). Alternatively, the return of fy to
baseline levels could reflect a gradual desensitization of the oxygen chemoreceptors — NECs. In

zebrafish larvae, NECs are located on the skin (Coccimiglio and Jonz, 2012) and gill filament
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primordia (Jonz and Nurse, 2005), but NECs on the gill filament primordia are not innervated
until 7 dpf (Jonz and Nurse, 2005). It is possible that gill NECs are able to sense internal and
external PO> levels owing to their location within a permeable epithelium between the
respiratory water flow and the arterial blood supply, whereas NECs on the skin are more likely to
sense external POz levels only (Jonz et al., 2004). Thus, it is possible that the increase in fy arises
from the skin NECs sensing a change in ambient PO> and that under mild hypoxia the fall in
blood PO is not severe enough to provide additional sensory input required to sustain the HVR.
Therefore, NECs are speculated to gradually desensitize and fy returns to baseline levels.

Although fv was significantly elevated throughout the duration of hypoxia in 10 and 15
dpf larvae, the greatest increase in fv occurred in the first 5 min of exposure. When returned to
normoxia, fv of 15 dpf larvae dropped to below baseline levels. This post-hypoxic
hypoventilation is characteristic of short term depression within the hypoxic ventilatory time
domain, whereby a transient overshoot in fv is observed at the onset of hypoxic stimulation, or a
transient undershoot in fyv at the termination of hypoxic stimulation, that lasts seconds to minutes
(Powell et al., 1998), and has been observed in adult fish species (Maxime et al., 1995) though
the specific mechanism is unclear. In mouse however, the short term depression is likely
associated with an inhibition of fv rather than a decrease in responsiveness to the hypoxic
stimulus (Hayashi et al., 1993). Thus we suggest that larval zebrafish also exhibit a high level of
ventilatory control, being able to initiate a hyperventilatory response of variable magnitude and
duration with the possibility of inhibitory and excitatory inputs simultaneously regulating the
overall ventilatory response.

Although larvae at different development ages initiate slightly different hyperventilatory

responses, their RMR and Pcrit are the same, with the exception of a lower RMR in 7 dpf larvae.
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Rombough and Drader (2009) reported a similar phenomenon in zebrafish in which RMR was
lower in 7 dpf larvae compared to 5 and 14 dpf larvae. Similarly, it was observed that RMR
decreased between 5 and 7 dpf in zebrafish (Grillitsch et al., 2005). Complete yolk sac
absorption occurs at 5 dpf in zebrafish (Kimmel et al., 1995), while respiratory lamellae do not
appear until 7 dpf (Jonz and Nurse, 2005). The yolk sac epithelium can serve as a respiratory
tissue, contributing up to 33% of O uptake (Rombough, 1998; Wells and Pinder, 1996). Thus, a
drop in RMR at 7 dpf could reflect a decreased ability for cutaneous Oz uptake, at a time when
branchial O transfer is not yet fully functional.

Critical PO2 was constant across the four developmental ages, indicating that differences
in the temporal dynamics of the HVR were not correlated with Pit. In larvae at 4 dpf, the HVR
was sustained for the duration of exposure only at the most severe level of hypoxia (25 mm Hg)
or below Pcrit. With increasing age, the larval HVR was sustained for the duration of exposure at
higher and higher PO values compared to Pcrit. This finding suggests that at 4 dpf, the
hyperventilatory response is not necessary and that cutaneous respiration, alone, is likely
sufficient to meet Oz demand. It is interesting that the HVR is not sustained in 4 and 7 dpf until
external PO levels fall near to Pcrit, because at this point MO; is already under decline,
questioning the physiological benefit of hyperventilation as it no longer delays the transition
from aerobic to anaerobic metabolism. However, from 10 to 15 dpf, the hyperventilatory
response begins to play a greater role at external PO> levels well above Pcit, arguably
contributing more to total O uptake. The fact that the HVR was sustained at higher PO2s with
increasing developmental age (10 -15 dpf) presumably reflects the inability of cutaneous O2

uptake to meet metabolic demands in the older larvae.
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We presented direct evidence that larvae as young as 4 dpf were able to inspire water into
the buccal cavity and extract O, prior to the expired water exiting the operculae. The decrease in
buccal cavity PO, compared to inspired water, as well as a fall in PO at the operculae where
water is expired following each breath clearly demonstrated that O, was being removed from the
ventilatory water. The effect of water residence time within the buccal cavity was assessed by
examining the relationship between inter-breath duration and the relative change in local PO; at
the operculum following a breath. The decrease in PO, was positively correlated with the water
residence time within the buccal cavity, with water residence time contributing to 13% of the
observed variation (data not shown). It should be noted that with the experimental design, it was
not possible to determine whether the decline in buccal cavity PO, was caused by localized O>
consumption or by the movement of O into the blood to be transported throughout the body.

In addition to showing that O2 can be extracted in the buccal cavity of 4 and 7 dpf larvae,
we also examined the physiological importance of buccal cavity O, extraction by preventing
ventilation. In 4 dpf larvae, blocking ventilation by applying an agar helmet resulted in a
decrease in RMR yet Pit remained the same. This decrease in RMR was unlikely caused by the
agar impeding cutaneous gas exchange, as agar itself is highly porous to water and there was no
difference in RMR in fish fully encased in agar and fish with agar covering the head only (data
not shown). As larvae with agar helmets were still able to move their fins, it is also unlikely that
this decrease in RMR can be attributed to less water being ventilated across their cutaneous
respiratory surfaces. This decrease in RMR may have resulted from reduced movement, as fish
with agar helmets swam less. However, given that the Pcrit is the same between 4 dpf larvae that
can and cannot ventilate, it is likely that cutaneous respiration alone is able to satisfy their

metabolic demands. These data suggest that the HVR does not have a physiological benefit in
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zebrafish larvae at 4 dpf. Thus, as previously hypothesized, the HVR may be an innate response
in 4 dpf larvae, acting to ensure that O,-sensing pathways are functional by the time the larvae
become dependent on branchial respiration (Jonz and Nurse, 2005). However, this is clearly not
the case in 7 dpf larvae, because Pcrit was significantly higher in fish that were unable to
hyperventilate, suggesting that hyperventilation is aiding O2 uptake during hypoxia. This result is
surprising, considering that 4 dpf have a lower PO within their buccal cavity compared to 7 dpf
larvae. However, it should be noted that for the micro-optrode experiment design, it was not
possible to determine whether the decline in buccal cavity PO, was caused by localized O
consumption or by the movement of O into the blood to be transported throughout the body.
Thus, a possible explanation is that protein turnover (related to gill development) is higher in the
4 dpf larvae, resulting in a greater proportion of regional O, consumption, as gills have been
shown to be a sink for Oz in larval trout immediately after hatch (Rombough, 1992).
Alternatively, the gills or buccal cavity of 7 dpf larvae may be more highly vascularized than in 4
dpf larvae, resulting in more blood containing O> that was extracted from cutaneous sites of gas
exchange supplying the buccal/branchial vasculature of 7 dpf larvae. This would potentially
reduce Oy extraction from the water in 7 dpf compared to 4 dpf larvae. This lower PO within the
buccal cavity of 4 dpf larvae also does not contradict the idea that hyperventilation is beneficial
at 7 dpf but not necessarily at 4 dpf, because all O> measurements were conducted under
normoxic conditions owing to limitations of the experimental set up. Potentially in normoxia,
cutaneous O uptake alone is able to satisfy O> demands in 7 dpf larvae as well. But under
hypoxic conditions, O uptake through the buccal cavity plays a more important role.

In conclusion, the current study demonstrated that larval zebrafish are able to regulate

their HVR and that by 7 dpf, this response significantly contributes to overall O, uptake under
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hypoxic conditions. This finding suggests that hyperventilation and branchial respiration are of
physiological benefit in larvae as early as 7 dpf and thus is in contrast with previous conclusions
that cutaneous respiration, alone, provides sufficient O2 to meet respiratory demands of early
stage larvae (Rombough, 2002; Rombough, 2007). These previous studies, however, examined
the partitioning of cutaneous versus branchial O uptake under normoxia. Similar to the finding
of Rombough and Drader (2009) that hemoglobin enhances O, uptake in larval zebrafish only in
hypoxia, it is possible that branchial respiration and hyperventilation play a significant role in

zebrafish larvae but only in hypoxia.
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2.6 Supplementary Figures

Figure S2.1. The average differences in fv (delta fi/) between normoxia and hypoxia, and
normoxia and recovery in larval zebrafish (data based on Figure 1). Larvae at 4 days post
fertilization [dpf, (A-C)], 7 dpf (D-F), 10 dpf (G-I) and 15 dpf (J-L) were exposed to 25 mmHg
(A,D,G,J), 45 mmHg (B,E,H,K) and 60 mmHg (C,F,l,L). Estimates are presented with 95%
credible interval based on Bayesian analysis. Each point represents the mode and the 95% CI of
the posterior distribution associated with the difference in fv of hypoxia and recovery relative to
normoxia. Shown are mode (filled squares) and 95% CI (black lines) of the posterior

distribution. Data are significant if the 95% CI do not intersect zero (dotted horizontal line).
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Figure S2.2. The average difference in fv (delta fv) in larvae at 25 and 45 mmHg relative to
60 mmHg and at 25 mmHg relative to 45 mmHg (data based on Figure 1). The larvae are
compared at normoxia (5 min), hypoxia (15 min) and recovery (5 min) at 4 days post fertilization
[dpf, (A,B,C)], 7 dpf (D,E,F), 10 dpf (G,H,I) and 15 dpf (J,K,L). Estimates are presented with
95% credible interval based on Bayesian analysis. Each point represents the mode and the 95%
Cl of the posterior distribution associated with the difference in fv of larvae either at 25 mmHg
or 45 mmHg relative to 60 mmHg, or 25 mmHg relative to 45 mmHg larvae. Shown are mode
(filled squares) and 95% CI (black lines) of the posterior distribution. Data are significant if the

95% CI do not intersect zero (dotted horizontal line).
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Figure S2.3. The average difference in fv (delta fv) in larvae at 7, 10 and 15 days post
fertilization (dpf) relative to 4 dpf, at 10 and 15 dpf relative to 7 dpf, and at 10 dpf relative
to 15 dpf (data based on Figure 1). The larvae are compared at normoxia (5 min), hypoxia (15
min) and recovery (5 min) at 25 mmHg (A-C,J-L), 45 mmHg (D-F, M-0) and 60 mmHg (G-I1,P-
R). Estimates are presented with 95% credible interval based on Bayesian analysis. Each point
represents the mode and the 95% CI of the posterior distribution associated with the difference in
fv of larvae at different developmental stages relative to 4, 7 or 10 dpf larvae. Shown are mode
(filled squares) and 95% CI (black lines) of the posterior distribution. Data are significant if the

95% CI do not intersect zero (dotted horizontal line).
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CHAPTER 3. Disruption of tph1 genes demonstrates the importance of serotonin in
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Abstract

Serotonergic neuroepithelial cells (NECs) in larval zebrafish are believed to be O>
chemoreceptors. Serotonin (5-HT) within these NECs has been implicated as a neurotransmitter
mediating the hypoxic ventilatory response (HVR). Here, we use knockout approaches to discern
the role of 5-HT in regulating the HVR by targeting the rate limiting enzyme for 5-HT synthesis,
tryptophan hydroxylase (Tph). Using transgenic lines, we determined that Tphla is expressed in
skin and pharyngeal arch NECs, as well as in pharyngeal arch Merkel-like cells (MLCs),
whereas Tphlb is expressed predominately in MLCs. Knocking out the two tphl paralogs
resulted in similar changes in detectable serotonergic cell density between the two mutants, yet
their responses to hypoxia (35 mmHg) were different. Larvae lacking Tphla (tphla”’ mutants)
displayed a higher ventilation rate when exposed to hypoxia compared to wild-types, whereas
tph1b” mutants exhibited a lower ventilation rate suggesting that 5-HT located in locations other

than NECs, may play a dominant role in regulating the HVR.
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3.1 Introduction

The ability to sense O levels in the environment to initiate physiological responses (e.g.
ventilatory adjustments) aimed at maintaining O> homeostasis is a fundamental requirement for
the survival of multicellular organisms. In adult mammals, O chemoreception is mediated by
peripheral chemoreceptor cells (type I or glomus cells) residing in the carotid body (Nurse,
2010). Upon exposure to hypoxia, K* channels are inhibited in type I cells leading to, or
facilitating, membrane depolarization, Ca?* entry through voltage-gated channels and

neurosecretion to initiate downstream responses including hyperventilation (Nurse, 2010).

In teleost fish, the functional analogs of the peripheral respiratory chemoreceptors of
mammals are termed neuroepithelial cells [NECs, (Jonz and Nurse, 2009; Milsom and Burleson,
2007)]. The NECs of the adult gill are characterized by an abundance of dense-cored vesicles
containing serotonin [5-HT, (Dunel-Erb et al., 1982; Jonz et al., 2004)]. Serotonergic NECs also
are found on the skin of larval fish, where they are thought to play an important role in O
chemoreception before the maturation of gill NECs (Coccimiglio and Jonz, 2012). Similar to
carotid body type I cells, isolated gill NECs respond to acute hypoxia with K* channel inhibition,
membrane depolarization, a rise in intracellular Ca?* levels and increased synaptic vesicle
activity (Burleson et al., 2006; Jonz et al., 2004; Qin et al., 2010; Zachar et al., 2017). However,
unlike type I cells that contain multiple putative neurotransmitters within the same cell, including
5-HT, catecholamines and acetylcholine, most NECs contain predominantly 5-HT (Porteus et al.,
2013). Thus in fish, 5-HT is speculated to be an important neurochemical in O2 chemoreception

and for mediating the hypoxic ventilatory response (HVR) initiated by O, chemoreceptors.

62



The earliest studies examining the role of 5-HT in O, chemoreception and the regulation
of ventilation demonstrated that in both the spiny dogfish [Squalus acanthias, (Poole and
Satchell, 1979)] and rainbow trout [Oncorhynchus mykiss, (Burleson and Milsom, 1995a)],
addition of 5-HT to the perfusion media activated afferent nerve fibers of the gill filaments.
Subsequent studies reported that application of 5-HT via intra-arterial injections or bathing in 5-
HT solutions caused increases in ventilation or aquatic surface respiration in several species
including rainbow trout (Burleson and Milsom, 1995b; Fritsche et al., 1992), European eel
[Anguilla Anguilla, (Janvier et al., 1996)], toadfish [Opsanus beta, (McDonald et al., 2010)], and
zebrafish [Danio rerio, (Abdallah et al., 2015b; Shakarchi et al., 2013)]. Although these studies
demonstrated a potential overall role for 5-HT in Oz chemoreception and the control of
breathing, they could not distinguish the effects mediated by 5-HT released from peripheral
NECs versus 5-HT acting at one or more upstream or downstream locations. To address this
issue directly, Kermorgant et al. (2014a) injected 5-HT into the brain of rainbow trout and
observed a potent stimulatory effect on ventilation. Similar increases in ventilation were
observed when fluoxetine, a selective 5-HT reuptake inhibitor, was injected into the brain
(Kermorgant et al., 2014b). Despite these previous studies, the exact sites at which 5-HT acts to
stimulate ventilation remain unknown. To date, all evidence is indirect, either showing 5-HT
containing cells in gills and skin of fish, or demonstrating ventilatory responses to exogenous 5-
HT. The absence of definitive data, in part, reflects the technical challenges associated with
blocking/activating site-specific 5-HT receptors. However, with the recent advances in genetic
manipulation techniques such as CRISPR knockout (Chang et al., 2013; Hwang et al., 2013;
Zimmer et al., 2019), new approaches are available to address these questions in zebrafish, an

amenable model species.
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The first and rate-limiting step in the biosynthesis of 5-HT is catalyzed by tryptophan
hydroxylase (Tph), and thus Tph is often used as a marker for 5-HT synthesis and serotoninergic
activity. In zebrafish, three paralogs of tph genes are present; tphla, tphlb and tph2. All three
paralogs are expressed in the central nervous system [CNS, (Lillesaar, 2011)], while data on the
peripheral expression of the three paralogs is scarce, with some data suggesting that tph1b is
expressed in Merkel-like cells (MLCs) at the base of taste bud cells (Kapsimali et al., 2011;
Soulika et al., 2016). In mammals, tph2 is the neuronal-specific enzyme that controls brain 5-HT
synthesis whereas tph1 is responsible for peripheral, non-neuronal 5-HT synthesis (CGéet al.,
2003; Zhang et al., 2006). In this study we chose to examine the peripheral expression of tphla
and tphlb to determine whether either gene is responsible for 5-HT presence in NECs. In
addition, we generated/obtained tphla and tphlb knockout zebrafish to examine the effects of 5-

HT originating from the different paralogs, on ventilation.

