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ABSTRACT

Multicellular organismsypically depend on ©for energy productioto maintainnormal
cellular function and everbrief periods of @deprivationmay have fatal consequencdhe
agueous environment is prone to changesmnbient wate, tension(PCy) and thus the ability
of fish to sense changes in water.R@d to elicit appropriate physiological responses is
essential for their survival. Studies on fishdbemoreception have identified neuroepithelial
cells (NECs), which are charadt®yd as having densmreal vesicles containing serotonin-(5
HT), as peripheral £chemoreceptors. Upon exposurénypoxia, isolated and cultured NE@s
vitro depolarize, likely resulting in neurotransmitter release. However, to date there is no
evidencehatNECs are activated Hyypoxiain vivoto initiate physiologicatesponses such as
thehypoxic ventilatory responsél{/R), which is the focus of this thesis. Initial findings
demonstrated that larval zebrafish fitnme the HVR as early as 4 dgysst fertilization (dpf)
and by 7 dpf, the HVR aids in@ptake 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). la #bsence of tools to probe the hypoxia sensitivity of
NECsin vivo, research focused on Merlide cells (MLCs), a newly proposect.O
chemoreceptor in larval zebrafish. Usingsivo calcium imaging it was shown that MLCs are
stimulated by hypoxia. Datuggest 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
(Chaper 4). Attempts at identifying the putative neurotransmitter(s) involved in tlsey@al
transduction pathway revealed that adrenaline (AD), seroto#ifT}5and dopamine (DA) are

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



confirmed. In addition, BT 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 {rhemorecejors responding to hypoxia vivoand thus significantly

advances models for.@ignal transduction in larval zebrafish.



RESUME

Les organismes multicellulaires dgpendent généalement de pour la production
d'éergie afin demaintenir une fonction cellulaire normasensiet méne de bré&es pé&iodes de
privation d'Q peuvent avoir des consé&uences fatales. L'environnement agaatisujet ades
changementd ans | a pr es &ideleau(P@rLa cagatitédes pdsens ddéecter
de tels changemengs asusciter des rgponses physiologiques approprié@s est essetitielle
survie. Des éudes sur la chimior&eption de 4'€hez les poissoronfirmentla pré&encede
cellules neuro @ithdiales (NEC). Cellesci sontcaractéisés par des véicules anoyau dense
contenant de la sé&otonine+3T), en tant que chimior&epteurs pé&iphé&iques de Q.ors de
I'exposition al’hypoxie, leNECsisolés et cultiveesin vitro se dépolarisent, entraiant
probablement la lib&ation de neurotransmetteurs. Cependants q u 6 ', auqume reuvae t
dénontre que leshimior&epteurs Q@ sont sensibleal’hypoxie in vivo. Cette recherche de
preuve const it ueledpiemibrs r&ultatsdogrouvéeue teglantehde s e
poissois zédres affinent la r¢ponse ventilatoire hypoxique (HVR) dés 4 jours aprés la
f&éondation (dpf) et par 7 dpf, la HVR aide al'absorption d'@ans des conditions hypoxiques.
De plus, le HVR est multiphasique, avec une plaéaéiation suivie d'une phase de dé&lin qui
se stabilise progressivement@dessugle la ligne de rdéence de Normoxighapitre 2). En
I'absence d'outils pour sonder la sensibilitéal'hypoxie des NE@ivo, la recherche s'est
concentr@ sur les celles de type Merkel (MLC), un chimior&epteur @ouvellement proposé
chez les larves de poissmres. En utilisant I'imagerie calcigue vivo, il a éémontréque les
MLC sont stimulés par I'hypoxid.es données suggéent que les MLC sont responsatkela
phase d'initiation du HVR, tandis que les neurones sensoriels pé&iphé&iques (PSN)/ganglions

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



ré&uction de la ventilation pendant la phase de dé&lin du HVRafstre 4). Les tentatives
d'identification du ou des neurotransmetteurs putatifs impliqué dans la voie de transduction du
signal Q ont r&deque l'adrénaline (AD), la s&otonine (5HT) et la dopamine (DA) sont des
candidats probables (chapitre dienque la pré&sence d'AD et de DA au sein des MLC reste a
confirmer. De plus, la-BT joue probablement un rde dans le systéne nerveux central (SNC),
int@rant les signaux péiphé&iques réultartdans le HVR final (chapitre 3). Dans I'ensemble,
cette thése burnit la premige preuve de chimior&epteurs putatifsr@ondant al’hypoxiein

vivo et fait ainsi considéablement progresser les modées de transduction du sigolaéDles

larves de poiss@rédres.
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CHAPTER 1. General Introduction

Notes on Chapter

Chapterl is partly adapted from a revigmblished inMolecular and Cellular Endocrinologs

per the following citation:

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

cellular endocrinology, 110800.
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1.1 Introduction

Multicellular organismsypically depend on @for energy productiorwhich isa
requirement fonormal cellular function. Even brief periods of @eprivationmayhave fatal
consequencesish live in environments that are prone to changes (spatially or temporally) in
ambient wate©> tension[PO,, (Mandic and Regan, 2018)Thus, the ability of fish to sense
changes in water PQ@nd to elicit appropriate physiological responses is essentitidir
survival and requires the presence efs@nsing cells (&chemoreceptors) able to monitor the
external and/or internal environments. In fish, neuroepithelial cells (NECs), first reported in
rainbow trout Oncorhynchusnykis$ gills (DunelErb et al., 1982)have beeidentified asO»
chemoreceptors. The trout NECs are characterizélddpresence of densmred vesicles
(DCVs) containing serotonirb{hydroxytryptamine5-HT), which degranulate (i.e. release 5
HT) when exposed to hypox{®unelErb et al., 1982)The notion that piscine NECs dbe
chemoreceptors has been extended to several spBaibsson et al., 2006; Jonz et al., 2004;
Regan et al., 2011; Zaccone et al., 2Cd') encompasses larval, juvenile and adult
developmental stagé€ochrane et al., 2021; Jonz and Nurse, 20B&%ed orin vitro
experiments performed using zebrafislafio rerio) andO. mykissfish NECs are recognised as
polymodal chemoreceptors, exhibiting responsiveness to hyfmaa et al., 2004 hypercapnia
(Qin et al., 2010and elevated ammonia levéRorteus et al., 2021; Zhang et al., 201tlis
widely believed that gill NECs respond universally to these chemosensory stimuli by a reduction
in plasmamembrane K conductance, membrane depolarization and activatienltzgegated
C&* channeldeading to an increase in intracellu@at* levels and the secretion of
neurotransmitters onto postsynaptic sensory neurons to elicit appropriate physiological responses

(Perry et al., 2009However, only some of these processes such as the inhibiticncbinnels



(Burleson et al., 2006; Jonz et al., 200d¥ler hypoic conditions or the rise in intracellul@et*
levels during hypoxi&Zachar et al., 2017hypercapnigAbdallah et al., 2015a&r high
environmental ammoni@hang et al., 2011have been shown in isolated NE@¥itro. There

is but scant and indirect evidence that NECs exhibit any of teepenses vivo. Indeed, there
are noin vivodata 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 resp@e of fish to hypoxic conditions that is initiated by O
chemoreceptors is ancreag in ventilation volume through a change in ventilation frequency
(fv) and/or amplitudén a processeferred to as the hypoxic ventilatory response (HVRg
HVR helps to maintain arterial B@n the face of decreasing water P@elayingan inevitable
decrease i@ uptakeas the severity of hypoxia increageésrgue et al., 1989; Glass et al., 1990;
Itazawa and Takeda, 1978; Perry et al., 200@)iguingly, larvalfish that rely predominantly on
cutaneous gas exchan@@ombough, 2002; Rombough and Ure, 1991; Wells and Pinder, 1996)
alsohyperventilate in response to hypofurggren 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 thel@moreception pathway in
larval zebrafishand the associated downstream physiological respdrsgisining with an
investigation of the physiological benefit of the HVR in larvae with subsequent focus on
identifying & chemoreceptor® vivoand identifying processes that are involved i O

chemoreceptiom vivo. The three overarching hypotlessare:

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



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

3) Merkeltlike cells, a newly proposed cell type, can serve ash®moreceptors in larval

zebrafid.

It is hoped that this thesis will further advance our understanding of pisgctee@®oreception

and its downstream pathways.

In the remainder of the introduction, | will review the three key points pertaining to my
thesis: 1) the presumed €hemoreceptors 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 PiscineO2 chemoreceptors

1.2.1 Gill NECs

The putative pépheral chemoreceptors in fismeuroepithelial cells (NEC$)were first
identified byDunelErb et al. (1982pased on the morphology of the pulmonary NECs
previously described in the walls of the respiratory tract of mammals. Using formaldehyde
induced fluorescende reveal catecholaminand indolaminecontaining cells, they identified a
population of cells on the gill flament epithelium facing the buccopharyngeal cavity and thus in
contact with respiratory water. Based on indirect evidence, it was suggestiesedilECSs
contain the monoamine 3T (DunelErb et al., 1982)a finding that was later confirmed directly
by immunocytochemistry using antibodies againktTs(Bailly etal., 1989; Balilly et al., 1992)

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



cells are characterized by the presence of DCVs andreevated by postsynaptic nerve

profiles facing the DCV¢$Bailly et al., 1992; DuneErb et al., 1982)One population of the

nerve endingsaresensitive to 5,@lihydroxytryptamine, a serotonergic neurotoxin, and another
population of nerve endings sensitive to 5and 6hydroxydopamines, a class of
catecholaminergic neurotox(Bailly et al., 1992) Similarly, in zebrafish, NECs appear to
receive innervation from a plexus of nerva @&, with synaptic vesicles being polarized within
the basal cytoplasm near the adjacent nerve f{des and Nurse, 2003ased on the
morphology, location and innervation patterns of NECs, it was suggested that NECs act as
chemoreceptors in fish, sging changes ithe levels ofO. in the inhalant water and initiating

the reflex cardiorespiratory responses potentially through the direct release of neuroactive agents
including 5HT (Bailly, 2009; Balilly et al., 1992; Dunélrb et al., 1982; Jonz amlrse, 2003)
Supporting this notion is the fact that the NECs in trout exposed to hypoxia exhibit DCVs that
appear fddDumekEr etlalg 19820Changes in NEC morphology under hypoxic
conditions also provided further indirect evidence of their potential involvement in
chemoreceptiofPorteus et al., 2014b; Regan et al., 2011; Rossi et al., 2020; Shakarchi et al.,
2013) underthe assumption thgteripheral chemoreceptaasefiplastiad and would respond to

changes in environmentab@vels

The first compelling direct evidence that NECs are involved.ini@moreception was
obtained from wholeell patchclamp recordingsbtained from NECs isolated from adult
zebrafish gill flamentg¢Jonz et al., 2004)Jnder voltageclamp, zebrafish NE€responded to
hypoxia with a concentratiedependent decrease ifi Burrent while under currerlamp,
hypoxia produced membrane depolarization associated with a decredseoimdiictance. Both

responses were quinidisensitive, suggesting that hypoxia sensing via NECs is mediated by



inhibition of a background Kconductance, closely resembling thes@nsitive backgroundK
currents identified in the chemoreceptor type | cells of the carotid body in mammals, which
geneate a receptor potential necessary for neurosecretion and activation of sensory/response
pathwayqGonzalez et al., 1994Isolated zebrafish NECs also are responsive tg CO
electrophysiological characterization of these cells using current or voltage clamp protocols
revealed thaivith increasing C@levels, a backgroundkchannel was inhibited, resulting in a
PCQ-dependent depolarization of the NE@¥n et al., 2010)Evidence obtained frorGa*
imaging of isolated trout NECs suggested that NECs also are sensitive to increases in ammonia,
with intracellular[C&"] being elevated to a comparable exteyaddition of 30 mmol t KCI

and 1 mmol'* NH4CI (Zhang et al., 2011FEvidencein support ofNECsbeingneurosecretory

in response to hypoxia was prded usingsolated goldfishCarassius auratysNECs, where
cellswith an undisturbed cytosol responded to hypoxia with increased intracellGfde@ds

and synaptic vesicle activifZachar et al., 2017) et, despite evidence from vitro studies
suggesting that NECs function asrtrodal Q, CQ;, and NH chemoreceptors, there is a lack of
direct evidencén vivoto support this viewThe onlyin vivo evidence that might suggest a role
of NECs in Q chemoreception comes from a recent study looking &te¥ants within the
ganglia ofcranial nerves IX and X from-6 days post fertilizationdpf) larval zebrafishUpon
hypoxia stimulus, these ganglia increase their act(¥gh et al., 2019)This is interesting as
cranial nerve$X and X appear to initiatenost cardieventilatory responses to hypoysach as
the HVR [reviewed bMilsom (2012}, rhythmic stimulation of the ganglion of cranial nerve X
can entrain the respiratory rhytHibe Graaf and Roberts, 199andboth cranial nerves IX and
X extend into the pharyngeal arch region and wrap arotu#i@ positive cellswhich the authors

identified as NEC¢Yeh et al., 2019)However, upon close inspectiohtheir morphology and



position in the pharyngeal arctnese 8HT positive cellsactuallyareMerkeklike cells (MLCs)
MerkekHlike cells are serotonergic basal selhd together with the elongated taste receptor cells
compise the taste buds of fish and amphibi@fiansen et al., 2002; Wake and Schwenk, 1986)
They differ from mammaliataste bud basal cells as there is no evidence of MLCs being
proliferaive (Kapsimali et al., 2011Wwhereas mammalian basal cells mr@iferatingcells that
differentiate intatastesupport oreceptor cell§Miura et al., 2001)suggesting that MLCs are
unique to fish and amphibiariderkell i ke cel |l s a-tekeermedt Aidgr Kb ATt
ultrastructural features with the cutaneous Merkel ¢edisdescribed byerkel (1880)

including small, spiny processes that project into the cytoplasm of surrounding cells and synaptic
contacts with the innervating nerve fib€vghitear, 1989)These features hawed to speculation

that MLCs may be involved in mecharoeption(Diring and Andres, 1976; Ogawa et al., 1997)

and represent a homolog of the mammalian Merkelrmlrite complexwhich is important for
sensory trasduction(Lumpkin and Caterina, 2007; Ma, 2014; Maksimovic et al., 2013;

Maricich et al., 2009However despite these similarities, MLCs and Merkel cells diffsize,

shape, the extent of cytoplasm, number of mitochondrianamder and form of vesicles
suggestinghat these two argeparateell types and do not justify the assumption of comparable
functions(Whitear, 1989)Considering that NECs are not fully innervated-&t &pf(Jonz and

Nurse, 2005)the data of Yeh et al. (2019) suggest that MLCs could serve @dse@oreceptors

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 lameligeylatiors of

cutaneouserotonergic NE@ike cellshave been reported in zebrafish larf@eccimiglio and



Jonz, 2012; Jonz and Nurse, 2Q@6angrove rivulugKryptolebias marmoratygCochrane et

al., 2021; Regan et al., 20110$%i et al., 2020)and adulimudskippeffPeriophthalmodon
schlosseri(Zaccone et al., 201J7)Because these skin NE@®rphologically resemble ©
sensitive NECs of the gillst was proposed thalheyact as extrabranchial-@hemoreceptorsn
zebrafish, kin NECsexhibiting innervation arevident in erbryos1 dpf, before the onset of
behavioral response to hypoxXfaoccimiglioand Jonz, 2012A population of skin NECs also
expresses synaptic vesicle protein, suggesting the capacity fetieeof neurotransmitters
(Coccimiglio and Jonz, 2012Under normoxic conditionshetotal number oskin NECsin

larval zebrafish graduallgleclined with ag€3-7 dpf) and were rarely obsexd in adults. This
decline in skin NEC numbers however, was prevented during hypoxia acclimatismsnd
accelerated during acclimation to hyperof@accimiglio and Jonz, 2012)hese resultaere

the first to show thagkin NECsin larval zebrafistare sensitive to changes in.@kin NECs are
present in larvamangrove rivulust hatch but not innervated, even though the fish are able to
mount a ventilatory response to hypoxidhas stage. In addition, skEC developmenh

larval mangrove rivuluss largely unaffected by environmental IBvels during the embryonic
stage as neither skin NEC size nor density changed in response to hypoxia or hyperoxia
acclimation(Cochrane et al., 2021jowever, skin NEC morphology does change in response to
environmental @in adultmangrove rivuluswith an increase in cell surface area during hypoxia
exposurgRegan et al., 201Bnddecreasing in surface area after air expofRossi et al.,

2020)

Indirect evidence linking skin NECs and the HVR was provideohfdenervation
experiments in ¥ dpf larval zebrafish. Following partial chemical denervation of skin NECs

using6-hydroxydopamingthe hyperventilatory response to acute hypaaa eliminated



(Coccimiglio and Jonz, 2012J he possibility of the drudirectly impaiing the ability of larvae
to hyperventilatavas ruled out as both treated or untredaedaeresponded tdlaCN, a potent
ventilatory stimulantwith an increase ifiy (Coccimiglio and Jonz, 2012Fonsidering that
functionalgill NECsare also absemefore7 dpf, the authors attributed the H\iRdeveloping
zebrafishto bedependent upomnervationof skin NECs Combined with the morphological
changes of skin NECs under hypoxic conditisee above}hese results suggest tisaiin NECs
are sensitive to changes in &hdmay play a role in initiatingheresponses to hypoxia in

developingzebrafish.

1.2.3 Central & chemoreceptors

The existence of eentralO. chemoreceptotapable of stimulating breathing is not
universally accepteceven within the mammalian literatuifeunk and Gourine, 2018a; Funk and
Gourine, 2018b; Gourine and Funk, 2017; SheikhBahaei, 2020; Teppema,|aGLg§)port of
central Q chemoreceptors, there is experimental evidence that the HVR in a variety of
mammalian species, although desegiinitially, graduallyecoves after peripheral
chemoreceptofcarotid body)enervation(Gourine and Funk, 2017)n addition, the imposition
of hypoxia within the central nervous system (Gld®ne, when carotid bodiggere maintained
normoxic by means of vascular isolation and separate perfusioked significant increases in
ventilation(Curran et al., 2000; Daristotle et al., 19%)ggesting the presence of central O
chemoreceptors. An opposing view however is that #inegb or complete restoratiori the
HVR following carotid bodydenervatiorresults fromfupregulation of aortic bodies, release
from cortical inhibition, recruitment of accessory glomus tissue in the trunk, neuroplastic
changes consisting of axon regeneration, building alternaitiwgitriesand recruiting central O

sensors that may mormallysilent(Teppema, 2018)mportantly, he central hypoxianduced



rise in ventilationis either dependent up@eripheral chemoreceptor integr{@urran et al.,
2000)or does not lead to a progressive increase in ventilation as agarsthe peripheral
chemoreceptors are stimulat@hristotle et al., 199]1suggesting that there are no central O

chemoreceptors.

Few studies have examined centraléDemoreception in fish and the results of those few
studies are inconclusive. Evidence for the presence of centchiethoreceptors was the
occurrence of hyperventilation with infusion of hypoxic blood into the dorstd abotherwise
normoxic garaven[Hemitripterus americany¢Saunders and Sutterlin, 19 ®hereas
infusion of hypoxidlood into the ventral aor&so resulted ityperventilation but only after a
significant latency It was thought that the delayed responstectedthe time required for the
hypoxic blood to travel to centrahemaeceptor{Bamford, 1974)A more direct approach of
exposingn vitro brain stem preparations of goldfish to hypoxia resulted in a 36% increase of
rhythmicmotor output(Caeéet al., 2014). However, direct perfusion of the brain with hypoxic
saline in both théambaquiColossoma macropomyrand bowfin Amia calvg failed to aler
ventilation andeveal the presence of central chemoreceptors responsgiypdgia(Hedrick et
al., 1991; Milsom et al., 2002Additionally, in the channel catfiglctalurus punctatus
ventilatory reflexeso hypoxiawere abolished following branchidenervationBurleson and
Smatresk, 1990a3uggesting thahat peripherafbranchial)sites are solely responsible for
hypoxic chemoreceptiom this species. Although there is no direct evidence for the presence of
piscine central @chemoreceptors, the idea that centratlemoreceptors may be present in

fish is worthy of further investigation.
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1.3 Neuromodulation of \entilation in fish

Despite the lack of direct evidence that NESEsreteneurdransmittersn vivoduring
hypoxia, hypercapnia or elevated ammoaiavide array of neuroendocrine substances has been
implicated in the control of breathing in fish.dddition 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 efftors (muscles) directfBurleson and Milsom, 1995a,;
Burleson and Milsom, 19950¥revious studies have shown that neuroendocrine factors
including serotonin, catecholamines, acetylcholine and gaseoustransmittersiay play
important rols in mediating the ventilatory respong@srleson and Milsom, 1995a; Burleson
and Milsom, 1995b; Jonz et al., Z)Perry et al., 2016; Rahbar et al., 2016; Randall and Taylor,
1991, Shakarchi et al., 2013h) mammals, there is a growing consensus that the purines ATP
and adenosine are the principal signaling moleagllessed byeripheral chemoreceptors,
which ultimately activate cardiorespiratory centers in the brainstem leading to appropriate
changesn ventilation(Leonard et al., 2018)n contrast, there is less certainty concerning the

principal neuroendocrinactors that mediate the ventilatory responses in fish.

