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Abstract

For neurula embryos of amphioxus (chordate subphylum Cephalochordata), the anterior region of the neural tube was

studied with transmission electron microscopy. This survey demonstrated previously unreported cells, each characterized

by a cilium bearing on its shaft a protruding lateral bubble packed with vesicles. Such cilia resemble those known from
immature coronet cells in other chordates—namely, fishes in the Vertebrata and ascidians and appendicularians in the

Tunicata. This wide occurrence of coronet-like cells raises questions about their possible homologies within the phylum
Chordata. When considered at the level of the whole cell, such homology is not well supported. For example, the fish cells

are generally thought to be glia, while the tunicate cells are considered to be neurons; moreover, cytoplasmic smooth endoplasmic
reticulum, which is predominant in the former, is undetectable in the latter. In contrast, a more convincing case

for homology can be made by limiting comparisons to the cell apices with their modified cilia. In addition to the fine-structural
similarities between fishes and tunicates already mentioned, nonvisual opsins have been found associated with the vesicles in

the modified cilia of both groups. Such opsins are thought to link photoreception to endocrine output controlling behavior.
Further work would be needed to test the idea that the amphioxus diencephalic cells with lateral bubble cilia might similarly

be opsin rich and could provide insights into the evolutionary history of the coronet cells within the phylum Chordata.

Introduction
The story of coronet cells in chordates has been unfolding translates from German to English as “coronet,” specifically,
slowly for a little over a century following the pioneering the baronial model, which is a metal headband bearing a

work of Dammerman (1910) and has taken some unexpected palisade of pearl-tipped spikes. In addition to describing
turns along the way. Therefore, it is useful to begin the structure of the coronet cells, Dammerman speculated
the present contribution with a condensed history of the (without any experimental data) that they function to sense
subject unencumbered by excessive literature citations. The ventricular fluid pressure. During the next half century,
Dammerman (1910) used light microscopy (LM) to study there were several more LM studies focused on the same piscine
a part of the fish brain called the saccus vasculosus—a region cell type, but these added little to what had already been discovered.
alof neuroepithelium located ventrally in the diencephalon Bargmann and Knoop (1955) were the first to use transmission
and fronting on the third ventricle (Fig. 1A). For the electron microscopy (TEM) to study fish coronet cells. Their
most prevalent cell type there, he demonstrated that the images were unaesthetic but quite informative. They showed
apical end projected a cluster of swollen protuberances into that each apical projection (Fig. 1C) was a greatly modified
the ventricular lumen (Fig. 1B). The cell apex reminded him cilium (now called a globule) that arose from a basal body

of a piece of aristocratic headgear he called a Kronchen, which and included a very short 9+0 axoneme.
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Figure 1. Coronet-like cells in vertebrates, turestes, and cephakec bordutes . [A) In chondate subphidum Wertebrats Epecifically feles), coronet cells eccur
i the meureepitheliom of the seeews wseukeas, » regon on the vintral 2ide of the third ventrele. (B) Bach coronet cell [oo) projects severa] modified cdz
[termed "plabul &™) inte the ventreukr Tomen. The pevree pitheliom alse inelodes o few peonbly differentinting corenet cells [e) charseterived by cilis
distended by s lateral bobble [LE) of eytoplam. [O) Tlobule of 3 mature coronet cell chamcterived by o very short 9440 weoneme a0d an agpregation of
vesichs i the eytephamie matrbe, (D) Differentinting coronet eell globule [guestion maecks indicste inbernal featurss of the fgellum not vet stodied with
teafmrmssian deetron Micreseapnyd. (E) In sobphivlomn Tordests, prepeced homelegs of feh coronet celk comur i the hoval brain, (B The tomieste neo-
roepithelivum incdudes matore coreqet cells (o) bewong ofly a smgde globule daprammed near them is 3 possibly differentisting coronet cel] [do).
[y Dot o o plobude on s diffirentisted corenet cell of @ fundcate; there & o short 9+0 weoneme and the eytoplamie matcbe ds filled with veseles. (H) Dretad
of a differentisting turheste corenet cell with s cilinm charscterized by & 9+2 woonemne (Dot shown) and ssecsted with 3 LB of vesicle- filled eytoplam.
L T3 In subph vium Cephakecbeodata [amphdocas), the proapective diene ephalic region of the o eural tobe of the neumul emboys inclode some cells witha
LE cibvm this msembling imomstire corenet celk of other chondates. (B Detad of o LB obvm on ene of the forepedn g cells with 9+ 2 wconeme [pot
dhown) azsociated and 2 LB of wedelefilled cytopham.