3.2 Materials and Methods

3.2.1 Experimental Animals

Adult zebrafish, Danio rerio (F. Hamilton 1822), were housed in 10 | polycarbonate tanks
in a recirculating aquatic system (Aquatic Habitats, Apopka, FL, USA). Fish were maintained at
28<C under a 14 h:10 h light:dark cycle in dechloraminated city of Ottawa tap water and fed to
satiation twice a day. Wild-type (WT) zebrafish were obtained from in-house stock at the
University of Ottawa aquatic care facility. The Tg(tphla:mCherry) transgenic line and tphla™”
mutant line were generated in house as described below. The Tg(tphlb:mCherry) line was

obtained courtesy of Dr. Marika Kapsimali of IBENS, France (Soulika et al., 2016), and the
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tph1b” mutant line was obtained courtesy of Dr. Joanna Yeh of Harvard University. The tphla”
b’ line (knock out of both tphla and tph1b genes) was generated by cross breeding the tphla”
and tph1b™" fish followed by inbreeding the F1 generation. Embryos from all genotypes were
obtained using standard protocols (Westerfield, 2000). Embryos were collected and reared in 50
ml Petri dishes containing E3 medium (in mM: 5 NaCl, 0.17 KCI, 0.33 MgSOs, 0.33 CaCl,, and
0.1% methylene blue) in an incubator maintained at 28.5<C. For larvae that were raised beyond 5
dpf, they were transferred to static 1 | tanks on day 5 and fed daily. Water was changed daily in
the Petri dishes and every alternate day in the static tanks. All procedures for animal use and
experimentation were carried out in compliance with the University of Ottawa Animal Care and
Veterinary Service guidelines under protocol BL-226 and adhered to the recommendations for

animal use provided by the Canadian Council for Animal Care.
3.2.2 Generation of Tg(tphla:mCherry) zebrafish

A 5 kb element immediately upstream of the tphla gene was PCR amplified using Q5
high-fidelity DNA polymerase (NEB, Cat#: M0491S) (Fwd: 5°-
CTCAGGCTGCAATTGGGAGA-3’, Rev: 5’-GAGACTCTGCGCTTGGCTAT-3) and cloned
into a Tol2-mCherry expression vector containing the myl7:egfp heart-specific transgenesis
marker in the reverse orientation using restriction cloning. Transposase mMRNA was synthesized
from linearized transposase plasmid courtesy of Dr. Marc Ekker (University of Ottawa) using
MMESSAGE mMACHINE SP6 kit (Invitrogen, Cat#: AM1340). To generate founder transgenic
fish, one-cell-stage WT embryos were injected with ~1 nl of 100 ng/jd tol2-tphla promoter
plasmid and 200 ng/pA transposase mMRNA and screened for cardiac GFP expression at 2 dpf.
Founders with cardiac GFP expression were raised to adults and crossed with WTSs to screen for

embryos expressing mCherry to establish the line.
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3.2.3 Generation of tphla’ mutant zebrafish

Expression of tphla was knocked out using CRISPR/Cas9. The guide sequence of the

SgRNA was designed using CHOPCHOP (https://chopchop.cbu.uib.no/) and was specific to a

region of exon 2 of tphla (GGCTGCGGTTGTGTTTTCCC). The sgRNA was synthesized using
a cloning-free method described previously (Talbot and Amacher, 2014). Cas9 mRNA was
synthesized from zebrafish codon-optimized Cas9 (Jao et al., 2013) using MMESSAGE
MMACHINE SP6 kit (Invitrogen, Cat#: AM1340). One-cell-stage WT embryos were injected
with ~1 nl of injection solution containing 150 pg Cas9 mRNA, 50 pg of sgRNA, and 0.01%
phenol red suspended in Danieau buffer (in mM: 58 NaCl, 0.7 KCI, 0.4 MgSOa, 0.6 Ca(NO3)>,
and 5.0 Hepes; pH 7.6). Embryos were reared to sexual maturity (60-90 dpf) and mutants in this
adult FO population were identified through DNA extraction of fin clips and Sanger Sequencing
(Genome Quebec, McGill University, Montreal, Canada). Two mutant lines were established

using founders carrying a 7-bp or 38-bp deletion.
3.2.4 Real-time PCR

Real-time PCR was performed to assess the expression of tph genes in 4 dpf WT, tphla™,
tph1b’ and tphla’b” zebrafish. Larvae were killed by chilling in an ice bath and 20 individuals
were homogenized via sonication in 0.5 ml Trizol (Invitrogen, Cat#: 15596018). RNA was
extracted from these homogenates following the manufacturer's protocol. RNA concentration
was determined using NanoDrop™ 2000 spectrophotometer (Thermo Scientific) and RNA
quality was verified using gel electrophoresis and qualitative assessment of the relative
intensities of the 28 and 18s ribosomal RNA bands. RNA was treated with DNasel (Invitrogen,
Cat#: 18068015) prior to cDNA synthesis from 0.5 g total RNA using iScript cDNA synthesis

kit (Bio-Rad, Cat#: 1708890). Real-time PCR was performed in 10 i reactions containing 5 i
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SsoFast EvaGreen supermix (Bio-Rad, Cat#: 1725201), 500 nmol/l forward and reverse primers
(Table S3.1) and 4 i cDNA template. Controls (no template added) were run in every assay and
non-reverse transcribed samples were run for every primer pair. Reaction efficiency for all
primer pairs was between 90% and 110%. Final data were normalized to total RNA input rather
than reference genes, because reference gene expression levels may be unstable in developing

larvae of the different genotypes (Hu et al., 2016).
3.2.55-HT Elisa

Whole body 5-HT levels were determined using serotonin research ELISA kits (ALPCO,
Cat#: 17-SERHU-E01-RES). 4 dpf WT, tphla™, tph1b” and tphla’b” zebrafish were
euthanized in ice cold system water and severed just anterior to the yolk sac to separate the
larvae into a head and a body region. Samples were prepared by homogenizing 10 heads or
bodies in 20 il of homogenizing solution (0.01 M HCI, 1 mM EDTA, 4 mM sodium
metabisulfite supplemented with 1% stabilizing agent from Elisa kit). The homogenate was
centrifuged at 10,000 x g for 10 min at 4<€ and 10 A supernatant was collected and diluted in
490 [ of diluent from the Elisa kit. Each sample was stored at -80 € until performance of the

assays following the user’s manual.
3.2.6 Antisense morpholino injection

Zebrafish embryos were injected at the border of the cell and yolk at the one cell stage
with an antisense oligonucleotide (Gene Tools, LLC) designed to bind to the translation start site
of tphla (5-TCGAGTACATGCTGATGTTTGCTGA-3"), tphlb (5°-
GCATGGATGGATGCTCTTGTTTTAT-3%), and tph2 (5°-

CAATGGGTTCAGCACTCACCATGGA-3’). Morpholino stock was diluted in Danieau buffer
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and 0.05% phenol red to 4 ng/ul and 1 nl was injected into each embryo. A control morpholino
(5’-CCTCTTACCTCAGTTACAATTTATA-3’) that has no known target sequence in zebrafish
also was injected at 4 ng/embryo in a separate batch of embryos during each round of injection.
A dose of 4 ng was chosen because it was the highest dose we could use that did not cause
morphological deformation to the larvae and for which results were reproducible between
batches. After injection, embryos were placed in a Petri dish containing E3 medium and

maintained in an incubator at 28 <C.

3.2.7 Immunohistochemistry

Larvae were fixed overnight at 4<C in 4% paraformaldehyde (PFA) prepared in phosphate
buffered saline (PBS). The following day, larvae were rinsed 5X in PBS containing 0.1% tween-
20 (PBST) and dehydrated through a series of 5-min washes in increasing concentrations of
methanol in PBST (25, 50%, 75% and 100% MeOH). Dehydrated embryos were held at -20 <C for
2 h before rehydrating them using the same methanol/PBST series in reverse order. Further antigen
retrieval was performed by placing larvae in a 150 mM tris-HCI solution (pH 9.0) for 10 min at
room temperature, followed by 15 min at 65<C. Larvae were placed in a blocking solution
containing 0.8% Triton-X 100, 3% bovine serum albumin (BSA), and 2% normal goat serum
(Sigma Aldrich Inc., Cat#: NS02L-1ML) dissolved in PBST for 1 h at room temperature. Primary
antibodies (rabbit anti-5-HT (Sigma Aldrich Inc., Cat#: S5545) 1:250 dilution, mouse anti-
mCherry (Sigma Aldrich Inc., Cat#:SAB2702291) 1:500 dilution) were added in blocking solution
and specimens were placed on a shaker overnight at 4<C in darkness. After 5 x 5 min washes in
PBST, secondary antibodies [goat anti-rabbit Alexa Fluor 568, goat anti-mouse Alexa Fluor 594,
donkey anti-rabbit Alex Fluor 647 (Thermo Fisher Cat#: A-11011, A-11005, and A-31573)] were

added at a dilution of 1:500 in 0.8% Triton-X 100 dissolved in PBST. Larvae were incubated with
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the secondary antibody in the dark at room temperature for 1 h, washed 5 X 5 min in PBST and
mounted using Vectasheild™ antifade mounting medium (Vector Laboratories, Cat#: H-1000-10)
in a concave depression glass slide for imaging. Larval zebrafish were imaged using an A1R MP*
confocal microscope (Nikon Instruments Inc.) with 25X/1.10 W, 20X/0.75 MImm or 10X/0.50 W

objectives.
3.2.8 Serotonergic cell density analysis

For analyzing serotonergic cell density on the tail, larval zebrafish were imaged in lateral
view. The entire tail was imaged, and serotonergic cells were counted using ImageJ

(https://imagej.nih.gov/ij/). Briefly, the image was first converted to 8 bits and threshold set just

above background. The “analyze particles” plugin was used to count cells greater than 20 pm? in
area with a circularity of at least 0.3. Density was obtained by dividing the cell count with the area
of the tail in the image. For analyzing serotonergic cell density in the pharyngeal arch region, larval
zebrafish were imaged with the dorsal plane facing up. The area of the head was then obtained
using ImageJ, and three rectangles with a length-to-width ratio of 1:3, each corresponding to 1.25%
of the total head area, were placed “randomly” in the pharyngeal arch region. The number of
serotonergic cells in each rectangle was counted using ImageJ as described above and cell density
was obtained by dividing the number of cells by the total area of the three rectangles. For all cell
density analyses, images were relabelled and analyzed “blindly” without knowing the genotypes
of the fish in the image. It is important to point out that this method enables quantification of the
numbers of detectable NECs (i.e. NECS with levels of 5-HT above background). It is highly likely

that NECs lacking 5-HT are still present in the knockout fish but remain undetectable.

3.2.9 Measurements of ventilation
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The hypoxic ventilatory response was assessed by monitoring ventilation frequency (fv)
in WT, tphla™”, tph1b’ and tphla’b” larvae during exposure to hypoxia (35 mmHg) at 4, 7 and
15 dpf as described previously (Pan et al., 2019). Briefly, after light anesthesia (0.05 mg ml*
Tris-buffered MS-222 (ethyl-3-aminobenzoate methanesulfonate salt, Sigma Aldrich Inc.), an
individual larva was placed in a microcapillary tube with an inner diameter of 1 mm. Zebrafish
water containing MS222 (as above) at 28.5€ was delivered to the microcapillary tube by
gravity at a rate of 1.6 — 1.8 ml mint. A previous study demonstrated that at the anesthesia
concentration used, the response of larvae to hypoxia was not significantly reduced (Jonz and
Nurse, 2005). Each larva was allowed to adjust to the chamber for 10 min in normoxic water
(PO2 = 153 mmHg) prior to the start of the trial. During each trial, f, was recorded for 5 min
under normoxic conditions (baseline), followed by 15 min of hypoxia (treatment) and an
additional 5 min after returning to normoxia (recovery) using an iPhone mounted onto a
dissecting microscope (stereo trinocular microscope (AmScope). Breathing frequency was then
determined for each minute by counting either buccal or opercular movements depending on the

orientation of the fish in the chamber and the visibility of the mouth and/or operculum.

3.2.10 Statistical analysis

Ventilation frequency of zebrafish larvae from hypoxia exposure was analyzed using
Markov chain Monte Carlo sampler for multivariate generalized linear models using MCMCglimm
package (Hadfield, 2010) in R (https://www.R-project.org/). In one type of model, all f
measurements were fitted as dependent variables and either genotype or pCPA treatment was fitted
as a fixed effect (fitted separately for each trait). In a separate type of model, fv measurements in
hypoxia or 5-HT or both hypoxia and 5-HT were fitted as dependent variables and the last minute

of the 5 min normoxia treatment was fitted as a fixed effect. The model included an unstructured
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(co)variance matrix at the residual level, using weakly informative inverse-Wishart priors with the
scale parameter defined as a diagonal matrix containing values of one and distribution parameters
set to 0.001 for the degrees of freedom. Posterior distributions were estimated from 13,000 MCMC
iterations sampled at 10 iteration intervals following an initial burn-in period of 3000 iterations.
This yielded effective samples sizes of 1000 for the parameters of interest. We inspected the 95%
highest posterior density (HPD) associated with each fixed effect estimate to check whether they
overlapped with zero. A 95% HPD interval contains most of the posterior distribution and is
analogous to a confidence interval (Cl) in the frequentist approach; a 95% HPD that overlaps 0
indicates that the effect does not differ significantly from zero. Thus, for each estimate associated
with the fixed effect we determined whether the 95% HPDs included or excluded zero.

All other statistical analyses were carried out in Sigmaplot (Systat Software). Single facror
comparisons among multiple means were conducted using a one-way ANOVA, while two-factor
comparisons among multiple means were conducted using a two-way ANOVA. When data did
not pass normality test (Shapiro—-Wilk test), data were either log transformed or the Kruskal-Wallis
ANOVA on ranks was used. Holm-Sidak post hoc test was used if a significant interaction was

detected. Significance was set at P<0.05.

3.3 Results

3.3.1 Tphla and Tphlb expression profiles in zebrafish larvae

The expression profiles of Tphla and Tphlb were observed using Tg(tphla:mCherry)
and Tg(tphlb:mCherry) lines, respectively (Figs. 3.1-3.2). Peripherally, Tphla was expressed

both in the pharyngeal arch region (Fig. 3.1B-C) and on the skin (Fig. 3.1D-E) of the larva.
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Within the pharyngeal arch region, Tphla was expressed in both Merkel-like cells (MLCs) and
pharyngeal arch NECs (see Fig. S3.1 for differentiation between MLCs and pharyngeal arch
NECSs). Skin NECs are identified as 5-HT positive cells anywhere on the skin of the larva; i.e. 5-
HT positive cells on the skin of the head, trunk or tail region are all treated as the same
population of skin NECs. In addition, Tphla was observed in the heart (Fig. 3.1B). Centrally,
Tphla expression was observed in the pineal gland (Fig. 3.1E), consistent with tphla expression

profiles obtained using in-situ hybridization (Lillesaar, 2011).

Peripheral Tphlb expression was consistently observed in MLCs (Fig. 3.2B) and web
like cell projections on the fin of the larva (Fig. 3.2C) that are not skin NECs. Tphlb expression
was also occasionally observed in skin NECs (Fig. 3.2D), though expression was inconsistent
unlike for Tphla. Within the CNS, Tphlb was expressed in the brainstem region (Fig. 3.2E) and
the hypothalamus (Fig. 3.2E), consistent with tphlb expression profiles obtained using in-situ
hybridization (Lillesaar, 2011). Interestingly, 5-HT colocalization with Tphlb was observed only

in the hypothalamus (Fig. 3.2E) and not the brainstem region (Fig. 3.2D).
3.3.2 Gene expression and 5-HT levels in tph knockouts

Whole-body expression of the tph paralogs was measured in tph knockouts (Fig. 3.3). In
both tphla™ and tphla”’b™ fish, tphla expression level was lower compared to either WT or
tph1b”". On the other hand, tph1b expression levels were higher in both tph1b” and tphla’b”
larvae compared to WT or tphla™ fish. Tph2 expression levels were constant in all four
genotypes. 5-HT levels were measured in both the head and body regions of the four genotypes
(Fig. 3.4). In the head region, 5-HT levels were not different between the genotypes, while in the

body region, 5-HT levels were significantly higher in WTs compared to the tph knockouts,
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resulting in higher total 5-HT levels in the whole larva when comparing WTs to the tph

knockouts.
3.3.3 Detectable serotonergic cell density in tph knockout and knockdown larvae

Knocking out or knocking down tph genes resulted in age- and paralog-specific effects
on detectable serotonergic cell densities on the skin and pharyngeal arch regions (Figs. 3.5-3.6).
In general, tphla”, tphlb” and tphla” b mutants exhibited lower detectable serotonergic cell
densities on the skin at 4 dpf compared to WTs. This difference was absent at 7 or 15 dpf, with
the exception of tph1b™ at 15 dpf (Fig. 3.5E). At the pharyngeal arch region however, only
tphla”’ mutants showed lower detectable serotonergic cell density when compared to the WTs
(Fig. 3.5F). In larvae experiencing tph gene knockdown, only tph1b morpholino resulted in a
reduction of detectable serotonergic cells on the skin when compared to the control morpholino
(Fig. 3.6A). In addition, when injecting the tph1lb morpholino into tphla” or tph1b” mutants,
only tphla’ mutants showed a further reduction in detectable skin serotonergic cell density (Fig.

3.6B).
3.3.4 Ventilation experiments

Ventilation experiments were first performed using 4, 7 and 15 dpf tph knockout mutants
as well as 4 dpf tph1lb knockdown morphants (Fig. 3.7). When exposed to hypoxia, mutants of
all genotypes and WTs at all three developmental stages exhibited an increase in f (Figs. 3.7A-
C, S3.2). However, when compared to WTs during hypoxia exposure, tphla’ mutants tended to
have higher £, at 4 and 7 dpf; £, was similar to WTs by 15 dpf (Fig. S3.3A, D, G). tph1b™
mutants consistently showed a lower f, during hypoxia at all three developmental stages when

compared to WTs (Fig. S3.3B, E, H). Double mutants (tphla’b”) exhibited complex breathing
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patterns during hypoxia when compared to WTs. At 4 dpf, tphla” b’ had similar f, to the WTs in
hypoxia (Fig. S3.3C). However, at 7 and 15 dpf when exposed to hypoxia, tphla’ b’ increased f
markedly in the first 5 min to levels even higher than in WTSs. £, then gradually decreased and
was sustained at levels slightly lower than that of WTs (Fig. S3.3F, I). Despite tph1b” mutants
having lower £, in hypoxia compared to WTs, the ventilatory response to hypoxia of tphlb

morphants was identical to control morpholino injected larvae at 4 dpf (Fig. 3.7D, S4).
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3.4 Tables and Figures

Figure 3.1. Colocalization of Tphla (red) and 5-HT (magenta) in Tg(tphla:mCherry)
zebrafish larvae at 4 days post fertilization (dpf). (A) Lateral view of whole mount 4 dpf
larval zebrafish co-stained for Tphla and 5-HT. (B) Colocalization of Tphla and 5-HT in the
head region of the larva. Arrow points to Tphla expression within the heart of the larva.
Endogenous eGFP (green) expression in the heart is present due to the insertion of myl7:eGFP as
a screening marker in the transgenic line. Arrowheads point to Tphla expression in an
unidentified structure within the midbrain region. (C) Colocalization of Tphla and 5-HT in the
pharyngeal arch region of the larva. Arrows show colocalization of Tphla and 5-HT in Merkel-
like cells (MLCs) in the pharyngeal arch region, while arrowheads show colocalization of Tphla
and 5-HT in pharyngeal arch neuroepithelial cells (NECs). See Fig. S3.1 for differentiation of
MLCs and NECs in the pharyngeal arch region. (D) Colocalization of Tphla and 5-HT on the
skin of the larva in the tail region. Arrowheads show colocalization of Tphla and 5-HT in skin
NECs. (E) Dorsal view of whole mount 4 dpf larval zebrafish co-stained for Tphla and 5-HT.
Larva in (E) is a separate larva than the one in (A-D). Arrows show colocalization of Tphla and
5-HT in the pineal gland, while arrowheads show colocalization of Tphla and 5-HT in the skin