1.3.1 Serotonin (5HT)

5-HT has received much attention as a neuroendocrine regulator of breathing owing to its
presence within NECisthe putative @chemoreceptors. Early evidence efi$ playing arole
in the control of breathing arose from electrophysiological studies where applicatidToiod
the external gill surfaces of spiny dogfisbgQalus acanthigsnitiated discharge of afferent

nerve fibers of the gill filameni{$oole and Satchell, 1979)ater, it was shown that single nerve
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fibres in the gills of rainbowrout were excited during perfusion withHbl', albeit with a modest
and transient activity. Notably, these were the same nerve fibers that responded to either internal
or external hypoxigBurleson and Milsom, 1995aBurleson and Milsom (1995byirther

showed that intrarterial injection of BHT resulted in a significant increase in gill ventilation
rate, consistent with previous findin(fritsche et al., 1992; Thomas et al., 19%@ntilatory
responses to exogenou$id have now been reported in several additional species including
European edlAnguilla anguillg (Janvier et al., 1998)Gulf toadfish[Opsanus betgMcDonald
et al., 2010; Panlilio et al., 2016and zebrafisiAbdallah et al., 2015b; Shakarchi et al., 2013)
Based on pharmacological studies, it would appealbthiii; and 5HT3 receptors are
responsible for the modulation of breathing throughiTs In Gulf toadfish, ventilation

amplitude was stimulated byt$T> receptor agonists and this response was blobked
ketanserin, a1 T, receptor antagonigMcDonald et al., 2010 Similarly, in zebrafish,
ketanserin inhibited the hyperventilatory response initiated by acute hy{Stwikarchi et al.,
2013) In European edDanvier et al., 1996nd zebrafistfJonz et al., 20155-HT3 receptor
agonists alone can eli@thyperventilatory response, while- 3 receptor blockade reduces the

hyperventilation in response to external® or acute hypoxia.

Knowledge concerning the specific site of actiowivois scarce owing, in part, to the
technical challenge of blocking/activating s#gecific 5HT receptors. In the few studies using
rainbow trout, exogenously administereti’® in the brain caused a potent stimulatory effect on
ventilation, which was mimled byU-methyt5-HT, a 5HT. receptor agonist, leading the
authors to conclude thattdT mediates ventilation centrally, potentially throughi®. receptors
(Kermorgant et al., 2014aln addition, fluoxetine, a selectivetbl' reuptake inhibitor,

administrated into the brain also increased ventilation amplitudbefisupporting8 Tos r ol e
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in mediating ventilation through central pathwél¢ermorgant et al., 2014bAlternatively, 5
HT could be playing an indirect role in the control of ventilation, because it is known to provoke
large increases in circulating catecholamine lefielgsche et al., 1993; Fritsche et al., 1992)

which themselveareimplicated in the neuroendocrine control of breathing (see below).
1.3.2Catecholamines

CatecholaminegadrenalingAD), noradrenalingNA), and dopaming¢DA)] are another
class of neuroendocrine factors that have been extensively studied as possible modulators of
breathing in fishes. The idea that circulating catecholamingscordribute to ventilatory
responses in fish originated with the studiePeyraudwWaitzenegger and colleagugzyraud
Waitzenegger, 1979; PeyralMdaitzenegger et al., 1980¥ing the European ed\riguilla
anguilla). In those studies, intravenously administered adrenaline or noradrenaline caused a
hyperventilatory response in summer mordhéngt o s t i muddm@rioreceptorspwherdas
adrenaline or noradrenaline caused a hypoventilatory response in winter meimipo the
st i mul adadiermnrecemoi®ewaudwWaitzenegger, 1979; Peyratdaitzenegger 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 ofesason with responses ranging from hypoventilation to hyperventilation and in
some cases, no effdseeTable 1lin Pan and Perry (2020) Ultimately, two opposing views on
the role of circulating catecholamines on the control of breathing emerged. (Radall and
Taylor, 1991) circulating catecholamines are thought to play a critical role in eliciting
hyperventilatory responses, while in the otfigerry et al., 1992irculating 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/duéde status. It is now generally accepted
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that circulating catechataines 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 catecholamihesblood
plasma at times when ventilation is stimulated such as when exposed to acute (Baxiar

et al., 1988; Butler et al., 1978; Kinkead et al., 1991; Perry and Gilmour, 1996; Perry et al., 1991,
Perry and Reid, 1992; Perrya., 2004; Perry and Wood, 1989; Reid and Perry, 2003)

However, some species such as spiny dog8sjuélus acanthigsnay not exhibit an increase in
catecholamine levels despite elevated ventilairerry and Gilmour, 1996and in other

species, the release of catecholamines into the circulatititaged until the stressor becomes
severe, by which time the fish is already hyperventilatiteyry and Reid, 1992; Perry et al.,

2004) Additionally, intraarterial/intravenous administration of catecholamines to fish with
elevated breathing @snot increase ventilation further and in some cases, ventilation may

actually decreasginkead 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 imfidreathing, potentially via
sympathetic stimulation of gill fchemoreceptors or activation of central respiratory neurons.
Currently, there are no data in fish to supportsyrapathetic stimulation of gill ©
chemoreceptorBypothesis. Even though theadrenoreceptor antagonist propranolol inhibited
Oz receptor discharge from perfus@d mykisdirst gill arch preparatiofBurleson and Milsom,
1990) b-adrenergic stimulation of the same preparation using adrenaline, noradrenaline or
isoproterenol had little effect on neural activity from chemorexegdferent neuron@Burleson
and Milsom, 1995aHowever, there is some evidence in mammals that intravenous

catecholamine infusion can stimulateatid body chemoreceptof3oels and White, 1968Jhe
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activation of central respiratory neurdmgoothesis is more probable because noradrenaline can
cross the bloodbrain barrier in some fish species including rainbow t(bietkvasil 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 m&ed 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 systerfRandall and Taylor, 1991)

Recent studiesxaminingthe role of catecholamines in regulating ventilation is scarce, but a
previous study showed that exogenous dopamine depressed ventilation frequency i zgbrafis
771 21 dpf(Shakarchi et al., 2013patafrom our own lab alssuggests that 4 dpf larval
zebrafish hyperventilate when exposed to adrenéftae and Perry, 2020%iven the ease of
genetic manipulation, zebrafish magerge aa good model téurther assess the roles of

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

1.3.3 Acetylcholing(ACh)

In mammals, there is compelling evidence that acetylcholine is one of the primary excitatory
neurotransmitters within the peripheral chemoreceéiptbe carotid body glomus celslurse,
2010) However, the role of acetylcholine in the control of breathing in fish has received little
attention. here is evidence of presumptive cholinergic NECs localized to the gills in fish. In
zebrafish and mangrove rivulus, nserotonergic NEdike cells express the vesicular
acetylcholine transportéRegan et al., 2011; Shakarchi et ab12), a protein that mediates
loading of acetylcholine into secretory vesicles, which may be used as a marker for cholinergic
cells(Prado et al., 2002)n 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 againstétsrthe control of
breathing in fish. Early evidence for cholinergic influence of ventilation was demonstrated in
African lungfish Protopterus aethiopicgswhere intravenous administration of nicotine elicited
an increase in bothulmonaryand branchigbreathing(Johansen and Lenfant, 196Bater,
afferent neve activity from rainbow trout perfused first gill arch preparations was stimulated
markedly by acetylcholiner nicotine, while muscarine elicited only a moderate stimulation.
However, the muscarinic receptor antagonist atropine prevented the stimcdatsad by
acetylcholine, nicotine, muscarine as well as hypoxia in the gill arch prepar@iotesson and
Milsom, 1995a) Intra-arterial injectionof acetylcholine, nicotine or muscarine into rainbow trout
also caused an increase in ventilation through increases ifivkaott opercular pressure, yet
atropine had no effect dheseventilation variablegBurleson and Milsom, 1995bimilarly,
atropine also did not abolish the ventilatory responses to hypoxia and NaCN in cladfistel c
(Burleson and Smatresk990b) Moreover, intraarterial injection of atropine did not attenuate
the increase ifiy or opercular pressure in the Adriatic sturge@aigenser naccarjiin response
to hypoxiaor NaCN (McKenzie et al., 1995More recatly, the cholinergic control of breathing
was examined in zebrafisBxogenous application of acetylcholine increased ventilation
frequency in late stage (1421 dpf)larvae(Rahbar et al., 2016; Shakarchi et al., 2dd&)not
in younger (10 12 dpf)larvae(Shakarchi et al., 2013yet nicotine was able to irreversibly
increasdy in both stageélonz et al., 2015)heincrease in ventilation caused by gteholine
was blocked by the nicotinic acetylcholine receptor antagonist hexameth(Shakarchi et al.,
2013)or high doses of atropin®ahbar et al., 2016Dverall, the results of these studies suggest
that there may be a cholinergic control of breathing in fish, which possibly is niebiatee

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

ATP is a primary excitatory neurotransmitter within the carotid body in man{idatse,
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
hyperventilaory response to hypoxiainhibited by exogenous application of P2X3
purinoceptor antagonists and adenosine antagqQietset al., 2017; Rahbar et al., 2016; Stecyk
and Farrell, 2006)importantly, the exogenous administration of AFB, a broagspectum
purinoceptor agonist, elicited hyperventilation in zebrafiSbe et al., 2017)
Immunohistochemical studies shesithat P2X3 receptors are present ihlB-positive NECs of
zebrafishgill filaments, as well as in adjacent rearotomergic cells, suggesting a paracrine role

for NEC P2X3 receptors in modulating neurotransmitter release in ti{&agiibar et al., 2016)

More definitive evidence for the purinergic control of ventilation at the central level was
demonstrated using isolated brainstem preparations of thedgaif@tromyzon maringsATP
caused a biphasic respiratory response that was related to ATP metabolism, because increases in
fictive respiratory frequency were evoked by the-hgdrolysable purinoceptor agonist A'DP
S, while observed decreasediative respiratory frequency were mimicked by the ATP
metabolite adenosine. These results suggest that in the brainstem, the determifiatio& of
breathings related, in parby the balance between ATBnd adenosirenduced effect¢Cinelli

et al., 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 r¢g@isen et al., 2012)The role of
gasotransmitters in the control of breathing was reviewed in detail by@®ery2016) and

thus only a brief summary is provided here.

The formation of NO is catalyzed by nitric oxide synth@$®S), of which two isoforms are
found in fishi neuronal NOS (nNOS) and inducible NOSOS, (Perry et al., 2016)Of the two
isoforms, nNOSvaslocalized to NECs of both Indian catfifHeteropneustes fossiligVauceri
et al., 1999)and zebrafisiiPorteus et al2015) 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 hype(Bwideus et al., 2015Lentrally,

NNOS is present in tharain regions involved in respiratory integration and rhythm generation of
zebrafish as early as 5 dipfolmqvist et al., 2000; Holmquvist et al., 2008t its functon 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 (H®, HO-2 and HG3) that are known to exist in mammals, only two have
been identified irfish; the inducible HAL and the constitutively expressed 2QPerry et al.,
2016) Of the two isofoms, HO1 waslocalized to a supopulation of NECs in larval zebrafish
(Tzaneva and Perry, 201&hd NECs of coldbut not varm acclimated goldfistiCarassius
auratus (Tzaneva and Perry, 20345imilar to mammals where CO is an inhibitory gaseous
messenger in the carotid bo@rabhakar, 2012)nhibition of HO1 in coldacclimated goldfish
increased the ventilatory responséhypoxia(Tzaneva and Perry, 2014nd knockdown of HO
1 in larval zebrafish significantly elevatédunder normoxic conditions, which was reduced by

the addition of exogenous Q@zaneva and Perry, 2016] hese results suggest that the
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endogenous production of CO via HOplays an inhibitory role in the control of ventilation in

fish.

The most recently discovered gasotransmitteg (M/ang, 2002)may play tle most
important role in the sensing ob@nd the control of breathing. Biosynthesis eSHs
predominantly mediated -dynthaesengg¢B8p -agdtay s
lyase (CSE), both of which are expressed within the gills of rainbmw. tHomogenized trout
gills are able to produce.B enzymatically, a reaction which is inhibited by ®ore
importantly, intrabuccal injection of43 in unanesthetized trout increasednd amplitude
similar to that of the hypoxic respon@Ison et al., 2008)n zebrafish, CSE, but interestingly
not CBS, is cdocalized in skin NECs of 4 dpf larvae, indicating thaSHk likely produced
endogenouslyPorteus et al., 2014a)t this stage, larvae responded to exogenaSshy
increasing ventilation; inhibiting the prodian of endogenous #$ either pharmacologically or
by knocking down CBS or CSE blunted or abolished the acute hypoxic ventilatory response
(Porteus et al., 2014a8Adult zebrafish also hyperventilated in response to exogenghiartl as
in larvae, pharmacological inhibition o8 production reduced the hypoxic hyperventilatory
response(Porteus et al., 2014dn zebrafish NECs isolated from adult gill filaments, hypoxia or
H>S application produced a similar ~fi/ depolarization{Olson et al., 2008)These results are
consistent with findings in ammals where hypoxia evoked$iproduction in the carotid body
glomus cel leads to increased cytosolicand the secretion of catecholamirfieakarenko et

al., 2012; Peng et ak010)
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1.4The hypoxic ventilatory response (HVR)

To date, all fish species studied exhibit a HVR when exposed to hy{iediy 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, inteitg and duration of the hypoxic stimuli, the patterns of the HVR may differ
greatly(Porteuset al., 2011; Powell et al., 1998 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 congiatstgpd initial rise
in ventilation (augmentation phase) rapidly followed by a secondargffalr depression phase
(Bissonnette, 2000; Moss, 2000; Teppema and Dahan,.Z0M®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 ventilgbareddm
normoxia, while adults have a much greater augmentation phase and a smaller depression phase,
resulting in a new steady state of ventilation that2§ 40% above theormoxicbaselinevhen
under hypoxic condition@issonnette, 2000; Moss, 2000; Teppema and Dahan, .21 i®)
augmentation phase in mammals is mediated by peripheral chemoreceptors, asadyotid b
denervation abolishes or greatly attenuates this response. However, the mechanisms mediating
the depression phase is much more controversial,atithedependent decreaseperipheral
chemoreceptoactivity or sensitivity, impaired central integiatiof peripheral chemoreceptor
input, decreasenhetabolismandactive inhibitionof central regions involved in ventilation by
inhibitory neurotransmitterall as possible mechanigfBissonnette, 2000; Powell et al., 1998;

Teppema and Dahan, 2016pr a more comprehensive review of the mechanisms underlying
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both the augmentaticand depression phase, the reader is referred to these reviews by

Bissonnette (200(gndTeppema and Dahan (2010)

The mgority 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, patrticularly during the acute phase. Regardless, in gersispeces
increase totagjill ventilation by increasing ventilation amplitude with small increaség when
exposed to hypoxiéPerry et al., 2009)Studies of prolonged hypoxia exposure (> 2 h) suggest
that the HVR of fish o may be biphasic, although the depression phase that occursSivgain
min of hypoxic exposure in mammaisytake severahours to develop ibowfinfAmia calva
(Porteus et al., 201J1)Recently, studies from our lab have shown that the HVRrual
zebrafish is biphasic under short term continuous hypoxia exp@darglic et al., 2019;
Zimmer et al., 2020)This interesting finding suggests that a complex network controlling
ventilation is likely welldeveloped at this stage, even though larval zebrafish (< 14 dpf) do not

possess developed gills amadly predominantly on cutaneous respiratifombough, 2002)

In adult fish, the HVR serves to minimide negative consequences of hypoxia on
respirabry gas transfetdnder increased ventilation, thesidence time of war flowing over the
gill lamellaeis decreased, in turn decreasingdifeerence in PQbetweennspired and expired
waterand serving to increase thaterto-blood PQ gradientand raisingO- diffusive
conductancéPerry et al., 2009; Perry and Gilmour, 2Q0&) important outcome dhe HVR is
delaying the transition from aerobic to anaerobic metabolilsmng progressively severe
hypoxia. Interestinglysame larval fish species al&xhibit a HVR(Burggren et al., 2016;
Holeton, 1971; Jonz and Nurse, 2005; McDonald and McMahon, 1977; Peterson, Th@&75)

HVR in larvae is intriguing because at this stage of development, these fish poskasdoped
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gills thatcontributelittle to gas and ioexchanggin comparison to ski(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 arsck@mporal patterns in larval fish that rely
predominately on cutaneous gas transfer are areas deserving of further research; each is

addressedi 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 Q sensitivain vivo, nor has a link been established between NEC activatidmhe HVR.

Research in piscinex@hemoreception also has focused on identifying the neurotransmitters
involved in Q sensing and signal transduction, with most studies using pharmalogical
activation/inhibition of various neurotransmitter receptors. Aeient downside of this

approach is that when measuring ventilation as arpemd, interpretation of the data is
confoundedby the multiple possible sites of action of these drMgi¢h the recent advances in
genetic manipulation, especially Tol2 basethsgenesis techniques and CRISPR/Cas9 based
knockout techniqgue&immer et al., 2019)ebrafish is emerging as an important model species
to further examine piscinex@hemoreception through gene editing. The main goal of my thesis
is to use genetically manipulated zebrafish larvae to demon&uatnsitivity of peripheral ©
chemoreceptons vivo, identify potential neurotransmitters involved ia€demoreception by
examinng cellular responses within a signaling network hadteto contribute to the control of
breathingand toestablish a link between peripheral €@hemoreceptors and the HVR. However,

before proceeding, | needed to address questions regarding the physiological significance of O
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chemoreception and the HVR in zebrafish larvae. Because the larvae rely predgramate
cutaneous gas transfer, the benefit of increasing water flow over the undeveloped gill is of
guestionable value. Thus, my thesis is composed of three data chapters; Chapter 2 focuses on the
physiological significance of the HVR in larval zebrafisiha@ter 3 addresses the role €fi’h

in Oz chemoreception/HVR, and Chapter 4 presenivoevidence of @chemoreception in

MerkekHlike cells (MLCs), a newly proposed piscine peripherat@emoreceptor. Chapter 5

attempts to synthesize thenciples ganed from these studiesd proposes a model for piscine

O- chemoreception, beginning with peripheraldBemoreception and culminating in the HVR.

Where possibld, have tried to avoid repetitiphbut someduplicationis unavoidable because this

thesis is composequhartly of publishedmanuscriptsThis thesis provides valuable and novel

insights into piscine &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)

Notes on Chapter

The present chaptes publishedn Journal of Experimental Biologys per the following

citation:

Pan, Y. K., Mandic, M, Zimmer, A. M. ancPerry, S. F. (2019). Evaluating the physiological
significance of hypoxic hyperventilation in larval zebrafiBaKio rerio). J. Exp. Biol 222,

jeb204800(* equal contribution)

Author contributionsY.K.P., M.M., and S.F.Fperformed conceptualization tife experiments
Y.K.P.and M.M. performed and analeddata from theventilation and respirometry
experimentsA.M.Z. performed and analyzeathta fromthe SMOT experimentall authors
participated in data interpretation.K.P. prepared the manuscript, all authcostributed to the

revision of the manuscrip8.F.P. provided supervision.

