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Neural crest-derived cellular cartilage is one of the defining characteristics of 

vertebrates. Elaboration of this tissue and its patterning allowed the evolution of jaws in the 

gnathostome lineage. Together these hallmarks helped jawed vertebrates become one of the 

dominant taxons in the animal kingdom. Lampreys, as basal jawless vertebrates, lie at a unique 

phylogenetic position that makes them ideal organisms for the study of evolution of 

vertebrate/gnathostome novelties. Larval lampreys possess a special oral skeleton composed of 

a tissue related to cartilage, termed mucocartilage.  Despite considerable attention that has been 

paid to the evolutionary significance of mucocartilage, it is not yet clear, how this unique feature 

arises in development and to what extent it is homologous to gnathostome jaws. 

In this study, the development of oro-pharyngeal region was analyzed in the sea lamprey 

Petromyzon marinus. SEM imaging revealed shaping and topographic relationships of embryonic 

tissues, detailed plastic histology coupled with expression analyses of several molecular markers 

were used to describe origin, histogenesis and morphogenesis of mucocartilage. Furthermore, 

genetic regulation of the tissue was investigated in order to identify its unique or shared 

features. Mucocartilage is seen to represent a rather specialized continuous connective tissue 

that supports anterior head structures by deploying more or less rigid extra-cellular matrix into 

relatively loose skeletal elements. For the first time, development of oral tentacles was 

described. 

Finally, developmental and evolutionary significance of mucocartilage is discussed and 

related to the existing scenarios of the evolution of jaws. It is concluded that the loose nature of 

mucocartilage complicates identification of definite elements and their direct homologization 

with their putative counterparts in gnathostomes. 
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Buněčná chrupavka, jeden z derivátů neurální lišty, patří mezi zásadní znaky definující 

obratlovce. Rozvoj a specifikace této tkáně umožnily vznik čelistí v linii čelistnatých obratlovců, 

což této skupině přineslo nebývalý evoluční úspěch. Mihule, jakožto zástupci bazální 

bezčelistnaté větve obratlovců, představují díky své jedinečné pozici na fylogenetickém stromě 

ideální model pro studium evoluce obratlovčích apomorfií. Larvy mihule, minohy, mají v přední 

části hlavy zvláštní orální skelet složený z tzv. mukochrupavky, což je tkáň nesoucí určitou 

podobnost s klasickou chrupavkou. Ačkoli bylo otázce evolučního a morfologického významu 

mukochrupavky věnována řada studií, její embryonální původ a potencionální homologie 

s elementy čelistí u čelistnatců nejsou jasné. 

V této práci jsem se věnoval popsání morfogeneze oro-faryngeální oblasti mihule mořské 

Petromyzon marinus.  Visualizace ze skenovacího elektronového mikroskopu posloužily 

k porozumění tvarování a topografických vztahů embryonálních kavit, detailní histologická 

analýza společně s analýzou expresních profilů několika molekulárních markerů umožnila 

vysledování původu, histogeneze a morfogeneze mukochrupavčitých elementů. Dále byla 

zkoumána genová regulace mukochrupavky jako tkáně za účelem identifikace jejích specifických 

či sdílených vlastností. Mukochrupavka je tedy interpretována jako specializovaná tkáň 

kontinuálně vystélající přední část hlavy, kde však v určitých oblastech kondenzuje do 

rozvolněných skeletálních elementů. Poprvé byl též popsán vývoj ústních tentákulí. 

Vývojový a evoluční význam mukochrupavky je dále diskutován ve vztahu k existujícím 

scénářům evoluce čelistního aparátu. Rozvolněná povaha mukochrupavky ztěžuje identifikaci 

jasně definovaných elementů a tím spíše jejich přímou homologizaci s elementy čelistnatců.  
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Lampreys are members of the extant group Petromyzontida, and together with hagfishes 

of the class Myxini, comprise the monophyletic taxon, Cyclostomata, which is sister to 

gnathostomes. The phylogenetic relationship of lampreys and hagfishes has been recently 

confirmed by mostly molecular studies (Stock and Whitt 1992, Kuraku et al. 2009, Heimberg et 

al. 2010). They have a biphasic lifestyle; the larva, living buried in the riverbed and feeding on 

plankton for several years, undergoes a thorough metamorphosis into adult that either predates 

fish or does not feed at all. Lampreys are usually anadromous and spawn in the upper reaches of 

streams.  

Forty-four species in three families are recognized. However, the majority of the 

research was done on four species of the family Petromyzontidae. Three of them are found in the 

Atlantic area, namely the sea lamprey (Petromyzon marinus), the European river lamprey 

(Lampetra fluviatilis) and the European brook lamprey (Lampetra planeri). The one living in the 

Pacific is the artic lamprey (Lethenteron japonicum) (Richardson et al. 2010). The early 

development of these species is so remarkably similar that specific differences are negligible for 

most of the developmental and morphological studies. 

Lampreys arose among the Paleozoic agnathan ostracoderms, a taxon now considered to 

be paraphyletic, but any more precise rooting of cyclostomes within stem vertebrates is still 

enigmatic (Janvier 2008). The earliest fossils of unambiguous affinity to lampreys belong to 

Priscomyzon riniensis of the Devonian period of South Africa. The finding of this species has 

shown that the key specializations of the lamprey lineage were already in place nearly 360 

milion years ago (Gess et al. 2006). 

Leaving other aspects of the lamprey biology aside, I can now proceed to outlining the 

major morphological properties that separate the lamprey from gnathostomes and that might 

shed some light on the evolutionary history of vertebrates. 

The most notable difference is the absence of jaws that are the defining synapomorphy of 

gnathostomes. Instead, the oral apparatus of an adult lamprey consists of a cartilaginous sucker 

disc, clearly an adaptation for parasitic lifestyle (already present in the Devonian and 

Carboniferous fossils). More important from an evolutionary perspective might be the feeding 

apparatus of the larva (ammocoete). It serves for filter feeding which is regarded as the 

primitive means of alimentation present in ancestors of vertebrates. Thus, oral apparatus of an 
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ammocoete could be homologous to that of fossil ostracoderms of the Ordovician period (Mallatt 

1996, Kuratani et al. 2002).  

The teeth found on the sucker disc of an adult are keratinous and non-homologous to 

those of gnathostomes and no odontodes or odontode-like structures, such as scales, are present 

in the lamprey. 

The skeleton of lamprey is entirely cartilaginous, unjointed, never undergoes 

calcification (as in chondrichtyans) or ossification (as in most gnathostomes as well as some of 

the fossil ostracoderms). Its main constituents are the axial skeleton (or the spine), which 

exhibits vertebrae-like elements termed arcualia, and the head skeleton. No paired appendages 

are present.  

The head skeleton is composed of similar sections as can be found in gnathostomes. The 

neurocranium, or braincase, is derived from the cartilaginous rods running alongside of the 

notochord, usually, though ambiguously, called the trabecles. The viscerocranium is represented 

by the branchial skeleton (basket) in the posterior part, which lies externally to the 

corresponding nerves and gill epithelium unlike in gnathostomes, and the unique 

mucocartilaginous rostral skeleton which regresses during the metamorphosis and is replaced 

by the complex cartilaginous support of the feeding apparatus. Mucocartilage has no clear 

homolog in the gnathostomes which makes this tissue interesting from an evolutionary 

perspective. 

 

Lamprey has been a prominent organism featured in the studies of comparative 

anatomists since the early 19th century. 

The first descriptions of the lamprey development emerge in the mid-19th century with 

the growing interest in comparative anatomy. The search for a framework of homologies 

encompassing all animals and showing how deviations from a common plan (bauplan) led to the 

diversity of present organisms was put forward by prominent naturalists such as Goethe and 

Owen. The quest for the bauplan of vertebrates attained another, perhaps deeper meaning after 

the publication and recognition of Darwin’s Origin of Species. The main assumption, that all 

animals share a common descent, fueled debates on where the vertebrates came from and what 

is Man’s position in the evolutionary tree. Lamprey was immediately recognized as a link 

between the more advanced vertebrates and the invertebrate animals, informative to the 

reconstruction of the vertebrate ancestor. 

Thomas Huxley (1876) made an influential attempt to homologize the elements of the 

lamprey skull with those of the frog tadpole. Parker (1883), in an exhaustive account of the 

developmental anatomy of lamprey that entered the textbook schemes (see figure I.1), argued 

that the branchial skeleton of the lamprey corresponds to the extrabranchialia of elasmobranchs 
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(sharks, rays and skates). Indeed, the position of actual branchial skeleton of elasmobranchs and 

other gnathostomes is medial within the arches, in the vicinity of endoderm, whereas lamprey 

branchial basket forms at the outer side of the arches.  

It must be added, however, that these studies assumed a tight phylogenetic relationship 

of the cyclostomes and anurans and even considered the ammocoete to be equivalent, on the 

scale of organization, to adult hagfish. In the view of Huxley, otherwise exceptional and 

progressive anatomist, adult lamprey corresponded to a tadpole.  

 

 

Figure I.1 Example of an early description of the skeleton of adult lamprey. After Parker (1883) 
 

 

Ernst Häckel (1866) was among the first to separate the jawless vertebrates from the 

rest of the fishes mainly on the basis of presence of a single medial nostril (Monorhina), a view 

that was generally accepted by most of the zoologists of the epoch (discussed in Sewertzoff 

1948). But many anatomists maintained that cyclostomes, lancelets and ascidians (tunicates) 

were all degenerate forms of fishes. For example, Dohrn (1884), who conducted another cited 

and detailed analysis of lamprey development, concluded that the branchial basket of lamprey is 

homologous to true branchial arches of gnathostomes from which it had evolved. 

When Schneider (1879) characterized mucocartilage and demonstrated its 

morphological significance as an element of the cranium, subsequent authors mentioned its 

presence in their studies but as a rule gave little attention to its evolutionary implications. It was 

the Russian zoologist A. N. Sewertzoff who contributed to a fuller understanding of the 

development of lamprey head taking into account both cartilage and mucocartilage as 

evolutionarily significant features.  
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Figure I.2 Head skeleton of larval lamprey. Mucocartilage in yellow, color added. After Sewertzoff (1948). 

 

He advocated a different and clearly a more progressive approach than his predecessors. 

Unlike their idea, that every element present in gnathostomes must be also present in one form 

or another in cyclostomes, Sewertzoff’s approach lied in seeking the serial homology 

(homodynamy) of the actual elements in the animal. He was a proponent of the segmentalist 

view of organization of the head, which understood the head as composed of iterative segments, 

most prominently represented in the visceral skeleton. Thus, he saw the areas containing 

mucocartilaginous elements as rostral serial homologs of the posterior branchial arches and 

based his observations mainly on the correspondence of musculature and cranial nerves with 

the skeletal segments (Sewertzoff 1948, see figure I.2). Thus, he argued for the presence of five 

pre-branchial arches in addition to the seven branchial in the adult lamprey, naming them in 

accordance to his idea of general homology of segments between agnathans and gnathostomes, 

from the posterior: hyoid, mandibular and pre-mandibular 1 to 3. The larva, in his 

interpretation, lacks the two rostral-most segments, which appear only during the 

metamorphosis. Sewertzoff’s otherwise splendid descriptions of mucocartilaginous skeleton 

suffer from the obvious search for anything resembling the specific elements of the branchial 

basket to support these homodynamous “pre-branchial” arches.  

A study by Henry Damas (1944) on Lampetra fluviatilis brings a new factor into 

discussion, the neural crest population contribution to the skeleton and its implications. Then 

termed “mesectoderm”, as opposed to enterocoelic “mesendoderm” (= mesoderm), the neural 

crest is seen as the source of the skeleton both in the branchial and pre-branchial regions. It 

must be added, however, that Damas found mesectoderm originating not only from the neural 

crest but also from an area around ventral pharynx, which is hard to interpret with today’s 
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knowledge. In contrast to Sewertzoff, but quite echoing the ideas of Parker, he considers the 

branchial basket to be homologous to the extra-branchial skeleton of sharks. But when referring 

to the mucocartilaginous skeleton, he uses terms “regions” instead of “arches” of Sewertzoff, to 

stress the absence of any elements homologous to those constituting the branchial arches. The 

only segment with “arch-like” properties is in his view the extra-hyale, corresponding to the 

hyoid mucocartilage of Sewertzoff. More anteriorly, Damas defines a large mandibular region 

including most of the elements described by Sewertzoff and a much smaller, pre-mandibular 

region, represented by the upper lip mesenchyme. He also notes the area surrounding the mouth 

is in a constant change during larval life which is the main cause of the discordance seen 

between the interpretations of the extent of the mucocartilaginous skeleton in studies of the 

Russian and Swedish schools. Consequently, according to Damas, the ammocoete mouth 

skeleton cannot be homologized with the skeletal elements of gnathostomes (Damas 1944). 

The Swedish school of comparative anatomists and paleontologists contributed 

significantly to the study of the origin and evolution of the vertebrate head through works of 

Stensiö (1927), Holmgren (Holmgren and Stensiö 1936) and Johnels (1944, 1948), the latter 

having provided the most comprehensive account of lamprey development and metamorphosis 

to date. 

Johnels pursued both the histogenesis and the morphogenesis of mucocartilage. His 

nomenclature of the skeletal elements remains the most cited. Mucocartilage is, with regard to 

the ontogenesis, considered a secondary special tissue partially resembling the embryonic 

mesenchyme and cartilage, respectively. He hypothesizes that mucocartilage is a primordium 

arrested or delayed in its development until the metamorphosis, just like the eye and its 

musculature (Johnels 1948). As to the arch hypothesis, Johnels considers that ammocoete 

possesses three pre-branchial arches of mostly extra-branchial nature, the most anterior being 

the lateral mouth plates surrounding the mouth opening. 

Recent works usually do not follow the segmentalist view of head organization 

(Northcutt and Gans 1983, Mallatt 1996). In a thorough review on the origin of jaws, Jon Mallatt 

refuted the idea of anteriorly lying lateral mouth plates of lamprey as serial homologs of 

branchial arches due to their stomodeal, not pharyngeal position. Instead, he proposed that they 

were, together with upper and lower lip, part of a premandibular system of oral cartilages, 

retained also in holocephalans and elasmobranchs, and in an ancestor of all living vertebrates. 

He also argued that lamprey velum derives from the same ancestral state as the structure of the 

same name in hagfish and mandibular arch of gnathostomes; just as the hyoid arch behind it. In 

his view, an ancestor of jawed and jawless vertebrates possessed internal and external systems 

of pharyngeal arches. While in the lineage of lampreys and hagfish the former was lost (except 

for the internal velar skeleton of ammocoete), gnathostome lineage reduced the importance of 
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the latter (lost in osteognathostomes, retained in chondrichtyes as extrabranchialia; Mallatt 

1996). 

In summary, the field of comparative morphology has sought to find a basic or, in 

evolutionary terms, ancestral body plan of vertebrates for more than two hundred years.  

Lampreys have always played important role in this endeavor thanks to their unique 

characteristics and position on the tree of life. Natural scientists in the late 18th century 

recognized their affinity to vertebrates and grouped the taxon Petromyzontida together with 

Myxini in the class Cyclostomata. When evolutionary thinking pervaded the scientific 

community, many renowned anatomists provided their extensive treatises on the development 

and morphology of the lampreys to contrast it with that of jawed-vertebrates on one hand and 

amphioxus, as a representative of non-vertebrate chordates on the other. To approach this still 

ongoing debate, one must take into account these works as the extent of the analysis of detailed 

structures is often unmatched in recent descriptions. However, interpretations and conclusions 

drawn from these analyses must be considered with caution as they are limited by the 

paradigms under which the observations were done. 

 

 

Connective tissue is a tissue type that determines the physical properties and the shape 

of every metazoan body. Its two main components are a ground substance and fibers. Different 

relative amounts of these components and their structural organization allows categorization 

into various specific types (Cole and Hall 2004a). 

Cartilage, a type of connective tissue characteristic of but not exclusive to vertebrates, is 

surprisingly hard to define, as is at length discussed in Cole and Hall (2004a). These authors 

provide an all-including definition:  

“Cartilage is a rigid animal connective tissue that functions by resisting shearing, tension, 

and compression, thereby providing skeletal support and/or protection for the animal. 

Histologically, cartilage is composed of large cells that are morphology distinct from other 

connective tissue cells in the animal; these cells are embedded within an extracellular matrix of 

varying abundance that has high amounts of fibrous protein (usually collagen or elastin) and 

ground substance (usually chondroitin sulphate)” (Cole and Hall 2004a, p.  76).  

This definition excludes connective tissues with similar characteristics but lacking 

definite chondrocytes. Such tissues are termed chondroid or cartilage-like. While the definition 

has no phylogenetic implications, it is assumed that chondroid tissue is the ancestral type. 