NECs.
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Fig. 3.1
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Figure 3.2. Colocalization of Tphlb (red) and 5-HT (magenta) in Tg(tphlb:mCherry) line.
(A) Lateral view of whole mount 4 days post fertilization (dpf) larval zebrafish co-stained for
Tphlb and 5-HT. (B) Colocalization of Tphlb and 5-HT in the head region of the larva.
Arrowheads show colocalization of Tphlb and 5-HT in MLCs in the pharyngeal arch region. (C)
Colocalization of Tphlb and 5-HT on the skin of the larva in the tail region. No colocalization of
Tphlb and 5-HT was observed in the tail region of this larva. Arrows point to web like cells on
the fin of the larva expressing Tphlb only. (D) Dorsal view of whole mount 4 dpf larval
zebrafish co-stained for Tphlb and 5-HT. Larva in (D) is a separate larva than the one in (A-C).
Arrowheads show colocalization of Tphlb and 5-HT in skin NECs of this specific larva. Inset
panels show a zoomed in skin NEC with colocalization of Tphlb and 5-HT. Brightness of the
inset panel was modified to more clearly illustrate Tphlb staining in the skin NECs. Arrows
point to Tphlb expressed in the brainstem region (outlined by dashed white lines). (E) High
magnification image of the hypothalamus obtained by staining for Tphlb and 5-HT on 30 pm
thick cryo-sections. The region identified in (D) shows the region where (E) is imaged, though
(D) and (E) were obtained from separate larvae. Colocalization of Tphlb and 5-HT is observed

in the hypothalamus. RHyp, rostral hypothalamus; CHyp, caudal hypothalamus.
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Fig. 3.2
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Figure 3.3. Real-time PCR data of tph genes in the tph1 knockouts. mRNA levels of tphla,
tph1b and tph2 gene in 4 days post fertilization WT, tphla”, tphlb” and tphla’ b’ larvae. Data
were normalized to total input RNA. N=6 for each group. Data are presented as means =s.e.m.
Statistical analysis was conducted using two-way ANOVA (Holm-Sidak post-hoc multiple

comparison test at P < 0.05). Asterisks represent significance (P < 0.05) within each target gene.
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Figure 3.4. Serotonin (5-HT) concentration in tph1l knockouts. 5-HT in the head and body
region of 4 days post fertilization WT, tphla”", tphlb” and tphla’b” larvae zebrafish; N=12 for
each genotype. Data are presented as means =s.e.m. Statistical analysis was conducted using
two-way ANOVA (Holm-Sidak post-hoc multiple comparison test at P < 0.05). Uppercase
letters represent significance in the body region. Lower case letters represent significance in the
whole larvae obtained by summing the 5-HT in the head and body regions. Asterisks represent

significance (P < 0.05) between the head and body region within the same genotype.
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Figure 3.5. Detectable 5-HT positive cell density on the skin and pharyngeal arch of tphl
mutant larvae. (A) Representative image of 5-HT positive cells on the skin of 4 days post
fertilization (dpf) WT larvae. Scale bar equals 200 um. (B) Representative image of tail region in
larvae used for skin 5-HT positive cell density analysis. Scale bar equals 50 pm. (C, D)
Representative image of the head region of a 4 dpf WT larva used for pharyngeal arch 5-HT
positive cell density analysis. Scale bars equal 200 pm in (C) and 100 pm in (D). (E, F)
Detectable 5-HT positive cell density on the skin and pharyngeal arch of WT, tphla”", tphlb”
and tphla’b™ larvae at different developmental stages. N=8-12 for each group. Data are
presented as means =£s.e.m. Statistical analysis was conducted using two-way ANOVA (Holm-
Sidak post-hoc multiple comparison test at P < 0.05). Asterisks represent significance (P < 0.05)

between genotypes when compared within the same developmental stage.
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Figure 3.6. Detectable 5-HT positive cell density in 4 days post fertilization tph morpholino
knockdown larvae. (A) Detectable 5-HT positive cell density on the skin of tphla, tphlb, tph2
morpholino injected WT larvae. N=20 for each group. Data are presented as means =s.e.m.
Statistical analysis was conducted using one-way ANOVA (Holm-Sidak post-hoc multiple
comparison test at P < 0.05). Asterisks represent significance (P < 0.05). (B) Detectable 5-HT
positive cell density on the skin of WT, tphla”, and tphlb™ larvae injected with tphlb
morpholino. N=20 for each group. Data are presented as means =s.e.m. Statistical analysis was
conducted using two-way ANOVA (Holm-Sidak post-hoc multiple comparison test at P < 0.05).
Asterisks represent significance (P < 0.05) within each genotype. Different letters indicate

significance between genotypes.
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Figure 3.7. The interactive effects of hypoxia and developmental age on ventilation
frequency (fv) in larval zebrafish. WT, tphla”, tph1b” and tphla’ b’ (N=12 for each group at
each developmental age) larvae at 4 days post fertilization [dpf, (A)], 7 dpf (B), 15 dpf (C) were
exposed to hypoxia (35 mmHg) and subsequently returned to normoxia (153 mmHg). WT 4 dpf
larvae injected with control morpholino (N=10) or tph1lb morpholino (N=9) were subjected to
the same conditions (D). Vertical dashed lines represent delineations among normoxia, hypoxia

and recovery. Data are presented as means %s.e.m. See Figs. S3.2-S3.4 for statistical analysis.
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3.5 Discussion

The purpose of this study was to discern the specific paralog(s) of tph responsible for 5-
HT synthesis in NECs of larval zebrafish thereby enabling an examination of the role of NEC 5-
HT in regulating ventilation during acute hypoxia. The planned approach was to compare
ventilatory responses to hypoxia in wild-type larvae with responses in tph knockout lines, at least
one of which was expected to lack the capacity to synthesize 5-HT in NECs. In an attempt to
generate tph2 knockouts, we observed that even though tph2”- mutants obtained from
heterozygote crosses were able to survive to adulthood, they were unable to produce viable

offspring and thus this study focused exclusively on the two tphl paralogs.

Transgenic lines expressing mCherry demonstrated that both pharyngeal arch and skin
NECs express Tph1l paralogs and thus are likely able to synthesize 5-HT. However, even
complete knockout of tph1 (tphla”b”) failed to eliminate 5-HT expression in NECs although
transient effects were observed. Regardless, the results obtained using tphl knockouts
demonstrated that 5-HT plays a role in regulating ventilation, although its effect is not

necessarily attributable to the 5-HT localized in NECs.
3.5.1 Tphl expression in NECs

Previous studies describing the location of the zebrafish tph paralogs in larval zebrafish
focused primarily on their presence in the brain and spinal cord (Lillesaar, 2011), with little
peripheral expression data reported. An important focus of the current study was to assess the
distribution of Tph paralogs in the NECs of larval zebrafish to determine which paralogs are
responsible for 5-HT production in these presumptive O, chemosensory cells. Although 5-HT is

the standard marker used to identify NECs in larval and adult zebrafish, the source of 5-HT was

89



previously unknown. Using Tg(tphla:mCherry) and Tg(tphlb:mCherry) lines respectively, it
was determined that NECs in the pharyngeal arch express Tphla (Fig. 3.1), and NECs on the
skin of larval zebrafish express both Tphla and Tphlb (Figs. 3.1D-E, 3.2D) although, unlike for
Tphla, Tphlb expression was not observed consistently. A possible explanation is that Tphlb is
transiently expressed at a low level within skin NECs during early development, and it was
difficult to routinely obtain larvae for imaging when Tphlb expression was at its highest. In
addition, the tph1lb promoter could be susceptible to positional effects, as was observed
previously for the tph2 promoter (Yokogawa et al., 2012), which could lead to only a population
of the larvae expressing Tphlb within the skin NECs. A third population of neurosecretory
serotonergic cells found in the oropharyngeal cavity — Merkel-like cells (MLCs) — that are
associated with taste buds (Zachar and Jonz, 2012a) also expressed both Tphla and Tphlb
paralogs (Figs. 3.1-3.2). Because Tph is the rate-limiting enzyme in the biosynthesis of 5-HT, the
expression of Tphl paralogs in NECs and MLCs suggest that 5-HT is synthesized directly within
these cells. In addition, Tphlb is also peripherally expressed in web like cells on the fin of the
larvae (Fig. 3.2A, C). These cells could be tph1b positive fibroblasts previously described in

adult zebrafish fin joints that plays a role in the regeneration of fin rays (Tornini et al., 2016).

3.5.2 Knockout or knockdown of tphl alters hypoxic ventilatory responses that appear

unrelated to changes in detectable serotonergic NECs

5-HT has been implicated in regulating ventilation in several fish species (Burleson and
Milsom, 1995b; Fritsche et al., 1992; Janvier et al., 1996; McDonald et al., 2010; Panlilio et al.,
2016). More specifically in zebrafish, exogenous 5-HT administered in vivo revealed its potential
for stimulating ventilation in larvae after 7 dpf (Shakarchi et al., 2013) or aquatic surface

respiration in adults (Abdallah et al., 2015b). Moreover, the ventilatory response to hypoxia was
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abolished by the 5-HT. receptor antagonist ketanserin in larvae older than 7 dpf (Shakarchi et al.,
2013). However, these previous experiments employing pharmacological approaches were
unable to distinguish between the potential central effects of 5-HT from those specifically

mediated by 5-HT within NECs.

In an attempt to address this question, tph1 knockout lines were generated/obtained to
further examine if 5-HT in NECs play a role in regulating ventilatory responses. Due to a lack of
reliable Tphla or Tphlb antibody (six different homologous custom antibodies were generated
and tested without success), knockout of tphla and tphlb were verified indirectly by measuring
tph paralog gene expression and tissue 5-HT levels. Decreased expression of tphla in both
tphla”’ and tphla’b” mutants compared to WTs suggests that mRNA was undergoing
nonsense-mediated MRNA decay (NMD), a cellular mechanism that degrades transcripts not
encoding a functional protein, which can indicate successful knockout (Anderson et al., 2017;
Chang et al., 2007). Interestingly, tphlb expression on the other hand was increased in both
tph1b” and tphla’b” mutants. Such an increase in knockout gene mRNA was reported
previously in rhcgb mutant zebrafish (Zimmer and Perry, 2020), suggesting that not all mutant
MRNA is subject to NMD (Anderson et al., 2017). Indeed, the increased mRNA expression may
reflect a futile attempt to increase expression of the targeted protein owing to the production of
truncated protein. Gene expression data also reveled that compensatory expression of other tph
paralogs did not occur in the mutants. Importantly, 5-HT levels were lower in the body region of
the tphla™, tphib’ and tphla’b’ mutants, although 5-HT levels in the head region were similar
across the four genotypes. This finding suggests that similar to mammals, tph1 paralogs plays a
predominant role in peripheral rather than central 5-HT synthesis (C&éet al., 2003; McKinney et

al., 2005; Walther and Bader, 2003).
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Because skin NECs express both Tphla and Tphlb, a decrease in detectable serotonergic
skin NEC density in tphla”, tphlb”, tphla”’b’ mutants and tphlb morphants at 4 dpf was
expected (Fig. 3.5E, 6A) when using 5-HT as a NEC marker. It is important to note that even
though 5-HT is depleted within NECs, it is likely that NECs are still present but less detectable
due to the lack of 5-HT. A further decrease of serotonergic skin NEC density in tphla’ but not
tph1b” mutants (Fig. 3.6B) in tph1lb morphants supports the specificity and effectiveness of the
tph1lb morpholino injected. This difference in detectable serotonergic skin NEC density among
the genotypes disappeared by 7 dpf due to a much higher rate of decrease in detectable
serotonergic skin NECs in the WTs. In the pharyngeal arch region, both NECs and MLCs
express 5-HT and were difficult to differentiate based on 5-HT staining alone in a dorsal view
where all serotonergic cells can be imaged, and thus total detectable serotonergic cell density
was examined. Interestingly, only tphla’ mutants exhibited a lower detectable 5-HT positive
cell density than the WTs. The lack of difference between tphla’b” mutants and WTSs suggests
that similar to other 5-HT synthesizing cells, these 5-HT positive cells likely absorb 5-HT from
the extracellular space via the serotonin (5-HT) reuptake transporter (SERT). However, whether
or not SERT is expressed in pharyngeal arch NECs or MLCs is unknown and requires further
study. Alternatively, there is also the possibility that 5-HT is not biosynthesized de novo from
tryptophan; instead, it could be produced by aromatic L-aromatic amino acid decarboxylase -
mediated conversion of 5-hydroxy-L-tryptophan absorbed from the plasma and/or nerve fibers as
previously reported for 5-HT present in mammalian taste bud cells (Pan et al., 2018). Because
tphla’, tphlb™ and tphla’b” mutants still displayed detectable serotonergic skin NECs or 5-
HT positive cells in the pharyngeal arch region, we further attempted to eliminate 5-HT within

those cells through para-chlorophenylalanine (pCPA), a drug that interferes with 5-HT synthesis
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by acting as a selective and irreversible inhibitor of Tph. However, pCPA doses that did not
cause gross morphological defects also failed to eliminate 5-HT in skin NECs completely (Fig.

$3.5).

To further examine the role of 5-HT within NECs in the control of ventilation, the
ventilatory responses to hypoxia were monitored in the four genotypes from 4 — 15 dpf as well as
4 dpf tphlb morphants. During hypoxia, WT larvae at all stages increased and maintained f..
However, despite both detectable serotonergic skin NEC density and detectable serotonergic cell
density in the pharyngeal arches showing similar trends in tphla’ and tph1b” mutants, their
responses to hypoxia were markedly different. These differences were especially evident in 7 dpf
larvae, when detectable skin NEC density was similar in WTs and mutants and detectable
serotonergic cell density in the pharyngeal arches region was the same between WTs and tph1b™”
mutants. Although all three genotypes increased ventilation in response to hypoxia, tphla™
mutants increased f, to a greater extent than WTs whereas tph1b” mutants exhibited a lower f,
compared to WTs. These results suggest that although 5-HT may indeed regulate ventilation as
previously indicated (Shakarchi et al., 2013), the site of action is likely not in the peripheral skin
NECs or serotonergic cells in the pharyngeal arches. The relationship between detectable skin
NEC density and the ventilatory response to hypoxia in tphlb morphants further supports this
notion because although tphlb knockdown resulted in similar decreases of detectable skin NEC
density as in the tph1lb” mutants, their £, in hypoxia was not different than WTs. The different
response to hypoxia in the tph1b” mutants and tph1lb morphants is noteworthy. In tphlb™
mutants, a complete elimination of functional Tphlb protein is expected, yet in the tph1lb
morphants, it is likely that some functional Tphlb protein remains (Zimmer et al., 2019).

However, detectable skin NEC density was the same in tph1b” mutants and tph1b morphants,
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and further injection of tph1lb morpholino into tph1b” mutants did not further decrease skin NEC
density, suggesting that the small proportion of functioning Tphlb protein in the tphlb
morphants is functioning elsewhere such as the CNS. Thus, one possible explanation for the
discrepancy in the response to hypoxia between the tph1b” mutants and tph1b morphants is that
the remaining Tphlb protein is producing sufficient 5-HT to regulate the response to hypoxia,
and in turn, further supports the view that 5-HT, at least within skin NECs, is not the

predominant factor for regulating ventilation during hypoxia.

Although the results of the current study clearly reveal a significant role of 5-HT in the
acute hypoxic ventilatory response (HVR), its mode and site of action are unknown. However,
the present data set suggests that there may be a central location of 5-HT acting independently
and/or in addition to potential peripheral mechanisms. In mammals, medullary serotonergic
neurons can act as central respiratory chemoreceptors, with intrinsic chemosensitivity to
physiologically relevant changes in CO2/pH, which is the main driver of ventilation in mammals,
and able to induce appropriate effects on respiratory output (Corcoran et al., 2009; Hodges and
Richerson, 2010). 5-HT itself also plays an important role in the hypercapnic ventilatory
response (HCVR), with 5-HT being able to completely rescue the blunted HCVR in mice lacking
central serotonergic neurons (Hodges et al., 2008). In addition, distinct subtypes of serotonergic
neurons are present in mouse, with some specialized to drive increased ventilation in response to
CO: elevation and acidosis (Brust et al., 2014). Thus, it is not farfetched to hypothesize that in
larval zebrafish, central 5-HT production via Tphla and Tphlb occurs at distinctly different sites
where opposing effects on ventilation are exerted. In the tph1b knockouts, the HVR was
markedly reduced at all the developmental ages studied whereas the tphla knockouts exhibited

an enhanced HVR at least until 7 dpf, suggesting that centrally, a subset of neurons in which 5-
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HT is produced by Tph1la inhibit ventilation while another subset of neurons in which 5-HT is

produced by Tphlb stimulate ventilation.

Excitatory and inhibitory effects of 5-HT acting at different sites within the CNS may
also contribute to the biphasic nature of the HVR whereby in mammals an initial acute response
(AR) phase consisting of a rapid increase in fy followed by a short term depression (STD) phase
where f, decreases progressively during hypoxia to correct for the overshoot in £, during AR,
after which £, remains stable although at a higher level than baseline (Dick and Coles, 2000;
Powell et al., 1998). A similar biphasic response to hypoxia was reported for zebrafish larvae
(Mandic et al., 2019; Pan et al., 2019) although it was not particularly evident in the WT larvae
of this study. Thus, one can speculate that the differences in fv between tphla” and tphlb™
mutants during hypoxia reflects the presence of Tphla expressing neurons in the CNS that are
responsible for inhibiting fv during AR and STD and Tphlb expressing neurons that serve to
maintain the elevated f, during hypoxia. With the lack of Tph1la in the tphla’ mutants, the
overshoot of £, cannot be inhibited, resulting in a higher £, in hypoxia compared to WTs.
Conversely, with the lack of Tphlb in the tphlb” mutants, £, during hypoxia cannot be
maintained resulting in a lower f, compared to WTs. The response to hypoxia in the tphla’ b’
double mutants is especially interesting because it combines the phenotype of the two single
mutants. When first exposed to hypoxia, f, of tphla’b” mutants overshoot to a much greater
extent compared to WTSs, suggesting a lack of inhibitory input during AR and STD owing to the
loss of Tphla neurons. As hypoxia progresses, fv in the tphla’b” mutants drops back down to a
level similar to tph1b” mutants, both much lower than WTs, suggesting that the absence of

Tphlb neurons prevents the usual maintenance of elevated fv.
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In conclusion, even though 5-HT is expressed within skin NECs, pharyngeal arch NECs
and MLCs, the discrepancy in detectable serotonergic NEC density and the ventilatory response
to hypoxia in the tphl knockouts suggest that 5-HT located in locations other than NECs may
play a more important role in regulating the ventilatory response. In addition, based on the
location that 5-HT is acting upon, most likely within the CNS, 5-HT could have markedly
different effects on the HVR. Certainly, future studies examining the role of CNS 5-HT in the

control of breathing are needed.
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3.6 Supplementary Tables and Figures

Table S3.1. List of real-time PCR primers used assess the expression of tph genes in 4 days post
fertilization WT, tphla”, tph1b’ and tphla” b zebrafish. All sequences listed 5’ to 3’ with the

reverse primer sequences listed as the reverse compliment of the gene sequence.