24



Abstract

In waterbreathing fishes, the hypoxic ventilatory respofh$&R) represents an increase
in water flow over the gills during exposure to lowered ambiene@ls. The HVR is a critical
defense mechanism that serves to delay the negative consequences of hypoxia on aerobic
respiration. However, the physiological sificance 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, criticgte@sions (Bi) remained constant (30
- 34 mmHg) over the same period of development. Maptyode Q sensors were used to
measure a significant decrease in buccal cavity watéer@ions in 4 and 7 dpf larvae compared
to the water they inspired, demonstrating significant extractiorn, &fo@ the buccal cavity. To
assess the physiological significanédéle HVR, ventilatory water flow was prevented in larvae
at 4 and 7 dpf by embedding their heads in agar. An increasg waB observed in 7 but not 4
dpf larvae, suggesting that buccal ventilation is important fax@action by 7 dpf. Combined,
these data indicate that branchial/buccal gas transfer plays a significant relegtak® during

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

The hypoxic ventilatory response (HVR) isvadely conserved physiological
phenomenon in fish exposed to lowered ambient watéer@ion (PQ). By increasing
ventilation frequencyf{) and/or ventilation amplitude, the vast majority of wdiezathing
fishes studied to date exhibit an increasthevolume of water flowing over the gills when
exposed to hypoxiéPerry et al., 2009By decreasing the residence time of water flowing over
the gill lamellae, an increase in ventilation volume serves to decreasealdédéfR@nce between
inspired and expired water, hence raising the averag®fe ventilatory water and increasing
the waterto-blood PQ gradient DP(Q,). In addition to raising @diffusive conductance (O
uptakeDP (), the increased averagentilatory water P@minimizes the decline in arterial RO
during hypoxiaPerry et al., 2009; Perry and Gilmour, 2Q0R)us, hyperventilation during
hypoxia ultimately delays the transition framarobic 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 conditio@nes and Schwarzfeld, 1974; Steffensen, 1985yater
PO first begins to drop, ventilationises to a maximal rate, and then decreases during the most
severe levels of hypoxi@erezo and Gara Gara, 2004; Scott et al., 20q8ksumably at the
point where the cost of increasing ventilation exceeds the benefitsitanSfer(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 hehyperventilatory 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 ski@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 tro@r{corhynchus mykis$arva possesses
filaments, with rudimentary lamellae developing soon &ftemzalez et al., 1996; Morgan,
1974; Rombough, 19995 owever, the gill of poghatch trout larvae is not the primary site for
gas or ion transfer. Indeed, at hatch, the gill does not contribute to ammonia eX&iatioer
et al., 2014pnd accounts for merely 10% of Nigptake and approxiately 20% of total @
uptake(Fu et al., 2010; Zimmer et al., 2014 he gill does not become the primary site of O
uptake until 27 days postatch[dph (Fu et al., 2010; Zimmer et al., 2014)Nonetheless, it is
clear that larval trout exhibé HVR as early as 1 dgRloleton, 1971)Similarly, in zebrafish
(Danio rerio), gill development does not occur untiljadter hatching [at 3 days post
fertilization (dpf) at 28 €], beginning with the appearance of gill flament primordia on the
pharyngeal arches, followed by the appearance of lamellae a{Jodafand Nurse, 2005;
Kimmel et al., 1995)Like trout, early larval zebrafish also do not utilize gills as a primary site
for Oz uptake(Rombough, 202). Based on the empirical relationship between skin surface area
per unit Q uptake and body mass (Rombough, 2004) as well as the results of experiments that
prevented buccal water flo@®@ombough, 2002)t was determined that gills are not required for
Oz uptake until0- 14 dpf. Yet, despite the gills not being the primapyuptake site in early
development, larval zebrafish initiate the HVR as early as 8Jdpiz and Nurse, 2005)

Given the limited role of the larval gill inLQuptake, 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

O2-sensing pathwayare functional by the time the larvae become dependent on branchial
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respiration(Jonz and Nurse, 2003 ecause small larvae reside in a viscous environment (i.e.
low Reynolds number), fluid accelerated by ventilation rapidly @éeatds between cycles,
potentially incurring a higher ventilation energy expenditure than in adulRisimbough,

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 ond¥@ls, and that the HVR plays a
physiological role in maintaining Luptake in larval zebrafish. A firsjective 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 criticale@sion (Rit), the PQ below which

the fish can no longer maintain a stalagerof Q consumptiorj4 O, (Ultsch et al., 1978) A
second objective was to measure®@hin the buccal cavity of 4 and 7 dpf larvae to determine
whether Qs extracted from water in the buccal cavity. Lastly, we prevented larvae from

ventilating and oberved whether the fish exhibited a reduced capacity famptake.

2.2 Materials and Methods

2.2.1Experimental animals

Zebrafish were obtained from-house stock at the University of Ottawa aquatic care
facility. Fish were maintained at 28C under a 14 h:10 h light:dark cycle in dechloraminated city
of Ottawa tap water and fed to satiation twice daily. Adults were biad beeeding traps as per
standard method¥Vesterfield, 2000)o obtain embryos. Briefly, one male and two females
were separated the night before breeding using a divider in 2 Litgdeaps. 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€) in 50 ml

28



Petri dishes containing dechloramirchtety 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
dishesand 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 guidslunder protocol B226
and adhered to the recommendations for animal use provided by the Canadian Council for
Animal Care.
2.2.2Ventilation in developing larvae

The hypoxic ventilatory response, specifically ventilation frequefiyywas 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 oi-€ensing pathways within thellgiof zebrafish larvae. At 4 dpf,
gill filament primordia are present on the pharyngeal arches yet the putatthe®@oreceptors
neuroepithelial cells (NECs) of the gill filamefitsio not appear until 5 dgfonz and Nurse,
2005) By 7 dpf, lamellae begin to form, and all NECs receive innervéiionz and Nurse,
2005)yet regular buccal movements are not observed until 8dpkz and Nurse, 20Q9)astly,
the 15 dpf point was clsen 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 micapillary tube with an
inner diameter of 1 mm. Water containing 0.05 mytfitis-buffered (pH 7.6) MS222 (ethy43-
aminobenzoate methanesulfonate salt, Syndel Laboratories, Nanaimo, Canada) maintained at
28.5 € was gravityfed through the microcapillary tube at a rate ofi1168 ml mint. Tris-

buffered MS222 was used to mimize the movement in larval zebrafish to facilitet@analysis
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(Jonz and Nurse, 2003 ach larva was allowed to recover from handling in the chamber for 10
min in normoxic water (P&= 153 mmHg) prior to the start of the trial. ilng each trialfv 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 microscopee@trinocular microscope, AmScope,
Irvine, USA).Averagefy 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 Respirometryin developing larvae

Routine metabolic rate (RMR) andiPvere measured using closed system respirometry.
Larvae of the same developmental age were placed into individuabresgtiy wells (80  for
4 and 7 dpf; 500 d for 10 and 15 dpf) using a\&4ll glass microplate (Loligo Systems, Viborg,
Denmark) fitted with @sensor spots. The microplate was sealed with adhesive plate seals
(AB0580, ThermoFisher Scientific, MississaidCanada) and maintained at 29 € using a water
bath. The sealed microplate and water bath were attached toflanr@scence sensor (SDR
SensorDish Reader, PreSens, Regensburg, Germany), afel/8l®were measured until they
plateaued, at which poitite experiment was ended. Larval fish weights were obtained by
raising separate batches of fish to the same developmental age. Fish 18)=wkEle pooled into
a single mini 5 pm cell strainer (pluriSelect, San Diego, USA) and excess wasatemoved by
centrifugation (10& 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 4 Oz (umol gt hl):
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Wh e r e ;isgife €lope of PQover time (mmHg ) , 2 i)tk solubility coefficient of ©

(umol I’ mmHg?) in freshwater at 28@Boutilier et al., 1984)V is the respirometer volume (I)

and M is the body mass of fish (g). The volume of the fish accounted for less than 0.4% of the
regpirometer 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
averagel O before PQlevels dropped below 90 mmHg. This -@if was chosen becae both

7 dpf larvae and adults do not hyperventilate whepi®@oove 90 mmH@unpublished

observations; Vulesevic and Perry, 2Q0&): was calculated by the "brokestick” regression
approach, adopted from Yeager and UIt&k®89) This approach estimatesifas the

intersection of the two linear regression lines that best fit thevBX®us!i O plot and was

carried out using the REGRESS software (www.wfu.edu/~mudayjakaeio2.exe). POversus

1 O2plotsand Bitr egr ession | ines were inspected Abl i nc
for quality control, and only those that both researchers deemed to be valid traces were retained.
Traces that were excluded either dt have a stable oxggulatory phase in the R@ersus

1 Oz curve to fit a tightly fitted line or used less than 4 data points to fit theomforming

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 fAagar (Renbought2002)Tatapplythe event g
agar, larvae were lightly anesthetised in 0.05mfig Tris-buffered MS222. A larva was
transferred onto a glass slide and excess water around the larva was removed using aipipette. 1
2 of 2.5% low melting point agarose (ThermoFisher Scientific, Mississauga, Canada) was

applied to the head and wdkbwed 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
Pciit were measured as described above. To determine whether the agar might also be impeding

Odi ffusion (in addition to preventing vent:i

was conducted in which RMR andiRvere compared in larvae witlgar 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, Mainitney rank sum test) and#(P = 0.13,
St u d etest) dicsnotiffer in the two treatmiegroups suggesting that applying agar to the
head is a viable method of preventing ventilation without affecting cutaneaystdke.
2.2.4Visualization 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 (Sigdlarich, Oakville, Canada) solution in front of
the mouth. Video was recorded using an iPhone SE mounted onto a Nikon SMZet860 s
dissecting microscope (Nikon Instruments, Melville, USA).

2.2.5Local Oz consumption within the buccal cavity

To testwhetherO is extracted from water upon passage through the buccal cavity of 4
and 7 dpf larval zebrafish, arp @icro-optrode techique was used. This systériughes et al.,
2019)consists of an ©sensing fibreoptic micrcoptrode(tip diameter = 20 pm) attached to a

detector system (Applicable Electronics, New Haven, USA), which was operated by custom

software (ASETL V 4 ; Science War es, Fal mout h, USA) .

solutiono c o ntamghydrousodiumdsolfitendigsolved in water in which
measurements were made and a-aetlated sample of water.

Larvae were anaesthetized with 0.3 mg! il Tris-buffered MS222 to the point at
which ventilation ceased but heartbeat continued, and placed in digtetontaining water
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with the same anaesthetic level. Using a dissecting microscope (SMZ 1500; Nikon Instruments,
Melville, USA) the micreoptrodes were placed either directly in front of the mouth to obtain

PO of the inspired water or into the mouthobtain buccal cavity POIn both cases, optrodes

were left in place until a stable signal was achieved (usually witbim&), after which P®

was measured every 10 s over 5 replicate measurements.

A separate experiment was designed to measure thefR@ water leaving the buccal
cavity in a ventilating 7 dpf zebrafish. Larvae were exposed to a light anaesthetic dose (0.05 mg
ml?t Tris-buffered MS222) and to 10 pmolt L-Adrenaline (+)bitartrate salt (Sigmdaldrich,
Oakville, Canada) in the swunding 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 le®viffieaths mir) under normoxi
conditions. Upon exposure to adrenaline, ventilation rates initially were high (~ 60 breaths min
1, but these rates eventually slowedl(Bbreaths mit) at which point measurements were
made. Given that the cutaneous surfaces surrounding the opwrtarzal zebrafish likely
contribute to @uptake(Hughes et al., 2019absolute expired PQ@ould not be assessed.

Rather, the change in local Pehind the operculum that occurred following a breath was
assessed as a measure gke&traction capacity in ventilating 7 dpf larvae.
2.2.6Statistical Analysis

Breathing frequencies of zebrafish expsosduyfmoxia were analyzed using Markov
chain Monte Carlo (MCMC) sampler for multivariate generalized linear models using
MCMCglmm packagéHadfield, 2010)n R (https://www.Rproject.org/). In two of the models,
all fv measurements were fitted dependent varaibles and eitdervelopmentahge or PQwas

fitted as a fixed effect (fitted separately for each trait). In a separate rivosheasurements in
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hypoxia were fitted as dependent variables and the last minute of the 5 min normoxia treatmen
was fitted as a fixed effect. The model included an unstructured (co)variance matrix at the
residual level, using weakly informative inveidéshart priors with the scale parameter defined
as a diagonal matrix containing values of one and distributicanmgers 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 bimrperiod of 3000 iterations. This
yielded effective samples sizes of 1000tfar 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 cdidence 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 exdaded~or
similar analysis seklandic et al. (2019)

All other statistical analyses were carried out in Sigmaplot (Sgstatvare, USA).
Respirometry data were analyzed using-aag analysis of variance (ANOVA). Routine
metabolic rate data did not pass a normality test (SHapitk test), thus the Kruskalvallis
ANOVA on ranks was upos hbaestodititabP@alata pasged Bothn n 6 s
normality and equal variance tests (Leveneobs
The difference between inspired and buccal cavityiR@sh of the same developmental age
was compared using a pairetest. For 4 dplarvae, the data did not pass the normality test, and
thus a Wilcoxon signed r anbetweeredsand 7wz larvae was d . Di
compar ed usi-teg. RespirBnetrydatanfor sk with and without agar were

analyzed by comparg only the difference in RMR or:l between these two groups at the same
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developmental age. RMR data for 4 dpf larvae was analyzed using a Stutestt'®MR data

for 7 dpf larvae, andd# data for 4 and 7 dpf larvae either failed the normalitggural variance

test, and thus ManrWhitney rank sum test was performed. Slopes 6k versus P@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<a0R5.

2.3 Results

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

For larvae at all developmental ages, exposure to hypoxia resulted in an incfease in
which returned to baseline levels within minutes when larvae were switched back to normoxic
conditions Fig. 21; Fig. S21). However, the duration and intensity opleyventilation were
determined by both developmental age and severity of the hypoxia. In 4 dpf REiel@),
fv increased and remained significantly elevated during exposure to 25 mmHg hypgxia (
S21A), while the significant increase fawas tansient (5 10 min) when larvae were exposed
to either 45 or 60 mmHg hypoxi&ig. S21B, C). By 7 dpf Fig. 21B), fv increased and was
maintained elevated in larvae exposed to both 25 and 45 mmHg hypmxi&21D, E), with
hyperventilation being trament for the first 10 min when exposed to 60 mmHg hypoxia only
(Fig. S21F). In both 10Fig. 21C) and 15 dpf larvad-(g. 21D), fv increased and remained
elevated at all three hypoxia levels testeid(S21G-L). Interestingly fv decreased to below
baseline levels in 15 dpf larvae when returned back to normbeiga$%21JL). Comparing
larvae of the same developmental age, exposure to 25 mmHg resulted in a significantly higher

than in the 45 or 60 mmHg exposures at all developmental BigeS@2A, C-D, FG, |-J, L).
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At 4 and 7 dpf, 45 and 60 mmHg exposure resulted in the same extent of incfegfégin
S22B, E), but by 10 and 15 dpf, 45 mmHg exposure resulted in disagrily greater increase
of fv compared to 60 mmHg exposufed. S22H, K). For larvae at different development ages
exposed to the same level of hypoxia, there was a general trend for the mdxitauncrease

as the larvae developedig. S23).

Oxygen consumption was measured at developmental ages matching those of larvae in
the ventilation experimenE{g. 22A). Routine metabolic rate was significantly lower in 7 dpf
larvae compared to the other developmental dgjigs 22B), but Ryt was the sae across all
developmental ages (34 mmHg,Fig. 22C).
2.3.2Buccal cavity PQ

At 4 dpf, larvae were able to inspire water through the mouth and expire water from their
operculaefig. 23). Larvae at 4 and 7 dpf were able to extracin@he buccal cavityKig. 24).
Buccal cavity PQwas significantly lower than inspired P both 4 and’ dpf larvae, however
the younger larvae showed a significantly greater difference between inspired and buccal cavity
PO (Fig. 24B). True expired water P@ould not be assessed, thus the local changeszn PO
behind the operculum that occurred followedreath were assessed in ventilating 7 dpf larvae,
showing a decrease after each breath vilheras between-80 breaths mit (see representative
trace,Fig. 24C).
2.3.3The effects of blocking ventilation on resting metabolic rate and critical @tension

1 O2was measured in 4 and 7 dpf larvae that were prevented from ventilating by
applying an agar helmet to the he&ay( 25). At 4 dpf, larvae showed a significantly lower
RMR (Fig. 25C) when ventilation was blocked compared to larvae that algle to ventilate,

yet Ryit (Fig. 25D) was not different between the two treatment groups. On the other hand, RMR

36



(Fig. 25C) was not different in 7 dpf larvae between the ventilating and/eotilating larvae,
but Rt (Fig. 25D) was significanthhigher for larvae that were unable to hyperventilat®,
increased as water P@vels gradually decreased teiffor ventilating larvae of both
developmental ages; the slopes (4 dpfi2, 7 dpf-0.13) were significantly lower than zero (P
< 0.0001 ér both 4 and 7 dpf). Howevelr,O> remained constant untiki for larvae that were
unable to ventilate; the slopes (4 diff:03, 7 dpf: 0.01) were not significantly different from

zero (4 dpf: P = 0.15, 7 dpf: P = 0.58g. 25A, B).
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2.4 Tables and Figures

Figure 2.1. The interactive effects of hypoxia and developmental age on ventilation

frequency (v) in larval zebrafish. Larvae[n = 9 for 7days post fertilizatiofdpf) exposed to

60 mmHg; n = 17 for 4 dpf exposed to 45 mmHg; rOfdr all other grougsat (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 retathto 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 maidk, and the statistical analysis can be found in Fig&51
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Figure 2.2. Respirometry data for 4, 7, 10 and 18ays post fertilization (dpf) larvae. (A)

Water oxygen tension (RDversus oxygen consumption rate@>) 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 tensighd&ta were
calculated from the PQrersusi O 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 ofdays post fertilization (dpf) zebrafish larva inspiring water
from the mouth and expiring water out of the operculaeConcentrated 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 Acoughingo (D)

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 PQwas measured at position 1, buccal cavity Ra@s

measured just above the gill basket shown in position 2, and expitesaB®neasured at

position 3. (B) Inspied (grey) and buccal cavity (white) Plevels measured indays post
fertilization[dpf,(n=9Yjand 7 dpf (n= 8) |laetweeathe twogupsvel | as
Data are presented as means *s.&nsterisks represent the level of significance. (* P < 0.05, **

P <0.01, ** P <0.001). (C) Representative trace of expiregl®@Is 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 ersus nonagar helmet treated larvae.
Water Q tension PQ) versusO. consumption{ Oy) for agar helmet treated larvae (unfilled
symbols) and noagar helmet treated larvae (filled symbols) in (Aad/s post fertization [dpf,
(n = 13 for no agar larvae, n = 11 for agar helmet laha®e) (B) 7 dpi{n = 17 for no agar
larvae, n = 11 for agar helmet larvae) zebrafish. Arrows indicateritieal O, tension Peir) for
each treatment. (outine metabolic ratdRMR) and (D) Riit data were calculated from the
PO versusi O plots. Data are presentad means ts.e.m. Asterisks represent the level of

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

The goals of this study were to determine whether larval zebrafish can regulate their
HVR and whether this physiological response is benefiBadedon previous studies, it is
known that the gills are not the primary site efuptake in early larval stees of fishe¢Fu et al.,
2010; Rombough, 2002; Rombough and Ure, 1991; Wells and Pinder, 1996; Zimmer et al.,
2014) leading to the questiaf 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 Quptake under hypoxic conditions as early as 7 dpf.

Depending on species, the HVR consists of an incredgeirventilation amplitude, or
both, to increase the volume of water flowing over the (fksry et al., 2009)n this study, we
focused orfy because adult zebrafigicreasdy, but not ventilation amplitude, during hypoxia
(Vulesevic et al., 2006nd there is currently no reliable method for measuring ventilation
amplitude in larval zebrafish. The results of the prestmty demonstrate that larval zebrafish
are not only able to hyperventilate during hypoxia as early as 4 dpf, as has been previously
reportedJonz and Nurse, 2005; Mandic et al., 201@it that they are also able to modify the
magnitude and the duration of the HVR basadhe level of hypoxia imposed and the
developmental age. In 4 and 7 dpf larvae exposed to mild hypoxia (60 mmHg), the incfease in
was transient, decreasing back to baseline levels aft@mbin. It is possible that up to 7 dpf,
cutaneous respiratias sufficient to meet metabolic demands, even in mild hypoxic conditions,
and thus sustained hyperventilation is avoided as ventilation itself is an energetically costly
responséJones and Schwarzfeld, 1974; Steffensen, 1989&8rnatively, the return df, to
baseline levis could reflect a gradual desensitization of the oxygen chemoreceN&Ss. In

zebrafish larvae, NECs are located on the @Roccimiglio and Jonz, 2012nd gill filament
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primordia(Jonz and Nurse, 2003)ut NECs on the gill filament primordiaeanot innervated
until 7 dpf(Jonz and Nurse, 20093} is possible that gill NECs are able to sense internal and
external PQlevels owing to their location within a permeable epithelium between the
respiratory water flow and thaterial blood supply, whereas NECs on the skin are more likely to
sense external PQevels only(Jonz et al., 2004)Thus, it is possible that the increaséviarises
from the skin NECs sensing a change in ambientd@ that under mild hypoxia the fall in
blood PQ is not severe enough to provide additional sensory input required to sustain the HVR.
Therefore, NECs are speculated to gradually desensitizi agitirns to baseline levels.
Althoughfv was significantly elevated throughout the duration of hypoxia in 10 and 15
dpf larvae, the greatest increasdvimccurred in the first 5 min of exposure. When returned to
normoxia,fv of 15 dpf larvae dropped teelow baseline levels. This pdsgpoxic
hypoventilation is characteristic of short term depression within the hypoxic ventilatory time
domain, whereby a transient overshodkirs observed at the onset of hypoxic stimulation, or a
transient undershoat fv at the termination of hypoxic stimulation, that lasts seconds to minutes
(Powell et al., 1998)and has been observed in adult fish spdblesime et al., 1995hough
the specific mechanism is unclear. In mouse however, the short term depression is likely
associated with an inhibition &f rather thara decrease in responsiveness to the hypoxic
stimulus(Hayashi et al., 1993¥hus we suggest that larval zebrafish also exhibit a high level of
ventilatory control, being abke 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 andriPare the same, with the exception of a lower RMR in 7 dpf larvae.
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Rombough and Drader (200@ported a similar phenomenon in zebrafish in which RMR was
lower in 7 dpf larvae compared to 5 and 14 dpf larvae. Similiamygsobserved that RMR
decreased betweerahd 7 dpf in zebrafis(Grillitsch et al., 2005)Complete yolk sac
absorption occurs at 5 dpf in zebraf{simmel et al., 1995)while respiratory lamellae do not
appear until 7 dpfJonz and Nurse, 2005)he yolk sac epithelium can serve as a respiratory
tissue, contributingip to 33% of Quptake(Rombough, 1998; Wells and Pinder, 199R)us, a
drop in RMR at 7 dpf could reflect a decreased ability for cutasn€ uptake, at a time when
branchial Q transfer is not yet fully functional.