Chondroid tissues are common throughout metazoans, i.e. cnidarians, brachiopods, 

tunicates and hemichordates. True cartilage, however, is found only in several, though diverse 

groups. These include chordates, annelids, chelicerates and mollusks (Cole and Hall 2004b). In a 
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pioneering study of the development of invertebrate cartilage, Cole and Hall (2009) investigated 

differentiation of hyaline cartilage of the cuttlefish (Cephalopoda). Partly, the differentiation 

resembles that of vertebrate cartilage in the fact that early cartilaginous elements arise from 

mesenchymal condensations. Some of the elements, however, differentiate from uncondensed 

mesenchymal cells. Molecular characterization of the non-deuterostome cartilage is lacking, 

though Shh (sonic hedgehog) has been reported to be expressed in association with certain 

cartilaginous elements in cuttlefish (Cole 2011). 

 

A comparative study of two representatives of major deuterostome lineages, 

hemichordates and cephalochordates, has shown that both of them possess cartilage in the 

pharyngeal region (Rychel and Swalla 2007). This cartilage is, however, acellular, and therefore 

does not comply with the definition provided above. The acellular cartilage of both Saccoglossus 

kowalevskii, an enteropneust, and Branchiostoma floridae (or amphioxus) is composed of an 

ortholog of vertebrate-specific fibrillar type II collagen and stains with Alcian blue, a widely use 

vertebrate cartilage-marking dye (Rychel and Swalla 2006). In situ hybridization identified 

endodermal cells of pharyngeal slits to be the source of the collagenous extracellular matrix 

(ECM; Rychel and Swalla 2007). In Saccoglossus kowalevskii, the transcription factor SoxE, an 

ortholog of a cartilage specifier in vertebrates, was found to be co-expressed with collagen, 

lending support for the putative existence of SoxE-collagen regulation at the dawn of 

deuterostomes. Authors of the study then proposed a scheme for the evolution of vertebrate 

cartilage from chordate ancestors (fig. I.3). In this scenario, the ancestral mode of constructing 

pharyngeal cartilage was the deposition of acellular cartilage from the pharyngeal endoderm. 

Subsequently, neural crest cells (figs. I.3C, 3D, blue dots) invaded this extracellular matrix and 

possibly co-organized its formation. The role of endoderm was then reduced to secreting only a 

thin basal lamina and the neural crest coopted the entire cartilage genetic regulatory network 

(GRN), receiving pattering information from the epithelium. 

 

 
Figure I.3 A step-wise model for acquisition of vertebrate mode of visceral cartilage deployment. See text for 

explanation.  Modified from Rychel and Swalla (2007) 
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The role of cooption in evolution of chordate cartilage GRN was further investigated by 

(Meulemans et al. 2007), again in amphioxus. Amphioxus does not seem to possess any 

migratory cell population corresponding to the neural crest. While most of the homologs of 

vertebrate cartilage regulators are present in its genome and expressed during embryonic 

development, no tissue was found to co-express the whole GRN. Most of the transcription factors 

involved in patterning cartilage cells in vertebrates is present in amphioxus mesodermal 

derivatives. The ortholog of gnathostome cartilage regulators Sox8/9/10, SoxE, is partially co-

expressed with ColA (type A collagen) in the neural tube. However, collagen expression is 

broader, thus does not seem SoxE-dependent. Interestingly, pharyngeal endoderm has not been 

shown to express either SoxE or ColA which was assumed by Rychel and Swalla (2007). 

Meulemans et al. therefore suggest that neural crest-derived cartilage evolved via serial 

cooption of mostly mesodermal genes. It also deserves attention that of two vaguely identified 

homologs of vertebrate lectican family of ground substance proteoglycans none were found to 

be expressed in amphioxus embryos or larvae and authors assume lectican based cartilage to be 

a vertebrate novelty. 

In summary, it is clear that precursors for extra-cellular matrix of cartilaginous tissues 

were present in pre-vertebrate chordates and widely used to provide support. But only with the 

arrival of specific chondrocytes at the dawn of vertebrates, cartilage could form definite 

elements characteristic of this subphylum. 

 

As a hallmark of vertebrates, the skeleton has been widely studied and plenty of data is 

available from biochemical, anatomical and gene expression studies, mostly in xenopus, chick 

and mouse. While mesoderm is also capable of differentiating into skeletal tissues, our interest is 

focused on the head, where most of the elements are derivatives of neural crest (e.g. Couly et al. 

1993). 

Chondrocyte precursors of the visceral skeleton arise from a subpopulation of neural 

crest cells, termed chondrogenic. The neural crest itself emerges at the border of neural plate 

and epidermis during neurulation. The border plate region is specified by interplay of four major 

signaling pathways: Wingless-intermediate (Wnts), fibroblast growth factors (FGFs), bone 

morphogenetic proteins (BMPs) and delta/Notch (Betancur et al. 2010).  

The cells in the border plate zone respond by up-regulation of several transcription 

factors termed border plate specifiers. Among these cells, a subset integrates new signaling 

inputs and gives rise to bona-fide neural crest cells (NCC). This population undergoes major 

cytoskeletal rearrangements and delaminates from the epithelium in a process known as 

epithelial to mesenchymal transition. At this point the cells are in such regulatory state that 
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allows them to efficiently migrate in streams guided by signaling cues from adjacent tissues, 

retain their pluripotency and differentiate at the target sites into a multitude of tissue types. 

Neural crest cells are specified by several markers that are crucial for maintaining the migratory 

state. The most prominent are the genes of Sox family, AP2, Snail, Twist, Ets and Id (Meulemans 

et al. 2007, Betancur et al. 2010).  

Next step occurs when the migrating cells receive environmental signals to differentiate. 

Cells enter the post-migratory state characterized by some the above factors but also a new set 

of markers. In cartilage precursors, the markers include Barx1/2, Runx1/2/3, Bapx1, Cart1, 

Alx3/4 and GDF5 (Meulemans et al. 2007). Signals secreted from adjacent epithelial tissues 

induce another set of transcription factors including Dlx, Msx, Gsc, Bapx1 and Hand2. All of these 

factors give the immigrating cells necessary patterning information (reviewed in Sauka-Spengler 

and Bronner-Fraser 2008). 

The differentiation of the cells in mesenchymal condensation into mature chondrocytes 

and their morphological and molecular characteristics are essentially identical whether they are 

derived from mesoderm or the neural crest. The key transcriptional factors are the Sry-related 

HMG box (Sox) genes. Two families of these versatile developmental regulators are involved in 

this process: the SoxE family, comprising genes Sox8, Sox9, Sox10, and the SoxD family containing 

Sox5 and Sox6. The essential role of the gene Sox9 comes from both clinical and experimental 

studies. The genes for cartilage matrix proteins including aggrecan, Col2a1 and other collagens 

have been shown to contain enhancer sites for Sox9 and thus to be its downstream effectors 

(reviewed in de Crombrugghe and Akiyama 2009).  

Among the genes significant in the process of chondrification are also those that code for 

enzymes of chondroitine sulfate proteoglycan (CSPGs) synthesis. An example is 

xylosyltransferase which attaches the xylose residue onto a molecule of a proteoglycan, thus 

initiating the outgrowth of sugars (Eames et al. 2011). The major aggregating proteoglycans that 

are found in the ground substance of most connective tissues belong to the family of lecticans. 

Among these, the major constituent of the gnathostome cartilage is aggrecan (Doege et al. 1991). 

 

The visceral (= pharyngeal) arches develop as a series of lateral evaginations of 

embryonic pharynx. These restrict adjacent mesoderm and immigrating neural crest cells into 

compartments of approximately vertical orientation (Kimmel et al. 2001). Within the arches, 

mesoderm gives rise to the musculature and vasculature and cartilages arise from 

condensations of the neural crest mesenchyme lying medially to the mesoderm (Cerny et al. 

2004b). There might be possible exceptions to the neural crest origin of visceral skeleton as 

indicated in cases of basibranchiale 2 and partially basibranchiale 1 (Kloučková 2011).  



Introduction 

18 
 

Gnathostome visceral arches primarily contain five paired articulated elements, 

beginning with the pharyngobranchial dorsally and then, descending ventrally the epibranchial, 

ceratobranchial, hypobranchial and basibranchial elements. The first and second arch is always 

highly derived from this common scheme characteristic of branchial (i.e. gill bearing) arches. 

The skeleton of the first, mandibular arch is composed of the palatoquadrate dorsally and 

Meckel’s cartilage ventrally jointed via the primary jaw joint. In most gnathostome lineages, 

these cartilages form the basis of the upper and lower jaw, respectively. The cartilage of the 

second, hyoid arch functions as a support of the jaws through its dorsal hyomandibular element 

(Kardong 2005). 

 
Figure I.4 Visceral skeleton of a hypothetical primitive gnathostome (from Kardong 2005) 

 

All of these elements are highly flexible in evolution, their shape and size dramatically 

differing between major gnathostome classes. However, their origin, molecular patterning and 

position relative to the cranial nerves and musculature are well-conserved and allow 

homologization of pharyngeal arches across the entire gnathostome clade. 

The mandibular arch and the gnathostome trabecles arise from the rostralmost, 

trigeminal stream of neural crest cells, as was shown in the salamander Ambystoma mexicanum 

(Cerny et al. 2004b). These neural crest cells originate between the mid-diencephalon anteriorly 

and the rhombomere 2 of the rhombencephalon (hindbrain) posteriorly. Innervation of the 

mandibular region is largely by the trigeminal nerve (V) with the branches V2 and V3 innervating 

the upper and lower jaw, respectively.  

The second stream of NCC, termed hyoid due to its contribution to the hyoid apparatus, 

arises from the rhombomere 4 and populates the arch of the same name and its derivatives. The 

associated cranial nerve is the facial (VII).  

Both rhombomeres 3 and 5 are depleted of the neural crest cells and may serve as an 

enforcement of the distinct segregation of the migratory streams as well as the cranial nerves 

(Graham et al. 2004). 
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Posterior to the otic capsule, at the level of rhombomere 6 and downwards, the branchial 

neural crest stream originate as a sheet of cells only secondarily regionalized in the pharyngeal 

region by the outpocketing of endoderm into the future branchial arches. The crest cells 

populating the third arch (first branchial) form a distinct stream in some animals, a fact that 

correlates with the independent innervation by the glossopharyngeal (IX) nerve. The rest of the 

arches are innervated by the respective branches of vagus (X) nerve (reviewed in Kuratani 

2005).  

The patterning of visceral arches is crucial to confer the specific identity to the elements 

arising from the neural crest-derived cartilage. In the dorso-ventral (DV) axis, the genes involved 

in the patterning belong to the Dlx family of homeobox transcription factors responding to 

endothelin signaling molecules originating in the overlying epithelium, as has been shown in 

mouse and zebrafish (Depew et al. 2002, Walker et al. 2006 and Talbot et al. 2010). Dlx genes, 

together with Hand2 divide the visceral arches into dorsal, intermediate and ventral domain. 

The patterning along the antero-posterior axis is established by Hox genes that are expressed in 

a nested pattern with the first arch (mandibular) being Hox-negative. 

 

 

As mentioned previously, the visceral skeleton of the larval lamprey is composed of two 

main parts: the cartilaginous branchial basket and the mucocartilaginous skeleton whose 

composition will be dealt with in the next subchapter.  

The seven branchial arches of the lamprey arise around the pharynx in a manner quite 

similar to gnathostomes: the pharyngeal endoderm evaginates and segregates both mesoderm 

and neural crest cells, which have immigrated into the pharyngeal area as a continuous sheet, 

into vertical arches. The interior of a branchial arch is thus derived from two distinct 

populations. The mesoderm is located internally and later gives rise to the musculature. The 

neural crest cells surround the mesodermal core both laterally and medially, as has been shown 

by expression of NC marker, AP2 (Meulemans and Bronner-Fraser 2002) and DiI labeling in a 

fate mapping study by McCauley and Bronner-Fraser (2003). Up to this point the situation 

resembles that in gnathostomes. In the lamprey, the laterally positioned NCC give rise to the 

skeletal elements of branchial arches, which is in contrast to the gnathostomes, where the 

skeletogenic cells migrate to the medial side of the arch and only there they differentiate into 

cartilages (Cerny et al. 2004a). 

Condensation of the pre-chondrogenic cells commences around the stage 26 of Tahara, 

or 15 dpf (Morisson et al. 2000, Martin et al. 2009). The condensed cells align into rods with 

morphology described as “stack of coins” for their shape. These rods grow both ventrad and 

dorsad and secrete an extra-cellular matrix with major fibrillar component similar to the 
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gnathostome elastin (but distinct from lamprin). The perichondrial sheath appears to be derived 

from surrounding mesenchymal cells (Morisson et al. 2000). 

 The process of condensation and subsequent chondrification proceeds basically from 

the anterior caudad and, along the DV axis, from the mid-region of the arches dorsad (towards 

the notochord) and ventrad. At the DV level of pharyngeal openings, two rostral projections 

appear from each vertical rod. The dorsal is the epitrematic process and the ventral is the 

hypotrematic process. In the first branchial arch (PA3), epitrematic and hypotrematic processes 

fuse and form a continuous loop. The vertical branchial rods attach dorsally to the notochord via 

the subchordal bars. Ventrally, the first branchial rod (PA3) forms a ventro-caudal extension. 

The ventral parts of posterior vertical rods (PA4-9) extend rostrad and fuse with the respective 

anteriorly-positioned element, thus forming a continuous hypobranchial bar (Martin et al. 

2009). At stage 30, when the larva starts feeding, the branchial basket is fully developed and 

functional (figure). 

 

 

Figure I.5 Visceral skeleton of a stage 30 proammocoete. EP - epitrematic process, HBB - hypobranchial bar, HP 
– hypotrematic process, NT - notochord, PA - pharyngeal arch, PC - parachordal, SC - subchordal rod, T – 

trabecle. After Martin et al. 2009. 

 

This basic framework of the branchial basket remains the 

same throughout the later development of lamprey. However, 

fusions and growth do occur both throughout the larval stage and 

during or after metamorphosis. 

Morphologically, not all elements of the branchial basket 

exhibit the “stack of coins” pattern. The longitudinal elements, i.e. 

parachordal, subchordal, hypobranchial, epitrematic and 

hypotrematic cartilages display an irregular, or polygonal 

morphology. This morphological distinction appears logical if 

one considers the function of branchial skeleton. The bars of 

discoidal cells (unlike the longitudinal elements) arranged in the 

“stacks of coins” lie parallel to the muscles that contract the 

Figure I.6 The relation of 
branchial muscles (magenta) 

and skeletal bars (green). 
Rostral view. After Martin et al. 

2009. 
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pharynx during respiratory movements. The discoidal morphology, together with abundance of 

elastin-like properties and the medio-lateral curvature (fig. I.6), allow the bars to relax after the 

contration ceases (Morisson et al. 2000, Martin et al. 2009).  

The distinct morphologies found at various levels of branchial bars also lend support to a 

presence of some degree of dorso-ventral patterning in lamprey visceral arches. Neidert et al. 

(2001) and Kuraku et al. (2010) concluded that no Dlx-based patterning is present in the 

branchial arches and argued that the Dlx code might have been a gnathostome innovation. 

However, Cerny et al. (2010), in a thorough expression study, questioned this finding by 

showing a clear nested pattern of Dlx expression in Petromyzon marinus embryos as well as DV-

restricted expression of many other skeletal regulators including goosecoid (Gsc), Hand and Msx. 

The regulation of development of the branchial cartilage in the lamprey has been studied 

by David McCauley and his coworkers (McCauley and Bronner-Fraser 2006, McCauley 2008 and 

Lakiza et al. 2011; but also Ohtani et al. 2008 and Zhang et al. 2006). They first characterized the 

three genes of the SoxE family and, in accordance to their unclear orthology to the gnathostome 

Sox8, Sox9, Sox10, named them SoxE1, SoxE2 and SoxE3. In subsequent studies, the link between 

the expression of SoxE transcription factors and that of collagen was tested. Although the co-

expression of the two collagen paralogs (Col2a1a, Col2a1b) with the SoxE was not confirmed at 

the cellular level (McCauley 2008, but see Ohtani 2008), knockdown of SoxE genes significantly 

altered collagen expression, thus suggesting an existing regulatory link (Lakiza et al. 2011). It 

was also shown that SoxE1 and SoxE2 are necessary for both survival and specification of the 

NCC while SoxE3 regulates morphogenesis of the chondrocytes. Chondrocytes of the embryos 

treated with morpholino against SoxE3 exhibited polygonal morphology in place of the discoidal 

one of the control (Lakiza et al. 2011). 

Expression of additional homologs of cartilage regulators included in the gnathostome 

GRN was investigated by Cattell et al. (2011). While Alx, Barx and Runx genes are all co-

expressed in the developing gnathostome cartilage, their expression in the lamprey branchial 

arches at the respective stage of branchial cartilage differentiation (Tahara stage 26.5) is very 

different. Alx expression is seen in the dorsal and ventral aspects of the branchial arches which 

may correspond to the subchordal and hypobranchial bars, but no expression is found in the 

vertical bars. Barx and Runx expression is completely lacking in the chondrocytes of branchial 

bars (see figure I.8).  

These findings together suggest that lamprey cellular cartilage develops under 

coordination of a different GRN from that of gnathostomes. Some elements, such as SoxE 

regulation and DV patterning of pharyngeal arches, are present, while a number of 

characteristics are dissimilar, including Barx, Runx, Alx and Col2a1 expression. 
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As briefly mentioned in the historical overview, mucocartilage has played a varying role 

in addressing the morphological and evolutionary significance of the lamprey skeleton.  