Gene Orientation Sequence

eeflalll F TACCTACCCTCCTCTTGGTCG
R TTGGAACGGTGTGATTGAGGG

actpl F GATCAAGATCATTGCTCCCCCT
R GGCCATTTAAGGTGGCAACAG

tphla F TCCATGAACCTCGGAATGACT
R TTGACTAGCCCACCGACTTC

tphlb F TGCGCAAGCAAACAAGCATA
R GAATCCCGGATGATCTGCGT

tph2 F TCCTCCATGGACATCCTTTAATCG
R TCTCCGAGACTCAATGTGCG
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Figure S3.1. Colocalization of Calretinin (red) and 5-HT (magenta) in 7 dpf larval zebrafish. (A)
Lateral view of the head of whole mount 7 dpf larval zebrafish co-stained for Calretinin and 5-
HT using 1:500 dilution mouse anti-calretinin (Swant Inc. Cat#: 6B3PUR) and 1:1000 dilution
rabbit anti-5HT (Sigma Aldrich Inc., Cat#: S5545). See manuscript section 2.7 for further details
on methods. (B) Higher magnification view of the pharyngeal arch region shown in (A). Merkel-
like cells (MLCs) are shown with arrowheads, while pharyngeal arch neuroepithelial cells
(NECs) are shown with arrows. MLCs can be identified by association with calretinin positive
taste bud cells, and unlike NECs, MLCs align with the curvature of individual pharyngeal arches.
NECs on the other hand are not associated with calretinin positive taste bud cells and are mainly

found on budding filaments (bf) emerging from the pharyngeal arch (pa).
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Fig. $3.1
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Figure S3.2. The average differences in fv (delta fv) between normoxia and hypoxia, and
normoxia and recovery in wild-type (WT), tphla”, tphlb” and tphl a’b™ larval zebrafish (data
based on Figure 5A-C). Panels A-D are larvae at 4 days post fertilization (dpf), panels E-H are
larvae at 7 dpf, and panels I-L are larvae at 15 dpf. Panels A, E, | are WT larvae, panels B, F, J
are tphla’ larvae, panels C, G, K are tphlb” larvae, and panels D, H, L are tphl a”b™ larvae.
Estimates are presented with 95% credible intervals (CI) based on Bayesian analysis. Data are

significant if the 95% CI do not intersect zero (dashed horizontal line).
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Figure S3.3. The average differences in fv (delta fv) between tphl knockout and WT larval
zebrafish (data based on Figure 5A-C). Panels A-C are larvae at 4 dpf, panels D-F are larvae at 7
dpf, and panels G-I are larvae at 15 dpf. Panels A, D, G are tphla”’ larvae compared to WT
larvae, panels B, E, H are tph1b” larvae compared to WT larvae, and panels C, F, | are tphl a’b-
" larvae compared to WT larvae. Estimates are presented with 95% credible intervals (C) based
on Bayesian analysis. Data are significant if the 95% CI do not intersect zero (dashed horizontal

line).
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Figure S3.4. The average differences in fv (delta fv) between normoxia and hypoxia, and
normoxia and recovery in control morpholino injected WTs (A) and tphlb morpholino injected
WTs (B), and the average differences in fv (delta fv) between tph1lb morpholino injected and
control morpholino injected larvae (C). Data based on Figure 5D. Estimates are presented with
95% credible intervals (Cl) based on Bayesian analysis. Data are significant if the 95% CI do not

intersect zero (dashed horizontal line).
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Figure S3.5. (A) Representative images of 4 days post fertilization (dpf) larvae treated with
para-chlorophenylalanine (pCPA) from 24-48 h post fertilization (hpf). (B-D) Representative
image of detectable 5-HT positive cells on the skin of 4 dpf larvae treated with 0 LM (B), 10 pM
(C), and 20 M (D) pCPA from 24-48 hpf. (E) Detectable 5-HT positive cell density on the skin
of 4 dpf larvae treated with 0, 10 or 20 M pCPA from 24-48 hpf. N=8-11 for each group. Data
are presented as means =s.e.m. Statistical analysis was conducted using one-way ANOVA
(Holm-Sidak post-hoc multiple comparison test at P < 0.05). Asterisks represent significance. (F)
The interactive effects of 20 M pCPA treatment from 24-48 hpf and 50 M 5-HT during
hypoxia on ventilation frequency (fv) in 4 dpf larval zebrafish. Larvae (N=7-8 for each group)
were exposed to hypoxia only (solid symbols) or hypoxia with 50 M 5-HT (open symbols) and
subsequently returned to system water. Vertical dashed lines represent delineations among
baseline, treatment and recovery. Data are presented as means *s.e.m. (G-J) The average
differences in fv (delta fv) between baseline and treatment (hypoxia only (G, 1) or hypoxia + 50
M 5-HT (H, J)), and baseline and recovery in 4 dpf no pCPA (G, H) or 20 M pCPA treated (I,
J) larval zebrafish. (K-M) The average differences in fv (delta fv) compared to control treated
larvae exposed to hypoxia only. Estimates are presented with 95% credible intervals (CI) based
on Bayesian analysis. Data are significant if the 95% CI do not intersect zero (dashed horizontal
line). Control larvae increased fv to a similar extent during hypoxia with or without 5-HT. Larvae
exposed to pCPA did not increase fv during hypoxia except in the presence of exogenous 5-HT.
However, the apparent rescue of the hyperventilatory response by 5-HT may have reflected
elevated baseline fv of pCPA treated larvae; fv in hypoxia or hypoxia with 5-HT was identical to

the fv of non-pCPA treated larvae during hypoxia.
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CHAPTER 4. Merkel-like cells (MLCs) are putative O2 chemoreceptors in larval zebrafish
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Abstract

In adult fish, it is generally assumed that neuroepithelial cells (NECs) located on gill
filaments function as peripheral chemoreceptors. However, some fish experiencing total gill
denervation can still sense hypoxia, with this response abolished only after further denervation of
the orobranchial cavity. These results suggest that not all O chemoreceptors are confined to the
gills but could also be located in the orobranchial cavity. One population of cells located within
the orobranchial cavity that share similar characteristics to NECs are Merkel-like cells (MLCs).
MLCs are neurosecretory, receive innervation from hypoxia-responsive cranial nerves 1X and X
and contain serotonin (5-HT)-filled synaptic vesicles, suggesting that they are involved in
environmental sensing. In the current study, in vivo confocal imaging in concert with genetically
encoded Ca?* indicators was used to demonstrate that MLCs and peripheral sensory neurons
(PSNs) with nerve endings impinging on MLCs exhibited increased Ca®* events during acute
hypoxia. Additionally, it was observed that peripheral sensory ganglia (PSGs) displayed an
increase in mean [Ca?*]; levels when exposed to hypoxia. In asclla’ mutants that lack MLCs,
the initial increase in ventilation frequency (fv) during hypoxia was absent. Using nitroreductase-
mediated ablation of PSNs and PSGs, it was shown that larvae with MLCs lacking innervation
exhibited a heightened fv in the later stages of hypoxia. Taken together, these data suggest that
MLCs are responsive to hypoxia and thus are considered a novel class of O, chemoreceptors. It
is proposed that their stimulation contributes to the initiation of hyperventilation during hypoxia,
whereas PSNs/PSGs transmit an inhibitory signal to the central nervous system during the later

phases of hypoxia to lower fy to a steady level above normoxic baseline values.
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4.1 Introduction

The aqueous environment is prone to O> fluctuations (Mandic and Regan, 2018). Thus,
the ability of fish to sense changes in water O tensions (PO2) and to elicit appropriate responses
to low environmental PO; levels (hypoxia) is crucial for their survival. Arguably, one of the most
important physiological reflex response to hypoxia in fish is hyperventilation, termed the
hypoxic ventilatory response (HVR). In mammals, the Type | cells of the carotid body serve as
the peripheral O2 chemoreceptor (De Castro, 1926; Duchen et al., 1988; Heymans and Heymans,
1927; Lopez-Barneo et al., 1988; Lopez-Lopez et al., 1989; Pietruschka, 1985; Pietruschka and
Acker, 1985; Urena et al., 1989; von Euler et al., 1940). Although the molecular underpinnings
of the O sensitivity of the carotid body Type | cells are debated, there is general consensus that
once hypoxia is sensed, K* flux thorough K* channels is reduced, leading to membrane
depolarization and the opening of voltage-gated Ca?* channels (Cummins et al., 2020; Kumar
and Prabhakar, 2011; Lopez-Barneo et al., 2016; Lopez-Barneo et al., 1988; Peers et al., 2010;
Prabhakar and Semenza, 2015). In turn, depolarization leads to an influx of Ca?*, an increase in
intracellular Ca?* levels and Ca?*-mediated neurotransmitter release, of which ATP and
acetylcholine (ACh) are stimulatory and dopamine (DA) is inhibitory (Kumar and Prabhakar,
2011; Leonard et al., 2018; Nurse, 2010). These neurotransmitters activate cognate receptors on
the afferent fibres of the glossopharyngeal nerve (cranial nerve 1X) leading to signal propagation
to the central respiratory center to elicit the appropriate reflex physiological responses (Cummins
et al., 2020; Kumar and Prabhakar, 2011). In fish, the identity of the peripheral O>

chemoreceptor and its signal transduction processes are less clear.

In fish, the peripheral O> chemoreceptors are believed to be neuroepithelial cells (NECs),

first identified in rainbow trout (Oncorhynchus mykiss) by Dunel-Erb et al. (1982) by analogy to
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the morphology of pulmonary NECs found in the respiratory tract of mammals. The NECs are
located in highest numbers at the tip of gill filaments and are further characterized by the
presence of dense-cored vesicles containing serotonin [5-HT, (Dunel-Erb et al., 1982)]. In
rainbow trout, exposure to hypoxia results in the “degranulation” of NECs, suggesting the
release of neurotransmitter (5-HT) onto afferent nerves (Dunel-Erb et al., 1982). Based on their
morphology, location, innervation patterns and “degranulation” response to hypoxia, the NECs
of trout were suggested to serve as peripheral O, chemoreceptors. In zebrafish (Danio rerio), gill

filament NECs are innervated by both intrinsic and extrinsic nerve fibres (Jonz and Nurse, 2003).

Direct and convincing evidence that gill NECs are O sensors (and thus may potentially
act as peripheral Oz chemoreceptors in vivo) was first provided using cells isolated from adult
gill filaments and tested in vitro under primary cell culture conditions. With exposure to hypoxia,
isolated gill NECs from zebrafish and channel catfish (Ictalurus punctatus) exhibited an
inhibition of K* currents (Burleson et al., 2006; Jonz et al., 2004) leading to membrane
depolarization (Jonz et al., 2004; Qin et al., 2010). Membrane depolarization during hypoxia
also was reported for NECs isolated from adult goldfish (Carassius auratus) gill (Zachar and
Jonz, 2012c). Though not specific to O chemoreception, isolated gill NECs from zebrafish or
rainbow trout displayed an increase of intracellular Ca®* concentration ([Ca?*]i) when exposed to
conditions of hypercapnia or high environmental ammonia (Abdallah et al., 2015a; Zhang et al.,
2011), both of which are ventilatory stimulants in fish. Additionally, isolated gill NECs from
goldfish responded to hypoxia with increased [Ca?*]i and synaptic vesicle activity (Zachar et al.,
2017), suggesting that NECs are neurosecretory. Thus, there is ample evidence that at least in
vitro, gill NECs are responsive to hypoxia and therefore have the potential to serve as O>

chemoreceptors. Although the NECs of the adult zebrafish gill exhibit characteristics expected of
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functional O, chemoreceptors such as hypertrophy during exposure to hypoxia (Jonz et al.,
2004), there is no direct evidence as yet that NECs act as chemoreceptors in vivo and a direct
link between the activation of NECs and the downstream physiological responses to hypoxia has
not been established. The lack of direct evidence stems, in part, from technical limitations and in
particular, the difficulty of identifying gill NECs and measuring cellular activity within NECs
such as membrane potential or [Ca*]i in vivo. Only recently has progress been made in
identifying NECs in vivo with the use of green fluorescent protein (GFP) under the control of the

vmat2 promoter (Pan et al., 2021).

In addition to gill NECs, it is possible that other cell types may function as peripheral
chemoreceptors. In larval zebrafish, a behavioural response to hypoxia develops as early as 2
days post fertilization (dpf), yet gill NECs are not innervated until 7 dpf (Jonz and Nurse, 2005).
Coccimiglio and Jonz (2012) proposed that serotonergic cells on the skin of larval zebrafish that
resemble gill NECs, termed skin NECs, could play a role in initiating responses to hypoxia in the
developing zebrafish because they respond morphologically to changes in environmental PO>
and receive innervation between 26-28 h post fertilization (Coccimiglio and Jonz, 2012).
However, unlike for the gill NECs, there are no data demonstrating direct O2 sensitivity of the
cutaneous NECs. There is also conflicting evidence regarding skin NECs being morphologically
sensitive to changes in PO — in larval mangrove rivulus (Kryptolebias marmoratus), skin NEC
development is largely unaffected by environmental PO- levels (Cochrane et al., 2021). In
support of an alternate site of peripheral O> chemoreception, a study using genetically encoded
Ca?" indicators showed that upon hypoxic stimulation, peripheral sensory ganglionic neurons
(cranial nerves IX and X) from 5-6 dpf larval zebrafish exhibited an increase in their activity

(Yehetal., 2019). This finding is particularly interesting because cranial nerves IX and X appear
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to initiate most cardiorespiratory responses to hypoxia including the HVR [reviewed by Milsom
(2012)] and that rhythmic stimulation of the cranial nerve X ganglion can entrain the ventilation
response (De Graaf and Roberts, 1991). These peripheral sensory neurons (PSNs) extend into the
pharyngeal arch region and wrap around 5-HT positive cells (Yeh et al., 2019), which based on
their position and morphology are Merkel-like cells (MLCs) previously described to be present
at the base of the taste bud complex (Zachar and Jonz, 2012a). These MLCs receive innervation
as early as 3 dpf and are also neurosecretory as indicated by the styryl dye, FM1-43 and the
synaptic vesicle marker, SV2 (Zachar and Jonz, 2012a). Considering that PSNs express P2X3
receptors (Yeh et al., 2019) and that ATP is a well know neurotransmitter involved in taste
(Finger and Kinnamon, 2021), it would suggest that MLCs might also signal through purinergic
pathways. In adult zebrafish , MLCs are also located on the gill rakers (Zachar and Jonz, 2012a),
the first point of contact for inspired water flowing over the gills. Overall, these characteristics
implicate MLCs as potential O> chemoreceptors. In addition, some MLCs are located extra-
branchially (Kapsimali et al., 2011), addressing the issue of the persistence of ventilatory
responses to hypoxia in some species experiencing total gill denervation, which was attributed to

the presence of putative extra-branchial receptors (Milsom, 2012).

Significant research has focused on identifying the neurotransmitter(s) involved in
promoting the reflex HVR (Rahbar et al., 2016; Shakarchi et al., 2013). These studies used
pharmalogical methods, i.e. treatment of fish with agonists/antagonists of various
neurotransmitter receptors. Based on the results of these studies it would appear that in zebrafish
5-HT, ACh, ATP and adrenaline stimulate ventilation while DA is inhibitory (Pan and Perry,
2020). Although these neurotransmitters are potentially involved in the HVR, there is no

evidence that they are present within NECs other than 5-HT (Porteus et al., 2012), and that any
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of these putative neurotransmitters are actually secreted by NECs during hypoxia. An
unavoidable limitation of the experimental design used in these previous studies is that the drugs
added to the water not only activate receptors on the afferent nerve fibres of NECs, but also all
accessible receptors in the entire fish including the NECs themselves and receptors within the

CNS.

With this background, the goal of this study was to test the hypothesis that MLCs serve
as O, chemoreceptors in larval zebrafish. To do so, transgenic zebrafish with genetically encoded
Ca?"indicators specifically expressed within MLCs and the PSNs were generated, allowing in
vivo real time measurements of [Ca?*]; of MLCs and the PSNs upon exposure to hypoxia. In
addition, the HVR was assessed in larval zebrafish lacking MLCs or PSNs; MLCs were
prevented from developing by creating an asclla knockout line (Kapsimali et al., 2011) and
PSNs and peripheral sensory ganglia (PSGs) were ablated using the nitroreductase mediated
tissue ablation method (Curado et al., 2008). To further examine the potential neurotransmitter(s)
involved in the signal transduction process, we exposed larval zebrafish to various putative
neurotransmitters under normoxic or hypoxic conditions and examined the changes in [Ca?*]i of

PSGs under these conditions.

4.2 Materials and Methods

4.2.1 Experimental Animals

Adult zebrafish, Danio rerio (F. Hamilton 1822), were housed in 10 | polycarbonate
tanks in a recirculating aquatic system (Aquatic Habitats, Apopka, FL, USA). Fish were

maintained at 28 <C under a 14 h:10 h light:dark cycle in dechloraminated city of Ottawa tap
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water and fed to satiation twice a day. Wild-type (WT) zebrafish were obtained from in-house
stock at the University of Ottawa aquatic care facility. The Tg(tphlb:mCherry) line was obtained
courtesy of Dr. Marika Kapsimali of L’Institut de Biologie de I'Ecole Normale Sup&ieure
(IBENS), France (Soulika et al., 2016). The Tg(tphlb:jJRCaMP1a), Tg(p2rx3b:eGFP),
Tg(p2rx3b:GCaMP6s), Tg(p2rx3b:NTR-mCherry) transgenic lines and asclla’ mutant line were
generated in house as described below. The Tg(tphlb:jRCaMP1la, p2rx3b:GCaMP6s) line was
generated by cross breeding the Tg(tphlb:jRCaMP1a) and Tg(p2rx3b:GCaMP6s) fish. Embryos
from all genotypes were obtained using standard protocols (Westerfield, 2000). Embryos were
collected and reared in 50 ml Petri dishes containing E3 medium (in mM: 5 NaCl, 0.17 KClI, 0.33
MgS0Os, 0.33 CaCly, and 0.1% methylene blue) in an incubator maintained at 28.5<C. Water was
changed daily in the Petri dishes and every alternate day in the static tanks. All procedures for
animal use and experimentation were carried out in compliance with the University of Ottawa
Animal Care and Veterinary Service guidelines under protocols BL-226 and BL-1700 and
adhered to the recommendations for animal use provided by the Canadian Council for Animal

Care.
4.2.2 Generation of transgenic zebrafish

Promoter and reporter gene sequences were PCR amplified using Q5 high-fidelity DNA
polymerase (NEB, Cat#: M0491S) and cloned into a Tol2 expression vector containing the
myl7:egfp heart-specific transgenesis marker in the reverse orientation using restriction cloning.
All restriction enzymes used were purchased from New England Biolabs. The promoter regions
were amplified from WT zebrafish larval DNA extracted using PureLink™ genomic DNA mini
kit (Invitrogen, Cat#: K182002) following the manual’s procedures. Reporter gene sequences

were amplified from plasmids courtesy of Misha Ahrens (Addgene plasmid # 59531 ;
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http://n2t.net/addgene:59531 ; RRID:Addgene_59531), Douglas Kim & GENIE Project
(Addgene plasmid # 100848 ; http://n2t.net/addgene: 100848 ; RRID:Addgene_100848) and
Luke Lavis (Addgene plasmid # 113760 ; http://n2t.net/addgene: 113760 ;
RRID:Addgene_113760). Primers for amplifying the promoter and reporter gene sequences are
provided in Table S4.1. Transposase MRNA was synthesized from linearized transposase
plasmid using MMESSAGE mMACHINE SP6 kit (Invitrogen, Cat#: AM1340). Both the Tol2
expression vector and the transposase plasmid were courtesy of Dr. Marc Ekker (University of
Ottawa). To generate founder transgenic fish, one-cell-stage WT embryos were injected with ~1
nl of 100 ng/dl synthesized plasmid and 200 ng/|d transposase mRNA, and screened for cardiac
green fluorescent protein (GFP) expression at 2 dpf. Founders with cardiac GFP expression were
raised to adults and crossed with WTSs to screen for embryos expressing the corresponding

reporter gene to establish the line.