Critical PQ was constant across the four developmental ages, indicating that differences
in the temporal dynamics of the HVR were not correlated with I larvae at 4lpf, the HVR
was sustained for the duration of exposure only at the most severe level of hypoxia (25 mm Hg)
or below Ryit. With increasing age, the larval HVR was sustained for the duration of exposure at
higher and higher PQralues compared tack. This finding suggests that at 4 dpf, the
hyperventilatory response is not necessary and that cutaneous respiration, alone, is likely
sufficient to meet @demand. It is interesting that the HVR is not sustained in 4 and 7 dpf until
external PQlevels fall rear to Rit, because at this pointO; is already under decline,
guestioning 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 atreatd>Q levels well above &, arguably
contributing more to total fuptake. The fact that the HVR was sustained at highes ®&h
increasing developmental age (1® dpf) presumably reflects the inability of cutaneous O

uptake to meet metabolic m@nds 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 extrace @rior to the expired water exiting the operculae. The decrease in
buccal cavity P@compared to inspiredater, as well as a fall in B@t the operculae where
water is expired following each breath clearly demonstrated thaa®being removed from the
ventilatory water. The effect of water residence time within the buccal cavity was assessed by
examiningthe relationship between intbreath duration and the relative change in local &O
the operculum following a breath. The decrease inWw4&3 positively correlated with the water
residence time within the buccal cavity, with water residence time cottigito 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 caviiya®caused bipcalized Q
consumption or by the movement of iBto the blood to be transported throughout the body.

In addition to showing that {Zan be extracted in the buccal cavity of 4 and 7 dpf larvae,
we also examined the physiological importance of buccal cayigxtaction by preventing
ventilation. In 4 dpf larae, blocking ventilation by applying an agar helmet resulted in a
decrease in RMR yet:Rremained 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 bemigated 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 ¢ghiesRhe same between 4 dpf larvae that
can and cannot ventilate, it ikdéily 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 dof larvae, acting to ensure thai-€ensing pathways are functional by the time the larvae
become dependent on branchial respirafimmz and Nurse, 2003lowever, this is clearly not
the case in 7 dpérvae, becausef?was significantly higher in fish that were unable to
hyperventilate, suggesting that hyperventilation is aidingg@ake during hypoxia. This result is
surprising, considering that 4 dpf have a loweg R&@hin their buccal cavity@mpared to 7 dpf
larvae. However, it should be noted that for the maptrode experiment design, it was not
possible to determine whether the decline in buccal cavipRO caused bipcalized Q
consumption or by the movement of iBto the blood to & transported throughout the body.
Thus, apossible explanation is that protein turnover (related to gill development) is higher in the
4 dpf larvae, resulting in a greater proportion of regionat@sumption, as gills have been
shown to be a sink for£n larval trout immediately after hat¢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 containingt@at was extracted from cutaneous sites of gas
exchange supplying tHauccal/branchial vasculature of 7 dpf larvae. This would potentially
reduce Qextraction from the water in 7 dpf compared to 4 dpf larvae. This lowgwiRkn the
buccal cavity of 4 dpf larvae also does not contradict the idea that hyperventildtenefgial
at 7 dpf but not necessarily at 4 dpf, because ath@surements were conducted under
normoxic conditions owing to limitations of the experimental set up. Potentially in normoxia,
cutaneous @uptake alone is able to satisfg @emands in 7 ddarvae as well. But under
hypoxic conditions, @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 signiftbacontributes to overall Quptake 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 cutaneousespiration, alone, provides sufficient 0 meet respiratory demands of early

stage larvagRombough, 2002; Rombough, 200These previous studies, however, examined

the partitioning of cutaneous versus branchial@iake under normoxia. Similar to the finding

of Rombough and Drader (2009) that hemoglobin enhangapt@ke in larval zelafish 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 ifiv (delta fv) between normoxia and hypoxia, and

normoxia and recovery in larval zebrafish (data based on Figure 1).arvae at 4 days post
fertilization [dpf, (A-C)], 7 dpf (D-F), 10 dpf (GI) and 15 dpf (L) were exposed to2mmHg
(A,D,G,J), 45mmHg(B,E,H,K) and 6nmHg(C,F,I,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 differende 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 ifv (deltafv) in larvae at 25 and 45mmHg relative to

60 mmHg and at 25mmHg relative to 45mmHg (data based on Figure 1)The larvae are
compared at normoxia (5 min), hypoxia (15 min) and recovery (5 min) at 4 days padgafestil

[dpf, (A,B,C)], 7 dpf (D,E,F), 10 dpf (G,H,I) and 15 d@@K,L). Estimates are presented with

95% credible interval based on Bayesian analysis. Each point represents the mode and the 95%
ClI of the posterior distribution associated with the differende @i larvae either at 2BmHg

or 45mmHgrelative to 60mmHg, or 25mmHgrelative to 45mmHglarvae. 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 ifv (deltafv) 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 2bBmHg(A-C,J}L), 45 mmHg(D-F, M-O) and 60mmHg (G-I1,P-

R). Estimates are presented with 95% credible interval based on Bayesian analysis. Each point
represents the medand 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. &ataignificant if the

95% CI do not intersect zero (dotted horizontal line).
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CHAPTER 3. Disruption of tph1l genes demonstrates the importance of serotonin in

regulating ventilation in larval zebrafish (Danio rerio)
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Abstract

Serotonergic neuroepithelial cells (NE@s)arval zebrafish are believed to be O
chemoreceptorserotonin (8HT) within these NECs has been implicated as a neurotransmitter
mediating the hypoxic ventilatory respor{s®/R). Here we use knockout approaches to discern
the role of 5HT in regulating thedVR by targeting the rate limiting enzyme foi-al 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 Migeketlls (MLCs),
whereas Tphllsiexpressed predominately in MLCs. Knocking out thetpid paralogs
resulted in similar changes detectable serotonergeell densitybetween the two mutants, yet
their responses to hypoxia (35 mmHg) were different. Larvae ladkih@ia (phla” mutants)
displayed a higher ventilation rate when exposed to hypoxia compared ttypék] whereas
tph1b” mutants exhibited a lower ventilation rate sugiggghat 5HT located in locations other

than NECs, may play a dominant role in regulatingH®.
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3.1Introduction

The ability to sense Qevels in the environment to initiate physiological responses (e.g.
ventilatory adjustments) aimed at maintainingh®meostasis is a fundamental requirement for
the survival of multicellular organisms. In adult mammalsck®&moreception is mediated by
peripheral chemoreceptor cells (type | or glomus cells) residing in the carotigNhace,

2010) Upon exposure to hypoxia, K€hannels are inhibited in type I cells leading to, or
facilitating, membrane depolarization, Cantry through voltaggated channels and

neurosecretion to initiate downstream responses including hypervent{Mticse, 2010)

In teleost fish, the functional analogs of the peripheral respyrahemoreceptors of
mammals are termed neuroepithelial cBNECs (Jonz and Nurse, 2009; Milsoamd Burleson,
2007). The NECs of the adult gill are characterized by an abunadmtnsecored vesicles
containing serotonifb-HT, (DunelErb et al., 1982; Jonz et al., 20P4Berotonergic NECs also
are found on the skin of larval fish, where they are thought to play an importaim @le
chemoreception before the maturation of gill NECeccimiglio and Jonz,@.2). Similar to
carotid body type | cells, isolated gill NECs respond to acute hypoxia Withdhnel inhibition,
membrane depolarization, a rise in intracellulat*@avels and increased synaptic vesicle
activity (Burlesonet al., 2006; Jonz et al., 2004; Qin et al., 2010; Zachar et al.,.20dwWgver,
unlike type | cells that contain multiple putative neurotransmitters within the calimacluding
5-HT, catecholamines and acetylcholine, most NECs contain predominanily(Borteus et al.,
2013) Thusin fish, 5HT is speculated to be an important neurochemicabkich®moreception

and for mediating the hypoxic ventilatory response (HVR) initiated gh®moreceptors.
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The earliest studies examining the role ¢ in O, chemoreception and the regita
of ventilation demonstrated that in both the spiny dogfsjualus acanthiagPoole and
Satchell, 1979)and rainbow troufOncorhynchus mykis@Burleson and Milsom, 1995a)
addition of 5-HT to the perfusion mediactivated afferent nerve fibers of the gill filaments.
Subsequent studies reped that application of-BIT via intraarterial injections or bathing in5
HT solutionscaused increases in ventilation or aquatic surface respiration in several species
including rainbow trou{Burleson ad Milsom, 1995b; Fritsche et al., 199European eel
[Anguilla Anguilla (Janvier et al., 1996) toadfishOpsanus betgMcDonald et al., 2010) and
zebrafisnDanio rerio, (Abdallah et al., 2015b; Shakarchi &t 2013]. Although these studies
demonstrated a potential overall role feiH% in O, chemoreception and the control of
breathing, they could not distinguish the effects mediatedy Eeleased from peripheral
NECs versus 5T acting at one or more upstream or downstream locations. To address this
issue directlyKermorgant et al. (2014#@)jected 5HT into the brain of rainbow trout and
observed a potent stimulatory effect on ventilation. Sinmlareases iwventilaion were
observed when fluoxetine, a selectivel® reuptake inhibitor, was jected into the brain
(Kermorgant et al., 2014bpespite these previous studidse exact sites at whichHT acts to
stimulate ventilatiomemain unknownTo date, all evidence is indirect, either showsAg T
containing cells in gills and skin of fishr demonstrahg ventilatory responses to exogenous 5
HT. The absence afefinitive data, in part, reflects thechnical challenges associated with
blocking/activating sitespecific 5HT receptors. However, with the recent advances in genetic
manipulation techniques such as CRISPR knociohéng et al., 2013; Hwang a&t, 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 ratdéimiting step in the biosynthesis oft3T is catalyzed by tryptophan
hydroxylase (Tph), and thus Tph is often used as a markerHar $/nthesis and serotoninergic
activity. In zebrafish, three paralogstph genes are presenphla tphlbandtph2 All three
paralogs are expressed in the central nervous sy&tBI® (Lillesaar, 2011], while data on the
peripheral expression of the three paralogs is scarce, with some data suggedphd bt
expressed in Merkdike cells (MLCs)at the base of taste bud cdkapsimali et al., 2011,
Soulika et al., 2016)n mammalstph2is the neuronaspecific enzyme that controls brairHg
synthesis wheredphlis responsible for peripheral, noeuronal 8HT synthesigCaéet al.,
2003; Zhang et al., 2006)n this study we chose to examine the peripheral expressiphld
andtphlbto determinavhethereither gene is responsible fotH presence in NECs. In
addition, we generated/obtainghlaandtphlbknockout zebrafish to examine the effeof 5

HT originating from the different paralogs, on ventilation.

3.2Materials and Methods

3.2.1 Experimental Animals

Adult zebrafishDaniorerio (F. Hamilton 1822), were housed in [j@olycarbonate tanks
in a recirculating aquatic system (Aquatic Habitats, Apopka, FL, USA). Fish were maintained at
28€C under a 14h:10h light:dark cycle in dechloraminated city of Ottawa tap water and fed to
satidion twice a day. Wiletype (WT) zebrafish were obtained fromhouse stock at the
University of Ottawa aquatic care facility. TRg(tphla:mCherryjransgenic line antphla”
mutant line were generated in house as described belovil.d(tghlb:mCherry)ine was

obtained courtesy of Dr. Marika Kapsimali of IBENS, Fra(8eulika et al., 2016)and the
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tph1b” mutant line was obtained courtesy of Dr. Joanna Yeh of Harvard Universitypite

b’ line (knock out of botliphlaandtphlbgenes) was generated by cross breedingptiibe’
andtph1b’ fish followed by inbreeding the F1 generation. Embryomfedl genotypes were
obtained using standard protoc@gesterfield, 2000)Embryos were collected and reared in 50

ml Petri dishes containing E3 mediym mM: 5 NaCl, 0.17 KCI, 0.33 MgS£0.33 CaC), and

0.1% methylene blueh an incubator maintained at 28.5€C. For larvae that were raised beyond 5
dpf, they were transferrdd static 1l 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 Animab@dre
Veterinary Service guidelines under protocolB26 and adhered to the recommendations for

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

A 5 kb element immediately upstream of thelagene was PCR amplified using Q5
hight i del ity DNA polymerase-(NEB, Cat #: MO491S)
CTCAGGCTGCAATTGGGAGA3 6, REAGACTETE&CGCTTGGCTAT3 6) and cl one
into a Tol2ZmCherry expression vector containitng myl7:egfpheartspecific transgenesis
marker in the reverse orientation using restriction cloning. Transposase mRNA was synthesized
from linearized transposase plasmid courtesy of Dr. Marc Ekker (University of Ottawa) using
MMESSAGE mMACHINE SP6 kitlgvitrogen, Cat#: AM1340). To generate founder transgenic
fish, onecell-stage WT embryos were injected with ~1 nl of 100 ngg|2-tphlapromoter
plasmidand 200 ng/u transposase mMRNA and screened for cardiac GFP expression at 2 dpf.
Founders with cardic GFP expression were raised to adults and crossed with WTs to screen for

embryos expressing mCherry to establish the line.

65



3.2.3 Generation oftphla’- mutant zebrafish

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

SORNA was designed using CHOPCHGQRtfs://chopchop.cbu.uib.icind was specific to a

region of exon 2 ofphla(GGCTGCGGTTGTGTTTTCCC). The sgRNA was synthesized using
a cloningfree method described previouglyalbot and Amacher, 2014¢as9 mRNA was
synthesized from zebrafish codoptimizedCas9(Jao et al., 2013)sing MMESSAGE
MMACHINE SP6 kit (Invitrogen, Cat#: AM1340). Owell-stage WT embryos were injected
with ~1 nl of injection solution containing 150 pg Cas9 mRNA, 50 pg of sgRNA, and 0.01%
phend red suspended in Danieau buffer (in mM: 58 NaCl, 0.7 KCI, 0.4 Mg8® Ca(NQ).,

and 5.0 Hepes; pH 7.6). Embryos were reared to sexual matur®0(6pf) and mutants in this
adult FO population were identified through DNA extraction of fin clips@aiger Sequencing
(Genome Quebec, McGill University, Montreal, Canada). Two mutant lines were established

using founders carrying abp or 38bp deletion.
3.2.4 Realtime PCR

Realtime PCR was performed to assess the expressipi génes in 4 dpf WTtphila",
tph1b’ andtphla b’ zebrafish. Larvae were killed by chilling in an ice bath and 20 individuals
were homogenized via sonication in @bTrizol (Invitrogen, Cat#: 15596018). RNA was
extracted from these homogenates following the manufacturer's protocol. RNA concentration
wasd et er mi ned using NanoDropE 2000 spectrophot «
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 dewjtro
Cat#: 18068015) prior to cDNA synthesis from (@5otal RNA using iScript cDNA synthesis

kit (Bio-Rad, Cat#: 1708890). Retine PCR was performed in 1Dreactions containing pl
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SsoFast EvaGreen supermix (Brad, Cat#: 1725201), 500nol/l forward and reverse primers
(Table $.1) and 4 cDNA template. Controls (no template added) were run in every assay and
nonreverse transcribed samples were run for every primer pair. Reaction efficiency for all
primer pairs was between 90% and 110%. Fia#h dvere normalized to total RNA input rather

than reference genes, because reference gene expression levels may be unstable in developing

larvae of the different genotyp@du et al., 2016)
3.2.5 5HT Elisa

Whole body BHT levels were determined using serotonin research ELISA kits (ALPCO,
Cat#: 1ZSERHUEO1-RES). 4 dpf WTtphla", tphlb” andtphla’ 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 (4 of homogenizing solution (0.01 M HCI, 1 niENDTA, 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 J supernatant was collected and diluted in
490 | of diluent from the Elisa kit. Each sample veisred at80 € until performance of the

assays following the userds 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 (&ehools, LLC) designed to bind to the translation start site
of tphla( 5T€@GAGTACATGCTGATGTTTGCTGAS otphlb( 5 6
GCATGGATGGATGCTCTTGTTTTATF3 6 ) ,tph&A rbd

CAATGGGTTCAGCACTCACCATGGA3 0 ) . Morpholino stock was
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and 0.05% phenol deto 4 ng/ul and 1 nl was injected into each embryo. A control morpholino

( SGTCTTACCTCAGTTACAATTTATA-36) that has no known targe
also was injected at 4 ng/embryo in a separate batch of embryos during each round of injection.

A do= of 4 ng was chosen because it wasighest dos&ve could us¢hat 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 maaaium

maintained in an incubator at 28€C.

3.2.7 Immunohistochemistry

Larvae were fixed overnight at 4C 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 eif washes in increasing concentrations of
methanol in PBST (25, 50%, 75% and 100% MeOH). Dehydrated embryos were-2éRCdor
2 h before rehydrating them using the same methanol/PBST series in reverse orderaktigedn
retrieval was performed by placing larvae in a 150 mMHI@& 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% TritosX 100, 3% bovine serum albumin (BSApd2% normal goat serum
(Sigma Aldrich Inc., Cat#: NSO2ILML) dissolved in PBST for 1 h at room temperature. Primary
antibodies (rabbit ant-HT (Sigma Aldrich Inc., Cat#: S5545) 1:250 dilution, mouse -anti
mCherry (Sigma Aldrich Inc., Cat#:SAB2702291)005lilution) 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 aathbit Alexa Fluor 568, goat antiouse Alexa Fluor 594,
donkey antirabbit Alex Fluor 647 (Thermo Fisher Cat#:11011, A11005, and A31573)] were

added at a dilution of 1:500 in 0.8% Tritdh100 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 inrleBST a
mounted using Vectashelld antifade mounting medium (Vector Laboratories, Cat4:080-10)

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, R028 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 inratpdral
view. The entire tail was imaged, and serotonergic cells were counted UsageJ

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

above background. The fAanalyze particl?nso plu
area wih 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. area of the head was then obtained

using ImageJ, and three rectangles with a letgthidth ratio of 1:3, each corresponding to 1.25%

of the total head area, were placed fArandoml
serotonergic cells in eachctangle 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 rel abgehotymeds and
of the fish in the image. It is important to point out that this method enables quantification of the
numbers otletectabldNECs (i.e. NECS with levels ofHT above background). It is highly likely

that NECs lacking 81T are still present in thienockout fish but remain undetectable.