Mucocartilage, much like other connective tissues, contains a ground substance, fibers 

and cells. The ground substance of mucocartilage was shown to be rich in hyaluronic acid and 

devoid of chondroitin sulfate (Mangia and Palladini 1970; but see Johnels 1948). In this 

amorphous substance, randomly arranged fibers are widely dispersed and the cells are few and 

diffusely scattered. 

Wright and Youson (1982) identified two major cell types in their analysis of 

ultrastructure of mucocartilage: fibroblasts and fibrocytes, differing in their activity. Electron-

dense granules similar to those in mammalian hyaline cartilage were described, suggesting an 

ongoing production of proteoglycan aggregates. The fibrous protein was not identified but 

described as elastin-like for its superficial resemblance to the mammalian elastin. While 

possession of elastic fibers would suggest embryonic character of mucocartilage, features such 

as fully differentiated fibroblasts indicate that it is a specialized larval tissue. 

Due to the loose character of the tissue in question it has been difficult to describe the 

precise elements comprising the mucocartilaginous skeleton. The best description of the 

development and morphology of the mucocartilage was provided by Johnels (1944, 1948; fig. 

I.7). 
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Figure I.7 (previous page) Mucocartilaginous skeleton of the ammocoete: Dotted areas indicate cartilage, 
broken lines designate the mucocartilage of side lip (s. l.). Aud. caps. – auditory capsule, br. a. 1. – branchial 
arch 1., l. l. - lower lip, lat. m. pl. - lateral mouth plate, lat. v. sk. – lateral velar skeleton, med. v. sk. - medial 

velar skeleton, olf. caps. – olfactory capsule, rost. pl. - rostral plate, suboc. – subocular mucocartilage, trab. – 
trabecle, v. l. pl. – ventro-lateral plate, x – subotic mucocartilage 

 

The mucocartilage is first visible around the stage 30 that corresponds to the transition 

from embryonic to larval stage. The reconstruction by Johnels, however, comes from an older 

individual where all the elements are fully developed. 

The ventro-lateral plate is the most prominent element, overlying the floor of pharynx 

from ventro-medial sides. Rostrally these elements run into the lower lip where they fuse. 

Dorsally the ventro-lateral bar fuses with the lateral velar skeleton that in turn fuses with the 

subotic mucocartilage surrounding partially the pedicle process (lateral extension of 

parachordals). Near the rostral tip of the ventro-lateral bar, a pair of mucocartilaginous bars 

rises dorsad and connects the mucocartilage near the trabecles (lateral mouth plates). This 

mucocartilage is the caudal extension of the rostro-dorsal plate, an element that supports the 

upper lip and also the nasal plate. Thus, the mucocartilaginous elements at this level form a ring 

around stomodeum. 

In the ventro-medial region, the ventro-medial longitudinal bar runs from the level of 

the first gill slit rostrad. When it reaches the lower lip, it projects dorsad into the medial 

tentacle. Near the notochord tip, two mucocartilaginous elements arise: the medial velar 

skeleton. It is formed by two rods connected dorsally to the trabecles, running ventrad and 

slightly diverging laterad.  

As to the embryonic origin, Johnels confirms the opinion of Damas (1944) that the entire 

muco-cartilaginous skeleton arises from the mesectoderm (the neural crest). Damas also argued 

that the extra-hyal (dorsal extension of the ventro-lateral plate sensu Johnels) forms in the 

condensations of laterally positioned crest cells similarly to posteriorly lying branchial bars. 

Interestingly, the trabecles that develop in an immediate vicinity of mucocartilage are assumed 

to be of mesodermal origin (Kuratani et al. 2004). The view of mucocartilage as a NC-derived 

tissue is supported by a vital dye labeling study (McCauley and Bronner-Fraser 2003). 

Johnels noted certain reduction of mucocartilage during larval development and that the 

remaining elements assume sharper contours. An example would be the existence of continuous 

mucocartilaginous circle surrounding the external mouth opening in the youngest larvae and its 

disintegration into the elements of upper, lower and side lips (as shown in the fig. I.7). 

 

Because of the putative origin of modern cyclostomes among Paleozoic ostracoderms 

who possessed extensive dermal skeleton, it was hypothesized that the mucocartilage of 

ammocoete might be related to this tissue (Gaskell 1908). To address this question from a 
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developmental perspective, several recent studies attempted to elucidate the regulation and 

molecular characterization of mucocartilage (Cerny et al. 2010, Yao et al. 2011, Cattell et al. 

2011). 

Cerny et al. (2010) mainly focused on the dorso-ventral patterning of visceral arches and 

sought to find the developmental change that might have facilitated the evolution of jaw joint. 

They concluded that existing DV patterning by Dlx, Msx and Hand genes in a vertebrate ancestor 

was essential for the subsequent cooption and dorso-ventrally restricted expression of Bapx, a 

gnathostome joint-specifier, and Gdf5, its downstream effector. However, the study did not focus 

on possible precise patterning of the anterior arches where the mucocartilaginous skeleton 

arises at later stages. 

The search for the importance of members of the conserved gnathostome cartilage GRN 

in the oral skeleton of lamprey showed that mucocartilage, like branchial cartilage, is a highly 

heterogenous tissue in this respect.  

Of the three SoxE paralogs, only SoxE3 shows a distinct pattern that possibly represents 

cells that are destined to give rise to mucocartilage (McCauley and Bronner-Fraser 2006, Yao et 

al. 2011). However, Yao et al. omit many important mucocartilaginous elements such as the 

upper lip or ventro-lateral plate which arise in regions where no SoxE3 expression can be found. 

Yao and colleagues also proved the importance of the endothelin signaling by disrupting the 

dorso-ventral patterning of mucocartilaginous tissues in presence of an inhibitor of the 

endothelin pathway (Yao et al. 2011). Lakiza et al. (2011) have shown that disruption of the 

SoxE3 expression by morpholino significantly reduces the extent of mucocartilage. 

The spatially scattered expression of the transcription factors Barx, Runx and Alx also 

suggests that mucocartilage regulation is more complex and distinct from that of gnathostome 

cartilage. Cattell et al. (2011) demonstrated that no tissue in the oral area co-expresses all these 

factors at any stage of embryonic development. 

The lamprey Alx gene is expressed in the mesenchyme of the upper lip and dorsal velum 

but lacking in ventral portions of the first pharyngeal arch. 

Barx expression in the oral area is restricted to the ventral regions in the first arch, 

specifically to the lower lip and possibly future presumptive mesenchymal material of lateral 

mouth plates. 

Two Runx orthologs have been identified in the lamprey genome, RunxA and RunxB. The 

latter showed no expression pattern in the oral area, whereas the former was found to be 

strongly expressed in the mesenchyme surrounding the mouth opening, corresponding to the 

upper and lower lip mesenchyme. 
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Figure I.8 Table summarizing molecular characterization of connective tissues arising in the visceral arches. 

Corresponds to the stage 26.5. pm – pre-mandibular mesenchyme. After Cattell et al. 2011 

 

Cattell et al. (2011) then argue that the disentangled expression of the cartilage markers 

in the lamprey oral and pharyngeal area may represent the primitive diversity of skeletal tissues 

of the vertebrate ancestor. Such animal would have possessed well defined dorso-ventral 

patterning of the visceral arches allowing localized expression of cartilage markers which would 

in turn specify distinct skeletal elements. Consistently with this, lamprey skeletal elements, 

belonging both to the mucocartilaginous and cartilaginous visceral skeletons, exhibit distinct 

morphological and histological properties and remarkable flexibility. The lineage leading to 

gnathostomes would, on the other hand, choose the path of deploying a tightly conserved 

cartilage GRN in uniform hard cartilage, where flexibility is conferred by the articulation of the 

elements via the soft joint tissue, exemplified in the jaw joint. 
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While the expression of transcription factors in the lamprey cartilage and mucocartilage 

has been now elucidated for most of the candidate genes, little attention has been given to the 

proximal effectors of cartilage differentiation, such as the ground substance proteins or enzymes 

of the biosynthetic pathway of cartilage. Also, the resolution of the expression analysis is 

insufficient to make decisive conclusions about contributions of cells expressing a particular 

transcription factor at stage 26.5 into the mucocartilaginous tissues arising much later. 

The first goal of this thesis is to describe the development of oral and pharyngeal cavities 

in lamprey in order to understand the context where skeletal elements occur and to assess the 

similarities between lamprey and gnathostomes in mouth shaping. 

It is also intended to bring a comprehensive account of histogenesis and morphogenesis 

of mucocartilage as it develops from undifferentiated mesenchyme into discrete skeletal 

elements and to identify and characterize these elements both on the basis of their topology and 

genetic background. 

Another aim is molecular cloning and expression analysis of genes orthologous to 

important markers of gnathostome cartilage, namely aggrecan and other members of the 

lectican family and xylosyltransferases, enzymes involved in proteoglycan synthesis. Analysis of 

gene expression of lamprin, the unique component of lamprey cartilage is attempted, as the 

previous analyses are insufficient (McBurney et al. 1996). 

Based on these grounds I attempt to establish possible homologies between oral regions 

and skeletal elements in lampreys and gnathostomes and address the existing scenarios on the 

evolution of jaws.  
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The embryos and larvae of Petromyzon marinus used for the present study were 

collected by members of the Medeiros lab at University of Colorado at Boulder during several 

years and shipped to our laboratory for analysis. Most of the material analyzed during my stay at 

the Medeiros lab was collected during the lamprey spawning season of 2011.  

Ripe sea lampreys from the Great Lakes area were transported to the laboratory and 

kept in chilled tanks. After fertilization, the embryos were grown, fixed at respective stages as 

described by Tahara (1988) and kept in 100% methanol at -20°C. Fixation in methanol was 

chosen to preserve the nucleic acids essential for successful in-situ hybridization. The stages 

used for the present study are listed in the following table, together with the corresponding age 

in days after fertilization. See also figures II.2 and II.3 for stages used in histological analysis. 

 

Stage 21 23 24 25 26 26.5 27 28 29.5 Early larva 

Age (dpf) 7.5 9 11 12 15 17 18 22 30 40 

Table II.1 Stages used in this study 

 

The sea lamprey genome assembly (Pmarinus7.0) at the Ensembl.org website was used 

for the search of the lamprin mRNA sequence as well as the homologs of gnathostome cartilage 

markers. Resulting sequences were then compared to their gnathostome equivalents using 

BLAST (Altschul et al. 1990).  

Probes for in-situ hybridization were designed to be about 500 bp long and to target the 

coding sequence of their respective mRNAs. In case of large genes, such as members of the 

lectican family, regions of homology with their gnathostome orthologs, near the N-terminus, 

were chosen. 

Primers were designed using APE (Davis 2008), software for plasmid editing, and their 

designated physical properties were further fine-tuned using online programs, namely 

OligoAnalyzer and OligoCalc. Due to the high GC content in the lamprey genome, a typical primer 

was about 20 bp long with melting temperature about 60°C. 

 

The protocol used for obtaining clones was the Invitrogen TOPO® TA Cloning® Kit for 

Sequencing, with modifications made by members of the lab to save the reagents.  

Primers were rehydrated in dH2O and added to the PCR reaction (table II.2). As the 

template, a cDNA mixed from embryonic tissues of various stages up to stage 26 together with 

an adult brain was used. The polymerase used was a GoTaq® DNA polymerase supplied by 

Promega. 
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 Ingredient Amount (µl)  

Master Mix dH2O 39 

Buffer 5 

dNTPs 1 

DMSO 2.5 

 Primer F (100 pmol/µl) 0.5 

 Primer R (100 pmol/µl) 0.5 

 Template 1 

 Taq polymerase 0.5 

Table II.2 PCR set up per 50ul reaction 

 

The PCR protocol involved an extra step at the beginning, 2 minutes at 94°C. Only after 

this pre-heating step, the polymerase was added in order to achieve “hot-start” conditions which 

are essential to avoid non-specific amplification and cheaper than a hot-start enabled 

polymerase. After 35 cycles, the last elongation step was extended to 10 minutes to maximize 

the yield. 

Amplified products were run on an agarose gel electrophoresis and the bands 

corresponding to the length of expected fragments were excised from the gel under UV light. The 

DNA was then extracted using the Promega Wizard® SV Gel and PCR Clean-Up System. This 

procedure involves resuspending the gel in a membrane binding solution, pulling the solution 

with vacuum through a silica membrane where the DNA is bound. After several washes in 

ethanol-based washing solutions, the DNA is eluted in dH2O or a special, Elution Buffer. I 

preferred distilled water for elution. 

Cloning itself was performed using the pCR®4-TOPO® vector (figure II.1). The basis of TA 

cloning is the overhang of deoxyadenosine at 3‘end of PCR products amplified by the GoTaq 

polymerase. These overhangs complement the deoxythymidine overhangs present in the 

aforementioned vector and this complementarity aids the ligation process, which is, however, 

carried out by a topoisomerase attached to the vector. Once the desired fragment was 

successfully inserted into the vector, the ligated mix was added to a suspension of competent 

Escherichia coli cells. 

The bacteria were then grown overnight at 37°C on plates with Lysogeny Broth (LB) 

containing Carbenicilin or Kanamycin in order to select only the successfully transformed 

bacterial colonies. Aside from conferring the resistance to these antibiotics, the pCR®4-TOPO® 

vector allows positive selection of correctly ligated clones via disruption of a lethal gene that is 

expressed if no insert has been ligated into the vector. 

 

Successfully transformed colonies were then selected and a Colony PCR procedure was 

carried out in order to screen for those colonies that contained an insert with a length 
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corresponding to the respective designed probe. Colony PCR saves resources by allowing 

choosing only those colonies that are likely to contain the desired insert to be sent for 

sequencing. 

Colony PCR differs from a standard PCR protocol used elsewhere in this work in several 

steps.  

The master mix already contains the GoTaq polymerase. Due to a high specificity of the 

M13 primers, which target the regions flanking the insert, hot-start conditions are not necessary. 

Green GoTaq® buffer is used to save time as it already acts as a loading dye visible under UV 

light. To serve as the template, a tip with a bacterial colony picked from the plate was dipped 

twenty times in the master mix. (The tip was then left in a PCR tube with LB and antibiotics at 

37°C while the PCR reaction was under way). First step of the PCR procedure was extended to 

10 minutes at 94°C so that the bacteria lyse and the template become available for the 

polymerase. 

 For each plate representing a gene, three to five colonies were picked for Colony PCR. 

When presence of an insert of a correct size was shown on an agarose gel, the respective colony 

was grown overnight in an open tube containing 3 ml of LB with 3ul of antibiotics (usually 

Kanamycin or Carbenicilin, stock soln. 100mg/ml) on a shaker at 37°C.  

Finally, the bacteria were microcentrifuged and the vector was isolated using a kit 

provided by Promega. 

 
Figure II.1 A schematic overview of the pCR®4-TOPO® vector 
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Prior to sequencing, the clones were digested with EcoR1 in order to check for inserts. 

The vector pCR4® contains an EcoR1 restriction site just flanking the insertion site. The reaction 

was conducted at 37°C in a an oven for 1 hour (table II.3). 

 

Ingredient Amount 

dH2O 15 µl 

Enzyme buffer 2 µl 

Clone (DNA) 2 µl 

EcoR1 1 µl 

Table II.3 Restriction reaction 

 

After confirming the appropriate insert length on an agarose gel, the concentration of 

DNA was measured on a spectrophotometer. 

The clones were diluted in dH2O so that the overall amount of DNA in a sample was 

between 100 and 200 ng. 1 µl of T7 primer (20pmol/µl) was added to the mix (10 µl altogether) 

and the tubes were sent to a sequencing facility along with the information on concentration of 

DNA present in the samples. 

Sequences obtained from the samples were analyzed with BioEdit® software. Clones 

with sequences corresponding to the designed probe were then used for probe synthesis. 

 

The crucial and one of the most costly moments of the gene expression analysis is the 

riboprobe synthesis. During this procedure, the DNA of the clone is transcribed into RNA which 

can be used for the in-situ hybridization. All steps need to be carried out in RNase-free 

conditions. 

First step is the linearization of the plasmid which is essential for efficient transcription 

that follows. Between 1 and 2 µg of plasmid DNA was digested with appropriate enzyme 

(opposite the RNA polymerase binding site that would give an antisense RNA). 

Example: The sequence obtained using the T7 primers (mentioned above) is same sense 

as the original mRNA. In order to transcribe antisense probe, the plasmid needs to be cleaved 

near the T7 priming site, in our case with the Not1 endonuclease. For subsequent transcription, 

the T3 polymerase is employed. 

The 90µl linearization reaction was usually done overnight at 37°C in an oven with 1 µl 

of the restriction enzyme. Complete linearization was checked on a gel. 

Second step involves the extraction and purification of DNA. Phenol-chloroform method 

was used to extract the DNA and the precipitation was done using ethanol and sodium acetate. 