basally. Inaddition, they established that the abundant oy

toplasmic matrix Alling the globule was not o rmass of se

cretion as fonmerly believed bt represented a packed ar

ray of vesicles (the terrn “wesicle® will be used congstently
here, although with the understanding that these st

tares represent crnss sections throagh a mass of contorted
tabaulest. Crerthe newt 15 years, fsh coronet cells were fre

quently studied by TERM (well reviewed by Zimmeriman
and Almer, 19705 howeser, such worlt added little to an
understanding of their snarnire and led to oo consensis
about their funcborn.

Drilly (1969 brcadened the scope of coronet cell bology
by demenstrating that such cells are not limited to plscine
vertebrates butare also found in the chordate subphyhanm
Tunicata. More exactly, be demenstrated coronet cells in

the wall of the brain vesicle of the tudpele larva of anascid
ian tunicate (Fig 1E} The tunicate cells, as compared to
their conntarparts in the fish sacens wseulosus, are orders
of rragnitnde less abundant, are chustered together in the
nenroepithelium, and project only o single apical gobule
into the newrecoel (Fig 1FL Altheugh a cell with only a
dngle protuberance looks nothing at ol like a coronet, the
tarme coined for fshes was applied to the tinicates withenar
any discuss en. In nied cates, asin fishes, o corenet cell gleb
ulefdetailedin Fig 103} is a medified ciliven . It arises firem
a basal body, incdudes o wery short %4+40 axoneme, and is
pacled with vesicles. By new, such cells hawe been dermen
strated in two major Divicate grongns o the larvae of many
ascidians (Burighel and Cloney, 1997} and thronghout the
postlarval life of one appendicilaran {Olssor, 1975}
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The presence of 4 sitmilar cell trpe in twa different chor
date subphyla mised potentially interesting questices abeat
evoliion. Even so, ichithpolegists long igneeed this new de
veloprnent and contirned to foos exchusively on the pistine
version of the coronet cell. On the positive side, their stdies
were e singly augmerted with fine stactra] bisteckerm
istry and dats from enviroeunental salinity meanipulatern,
altheagh the results were not clear enough to produce 2
broad consensus about cell functonish In contrast o fsh
biclogists, tundicate biclogists often called attention to the
possible bormology between their coronet cells and these
of fishes (as sunumarized in Table 1%

Tp to nesw, it was presuried that the coronet cells foand
in turi cates a b fishes Lol any counterparts in the cheedate
subphylun Cephalochordata (cormaonly called armpli
contst, Here we report the unespected discosrery of coronet
like cellsin nenmila embepos of amphicans. These cells oo
o near the anterier end of the central nervons system [CHNS)
(prospectve diencephalic region, where they are ventrally
lecatedin the neursl tube (Fig, 11, Th Each such cell (Fig, 1K}
bearsa ciliuem characterized by what we are calling a*lateral
bubble®” (LB} that resermbles a similar pronubersnee on cilia
of parthy differentia ted coronet cells in fidhes (Fig 100 and
tunicates [(Fg. THY The disenssion cormpares and contrasts
these stienil featires for the three chordate subphiyla and
also congdders proposed Dnetons for chordate coronet cells
generally, with special atterticn W their recertly a ppreciated
irnportance for norvisial photoreception.