3.2.9 Measurements of ventilation
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The hypoxic ventilatory response was assessed by monitoring ventilation fregiyency (
in WT, tphla”, tph1b™ andtphla’ b’ larvae during exposure to hypoxia (35 mmHg) at 4, 7 and
15 dpf as described previougpan et al., 2019Briefly, after light anesthesia (0.05 mg'nl
Tris-buffered MS222 (ethyt3-aminobenzoate methesulfonate 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 atdhesthesia
concentration usedheresponsef larvaeto hypoxia was not significantly reducétbnz and
Nurse, 2005)Each larva was allowed to adjust to the chamber for 1dmmirmoxic water
(PO = 153 mmHg prior to the start of the trial. During each trialywas recorded for 5 min
under normoxiconditions (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 (AmScBpegthing frequencwas then
detemined 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 frongploxia exposure was analyzed using
Markov chain Monte Carlo sampler for multivariate generalized linear models using MCMCglmm
package (Hadfield, 2010)in R (https://www.Rproject.org/). In one type of model, al
measurements were fitteddependent variables and eitigenotypeor pCPA treatment was fitted
as a fixed effect (fitted separately for each trait). In a separate type of fyadegsurements in
hypoxia or 5HT or both hypoxia and-BIT were fitted as dependent variables andakeminute

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 in&fisbart priors with the

scale parameter defined as a diagonal matrmtatoing 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 barperiod 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 postaistribution 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 determinedhether 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 usingwaynANOVA, while twofactor
comparisons among multgplmeans were conducted using a-twey ANOVA. When data did
not pass normality test (ShagiMvilk test), data were either log transformed or the Kru$kallis
ANOVA on ranks was used. Holrs i  dp®st hodtest 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 Tig{tighla:mCherry)
andTg(tphlb:mCherry)ines, respectively (Fig8.1-3.2). Peripherally, Tphla was expressed

both in the pharyngeal arch regidfid. 31B-C) and on the sking. 31D-E) of the larva.
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Within the pharyngeal arch region, Tphla was expressed in both Mi&eketlls (MLCs) and
pharyngeal arch NECs (sE&y. S31 for differentiation between MLCs and pharyngeal arch
NECs) Skin NECs are identified asHT positive cells anywhere on the skin of the larva; ie. 5
HT positive cells on the skin of the head, trunk or tail region lateeated as the same
population of skin NECdn addition, Tphla was observed in the hefig.(31B). Centrally,
Tphla expression was observed in the pineal glaigd 81E), consistent witlphlaexpression

profiles obtained using ieitu hybridizaton (Lillesaar, 2011)

Peripheral Tphlb expression was consistently observed in MEGS32B) and web
like cell projections on the fin of the larviig. 32C) that are not skin NECs. Tphlb expression
was also occasionally observed in skin NEEig.(32D), though expression was inconsistent
unlike for Tphla. Within the CNS, Tphlb was expressed in the brainstem ré&gipi32E) and
the hypothalamudg. 32E), consistent wittphlbexpression profiles obtained usingsitu
hybridization(Lillesaar, 2011)Interestingly, 8HT colocalization with Tphlb was observed only

in the hypothalamud={g. 32E) and not the brainstem regidfig. 32D).
3.3.2 Gene expression and-BT levels intph knockouts

Whole-body expression of thiph paralogs was measuredtph knockouts Fig. 33). In
bothtphla" andtphlab” fish, tphlaexpression level was lower compared to either WT or
tph1b’. On the other handphlbexpression levels were higher in baphlb™ andtphla b’
larvae compared to WT ¢phla” fish. Tph2expression levels were constant in all four
genotypes. HT levels were measured in both the head and body regions of the four genotypes
(Fig. 34). In the head region-BT levels were not different between the genotypes, while in the

body region, EHT levels were significantly higher in WTs compared totfiteknockouts,
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resulting in higher total 5T levels in the whole larva when comparing Wa shtetph

knockouts.
3.3.3 Detectable serotonergic cell density itph knockout and knockdown larvae

Knocking out or knocking dowtph genes resulted in agand paralogspecific effects
on detectable serotonergic cell densities on the skin and pharyngeal arch regio3sXBig}.
In generaliphla”, tph1b™ andtphla’ b’ mutants exhibited lower detectable serotonergic cell
dersities on the skin at 4 dpf compared to WTs. This difference was absent at 7 or 15 dpf, with
the exception ofph1b’ at 15 dpf Fig. 35E). At the pharyngeal arch region however, only
tphla” mutants showed lower detectable serotonergic cell density edrapared to the WTs
(Fig. 35F). In larvae experiencirtgph gene knockdown, onliphlbmorpholino resulted in a
reduction of detectable serotonergic cells on the skin when compared to the control morpholino
(Fig. 36A). In addition, when injecting thiph1bmorpholino intotphla” or tph1l" mutants,
only tphla™ mutants showed a further reduction in detectable skin serotonergic cell dEitgity (

3.6B).
3.3.4 Ventilation experiments

Ventilation experiments were first performed using 4, 7 and 15ptinockout mutants
as well as 4 dpphlbknockdown morphants=(g. 37). When exposed to hypoxia, mutants of
all genotypes and WTs at all three developmental stages exhibited an intfeéSigs.3.7A-

C, $3.2). However, when compared to WTs during hypoxia expospiéa” mutants tended to
have highefy at 4 and 7 dpffy was similar to WTs by 15 dpF{g. S33A, D, G).tph1b"
mutants consistently showed a loviieturing hypoxiaat all three developmental stages when

compared to WTsHig. S33B, E, H). Double mutantsghla’b’) exhibited complex breathing
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patterns during hypoxia when compared to WTs. At 4tgpfla’ b’ had similarfy to the WTs in
hypoxia Fig. S33C). However, at 7 and 15 dpf when exposed to hyptptida b’ increasedy
markedly in the first 5 min to levels even higher than in Witken gradually decreased and
was sustained at levels slightly lower than tfatvTs (Fig. S33F, I). Despitéphlb’™ mutants
having lowerfvin hypoxia compared to WTs, the ventilatory response to hypoxghab

morphants was identical to control morpholino injected larvae at 4~dpf37D, S4).
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3.4Tables and Figures

Figure 3.1. Colocalization of Tphla (red) and 81T (magenta) in Tg(tphla:mCherry)
zebrafish larvae at 4days post fertilization dpf). (A) Lateral view of whole mount dpf

larval zebrafish ceatained for Tphla and8T. (B) Colocalization of Tphla andisT 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 tertiein$myl7.eGFPas
a screening marker in the transgenic lisgowheads point to Tphla expression in an
unidentified structure within the midbrain regi@@) Colocalization of Tphla andi3T in the
pharyngeal arch region of the larva. Arrows shovocalization of Tphla and-BT in Merkel
like cells (MLCs) in the pharyngeal arch region, while arrowheads show colocalization of Tphla
and 5HT in pharyngeal arch neuroepithelial cells (NECs). BgeS31 for differentiation of
MLCs and NECs in the phamgeal arch region. (D) Colocalization of Tphla ardTon the
skin of the larva in the tail region. Arrowheads show colocalization of Tphla-Edif skin
NECs. (E) Dorsal view of whole mount 4 dpf larval zebrafiststained for Tphla and8T.
Larva in (E) is a separate larva than the one ¥D)AArrows show colocalization of Tphla and
5-HT in the pineal gland, while arrowheads show colocalization of Tphla-&idi® the skin

NECs.
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Fig. 3.1
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Figure 3.2. Colocalization of Tphlb (red) and 8HT (magenta) inTg(tphlb:mCherry)line.

(A) Lateral view of whole mount 4ays post fertilizatiorfdpf) larval zebrafish catained for
Tphlb and EHT. (B) Colocalization of Tphlb and8T in the head region of the larva.
Arrowheads show colocalization of Thmand 5HT in MLCs in the pharyngeal arch region. (C)
Colocalization of Tphlb and-HT on the skin of the larva in the tail region. No colocalization of
Tphlb and BHT 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 cestained for Tphlb andHT. Larva in (D) is a separate larva than the one hCJA
Arrowheads show colocalization of Tphlb an#i® in skin NECs of this specdilarva.lnset
panels show a zoomed in skin NEC withlocalization of Tphlb and-BT. Brightness of the

inset panel was modified to more clearly illustrate Tphlb staining in the skin MEG®IS

point to Tphlb expressed in the brainstem re@anlinedby dashed white linesjE) High
magnification image of the hypothalamus obtained by staining for Tphlb-Hidos 30 um

thick cryosectionsThe region identified in (D) shows the region where (E) is imaged, though
(D) and (E) were obtained from separatevae. Colocalization of Tphlb aneH is observed

in the hypothalamu$fHyp, rostral hypothalamus; CHyp, caudal hypothalamus.
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Fig. 3.2
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Figure 3.3. Realtime PCR data oftph genes in thaphl knockouts. mRNA levels oftphla
tphlbandtph2gene in 4 dys post fertilizatioWT, tphla’, tph1lb” andtphla’ 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-tmay ANOVA (Holmi Gi d § khogmaltiple

comparison test at P < 0.05). Asterisks represent significance (P < 0.05) within each target gene.
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Figure 3.4. Serotonin (5HT) concentration in tph1 knockouts.5-HT in the head and body

region of 4 @ys post fertilizatioWT, tphla", tph1lb" andtphla b’ larvae zebrafish; N=12 for

each genotype. Data are presented as means =s.e.m. Statistical analysis was conducted using
two-way ANOVA (Holmi Gi d § khoginuulpte comparison test at P < 0.03ppercase

letters represent significance in the body region. Lower case letters represent significance in the
whole larvae obtained by summing th&i% in the head and body regions. Asterisks represent

significance (P < 0.05) between the head and bodgmegthin the same genotype.
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Figure 3.5. Detectable 8HT positive cell density on the skin and pharyngeal arch aphl

mutant larvae. (A) Representative image oft3T positive cells on the skin ofdays post
fertilization (dpf) WT larvae. Scale bar equals 200 pum. (B) Representative image of tail region in
larvae used for skin-BIT positive cell density analysis. Scale bar equals 50 pm. (C, D)
Representative image of the head region of a 4 dpf Wa lased for pharyngeal archol

positive cell density analysis. Scale bars equal 200 pm in (C) and 100 pm in (D). (E, F)
Detectable BHT positive cell density on the skin and pharyngeal arch of §HlLa’, tph1b”
andtphla b’ larvae at different developmental stages. N:2&for each group. Data are

presented as means +s.e.m. Statistical analysis was conducted usivgywNOVA (Holmi

Gi d § khoopulipte comparison test at P < 0.05). Asterisks represent significanceq® < 0

between genotypes when compared within the same developmental stage.
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Figure 3.6. Detectable 84T positive cell density in 4 days post fertilizatiortph morpholino
knockdown larvae. (A) Detectable BHT positive cell density on the skin tfh1a tphlh tph2
morpholino injected WT larvae. N=20 for each group. Data are pezsaatmeans +s.e.m.

Statistical analysis was conducted using-oag ANOVA (Holmi Gi d § khogomulsipte

comparison test at P < 0.05). Asterisks represent significance (P < 0.05). (B) Detettd@ble 5
positive cell density on the skin of Wiph1a, andtph1b’” larvae injected withphlb

morpholino. N=20 for each group. Data are presented as means s.e.m. Statistical analysis was
conducted using twavay ANOVA (Holmi Gi d § khocpmultipte comparison test at P < 0.05).
Asterisks represent significance <®.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 (v) in larval zebrafish. WT, tphla”, tph1b" andtphla’ b’ (N=12 for each group at
each developmental age) larvae dig§s post fertilizationdpf, (A)], 7 dpf (B), 15dpf (C) were
exposed to hypoxia (¥ dmHQg) and subsequently returned to normoxia (b&8Hg). WT 4 dpf
larvae injected with control morpholino (N=10)tphlbmorpholino (N=9) were subjected to
the same conditions (D). Vertical dashed lines represent delingatioong normoxia, hypoxia

and recovery. Data are presented as means +s.e.m. SeeFgS33 for statistical analysis.
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35 Discussion

The purpose of this study was to discern the specific paralogfs) kfsponsible 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 apprasho compare
ventilatory responses to hypoxia in wilgbe larvae with responsestph knockout lines, at least
one of which was expected to lack the capacity to synthedifieif NECs. In an attempt to
generatéph2knockouts, we observed that even thotgh®’ mutans obtained from
heterozygoterosses were able to survive to adulthabdy were unable to produce viable

offspring and thus this study focused exclusively on thetpld paralogs.

Transgenic lines expressing mCherry demonstrated that both pharyngeal arch and skin
NECs express Tphl paralogs and thus are likely able tbesine 8HT. However, even
complete knockout aph1(tphla’ b”) failed to eliminate 84T expression in NECs although
transient effects were observed. Regardless, the results obtainetpbgikigockouts
demonstrated thatHT plays a role in reguteng ventilation, although its effect is not

necessarily attributable to theHd localized in NECs.
3.5.1 Tphl expression in NECs

Previous studies describing the location of the zebrgfisparalogs in larval zebrafish
focused primarily on their presence in the brain and spinal(tdkelsaar, 2011)with little
peripheral expression data reported. An important focus of the current study was to assess the
distribution of Tph paralogs in ti¢ECs of larval zebrafish to determine which paralogs are
responsible for 84T production in these presumptive €hemosensory cells. AlthoughHbr is

the standard marker used to identify NECs in larval and adult zebrafish, the soutd& ofes
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previousy unknown. Usingr'g(tphla:mCherryandTg(tphlb:mCherry)ines respectively, it

was determined that NECs in the pharyngeal arch express Tggl&81), and NECs on the

skin of larval zebrafish express both Tphla and Tphlb (BigB-E, 3.2D) although, alike 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 TphéXpression was at its highekst.

addition, thephlbpromoter could be susceptible to positional effects, as was observed
previously forthetph2 promoter(Yokogawa et al., 2012)vhich could lead to only a population

of the larvae expressing Tphlb within the skin NEEtird population of neurosecretory
serotonergic cells found in the oropharyngeal cavityerkellike cells (MLCs)i that are

associagd with taste bud&achar and Jonz, 2012as0 expressed both Tphla and Tphlb
paralogs (Figs3.1-3.2). Because Tph is the rdimiting enzyme inthe biosynthesis of-BIT, the
expression of Tphl paralogs in NECs and MLCs suggest4Hati§ synthesized directly within
these cells. In addition, Tphlb is also peripherally expressed in web like cells on the fin of the
larvae Fig. 32A, C). These cddl could bephlbpositive fibroblasts previously described in

adult zebrafish fin joints that plays a role in the regeneration of fin(Taysini 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 spigkeson and
Milsom, 1995b; Fritsche et al., 1992; Janvier et al., 1996; McDonald et al., 2010; Panlilio et al.,
2016) More specifically in zebrafish, exogenousi® administeredn vivorevealed its potential
for stimulating ventgtion in larvae after 7 dpfShakarchi et al., 2018y aquatic surface

respiration in adultéAbdallah et al., 2015bMoreover, the ventilatory response to hypoxia was
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abolished by the-BIT2 receptor antagonist ketanserin in larvae oldant7 dpfShakarchi et al.,
2013) However, these previous experiments employing pharmacological approaches were
unable to distinguish between the potential central effectdHif Hom those specifically

mediated by 84T within NECs.

In an attempt to addss this questionphlknockout lines were generated/obtained to
further examine if 8HT 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), knockouiptiflaandtphlbwere verified indirectly by measuring
tph paralog gene expression and tissti¢blevels. Decreased expressiortilain both
tphla" andtphla b’ mutants compared to WTs suggests that mRNA was undergoing
nonsensenediated mMRNA decay (NMD), a cellular mechanism that degrades transcripts not
encoding a functional protein, which can indicate successful kno¢konderson et al., 2017;

Chang et al., 2007)nterestingly tphlbexpression on the other hand was increased in both
tphlb” andtphla b’ mutants. Such an incream knockout gene mRNA was reported
previously inrhcgbmutant zebrafisiZimmer and Perry, 20203ugesting that not all mutant
MRNA is subject to NMOJAnderson et al., 2017)Indeed, the increased mMRNA 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 expressiotpbif other
paralogs did not occur in the mutants. ImportantiiTolevels were lower in the body region of
thetphla", tphlb’ andtphla b’ mutants, although-BIT levels in the head region were similar
across the four genotypes. This finding suggests that similar to manwhdlgaralogs plays a
predominant role in peripheral rather than centfllTosynthesigCaéet al., 2003; McKinney et

al., 2005; Walther and Bader, 2003)

91



Because skin NECs express both Tphla and Tphlb, a decrease in detectable serotonergic
skin NEC density irfphla’, tph1b”, tphla b’ mutants andphlbmorphants at 4 dpf was
expectedig. 35E, 6A) when using5IT as a NEC marker. It is important to note that even
though 5HT is depleted within NEC#4t is likely that NECs are still present but less detectable
due to the lack of HIT. A further decrease of serotonergic skin NEC densitghiha’ but not
tph1b” mutants Fig. 36B) intph1lbmorphants supports the specificity and effectiveness of the
tphlbmorpholino injected. This difference in detectable serotonergic skin NEC density among
the genotypes disappeared by 7 dpf due to a mggtehrate of decrease in detectable
serotonergic skin NECs in the WTs. In the pharyngeal arch region, both NECs and MLCs
express BHT and were difficult to differentiate based o3 staining alone in a dorsal view
where all serotonergic cells can be iradgand thus total detectable serotonergic cell density
was examined. Interestingly, ortiyhla’” mutants exhibited a lower detectabkl® positive
cell density than the WTs. The lack of difference betwphtia b’ mutants and WTs suggests
that similr to other BHT synthesizing cellghese BHT positive celldikely absorb5-HT from
the extracellular spacea the serotonin (B T) reuptake transporter (SERHowever, whether
or not SERT is expressed in pharyngeal arch NECs or MLCs is unknowncan@seurther
study.Alternatively, there is also the possibility thaH3 is not biosynthesizede novdrom
tryptophan; instead, @¢ould beproduced byaromatic Laromatic amino acid decarboxylase
mediated conversion &hydroxy-L-tryptophanabsorbed from the plasma and/or nerve filasrs
previously reported for-5T present in mammalian taste bud c@fan et al., 2018Because
tphla”, tph1b” andtphla’ b’ mutants still displayed detectable serotonerkic BIECS or 5
HT positive cells in the pharyngeal arch region, we further attempted to elimikrtenihin

those cells through pachlorophenylalanine (pCPA), a drug that interferes wittiTossynthesis
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by acting as a selective and irreversible inhibitiof ph. However, pCPA doses that did not
cause gross morphological defects also failed to elimirat€ b skin NECs completelyHg.

S35).

To further examine the role of 3T within NECs in the control of ventilation, the
ventilatory responses to hyxia were monitored in the four genotypes froin ¥ dpf as well as
4 dpftphlbmorphantsDuring hypoxia, WT larvae at all stages increased and maintiined
However, despite both detectable serotonergic skin NEC density and detectable serotonergic cell
density in the pharyngeal arches showing similar trentjshibe’ andtph1b’” mutants, their
responses to hypoxia were markedly different. These diffesemese 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 Wi$kind
mutants. Although all three genotygasreased ventilatiom response to hypoxighla”
mutants increasefdto a greater extent than WTs whergasll/- mutants exhibited a lowéy
compared to WTs. These results suggest that althotiihrhay indeed regulate ventilation as
previously ndicated(Shakarchi et al., 2013the 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 mélatory response to hypoxia iphlbmorphants further supports this
notion because althougphlbknockdown resulted in similar decreases of detectable skin NEC
density as in thgph1b” mutants, theify in hypoxia was not different than WTs. The ditnt
response to hypoxia in thehlb” mutants andphlbmorphants is noteworthy. iph1b”
mutants, a complete elimination of functional Tphlb protein is expected, yettphiie
morphants, it is likely that some functional Tphlb protein rem@imsmer et al., 2019)

However, detectable skin NEC density was the sartgghitli’- mutants andphlbmorphants,
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and further injection afiph1b morpholino intatph1b’™ mutants did not further decrease skin NEC
density, suggesting that the small proportion of functioning Tphlb protein iphhb

morphants is functioning elsewhere such as the CNS. Thus, one possible explanation for the
discrepacy in the response to hypoxia betweentfitelb” mutants andphlbmorphants is that
the remaining Tphlb protein is producing sufficiei’d to regulate the response to hypoxia,
and in turn, further supports the view thatl®, at least within skin NES; is not the

predominant factor for regulating ventilation during hypoxia.