Purified DNA was resuspended in 12 µl DEPC dH2O. Presence of the linearized plasmid was 

checked on a gel. Riboprobe synthesis was subsequently set up in a 1.5ml tube (table II.4). 
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Ingredient Amount (µl)  

5x Transcription buffer 4 

DTT (100mM) 2 

DIG labeled nucleotides 2 

Linearized DNA in DEPC dH2O 11 

RNA polymerase (T3 or T7) 1 

RNase inhibitor 0.25 

Table II.4 In-vitro transcription set up 

 

The 20µl transcription reaction was conducted overnight in an oven at 37°C. On the 

following day, 1 µl of DNase was added to the solution for 15 minutes in order to digest the DNA. 

Unincorporated nucleotides were then removed with a G-50® ProbeQuant Micro Column 

kit (illustra). RNA was then precipitated with lithium chloride and ethanol. Successful 

purification was checked and an approximate concentration of the probe was obtained by 

running a sample (1 µl) on a gel. 

 

In order to visualize the expression pattern of a particular gene of interest, the probe 

needs to infiltrate the embryo (whole mount) and bind specifically to its complementary mRNA. 

The procedure can be divided into several steps corresponding to days. Usually the 

whole procedure takes four days, depending on the quality of probe and strength of expression, 

the last step can be extended up to several days. 

First step involves permeabilization of the embryo via Proteinase K treatment. The 

enzyme partially digests the embryo so that the probe can access the interior. After a brief 

fixation in paraformaldehyde (PFA), the embryo is transferred into pre-hybridization solution 

and heated in a hybridization oven to 63°C. Finally, the pre-heated probe is added to the solution 

and hybridization is left to run overnight in rotating tubes, so that the probe can reach 

everywhere in the embryo. 

Following day the excess probe is washed out by changing a hot washing solution 

(modified hybridization solution) several times so that only the probe that has hybridized to 

target mRNA is left stuck in the embryo. Washing solution is then replaced by MAB-T, maleic 

acid based buffer and the temperature is lowered to room conditions. Prior to incubation with 

anti-DIG antibody, the embryo needs to be “blocked” by a solution containing sheep serum and a 

blocking reagent. This step reduces the random, non-specific binding of the antibody. Then, the 

antibody is added and the incubation itself takes several hours at room temperature but is 

usually left to run overnight at 4°C on a shaker. 

Next day involves several washing steps (up to 7) in MAB-T so that no antibody that 

hasn’t bound to the probe is in the embryo.  
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On the last day, the MAB-T solution is replaced by NTMT which is an alkaline 

phosphatase buffer (or pre-staining buffer). This solution is again replaced by BM-purple stock 

solution. BM-purple serves as a substrate for alkaline phosphatase, an enzyme that is fused to 

the antibody. The phosphatase removes a phosphate from originally yellowish BM-purple, 

turning it into a purple precipitate. The stain development needs to be checked carefully at least 

every half an hour to avoid overstaining in some extremely fast developing probes. In some 

cases, NBT/BCIP is used instead of BM-purple as it develops at a slower rate. 

When the pattern is dark enough and specific at the same time, BM-purple is removed 

and specimens can be stored in methanol at -20°C after a brief fixation in 4% PFA. 

 

In most cases, especially at later stages, a whole mount observation does not give enough 

information and sectioning is essential to obtain a complete idea about an expression pattern.  

Embryos were transferred from methanol to 0.1M PBS. No significant difference was 

observed whether the transfer between the two solutions was abrupt or gradual. After cutting 

off the tails an infiltration of sucrose (dissolved in PBS) was carried out in two steps (7.5% and 

15%), each lasting between 2 and 3 hours at room temperature. Meanwhile, two solutions of 

gelatin (7.5% and 20%) in 15% sucrose were prepared. The embryos were left in both for 6 

hours up to overnight to achieve complete infiltration of gelatin. These two steps were done in a 

water bath at 37°C. 

The specimens were then carefully oriented in wells of embedding mold, frozen (one 

hour in an -80°C freezer resulted adequate) and sectioned with the Leica CM 3050S cryostat. 

Sections of 14-18 µm were collected on Super Frost Plus slides (Fisher Scientific) and 

counterstained using Nuclear Fast Red (Vector Laboratories) to obtain better tissue context. 

Dried slides were mounted in DPX (Fluka). 

 

Histological analyses were carried out both at Colorado University and in Prague with 

protocols differing in details. 

Embryos for JB-4 histology were initially transferred from 100% methanol into 100% 

ethanol (usually in a single step) and rocked for several hours. Ethanol was then replaced with 

100% solution of catalyzed Monomer A. This solution was replaced three to five times. 

Prior to embedding, solution of Monomer A+B was prepared in the ratio of 25:1 and 

dispensed into the wells of a silicone 21-well embedding mold (Polysciences). The specimens 

were quickly transferred into their respective wells and appropriately oriented.  

As the polymerization of JB-4 requires anaerobic conditions, the silicon embedding mold 

with slightly overfilled wells was enclosed in a desiccator attached to a nitrogen source. Nitrogen 
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flowed into the desiccator for at least one hour until the resin had completely polymerized and 

hardened. The blocks were stored in tubes at room temperature under normal conditions. 

Literally on the eve of the sectioning day, moisture had to be breathed into the tubes so 

that the following morning the consistency of the blocks would allow trimming with a razor 

blade. Appropriately trimmed blocks were glued onto microtome chucks with an epoxy.  

Sectioning was done on a manual microtome at 4 µm with a glass knife made from a 

standard slide (Superfrost). Due to arid conditions in the Colorado area, the room for sectioning 

had to be humidified to relative humidity between 55-65% with an electric cool mist humidifier. 

An essential trick developed in the Stock lab for improving the effectiveness of sectioning lies in 

spreading barge cement along the bottom of the block that allows the ribboning of sections. The 

ribbons of several centimeters were transferred on a clean and dry paper with forceps, cut into 

strips of 10 to 15 sections which were then made to expand on the water surface in a bowl. 

These expanded strips were then collected on a slide using an eyelash brush, dried, stained with 

Toluidine Blue for 15 sec and mounted in DPX. 

In Prague, this procedure was largely followed as closely as possible. However, instead of 

glass blades, a Tungsten-Carbide blade mounted on a standard microtome (Leica) was used to 

reach similarly reliable results. Also, Azure-B/Eosin staining solution was utilized due to its 

availability in the laboratory, substituting the Toluidine Blue dye. The two staining methods 

yield virtually identical results. 

 

A combination of vibratome sectioning and SEM visualization allows a three-dimensional 

observation of the oral and pharyngeal cavity. Some of the embryos used for this technique had 

undergone hybridization before, but no significant deterioration of these embryos was observed. 

Specimens were initially fixed in 4% PFA overnight and transferred to 0.1M PBS just 

before the sectioning. Postcranial portions of the animals were discarded. Embryos were 

embedded and positioned in warm 1% agarose (70°C) under a stereo microscope. The trimmed 

agarose molds containing specimens in a desired orientation were glued to a vibratome chuck 

with superglue.  

Next, midsagittal sections through embryonic heads were done using the vibratome 

LEICA VT1200S. This was especially tricky, as the correct plane and depth of the cut was difficult 

to achieve. Speed was set at 1 mm/s and amplitude of vibrations at 1 mm. Sections were 

collected in tubes, remaining agarose was discarded. Postfixation was done in 4% PFA for 12 

hours as a minimum. 

For the electron microscopy, the specimens were dehydrated through an ascending 

series of ethanol solutions ending in 100% ethanol and dried in a CPD (Critical Point Drying) 
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chamber in the Laboratory of Electron Microscopy at the Faculty of Science of the Charles 

University in Prague. 

Dried specimens were positioned on metal plates with sticky tapes on the side facing up, 

coated in gold in the Bal-Tec Sputter Coater 050 and observed under the microscope JEOL 6380 

LV. 

 

The whole mounts were observed and photographed under the stereo microscope 

Olympus SZX12 in a standardized fashion – two pictures were taken, one of the ventral and one 

of the lateral side of the embryonic head. To obtain images with a depth of field encompassing 

the entire specimen, z-stacking was used and images were merged by QuickPHOTO MICRO 

software (Promicra). 

Histological sections were observed under Olympus BX51 microscope and images were 

photographed by a high-resolution camera Spot. Some specimens were observed under Olympus 

AX70 microscope with camera Olympus DP72. This latter microscope allows differential 

interference contrast illumination technique (DIC). In most of the cases, however, DIC didn’t add 

any significant value to the visualization provided by simple bright-field observation. Figures  

were made using Adobe Photoshop CS4 on Mac computers.  
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Figure II.2 Selected stages of embryonic development of the sea lamprey 

Figure II.3 Selected stages of embryonic development of the sea lamprey (detailed) 
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“It is utterly impossible for any figures to give an adequate idea of the beauty of the 

transparent sections.*1” 

- prof. William Parker (1883), p.40 

 

This chapter consists of three sections, each dealing with a different approach to the 

study of development. The order of the subchapters was chosen to facilitate understanding the 

subject along the line of shaping – elements – genetic regulation. 

In the first section I give an overview of later embryonic development with focus on the 

head. Using the scanning electron microscope images I describe the main morphogenetic 

processes shaping the area of interest – the oral and pharyngeal cavities. 

The second section deals again with the morphogenesis of the head, but the focus is on 

the mucocartilaginous tissues arising near the end of the embryonic phase. An approach of 

precise histology was chosen as it gives cell-level resolution while maintaining the tissue context 

obvious at the same time. 

The last section focuses on the genes involved in the process of neural crest, muscle and 

cartilage differentiation. The expression patterns are put into the context of previous histological 

analysis to obtain a clearer idea of origin, extent and morphological significance of 

mucocartilage. 

 

 

In order to understand the morphogenesis of the lamprey oro-pharyngeal complex, a 

technique such as scanning electron microscopy convenes more than traditional histological 

analysis as it provides the necessary three-dimensional information. Existing SEM studies of 

lamprey development focused on the neural crest migration pattern (Horigome et al. 1999) or 

mesodermal contributions (Kuratani et al. 1999), mouth formation was only briefly discussed in 

Kuratani (2001). My aim was to reveal the tissue context and development of the stomodeum, to 

point out the regions where skeletal elements are to arise as well as features of walls of the oro-

pharyngeal complex that are difficult to observe on histological sections.  

Standardization of the procedure of mid-sagittal (paramedial) sectioning was rather 

difficult due to the small size of embryo and the challenge of precise orientation of the embryo in 

                                                             
 

1 There is a beautiful footnote at this place in the original treatise by the late prof. Parker which deserves pasting: 
*The thin sections were made by one of my sons, and the camera-drawings by another. 

Both of his sons were zoologists and university professors. 
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agarose gel and subsequent vibratome section. The goal was to obtain two halves showing the 

entire oral and pharyngeal cavities. Later stage specimens suffered from the cavities filled with a 

gel-like substance (possibly agarose) that impeded the observation. Pseudo-coloration was 

carefully added to demonstrate the endodermal (yellow) and ectodermal (blue) tissues. 

 

The first cavity to arise in the lamprey embryo is the archenteron (white arrowhead in 

fig. III.1A), shown in a stage 21 individual. The anterior part of archenteron later becomes the 

pharyngeal cavity. 

At stage 24, the stomodeum appears as a shallow invagination of oral ectoderm (fig. 

III.1B, asterisk). Pharyngeal walls have started to evaginate laterad, forming pouches in antero-

posterior direction (figs. III.1B, 1E).  

At stage 25 (fig. III.1F, detail only) stomodeal cavity is engulfed by forming upper and 

lower lips from antero-dorsal and ventral sides, respectively. The tip of the upper lip points 

ventrad at this moment. The oral cavity itself is narrow, laterally flattened. 

Next pair of figures (III.1C, 1G) shows an individual of stage 26. Pharynx has developed 

seven branchial pouches. Endostyle is forming in a complex morphogenetic process involving 

ventral invagination of pharynx that is covered by an outgrowth of endodermal tissue in antero-

posterior direction (white arrowhead in figs. III.1F and III.1G). Stomodeum grows further 

caudad but retains the laterally-flattened shape while the lips surrounding the mouth opening 

extend. The posterior growth of stomodeum pushes the velar bars apart like a wedge pointing 

ventro-caudally. The oral and pharyngeal cavities are still separate and a frontal section (of a 

slightly older specimen) through the anterior aspect of velum shows a vertical slit marking the 

site of the future oropharyngeal membrane (fig. III.1H, white arrowhead). 

At stage 27 (figs. III.1D, 1I and III.1M), major changes have occurred. Pharynx now 

exhibits the complete set of nine pharyngeal (= visceral) arches, endostyle has completed the 

invagination process. The oral hood has started to rise, pushing the nasohypophyseal opening 

into the rostralmost tip of the head (fig. III.1D, asterisk). The shape of the stomodeum has 

changed dramatically from a slit-like aspect to a spacious cavity. The change is best 

characterized as a lateral widening forming two compartments, the anterior, buccal and a 

posterior, oral that abuts the pharyngeal endoderm caudally. Tentacles arise at the boundary 

between the two compartments, from the lateral walls of the stomodeum. Single median tentacle 

rises from the lower lip. A frontal section through the buccal compartment shows that seven 

tentacles are present at this stage of development (fig. III.1M). The posterior expansion of 

stomodeum also brings about the formation of velum which attains a shape of two antero-

posteriorly flattened columns engulfed by ectodermal epithelial lining from the anterior side and 

pharyngeal epithelium posteriorly. At the median, where no mesenchyme impedes the contact of 



Results 

39 
 

the two epithelia, an ectoderm-endoderm boundary is seen as a thin membrane (white 

arrowhead in fig. III.1I) and a hint of how the union of the two cavities occurs is given: when 

ectoderm protruding caudad reaches the transversal endodermal wall, its growth continues 

sideways, partially engulfing the velar flaps from posterior side. Before this process proceeds 

further, the rupture of the membrane occurs and the gut becomes continuous with the exterior. 

 Figures III.1K and III.1L represent two halves of embryo at stage 28. Upper lip points 

more dorsally than previously, enlarging the mouth opening. Another pair of tentacles is seen to 

emerge in the ventro-lateral corner of the mouth opening. 

A lateral section of an individual at the end of its embryonic development shows the 

aspect of all pharyngeal arches (fig. III.1J). Velum (PA1) is seen as a thin curtain hanging from 

the roof of the oropharyngeal cavity, attached ventro-caudally to its floor. Velum represents the 

first pharyngeal arch as its posterior lining is of endodermal origin and thus partially belongs to 

the pharynx. The second pharyngeal arch (PA2) lies slightly anteriorly to the otic capsule and 

possesses gills only on its posterior portion (hemibranch). The first pharyngeal opening lies 

behind this arch but it is obscured by agarose. Branchial arches, lying posteriorly to the otic 

capsule, have developed gill epithelium on both anterior and posterior sides (holobranch). 

 

 

 

While the information on gene expression patterns abounds in recent studies, a precise 

histological analysis of the head development is lacking. Most recent histological figures are 

more than half a century old and none of the principal studies involved color photographs. The 

dyes used in this study, AzureB/Eosin and Toluidine Blue were chosen because of their 

capabilities of differential staining of various tissue and cell types. Thus, nuclei stain dark blue, 

cell bodies exhibit a “cerulean” tint, yolk granules appear as very light blue. Furthermore, a 

metachromatic staining (i.e. different tone from that possessed by the dye) of 

mucopolysacharides allows to easily distinguish gnathostome cartilage, which appears purple. I 

tested its effect on lamprey tissues and found it highly specific (but not exclusive) to what is 

commonly described as mucocartilage. AzureB/Eosin staining method is virtually 

indistinguishable from and interchangeable with the widely employed Toluidine blue dye. 

Morisson et al. (2000) showed that chondrogenesis of branchial skeleton commences at 

14 days post-fertilization. This age corresponds to an early stage 26. No signs of mucocartilage 

have been observed at this stage, therefore I designated stage 26 as a starting point for the study 

of development of the mucocartilaginous elements. Then, I performed serial sectioning of 

embryos of stages 26, 26.5, 27, 28, 29.5 and an early larva (approx. 40 days old) in three planes: 

sagittal, frontal and horizontal.  
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Each subchapter corresponds to a particular stage of development. First, major 

developmental landmarks of each stage are outlined in a general overview, usually aided with a 

mid-sagittal section, then a detailed description of the visceral structures and elements is given. 

The logic of describing elements in an antero-posterior direction is maintained where possible. 

 

By this stage, the neural crest cells have ceased to migrate and start differentiating into 

their specific fates. Stomodeum, or the oral cavity, has developed as a relatively narrow 

longitudinal slit with the transverse mouth opening facing downwards (fig. III.2A, also fig. III.1C). 

No structure is stained metachromatically by AzureB/Eosin at this stage, i.e. no purple shades 

indicating secretion of mucopolysacharides are discernible. 

In the preoral region, upper lip had formed as a dorso-rostral roof of the mouth. Figure 

III.2D shows a frontal section of upper lip filled with mesenchyme which consists of scattered 

cells surrounded by a thin extracellular matrix (mes). In the lower left quarter of the figure, 

mesodermal cells of a distinctly different morphology develop into muscles (black arrowhead). 