Materials and Methods

Bipe rnales and females of the Florida amphicanis, Branchi

estorma flovidae Hubbs, 1922, were obtained fiorm 2 labors

tory cultre maintained at Scripps Tnsttutern of Coean

cgraply (appropristely encugh, in Hubbs Hall) Spaswdng

was induced by termperatiare sheck (Holland and Yo, 240043,
the eggs were fertilized by addition of sperrn, and the am
begros were raised at 27 2. After 175 b, the culbure com
prised relatwely late nenrila embeyes (the M4 stape in the
staging systern of Cavalbo et gl 2021 At this poinn, the
etmbieyos were foced and processed Duther for TEAV as well
a4 for scanning electinn ricroscopy (SEM} by metheds given
in detail in Helland (2018}

The TEM illustrations show the specirnen best oriented
for longitdine sectoring, In addition, cross sections of the
antetior nenral tube of o other neundae ar the same stage
confirtned the geners] findings for the lengitudina secticr,
althonagh in o less inehudve context Becawse o TEM stady
wis ot based on serial fine sections, we could neither deter
raite sk details as the exact wtal mumber of the cells with
LB cilia now characterize the fine stuetire of the nenral tabe
in three dimensions.

Results

In the nenmila ernbeyo of the Feodds amphicsns, we foued
a dozen o so exarmples of the neurnepithelial cell type de
seribed belowin the bracketed zone at the hase of the ar
rewrin Fgare 11 Surck cells were definitely net present an
terice o this zone and probably not peaterics to it, although
the proposed shsence there 1s based on TERM cross sections
(eg, g 34, BinMarnsfield e al, 20053, which are less likely
than sagittal sections o detect the diagnostc fine soicnire,
I cowr Fignre 1, the cells of inferest are shomvn progresd vely
etlarged in panels | and K.

The newila embrye menticned abesre is shown by SER
in Fgure24 This stage is characterized by an epiderrnis of
monodliated cells and & newrcpore located deesally near
the anterice end Figare 28 is o low power TEM of a sagittal
secton theough the anterior end of & comparable newnla,

Tahlk 1

Comparing 2nd contrasting some salient fetore of coromet cells of fishes, tumestes, and amphiceos peoreepitheliad ok with laters] bubble (LB} clia

Fich coremet o B Tonicate coronet cells™ Amnphisoe LB cbia ek
Mevronal identity Undeddedt st Phevrons pressedoperdel
Smneoth endeplasmie retionlum Predornitsnt” Lot detectable ot detectable
Souree of vesicles Globule membrane’ Globule memboun Insuffident sample
Mozl opsing I el esh In el as o whele® Mo dats

¥ The possible homedogy of coroet cells between febes and tomdcates bas sometimes been tentatively sugpested on the bads of some commedaitis in
ytectemnitey and developrnental genetics [Bowet 2f al, 2005 Pary-Erafka ot al, 2012; Oenoma 30d Koakabe, 20217,

EThize fich ek, which have never defmitively been 1dentified a8 necrods, are sometine called di [Sudro of al, 2007, Araddn ef al, 20130, Bven 1o,
sofie eytocternical duty, if not concusive, do suggest o neuroral identity (Paxy-Fradks o al, 2012 Zid et al, 2015, and the isoe remans aneetted.
= Thet 2con ot the bage & very shoot, but oytechemistey [Blacet e al, 2K15), synaptis fne strocture [Byan etal, 20149, wnd developmental penetices (Hode
2t al, 2018; Cao ot al, 2009) strongly mndieate nevral dentity.

* e if elk with LE eflis were nevrens, it weld be tos early in developrient to tell.

= Dot souree of vesicles within the gobule o onee chimed.

fB},r invagination [Coruo of al, 1994; thar fig 1)

By invaginstion (Bakin and Eods, 1971; their fig. 13).

b Lkhanopsin and shoct-wavelenpth sersitiee opsin kealied i vesede memboanes, o possible Bk betwien photoreception $0d ehdeaine sutput con-
trelling reprocoction [Blakane and Yeshim s, 20197,