Although the results of the current study clearly reveal a significant rokHdf it the
acute hypoxic ventilatory response (HVR), its mode and site of action are unknown.didowev
the present data sstiggest that there may be @entral location of 84T acting independently
and/or in addition to potential peripheral mechanidmsmammals, radullaryserotonergic
neuronscan act asentral respiratory chemoreceptonsth intrinsicchemosensitity to
physiologically relevant changes@O./pH, which is the main driver of ventilation in mammals,
and ableo induce appropriate effects on respiratory ou¢@arcoran et al., 2009; Hodges and
Richerson, 20106-HT itself also plays an important role in thgpercapnic ventilatory
respons€HCVR), with 5HT being able to completehgscuehe blunted HCVR in mice lacking
central serotonergic neuro(tsodges et al., 2008 addition, distinct subtypes of sévaergic
neurons are present in mouse, with semecialized to drive increased ventilation in respaose
CO; elevation and acidos(8rust et al., 2014)Thus, it is not farfetched to hypothesize that in
larval zebrafishgentral SHT production vialphla and Tphlbccurs at distinctly different sites
where opposing effects on ventilation are exerted. ItphEbknockouts, the HVR was
markedly reduced at all the developmental ages studied wherdphlh&nockouts exhibited

an enhanced HVR at least until 7 dafggestinghatcentrally, a subset of neuromswhich 5
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HT is produced by phlainhibit ventilationwhile another subset of neuromswhich 5-HT is

produced byl phlbstimulate ventilation

Excitatory and inhibitory effects ofHT acting at different s#s 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 increasé;ifollowed by a short term depression (STD) phase
wherefy decreases progressively during byja to correct for the overshootfinduring AR,
after whichfy remains stable although at a higher level than bas@ic& 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., 20B&hough it was not particularly evident in the WT larvae
of this study. Thus, one can speculate that the differendebétweertphla” andtphlb”
mutants during hypoxia reflects the presence of Tphla expressing neurons in the GRS that
responsible for inhibiting, during AR and STD and Tphlb expressing neurons that serve to
maintain the elevatefd during hypoxia. With the lack of Tphla in tighla” mutants, the
overshoot ofy cannot be inhibited, resulting in a highiein hypoxia compared to WTs.
Conversely, with the lack of Tphilb in thgh1b’™ mutantsfy during hypoxia cannot be
maintained resulting in a lowércompared to WTs. The response to hypoxia irtghéa’ b’
double mutants is especially interesting because it combines the phenotype of the two single
mutants. When first exposed to hypoxigof tph1a b’ mutants overshoot to a much greater
extent compared to WTSs, suggesting a lack of inhibitory inpubguR and STD owing to the
loss of Tphla neurons. As hypoxia progreskés,thetphla” b’ mutants drops back down to a
level similar totph1b’™ mutants, both much lower than WTs, suggesting that the absence of

Tphlb neurons prevents the usual menance of elevatefd
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In conclusion, even thoughHtT is expressed within skin NECs, pharyngeal arch NECs
and MLCs, the discrepancy in detectable serotonergic NEC density and the ventilatory response
to hypoxia in théphlknockouts suggest thatHbT located in locations other than NEGgy
play a more important role in regulating the ventilatory response. In addition, based on the
location that BHT is acting upon, most likely within the CNSHI could have markedly
different effects on the HVR. Certéynfuture studies examining the role of CN&i% in the

control of breathing are needed.
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3.6 Supplementary Tables and Figures

Table S3.1. List of reattime PCR primers useskssess the expressiontpli genes in 4ays post

fertilization WT, tphla”, tph1b’ andtphla’ b’ zebrafish All sequences listedl Nj

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

Gene OrientatiSequence

eedm1 F TACCTACCCTCCTCTTGGTCG
R TTGGAACGGTGTGATTGAGGC

abdbtl F GATCAAGATCATTGCTCCCCC
R GGCCATTTAAGGTGGCAACAG

tphla F TCCATGAACCTCGGAATGACT
R TTGACTAGCCCACCGACTTC

tphlb F TGCGCAAGCAAACAAGCATA
R GAATCCCGGATGATCTGCGT

t ph2 F TCCTCCATGGACATCCTTTAA
R

TCTCCGAGACTCAATGTGCG
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Figure S3.1. Colocalization of Calretinin (red) andiT (magenta) in 7 dgharval zebrafish. (A)
Lateral view of the head of whole mount 7 dpf larval zebrafisktamed for Calretinin and-5

HT using 1:500 dilution mouse asgalretinin (Swant Inc. Cat#: 6B3PUR) and 1:1000 dilution
rabbit anti5HT (Sigma Aldrich Inc., Cat#: S85). 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 rmeahoepithelial cells

(NEC9 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 positivdtastells and are mainly

found on budding filaments (bf) emerging from the pharyngeal aah (
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Fig. S31
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Figure S3.2. The average differencesfin(deltafy) between normoxia and hypoxia, and
normoxiaand recovery in wildype (WT),tphla”, tph1lb’” andtphl &b’ larval zebrafish (data
based on Figure 5&). Panels AD are larvae at 4 days post fertilization (dpf), panels &e

larvae at 7 dpf, and panelé lare larvae at 15 dpf. Panels A, E, | are WT larvae, panels B, F, J
are tph14 larvae, panels C, G, Katphlb’ larvae, and panels D, H, L agghl &b’ larvae.
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 S3.3. The average differencesfwn(deltafy) betweertphlknockout and WT larval

zebrafish (data based on Figure-BA Panels AC are larvae at 4 dpf, panelsfare larvae at 7

dpf, and panels Gare larvae at 15 dpf. Panels A, D, G folela’ larvae compared to WT

larvae, panels B, E, H atghlb’” larvaecompared to WT larvae, and panels C, F, ltphd &b

" larvae compared to WT larvae. 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 S3.4. The average differencesfw(deltafy) between normoxia and hypoxia, and

normoxia and recovery in control morpholino injected WTs (A) tahdbmorpholino injected

WTs (B), and the average differencedirideltafy) betweertphlbmorpholino injected and

control morpholino injected larvae (C). Data based on Figure 5D. Estimates are presented with
95% credible intervals (Cl) based on Bayesianyasma Data are significant if the 95% CI do not

intersect zero (dashed horizontal line).
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Figure S3.5. (A) Representative images ofldys post fertilizationdpf) larvae treated with
parachlorophenylalanine (pCPA) from 2B h post fertilization (hpf). (D) Representative
image of detectable-BT positive cells on the skin of 4 dpf larvae treated with O M (B), 10 M
(C), and 20 M (D) pCPA from 2418 hpf. (E) Deectable BHT positive cell density on the skin
of 4 dpf larvae treated with 0, 10 20 M pCPA from 2448 hpf. N=811 for each group. Data
are presented as means +s.e.m. Statistical analysis was conducted usivay &xdOVA
(Holm-Sidak posthoc multipe comparison test at P < 0.05). Asterisks represent signifiqd)ce
The interactive effects of 20 UM pCPA treatment from48thpf and 50 M SHT during

hypoxia on ventilation frequencf{ in 4 dpflarval zebrafish. Larvae (N=8 for each group)
were exposed to hypoxia only (solid symbols) or hypoxia with 50 pMIT5(open symbols) and
subsequently returned to system water. Vertical dashed lines represent delineations among
baseline, treatment anccvery. Data are presented as means +s.e.rd) (Be average
differences irfy (deltafy) 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. (KM) The average differences fin (deltafy) compared t@ontroltreated

larvae exposed to hypoxia only. Estimates are presented with 95% credible intervals (Cl) based
on Bayesian analysis. Data are significant if the 95% CI do neseatdezero (dashed horizontal
line). Control larvae increasédto a similar extent during hypoxia with or withoutd'. Larvae
exposed to pCPA did not incredseduring hypoxia except in the presence of exogened3.5
However, the apparent rescue df tiyperventilatory response byHa may have reflected
elevated baselink of pCPA treated larvady in hypoxia or hypoxia with 5T was identical to

thefy of nonpCPAtreated larvae during hypoxia
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CHAPTER 4. Merkel-like cells (MLCs) are putative Oz 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. Howewengfish experiencing total gill
denervation can still sense hypoxia, with this response abolishedftanlfurther denervation of
the orobranchial cavity. These results suggest that nGb alhemoreceptors are confined to the
gills but could also be located in the orobranchial cavity. One population of cells located within
the orobranchial cavity that shagienilar characteristics to NECs are Merkike cells (MLCs).
MLCs are neurosecretory, receive innervation floypoxiaresponsiveranial nerves 1X and X
andcortain serotonin (84T)-filled synaptic vesicles, suggesting that they are involved in
environnental sensingln the current studyn vivo confocal imaging in concert with genetically
encodedC&* indicators wasised tademonstrate that MLCs and peripheral sensory neurons
(PSNs) with nerve endings impinging on MLCs exl@dincreasedCa” evens during acute
hypoxia Additionally, it was observed thateripheral sensory ganglia (PS@gplayedan
increase in mean [€§i levels when exposed to hypoxia.dsclla” mutants that lack MLCs,
the initial increase in ventilation frequendy) (duringhypoxia wasabsent Using nitroreductase
mediated ablation of PSNs and PSGs, it was shown that larvae with MLCs lacking innervation
exhibited a heightendg in the laterstagef hypoxia. Taken together, these data suggest that
MLCs are responge to hypoxia and thusre considered a novel class®fchemoreceptordt
is proposed that their stimulation contributeshi® initiation ofhypewentilation during hypoxia,
whereaPSNs/PSGs transmit an inhibitory sigt@the central nervous systeataring the later

phases of hypoxia tower fy to a steady level above normoxic baselinkies.
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4.1 Introduction

The aqueous environment is prone tdflOctuations(Mandic and Regan, 2018Jhus,
the ability of fish to sense changes in watetéhsions (Pg) and to elicit appropriate responses
to low environmatal PQ 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 caralydsgove as
the peripheral @chemoreceptofDe Castro, 1926; Duchen et al., 1988; Heymans and Heymans,
1927; LopezBarneo et al., 1988; Lopdapez et al., 1989; Pietruschka, 1985; Pietruschka and
Acker, 1985; Urena et al., 1989; von Euler et al., 19A@hough he molecular underpinnings
of the Oz sensitivity of the carotithody Type | cellare debated, there is general consensus that
once hypoxia is sensed; Kux thorough K channels is reduced, leading to membrane
depolarization and the opening of voltaggted C&" channel{Cummins et al., 2020; Kumar
and Prabhakar, 2011; Lop8arneo et al., 2016; LopdZarneo et al., 1988; Peers et al., 2010;
Prabhakar and Semenza, 201B)turn, depolarization leads to an influx of?Gan increase in
intracellular C&" levels and C&-mediated neurotransmitter release, of which ATP and
acetylcholine (AChare stimulatory and dopamine (DA) is inhibitggumar and Prabhakar,
2011; Leonard et al., 2018; Nurse, 2QIh)ese neurotransmitters activate cognate recepto
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 respOuns@nins
et al., 2020; Kumar and Prabhakar, 2014 )ish, the identity of the peripherabO

chemoreceptor and its signal transduction processes are less clear.

In fish, the peripheral £&chemoreceptors are believed to be neuroepithelial cells (NECs),

first identified in rainbow trout@ncorhynchus mykisey DunelErb et al. (1982by analogy to
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the morphology of pulmonary NE@sundin the respiratory tract of mammalhe NECs are

located in highestumbers at the tip of gill filaments and are furtblearacterize by the

presence of densmred vesicles containing serotonin-fbT, (DunetErb et al., 1983) In

rainbow trout, exposure to hypoxia results in
release of neurotransmitt@HT) ontoafferent nerve¢DunelErb et al., 1982)Based on the

morphology, locationinnervation patternand fAdegr anul ati ono response
of trout were suggested serveasperipheral @ chemoreceptordn zebrafish Danio rerio), gill

filament NECs are innervated by both intrinsic and extrinsic nerve fiboeg andNurse, 2003)

Direct and convincing evidence that gill BE are Q sensors (and thus may potentially
act as peripheral £xhemoreceptors vivo) was first provided using cells isolated from adult
gill filaments and testeih vitro under primary cell culture conditions. With exposure to hypoxia,
isolated gill NECs from ebrafish and channel catfiglctalurus punctatusexhibited an
inhibition of K* currentgBurleson et al., 2006; Jonz et al., 20@&4ding to membrane
depolarization (Jonz et al., 2004; Qin et al., 2010). Membrane depolarization during hypoxia
also was reported for NECs isolated from adult goldi&wréssiusauratug gill (Zachar and
Jonz, 2012c)Though not specific to £xhemoreception, isolategll NECs from zebrafish or
rainbow trout displayed an increase of intracellulad*@ancentration ([C]i) when exposed to
conditions of hypercapnia or high environmental amm¢@himlallah et al., 2015a; Zhang et al.,
2011) both of which are ventilatory stimulants in figkdditionally, isolated gilINECsfrom
goldfishresponded to hypoxia with incread€#?*]; and synaptic vesicle activitZachar et al.,
2017) suggesting that NECs are neurosecretory. Thus, there is ample evidence thahat least
vitro, gill NECs are responsive to hypoxia and therefore have the potential to sepve as O

chemoreceptors. Although the NECs of the adult zebrafish gill exhibitatbastics expected of
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functional @ chemoreceptors such as hypertrophy during exposure to hydoraet al.,

2004) there is no direct evidence as yet that NECs act as chemoreaepioosand 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 identifyingill NECs and measuring cellular activity within NECs

such as membrane potential or fgain vivo. Only recently has progress been made in

identifying NECsin vivowith the use of green fluorescent protein (GFP) under the control of the

vmat2 promote(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 NEGse not innervated until 7 dpfonz and Nurse, 2005)
Coccimiglio and Jonz (201®roposed that serotonergic cells on the skin of larval zebrafish that
resenble 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 environmgntal PO
and receive innervation between2® h post fertilizatiorfCoccimiglio and Jonz, 2012)

However, unlike for the gill NECs, there are no data demonstrating digeser@itivity of the
cutaneous NECs. There is also conflicting evidence regarding skin NECs being morphologically
sensitive to changes in RDin larval mangrove rivuluKryptolebias marmoratysskin NEC
developmenis largely unaffected by environmenRD: levels (Cochrane et al., 2021).

support of an alternate site of peripheralc@emoreception, a study using genetically encoded
Ca* indicators showed that upon hypoxic stimulatipetipheralsensory ganglionic neurons

(cranial nerve$X and X) from 56 dpf larval zebrafish exhibited an increase in their activity

(Yeh et al., 2019)This finding is particularly interesting becawsanialnervesiX and X appear
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to initiatemost cardicespiratoryresponses to hypoxiacluding the HVR [reviewed biylilsom
(2012) and that rhythmic stimulation of tleeanial nerve X ganglion can entrain the ventilation
respamse(De Graaf and Roberts, 199Theseperipheral sensory neuroflRSNs) extend into the
pharyngeal arch region and wrap arouridBpositive cell{Yeh et al., 2019)which based on
their position and morphology are Merkide cells (MLCs) previously described to be present
at the base of the taste bud compéachar and Jonz, 20128hese MLCs receive innervation
as early as 3 dpf and are also neurosecretory as indicated styryl dye, FM443 and the
synaptic vesicle marker, S(Zachar and Jonz, 2012&onsidering that PSNs express P2X3
receptorgYeh et al., 2019and that ATP is a well know neurotransmitter involved in taste
(Finger and Kinnamon, 2021} would suggest that MLCs might also signal through purinergic
pathwaysIn adult zebrafish , MLCs are also located on the gill rai&ashar and Jonz, 2012a)
the first point of contact for inspired water flowing over thésgiDverall, these characteristics
implicate MLCs as potential {Zhemoreceptors. In addition, some MLCs are located-extra
branchially(Kapsimali et al., 2011 )addressing the issue of thersistence of ventilatory
responses to hypoxia some speciesxperiencingotal gill denervation which wa attributed to

thepresence oputativeextrabranchial receptor@Milsom, 2012)

Significant research has focused on identifying the neurotransmitter(s) involved in
promoting the reflex HVRRahbar et al., 2016; Shakarchi et al., 201B)ese studies used
pharmalogical methods, i.e. treatment of fish with agonists/antagonists of various
neurotansmitter 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 inhibi{&sn and Perry,

2020) Although these neurotransmitters are potentially invoingde HVR, there is no

evidence that they are present within NECs other tHdii §Porteus et al., 2012and that any
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of these putative neurotransmitters are actually secreted by NECs during hypoxia. An
unavoidabldimitation of the experimental desigased inthesepreviousstudies 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 themselvescaptbrs within the

CNS.

With this background, the goal of this study was to test the hypothesis that MLCs serve
as Q chemoreceptors in larval zebrafish. To do so, transgenic zebrafisgemigtically encoded
Ca&*indicatorsspecifically expressed wiitlh MLCs and the PSNs were generated, allovitng
vivoreal time measurements of [€aof 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 developiryy creathg an ascllaknockout ling(Kapsimali et al.2011)and
PSNs and peripheral sensory ganglia (PSGs) were ablated using the nitroreductase mediated
tissue ablation methd@urado et al., 2008) o further examine the potential neurotransn(f)
involved in the signal transduction process, we exposed larval zebrafish to various putative
neurotransmitters undeormoxicor hypoxic conditions and examined the changes iR'J@d

PSGs under these conditions.

4.2 Materials and Methods

4.2.1 Experimental Animals

Adult zebrafishDaniorerio (F. Hamilton 1822), were housed in lfiolycarbonate
tanks in a recirculating aquatic system (Aquatic Habitats, Apopka, FL, USA). Fish were

maintained at 28€C under a 1410h light:dark cycle in dechloraminated city of Ottawa tap
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water and fed to satian twice a day. Wiletype (WT) zebrafish were obtained fromhouse
stock at the University of Ottawa aquatic care facility. Tgé&phlb:mCherry)ine was obtained
courtesy of Dr. Marika Kapsimali af fstitut de Biologiede |'Ecole Normale Bpéieure
(IBENS), France(Soulika et al., 2016)TheTg(tphlhjRCaMP13, Tg(p2rx3heGFP),
Tg(P2rx3hGCaMP63, Tgp2rx3aNTRmMCherry transgenic lineandasclla” mutant line were
generated in house as described below. TidtghlhjRCaMP1la, p2rx3b:GCaMP6sline was
generated by cross breeding Trigtph1hjRCaMP1g and Tg(p2rx3kh GCaMP63$ fish. Embryos
from all genotypes were obtained using standard prot¢dasterfield, 200Q)Embryos were
collected and reared in %0l Petri dishes containing E3 mediym mM: 5 NaCl, 0.17 KCI, 0.33
MgSQy, 0.33 CaCl, and 0.1% methylene blug) an incubator maintained at 28.5€C. Water was
changed daily in the Petri dishes and every alteegen 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 prosd@ioi226and BL-1700and
adhered to the recommendationsdamal use provided by the Canadian Council for Animal

Care.
4.22 Generation of transgenic zebrafish

Promoter and reporter gene sequences were PCR amplified&simghfidelity DNA
polymerase (NEB, Cat#: M04918hd cloned into a Tol@xpression vectarontaining the
myl7:egfpheartspecific 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 zebrafidarval DNA extracted using u r e L gencknieE DNAmini
kit (Invitrogen, Cat#K182009f ol | owi ng t he meaponeagenz sequencesc ed ur e

were amplified from plasmidsourtesyof Misha Ahrens (Addgene plasmid # 59531 ;
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http://n2t.net/addgene:5953RRID:Addgene_59531Pouglas Kim & GENIE Project

(Addgene plasmid # 100848 ; http://n2t.net/addgene:100848 ; RRID:Addgene_180848)
Luke Lavis (Addgene plasmid # 113760 ; http://n2t.net/addgene:113760 ;
RRID:Addgene_113760Primers for amplifying theromoter and reporter gene sequences are
provided in Table S4.Il'ransposase mMRNA was synthesized from linearized transposase
plasmidusing mMMESSAGE mMACHINE SP6 kit (Invitrogen, Cat#: AM134Byth theTol2
expression vectand thetransposase plasmidere courtesy of Dr. Marc Ekker (University of
Ottawa) To generate founder transgenic fish, -@ed-stage WT embryos were injected with ~1
nl of 100 ng/ synthesized plasmiand 200 ng/Jd transposase mRIN&nd screened for cardiac
greenfluorescent proteinGFP) expression at 2 dpEounders with cardiac GFP expression were
raised to adults and crossed with WTs to screen for embryos exprbesoagresponding

reporter genéo establish the line

4.2.3 Generation ofasclla’- mutant zelrafish

Expression o&scllawas knocked out using CRISPR/Cas9. The sequence of the sgRNA

was designed using CHOPCHGQRtps://chopchop.cbu.uib.fcnd was specific tthe starting

region of the onlyexon ofasclla(GAGGCGAAAAAGCAAGCAGG). The sgRNA was
synthesized using a clonitigee method described previouglyalbot and Amacher, 2014¢as9
MRNA was synthesized from zebrafisbdonoptimized Cas9Jao et al., 2013)sing

MMESSAGE mMACHINE SP6 kit (Invitrogen, Cat#: AM1340). Grall-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, 0.44My&0O
Ca(NQ)2, and 5.0 Hepes; pH 7.6). Embryos were reared to sexual matur®g @of) and

mutants in this adult FO population were identified through DNA extractidin ofips and
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Sanger Sequencing (Genome Quebec, McGill University, Montreal, Caiaedinal mutant
line that wasestablisheatarrieda 7-bp deletion49 bps after the start codon in theclla gene,
resulting in a premature stop coddime resulting protein was 9.5 kDa rather than the normal 22

kDa.
4.24 Immunohistochemistry

Zebrafish arvae were fixed overnight at@lin 4% paraformaldehyde (PFA) prepared in
phosphate buffered saline (PBS). The following day, larvae were rinsedPB3 containing 0.1%
tween20 (PBST) For samples that required sectioning, the larvae were transferred to a 30%
sucrose solution in PBS for 1218 h at 4C , embedded in OCT embedding matrix (Fisher
Scientific, Cat#:23-730-571) on powdered dry ice arsgctioned to 30 pun thickness usingi@ca
CM3050 Scryostat(Leica Biosystems). Specimens (zebrafish larvae or sections) wengdaled
in a blocking solution containing 0.8% Trito6100, 3% bovine serum albumin (BSA), and 2%
normal goat serum (Sign#sdrich Inc., Cat#: NSO2LLML) dissolved in PBST for 1 h at room
temperaturer overnight at £. Primary antibodieganti5-HT, anticalretinin, antizn-12, anti
SV2, anttGFP or antmCherry)were added in blocking solution and specimens were placad on
shaker overnight at 4C in darkness. After 5 x 5 min washes in PBST, secondary antibodies were
added at a dilution of 1:500 in 0.8% Tritdh100 dissolved in PBSTA completelist of primary
and secondary antibodies usggrovided inTable S4.2. Specimengrethenincubated with the
secondary antibody in the dark at room temperature farlah4C overnight washed 5 X 5 min
in PBST and mounted using VectashBfldntifade mounting medium (Vector Laboratories, Cat#:
H-100010) in a concave depression glass slide for imag8mecimensvere imaged using an
A1R MP* confocal microscope (Nikon Instruments [ESA) 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 condition3,g(tphlb:mCherry)arvae 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 raisetb 7 and 14Ipfwere fed daily. At the end of the exposure, larvae
were euthanized on ice and stained witH band mChernantibodies as described above and the
pharyngeal arch region was imaged with the ventral region facing towards the objective. Cells
positive for both 8HT and mCherry were identified as MLCs while cells positive only 615
were identified as NECs. Anais of MLC and NEC number and size was carried out usiageJ