4.2.3 Generation of asclla’ mutant zebrafish

Expression of asclla was knocked out using CRISPR/Cas9. The sequence of the SgRNA

was designed using CHOPCHOP (https://chopchop.cbu.uib.no/) and was specific to the starting

region of the only exon of asclla (GAGGCGAAAAAGCAAGCAGG). The sgRNA was
synthesized using a cloning-free method described previously (Talbot and Amacher, 2014). Cas9
MRNA was synthesized from zebrafish codon-optimized Cas9 (Jao et al., 2013) using
MMESSAGE mMMACHINE SP6 kit (Invitrogen, Cat#: AM1340). One-cell-stage WT embryos
were injected with ~1 nl of injection solution containing 150 pg Cas9 mRNA, 50 pg of sgRNA,
and 0.01% phenol red suspended in Danieau buffer (in mM: 58 NaCl, 0.7 KCI, 0.4 MgSO4, 0.6
Ca(NO:s),, and 5.0 Hepes; pH 7.6). Embryos were reared to sexual maturity (60-90 dpf) and

mutants in this adult FO population were identified through DNA extraction of fin clips and
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Sanger Sequencing (Genome Quebec, McGill University, Montreal, Canada). The final mutant
line that was established carried a 7-bp deletion 49 bps after the start codon in the asclla gene,
resulting in a premature stop codon. The resulting protein was 9.5 kDa rather than the normal 22

kDa.
4.2.4 Immunohistochemistry

Zebrafish larvae were fixed overnight at 4 <C in 4% paraformaldehyde (PFA) prepared in
phosphate buffered saline (PBS). The following day, larvae were rinsed 5X in PBS containing 0.1%
tween-20 (PBST). For samples that required sectioning, the larvae were transferred to a 30%
sucrose solution in PBS for 12 — 18 h at 4 <C, embedded in OCT embedding matrix (Fisher
Scientific, Cat#: 23-730-571) on powdered dry ice and sectioned to 30 jum thickness using a Leica
CM3050 S cryostat (Leica Biosystems). Specimens (zebrafish larvae or sections) were then placed
in a blocking solution containing 0.8% Triton-X 100, 3% bovine serum albumin (BSA), and 2%
normal goat serum (Sigma Aldrich Inc., Cat#: NS02L-1ML) dissolved in PBST for 1 h at room
temperature or overnight at 4 <C. Primary antibodies (anti-5-HT, anti-calretinin, anti-zn-12, anti-
SV2, anti-GFP or anti-mCherry) were added in blocking solution and specimens were placed on a
shaker overnight at 4<C in darkness. After 5 x 5 min washes in PBST, secondary antibodies were
added at a dilution of 1:500 in 0.8% Triton-X 100 dissolved in PBST. A complete list of primary
and secondary antibodies used is provided in Table S4.2. Specimens were then incubated with the
secondary antibody in the dark at room temperature for 1 h or at 4 <C overnight, washed 5 X 5 min
in PBST and mounted using Vectasheild™ antifade mounting medium (Vector Laboratories, Cat#:
H-1000-10) in a concave depression glass slide for imaging. Specimens were imaged using an
A1R MP* confocal microscope (Nikon Instruments Inc. USA) with 25X/1.10 W, 20X/0.75 MImm

or 10X/0.50 W objectives.
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4.2.5 Quantification of MLCs and NECs through development

To quantify morphological changes of MLCs and NECs through development under
normoxic and hypoxic conditions, Tg(tphlb:mCherry) larvae were raised under normoxic (153
mmHg) or hypoxic (45 mmHg) flow through conditions beginning from 10 h post fertilization
until 4, 7 or 14 dpf. Larvae raised to 7 and 14 dpf were fed daily. At the end of the exposure, larvae
were euthanized on ice and stained with 5-HT and mCherry antibodies as described above and the
pharyngeal arch region was imaged with the ventral region facing towards the objective. Cells
positive for both 5-HT and mCherry were identified as MLCs while cells positive only for 5-HT
were identified as NECs. Analysis of MLC and NEC number and size was carried out using ImageJ

(https://imagej.nih.gov/ij/). Briefly, the image was first converted to 8 bits and threshold set just

above background. The “analyze particles” plugin was used to count cells greater than 20 pm? in
area with a circularity of at least 0.3. The number of cells and the average area were extracted from
the analysis. The cells were then identified as MLCs or NECs, and the total number and cell size
of each cell type were tabulated. During the analysis, images were relabelled and analyzed “blindly”

without knowing the treatments of the fish in the image.
4.2.6 In vivo Ca?* imaging

All experiments were performed on 4 dpf larvae in system water. Imaging of larvae was
performed with an A1R MP+ confocal microscope (Nikon Instruments Inc. USA) with 20X
water-immersion objective (0.75 NA, time-lapse imaging). The microscope was further equipped
with a custom-made water perfusion system enabling switching of perfusion solutions into the
imaging chamber. The imaging chamber was made of glass with an O sensor spot attached
(Loligo Systems, Denmark) to allow for O2 measurement within the chamber using the Witrox 4

O2 meter and the AutoResp software (Loligo Systems, Denmark). An individual larva was
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mounted with its side facing upwards in 1.5% low melting-point agarose (BioShop, Cat#:
AGA101.25) onto a coverslip. The coverslip was then placed on top of the imaging chamber
with the larva facing downwards into the chamber (See Fig. S4.1). This setup allowed for the
chamber to be sealed once water flow was started and the larva to be imaged through the
coverslip. To image the sensor expression pattern, images were acquired with a field of view of
512 %512 or 512 %256 pixels with spatial resolution of 322 <322 or 322 <161 jun (x xy) ata

rate of 30 frames per second.
4.2.6.1 Series I. NaCN exposure

Tg(tphlb:jJRCaMP1a) larvae were used to examine MLCs response to 100 pM NaCN
exposure and resultant chemical hypoxia (Hamel, 2011). Each larva was exposed to 5 min of
system water (baseline) followed by 10 min of either system water or 100 M NaCN (Sigma-
Aldrich, Cat#: 380970) dissolved in system water. For larvae exposed to NaCN, MLCs were
classified as either responsive or non-responsive based on whether Ca?* event (a single spike of
[Ca2*]i) frequency under NaCN exposure exceeded that in the 5 min baseline conditions. As long
as a single time point during NaCN exposure had a higher Ca?* event that that of baseline, it was

deemed a responsive cell.
4.2.6.2 Series 1. Hypoxia exposure

Tg(tphlb:jRCaMP1la, p2rx3b:GCaMP6s) larvae were used to examine the response of
MLCs and PSN/PSGs to hypoxia exposure (30 mmHg). Each larva was first exposed to 5 min of
normoxic system water (baseline). After baseline exposure, the imaging chamber was perfused
with hypoxic water, resulting in a decrease of PO from 153 to 30 mmHg over the course of

approximately 5 min. The fish were then held in hypoxic water for an additional 10 min thus
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yielding an overall period of 15 min for hypoxia exposure (5 min of rapid decline of PO>
followed by 10 min of stable hypoxia). After the hypoxia exposure, normoxic water again was
perfused into the imaging chamber (recovery), resulting in an increase of PO, to 153 mmHg over
the course of approximately 5 min. The larva was then held under normoxic conditions for an
additional 5 min resulting in a total of 10 min for the recovery phase. In this set of experiments,
Ca?" responses were recorded for individual MLCs, individual PSN-endings innervating MLCs,
and all cells within the PSGs when viewed in totality (i.e. the entire PSG was viewed as a region
of interest (ROI) rather than individual cells within the PSGs) due to technical challenges of

identifying individual cells within the PSGs when co-imaged with MLCs.
4.2.6.3 Series Il1. Neurotransmitter exposure

Tg(p2rx3b:GCaMP6s) larvae were used to examine the response of individual cells
within the PSG to either hypoxia or neurotransmitter exposure. Two sets of experiments were
conducted. In the first set, each larva was exposed to 5 min of normoxic system water (baseline)
followed by 15 min of hypoxia exposure as described above or 15 min of neurotransmitter
exposure, and lastly returned to normoxic system water for 10 min (recovery). The putative
neurotransmitters used were 5-HT (50 M serotonin hydrochloride, Sigma-Aldrich, Cat#:
H9523), ACh (50 M acetylcholine chloride, Sigma-Aldrich, Cat#: A6625), ATP (100 pM
adenosine 5'-triphosphate disodium salt hydrate, Sigma-Aldrich, Cat#: A1852), adrenaline [100
M (—)-epinephrine (+)-bitartrate salt, Sigma-Aldrich, Cat#: E4375] and DA (50 M dopamine
hydrochloride, Sigma-Aldrich, Cat#: H8502). Each larva was exposed only to a single
neurotransmitter. Concentrations were chosen based on previous studies showing that ventilation
in larval zebrafish was altered when exposed to these concentrations of putative
neurotransmitters (Pan and Perry, 2020; Rahbar et al., 2016; Shakarchi et al., 2013). In the
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second set of experiments, each larva was first exposed to 5 min of normoxic system water
followed by 7.5 min of hypoxia exposure. The larva was then exposed to an additional 7.5 min of
hypoxia with the same putative neurotransmitters as in the first set of experiments added to the
hypoxic water. Each larva was exposed simultaneously to only a single neurotransmitter and

hypoxia. Finally, the larva was retuned to normoxic system water for 10 min.
4.2.6.4 Image data analysis

Image data were motion corrected before exporting raw traces for ROIs using CalmAn
under the Mesmerize platform (Giovannucci et al., 2019; Kolar et al., 2021). Baseline corrections
for raw traces were performed in R using the baseline package (Liland et al., 2010). Ca?* events
were then detected using the peakPick package, and Ca?* event frequency and mean [Ca?*]i were
calculated using a custom-written R script. A representative R-script is provided in the
supplementary material. For series 1l hypoxia exposure, synchronized peaks were defined as

Ca?* peaks that occurred within 1 sec of each other in MLCs, PSN endings and PSGs.
4.2.7 Ventilation experiments

The HVR was assessed in larvae with ablated MLCs or PSNs. Ablation of MLCs was
achieved in asclla’ mutants as confirmed by immunohistochemistry as described above.
Peripheral sensory neuron ablation was achieved by exposing Tg(p2rx3b:NTR-mCherry) larvae
to 5 mM metronidazole (mtz; Sigma-Aldrich, Cat#: M1547) in 0.2% DMSO (Sigma-Aldrich,
Cat#: D8418) beginning from 2 dpf. Confirmation of ablation was achieved using
immunohistochemistry as described above in 4 dpf larvae. The HVR was assessed by monitoring
fv as described previously (Pan et al., 2019). Briefly, after light anesthesia (0.05 mg ml™* Tris-

buffered MS-222 (ethyl-3-aminobenzoate methanesulfonate salt, Sigma Aldrich Cat#: E10521),

121



an individual larva was placed in a microcapillary tube with an inner diameter of 1 mm.
Zebrafish water containing MS-222 at room temperature was delivered to the microcapillary tube
by gravity at a rate of 1.6 — 1.8 ml min™. Previous studies demonstrated that at the anesthesia
concentration used, the response of larvae to hypoxia is not significantly reduced (Coe et al.,
2017; Jonz and Nurse, 2005). Each larva was allowed to adjust to the chamber for 10 min in
normoxic water (PO2 = 153 mmHg) prior to the start of the trial. During each trial, f, was
recorded for 5 min under normoxic conditions (baseline), followed by 15 min of hypoxia
(treatment) and an additional 5 min after returning to normoxia (recovery) using an iPhone
mounted onto a dissecting microscope [stereo trinocular microscope (AmScope)]. Breathing
frequency was determined for each minute by counting either buccal or opercular movements
depending on the orientation of the fish in the chamber and the visibility of the mouth and/or

operculum.
4.2.8 Statistical analysis

Calcium event frequency in MLCs and the PSNs, and ventilation frequency in zebrafish
larvae were analyzed using Markov chain Monte Carlo sampler for multivariate generalized linear

models using MCMCglmm package (Hadfield, 2010) in R (https://www.R-project.org/). To

compare Ca®* event frequencies and f, between different treatments, all Ca?* event frequency and
fv measurements were fitted as dependent variables and the treatment group that the data are to be
compared against were fitted as a fixed effect. To compare f, between normoxic baseline and the
hypoxic treatment period, fv measurements in hypoxia were fitted as dependent variables and the
last minute of the 5 min normoxia treatment was fitted as a fixed effect. The model included an
unstructured (co)variance matrix at the residual level, using weakly informative inverse-Wishart

priors with the scale parameter defined as a diagonal matrix containing values of one and
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distribution parameters set to 0.001 for the degrees of freedom. Posterior distributions were
estimated from 13,000 MCMC iterations sampled at 10 iteration intervals following an initial burn-
in period of 3000 iterations. This yielded effective samples sizes of 1000 for the parameters of
interest. We inspected the 95% highest posterior density (HPD) associated with each fixed effect
estimate to check whether they overlapped with zero. A 95% HPD interval contains most of the
posterior distribution and is analogous to a confidence interval (Cl) in the frequentist approach; a
95% HPD that overlaps 0 indicates that the effect does not differ significantly from zero. Thus, for
each estimate associated with the fixed effect we determined whether the 95% HPDs included or
excluded zero.

All other statistical analyses were carried out in Sigmaplot (Systat Software). To compare
group means against zero, a one sample t-test was conducted. To compare means of two groups, a
Student’s t-test was conducted. Single factor comparisons among multiple means were conducted
using a one-way ANOVA, while two-factor comparisons among multiple means were conducted
using a two-way ANOVA. When data did not pass a normality test (Shapiro-Wilk test), data were
either log transformed or the Kruskal-Wallis ANOVA on ranks was used. Holm-Sidak post hoc

test was used if a significant interaction was detected. Significance was set at P<0.05.

4.3 Results

4.3.1 Characterization of MLCs and PSNs/PSGs by immunohistochemistry

Merkel-like cells were identified in 4 dpf Tg(tphlb:mCherry) transgenic larvae as cells
expressing tryptophan hydroxylase 1b (TPH1b) and 5-HT; these cells were located at the base of

the taste bud cells positive for calretinin (Fig. 4.1A) forming the taste bud complex. Further
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characterization of MLCs in 4 dpf larvae revealed that they expressed synaptic vesicle protein 2
[SV2, (Fig. 4.1B)] and were associated with zn-12 positive nerve fibres (Fig. 4.1C & D, Fig.
4.2C). The pattern of MLC staining and their innervation were different from the pharyngeal
arch NECs, which were positive for only 5-HT and did not exhibit close association with zn-12
positive nerve fibres (Fig. 4.1C & E, Fig. 4.2D). Characterization of MLC innervation patterns at
3, 7, 14 and 21 dpf revealed that MLCs receive innervation from zn-12 positive nerve fibres as

early as 3 dpf (Fig. 4.1F-1).

Characterization of 4 dpf Tg(p2rx3b:eGFP) transgenic larvae revealed that P2RX3b is
expressed within the PSNs and PSGs, specifically the cranial nerves V, VII, IX and X (Fig.
4.2A). Nerves positive for zn-12 emanating from cranial ganglia IX and X projected into the
pharyngeal arch region and associated with MLCs on one end and the central nervous system

(CNS) on the other end (Fig. 4.2).
4.3.2 Morphological changes of MLCs and NECs during hypoxia

At all developmental stages examined, MLCs were more abundant than NECs and were
larger in size (Fig. 4.3). MLC numbers significantly decreased after 4 days of hypoxia
acclimation but were unchanged after 7 and 14 days of exposure (Fig. 4.3). The number of NECs
was unaltered after 4 days but was increased after 7 and 14 days of hypoxia acclimation (Fig.

4.3B). The size of both MLCs and NECs was increased during hypoxia exposure (Fig. 4.3C).
4.3.3 In vivo calcium imaging of MLCs, PSNs and PSGs

To test the hypothesis that MLCs are O, chemoreceptors, we first examined Ca?*
signalling in MLCs when exposed to 100 M NaCN, a reagent that induces chemical hypoxia

(Fig. 4.4). MLCs from which Ca?" measurements were taken were divided into two groups. One
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group termed non-responsive cells were MLCs that did not increase Ca?* event frequency
compared to the baseline at any time during NaCN exposure. A second group termed responsive
cells were MLCs that increased Ca®* event frequency in at least one of the NaCN exposure time
points. Ca?* event frequency in non-responsive cells was identical to control cells that were not
exposed to NaCN, but responsive cells significantly increased Ca?* event frequency (Fig. 4.4C,
Fig. S4.2). Of all the cells measured from 8 larvae, 52 were responsive while 26 were non-

responsive. Thus, when exposed to NaCN, 66% of MLCs increased Ca®* event frequency.

Calcium event frequencies of individual MLCs, PSN-endings, and the whole PSGs were
examined when exposed to hypoxia (Fig. 4.5). Both MLCs and nerve-endings exhibited a
significant increase in Ca®* event frequencies as PO levels declined from 60 to 30 mmHg (Fig.
4.5C & D). Of the 40 MLCs examined, 38 of them had higher Ca?* event frequencies during this
PO> decline phase compared to the normoxic baseline. A significant difference was not observed
when examining the PSGs as a whole, and this could be due to the dilution of signals by cells
that did not respond. When examining the Ca?* events within the PSGs, the signal amplitude was
smaller compared to that in the MLCs or PSN-endings presumably because only a sub-
population of cells within the PSGs (with projections innervating MLCs) responded in synchrony
with the MLCs they innervate. Thus, at a specific time point, only a small population of cells
within the PSGs might be responding and their signals would be diluted by the other cells that
are not responding. However, all three locations examined displayed higher maximum Ca?*
event frequencies during the hypoxia exposure compared to the normoxia baseline (Fig. 4.5C-E).
Even though the PSG did not increase Ca?* event frequency at a specific time point, mean [Ca®*];
when examining all cells within the PSG ROI was elevated during the hypoxia exposure (Fig.

4.5F). To assess whether there was synchrony in Ca?* events between MLCs, PSNs and PSGs,
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the timing of the peak responses was compared at the three measurement sites. There was a ~200
ms delay in the Ca?* peaks of PSGs compared to the peaks of MLCs; this time difference
between the Ca®* peaks of PSGs and MLCs was significantly greater than zero (p=0.001; one

sample t-test).
4.3.4 The HVR in zebrafish experiencing MLC or PSN/PSG ablation

Ventilation experiments were performed on 4 dpf asclla knockout mutants that lacked
MLCs, as well as skin NECs (Fig. 4.6). When exposed to hypoxia, ascl1a*’*, asclla*, and
asclla™ all exhibited an increase in fv (Fig. 4.6C, Fig. S4.4A-C). However, in asclla**and
asclla*" larvae that retained MLCs, the ventilatory response was multiphasic, with an initial
large increase of fv during the first 5 min of hypoxia that gradually declined to a stable level but
remaining higher than in normoxic control fish (Fig. 4.6C). In the asclla’ mutants that lacked
MLCs, the initial large increase in fyv was abolished, as indicated by the significantly lower fv
compared to asclla**and asclla™ during the initial 5 min of hypoxia (Fig. 4.6C, Fig. S4.4D &

E).