Posteriorly, stomodeum is enclosed by velum, a paired vertical structure arising at the 

boundary of endoderm and ectoderm (thoroughly described in previous chapter). Figure III.2C 

shows the composition of a velar bar at a cross-section (pseudo-colored to distinguish different 

cell populations).  

The filling of velum is distinctly heterogeneous, mesenchymal cells of mesodermal origin 

can be distinguished from those derived from the neural crest solely on the basis of their 

appearance: whereas neural crest cells (green) are round and devoid of yolk granules, 

mesoderm (red), derived from yolk-rich endoderm, still retains some yolk granules at this stage, 

facilitating the distinction. At stage 26, the oro-pharyngeal, ectoderm-endoderm boundary is 

seen as a thick epithelial wall (fig. III.2C; white arrow). Again, an easy distinction of the two germ 

layers can be done with the aid of abundance of yolk granules in endoderm (yellow) and their 

absence from ectoderm (blue).  

The floor of stomodeum is formed by a flat, mesenchyme-filled lower lip, (llp, fig. III.2A). 

Figure III.2F shows a frontal section of pharynx at the level of rostral edge of the otic 

capsules. The region of second pharyngeal, or mucohyoid, arch contains a mesenchyme filling as 

well as a cavity, the hyoid artery (figs. III.2C, 2F; ha). This prominent artery does not have any 

equivalent in other arches, for example, the third pharyngeal arch (PA3) apparently lacks any 

cavity (fig. III.2C).  

Close observation of the cross-section of PA3 also reveals that no cartilage can be 

distinguished at this stage. However, thickening and condensation of the neural crest 

mesenchyme presages chondrogenesis (compare black arrows marking the lateral layer of 

neural crest cells in PA1 (fig. III.2E), PA2 (fig. III.2F) and PA3 (fig. III.2G). 
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During this stage, the pharyngeal arches become more compacted and the previously 

plain surface of stomodeum begins to develop various projections into the cavity. In general, 

shapes get more pronounced and more complex. 

The upper lip attains a curved shape and starts to form an “oral hood” over the mouth 

(fig. III.3A). Internal composition of upper lip consists of distinct striated muscles and adjacent 

mesenchyme which has somewhat loosened, indicating that extracellular matrix is being 

secreted between the cells (fig. III.3B). Melanocytes invading the area are visible as star-shaped 

dark cells (fig. III.3B, black arrow). 

White arrows in the figure III.3C show loosening mesenchyme at the AP level of 

anteriormost lower lip. This mesenchyme lies medially to the origins of the oral hood 

“overhangs”. 

Novel features of the walls of the oral cavity appear: the oral tentacles. On a horizontal 

section (fig. III.3G), two pairs can be observed, one arising rostro-dorsally and the other 

originating in the lateral walls of stomodeum (asterisks). Ventrally, a projection rises from the 

lower lip, the median tentacle (mt; figs. III.3A, 3D, 3G). The projection continues further caudad 

along the median of the stomodeum floor. In the ventral part of the figure III.3E, ventral-most 

aspect of velum as well as a posterior continuation of the medial tentacle can be observed.  

At the level of first pharyngeal arch, the velar flaps have moved further apart from each 

other and from the body walls due to extension of stomodeal cavity (fig. III.3D). Oro-pharyngeal 

boundary remains only as a thin membrane (figs. III.3A, 3F, black arrowheads). The rupture of 

the membrane is imminent as the ectoderm of stomodeum  grows beyond the medial tips of 

velar flaps and continues its growth laterad (detailed in fig. III.3G).  

At the level of pharyngeal arch 2, the hyoid artery can be observed, now filled with blood 

cells of distinct morphology. The mesenchyme lateral to the artery, previously tightly packed, 

seems to be loosening (figs. 2E, 2F, white arrowheads).  

 

This stage is characterized by the rise of the oral hood, which pushes the nasal opening 

into rostral position and opens up the mouth opening. Also, oro-pharyngeal membrane has 

ruptured and oral and pharyngeal cavities become continuous. Gill epithelium appears in 

anterior branchial arches. Some mesenchymal tissues attain a purple shade, first indication of 

nascent mucocartilage. 

The musculature of upper lip attains a highly regular internal structure of crossed fibers 

embedded in the loose purple stained mesenchyme (fig. III.4F).  

The mid-sagittal section shows further growth of the medial tentacle (fig. III.4A, mt). The 

paired oral tentancles are visible horizontally sectioned in figure III.4D, but their detailed view is 
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provided in the frontal sections (figs. III.4G, 4H, 4I; black arrowheads). There are three pairs of 

tentacles at this point (corresponding to SEM figure III.1I). The dorsal pair arises from the roof 

of the mouth (fig. III.4G). The lateral (fig. III.4H) and ventral (fig. III.4I) pairs arise from definite 

areas on each side, characterized by loose mesenchyme (white arrows in figs. III.4B, 4D, 4I). This 

paired structure, introduced previously in the figure III.3C, corresponds to the lateral mouth 

plates described in the literature (Johnels 1944, 1948) and divides the stomodeum into two 

halves: the anterior, buccal half, surrounded by the oral hood and limited posteriorly by the 

tentacles, and the posterior, oral half, restricted by the lateral mouth plates and tentacles 

anteriorly and by velar flaps posteriorly. 

Velar flaps are connected only in the dorsal part (where the oropharyngeal membrane 

still remains, visible in fig. III.4C) and their shape could be described as compact and slightly 

convex towards the anterior (figs. III.4C, 4D). This sickle-like shape is also visible in frontal 

sections, where figure III.4J shows anterior section of velum and figure III.4K, lying a little 

posteriorly. In the latter figure, the attachments of velum can be observed: at the body wall at 

the lateral side (gray arrowhead) and near the notochord at the medial side (black arrow), 

respectively. Of course, the dorsal attachment of velum is continuous, but its medial and lateral 

extremes exhibit morphological differences and deserve further attention at later stages. 

The medial tentacle rises highest at the level of velum flaps, together forming a barrier 

preventing large particles from entering the pharynx. Caudally, the medial tentacle passes into a 

medial ridge commonly reffered to as the ventro-medial longitudinal bar (figs. III.4J-4M, vmlb). 

This ridge continues caudally as far as the endostyle (not shown). 

Figure III.4B, representing sagittal section lateral to that in fig. III.4A, shows three 

vertical segments of the oro-pharyngeal area – the white arrow marks one of the lateral mouth 

plates. Posteriorly to the lateral mouth plates, we observe velum and even further, pharyngeal 

arch 2. In the dorsal region of the latter, a patch of strong purple stain is visible (fig. III.4B, white 

arrowhead). The same region is presented on a frontal section (fig. III.4L), where its position, 

lateral to the hyoid artery, is evident. At the AP level of otic capsule (fig. III.4M) a faint shade of 

purple marks the lateral mesenchyme at all DV levels. 

The tissues that are stained purple by AzureB/Eosin are not restricted to the head. In a 

frontal section at the level of embryonic trunk, we can observe the metachromatic staining in the 

mesenchyme of the dorsal fin (fig. III.4E, black arrow). 

 

Next stage is characterized by further growth of the mouth and pharynx. The oral hood 

rises and the embryo acquires a snout-like rostrum. While most of the cartilages of the branchial 

basket have developed by this stage, the mucocartilaginous skeleton only now begins to attain a 

shape. The features of the stomodeum gain their definitive position. The mouth is clearly divided 
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into two compartments separated by lateral mouth plates. The figure III.5 provides the reader 

with sagittal and horizontal sections, frontal sections are found in the figure III.6. 

The tentacles are filled with mesenchyme, as it is apparent from the figures 5A and 5B. 

The lateral mouth plates attain a dark purple shade and frontal sections reveal its position 

medial to the musculature, which is topologically opposite to the position of the skeleton of most 

posteriorly lying visceral arches (compare for example with PA2; figs. III.6B, 6C, 6D with 6G), 

which originally arises externally to the corresponding muscles and innervation. 

The other exception to this “external” rule is the medial portion of the velar flap. The 

degree of metachromatic staining in velum is not as high as in lateral mouth plates but the 

dorso-medial site of its attachment is distinctly purple and thus might be considered another 

element of the mucocartilaginous skeleton (fig. III.5G). In figure III.6F we can see a frontal 

section at the level of velum, where the medial side connects to the parachordal (trabecle; white 

arrowhead). 

Profound differences in the composition of the preotic and postotic arches are evident 

from the lateral sagittal section (fig. III.5H). While the second arch stains purple in its core (black 

arrowhead), no clear boundaries that would allow to consider the stained connective tissue an 

“element” are present. On the other hand, the cartilage of the third arch (first branchial; grey 

arrowhead) is condensed and very distinct from the surrounding tissue by its stack-of-coins 

morphology. 

The differences of the cartilaginous and mucocartilaginous arches are also apparent in a 

horizontal section (fig. III.5D), where yellow dotted line delineates presumptive mucocartilage 

and red lines delineate cartilaginous elements (left side of the head only). The black arrow 

indicates a cross-section of the cartilaginous loop around the first branchial pouch, the white 

arrow points at the vertical bar of PA3 and rostrally, trabecle running along the notochord is 

sectioned .  

A pair of frontal sections help to visualize how the mesenchyme is considerably stained 

all around the pharynx at the AP level of the otic capsule (fig. III.6G). At the AP level of branchial 

basket (fig. III.6H), the purple shade is restricted to the area surrounding endostyle and 

hypobranchial bar (white arrow marks the mucocartilage, gray arrowhead marks the cartilage 

bar). 

 

At the end of the embryonic development, the cartilages support the functional branchial 

basket and the individual is prepared for larval phase of its life cycle. However, 

mucocartilaginous tissues are still developing at this stage; all previously described sites of 

mucopolysacharide deployment, stain more densely.  
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A mid-sagittal section shows that upper lip now points almost rostrally. The tentacles 

now form a ring around the oral opening, somewhat visible in the figure III.7B and detailed in 

figures III.7E, 7F and 7G. The serial alignment of visceral arches is demonstrated in a para-

sagittal section (fig. III.7A). 

Velum, previously stained only faintly, now attains a darker shade, especially at the 

medial site of its attachment, adjacent to the trabecles (fig. III.7H). 

At the AP level of otic capsule and PA2, we can observe purple staining extending from 

the ventral-most up to the subotic region, where the shade is most saturated (black arrowheads 

in figs. III.7C and III.7J). (vlp; the section presented in fig. III.7C is dorsal to that in fig. III.7D). 

This area, corresponding to mucocartilaginous ventro-lateral plate, reaches anteriorly towards 

the median tentacle (fig. III.7I) and posteriorly surrounds the endostyl and embeds the 

cartilaginous hypobranchial bar (black arrow; fig. III.7L). Its dorsal extension is highest at the AP 

level of otic capsule where it merges with the subotic mucocartilage of PA2 (fig. III.7K). 

 

In accordance to the descriptions of earlier authors, it can be now stated that the tissues 

stained metachromatically, i.e. purple, by AzureB/Eosin generally fit to the described 

mucocartilaginous elements. Thus, a brief summary of the elements and their relative position to 

other tissues in an early ammocoete larva can be provided based on the method used in this 

study. In brackets are the alternative names of elements. Figure III.8A provides a general mid-

sagittal view of the oropharyngeal area: mouth opening points almost rostrally and all elements 

occupy their definite larval position. 

The upper lip mucocartilage (=rostro-dorsal plate) is located in deeper layers of 

mesenchyme. The most densely stained areas of upper lip are those adjacent to the brain from 

anterior and lateral sides (e.g. white arrows in figs. III.8B` and III.8F). The musculature of the 

upper lip is completely embedded in mucocartilage but generally lies in the lingual* part. A 

cross-section of the upper lip is presented in the figure III.8E. 

Oral tentacles have increased in number and there seems to be five pairs in an early 

ammocoete, although an individual variability cannot be excluded. I termed the tentacle pairs 

dorsal, dorso-lateral, lateral, ventro-lateral and ventral. The first two pairs originate at the roof 

of the mouth, the latter three growth mediad from the lateral mouth plates. It is highly 

speculative whether the mesenchyme filling the tentacles could be considered mucocartilage, as 

the staining is rather faint.  Sections of oral tentacles are presented in figures III.8J-III.8O, where 

lateral mouth plates can be observed as well. These structures are the most densely stained 

elements of mucocartilage and their vertical orientation and the bar-like appearance bear a 

remarkable similarity to gnathostome cartilages.  
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A single, non-paired mucocartilage-filled feature of the mouth is the medial tentacle 

which protrudes dorsad from the anterior end of the mouth. Caudally it is continuous with the 

ventro-medial longitudinal bar, a ridge that runs down to the level of endostyle. Traces of this 

ridge are visible along AP axis in figures III.8O, 8G, 8H and 8I, where the it rises again (black 

arrow).  

Velum is certainly filled with mucocartilage but the extent and presence of distinct 

elements is ambiguous. The medial flap, attached to the trabecle, stains most densely and might 

be considered the medial velar skeleton (=internal velar bars) (fig. III.8F, 8G; gray 

arrowhead). 

Next frontal section, at the level of otic capsules, reveals the lateral attachment of velum 

where  the purple stain is very dense. This region is evidently continuous to some extent with 

the ventro-lateral plate as suggested by figure III.8H. In the subotic region, the most densely 

stained area (black arrowheads in figs. III.8C', 8H) corresponds to the mucocartilage of 

“mucohyoid” or second pharyngeal arch (=hyoid mucocartilage). 

Posteriorly of the “mucohyoid” bar lies the first cartilaginous branchial bar (PA3; fig. 

III.8I). Interestingly, the mature branchial cartilage does not stain metachromatically as there is 

virtually no extracellular matrix that would bind to the dye. This figure shows the curvature of 

the cartilaginous arch, vital for the respiratory movements during which the branchial skeleton 

contracts and retracts. Ventro-lateral plate surrounds the ventral pharynx at to this level and as 

is apparent from the mid-sagittal section, it continues down to posterior branchial arches (see 

fig. III.8A). 

Figures III.8N and III.8O demonstrate the internal position of lateral mouth plates 

relative to the musculature. Lateral mouth plates arise in the vicinity of the core of the medial 

tentacle (fig. III.8O). Beneath the muscles, ventro-lateral plate extends externally to 

aforementioned elements. 

Besides the structures described in this subchapter, small patches of mucocartilage or 

superficially similar tissue seem to appear just ventrally to the otic capsules (subotic 

mucocartilage) and extensively in the dorsal fin. Within the branchial basket, some purple 

staining might indicate resemblance to mucocartilage but the depth of stain is never even close 

to that of the pre-branchial mucocartilages. 
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Gene  Forward  Reverse 

aggrecan  GCAGCCGCTACAGCCTCAC GAACCCCGTGCGATCCTTGT 

brevican 1
st

 pair 
2

nd
 

pair 

CCCAATCGTTGACCCGCGAG, 
GCGAGGGCGACAAGAACGGATTC 

CAGGCCTCACGTGGCAGTAC, 
AGTACGCGGCGTAGCGTGAGTC 

neurocan 1
st

 pair 
2

nd
 

pair 

TGTGAGCCCGGCTGGCAC, 
TGCTACCGCTACGTGGCAGAAC 

CACCGGGCGTTGCTCACGATG, 
GTTGGCGTGGCGCTGTAGGAAG 

“novel”can 1
st

 pair 
2

nd
 

pair 

ACTACCGCTCGGCGCAGAG, 
GTCGAAGCGCGAGTTGGGG 

TACACCCTGGACTTCGCGAGCG, 
GTTGGCGTAGCGGTACTTGGTGC 

lamprin  ATGGCCGCCGCTATCCAAG TTAGATGGCAGCAACAACAGGC 

xylt1  CATCCAAAGACGCAGGCAAGG AATGGTCGCGGTGGTAGATGG 

xylt2 1
st

 pair 
2

nd
 

pair 

CAGCCAATCTCCGCCACTCC, 
CCTGGCGCATGTCGACCATCTG 

GGTAGTCGGAGCCACTGAGG, 
TGTCAACCAGTGTGGCACAGTGC 

rhoB 
homolog 

 CGCAAGAAGCTGGTGGTGGTGGG CTTCTGGATGGCGGCCCTGGTGG 

Table III.1 Sequences of primers used in this study 

 

 

Aggrecan is one of the major structural proteins of gnathostome cartilage (Kiani et al. 

2002). To characterize its expression in the lamprey, I searched the Petromyzon marinus genome 

assembly and found a contig containing a gene annotated as aggrecan. Due to the long 

divergence time between gnathostomes and lampreys, BLAST search was performed in order to 

find possible paralogs, members of the lectican family. 

A region of high homology to the gnathostome proteoglycans (aggrecan, brevican, 

dermacan, neurocan and versican) was found in three genes beside of the one annotated as 

aggrecan. Two of these were annotated, brevican and neurocan, the third was unknown and 

termed “novel”can (only for the purpose of the present study). No clear one-to-one orthologs 

were identified at this stage.  