* Mehnopsin foond i cornet cell a8 & whols, induding the globule, perhaps pliving  key mle in trandating fsding light level at ek inte the start of
tetatioapless [Lemaire 2f al, 20217,
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Eigure 2. Maderstely sdwneed neuruks embaye of smphdecos. [A) Searmin g electron fdereseapy of the whole embeye m left-side view. The nevrepore
[ terisk) operc on the dorsal side near the anterior end. [B) Low power tramemision dectron micrsdeaTy [TEW) of the m plon sutlined with Jdots; this
rradzapittal seetion dhows the neurepore [astersk) epening mte the meuroese] aomewhead) runmng middecally withan the fubuler peoreepithe Bum:
fow cells recemnbling immatore corenet celk of other virtebrates are Jocated wentrally (aerew) in the neoreepitheliomn. (23 TEM of apica] parts of three
e pitheel ] cells froqitin g on the fevmoced (o), o that [ower right) has 2 Jateral obble [LE) oliom [arrow) dfdar to the sort chamaetensn gitmatime
coredet ¢l in other cheadates. Dther alium wsseciated strocturs are 2942 acngement of micretubuodes ([the arrewhesd indicates the central pic), » dense
buga] trareition Fofe [eterk]), and o basal besty (bh) fear an socesory centdole (3] and @ ol gleednple [go). (00 TER of the apec of 2 nevmoepithelial cell
[evidenthy ot cilisted) with s cytephamie protrudan [srewhesd) bulgng inte the peureces] (Do) snd conbiang some vedoks [one marked by an astersl).

The nenropeore opens into the nenrecoel, whick nins dean
the center of the newral tube. The arvow in Bgue 28 indi
cates the ventral side of the neura] tabe, where the neuro
epithelivm includes the dozen or so cells that are remiris
cent of the developing coronet cells of cther chordates.
Figire 2015 & higher magnificatics TEM within the nen
toepithelial region arvowed in Figare 28; the antericeis to
wird the left. The apical region of one of these netroepi
thelial cells (bottom rightt projects its distinetive cilivm
into the neuroeoel. The shaftof the clivm is associated with
a lateral, bubble like exvcrescence (arrowed). The bubble is
packed with wesicles ranping in diameter frean abear 54 w0
204 urm. Thie shaft of the cilium is characterized by a 442
axonermne (the central miceonibule pair is conspioiens; ar
towhead) and a basal, relatively dense region (asterisk) that
tray cortespond B a transdtion Zone (seam Avider Beiss et al,

AT In the apical cytoplasm, the cilivm arises frorm a basal
body that has neither a hasal foot nee o ciliary roctlet bt is
adjacent t an accessory centricle asseciated with a Golg
commplex. Strikingly, no smooth endeplasimic reticnham can
be dernnnstrated argrwbiere in the cytoplasim of these nenrn
epithelial cells. In this respect, the amphicsnis cells resermble
coronet cells inlarval tunicates (Ealdn and Euda, 1971% bat
differ strilingly freem fish corcnet cells, where smeoth etdo
plagmic redenlum is superabundant

Fignre 2D shows the apex of & nonciliated neureepi
thelial cell in the prospective diencephalic region of the
rerila ernbeyn of amplhicsnas. Protoding dighdy inee the
reurocnel, there 1s a bleb of apical cytoplasm (arrowbead)
containing o chter of vesicles. These vesicles are evidently
unrelated to smooth endoplasmic redenhum, becanse the
larter organelle is undetectable anywhere in sock cells Tris
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notknenn whether the apical chuster of wesicles is soeneboow
related (eg, as o very eady developmental stage} to the wes
icle clusterin the LB cilia. For the sacens vasculess of fishes,
sitnilar vedele clusters have been described in the apical
cyteplasn of sorne noncdiated cells in the nenroepithelial
litirg by Jansen and Flight (1969}, who were wnsiee of their
funetion and fate.

Discussion

mmmature stages of fish and tunicete coronet cell
globules compared to amphioxus neuroepithelial
cells bearing 2 leteral bubble cilium

The present study suggests that the amphiomis cells with
ann LB cilinm might be comparable to imrmanire coronet
cellsin ether chordates. Tt is therefore imperta it to review
what is kneasn abeatt coronet cell differentiation in fishes
and tunicates. For fishes, the work of Rodrigues doldes and
Aradin (1938} indicates that such cells cormprise a slowdy
gromwing population. Consequertly, at o given trme, flly dif
ferentiated cells predorrinate in the nenreepithelium of the
sacents vasoulosus, while thelr deweloping precursors are
rare and widely scattered in the tssue, One such different
atng cell seen by SEM (llustrated in fig 4 of Redriges
Peldes and Anadin, 1938} bore on its apew murneros cilia,
each charucterized by o consploucus latersl “Bubble” of
cytplasin that the autors suggested rodght be giding along
the ciliary shaft. Tnfernwately, this rave cytodifferentiative
stage could not be found during & subsequent TER soudy
of the fish sacens vasoulegus by Corajo ef gl (19940} The
chances of finding a rave cell stage ina large tssue velume
with conventiona TEM are vanidhingly anall (TERM based
ot serial secticning o serial block face scanning electron
ricroscopy woild be muck more lilkely o succeed ) Tn Fig
ure 10 of this paper, the lack of information on internal
sturtire of the presumably differentating ciliary glebule
is indicated by question rmas.