Ventilation experiments were also performed on 4 dpf larvae that lacked PSNs/PSGs
(Fig. 4.7). Ablation of PSNs/PSGs was achieved by exposing Tg(p2rx3b:NTR-mCherry) larvae
to mtz. To rule out the potential effects of mtz on ventilation, WT larvae were treated with mtz;
these fish did not show a difference in fv when compared to Tg(p2rx3b:NTR-mCherry) larvae
that did not receive the mtz treatment (Fig. 4.7E, Fig. S4.5A & B). All larvae exposed to hypoxia
showed a multiphasic response and larvae lacking PSNs/PSGs displayed a significantly higher fv
compared to the controls regardless of the water PO> (Fig. 4.7E, Fig. S4.5C). Because of the

upward shift in baseline fv in the ablated fish, it was important to compare the absolute changes
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in fv during hypoxia in larvae lacking PSNs/PSGs with control fish. Thus, the maximum Afy and
the Afv during the final 5 min of hypoxia (representing the stabilized fv during hypoxia) were

compared between larvae with or without PSNs/PSGs. No difference between maximum Afy was
observed, but larvae lacking PSNs/PSGs exhibited a significantly higher Afy in the final 5 min of

hypoxia (Fig. 4.7F).
4.3.5 In vivo Ca?* imaging of PSGs exposed to putative neurotransmitters

When exposed to hypoxia, Ca?* event frequency in individual cells of the PSG at two of
the time points in hypoxia was higher than that of the control cells, but dropped below control
cells during the recovery phase (Fig. 4.8A, Fig. S4.6A). Similarly, mean [Ca?*]; during hypoxia
increased above baseline and was significantly higher than mean [Ca2*]i in control cells, but
returned to the same level as the control cells during the recovery phase, though slightly lower
than baseline levels (Fig. 4.8G). During sustained normoxia, 5-HT, ACh and ATP did not affect
either Ca?* event frequency or mean [Ca®']i (Fig. 4.8B-D & H-J, Fig. S4.6B-D). However, the
addition of adrenaline increased Ca®* event frequency initially but the effect was not sustained
(Fig 8E). Interestingly, after adrenaline was removed (recovery), an elevated Ca?* event
frequency again was observed (Fig. 4.8E, Fig. S4.6E). Conversely, DA supressed Ca?* event
frequency but the effect again was not sustained throughout the exposure (Fig. 4.8F, Fig. S4.6F).
Mean [Ca?*]i was unaffected by AD or DA exposure, alone (Fig. 4.8K & L). During co-exposure
to hypoxia and putative neurotransmitters, ACh and ATP again did affect either Ca®* event
frequency or mean [Ca?*)i (Fig. 4.9C-D & G-H, Fig. S4.7C-D). On the other hand, 5-HT and AD
suppressed the increase of Ca?* event frequency during hypoxia (Fig. 4.9A & D, Fig. S4.7 A &
D), and AD also suppressed the increase of mean [Ca?*]i (Fig. 4.91). Interestingly, an elevated

Ca?" event frequency was observed after co-exposure of hypoxia and DA, once the exposures
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were terminated (Fig. 4.9E, Fig. S4.7E). Representative raw traces from these two sets of

experiments are shown in Fig. S4.8 & Fig. S4.9.
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4.4 Tables and Figures

Figure 4.1. Immunohistochemical -characterization of Merkel-like cells (MLCs) in larval
zebrafish. (A) Co-localization of TPH1b (red), 5-HT (green) and calretinin (magenta) in a
Tg(tphlb:mCherry) larva at 4 days post fertilization (dpf). Image shows a sagittal section of the
larva’s head with the anterior pointing towards the left (same orientation for all images below).
Inserts show enlarged images of the boxed regions. Arrowheads point to calretinin positive taste
bud cells while arrows indicate MLCs positive for both 5-HT and TPH1b. Endogenous mCherry
expression in the heart is the result of an insertion of a heart specific screening marker in the
transgenic line. (B) Co-localization of TPH1b (red), 5-HT (green) and synaptic vesicle protein
[SV2, (magenta)] in a Tg(tphlb:mCherry) larva at 4 dpf. Inserts show enlarged images of the
boxed regions. The arrow points to a MLC that is positive for TPH1b, 5-HT and SV2. The
arrowhead indicates a neuroepithelial cell (NEC) that is positive for 5-HT and SV2 but not
TPH1b. (C) Co-localization of TPH1b (red), 5-HT (green) and zn-12 (magenta) in a
Tg(tphlb:mCherry) larva at 4 dpf. Boxed areas show regions of MLCs that are positive for both
TPH1b and 5-HT (D) and NECs that are positive only for 5-HT (E). (F-1) Co-localization of
TPH1b (red), 5-HT (green) and zn-12 (magenta) in 3 (F), 7 (G), 14 (H), and 21 (I) dpf

Tg(tphlb:mCherry) larvae. Inserts show enlarged images of the boxed regions.
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Figure 4.2. Immunohistochemical characterization of the peripheral sensory neurons
(PSNs) and peripheral sensory ganglia (PSGs) in larval zebrafish at 4 days post fertilization
(dpf). (A) Lateral view of a Tg(p2rx3b:eGFP, tph1b:mCherry) transgenic larva with the V/VII,
IX, and X PSG expressing GFP and Merkel-like cells (MLCs) expressing mCherry. The arrow
indicates a nerve bundle from the PSG projecting into the brain region traced out with white
dashed lines. Arrowheads point to nerve bundles projecting into the pharyngeal arch region and
associating with MLCs. (B-C) Co-localization of p2rx3b (red), 5-HT (green) and zn-12 (blue) in
the pharyngeal arch region of a Tg(p2rx3b:mCherry) transgenic larva. Arrowheads point to 5-HT
positive MLCs that are associated with nerve bundles positive for both p2rx3b and zn-12, while
arrows indicate 5-HT positive NECs that are not associated with nerve bundles. Identification of
MLCs and NECs were based on the position of the different cell types. MLCs were located on

the pharyngeal arch while NECs were positioned at the tip of the gill arch.
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Figure 4.3. Morphological characterization of Merkel-like cells (MLCs) and neuroepithelial
cells (NECs) during acclimation to hypoxia. (A) Representative image of a Tg(tphlb:mCherry)
larva at 7 days post fertilization (dpf) stained for TPH1b (mCherry) in red and 5-HT in green.
Arrows point to MLCs that are positive for both TPH1b and 5-HT and arrowheads indicate
NECs that are positive only for 5-HT. (B-C) MLC and NEC number (B) and size (C) in the
pharyngeal arch region of Tg(tphlb:mCherry) larvae at 4, 7 and 14 dpf during normoxia or
acclimation to hypoxia (45 mmHg) beginning at 10 h post fertilization. Data are presented as
means =s.e.m. Statistical analysis was conducted using two-way ANOVA (Holm-Sidak post-
hoc multiple comparison test at P < 0.05). Asterisks (*) represent significance between normoxia
and hypoxia treatment for MLCs, while daggers (1) represent significance between normoxia
and hypoxia treatment for NECs. Within the same normoxia or hypoxia acclimation treatment,
different upper-case letters indicate significances between the different developmental time
points in the normoxia acclimation group, while different lower-case letters indicate significant

differences between the different developmental time points in the hypoxia acclimation group.
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Figure 4.4. In vivo Ca?* imaging of Merkel-like cells (MLCs) exposed to NaCN. (A)
Representative image of a Tg(tphlb:jRCaMP1a) larva at 4 days post fertilization (dpf) with
MLCs expressing the red-colored in vivo Ca?* indicator (arrowhead). (B) Representative Ca?*
traces for larvae exposed to 5 min of normoxic system water followed by 10 min of 100 M
NaCN. Control traces were obtained from MLCs of larvae exposed to 15 min of normoxic
system water. A calcium event is characterized as a single spike of [Ca?*]iand calcium event
frequency is presented as peaks per minute (ppm). Two categories of MLCs were observed; non-
responsive cells were MLCs that did not increase Ca?* event frequency when exposed to NaCN
whereas responsive cells were MLCs that increased Ca?* event frequency when exposed to
NaCN. (C) Mean Ca?* event frequencies of control, non-responsive and responsive cells. Data
are presented as means =s.e.m. Asterisks (*) represent significant differences compared to

control cells. See Fig. S4.2 for statistical analysis.
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Figure 4.5. In vivo Ca?* imaging of Merkel-like cells (MLCs), peripheral sensory neurons
(PSNs), and peripheral sensory ganglia (PSGs) in larval zebrafish exposed to hypoxia. (A)
Representative Oz exposure scheme of a Tg(tphlb:jRCaMP1a, p2rx3b:GCaMP6s) larva at 4
days post fertilization (dpf). Each larva was first exposed to 5 min of normoxia (1). Oxygen
levels were then gradually lowered to 30 mmHg over the course of approximately 5 min (2-4,
each number represents a drop of 30 mmHg), and held at 30 mmHg for an additional 10 min (5-
8). After hypoxia exposure, PO2 was raised back to normoxic levels over the course of
approximately 5 min (9-12, each number represents a rise of 30 mmHg) and further held at
normoxic levels for an additional 5 min (13). (B) Representative Ca?* traces from MLCs, PSNss,
and PSGs of a larva exposed to hypoxia. Arrows point to a synchronized peak between the three
locations. Inserts show an enlarged view of the synchronized peaks, showing the time delay
present between the peaks from different locations. (C-E) Ca?* event frequencies of MLCs (C,
n=40 cells), PSNs (D, n=15 nerve endings) and PSGs (E, n=10 ganglia). Data are presented as
means %s.e.m. Asterisks (*) indicate significant increases compared to time point 1. See Fig.
S4.3 for statistical analysis. (F) Mean [Ca?']; of PSGs exposed to hypoxia. Data are presented as
means =s.e.m. Statistical analysis was conducted using one-way ANOVA. Asterisks (*)
represent significant differences compared to baseline. Statistical significance was set at P <
0.05. (G) Time difference of synchronized peaks between peripheral sensory nerve-ending and
MLC, and PSG and MLC. Data are presented as means *s.e.m. Asterisks (*) represent

significant difference of mean from zero (one sample t-test; P < 0.05).
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Figure 4.6. The effects of hypoxia on ventilation frequency (fv) in larval zebrafish lacking

Merkel-like cells (MLCs) at 4 days post fertilization. (A-B) Representative ventral and lateral
views of asclla** or asclla™ larval zebrafish. Arrowheads point to MLCs in the pharyngeal
arch region and arrows indicate skin neuroepithelial cells (NECs). (C-D) Representative ventral
and lateral views of asclla’ larval zebrafish; MLCs in the pharyngeal arch region and skin
NECs were not observed. (E) Ventilation frequency of asclla*’* (n=6), ascl1la™" (n=7), and
asclla’ (n=11) larval zebrafish exposed to hypoxia (35 mmHg) and subsequently returned to
normoxia (153 mmHg). Data are presented as means =s.e.m. Asterisks (*) represent significant

+/+

differences between asclla*” and asclla**, while daggers (1) represent significant differences

+/+

between asclla’ and asclla*™*. For asclla*’* and asclla™, all data points during hypoxia were
significantly greater than during the last minute of normoxia. For asclla’, except for the 6 and
18™-20"™ min, all data points in hypoxia are significantly greater than the last minute of

normoxia. See Fig. S4.4 for statistical analysis.
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Figure 4.7. The effects of hypoxia on ventilation frequency (fv) in 4 days post fertilization
(dpf) larval zebrafish lacking peripheral sensory neurons (PSNs)/peripheral sensory
ganglia (PSGs). (A-B) Representative lateral views of Tg(p2rx3b:NTR-mCherry) larval
zebrafish at 4 dpf treated with DMSO control (A) or DMSO and metronidazole [mtz, (B)]. (C-
D) Ventral views of the pharyngeal arch regions of 4 dpf Tg(p2rx3b:NTR-mCherry) larval
zebrafish treated with DMSO control (C) or DMSO and mtz (D). (E) Ventilation frequency of
WT control, WT treated with mtz, Tg(p2rx3b:NTR-mCherry) control and Tg(p2rx3b:NTR-
mCherry) treated with mtz larval zebrafish (n=8 for each group) exposed to hypoxia (35 mmHg)
and subsequently returned to normoxia (153 mmHg). Data are presented as means =£s.e.m.
Asterisks (*) represent significant differences from the Tg(p2rx3b:NTR-mCherry) control group.

See Fig. S4.5 for statistical analysis. (F) Comparison of maximum Afy, mean Afy in the last 5 min
of hypoxia, and mean Afy during the recovery phase in control and mtz treated Tg(p2rx3b:NTR-

mCherry) larvae. Data are presented as means %s.e.m. Statistical analysis was conducted using
Student’s t-test to compare between the control and mtz treated groups. Asterisks (*) represent

significance compared to the control. Statistical significance was set at P < 0.05.

141



f,(min)

£ WT Control  —O— p2rx3b:NTR Control
#/- WT MTZ —@— p2rx3b:NTR MTZ
250 ~
% 35 mmHg Hypoxia )
Normoxia } Normoxia
200 - } "
|
|
150 - }
|
[ ]
100 . A
IS, &
O T i
50 A | O A
0 - \
Q %l CREE O
‘N - | * as
0 T T T v \
0 5 10 15 20 25

Time (min)

142

200 1 1 p2rx3b:NTR Control
N p2rx3b:NTR MTZ
150 4
- 100 - *
b}
50 A
0 -
-50 T T T
Max Af;(wp) Mean Afvmec)
Mean Aj‘\l[valasl 5)
Fig. 4.7



Figure 4.8. In vivo Ca?* imaging of individual cells within the peripheral sensory ganglia
(PSGs) in 4 days post fertilization larval zebrafish exposed to various putative
neurotransmitters. (A-F) Ca?* event frequency fold changes of individual cells within the PSGs
exposed to hypoxia [30 mmHg, (A), n=58 cells], 50 M serotonin [5-HT, (B), n=50 cells], 50
UM acetylcholine [ACh, (C), n=46 cells], 100 M ATP [(D), n=41 cells], 100 M adrenaline
[AD, (E), n=38 cells], or 50 uM dopamine [DA, (F), n=45 cells]. Data are presented as means =+
s.e.m. Grey shaded areas represent time points under hypoxia or putative neurotransmitter
treatment. Asterisks (*) represent significant differences from the controls (normoxic system
water during the treatment phase). See Fig. S4.6 for statistical analysis. (G-H) Mean [Ca?*]; fold
change of individual cells within the PSGs exposed to hypoxia [30 mmHg, (G)], 50 pM 5-HT
(H), 50 pM ACh (1), 100 M ATP (J), 100 v AD (K), or 50 M DA (L). Data are presented as
means =s.e.m. Grey shaded areas represent time points under hypoxia or putative
neurotransmitter treatment. Asterisks (*) represent significant differences between a specific
time point and the corresponding control value. Daggers (1) represent a significant difference
between a specific time point and baseline; two-way ANOVA (Holm-Sidak post-hoc multiple

comparison test. Statistical significance was set at P < 0.05.
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Figure 4.9. In vivo Ca?* imaging of individual cells within the peripheral sensory ganglia
(PSGs) in 4 days post fertilization larval zebrafish co-exposed to hypoxia and various
putative neurotransmitters. (A-F) Ca®* event frequency fold changes of individual cells within
the PSGs first exposed to hypoxia (30 mmHg) followed by co-exposure of hypoxia and 50 M
serotonin [5-HT, (A), n=45 cells], 50 piM acetylcholine [ACh, (B), n=60 cells], 100 M [ATP
(C), n=46 cells], 100 M adrenaline [AD, (D), n=48 cells], or 50 M dopamine [DA, (E), n=53
cells]. Data are presented as means %s.e.m. Light grey shaded areas represent time points under
hypoxia treatment, dark grey shaded areas represent time points under hypoxia and putative
neurotransmitter co-treatment. Asterisks (*) represent significant differences from the hypoxia
treatment value. See Fig. S4.7 for statistical analysis. (G-H) Mean [Ca?*]i fold change of
individual cells within the PSGs first exposed to hypoxia (30 mmHg) followed by co-exposure of
hypoxia and 50 pM 5-HT (F), 50 pM ACh (G), 100 piM ATP (H), 100 piM AD (1), or 50 piVl DA
(J). Data are presented as means =s.e.m. Light grey shaded areas represent time points under
hypoxia treatment, dark grey shaded areas represent time points under hypoxia and putative
neurotransmitter co-treatment. Asterisks (*) represent significant difference between a specific
time point compared to the hypoxia treatment value. Daggers (1) represent a significant
difference between a specific time point and baseline; two-way ANOVA (Holm-Sidak post-hoc

multiple comparison test. Statistical significance was set at P < 0.05.
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Figure 4.10. A proposed model for Oz chemoreception in larval zebrafish. The model was
adapted from Fig. 4.4 of Zachar and Jonz (2012b). Dashed lines represent components not
confirmed in this study, while solid lines represent oathways demonstrated in this study. (1) A
decrease in PO; is detected by an uncharacterized Oz sensor within the Merkel-like cells
(MLCs). (2) Detection of hypoxia leads to inhibition of K* current. (3) Membrane
depolarization. (4) Influx of Ca?* resulting in an increase of [Ca?*]i. (5) Neurotransmitters
[potentially serotonin (5-HT), adrenaline (AD) and dopamine (DA)] are released. (6) Signals
from MLCs are carried by peripheral sensory neurons (PSNs)/peripheral sensory ganglia (PSGs)
to the central nervous system (CNS). (7) Stimulates the first phase of ventilation in the
multiphasic hypoxic ventilatory response (HVR). (8) As hypoxia progresses, [Ca?*]i rise in the
PSGs. (9) An inhibitory signal is transduced to the CNS and integrated with an excitatory signal
from an unknown source, potentially the CNS. (10) The integrated signal results in the second

and third phase of ventilation in the multiphasic HVR. See discussion 4.4.4 for additional details.
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4.5 Discussion

The purpose of this study was to test the hypothesis that MLCs are potential O
chemoreceptors in zebrafish by showing that they exhibit hypoxia responsiveness in vivo and
that their ablation can directly alter the HVR. The results clearly demonstrated that 1) MLCs
exhibit hypertrophy under hypoxic conditions, 2) MLCs respond to hypoxia in vivo through an

increase in Ca®* event frequency and 3) ablation of MLCs results in a supressed HVR.
4.5.1 Morphological characterization of MLCs

MLCs associated with the pharyngeal arches and orobranchial cavity express the 5-HT
synthesis rate-limiting enzyme TPH1b whereas NECs within the pharyngeal arch region express
5-HT but not TPH1b. Thus, the tphlb promoter is suitable for driving the expression of in vivo
Ca?" indicators within MLCs in transgenic zebrafish lines. Moreover, TPH1b expression alone is
sufficient to identify MLCs whereas NECs can be distinguished as TPH1b negative cells that
contain 5-HT. MLCs were identified in vivo based on specific cellular fluorescence using
Tg(tphlb:mCherry) larvae as described previously by Kapsimali et al. (2011). Further
characterization of MLCs using immunohistochemistry confirmed that similar to NECs, MLCs
express SV2, a protein within synaptic vesicles in nerve terminals and endocrine cells (Buckley
and Kelly, 1985; Zachar and Jonz, 2012a), suggesting that MLCs also are neurosecretory.
Importantly, MLCs were confirmed to be innervated as early as 3 dpf. In younger larvae,
mCherry expression in Tg(tphlb:mCherry) was not observed, but this does not exclude the
possibility of MLCs being present at this stage because mCherry might not have accumulated to
detectable levels. Alternatively, TPH1b might not yet be expressed in MLCs at this early stage of

development. Regardless, innervation of MLCs occurs at an earlier age than in the pharyngeal
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arch NECs, which are not fully innervated until 7 dpf (Jonz and Nurse, 2005). Thus, at least at
the morphological level, MLCs are potential candidates for regulating ventilatory/behavioural
responses to hypoxia that appear as early as 2 dpf (Jonz and Nurse, 2005). Tracing the nerves
innervating MLCs using the Tg(p2rx3b: eGFP) and Tg(p2rx3b: NTR-mcherry) lines (Kucenas et
al., 2006) showed that at 4 dpf, MLCs are innervated by PSNs, specifically originating from
cranial nerves 1X (glossopharyngeal nerve) and X (vagus nerve), projecting into the pharyngeal
arch region. This is an important observation because cranial nerves IX and X are thought to be
responsible for the innervation of O»-sensitive chemoreceptors involved in ventilatory responses
(Milsom, 2012). Nerves projecting from the cranial nerve ganglia also reach the CNS, thus
forming a potential signal transduction pathway from putative O, chemoreceptors through to the

CNS, a pathway that has not yet been demonstrated for NECs.