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

above background. T Hnewasiused o coyrt eells graatet thao 2Ggms ¢ p | u
area with a circularity of at least 0The 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 eachcell type were tabulated. During the analysisi mages wer e rel abell ed

without knowing thdreatment®f the fish in the image.
4.26 In vivo Ca?*imaging

All experiments were performed dndpflarvae in system watelmaging of larvaevas
performed withanA1R MP+ confocal microscope (Nikon Instruments Id&A) with 20X
waterimmersion objective (0.75 NA, tir@apse imaging). The microscope was further equipped
with a custoraimade water perfusn system enabling switching of perfusion solutions into the
imaging chamber. The imaging chamber was made of glass with san€br spot attached
(Loligo Systems, Denmark) to allow for@easurement within the chamber using the Witrox 4

O2meter and th&utoResp software (Loligo Systems, Denmark). An individual larva was
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mounted with its side facing upwardslirb% low meltingpoint agaros€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)s@tuigallowed for the
chamber to be sealed once water flow was started and the larva to be imaged He&ough t
coverslip.To image the sensor expression pattern, images were acquired with a field of view of
512x 512 or 512x 256 pixels with spatial resolution &22 x322 or 322 x161 pn (X xXy)at a

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

TgphlbjRCaMP13 larvae were used to examine MLCs response to 100 M NaCN
exposure and resultant chemical hypdidamel, 2011)Each larva was exposed to 5 min of
system water (baseline) followed by 10 min of either system water or 100 M Naighh&

Aldrich, Cat#:38097( dissolved in system water. For larvae exposed to NaCN, MLCs were
classified as either responsive or resnsive based on wheth@e?* event (a single spike of
[C&a?*]i) frequeng under NaCN exposure exceeded that in the 5 min baseline conditions. As long
as a single time point during NaCN exposure had a highfére@ant that that of baseline, it was

deemed a responsive cell.
4.2.6.2 Series Il. Hypoxia exposure

TgtphlhjRCaMP1la, p2rx3b:GCaMP6¥klarvae were used to examine the response of
MLCsand PSNPSGs to hypoxia exposure (30 mmH@&ach larva wafirst exposed to 5 miof
normoxic system water (baseline). After baseline exposure, the imaging chamber was perfused
with hypoxic water, resulting in a decrease okROmM 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 exposumemoxic water again was
perfused into the imaging chamber (recovery), resulting in an increase td P&B 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 b@in for the recovery phask this set of experimesgt

C&* responsswererecorded foindividual MLCs, individual PShendingsinnervating ML,
andall cells withinthe PSGsvhen viewedn totality (i.e. the entire PSG was viewed as a region
of interest (ROI) rather thandividual cells within the PSGslue to technical challenges of

identifying individual cellswithin the PSGs when emnaged with MLCs.
4.2.6.3 Series IlINeurotransmitter exposure

Tg(p2rx3b:GCaMP6}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 exposBadrtio of normoxic system water (baseline)
followed by 15 min of hypoxia exposure as described above or 15 min of neurotransmitter
exposure, and lastly returnedrtormoxic system watdor 10 min (recovery). The putative
neurotransmitters used werdHd (50 M serotonin hydrochlorideSigmaAldrich, Cat#:

H9523, ACh (50 pM acetylcholine chlorideSigmaAldrich, Cat#:A6625), ATP (100 pM

adenosine -triphosphatalisodiumsalt hydrateSigmaAldrich, Cat#:A1852), adrenaline [100

UM (' T-epinephring(+)-bitartrate saltSigmaAldrich, Cat#:E4375] and DA (50 M @pamine
hydrochloride SigmaAldrich, 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
neurotransmitter@Pan and Perry, 2020; Rahbar et al., 2016; Shakarchi et al., 2018)
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secondset of experiment each larva walrst exposed to 5 minf 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 atided to t
hypoxic water. Each larva was exposed simultaneously to only a single neurotransmitter and

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

Image data were motion corrected before exporting rages forROIsusingCalmAn
under the Mesmerize platfor(@iovannucci et al., 2019; Kolar et al., 202Bgaseline corrections
for raw traces were performed inuRing the baseline packafjgland et al., 201Q)C&" events
were then detected using the peakPick package, aic@mt frequency and mean fCawere
calculated using austomwritten R script A representative Rcript isprovidedin the
supplementary materidtor sries llhypoxia exposuresynchronized peaks were defined as

Ca* peaks that occurred within 1 sefceach other in MLCs, PSN endings and PSGs.
4.2.7 Ventilation experiments

TheHVR was assessed larvae with ablated MLCs or PSN&blationof MLCs was
achieved imasclld” mutants as confirmed by immunohistochemistry as described above.
Peripheral sensory neuron ablation was achieved by expbg{p8rx3aNTRmCherry larvae
to 5 mM netronidazolgmtz; SigmaAldrich, Cat#:M1547) in 0.2% DMSO SigmaAldrich,
Cat#:D8418 beginning from 2 dpf. Confirmation of ablation washevedusing
immunohistochemistry as described above in 4 dpf latMaeHVR was assessed by monitoring
fy as described previous(Pan et al., 2019pBriefly, after light anesthesia (0.05 mg' T ris-

buffered MS222 (ethyl3-aminobenzoate methanesulfonate salt, Sigma Ald@at#: E1052),
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an individual larva was placed in a mocapillary tube with an inner diameter of 1 mm.
Zebrafish water containing M322 atroom temperature/as delivered to the microcapillary tube
by gravity at a rate of 1.61.8 ml min'. Previous studies demonstrated that atitesthesia
concentration sed,theresponsef larvaeto hypoxiais not significantly reduce{Coe et al.,

2017; Jonz and Nurse, 200&gch larva was allowed to adjust to the chamber for 10 min in
normoxic water (P@= 153 mmHg) prior to the start of the trial. During each tfiakas

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
mountel onto a dissecting microscofstereo trinocular microscope (AmScop&reathing
frequencywas determined for each minute by counting either buccal or opercular movements
depending on the orientation of the fish in the chamber and the visibility ofci rand/or

operculum.
4.2.8 Statistical analysis

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

models using MCMCglmm pgkage (Hadfield, 2010) in Rhitps://www.Rproject.org). To

compare C& event frequencies aridbetween dierent treatmentsall C&* event frequengcand

fv measurements were fitted as dependent variabletharickatment group that the data are to be
compared againsterefitted as a fixed effecifTo compardy, between normoxic baseline and the
hypoxic treatment periody measurements in hypoxia were fiti@sl dependent variables and the
last minute of the 5 min normoxia treatment was fitted as a fixed effieetmodel included an
unstructured (co)variance matrix at the residual level, using weakly informative HWesisart

priors with the scale parametdefined 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 peiod 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% HPBahtntains 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 associatediwihe fixed effect we determined whether the 95% HPDs included or
excluded zero.

All other statistical analyses were carried out in Sigmaplot (Systat SoftWwarepmpare
group means against zero, a one samtasttwas conducted. To compare meansofgroups, a
St u d etest wascortducte&ingle fator comparisons among multiple means were conducted
using a onavay ANOVA, while twofactor comparisons among multiple means were conducted
using a tweway ANOVA. When data did not paasiormality test (ShapiroWilk test), data were
either log transformed or the Kruskalallis ANOVA on ranks was used. Hoiis i dp®st 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

Merkellike cells were identified in 4 dpfg(tphlb:mCherryjransgenic larvae as cells
expressing tryptophan hydroxylase 1b (TPH1b) ahtrSthese cells were located at the base of

the taste bud cells positiverfoalretinin (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 withZzhpositivenerve fibreqFig. 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 oniyHbI' and did not exhibit close association with1zh

positive nervdibres(Fig. 4.1C & E, Fig. 4.2D). Characterization of MLC innervation pasatn

3, 7, 14 and 21 dpf revealed that MLCs receive innervation frefrRzwositive nervdibresas

early as 3 dpf (Fig. 4.1H.

Characterization of 4 dpfg(p2rx3heGFP) transgenidarvae 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 zhi2 emanating from cranial ganglia IX and X projected into the
pharyngeal arch region and associateth Mt_.Cs 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). MC numbers significantly decreased after 4 days of hypoxia
acclimation but were unchanged after 7 and 14 days of exposure (Fig. 4.3). The numbes of NEC
was unaltered after 4 days but was increased after 7 and 14 days of hypoxia acclimation (Fig.

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

To test the hypothesis that MLCs aredBemoreceptors, 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 G4 measurements were taken were divided into two groups. One
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group termed nomnesponsive cells were MLCs that did not increasg €eentfrequency

compared to the baselia¢ any time during NaCN exposure. A second group termed responsive
cells were MLCs that increased€avent frequency in at least one of the NaCN exposure time
points. C&" event frequency in neresponsive cells wasedtical to control cells that were not
exposed to NaCN, but responsive cells significantly increas&de@ant 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 exposedNiaCN, 66% of MLCs increased €a&vent frequency.

Calcium event frequencies widividual MLCs, PSNendings, anthewhole PSGswere
examined when exposed to hypoxia (Fig. 4.5). Both MLCs and +aegrdgs exhibited a
significantincrease in C4 event frequencies as P@vels declined from 60 to 30 mmHg (Fig.
4.5C & D).Of the 40 MLCs examine@®8 of them had higher €aevent fequencies during this
PO decline phase compared to themoxic baselineA significant difference was not observed
when examining the PSGs as a whaled thiscould be due tthedilution of signas by cells
that did not respondvhen examining the aevents within the PSGs, the signal amplituds
smaller compared to that in the MLCs or R&MNlingspresumably becausmly a sub
population ofcellswithin the PSGgwith projectionsnnervatingMLCs) responédin synchrony
with the MLCs they innervat& hus ata specifictime point only a small population of cells
within the PSGs might be responding @helir signalswould be diluted by thether cells that
are not respondindgdowever, 4 three locations examined displayed higher maximuii Ca
event frequencies during the hypoxia exposure compared to the normoxia baseline (Fi). 4.5C
Even though the PSG did not increasé*@aent frequency at a specific time point, mearf{ca
when exarming all cells within the PS®OI was elevated during the hypoxia exposure (Fig.

4.5F). To assess whether there was synchronyihe®ants 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 Gapeaks of PSGs compared to the peaks of MLCs; this time difference
between the Capeaks of PSGs and ML@®@gs significantly greater than ze(p=0.001; one

sample ttest).
4.3.4 The HVR in zebrafish experiencing MLC or PSN/PSG ablation

Ventilation experiments were performed on 4 dpéllaknockout mutants that lacked
MLCs, as well as skin NECs (Fig. 4.6). When exposed to hypas@ild’*, asclld’, and
asclla’ all exhibited an increase fa (Fig. 4.6C, Fig. S4.4AC). However, inasclld’* and
ascl1d’ larvae that retained MLCs, the ventilatory responsenuatiphasic with an initial
large increase df; 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). Inabefla’ mutants that lacked
MLCs, the initial large increase fnwas abolished, as indicated by the significantly lofyer
compared tasclla’* andasclld’ 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 expdsyfo2rx3b:NTRmCherry)larvae
to mtz. To rule out the potential effects of mtz on ventilation, WT larvae weredragh mtz;
these fish did not show a differencefirwhen compared tdg(p2rx3b:NTRmCherry)larvae
that did not receive the mtz treatment (Fig. 4.7E, Fig. S4.5A & B). All larvae exposed to hypoxia
showed anultiphasicresponse and larvae lacking PSN&A3 displayed a significantly highier
compared to the controls regardless of the water(PQ. 4.7E, Fig. S4.5CBecausef the

upward shift in baselink 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 maxibfirend
the Dfy during the final 5 min of hypoxia (representing the stabilfzetlring hypoxia) vere
compared between larvae with or without PSNs/PSGs. No difference between maXinwuas
observed, but larvae lacking PSNs/PSGs exhibited a significantly ifhiarthe final 5 min of

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

When exposed to hypoxia, €avent 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 recovgmphase (Fig. 4.8A, Fig. S4.6A). Similarly, mean {Qaduring hypoxia
increased above baseline and was significantly higher than me&h {i©aontrol cells, but
returned to the same level as the control cells during the recovery thasg slightlylower
than baseline levels (Fig. 4.8G). During sustained normox#l,,5ACh and ATP did not affect
either C&" event frequency or mean [€h (Fig. 4.8BD & H-J, Fig. S4.6BD). However, the
addition of adrenaline increased®Cavent frequency initiallyput the effect was not sustained
(Fig 8E). Interestingly, after adrenaline was remofredovery), an elevated €avent
frequency again was observed (Fig. 4.8E, Fig. S4.6E). Conversely, DA supre$sedeta
frequency but the effect again was not sustained throughout the exposure (Fig. 4.8F, Fig. S4.6F).
Mean [C&']i was unaffected by AD or DA exposure, alone (Bi@§K & L). During coexposure
to hypoxia and putative neurotransmitters, ACh and ATP again did affect eiftiexv@at
frequency or mean [C4; (Fig. 4.9GD & G-H, Fig. S4.7GD). On the other hand;8T and AD
suppressed the increase ofGavent freqency during hypoxia (Fig. 4.9A & D, Fig. S4.7 A &

D), and AD also suppressed the increase of meafi][Q&ig. 4.91). Interestingly, an elevated

Ca&* event frequency was observed afteresposure of hypoxia and DA, once the exposures
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were terminated (Fig}.9E, Fig. S4.7ERepresentative raw traces from these two sets of

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

Figure 4.1. Immunohistochemicalcharacterization of Merkel-like cells (MLCs) in larval

zebrafish. (A) Co-localization of TPH1b (red),-BIT (green) and calretinin (magenta) in a
Tg(tphlb:mCherry)arva at 4 days post fertilization (Jpfmage shows a sagittal section of the

|l arvadés head with the anterior pointing towar
Inserts show enlarged images of the boxed regions. Arrowheads point to calretinin positive taste
bud cells while arrers indicate MLCs positive for both BT and TPH1bEndogenousnCherry
expression in the hearttise result of amnsertion ofa heart specificageening marker in the
transgenic line(B) Co-localization of TPH1b (red),-BIT (green) and synaptic vesicleogein

[SV2, (magenta)] in dg(tphlb:mCherry)arva at 4 dpf. Inserts show enlarged images of the
boxed regions. The arrow points to a MLC that is positive for TPHIHI and SV2. The

arrowhead indicates a neuroepithelial cell (NEC) that is positive-foF and SV2 but not

TPH1b. (C) Celocalization of TPH1b (red),-BIT (green) and z12 (magenta) in a
Tg(tphlb:mCherry)arva at 4 dpf. Boxed areas show regions of MLCs that are positive for both
TPH1b and HHT (D) and NECs that are positive only feHa (E). (FI) Co-localization of

TPH1b (red), 8HT (green) and z12 (magenta) in 3 (F), 7 (G), 14 (H), and 21 (1) dpf

Tg(tphlb:mCherry)arvae. 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) Laterd view of aTg(p2rx3b:eGFP, tphlb:mCherryfansgenic larva with theé/VIl ,

IX, and XPSGexpressing GFRnd Merkellike 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 thenglkaharch region and
associating with MLCs. (E) Co-localization of p2rx3b (red),-BIT (green) and zi2 (blue) in

the pharyngeal arch region offg(p2rx3b:mCherryjransgenic larvaArrowheads point to-HT
positive MLCs that are associated with nelouadles positive for both p2rx3b and 2, while
arrows indicate H1T 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 ahcwhile NECs were positioned at the tip of the gill arch.
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Figure 4.3. Morphological characterization of Merkellike cells (MLCs) and neuroepithelial
cells (NECs) during acclimation to hypoxia(A) Representative image ofTg(tphl1bmCherry)
larva at 7 days post fertilization (dpf) stained for TPH1b (mCherry) in red-&tdiB green.

Arrows point to MLCs that are positive for both TPH1b ardand arrowheads indicate

NECs that are positive only for3T. (B-C) MLC and NEC numbeB) and size (C) in the
pharyngeal archegion ofTg(tphlb:mCherry)arvae at 4, 7 and 14 dpf during normoxia or
acclimation to hypoxia (45 mmHg) beginning at 10 h post fertilizaldata are presented as
means +s.e.m. Statistical analysis was conducséaguwoway ANOVA (HolmiGi d 8k po st
hoc multiple comparison test at P < 0.058terisks(*) represent significandgetween normoxia
and hypoxia treatment for MLCs, whitta g g @ remesentAignificandeetween normoxia

and hypoxia treatment for NECs. Within the same normoxia or hypoxia acclimation treatment,
different uppercase letters indicate significances between the different developmental time
points in the normoxia acclimation group, while different lowase l&ers 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 offg(tphlbjRCaMP13 larva at 4 days post fertilization (dpf) with
MLCs expressing the recbloredin vivo C&* indicator (arrowhead). (B) Representativeé Ca
traces for larvae exposed to 5 min of normoxic system water followed by 10 min of 100 v
NaCN. Control traces were obtained from MLCs of larvae exposed to 15 min of normoxic
system water. A calcium event is characterized sisigle spike of [G4]i and @lcium event
frequency is presented as peaks per minute (ppm). Two categories of MLCs were obsefved; non
responsive cells were MLCs that did not increas& &aent frequency when exposed to NaCN
whereas responsive cells were MLCs that increaséte@antfrequency when exposed to
NaCN. (C) Mean C4 event frequencies of control, noesponsive and responsive celdata

are presented as means ts.eAmsterisks (*) represent significadifferencesompared to

control cells SeeFig. S4.2for statisticalanalysis.
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Figure 4.5.In vivo Ca?* imaging of Merkel-like cells (MLCs), peripheral sensory neurons
(PSNs), and peripheral sensory ganglia (PSGSs) in larval zebrafish exposed to hypoxXrs).
Representativ®, exposure scheme oflg(tph1lbjRCaMP1la, p2rx3b:GCaMP§sarva at 4

days post fertization (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 54nin (2
each number represents a drop of 30 mimkigd held at 30 mmHg for an additional 10 rftin

8). After hypoxia exposure, B@as raised back to normoxic levels over the course of
approximately 5 min (.2, each number represents a rise of 30 mmHg) and further held at
normoxic levels for an additional 5 min (13). ®gpresentative GatracesfromMLCs, 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 locat (GE) C&* event frequencies of MLCs (C
n=40cells), PSNs (D n=15 nerve endingsand PSGs (En=10 gangh). Data are presented as
means =s.e.m. Asterisks (fdicatesignificant increases compared to time poirbéeFig.
S4.3for statistical aalysis (F) Mean [C4']i of PSGs exposed to hypox@ata are presented as
means s.e.mStatistical analysis was conducted usamg-way ANOVA. Asterisks (*)
represensignificant differences compared to baseli@ttistical significance was set at P <
0.05. (G) Time difference of synchronized peaks between peripheral sensorgmeing and
MLC, and PSG and ML(Data are presented as means ts.éasterisks (*) represent

significant difference of mean from mefone sampletest; P < 0.05).
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Figure 4.6. The effects of hypoxia on ventilation frequencyy) in larval zebrafish lacking
Merkel-like cells (MLCs) at 4 dayspost fertilization. (A-B) Representative ventral and lateral
views ofascl1d’ orasclld’" larval zebrafish. Arrowheads point to MLCs in the pharyngeal
arch region and arrows indicate skin neuroepithelial cells (NECH)) [Representative ventral
and lateral views adisclla” larval zebrafish; MLCs in the pharyngeal arch region and skin
NECswere not observed. (E) Ventilation frequencyasélld’™ (n=6),asclld’" (n=7), and
asclld” (n=11) larval zebrafisexposed to hypoxia (35 mmHg) and subsequently returned to
normoxia (153 mmHg)Data are presented as means ts.&sterisks (*) repreant significam
differences betweeasclld’- andasclld’™, whiled a g g & reesehtAignificardifferences
betweerasclld” andasclld’. Forasclld™ andasclld’", all data points during hypoxia were
significantly greater than during the lastnmie of normoxia. Faasclla", except for the ®and
18"-20" min, all data points in hypoxia are significantly greater than the last minute of

normoxia.SeeFig. S4.4for statistical analysis
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Figure 4.7. The effects ohypoxia on ventilation frequency €v) in 4 days post fertilization
(dpf) larval zebrafish lacking peripheral sensory neurons (PSNs)/peripheral sensory
ganglia (PSGs)(A-B) Representativiateral views ofTg(p2rx3b:NTRmCherry)larval

zebrafish at 4 dpfreated with DMSO control (A) or DMSO amdetronidazolémtz, (B)]. (G

D) Ventral views of the pharyngeal arch regions of 4Tapp2rx3b:NTRmCherry)larval
zebrafish treated with DMSO control (C) or DMSO and mtz (D) M&tilation frequency of
WT contrd, WT treated with mtzT g(p2rx3b:NTRmCherry)control andTg(p2rx3b:NTR
mCherry)treated with mtarval zebrafisi{n=8 for each groupgxposed to hypoxia (35 mmHg)
and subsequently returned to normoxia (153 mmHBg)a are presented as means +s.e.m.
Asterisks (*) represent significadifferences from th@g(p2rx3b:NTRmCherry)control group.