Tunicates, unlike fishes, develnp according to o foeed cell
lineage. Consequently, the diferentiation of tinicate cosoret
cells can be followed frorm tn progenitor blastormeres sitn
ated in the neural plate of the embeye (Cao e al, 200%
Hartenstein et ab, 2021} to a done of about 2 decen defin
itdwve cells in the wall of the beain vedcle of the switnming
larwa. Unforminately, in spite of all the work done on this
devel eping systern, there are no data showing the coronet
cells canghtin the actof trangticning ex sagese to their dis
tncdve motphelogy. Such o ransiden is doubdessly quite
rapid, becaase, in organistns gererally, liogenesds can oooar
in just & few rrdnntes (Dingle and Fulton, 1966}, Trwould be
interesting w samnple the developraent of tunicate Liwe with
TEM o 4 tervporal schedule finely spaced encagh o capbire
4 sarmple of coronet cell preciusors entering the early stages
of differentiation inte the definitive cell type.

Trnpeetartly, even during neernal noed cate developrnent,
not every coronet cell in the done reaches fill differentia

ton before the end of the brieflarval stage Ealdn and Euda
(1971} found a late differenti ation stage (their fig. 12} with a
relatively long avonerme and a lateral, wesicle filled bubble
near the folly differentated cells (their g 11} Moreover,
Fonne et ql (2010 illustrated & matare coronet cell next to
what seerns I be an early diferentiadon stge (teir fig. 400
with & ciliven bearing o lateral eyteplasirdc bubble corrain

ing vedces and dosely resembling the amphicons LB ol

hun described in this paper.

The guestion of homologies among coronet-Lke
cells of the three chordate subphiyvla

Here horneleogy is conddered fivem the viewpeint of the con
ventional historical concept and judged by the recogniticn
ctiteria of relative position and special quality (Bemane, 1958}
and with special attenticn to levels of Mological organiza
o [Striedter and Mo rtheouatt, 19915 It sheuld be noted that
the proposed hormelogies discussed here are netbeing nsed
to help determine phylogenetic tree topography. The tree
shape is already well established for the cheedate subphyla,
with cephalochordates dster greags of the tandcates plus ver
tebrates (Drelsue et b, 2006} Thus, cne bas the ooy of
mapping characters onte a ko tee to propose whether
they are innearations of a particnlar subpliyham or indicatoes
of & COLTUTOE Ancestiy.

Thble 1 is & syroptc cormparison of sorme proinent chat
acters ameng fah and tnicate coronet cells as well as am
plicanus cells with 1B cilia. By reladwe pesidon, the gross
anateemical positon of the cells in question vertrplly within
the diencephalic region of the CNS s consdstent with their
proposed bormolegy aceoss ol three chordate subphipla. Tn
contrast, by the criterion of special quality, the hoenclogy be
tweeer f1sh and tonicate coronet cells, considered at the lewel
cf the cell as 2 whole, is poody supported. Fiest, the tanicate
cells are dopaminergic nevrens (Meret et al, 2005; Horde
et g, 2008; Cac et al, 2009}, while the fish cdls may well be
glia, based on their reported evpresdon of glial mardeers (Sueien
et gl 2007} However, there are confliciing repects abouat
whether fish coronet cells have acons (Darmemerman, 1910
Susirn ef gl, 200 discussed in Byan et al, 2006}, bur they
do express melanopan, suggesting nenrene fHineton. Re
solving this question rermaing o goal of funwe research.