Chemoreceptor hypertrophy and/or proliferation are characteristics of chemoreceptors
under prolonged hypoxia exposure (Jonz et al., 2004; Mills and Nurse, 1993; Nurse and VVollmer,
1997; Stea et al., 1992; Wang and Bisgard, 2002). Thus, to examine whether MLCs experience
hypertrophy or proliferation, cell number and size were quantified for NECs and MLCs in larvae
exposed to hypoxia for 4, 7 or 14 dpf. In agreement with a previous study (Jonz et al., 2004),
NECs increased in both cell number and size during chronic hypoxia. Although proliferation of
MLCs was not observed, MLC hypertrophy was apparent. Thus, MLCs do respond to hypoxia

morphologically as would be expected of an O> chemoreceptor.
4.5.2 MLCs as putative O2 chemoreceptors

Direct evidence that MLCs are responsive to hypoxia and thus could function in O2
chemoreception was demonstrated using in vivo Ca?* imaging. When exposed to NaCN, which

results in intracellular chemical hypoxia, a population of MLCs increased Ca?* event
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frequencies. In addition, during progressive hypoxia exposure, as PO> levels decreased from 60
to 30 mmHg, both MLCs and PSN-endings innervating MLCs increased Ca?* event frequencies.
It is during these severe levels of hypoxia when £, is maximal in 4 dpf zebrafish larvae (Mandic
et al., 2020). As hypoxia progresses, this increase in Ca®* event frequency was no longer
observed, suggesting MLCs either acclimatized to hypoxia, or experienced receptor failure
owing to hypoxia as previously observed in Merkel cells and slowly adapting mechanoreceptors
(Findlater et al., 1987). Together, these results suggest that MLCs may play an important role in
contributing to the initial increase of fv during the HVR. It is also possible that the entire taste
bud complex might be involved in Oz chemoreception, whereby the taste receptor cells sense a
change in PO2 and transmit an excitatory signal to the MLCs where it is integrated, similar to the
process of taste perception (Finger and Kinnamon, 2021). Regardless, this does not undermine
the fact that MLCs play an important role in the O> signal transduction process. Ablation of
MLCs in the asclla’™ mutants also prevented the initial large increase in the multiphasic HVR.
However, in the asclla’™ mutants, skin NECs also were absent and thus it is possible that skin

NECs also are contributing to the initial large increase of f, during the HVR.

Upon aligning the Ca?* event signals from the MLCs, PSN-endings and PSGs, a delay in
the Ca?* peak of approximately 200 ms was observed between the MLC and PSG. It is unlikely
that this difference reflected the different in vivo calcium indicators used because both
JRCaMP1a and GCaMP6s exhibit mean rise times of around 75-100 ms (Chen et al., 2013; Dana
et al., 2016). Although the delay in the Ca?* event response is much longer than the time required
for signals to transduce across a chemical synapse (Lodish et al., 2000), it nevertheless suggests

that the signal is moving in the direction of MLCs to the PSGs.
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Within the PSGs, the gradual rise of mean [Ca?*]; is of particular interest. Considering
that the HVR is multiphasic and that fy is stable during the later stages of hypoxia exposure, it
was thought initially that the rise in mean [Ca?*]i in PSGs was responsible for the stable increase
in fv above baseline normoxic conditions. However, in larvae experiencing PSG ablation, the
opposite was observed; larvae lacking PSGs displayed an elevated £, under both normoxia and
hypoxia, suggesting that PSGs have a tonic inhibitory effect on £, under normoxic conditions and
further inhibit £, under hypoxia. Upon careful examination of the various stages of the HVR, it is
clear that the maximum change in £, (Afy) was unaltered by the loss of PSGs. Thus, the initial
large increase in fy may not be mediated through the PSGs, raising the question as to whether the
hypoxia-responsive MLCs, which are innervated by nerves originating from these PSGs do
indeed play a role in initiating the rapid rise in fv during the early stage of the HVR. It is possible
that these MLCs convey an inhibitory signal to the PSG to lower fyv in the later phase of the
HVR. This possibility is discussed and further expanded upon in Chapter 5. Thus, in addition to
MLCs, there are likely other cell types that participate in the initiation of the HVR, such as the
skin NECs. Without PSGs, signals from the MLCs may not be transmitted to the CNS such that
skin NECs play the more important role in initiating the HVR. To date, however, there are no
direct data implicating the skin NECs as O2 chemoreceptors and the route whereby excitatory
signals are propagated from the skin NECs to the CNS is unknown. Alternatively, PSGs might
not have been fully ablated in the current study with any remaining functional units being
sufficient to transduce the initiation of ventilation signal from MLCs to the CNS. Lastly, there
could be other signal transduction pathways from the MLCs to the CNS that were unobserved in
this study. Even though PSGs might not be important for the initiation of he HVR, PSGs clearly

play a role once ventilation has been stabilized. Without PSGs, f, was stabilized at a much higher
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level than in larvae with PSGs, suggesting that PSGs exert an inhibitory effect on ventilation
potentially due to the rise of mean [Ca?'];. Because the stabilized f is above normoxic baseline
values, the final stabilized £, likely reflects an interplay between the inhibitory signal from PSGs
and an excitatory signal originating elsewhere. This excitatory signal during the stabilized f,
phase is not likely to be from skin NECs, because asclla’ mutants that lack skin NECs are still
able to increase fy under hypoxic conditions. One potential site of the excitatory signal could be
the CNSS, itself. In fish, there is considerable debate surrounding the existence of a central O
chemoreceptor capable of stimulating breathing, and to some extent this is also true for the
mammalian literature (Funk and Gourine, 2018a; Funk and Gourine, 2018b; Gourine and Funk,
2017; SheikhBahaei, 2020; Teppema, 2018). Evidence for the presence of central O
chemoreceptors in fish is mixed. In some species, infusion of hypoxic blood into the dorsal aorta
of normoxic fish or exposing in vitro brain stem preparations resulted in an increase of
ventilation or ventilatory drive (Bamford, 1974; C&é&et al., 2014; Saunders and Sutterlin, 1971)
yet in other species, direct perfusion of the brain with hypoxic saline did not alter breathing
(Hedrick et al., 1991; Milsom et al., 2002). Certainly, the presence of central O, chemoreceptors

is an interesting concept that merits further investigation.
4.5.3 Neurotransmitters involved in O2 chemoreception/afferent signalling

This study focused on the Ca?* responses in individual cells of the PSGs to putative
neurotransmitters, resulting in the measurements not being influenced by potential off-target
effects of the drugs on the CNS. The drugs chosen were reported previously to alter ventilation
in larval zebrafish. Specifically, 5-HT, ACh, ATP and AD are known to increase fv, while DA
decreases fv (Coe et al., 2017; Rahbar et al., 2016; Shakarchi et al., 2013). When exposed to

hypoxia, individual cells within the PSG responded similarly to the PSG as a whole. Ca?* event
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frequencies were sustained during hypoxia and mean [Ca?*]i was elevated, potentially

contributing to the decline in £, during the second phase of the multiphasic HVR.

Of the five putative neurotransmitters tested, ACh and ATP had no effect on the Ca?*
profiles in PSGs, whether they were administered under normoxic conditions or co-administered
with hypoxia. This result was somewhat unexpected considering that ACh and ATP are the two
excitatory neurotransmitters secreted by the mammalian carotid body when activated (Nurse,
2010), and that ACh has been shown to increase fv in larval zebrafish (Shakarchi et al., 2013).
The same is also true for 5-HT where administration of 5-HT alone can elicit ventilatory
responses (Shakarchi et al., 2013) yet failed to elicit Ca?* responses in the PSGs. 5-HT only
supressed Ca?* event frequency in the cells of PSG when co-administered with hypoxia.
Assuming that all peripheral signals are transduced to the CNS by the PSNs/PSGs, these results
suggest that ACh and 5-HT, when administered during normoxia, are directly affecting the CNS
to modulate ventilation at 4 dpf. This potential central action at 4 dpf however, does not rule out
the possibility that ACh and 5-HT might be acting peripherally at later stages when the gill NECs
are innervated. The other two putative neurotransmitters AD and DA had varying effects on the
Ca?" profiles of cells in the PSG. Under normoxic conditions, administration of AD stimulated
Ca?" event frequency while addition of DA resulted in a suppression of Ca?* event frequency.
The reverse was observed when AD or DA were co-administrated with hypoxia — AD caused a
suppression of Ca?* event frequency and DA, while not affecting Ca?* event frequency during
the drug administration phase, resulted in an increase in Ca®* event frequency once the

neurotransmitter and hypoxia treatment were removed.

Considering that the HVR is multiphasic, it is possible that the increase in Ca?* event

frequency could encode different signals during different phases of the HVR. During the first
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phase of the HVR when a large increase in fv was observed, an increase in Ca®* event frequency
might transduce an excitatory ventilation signal to the CNS. This would explain the increase of
Ca?" event frequency in AD treated larvae and the decrease of Ca?* event frequency in DA
treated larvae under normoxic conditions. The second phase of the HVR consists of a decline in
fv to a stable state above baseline normoxic levels. Thus, at this stage, an increase of Ca®* event
frequency would code for an inhibitory signal, much like the increase in mean [Ca®*];, so that
even though 5-HT and AD stimulate ventilation (Pan and Perry, 2020; Shakarchi et al., 2013),
they cause a decrease in Ca?* event frequency when administered under hypoxic conditions.
Thus, it is possible that they are inhibiting an inhibitory ventilation signal being transmitted to
the CNS, resulting in a stimulation of ventilation. A similar explanation would also explain DA’s
lingering effect on Ca?* event frequency. Because DA inhibits ventilation, it would result in an
increase in Ca®* event frequency when administered under hypoxia. Further evidence to support
Ca?* event frequency encoding different signals under different phases of the HVR is that when
administered under normoxic conditions, AD (Pan and Perry, 2020) results in an elevated f, that
IS monophasic — fv increases to a stable level and there is no secondary decline of f. Thus,
without a period of hypoxia exposure, the increase in Ca?* event frequency will only be
transducing a signal to increase fv, resulting in a monophasic elevation of f,. Further evidence for
AD stimulating ventilation also comes from co-administration of AD and hypoxia. Under
hypoxic conditions, AD inhibits the rise of mean [Ca?*]i caused by hypoxia. Because the rise of
mean [Ca?*]i potentially inhibits ventilation, AD is inhibiting an inhibitory ventilation signal and
thus stimulating ventilation. Despite showing that 5-HT, AD and DA have an effect on the Ca?*
profile of cells in the PSGs, it remains unknown whether these putative neurotransmitters are

directly released from MLCs or other presumptive O> chemoreceptors during hypoxia.
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4.5.4 A proposed model for Oz chemoreception in larval zebrafish and future directions

Consolidating the results from this study and integrating previously known literature on
O2 chemoreception (Jonz et al., 2015; Zachar and Jonz, 2012b), a proposed model for O>
chemoreceptor in larval zebrafish is presented (Fig. 4.10). Upon hypoxic exposure, a yet
unidentified O, sensor within the MLCs detects the change in POz, which results in the inhibition
of background K* channels and membrane depolarization. Membrane depolarization activates
voltage dependent Ca?* channels allowing for the influx of extracellular Ca?* or release from
intracellular stores. The rise in [Ca?']; triggers the release of neurotransmitters, possibly 5-HT or
ACh, onto the PSN-endings thereby transmitting the signal via the PSGs to the respiratory
centers of the CNS, resulting in the large increase of fv during the first phase of the multiphasic
HVR. As the hypoxia exposure progresses, MLCs no longer send an excitatory signal to the CNS
via the PSNs and PSGs, while the rise in mean [Ca?*]; within the PSGs confers an inhibitory
signal to the respiratory centers of the CNS resulting in a gradual decrease of ventilation (the
second phase of the multiphasic HVR). A potential excitatory signal from the CNS then
interplays with the inhibitory signals from the PSGs, resulting in the sustained ventilation above
normoxic baseline in the last phase of the multiphasic HVR. Several steps within the signal
transduction process still require further examination, such as the potential role of skin NECs in
initiating the initial ventilatory response in the first phase of the HVR, the specific
neurotransmitters released by MLCs, and whether or not there is a central O, chemoreceptor that

can provide an excitatory stimulus to sustain ventilation during the HVR.
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4.6 Supplementary Tables and Figures

Table S4.1. List of PCR primers used to amplify promoter and reporter gene regions. All sequences listed 5’ to 3" with the reverse
primer sequences listed as the reverse compliment of the gene sequence. Sequence in bold indicates the restriction site.

Orientation Sequence Template il(l)(:lstsriitcet
Promoters
tphlb F TAAGCA GAATTC TCTAAGGTGAATCTGTCACATTC WT DNA EcoRI
R TGCTTA GTCGAC GGATGGATGCTCTTGTTTTATAG Sall
p2rx3b F TAAGCA GAATTC AGCCAGCGTCTAAGGACAAC WT DNA EcoRI
R TGCTTA GTCGAC GGTGGCGAATCCGTCTAGTT Sall
Reporter
Genes
GCaMP6s F TAAGCA CCTGCAGG ATGGGTTCTCATCATCATCATCATC Addgene #59531  Sbfl
R TGCTTA GCGGCCGC TCACTTCGCTGTCATCATTTGTAC Notl
jRCaMPla F TAAGCA ACCGGT CATCATCATCATCATCATGGTATGGC Addgene #100848 Agel
R TGCTTA GCGGCCGC TCACTTCGCTGTCATCATTTGTACAA Notl
NTR-mCherry F TAAGCA GTCGAC GAGTCGTGTCGTGCCTGAGA Addgene #113760 Sall
R TGCTTA GCGGCCGC AGCAGCGTATCCACATAGCG Notl
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Table S4.2. List of primary and secondary antibodies used.

Antibody Antigen Host Dilution Source Catalog No.
Primary

5-HT serotonin rabbit 1:1000 Sigma-Aldrich S5545

zn-12 neuron, surface mouse 1:250 DSHB zn-12-s

SV2 SvV2 mouse 1:500 DSHB zn-12-s
Calretinin Calretinin mouse 1:500 Swant 6B3
mCherry mCherry mouse 1:500 Sigma-Aldrich SAB2702291
mCherry mCherry chicken 1:500 Sigma-Aldrich AB356481
GFP GFP rabbit 1:500 Sigma-Aldrich SAB4301138
Secondary

Alexa Fluor Plus 488 rabbit goat 1:500 Invitrogen A32731
Alexa Fluor Plus 647 rabbit goat 1:500 Invitrogen A32732
Alexa Fluor Plus 594 mouse donkey 1:500 Invitrogen A32744
Alexa Fluor Plus 647 mouse goat 1:500 Invitrogen A32728
Alexa Fluor Plus 555 chicken goat 1:500 Invitrogen A32932
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Figure S4.1. Image of the calcium imaging chamber.
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Figure S4.2. The average differences in calcium event frequency (delta fca?*) in MLCs between
non-responsive cell and control cell (A), and responsive cell and control cell (B), with data based
on Figure 4C. Estimates are presented with 95% credible intervals (CI) based on Bayesian

analysis. Data are significant if the 95% CI do not intersect zero (dashed horizontal line).
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Figure S4.3. The average differences in calcium event frequency (delta fca?*) between normoxia
and hypoxia, and normoxia and recovery in MLCs (A), peripheral sensory nerve-endings (B) and
PSGs (C). Data based on Figure 5C-E. Estimates are presented with 95% credible intervals (CI)
based on Bayesian analysis. Data are significant if the 95% CI do not intersect zero (dashed

horizontal line).
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Figure S4.4. The average differences in fv (delta fv) between normoxia and hypoxia, and
normoxia and recovery in asclla*’* (A), asclla*” (B), and asclla’ (C) larvae, and the average
differences in fv (delta fv) between asclla*” and asclla*’* (D), and asclla’ and asclla*’* larvae
(E). Data based on Figure 6E. Estimates are presented with 95% credible intervals (CI) based on
Bayesian analysis. Data are significant if the 95% CI do not intersect zero (dashed horizontal

line).
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Figure S4.5. The average differences in fv (delta fv) between WT control treatment and

Tg(p2rx3b:NTR-mCherry) control treatment (A), between WT metronidazole (mtz) treatment
and Tg(p2rx3b:NTR-mCherry) control treatment (B), and between Tg(p2rx3b:NTR-mCherry)
mtz treatment and Tg(p2rx3b:NTR-mCherry) control treatment (C). Data based on Figure 7E.
Estimates are presented with 95% credible intervals (CI) based on Bayesian analysis. Data are

significant if the 95% CI do not intersect zero (dashed horizontal line).
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Figure S4.6. The average differences in calcium event frequency (delta fca?*) in individual PSG
cells between hypoxia and control treatment (A), 5-HT and control treatment (B), ACh and
control treatment (C), ATP and control treatment (D), AD and control treatment (E), and DA and
control treatment (F). Data based on Figure 8A-F. Estimates are presented with 95% credible
intervals (CI) based on Bayesian analysis. Data are significant if the 95% CI do not intersect zero

(dashed horizontal line).
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Figure S4.7. The average differences in calcium event frequency (delta fca?*) in individual PSG
cells between 5-HT and hypoxia treatment (A), ACh and hypoxia treatment (B), ATP and
hypoxia treatment (C), AD and hypoxia treatment (D), and DA and hypoxia treatment (E). Data
based on Figure 9A-E. Estimates are presented with 95% credible intervals (CI) based on
Bayesian analysis. Data are significant if the 95% CI do not intersect zero (dashed horizontal

line).
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Figure S4.8. Representative raw traces of [Ca®*]i in individual cells of the PSN when exposed to

either hypoxia or the various neurotransmitters (grey shaded area).
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Figure S4.9. Representative raw traces of [Ca®*]i in individual cells of the PSN when exposed to
hypoxia (light gray shaded area) or co-exposed to hypoxia and one of the various

neurotransmitters (dark gray shaded area).
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CHAPTER 5. General Discussion
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5.1 Thesis summary

The overall objective of this thesis was to examine the O2 chemoreception pathway in
larval zebrafish and the associated downstream physiological responses. Chapter 2 evaluated the
physiological significance of the HVR in larvae with the main finding being that
branchial/buccal gas transfer plays a significant role in Oz uptake during hypoxic conditions,
supporting a physiological benefit of the HVR as early as 7 dpf. Chapter 3 examined the role of
5-HT in regulating the HVR using tphl loss-of-function zebrafish (knockouts). The major
finding was that while 5-HT modulated the HVR, 5-HT within the skin NECs does not appear to
be a major contributor. Finally, Chapter 4 provided in vivo evidence for O, chemoreception in
MLCs, a newly proposed branchial O. chemoreceptor. The following discussion serves to
synthesize information obtained from the three data chapters and concludes by providing a new

working model for O, chemoreception in zebrafish larvae.