SeeFig. S4.5for statistical analysigF) Comparison of maximuify, meanDfy in the last 5 min
of hypoxia, and meabfy during the recovery phase in control and mtz treatgp2rx3b:NTR

mCherry)larvae.Data are presented as means +s.&tatistical analysis was conducted using
St u d etest t@compiare between the contral amz treated group#sterisks (*) represent

significancecompared to the control. Statistical significance was set at P < 0.05.
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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) C&*event frequency fold changes of individual cells within the PSGs
exposed to hyoxia[30 mmHg (A), n=58 cell}, 50 M serotonin [5HT, (B), n=50 cell§ 50

M acetylcholine [ACh, (C) n=46 cell§ 100 M ATP [(D), n=41 cell$, 100 pM adrenaline

[AD, (E), n=38 cell}, or 50 M dopamine [DA, (F)n=45 cell} Data are presented as msa
s.e.m.Grey shaded areas represent time points under hypoxia or putative neurotransmitter
treatmentAsterisks (*) represent significadifferences fromhe contraé (normoxicsystem
water during the treatment phasg®eFig. S4.6for statistical analysi{G-H) Mean [C&"]; fold
change of individual cells within the PSGs exposed to hyd@danmHg (G)], 50 M 5-HT

(H), 50 M ACh (1), 100 M ATP (J), 100 M AD (K), or 50 iMDA (L). Data are presented as
means +s.e.mGrey shaded areas represent time points under hypoxia or putative
neurotransmitter treatmemsterisks (*) represent significadifferencesdetween a specific

time point and the correspondiogntrol value Dag g e 1) preseha significart difference
between a specific time point ahdselinefwo-way ANOVA (Holmi Gi d § khogomulsipte

comparison testStatistical 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 ca&exposed to hypoxia and various

putative neurotransmitters. (A-F) C&* event frequency fold changesindividual cells within

the PSGs first exposed to hypoxia (30 mmHg) followed bg)quosure of hypoxia and 50 v
serotonin [5HT, (A), n=45 cell§, 50 M acetylcholine [ACh (B), n=60 cell$, 100 M [ATP

(C), n=46 cells], 100 pM adrenaline [AD, (D)n=48cellg, or 50 M dopamine [DA, (E)n=53
cellg. Data are presented as means ts.d.ight grey shaded areas represent time points under
hypoxia treatment, dark grey shaded areas represent time points under hypoxia and putative
neurotransmitter ctreatmentAsterisks (*) represent significadifferencefrom thehypoxia
treatment valueSeeFig. S4.7for statistical analysifG-H) Mean [C&]i fold change of

individual cells within the PSGs first exposed to hypoxia (30 mmHg) followed f®xposure of
hypoxia and 50 pM BHT (F), 50 M ACh (G), 100 pM ATP (H), 100 pM AD (I), or 50 M DA
(J).Data are presented as means zs.éd.ight grey shaded areas represent time points under
hypoxia treatment, dark grey shaded areas represent time points under hypoxia and putative
neurotransmitter ctreatmentAsterisks (*) represent significadifferencebetween a specific
time pointcompared tdhe hypoxia treatment valuBa g g e)rrepreseni significart
differencebetween a specific time point abdselinetwo-way ANOVA (HolmiGi d § khog o s t

multiple comparison testatistical significance vgaset at P < 0.05.
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Figure 4.10. A proposed model for @chemoreception in larval zebrafish.The model was
adapted from Fig. 4.4 &fachar and Jonz (2012)ashed lines represent components not
confirmed in this study, while solid lines represent oathways demonstrated in this stédy. (1)
decrease PO is detected by an uncharacterizegsensomithin the Merkellike cells

(MLCs). (2) Detection of hypoxia leads to inhibition of Kurrent (3) Membrane

depolarization. (4) Influx of Garesulting in an increase of [E4. (5) Neurotransitters

[potentially serotonin (81T), adrenaline (AD) and dopamine (DA)] are released. (6) Signals
from MLCs are carried bgeripheral sensory neurons (PSNs)/peripheral sensory ganglia (PSGs)
to the central nervous system (CNS). (7) Stimulates the first phase of ventilation in the
multiphasichypoxic ventilatory response (HVR). (8) As hypoxia progresses;JiCise in the

PSGs. (9) An inhibitory signal is transduced to the CNS and integrétedn excitatory signal
from an unknown source, potentially the CNS. (10) The integrated signal results in the second

and third phase of ventilation in thaultiphasicHVR. 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 responsivensssand
that their ablation can directly alter th&R. The results clearly demonstrated that 1) MLCs
exhibit hypertrophy under hypoxic conditions, 2) MLCs respond to hypoxievo through an

increase in C4 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 expregsTthe 5
synthesis ratimiting enzyme TPH1hvhereas NECs within the pharyngeal arch region express
5-HT but not TPH1b. Thus, thphlbpronmoter is suitable for driving the expressionirofivo
C&* 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 BHT. MLCs were identifiedn vivobased on specific cellular fluorescence using
Tg(tphlb:mCherry)arvae as described previously Kgpsimali et al. (2011)Further
characterization of MLCs using immunohistochemistry confirmed that similar to NECs, MLCs
express SV2, a protein withgynaptic vesicles in nerve terminalsd endocrine celi@Buckley
and Kelly, 1985; Zachar and Jonz, 201 2ajggesting that MLCs also are neurosecretory.
Importantly, MLCs were confirmed to be innervated as early as 3 dpf. In younger larvae,
mCherry expression ifig(tphlb:mCherryjvas 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 lsliLiis 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 djdnz and Nurse, 2005)hus, at least at

the morphological kel, MLCs are potential candidates for regulating ventilatory/behavioural
responses to hypoxia that appear as early as @adpz and Nurse, 2005)racing the nerves
innervating MLCs using thég(p2rx3b: eGFPandTg(p2rx3b:NTRmcherry) lines(Kucenas et

al., 2006)showed that at 4 dpf, MLCs are innervated by PSNs, specificallyatigg from

cranial nerves IXdlossopharyngeal nervand X (vaguserve), 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 ob-®ensitive 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@moreceptors through to the

CNS, a pathwayhat has not yet been demonstrated for NECs.

Chemoreceptor hypertrophy dodproliferationare characteristics of chemoreceptors
under prolonged hypoxia exposidenz et al., 2004; Mills and Nurse, 1993; Nurse and Vollmer,
1997, Stea et al., 1992; Wang and Bisgard, 20D)s, 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 (Stmly 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 wdd be expected of an @hemoreceptor.
45.2 MLCs as putative @ chemoreceptors

Direct evidence that MLCs are responsive to hypoxia and thus could functien in O
chemoreception was demonstrated ugingvo Ca2* imaging. When exposed to NaCN, which

results in intracellular chemical hypoxia, a population of MLCs increas&de@ant
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frequencies. In addition, during progressive hypoxia exposure, sl decreased from 60

to 30 mmHg, both MLCs and PS&hdingsinnervating MLCs increased E=zevent frequencies.

It is during these severe levels of hypoxia whaa maximal in 4 dpf zebrafish larvg&landic

et al., 2020)As hypoxia progressesis increase in Caeventfrequeny wasno longer
observedsuggesting MLCs either acclimatized to hypoxia, or expeei@receptor failure

owingto hypoxia as previously observed in Merkel cells and slowly adapting mechanoreceptors
(Findlater et al., 1987Yogether, these results suggest that MLCs may play an important role in
contributing to thenitial increase ofy during theHVR. It is also possible that the entire taste

bud complex might be involved in.@hemoreception, whepg the taste receptor cebensea
change in P@and transmitin excitatorysignal to the MLCsvhere it is integrated, similar to the
process of taste percepti@finger and Kinnamon, 2021Regardéss, this does not undermine

the fact thaMLCs play an important role in theo@ignal transduction procegsblation of

MLCs in theasclld" mutantsalsoprevented the initial large increase in theltiphasicHVR.
However, in theasclld” mutants, skin NECs alspereabsentnd thus it is possible that skin

NECs also are contributing to the initial large increade adring the HVR.

Upon aligning the C4 event signals from the MLCBSNendingsand PSGs, a delay in
the C&" peak of approximately 200 ms was observed beatvwiee MLC and PSG. It is unlikely
that this difference reflected the differemtvivo calcium indicators used because both
JRCaMP1la and GCaMP6s exhibit mean rise times of arourid@3ns(Chen et al., 2013; Dana
et al., 2016)Although the delay in the Eaevent response is much longer than the time required
for signals to transduce across a chemical syn@asksh et al., 200Q)t nevertheless suggests

that the signal is moving ithe direction of MLCs to the PSGs.

151



Within the PSGs, the gradual rise of mean?[Gés of particular interest. Considering
that the HVR ignultiphasicand thaty is stable during the later stages of hypoxia exposure, it
was thought initially that thése in mean [CH]; in PSGs was responsible for the stable increase
in fy above baseline normoxic conditions. However, in laesgeeriencing PSG ablation, the
opposite was observed; larvae lacking PSGs displayed an elévatelgr both normoxia and
hypaxia, suggesting that PSGs have a tonic inhibitory effe¢t onder normoxic conditions and
further inhibitfy under hypoxia. Upon careful examination of the various stages of the HVR, it is
clear that the maximum changefir{Dfy) was unaltered by the loss of PSGs. Thus, the initial
large increase ify may not be mediated through the PSGs, raising the question as to whether the
hypoxiaresponsive MLCs, which are innervated by nerves originating from these PSGs do
indeed play a e in initiating the rapid rise ifyy during theearly stage of the HVR. i$ possible
that these MLCsonveyan inhibitory signal to the PSG to lowfgrin the latephase of the
HVR. This possibility is discussed and further expanded upon in Chagteus, 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 intiiing the HVR. To date, however, there are no
direct data implicating the skin NECs ascdbemoreceptors arible route wherebgxcitatory
signals are propagated from the skin NECs to the CN8kisown Alternatively, PSGs might
not have been fully abled 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 initiatiba BIVR PSGs clearly

play a role once ventilation has been stabilized. Without PS@&as stabilized at a much higher
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level than in larvae with PSGs, suggesting that PSGs exathidtory effect on ventilation
potentially due to the rise of mean f(Ja Because the stabilizégdis above normoxic baseline
values, the final stabilizefd likely reflects an interplay between the inhibitory signal from PSGs
and an excitatory signal originating elsewhere. This excitatory signal during the stahilized
phase is not likely to be from skin NECs, becaamse1a” mutants that lack skin NECseastill

able to increask under hypoxic conditions. One potential site of the excitatory signal could be
the CNS, itself. In fish, there is considerable debate surrounding the existeraantbhQ
chemoreceptor capable of stimulating breathargito some extent this is also true for the
mammalian literaturéFunk andGourine, 2018a; Funk and Gourine, 2018b; Gourine and Funk,
2017; SheikhBahaei, 2020; Teppema, 20E8)dence for the presce ofcentral Q
chemoreceptarin fish is mixed. In some speciasfusion of hypoxic blood into the dorsal aorta
of normoxic fish or exposing vitro brain stem preparations resulted in an increase of
ventilation or ventilatory driv€Bamford, 1974; Caéet 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., 2008ertainly, the presence of central @demoreceptors

is an interesting concept that merits further investigation.
4 5.3 Neurotransmitters involved in & chemoreceptiorafferent signalling

This study focused on the €aesponses in individual cells of the PSGs to putative
neurotransmittergesulting in the measurements not being influencepblbgntial offtarget
effects of the drugs on the CNS. The drugs chosennepogted previously to alter ventilation
in larval zebrafish. Specifically-BT, ACh, ATP and AD are known to increasewhile DA
decreasek, (Coe et al., 2017; Rahbar et al., 20%6akarchi et al., 2013yVhen exposed to

hypoxia, individual cells within the PSG responded similarly to the PSG as a wholeveat
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frequencies were sustained during hypoxia and meéai][@as elevated, potentially

contributing o the decline iy during the second phase of theltiphasicHVR.

Of the five putative neurotransmitters tested, ACh and ATP had no effect or‘the Ca
profiles in PSGs, whether they were administered under norrooriitions or ceadministered
with hypoxia. This result was somewhat unexpected considering that ACh and ATP are the two
excitatory neurotransmitters secreted by the mammalian carotid body when a¢hata]

2010) and that ACh has been showrirtoreasdy in larval zebrafisi{Shakarchi et al2013)

The same is also true forHbT where administration of-BIT alone can elicit ventilatory
responseShakarchi et al., 2013t failed toelicit C&* responses the PSGs5-HT only
supressed Caevent frequency in the cells of PSG wheradministered with hypoxia.
Assuming that all peripheral signals &mr@nsducedo the CNS by the PSNs/PS@sgse results
suggest that ACh andi3T, when administered during normoxia, dreecly affecting the CNS

to modulateventilationat 4 dpf This potential central action at 4 dpbwever does not rule out
the possibility that ACh and-HT might beacting peripherally at later stages when the gill NECs
are innervatedlhe otheitwo putativeneurotransmitter&D 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 dfe@ant frequency.

The reverse waobserved when AD or DA were-ealministrated with hypoxia AD caused a
suppression of Caevent frequency and DA, while not affecting’?Cavent frequency during

the drug administration phase, resulted in an increase’ire@ant frequency once the

neurotransmitter and hypoxia treatment were removed.

Considering that the HVR isultiphasig it is possible that the increase infCavent

frequency could encode different signals during different phases of the HVR. During the first
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phase ofheHVR whena large increase ify was observed, an increase irfGavent frequency
might transduce an excitatory ventilation signal to the CNS. This would explain the increase of
C&* event frequency in AD treated larvae and the decrease?be@mt frequency in B

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., Bitisis stagean increase of CGaevent
frequency would code for an inhibitory signal, much like ithcrease in mean [€%, so that

even though 81T and AD stimulate ventilatiorfPan and Perry, 2020; Shakarchi et al., 2013)

they cause a decrease inCavent frequency when administered under hypoxic conditions.
Thus, it is possible that they are inhibiting an inhibitory ventilation signal being transmitted to
the CNS, resultingia st i mul ati on of ventilation. A simi/l
lingering effect on C4 event frequency. Because DA inhibits ventilation, it would result in an
increase in C4 event frequency when administered under hypoxia. Further evittesapport

c&* event frequency encoding different signals under different phases of the HVR is that when
administered under normoxic conditions, APan and Perry, 2020¢suls in an elevated, that

is monophasit fv increases to a stable level and there is no secondary declin€hais

withouta period ohypoxiaexposuretheincrease in Ca event frequency will onlype

transducing a signal iacreasdy, resulting in anonophasic elevation &f. Further evidence for

AD stimulating ventilatioralsocomes from caadministration of AD and hypoxia. Under

hypoxic conditions, AD inhibits the gsof mean [C&"]i caused by hypoxia. Because the rise of
mean [C&']i potentially inhibits ventilation, AD is inhibiting an inhibitory ventilation signal and
thus stimulating ventilation. Despite showing thaid, AD and DA have an effect on thea
profile of cells in the PSGs, it remains unknown whether these putativetramsmitters are

directly released from MLCs or other presumptivec@emoreceptors during hypoxia.
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45.4 A proposed model for @ chemoreception in larval zebrafishand future directions

Consolidating the results from this study amegrating previously known literature on
O2 chemoreceptioJonz et al., 2015; Zachar and Jonz, 2012proposed model forO
chemoreceptor in larval zebrafish is presented (Fig. 4.10). Upon hypoxic exposure, a yet
unidentified Q sensor within the MLCs detects the change@a, Rvhich results in the inhibition
of background Kchannels and membrane depolarization. Membrane depolarization activates
voltage depender@@a®* channels allowing for the influx of extracellularCar release from
intracellular stores. The rise in [€h triggers the release of neurotransmitters, possithiyr ®r
ACh, onto thePSN-endingsthereby transmitting the signal via the PSGs to the respiratory
centers of the CNS, resulting in the large @ase ofy during the first phase of thrultiphasic
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 meaR'[Gaithin the PSGs confers an inhibitory
signal to the regmatory centers of the CNS resulting in a gradual decrease of ventilation (the
second phase of tmaultiphasicHVR). A potential excitatory signal from the CNS then
interplays with the inhibitory signals from the PSGs, resulting in the sustained vemt@htoe
normoxic baseline in the last phase oftidtiphasicHVR. 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 figdtase of the HVR, the specific
neurotransmitters released by MLCs, and whether or not there is a cerdhan@receptor that

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

Table S41. List of PCR primers usetd amplify promoter and reporter gene regiokissequences listeB Nj with th&rBlyerse
primer sequences listed as the revemsapliment of the gene sequen&eqguence in bold indicates the restrictida.si

Ori entSequence Template:qgsiitt

Promot e

tphlhb F TAAGGAATTICTAAGGTGAATCTGTCACAEWT DNA EcoR
R TGCTGACGAECGATGGATGCTCTTGTTTTA Sal |

p2rx3b F TAAGGAMATTAGGCCAGCGTCTAAGGACAACWT DNA EcoR
R TGCTGBGACGAEGGTGGCGAATCCGTCTAGTT Sal |

Reporte

Genes

GCaMP6s F TAAGCA TGCABGGGGTTCTCATCATCAT Addge&d®3 Sbfl
R TGCTGRGGCCGCACTTCGCTGTCATCAT Not |

j RCaMP1F TAAGQRALCGGOATCATCATCATCATCATGGAddgene Agel
R TGCTGRGGCCGCACTTCGCTGTCATCAT Not I

NTRCherF TAAGCGA CGARAGTCGTGTCGTGCCTGAG Addgene Sal l
R TGCTGRGGCCBGCAGCGTATCCACATAG Not |
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Table S42. List of primary and secondary antibodies used.

Antibody Antigen Host Dilution Source Catalog N
Pri mary

5HT serotonirrabbit 1:1000 Si gMladri cS5545

zf 2 neuron, smouse 1: 250 DSHB zfA s

SV2 SV2 mouse 1: 500 DSHB zfA B
Calretinin Calretinimouse 1: 500 Swant 6 B3
mCherry mCherry mouse 1: 500 Si gmladri c SAB270229
mCherry mCherry chicken 1:500 Si gAladri c AB356481
GFP GFP rabbit 1:500 Si gMmldri c SAB430113
Secondary

Al exa Fluoirabbit goat 1: 500 Il nvitrogeA32731

Al exa Fluoirabbit goat 1: 500 l nvitrogeA32732

Al exa Fluoimouse donkey 1: 500 l nvitrogeA32744

Al exa Fluoimouse goat 1: 500 Il nvi trogeA32728

Al exa Fluoichicken goat 1: 500 l nvitrogeA32932
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Figure S4.1.Image of the calcium imaging chamber.
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Larva mounted in agar

Cover slip

Fig. S4.2
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Figure S4.2 The average differences d@alcium event frequendygleltafcs2*) in MLCs between
nonresponsive cekindcontrol cell (A) andresponsive cethndcontrol cell(B), with data based
on Figure4C. Estimates are presented with 95% credible intervals (Cl) based on Bayesian

analysis. Data are significant if the 95% CI do not intersect(dashed horizontal line).
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Figure S4.3 The average differences @alcium event frequendyleltafc2*) between normoxia
and hypoxia, and normoxia and recoveryibCs (A), peripheral sensory nerandings (B) and
PSGs (C)Data based on FigureCeE. 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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Fig. S4.3
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