Establishing whether armphiosns cells with LB cilia are
nenrnnal is another uhanswered question However, atthe
relatively ealy developrmental time studied here, ne cell
anywhere in the CNE has yet produced nearites. At pres
ent, the laterr developrmental fate of the newrcepithelial
cells with LB cilia is wnbmnemwn, Tisconcertingly, o toroigh
fine stnaenual soady of the anphicsws diencephalon (Lacadli
and Kelly, 20000 at 2 soomnewhat later develeprnental stage
(the eardy lrva} did et deady dernonstrate any cell tpels!
chvicudydescended foouwn cellswith 1B cilia. At the late nen
s stage examined here, fine sticnsl criteria alone are
inadequate foor distnguishing between mest cell types in
the CMNS Howewer, the problermn mdght be alleviated by
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studying gere express on knewn tobe cell type specifie very
early in development, even before advent of morphologically
detectable cytodifferentiation For instaree, the spondin gene
trarscribed early in the Ll subeornrndssural organ (Bozze
et g, 2021} might be expressed even earlierin cells befere
they show morphological sighns of becoming definitive cell
fpes. Such gene evpresdonin desely spaced developrnen
] stages rdght theowlight on the later developmert ofcells
with LB cilia and indicate their pogsible nearonal fate, IF
they do prove to be newurons, this featare could be condd
eredplesioenorphic for chordates, and it could be coneluded
thatfish coronet cells have lest their neuronal identity dar
ing the corse of evolution.

A second strildng difference between fish coronet cells
and these of tinicates is the great abundance of smooth
endeplagmic reficuhim in the cell body of the former and
its wirtual absence in the latter, This discrepancy has not
been corumented upon in the literatare, and awilable data
threma o light on the role (or roles) the organelle plays in
fish corenet cells. The predorminent simooth endoplasmic
reficuliuim appears to be an apomoerphy of fish coronet cells
becase it is found neither in their tnicate counterparts
norin amphicsas cells with LB cilia.

In cornparisen to the lack of support for homology of
chordate coronet cells when conddered at the level of the
wihicle cell, the evidence (Table 1} forhomology is meee com
pelling whet consddered at the organellar leve]l  that is with
the foons lirmited to the cell apices. In fidhes and nanicates,
the globules are obsiondy modified cilia, as are the LB cilia
of the arnphicans cells described in this study. Meveover, in
both fishes and tunicates, the membeane beanding the cor
onet cell globule invaginates @ form the vesices within
[Ealdn and Kuda, 1971; Corajo etal, 19908 A comparable
origin was not detected on the LB of the cilia of the amphi
cans cells but conld easily bave been roissed becanse invagi
ration appears t be 2 rave event and the mamber of saropled
arnphicans cells was senedl.

The foregeing criterion of stnwetiral special guality was
srikingly strengrbened by that of fanetional special quality
narnely, thatthe mermbrane systern represented by the wes
icles in both fishes and turdcates is characterized by opsing
guch as melanopein (Termaire ef gl 2021} that receive non
sigual light and link it to endocrine cutput contrelling be
havier and reproduction. Ore yet uraddressed problem here
is that vertebrate and nundcate cornnet cells, although cleardy
clliary photoreceptors, are characterized by opaing that are
otherwise ki to ocour coly in thabdormeric photorecep
tors. There is & parallel problem in armphiosns, where pho
toreceptors known to be melanepsin rich are rhabdoemeric
(Konayag et al., 2005; Ferrer et o, 2012}, while the cells
with LB cilia (if in fact photoreceptors) wentld be of the cil
ary sariety.

In the cells with LB eilia desctibed here, the possible pres
etice of opdns in the vedele membranes has not been in
westgated I is alse unlnown whether Hght sdralation of

the cells with LB cilia impacts the bebavior of the neanila
ernbryos. The LB cilia right be invelved in light reception
infhiencing hermone cutpt and subsequent behavior, for
exarnple, by influencing ciliary swimming of armphicsois
nennilae, which are knewn to be phototropic well before
the differentiation of the first obwious ight receptive organ
of Hesse, Insurm, the demonstraten of amplicsns cells with
LB rilia has raised a rumber of specific questions that sheald
be resolved to help address the brosder issues of homology
and evelution of chordate coronet cells.
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