5.2 The multiphasic HVR

The first novel finding from this thesis was that the HVR is tightly regulated in larval
zebrafish as early as 4 dpf and by 7 dpf, the HVR aids in O2 uptake under hypoxic conditions.
An equally interesting observation was that similar to the HVR in mammals (Powell et al.,
1998), the HVR in larval zebrafish is multiphasic, with a large initial increase (initiation phase)
gradually declining (decline phase) to reach a new steady-state above that of normoxia values
(steady phase). This dynamic response was a previously overlooked phenomenon because prior
studies did not analyze or report the full time course of the HVR and often only documented a
few time points (e.g. the maximal response) within hypoxia (Rahbar et al., 2016; Tzaneva and

Perry, 2014).
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Because most of the experiments in Chapter 3 and all of the experiments in Chapter 4
were conducted on 4 dpf larvae, at which time they exhibit a fine-tuned HVR, it would suggest
that all of the pathways required to regulate the different phases of the HVR are present at this
stage. However, based on Chapter 2, the HVR does not appear to have any physiological benefit
at 4 dpf. Thus, it remains unclear as to why larval zebrafish hyperventilate at this stage. One
possibility is that the HVR is an innate response in 4 dpf larvae, acting to ensure that O2-sensing
pathways are functional by the time the larvae become dependent on branchial respiration (Jonz
and Nurse, 2005). Regardless, Chapter 2 clearly showed that by 7 dpf, the HVR is playing a
physiological role under hypoxic conditions because buccal O, uptake is occurring at ths time
and preventing the HVR resulted in a diminished ability to maintain O2 uptake under hypoxic
conditions as reflected by an increase in Pcrit. This is a significant result because the benefit of
branchial ventilation clearly is occurring much earlier than 14 dpf, the time at which branchial

respiration begins to play the dominant role in O uptake (Rombough, 2002).

5.3 Initiation phase of the HVR

Because the HVR is multiphasic, it is possible that the different phases of the response
are mediated by separate mechanisms. In chapter 4, it was shown that MLCs, the putative O2
chemoreceptors, only exhibited an increase in Ca?* event frequency during the PO2 decline phase
of hypoxia and that the ablation of MLCs and NECs resulted in the loss of the initiation phase of
the HVR but not the steady phase. Thus, the initiation phase of the HVR may be mediated by the
activation of MLCs. It is also possible that the MLCs may play a more important role in signal
transmission and integration, and that the taste receptor cells forming the taste bud complex with
MLCs are the actual O> chemoreceptors which sense changes in PO, and pass on that signal to

the MLCs. Regardless, MLCs play an important role in the signal transduction process of the
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initiation phase of the HVR. Alternatively, although clearly responsive to hypoxia, the MLCs
may not play a role in the initiation phase but are more important during the decline and steady
phases given that PSN/PSG transmit inhibitory signals to the CNS (see discussion below). In the
latter scenario, the traditionally labelled O> chemoreceptors — gill and skin NECs (Coccimiglio
and Jonz, 2012; Jonz et al., 2004) — could mediate the initiation phase of the HVR. Data from
Chapter 4 support this idea because ablating the PSN/PSG innervating the MLCs did not prevent
the initiation phase of the HVR. The most likely explanation is that skin NECs or another extra-
branchial O, chemoreceptor are mediating the initiation phase of the HVR at such times. At 4
dpf when experiments in Chapter 4 were conducted, skin NECs are present and fully innervated.
Coccimiglio and Jonz (2012) demonstrated that partial chemical denervation of skin NECs at this
stage eliminated the HVR and the data in Chapter 4 showed that the initiation phase of the HVR
was prevented in asclla’ mutants lacking MLCs and skin NECs. However, the pathways
whereby signals are transduced from the skin NECs to the CNS remain uncharacterized. It would
seem that identifying a neural pathway connecting cutaneous NECs to the CNS is a crucial step

in establishing the skin NECs as O2 chemoreceptors in vivo.

It must be emphasised that gill NECs also cannot be ruled out as O2 chemoreceptors in
larvae. Although at 4 dpf, gill NECs are not fully innervated (Jonz and Nurse, 2005), there could
be other unidentified pathways that transduce the signal from gill NECs to the CNS, making
them suitable to initiate the HVR. It is also possible that O is sensed directly within the CNS
although evidence for the presence of central O, chemoreceptors is inconclusive (Bamford,
1974; Burleson and Smatresk, 1990a; CGéet al., 2014; Hedrick et al., 1991; Milsom et al., 2002;
Saunders and Sutterlin, 1971). However, studies were conducted in adult fish that rely

predominantly on the gills for O uptake. In larval zebrafish, cutaneous O uptake is more
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important in the early stages (Pan et al., 2019; Rombough, 2002) and thus it is not unreasonable
to hypothesize that at least in larvae, O2 could directly diffuse into the CNS and be sensed within

the CNS.

Once O2 chemoreceptors are activated, the next step in O signal transduction involves
the release of neurotransmitters onto afferent nerves. However, all direct evidence of
neurotransmitters (e.g. ATP and ACh) being released from peripheral O, chemoreceptors are
derived from studies on the mammalian carotid body (Buttigieg and Nurse, 2004; Conde et al.,
2012; Fitzgerald et al., 1999; Kanlin et al., 2014). In fish, pharmacological studies have pointed
to neuroendocrine factors including 5-HT, ACh, ATP, AD, DA and gaseous neurotransmitters
being important in mediating ventilatory responses (Burleson and Milsom, 1995a; Burleson and
Milsom, 1995b; Jonz et al., 2015; Perry et al., 2016; Rahbar et al., 2016; Randall and Taylor,
1991; Shakarchi et al., 2013). However, their site(s) and modes of action, and whether they are
actually secreted by NECs are unknown. Even though the [Ca?*]i measurement method
employed in Chapter 4 was unable to provide direct evidence of the release of neurotransmitters
by peripheral O. chemoreceptors, it was possible to examine the potential role of these
neuroendocrine factors in a pathway shown to be relevant to O signal transduction.
Unexpectedly, ACh and ATP, which are the stimulatory neurotransmitters released by the carotid
body in response to hypoxia (Leonard et al., 2018; Nurse, 2010) did not affect [Ca?*]i within the
PSG. Serotonin also did not induce a [Ca?*]i response except when administered during hypoxia,
suggesting that it is not responsible for the initiation phase of the HVR even though it is found in
abundance within NECs and MLCs, and potentially can be released in response to hypoxia
(Dunel-Erb et al., 1982). These findings are consistent with the data from Chapter 3 showing that

5-HT, at least within NECs or MLCs, does not mediate the HVR. Interestingly, of the five
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neuroendocrine factors tested, AD and DA were the only two that affected [Ca?*]i within cells of
the PSG when delivered during normoxia, with AD stimulating and DA inhibiting Ca?*
frequency, suggesting their roles in the initiation phase of the HVR. However, there is little
evidence that catecholamines are expressed within gill O> chemoreceptors. In gill NECs of trout,
goldfish (Porteus et al., 2013) or Indian catfish [Heteropneustes fossilis, (Zaccone et al., 2003)],
tyrosine hydroxylase (TH), the rate limiting enzyme of catecholamine synthesis, is not present.
In barramundi (Lates calcarifer), TH was undetectable in the gills based on western blot analysis
(Candy and Collet, 2005). The only evidence for the presence of TH arose from experiments
using cultured gill NECs of the channel catfish where 5-HT and TH were co-localized to cells
dissociated from the gills (Burleson et al., 2006). No studies have examined the expression of TH
within MLCs. Even in the case where TH is not expressed in NECs or MLCs, the presence of
catecholamines within these cells cannot be excluded. Similar to 5-HT being synthesized
directly from 5-HTP without the need for the 5-HT synthesis rate-limiting enzyme TPH (Pan et

al., 2018), a similar process could be hypothesized for catecholamine synthesis.

Neurotransmitters released by activated O, chemoreceptors will then activate the afferent
nerves in contact with the peripheral O> chemoreceptors and convey the signal to the CNS. Even
though data from Chapter 4 showed that when examining the PSG as a whole, hypoxia exposure
did not increase Ca?* event frequency, the maximum Ca?* event frequency was still higher
during hypoxia when compared to the normoxic baseline values. In addition, when looking at
individual cells within the PSG, Ca?* event frequency was higher in hypoxia exposed fish
compared to the normoxic control fish. One caveat, however, is that the ablation of PSN/PSG did
not abolish the initiation phase of the HVR, which may have been a consequence of incomplete

ablation or the presence of other O> chemoreceptors/signal transduction pathways also able to
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evoke the initiation phase (see previous discussion). Regardless, it is likely that the PSN and
PSG play an important role in transducing signals between the O, chemoreceptors and the CNS,
especially when considering that previous work has shown that cranial nerves IX and X are
responsible for transducing ventilation signals between the gills and the CNS (Milsom, 2012).
Once the signal reaches the CNS, an integration of signals likely occurs before the final
ventilation output exits the CNS. Data from Chapter 3 suggest that 5-HT, especially 5-HT
synthesized by the TPH1a paralog, may play an important role in modulating this response
within the CNS. In tphla” and tphla’1b” mutants, fv during the initiation phase was
significantly higher than that of the WTs, suggesting that 5-HT synthesized by TPH1a provides
an inhibitory signal to ventilation. Thus, the activation of peripheral O, chemoreceptors could be
sending a signal via the PSN/PSG to the CNS to inhibit this inhibitory signal, resulting in a rapid
increase of ventilation when first exposed to hypoxia. In support of this idea, nerve fibers
emanating from the PSG into the CNS terminate in close association with 5-HT positive cells,
though whether these 5-HT positive cells express TPH1a is unclear (Fig. 5.1). Stimulating a
response by lifting a tonic inhibitory signal is not uncommon in sensory systems. For example,
in the human visual system, light induced stimulation of photoreceptors results in
hyperpolarization of the photoreceptors to reduce the inhibition of retinal nerves, leading to

excitation of these nerves (Yau, 1994).

5.4 Decline phase of the HVR

After the initiation phase of the HVR, fv gradually declines and reaches a steady phase
that remains above the normoxic baseline conditions. The mechanisms leading to this decline
and steady phase of the HVR are likely very different from those of the initiation phase. One

potential mechanism responsible for the decline phase is the increase in mean [Ca?*]i within the
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PSG as shown in Chapter 4. Thus, ablating the PSN/PSG not only resulted in an increase of fv
under normoxic conditions, but also an increase in Afy during the steady phase of hypoxia,
suggesting that the PSN/PSG produce a tonic inhibitory signal that is sent to the ventilatory
control centers in the CNS under normoxic conditions, and further send an inhibitory signal to
the CNS during hypoxia that is likely conveyed by an increase in mean [Ca?*]i within the PSG.
The mechanisms underlying the rise in mean [Ca?*]i remain unclear although one possibility is
that Oz could directly stimulate the PSN/PSG to elicit a rise of mean [Ca?*]i. Alternatively, it is
conceivable that MLCs, instead of being stimulatory and initiating the HVR as discussed above,
could be sending a signal to increase mean [Ca?*]i in PSG under hypoxic conditions to reduce
ventilation. The latter mechanism could explain the elevated Afy during the decline and steady
phases of hypoxia when PSN/PSG are ablated because the inhibitory signals from the MLCs

would no longer be transduced to the CNS.

5.5 Steady phase of the HVR

An inhibitory signal from the PSG however cannot explain the steady phase of the HVR
because the final fv during the steady phase is above fv under normoxic conditions, suggesting
that there must be an additional excitatory signal originating elsewhere. This excitatory signal is
unlikely to originate from MLCs or skin NECs, because asclla’ mutants that lack MLCs or skin
NECs are still able to hyperventilate during the steady phase of the HVR. One potential
candidate is the gill NEC although the transduction pathway of signals from these cells to the
CNS is not obvious given that the gill NECs are not yet fully innervated at 4 dpf (Jonz and
Nurse, 2005). Another potential explanation is that the excitatory signal originates directly within

the CNS, and again data from Chapter 3 provide hints of evidence for this claim. In both tph1b™
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and tphla’1b” mutants, fv during the steady phase was significantly lower than that of the WTs,
suggesting that 5-HT synthesized by TPH1b is providing an excitatory influence on ventilation.
Although the specific site of action of 5-HT was not determined, it is unlikely to be the MLCs or
NECs as the tphla”, tphlb” and tphla’1b” mutants all had similar densities of detectable
serotonergic cells in the pharyngeal arch region yet responded differently to hypoxia. Thus, the
most likely location is within the CNS, where in mammals it has been shown that Egr2-Petl
subgroup of 5-HT neurons is specialized to drive increased ventilation in response to CO>
elevation and acidosis and that these neurons selectively project to the respiratory chemosensory
center within the CNS (Brust et al., 2014). In addition, using the Tg(tphlb:mCherry) transgenic

zebrafish, TPH1b expression was also demonstrated within the CNS as shown in Chapter 3.

5.6 Proposed models for Oz signal transduction in larval zebrafish

In summary, this thesis provides in vivo evidence for O, chemoreception in larval
zebrafish and presents potential mechanisms whereby the Oz signal transduction pathway
ultimately determines the HVR. Two separate models for O2 sensing and the triggering of the
HVR are summarized in Fig. 5.2. In the first model, MLCs are activated upon hypoxia exposure
and release neurotransmitters such as AD and DA onto afferent PSNs (Fig. 5.2A(1)), which then
transduce an inhibitory signal via the PSN/PSG to the ventilatory control centers of the CNS
(Fig. 5.2A()-(3)). Within the CNS, the inhibitory signal originating from MLCs serves to inhibit
pre-existing inhibitory output to respiratory control centres that is dependent upon 5-HT
synthesized from TPH1a positive cells (Fig. 5.2A()). The net effect is a lifting of tonic
ventilatory suppression leading to the initiation phase of the HVR (Fig. 5.2A(%)). As hypoxia
progresses, mean [Ca?*]i within the PSG rises owing to a direct stimulation of hypoxia (Fig.

5.2A(5)-(6)), leading to an inhibitory signal being sent to the CNS (Fig. 5.2A(7)) and a resultant
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decline of ventilation from the maximum point during the initiation phase. This inhibitory signal
then integrates with excitatory signals likely originating from the CNS and modulated by 5-HT
synthesized from TPH1b positive cells to stabilize ventilation during the steady phase of HVR to
a level above normoxic values (Fig. 5.2A(7)-(8)). In the second model, skin NECs, O2
chemoreceptors in the CNS and potentially gill NECs are activated upon hypoxia exposure to
initiate the HVR (Fig. 5.2B(1)-(3)). MLCs on the other hand are activated only when hypoxia
progresses to below 60 mmHg (Fig. 5.2A()) at which point they transmit a signal to the
PSN/PSG resulting in a rise of mean [Ca?*]i within the PSG to lower fy to the steady phase (Fig.
5.2B(5)-(8)). It is also entirely possible that a combination of the two models could be what is
actually happening within a larval zebrafish, ultimately leading to the HVR during hypoxia

exposure.

5.7 Directions for further research

This thesis provided experimental evidence to advance our understanding of piscine O2
chemoreception and generated preliminary models as to how peripheral O2 chemoreceptors elicit
physiological responses in zebrafish larvae facing hypoxia. However, there remain several
critical unanswered questions that merit further investigation. The first and foremost need is to
provide in vivo evidence for O sensitivity in both gill and skin NECs and to establish the
transduction pathways to the CNS. All existing direct evidence for gill NECs as O>
chemoreceptors was derived from dissociated cells in vitro (Burleson et al., 2006; Jonz et al.,
2004) and the only indirect evidence for O sensitivity of skin NECs arose from predictable
morphological responses of zebrafish skin NECs to fluctuations in ambient PO, (Coccimiglio
and Jonz, 2012). Even though chemical denervation of skin NECs did result in a diminished

HVR (Coccimiglio and Jonz, 2012), with new insight from this thesis on MLCs being potential

186



O chemoreceptors, the diminished HVR could also be attributed to the denervation of skin
NECs and MLCs. The biggest hurdle previously was the inability to identify gill or skin NECs in
vivo. Recently, however, it was demonstrated that the promoter of vmat2 can be used to control
reporter gene expression within skin and gill NECs (Pan et al., 2021). Thus, it may now be
possible to express in vivo calcium indicators within skin and gill NECs to provide evidence for
their Oz sensitivity in vivo. In addition, it would also be interesting to test the hypothesis that
taste receptor cells within the taste bud complex may be responding to changes in environmental
PO>. To do so, the promoter region of sall4 could be used for introducing calcium indicators into
these cells (Jackson et al., 2013). Another key issue that needs to be addressed further concerns
the specific neurotransmitters being released by O> chemoreceptors when activated. Currently,
there is no direct evidence demonstrating the release of neurotransmitters from any putative O2
chemoreceptor in fish. An interesting tool that was developed in the past decade is the use of in
vivo neurotransmitter sensors (Jing et al., 2019). Similar to in vivo genetically encoded calcium
indicators, these sensors are able to respond to neurotransmitter binding, and by expressing them
within PSNs innervating peripheral sensory ganglia, direct evidence of neurotransmitter release
could be provided if this process is indeed being triggered by hypoxia. Finally, signal integration
within the CNS is an interesting, albeit complex topic, worthy of further investigation,
particularly because there might be signals related to O> chemoreception and the control of
ventilation originating within the CNS. In mammals, the pre-B&zinger complex within the CNS
is essential for the generation of the respiratory rhythm and integration of sensory information
from changes in the environment (Smith et al., 1991). A similar structure is likely to be present
in fish as well, though few studies have attempted to identify this structure. Thus, in summary,

future research in the field of piscine O> chemoreception should be focused on providing in vivo
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evidence for O sensitivity of skin and gill NECs, providing direct evidence of neurotransmitter
release by O> chemoreceptors and identifying the respiratory rhythm generation and integration

sites within the CNS.

188



5.8 Tables and Figures

Figure 5.1 Immunohistochemistry of p2rx3b positive nerves in the central nervous system.
(A) Whole mount of 4 days post fertilization (dpf) Tg(p2rx3b:mCherry) larvae stained with
mCherry antibody. White line represents plane of section in (B). (B) Horizontal section of the
brain region of 4 dpf Tg(p2rx3b:mCherry) stained with mCherry and 5-HT antibody. (C)
Zoomed in region of (B) stained with DAPI, mCherry and 5-HT antibody. Arrowheads point to

5-HT positive cells in close association with p2rx3b positive nerves.
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Fig. 5.1
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Figure 5.2 Proposed models for Oz chemoreception in larval zebrafish. (A) (1) Hypoxia
activates Merkel-like cells (MLCs). (2) MLCs activate peripheral sensory neurons
(PSNs)/peripheral sensory ganglia (PSGs). (3) PSGs inhibits the inhibitory signal from TPH1a
positive cells in the central nervous system (CNS). (4) Initiation of hypoxic ventilatory response
(HVR). (5) Progression of hypoxia stimulates PSGs. (6) [Ca%"] within PSGs rises. (7) PSGs
inhibits HVR and inhibits excitatory signal from TPH1b positive cells in the CNS. (8) HVR
declines to a steady state above normoxic baseline. (B) (1) Hypoxia activates skin
neuroepithelial cells (NECs) or central O, chemoreceptors. (2) An unknown pathway results in
the inhibitory signal from TPH1a positive cells in the CNS. (3) Initiation of HVR. (4)
Progression of hypoxia stimulates MLCs. (5) MLCs activate PSNs/PSGs. (6) [Ca?*]i within PSG
rises. (7) PSGs inhibits HVR and inhibits excitatory signal from TPH1b positive cells in the

CNS. (8) HVR declines to a steady state above normoxic baseline.
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