Primers were designed against the region of sequence homology. In an earlier 

experiment, when I targeted a sequence within a single exon of the putative aggrecan (with no 

sequence identity to the gnathostomes), subsequent ISH proved unsuccessful. 
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Table III.2 PCR results of the lectican (1st round) and rhoB analysis 

 

All the primer pairs used in the first round of PCR of putative lectican family members 

yielded a fragment of expected length (table III.2). Afterwards, the fragments were cloned into 

the vector and amplified in E.coli. Unfortunately, only aggrecan sequence was correct and 

matched the designed probe. The second pairs of primers against the remaining genes did not 

even yield a recognizable band that could be excised and cloned. 

In situ hybridization of aggrecan showed high specificity of the probe. Expression was 

first observed at stage 25 (figs. III.9A-9D) in the ectoderm surrounding the mouth opening and 

patches of mesenchyme around notochord (fig. III.9C; white arrowheads).  

At stage 26.5 the expression was still present in the lateral walls of stomodeum (fig. 

III.9H, black arrowhead) and mesenchyme of lower lip (fig.III.9L; black arrowhead). Strong 

expression was seen in the mesenchyme of second pharyngeal arch (fig. III.9G 9I, 9K; grey 

arrows) and in the posterior endoderm of branchial arches (figs. III.9G, 9J; white arrows). 

Another domain was observed in lower lip and weaker expression was seen in the mesenchyme 

flanking the neural tube. Later, at stage 27, a domain of expression appeared in mesenchyme 

around and posteriorly to the endostyle (fig. III.9M; black arrowhead). 

By the stage 28, domains with strongest expression were the mesenchyme of the second 

pharyngeal arch (fig. III.9N, 9P, grey arrows) and that surrounding the endostyle and lying 

posteriorly to it (fig. III.9O) and the ventral domain persisted through the stage 30 (fig. III.9Q). 

 

The sequence obtained from the ensembl.org database, annotated as lamprin, was 

identical to that deposited in the NCBI database by a previous ISH study (McBurney et al. 1996). 

Although the amplification, cloning and probe synthesis were successful, no expression pattern 

was observed at stages 26.5, 28, 30 or 40 dpf (data not shown). 

 

A survey of the genome assembly of Petromyzon marinus at ensembl.org yielded two 

paralogs, annotated as xylt1 and xylt2. Cloning was successful only in the former case. However, 

no clear signal of xylt1 expression was observed at any analyzed stage (26.5, 28 and 30). Some 
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unspecific signal was observed in the head at all stages but this might have been background 

expression or extremely weak and ubiquitous signal (data not shown). 

 

The transcription factor Twist was initially analyzed based on the assumption of being a 

possible pan-neural-crest marker (Meulemans et al. 2007). However, the expression analysis did 

not yield much conclusive results.  

Expression patterns prior to the stage examined in this study suggest the expression of 

Twist in neural crest (data not shown). At stage 26, the signal was observed in subcutaneous 

mesenchyme of the upper lip (fig. III.10H), lower lip (fig. III.10E) and pharyngeal arches (fig. 

III.10I). White arrowhead in figure III.10H points at a medial expression domain, in mesenchyme 

underlying the walls of oral cavity. Half a stage later, most of the expression domains were still 

active, somewhat stronger expression was observed laterally to the velum. The aforementioned 

medial expression domains now abut the developing oral tentacles and might correspond to the 

future lateral mouth plates.  

At stage 26.5, the expression was weaker but still present in the subcutaneous layer of 

branchial arches and presumptive lateral mouth plates (III.10J, white arrowhead). Interestingly, 

Twist expression does not mark the neural crest-derived chondrocytes (encircled in fig. III.10K, 

in a slightly older specimen). By the stage 28, no significant signal was observed (fig. III.10L).  

 

The lamprey endothelin receptor A has served as a broad neural crest marker in earlier 

studies conducted in the Medeiros lab (Cerny et al. 2010, supplementary info). I reexamined the 

gene with focus on the anterior pharyngeal arches. The probe used for the analysis of Ednra 

expression was kindly provided by Daniel M. Medeiros. Stages used for in situ hybridization 

were 25, 26.5, 27 and 28. 

Expression pattern at stage 25 characterizes the migrating neural crest cells in lateral 

pharyngeal arches as well as the cells located ventrally to the pharynx and the mesenchyme of 

upper and lower lips (figs. III.11A, 11B). At stage 26.5 the pattern is most pronounced and a 

horizontal section (fig. III.11G) reveals the precise localization of the gene expression within the 

branchial arches into the lateral neural crest cells, the cells that give rise to branchial cartilage. 

However, the report of Cerny et al. (2010) indicated that Endra expressing cells are also located 

in the medial portions of branchial arches (for comparison, see the expression signal under the 

white arrowheads marking this region in embryos examined by me (figs. III.11G, 11I) and those 

analyzed previously by Dr. Cerny (fig. III.11J). 

In pre-branchial area, expression of Ednra was observed in the lower lip, second 

pharyngeal arch mesenchyme and the mesenchyme of lateral body wall in between. 

Interestingly, no signal was observed in velum. Unlike velum, the anteriorly lying lateral walls of 
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the mouth exhibited a significantly stronger signal than the surrounding tissues at stages 26.5 

(fig. III.11H, black arrowheads) and 27 (fig. III.11E). These expression domains apparently mark 

the developing lateral mouth plates. 

 

Muscle Actin marker (MA2) was used in this study as a broad marker for mesodermal 

cells in order to assess the origin and tissue context of the developing mucocartilages. 

The clone had been kindly prepared by Dr. Maria V. Cattell (Medeiros lab) and the probe 

was subsequently synthesised. In-situ hybridization was successful with a slight deviation from 

the standard protocol for lamprey. Due to a fast and unsatisfactory development of the signal 

while using BM-purple, NBT-BCIP was used instead to achieve better results. 

The expression patterns prior to the stages described here can be found in the study by 

Kusakabe et al. (2004). In most cases, my analysis yielded similar results. At the stage 26.5, the 

expression was seen in ventral portion of the somites, developing muscles of the upper lip  (fig. 

III.12F, 12G), lower lip  (III.12F, 12H), velum  (III.12H) and branchial arches  (III.12 I). A cross-

section of a branchial arch shows multiple developing muscles; the medial domain marks the 

adductor and the lateral domains give rise to the constrictors. Signal was also observed in the 

subcutaneous layer. 

At the stage 28.5, the first and second arches are devoid of expression. The signal 

persists in lateral regions of upper lip and ventral somites. New expression domains marked the 

intermediate region of branchial arches (delineated black in figure M), corresponding to the 

constrictor muscles according to Sewertzoff (1948), and the hypobranchial muscles lying 

ventro-laterally to the pharynx  (fig. III.12M). Strong expression was observed in the oral 

tentacles, sections reveal that this expression is epithelial  (figs. III.12N, 12O, 12P). 

 

Primers for the putative homolog of gnathostome neural crest marker were kindly 

provided by Tyler Square (Medeiros lab). The expression in migratory and postmigratory neural 

crest cells was investigated on the basis of the pattern obtained in earlier studies in 

gnathostomes (for example, Henderson 2000). Amplification, cloning and in situ hybridization 

was successful. 

Expression of rhoB ortholog was observed at stages 25 and 26.5.  The pattern was largely 

unspecific as the signal was seen in most of the embryonic tissues (fig. III.13). 

 

This gene has been analyzed in an earlier study by the members of the Medeiros lab 

(Cattell et al. 2012), but the expression in later stages was not precisely described as the study 

dealt with early embryonal patterning of germ layers. 
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At earlier stages, expression characterizes mostly the pharyngeal endoderm. At stage 

26.5 it was assumed by whole mount observation that the gene is expressed in the oral 

epithelium (Cattell et al. 2012). 

Sections revealed that the expression pattern in stomodeum is rather specific and marks 

chiefly the epithelium of the developing oral tentacles both at the stage 26.5 and 28 (fig. III.14C, 

14G; black arrow). Furthermore, expression was seen in small patches of branchial ectoderm, at 

the anterior side of each branchial opening (figs. III.14E, 14F; black arrowhead).  

 

 

BA branchial arch 

bp blastoporus 

DF dorsal fin 

d dorsal tentacle 

dl dorso-lateral tentacle 

End endostyle 

ha hyoid artery 

lmp lateral mouth plate 

l lateral tentacle 

llp lower lip 

mt medial tentacle 

mes mesoderm 

nhp nasohypophyseal plate 

NT neural tube 

N notochord 

OC otic capsule 

PA pharyngeal arch 

Ph pharynx 

St stomodeum 

Tr trabecle 

ulp upper lip 
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Figure III.1: SEM images of the sections of lamprey embryonic head: (A) Embryo at stage 21, 

arrowhead marks pharynx (anterior archenteron). (B-D) Series of midsagittal sections at stages 

24, 26, 27, asterisk marks the stomodeal invagination. (F-G) Details of midsagittal sections at 

stages 24, 25, 26, white arrowheads mark endostyl anlage. (H) Frontal section of stage 26 

embryo. White arrowhead marks velum. (I) Detail of midsagittal section at stage 27, white 

arrowhead marks oro-pharyngeal membrane. (J) Sagittal section of stage 29.5 embryo, white 

arrowhead marks PA2, white arrow marks velar flap. (K, L) sagittaly sectioned embryo at stage 

28. (M) Frontal section at stage 27 showing oral tentacles.  
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Figure III.2: Histology of stage 26 embryo. (A) Mid-sagittal section. (B) Horizontal section at 

the DV level of dorsal pharynx (C) horizontal section slightly ventrally to the previous, white 

arrowhead marks the contact of endoderm and ectoderm, PA1 pseudo-colored: neural crest – 

green, mesoderm – red, ectoderm – blue, endoderm – yellow. (D-G) Frontal sections at various 

levels (white arrows mark lateral neural crest-derived mesenchyme: (D) upper lip, black 

arrowhead marks the mesodermal cells, (E) velum, (F) second pharyngeal arch (G) third 

pharyngeal arch. 
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Figure III.3: Histology of stage 26.5 embryo. (A) Mid-sagittal section of the head (black 

arrowhead marks the oro-pharyngeal membrane. (B-E) Frontal sections at various levels, from 

anterior to posterior: (B) upper lip, black arrow marks a melanocyte, (C) anterior-most lower 

lip, white arrows mark loosening mesenchyme of presumptive lateral mouth plates, (D) first 

pharyngeal arch, (E) second pharyngeal arch. (F) Horizontal section at intermediate level of 

pharynx, black arrowhead marks the oropharyngeal membrane, white arrowhead marks the 

loosening mesenchyme of presumptive mucocartilage. (G) Horizontal section of stomodeum, 

ventrally of the former, asterisks mark the epidermal thickenings – presumptive tentacles. (H) 

Detail of F. 
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Figure III.4: Histology of stage 27 embryo. (A) Mid-sagittal section of the head. (B) Detail of a 

lateral sagittal section, white arrow marks developing mucocartilage of lateral mouth plate, 

white arrowhead marks presumptive mucocartilage of the second pharyngeal arch. (C) 

Horizontal section of dorsal pharynx, white arrow marks the lateral mouth plate, (D) horizontal 

section through ventral stomodeum. (E) Frontal section of the trunk. (F-M) Series of frontal 

sections at various levels, from anterior to posterior (black arrowheads mark the oral tentacles): 

(F) upper lip, grey arrow marks the musculature, (G) rostral portion of stomodeum (H) 

stomodeum (I) anterior-most lower lip, white arrow marks the lateral mouth plate. (J) Frontal 

section of the rostral portion of velum, (K) frontal section of the caudal portion of velum, black 

arrow and gray arrowhead mark the sites of attachment of velum, (L) level of the trigeminal 

ganglion, white arrowhead marks developing mucocartilage, (N) level of otic capsules and 

posterior part of the second pharyngeal arch. 
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Figure III.5: Histology of stage 28 embryo, sagittal and horizontal sections. (A) Mid-sagittal 

section of the head. White arrowhead marks the medial velar skeleton (detailed in G), (B) detail 

of a lateral sagittal section. (C-F) Horizontal sections at various levels, from dorsal to ventral: (C) 

dorsal pharynx and the attachment of velum, (D) detail of a section slightly ventral to the 

previous, showing presumptive mucocartilage (encircled in yellow) and developing cartilage 

(encircled in red), grey arrow marks the gill vasculature, black arrowhead marks the 

cartilaginous loop around the first branchial opening, white arrow marks the first branchial 

arch, (E) section at the level of ventral-most brain, (F) ventral horizontal section. (G) Detail of 

medial velar skeleton. (H) lateral sagittal section through the body walls showing the differences 

between the second and third pharyngeal arches. Black arrowhead marks the mucocartilage, 

grey arrowhead marks the cartilaginous bar of the third pharyngeal arch. 
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Figure III.6: Histology of stage 28 embryo, frontal sections. From anterior to posterior: (A) 

section through oral hood showing the developing tentacles, (B) slightly posterior section 

showing lateral mouth plates, (C) level of lower lip and lateral mouth plates, (D) level of rostral 

tip of notochord and origin of the medial tentacle and lateral mouth plates, (E) an embryo 

indicating the AP levels of frontal sections, (F) section through velum, white arrowhead marks 

the medial site of its attachment in the vicinity of trabecles, (G) level of second pharyngeal arch 

and otic capsules, grey arrowhead marks the hyoid artery, black arrowhead marks 

mucocartilage, (H) level of third pharyngeal, or first branchial arch, grey arrowhead marks the 

cartilaginous branchial bar, white arrow marks the ventro-lateral plate in the vicinity of 

endostyle. 
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Figure III.7: Histology of stage 29.5 embryo. (A) Para-sagittal section of the head showing the 

visceral arches. White arrowhead marks the eye. (B) Mid-sagittal section. (C) Horizontal section 

at an intermediate level of pharynx. Black arrowhead marks the mucocartilage of second 

pharyngeal arch. (D) Detail of a more ventral horizontal section. (E-L) Series of frontal sections, 

from anterior to posterior: (E) oral hood, (F) dorsal lateral mouth plates, lateral tentacles, (G) 

origin of lateral mouth plates, (H) velum, medial attachment near trabecles, (I) detail of the 

medial tentacle slightly posterior approximately at the level of the rostral part of velum, (J) a 

ventro-lateral quadrant showing the ventro-medial longitudinal bar rising from the oral floor, 

(K) detail of the subotic region, black arrowhead marks the mucocartilage of the second 

pharyngeal arch, (L) detail of the topology of the tissues approximately at the level of the PA4, 

grey arrow marks gill vasculature, white arrow marks the vertical cartilaginous bar, black arrow 

marks the hypobranchial longitudinal bar. 
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Figure III.8: Histology of an early larva (40dpf). (A) Mid-sagittal section of the head. (B) 

Latero-medial sagittal section of the head (detail of rostro-dorsal plate in B'). (C) Lateral sagittal 

section of the head (detail of subotic mucocartilage in C'). (D) Sagittal section of lateral mouth 

plate. (E) Sagittal section of upper lip. (F) Horizontal section at the level of intermediate pharynx, 

white arrowhead marks the lateral part of rostro-dorsal plate, black arrowhead marks the hyoid 

mucocartilage, gray arrowhead marks the medial velar skeleton. (G-I) Series of frontal sections: 

(G) through velum, (H) through PA2, (I) through PA3. (J-O) Series of frontal sections illustrating 

the features of the anterior of mouth. 
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Figure III.9: Expression of aggrecan homolog. (A-D) Stage 25. White arrowhead marks 

expression domain laterally to notochord. (E-L) Stage 26.5, black arrowhead marks stomodeal 

domain, gray arrow marks mesenchyme of PA2, white arrow marks pharyngeal endoderm. Black 

arrowhead in L marks mesenchyme of lower lip. (M) Stage 27, black arrowhead marks 

mesenchyme ventral to pharynx. (N-P) Stage 28, gray arrowhead marks mesenchyme of PA2, 

black arrowhead marks mesenchyme ventral to pharynx. (Q) Stage 30. 
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Figure III.10: Expression of Twist. (A) Stage 26, lateral view, (B), ventral view. (C) Stage 26.5, 

lateral view, (D) ventral view. (E) Midsagittal section of A. (F) Midsagittal section of C. (G) 

Lateral sagittal section of C, white arrowhead marks presumptive lateral mouth plates in all 

images of this figure. (H), (I) Horizontal sections of A. (J) Horizontal section of C. (K) Detail of a 

branchial arch, horizontally section of stage 27 embryo. (L) Stage 28. 

Figure III.11: Expression of Ednra. (A – F) Whole mounts. (G – J) Sections of a stage 26.5 

embryo, white arrowheads mark the medially migrating neural crest cells. (G) Horizontal section 

through mid-pharynx, (H) horizontal section ventrally to the previous one, black arrowheads 

mark the presumptive lateral mouth plates. (I) Frontal section at the level of PA5. (J) Frontal 

section at the level of PA5 (orig. Robert Cerny). 
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Figure III.12: Expression of MA2. (A – D) Whole mounts of stage 26.5. (E – I) Sections of a stage 

26.5 embryo, (E) horizontal section, (F) midsagittal section, (G) frontal section of oral hood, (H) 

of velum, (I) of PA2. (J) Horizontal section of stage 27 embryo, inset shows the developing 

muscles in a branchial arch. (K, L) Whole mounts of stage 28. (M) Frontal section at PA7. (N – P) 

Aspect of oral tentacles at frontal, horizontal and sagittal sections. 
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Figure III.13 Expression of rhoB paralog. (A, B) Stage 25. (C, D) Stage 26.5. 

 

Figure III.14 Expression of SoxFa. (A, B) Whole mount of a stage 26.5 embryo. (C) Horizontal 

section through stomodeum showing oral tentacles (blue signal). (D, E) Whole mount of a stage 

28 embryo. (F) Detail of a branchial arch, horizontal section, black arrowhead marks the anterior 

lip of branchial opening. (G) Detail of oral hood, frontal section, black arrow marks an oral 

tentacle. 
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Development of lamprey oro-pharyngeal area with special focus on molecular and 

histological characterization of mucocartilage has been investigated. The results must be 

thoughtfully viewed at the background of the broad knowledge built by previous studies, in the 

context of phylogenetic position of lamprey and, importantly, they need a direct comparison to 

the gnathostome condition of head and cartilage development. 

 

In the past, all skeleton was considered to be of mesodermal origin. With the discovery of 

the neural crest contributions to the head skeleton by Julia Platt at the end of 19th century, 

scientists have gradually come to a consensus that the visceral skeleton of gnathostomes, 

including the trabecles, arises from neural crest (e.g. Couly et al. 1993, reviewed in Hall 1999). 

Although mucocartilage of lamprey has been long regarded a skeletal tissue, the embryonic 

origin has not been well explained to date. Classical studies suggested mesodermal or entirely 

ectomesenchymal (neural crest-derived) origin (Damas 1944). The first study to involve an 

experimental approach, including removal and homoplastic transplation of neural tissue, was 

conducted by Newth (1951). He was cautious in his conclusions on the origin of mucocartilage 

but regarded his results to implicate that the branchial basket is not a neural crest derivative. 

Several decades later, Langille and Hall (1988) repeated the ablations and transplantations and 

questioned Newth’s results. They demonstrated a neural crest origin for branchial cartilages but 

were unable to conclude anything about mucocartilage other than a speculation that 

compensational contributions of mesoderm might have constructed the mucocartilaginous 

skeleton (which had not been affected!) after extirpation of the neural crest. Due to the nature of 

ablation experiments, it is difficult to interpret the results especially considering the loose 

mesenchymatic structure of mucocartilage. The DiI fate mapping study of McCauley and 

Bronner-Fraser (2003) brought further evidence for a crest origin of the branchial skeleton but, 

again, little attention was paid to mandibular (first) arch. The fate of labeled crest cells in the 

oral area was only traced till stage 26 when upper and lower lip still maintained the signal in 

their mesenchyme and velum contained a medial and a lateral stream of crest cells. 

Mucocartilage origin was, however, not discussed in this paper. 

Although my approach cannot provide a definitive argument for the origin of 

mucocartilage, as such argument would demand a fate-mapping technique; the detailed 

histology together with the expression of cell-line markers provides some considerable 

implications. In ideal situation, expression patterns of the neural crest marker Endothelin 

receptor A and mesoderm marker Muscle Actin 2 should be exclusive, i. e. not overlap and thus 

facilitate the distinction of cell lineages. 
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 Taking the hyoid mucocartilage as an example, we can trace the origin of the skeletal 

tissue back to stage 26.5, where morphologically typical crest cells start to move apart, 

apparently via secretion of ECM. Furthermore, at the same stage, the cells in question express 

endothelin receptor A, a typical neural crest marker. Correspondingly, Muscle Actin 2, a marker 

for mesodermal cells, does not seem to be expressed in these cells. Instead, it is expressed in 

medially lying cell layer, which corresponds to the developing muscle (see fig. IV.1 for the 

arrangement of tissues in PA2). These data together suggest a crest origin for the hyoid 

mucocartilage. 

However, mucocartilage cannot be easily regarded as one entity with one origin, as the 

boundaries and definition have always been posited approximately. Even in case of gnathostome 

visceral cartilage, evidence has been shown for distinct origin of certain elements. In the fire-

bellied toad, some of the ventral-most elements of branchial bars were shown to lack neural 

crest contribution (Olsson and Hanken 1996). Similar results were arrived at in axolotl 

(Kloučková 2011). Thus, it is well possible that various elements and regions exhibiting some 

extent of “mucocartilage-like” properties differ in their origin and composition. Indeed, Cattell 

and colleagues (2011), found grounds for such assumption with the discovery of differential 

expression of homologs of gnathostome cartilage markers in lamprey cartilage and 

mucocartilage.  

McCauley and Bronner-Fraser (2003) showed neural crest cells migrating in medial and 

lateral streams through velum. Although I was not able to trace these cells using the gene 

markers (Endra and Twist), results obtained in earlier experiments (Robert Cerny, unpublished 

data) confirmed that velum contains crest cells in the medial part of the flaps, and therefore 

might suggest a crest origin for the mucocartilage of medial velar skeleton. 

Around the mouth opening, several mucocartilaginous elements arise, most notably 

upper lip skeleton, ventro-lateral plate extension into lower lip and lateral mouth plates. The 

lower lip and adjacent median tentacle are invaded by neural crest mesenchyme as suggested by 

expression of Twist at stage 26.5 (see fig. III.10E, 10F). At this time, muscles develop dorsally to 

Twist expressing cells, as suggested by pattern of MA2 expression. Together with the histological 

observation that mesenchyme loosens in the ventral, superficial portion of the lower lip, while 

the cells in the deep layer give rise to the musculature, it can be stated that the crest cells, lying 

superficially, produce the mucocartilage in that area.  

The same situation is seen in the caudal continuation of lower lip mucocartilage, the 

extensive ventro-lateral plate. Comparison of transverse sections at the level of second 

pharyngeal arch gives the following idea: superficial mesenchyme expresses the neural crest 

marker Endra, while MA2 expression is observed in the cells underneath. Mucocartilage is seen 

to develop in the superficial layer, which apparently corresponds to the neural crest.  
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In the upper lip, crest cells are located both superficially (laterally) and deeply (medially) 

within the mesenchyme, engulfing the mesodermal cells in between. The bulk of future 

mucocartilage of the upper lip arises from the superficial layer of Ednra expressing crest cells. 

Lateral mouth plates arise at both sides of the oral opening, anteriorly to velum. Uniquely 

among mucocartilaginous elements (and never observed in cartilages of the branchial area), 

they are located medially to the musculature. Their arch-like properties will be discussed later, 

here I will only make a statement to their origin.  

A ventral view of whole mounts hybridized with a number of genes possibly involved in 

skeletogenesis or neural crest patterning exhibits an expression pattern of a ring-like 

appearance around the mouth opening (“circumoral cartilage”; Robert Cerny, personal 

discussion). This condition characterizes many transcription factors involved in DV patterning of 

pharynx (Dlx paralogs and Ednra; Cerny et al. 2010, unpublished data). My observation of 

histological sections leads me to the conclusion that some of these (neural crest-derived) cells 

patterned by these genes later give rise to the lateral mouth plates. 

Consequently, my analysis of the origin of mucocartilage lends support to the hypothesis 

of its neural crest origin.  

At this point, it is interesting to compare this conclusion to those of Lakiza et al. (2011), 

Ohtani et al. (2008) and Yao et al. (2011) who all studied roles of SoxE transcription factors, 

homologs of gnathostome chondrogenic neural crest markers and regulators . There are three 

SoxE paralogs and all of them were shown to be important in the development of visceral 

skeleton (McCauley and Bronner-Fraser 2006). Expression analyses suggested that among the 

three, SoxE3 might be responsible for regulation of mucocartilage as its expression prefigured 

some of the elements (Yao et al. 2011). A perturbation study conducted by Lakiza et al. (2011) 

demonstrated the roles of each SoxE paralog: knockdown of both SoxE1 and SoxE2 resulted in 

complete loss of both cartilaginous and mucocartilaginous skeletons in some cases. SoxE3 

knockdown only affected the morphology of the chondrocytes, but, interestingly, in a number of 

individuals resulted in a loss of mucocartilaginous skeleton. 

I am inclined to support the assumptions of Yao et al. (2011), that SoxE3 (more 

specifically its expression pattern at stage 26) might prefigure mucocartilaginous skeleton to 

some extent. However, neither the figures in their study nor the SoxE3 hybridized embryos, I had 

the chance to analyze, convincingly show expression in the presumptive lateral mouth plates. 

Moreover, Yao et al. also show expression pattern at stage 28, but at this stage, the area where 

lateral mouth plates arise is completely devoid of SoxE3 expression. SoxE3 also fails to prefigure 

other important mucocartilaginous elements, “hyoid” mucocartilage and subotic mucocartilage. 

Based on the above considerations, it seems likely that most if not all mucocartilaginous 

elements arise from neural crest cells invading the oral and pharyngeal area. Regulation by SoxE 

is certainly important, but SoxE3 does not seem to pattern all mucocartilage at the post-
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migratory stage, when the skeletal elements begin to develop, contrary to the conclusions of Yao 

et al. (2011). 

 

Identity of visceral elements of lamprey and their relation to those of gnathostomes have 

been discussed by a number of studies (e. g. Huxley 1876, de Beer 1937, Damas 1944, Sewertzoff 

1948, Johnels 1948). Burdened by interpretation schemes of their age, some author’s 

conclusions do not withstand today’s methodological and technical advance in the pursuit of the 

general picture of vertebrate body plan. I tried to describe the development of lamprey oro-

pharyngeal area ‘as it appears’ in order to avoid stereotypical interpretations. 

Striking difference between mucocartilage of pre-branchial arches and cartilage of 

branchial arches stands in contrast to the similarity of cartilage of all visceral arches of 

gnathostomes. Certain authors tried to identify in the mucocartilaginous areas distinct structural 

units, homodynamous (= serially homologous) to those of posterior, branchial arches (e. g. 

Sewertzoff 1948). In branchial arches, these structural units are the vertical bar, epitrematic and 

hypotrematic projections and subchordal and hypobranchial bars. To address the question of 

serial homology, one can look at the topology of anlagen of the skeletal elements.  

The second pharyngeal (“hyoid”) arch contains, besides mucocartilage, the same tissues 

as the posterior arches, in the same topological relationship. Its mucocartilage develops laterally 

of the musculature and innervation by the facial (VII) nerve (fig. IV.2) The aspect of the 

mucocartilage, if we consider the most intensely stained areas, largely resembles a bar running 

nearly vertically, tilted caudad ventrally and rostrad dorsally. The best way to describe its 

course is to relate the mucocartilaginous bar to the lateral attachment of velum. As the velum 

outgrows from the body wall towards the median, the site of attachment is most densely stained, 

indicating a function for mucocartilage of the “hyoid” arch in sustaining the velar process in 

place.  

Sewertzoff identified a caudal projection of the dorsal part of “hyoid” mucocartilage, 

running immediately ventrally to the otic capsule and in his opinion representing a rostral 

continuation of subchordal bar (the dorsal-most portion of branchial basket) and a rostral 

projection that should be homodynamous to the epitrematic process of posterior branchial bars; 

Sewertzoff 1948). My observations confirm the presence of subotic mucocartilage that runs 

caudad from the dorsal part of “hyoid” mucocartilage, but I could not find a connection to the 

subchordal bar posteriorly. Indeed, mucocartilage ventral to the otic capsule somewhat deviates 

from the vertical aspect of “hyoid” mucocartilage, nonetheless, in accordance with Johnels 

(1948), I would consider Sewertzoff’s statement of serial homology of these projections 

exaggerated. 
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Ventrally, “hyoid” mucocartilage is continuous with the ventro-lateral plate. Regarding 

the latter element, Sewertzoff saw its homodynamous relation to the hypobranchial bar, 

invoking their similar position relative to the “hyoid” mucocartilage and branchial bars, 

respectively. Again, it seems an over-explanation as the ventro-lateral plate is hardly an element 

per se. It runs ventrally to the branchial basket, embedding the hypobranchial bar in the 

mucocartilage. In the pre-branchial region, the ventro-lateral plate reaches its greatest 

extension, dorsally uniting with the “hyoid” mucocartilage, where the staining is most intense. 

Elsewhere, ventro-lateral plate is stained moderately and its boundaries difficult to establish. 

Velum, as a pair of transverse membranes, appears to contain two mucocartilaginous 

areas that might correspond to the medial and lateral velar skeleton of Damas (1944) and 

Johnels (1948). The medial velar skeleton, attached to the trabecles dorsally, is in a unique 

position if it is to be regarded a skeletal element, because it is located internally. It appears as a 

pair of vertical rods pointing tilted slightly rostrally in their ventral part. These rods run parallel 

to one another and hold the flaps of velum outstretched – their morphological significance is 

evident. The lateral portions of velar flaps are reinforced by mucocartilage of lateral velar 

skeleton. Along the mucocartilage run the muscle bands and nerve bundle (trigeminal nerve, V3). 

The presence of two skeletal reinforcements is a feature not seen in any of the posterior 

arches. However, the identity of the lateral velar skeleton might also be interpreted otherwise: a 

close observation leads me to the conclusion that the lateral velar skeleton (ascribed to PA1) is 

more likely continuous with the “hyoid” mucocartilage (ascribed to PA2), forming a single 

structural unit (fig III.8F, black arrowhead). This observation is in agreement with that of 

Hardisty (1981), who called this unit “velar process” (also see Yao et al. 2011). This could be 

interpreted as a case of fusion of elements of two different visceral arches. On the other hand, a 

simpler reasoning based on the loose nature of mucocartilage suggests that instead of precise 

elements, we are dealing with a demand for anchoring (of the velar apparatus) met with a 

solution (more or less continuous attachment provided by flexible mucocartilage). 

The most distinct mucocartilaginous elements are lateral mouth plates (sensu Johnels 

1948), vertical bars dividing the mouth into the anterior, buccal, and posterior, oral, 

compartments. Dorsally, they originate near the anterior end of trabecles, and run ventro-

caudad, where they attach to lower lip. They lie internally to the musculature and nerves, which 

is the opposite topology to that of branchial arches and “velar processes”. Interestingly, they 

seem to be patterned by expression of Dlx genes and endothelin pathway (Cerny et al. 2010, 

unpublished data, Yao et al. 2011). Also, the musculature running laterally exhibits a similar 

pattern as that of pharyngeal arches. This pattern was visualized by Kusakabe et al. (2004) but 

not discussed nor pointed out in that study. Furthermore, oral tentacles arise at the medial side 

of these elements. Despite being a prominent feature of ammocoete head, recent studies tend to 

neglect these structures. 
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Damas (1944) mentioned the boundary of mouth dividing it into the two compartments. 

However, he did not mention the mucocartilaginous bar forming the divide. Sewertzoff (1948) 

considers lateral mouth plates a pre-mandibular arch and Johnels (1948) is of the same opinion. 

While it was a recurrent theme of last century’s morphology to seek pre-mandibular arches, 

reminiscent of an ancestral vertebrate state, where pharynx would have been filled with gill-

bearing arches, there is currently no evidence of any arches anteriorly to the first, mandibular 

arch either in extant or fossil vertebrates (Kimmel and Eberhardt 2008). Still, the term pre-

mandibular persists in the nomenclature of neural crest streams and mesoderm where it 

describes features topographically situated in front of the mandibular arch (Kuratani 2005).  

In gnathostomes, the rostral-most, trigeminal (sometimes reffered to as mandibular 

sensu lato) stream divides into three branches. The posterior (mandibular sensu stricto) branch 

populates the mandibular arch and gives rise to both palatoquadrate and Meckel’s cartilage, the 

elements of gnathostome jaw. Anterior (pre-mandibular) branch is further subdivided into pre-

optic and post-optic branches with the former forming the nasal area and the latter, the 

trabecles (Cerny et al. 2004b, Kuratani 2005).  

In lamprey, it has been shown that the gnathostome pattern of neural crest migration is 

generally maintained (McCauley and Bronner-Fraser 2003) and that everything between upper 

lip and velum belongs to the trigeminal region, i. e. it is populated by the trigeminal crest and 

innervated by the trigeminal nerve (Kuratani et al. 1997, Horigome et al. 1999). Sadly, only a few 

studies concentrated on precise tracing of trigeminal crest which would help interpreting the 

nature of lateral mouth plates. In a paper reviewing the evolution of jaws, Shigetani et al. (2005) 

consider upper lip to be of pre-mandibular nature, i. e. built by the pre-mandibular branch of 

trigeminal crest and pre-mandibular mesoderm, while lower lip and velum are assumed to 

constitute the mandibular arch. Where in this image lie the lateral mouth plates as distinct 

skeletal elements of the oral apparatus? In the original paper, Shigetani et al. (2002) performed 

vital dye fate-mapping of trigeminal stream and showed that the area around mouth opening 

receive considerable contributions from all three branches of the trigeminal stream. This finding 

means that a precise identification of the source of individual elements, such as lateral mouth 

plates, can be difficult if not impossible, as the neural crest streams interlace in this region. 

Interestingly, tracing of mesodermal cells revealed a contribution of mandibular mesoderm into 

the upper lip, which is therefore a truly composite structure of premandibular and mandibular 

origin (Kuratani et al. 2004). Since the conclusions in this study were drawn from observation of 

earlier stages, they do not present valuable information on lateral mouth plates and their 

possible morphological and evolutionary significance. 

A study that was partly concerned with these elements was conducted by Yao et al. 

(2011), who examined the expression of SoxE3 and putatively identified the anlage of lateral 

mouth plates (also mentioned in the previous subchapter). Furthermore, inhibiting the 
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endothelin pathway, which in gnathostomes leads to a loss of the lower jaw, they succeeded in 

disrupting the development of ventral mucocartilages, including lateral mouth plates. It is 

doubtful, though, whether their conclusion, that lateral mouth plates constitute the homolog of 

lower jaw, is based on satisfactory evidence. First, SoxE3 expression pattern does not seem to 

prefigure this element convincingly. Second, in an earlier study of cranial nerves, Kuratani et al. 

(1997) showed that the region in question is innervated by the maxillary (dorsal) ramus of the 

maxillomandibular (V2) nerve rather than by the velar (ventral) branch that would be expected 

in case of the proposed ventral identity of lateral mouth plates. My observations also suggest 

innervation by this branch (fig. IV.2B). 

In the context of the “new mouth” hypothesis (Mallatt 1996), lateral mouth plates 

assume a very different but important role. Ammocoete is considered to possess a large, 

premandibular oral cavity (“old mouth”) where lateral mouth plates, together with the upper 

and lower lips, comprise the system of oral skeletal supporting the mouth opening, unrelated to 

the pharyngeal arches lying posteriorly. This elegant idea suggests that these features are 

homologous to the labial cartilages of chondrichtyan gnathostomes. Further posteriorly, the 

gnathostome jaws would topologically correspond to the velum of lampreys.  

It is of interest that velum contains a skeletal element in its medial part (internal velar 

bars = medial velar skeleton). Mallatt relates this element to the skeleton of gnathostome 

mandibular arch and as such, it would be the only remainder of the hypothetical ancestral state, 

which was a presence of both internal and external skeletal bars. The divergent evolution driven 

by different ecological conditions that demanded dramatically different systems of ventilation 

led to the loss of external bars in most gnathostomes and internal bars in ancestors of modern 

cyclostomes (Mallatt 1996). However, fossil evidence for such an ancestral state is lacking.  

Barx expression in medial mesenchyme of all visceral arches including velum is of 

importance here as it supports the identity of velum as a serial homolog to the posterior arches 

(where no medial skeletal support has been observed). Surprisingly, Barx is also strongly 

expressed in the presumptive lateral mouth plates, in the same medial position as in the visceral 

arches (fig. IV.3A, 3B). This fact might indicate some degree of homology of the elements. 

Alternatively, Barx can simply be a marker of medially migrating crest cells meaning that all 

possible skeletal elements situated medially would be stained. 

Whether we consider the anterior skeletal features of ammocoete mouth to be rostral 

homologs of the branchial basket (Johnels 1948) or a distinct system of stomodeal support 

(Mallatt 1996), it is remarkable that they resemble the pharyngeal arches in the arch-like 

orientation, neural crest origin, DV patterning by Dlx genes and Barx expression in the same 

topological location. It would be extremely interesting to investigate these characteristics in the 

oral and labial cartilages of elasmobranchs and chimaeroids. 
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Although the presence of oral tentacles in ammocoete is well known, no account on their 

development has been given. In this study, it has been demonstrated that they emerge at stage 

26.5 as three pairs of epithelial thickenings of oral ectoderm at definite sites (see fig. III.3G). 

Tentacles arise either at the anterior roof of the stomodeum or laterally from lateral mouth 

plates. From the floor of the mouth a single medial tentacle arises. At later stages, number of 

paired tentacles increases and mesenchyme is seen to fill their interior.  

It is of interest that transcripts of two different genes were found almost exclusively in 

the oral tentacles. In case of Muscle Actin 2, the probe marked both the epithelium and 

mesenchyme. Perhaps the reason is unspecific trapping of the probe in these protrusions, but it 

can also be speculated that presence of muscle-specific actin confers more flexibility to the 

tentacles and sides of the oral hood, where the transcripts are also seen. Furthermore, SoxFa 

expression at later stages (26.5, 28) is also intriguingly specific for the tentacles and anterior-

most tips of branchial openings. This suggests a possible role for SoxFa in the outgrowth of 

ectodermal structures.  

As to their origin at the lateral mouth plates, it is worth mentioning that Goodrich (1930) 

comments the presence of barbels supported by oral cartilages in catfishes, in an analogous 

position as in larval lamprey. 

 

Cartilage of gnathostomes contains two major protein components, collagenous fibers 

and aggrecan, a proteoglycan of the ground substance, that are both regulated by Sox9  

transcription factor (Sekiya et al. 2000, Tsang et al. 2010). However, since the 80s, it has been 

clear from the biochemical studies that the composition of lamprey cartilage does not resemble 

that of gnathostomes.  

A recent investigation of the fibrillar component of cartilage in lamprey has led to rather 

ambiguous results. While Ohtani et al. (2008) and Zhang (2006) affirm that one of the two 

lamprey paralogs of gnathostome major cartilage collagen col2a1 is coexpressed with SoxE  

transcription factors (interestingly, the two studies do not agree in the precise paralog), 

McCauley (2008) found no such co-expression with cell-level resolution allowed by fluorescent 

in situ hybridization. However, collagen was found to be expressed elsewhere in branchial 

arches and the head.  Thus, the knowledge about collagen proportion and significance in 

lamprey cartilage is confusing and unresolved at the moment.  

I focused on the other constituent of cartilage ECM, aggrecan. In this study, a search for 

possible orthologs of gnathostome aggrecan was conducted. Because the proteoglycans of 

gnathostome connective tissues other than cartilage closely resemble aggrecan and the long 

divergence time may have hindered any one-to-one ortholog condition, my goal was to 
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characterize expression of as much of their lamprey paralogs as possible. I succeeded only in one 

case. The gene I found I denominated “aggrecan” mainly because of its annotation as such in 

lamprey genome database at the time I conducted the search. Subsquently, the sequence was 

renamed to “neurocan” and, even later, to “hyaluronan and proteoglycan link protein 3”. The 

expression of this gene observed in whole mounts was promising – the temporal extent of the 

pattern between stages 26.5 and 30 suggested a role in both the branchial cartilage and 

mucocartilage. In the former tissue the gene expression seemed to be downregulated as the 

cartilaginous bars mature from anterior to posterior with last expression domain seen in the 

posterior-most branchial arch at stage 27. In mucocartilage the gene seemingly marked all sites 

of presumptive mucocartilaginous elements. 

Comprehensive analysis of sections revealed, to some disappointment, but nonetheless 

interestingly, that the expression in branchial arches is not mesenchymal but epithelial and the 

cells expressing this transcript lie in the posterior pharyngeal endoderm of each branchial arch. 

In trabecles, no transcript was detected. Thus, a role in cartilage development appears unlikely. 

Comparing the expression pattern of aggrecan to the sites of presumptive mucocartilage, 

some interesting regions of overlap are obvious. The second pharyngeal, “mucohyoid” arch 

contains densely staining mucocartilage that develops from a region with strong aggrecan signal 

at stages 26.5 through 28. Also, the expression pattern matches the region surrounding 

endostyle, where mucocartilage of ventro-lateral plate is about to develop. The ventral 

expression domain also corresponds to the expression of transcription factor hand described in 

Cerny et al. (2010). 

Other sites of mucocartilage development, as inferred from histology, do not easily match 

the expression domains of aggrecan. Upper and lower lips exhibit some signal, but sites of future 

lateral mouth plates, where a significant signal should be expected if the correlation is to be 

taken as a working hypothesis, are nearly devoid of signal, like the medial velar skeleton and 

dorsal fin. 

In summary, aggrecan gene cloned and analysed in this study cannot be used as an early 

mucocartilage marker, because it is not specific enough and does not even mark all the 

developing elements. However, its pattern characterizes some elements rather correctly which 

raises question of the possibility of sub-functionalization of proteoglycans in lamprey and their 

alternative deployment in larval connective tissues. Further analysis of other aggrecan paralogs 

needs to be done in order to understand roles of ECM proteoglycans in lamprey tissues. 

Unfortunately, no proteoglycans have been studied in lampreys to date, a fact that limits this 

discussion. 

Reexamination of lamprin led to a negative result that might have occurred due to 

various reasons. The technique used by the earlier studies (McBurney et al. 1996) to visualize 

the expression in the trabecles could have been more sensitive, as it involved radioactive 
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labeling and hybridizations on sections. Of course, the probe might have been just a wrong one. 

This, to my best knowledge, was minimalized by the fact that a sequence exactly matching the 

one obtained in the previous study of the aforementioned team (Robson et al. 1993; 

subsequently used by McBurney and colleagues to construct the probe) was cloned in the 

present study. Another possibility involves alternative splicing of dominant lamprin variant, 

which would render the mRNA invisible to my probe (Robson et al. 2000). I propose that my 

results be cautiously interpreted to show absence of lamprin in mucocartilage while no 

statement can be made as to their absence in trabecular cartilages – trabecles, lying deeply in the 

embryo could have been out of reach of the penetrating probe. 

The importance of enzymes in cartilage development was recently investigated by Eames 

et al. (2011). Their finding that xylosyltransferases, enzymes of proteoglycan synthesis, are 

specifically expressed in chondrocytes inspired a search for their homologs in lamprey. 

Unfortunately, I was unable to obtain a specific signal with my xylt probe, which might be due to 

wrong annotation of the gene in genome database or ubiquitous, rather than specific, expression 

of the lamprey ortholog.  

To conclude, the analysis of gene expression of cartilage matrix proteins was not 

successful enough to characterize neither cartilage nor mucocartilage, but provides grounds for 

further research. 

 

Reflecting on the previously discussed ideas on identities of putative mucocartilaginous 

elements, it might be effective not to think of mucocartilage as constituted of definite bars and 

units, but as of a continuous layer where tissue interactions and ecological demands dictate the 

level of “skeletonization” of the primordial mesenchyme. 

Following the interpretations of Damas (1944), the whole oral cavity is surrounded by 

continuous mesenchyme that provides hydrostatic support to the oral apparatus consisting of 

upper lip, oral tentacles and velum. This mesenchyme seems to stiffen and harden where the 

support is especially needed: at the base of velar flaps so that the mucocartilage anchors  the 

muscles pumping the water into the pharynx; at the base of the oral tentacles which stop the 

incoming large particles from penetrating further; in the upper lip, where mucocartilage 

provides support for the burrowing organ.  

Based on distinct expression patterns of cartilage regulators in regions of presumptive 

cartilage and mucocartilage, Cattell et al. (2011) concluded that lamprey might retain an 

ancestral state of diversified skeletal tissues. Due to a lack of joints in the skeleton, lamprey uses 

this diversity to its advantage by deploying regulators of chondroid tissues (cartilage and 

mucocartilage) at sites where particular cell morphology or tissue stiffness is desired. To test 
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this hypothesis, I reexamined the expression patterns of the genes analyzed by Cattell et al. 

(2011) with respect to the histological observations done in this study. 

Alx is thought to confer irregular morphology to the cartilage as assumed by Cattell et al. 

(2011). Indeed, its expression is not seen in the intermediate branchial bars, where discoidal 

morphology prevails. However, the expression domain interpreted by the authors as “dorsal 

first arch”, corresponds exactly to the medial velar skeleton. Another faint domain is seen in the 

subotic mucocartilage. 

Barx expression marks the medial neural crest cells in branchial arches (Cerny et al. 

2010, Cattell et al. 2011). The same pattern characterizes the second and first pharyngeal 

arches; in the latter the expression domain corresponds to medial velar skeleton. Remarkably, 

presumptive lateral mouth plates are also Barx positive with strong expression at stages 26.5 

through 29. 

 RunxA is expressed in the presumptive medial velar skeleton and around the oral 

opening. It is difficult, even observing the sections, to tell whether the expression domain around 

mouth opening coincides with the presumptive lateral mouth plates. The paralog RunxB is not 

expressed in the embryonic head. 

SoxE1 expression pattern marks the chondrogenic neural crest and the medially 

positioned crest cells in the branchial arches (Cattell et al. 2011). Several sites of future 

mucocartilage are also positive: the presumptive medial velar skeleton, hyoid mucocartilage and 

lateral mouth plates. 

The expression pattern of several orthologs of gnathostome cartilage markers with focus 

to the presumptive mucocartilage has been investigated. Besides the published data (Cattell et 

al. 2011), an interesting conclusion is that many of these genes (Alx, Barx and SoxE1) are 

transiently expressed in lateral mouth plates, an anterior mucocartilaginous element.  

Returning to the first paragraph of this subchapter, the idea of mucocartilage as a 

continuous loose support locally condensed into elements is founded on an evidence of the 

scattered expression of cartilage markers which might confer the desired physical properties to 

the mucocartilaginous elements. If we combine this argumentation with the (highly speculative) 

idea of Hardisty (1982), who proposed that mucocartilage developed from hyaline cartilage in 

lamprey ancestors, a plesiomorphic state of loose cartilage GRN would have been efficiently 

applied for an apomorphic tissue developed to aid burrowing. 

 

The homology and evolution of pharyngeal arches in distantly related vertebrate 

lineages is closely linked to the issue of the origin of jaws. The aspect of biting jaws jointed in 

between and hinged to the neurocranium is utterly different from that of the vertical velar 

apparatus, which occupies the same topographical location in larval lamprey. Yet, the 
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ammocoete has been the most studied model in relation to the transition from “jawless” to 

“jawed” state (e. g. Sewertzoff 1948, Mallatt 1996, Kuratani et al. 2001, Cerny et al. 2010). 

In gnathostomes, jaws are primarily derived from the mandibular (1st) arch. The 

classical, usually considered plesiomorphic situation, where a dorsal element is formed by 

palatoquadrate and the ventral one by Meckel’s cartilage, is retained in elasmobranchs. Both 

cartilages arise from the neural crest cells medially of the mesodermal core of mandibular arch 

and are therefore considered internal.  

On the other hand, as we saw in previous chapters, the ammocoete possesses the velum, 

which consists of two vertical flaps, hinged at lateral sides by the lateral velar skeleton which is 

to some extent continuous with the “hyoid mucocartilage” laterally. Medially, two internal bars 

(medial velar skeleton) develop in the dorsal portion of velum and are attached to the trabecles 

dorsally. Lampreys also possess a large premandibular mouth endowed with skeletal features, 

that might correspond to the lips and labial cartilages of elasmobranchs (Mallatt 1996). 

The two oral systems thus exhibit profound differences; in the skeletal substance, their 

orientation and topology. However, similarities that suggest some level of homology are also 

considerable: innervation by the mandibular branch of trigeminal nerve (Kuratani et al. 1997), 

descent from mandibular neural crest (McCauley and Bronner-Fraser 2003) and a Hox-negative 

state (Takio et al. 2004). The ancestral condition of mandibular arch is essentially hypothetic 

and elusive. 

The classical hypothesis of the origin of jaws, which probably stems from the ideas of 

Rathke and was elaborated by Gegenbaur, involves a transition from a gill-bearing arch. The 

ancestor would have possessed a complete set of pharyngeal arches endowed with gill 

epithelium. However, no foundations for such an ancestral state have been found in the fossil 

record (reviewed in Janvier 1996). Modern hypotheses can be grouped according to the nature 

of their argumentation. 

The paleontologists Forey and Janvier (1993) outlined a scenario in which the ancestral 

apparatus resembled the velum of lamprey. Assuming the homology of medial velar skeleton 

and jaws, the hypothesis couples the transition from the former to the latter with the subsequent 

gain of posterior set of internal branchial bars and loss of the external one. 

The field of comparative morphology has come with a splendid treatise on the origin of 

jaws in the paper by Jon Mallatt (1996). He refuted the velar theory on the grounds of non-

existence of such structure in fossil agnathan ostracoderms, which appear to have possessed 

rather small oral cavities where a large velar apparatus would not have been efficient. Velum is 

seen rather as a specialized structure of burrowers such as an ammocoete and hagfish. Mallatt 

presented the neoclassical or the new mouth theory and aside from morphology stressed the 

ecological and adaptive functional aspects of cyclostome and gnathostome feeding and 

respiration systems. It deserves certain appraise that Mallatt did not just consider the path 
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leading from the common vertebrate ancestor towards the gnathostomes, but also considered 

possible steps towards the ammocoete condition. 

In his view, the ancestral state was a gill-bearing mandibular arch with both external and 

internal skeletal support. In larval lamprey, evolution led to the enlargement of the first arch to 

allow higher pumping force for more efficient feeding and ventilation. Velum emerged in the 

process and constrained adjacent structures, e. g. obliterating the mandibulo-hyoid (spiracular) 

pouch and enlarging the stomodeum. In the gnathostome lineage, the ventilation was elaborated 

by closing the mouth opening dorso-ventrally which significantly reduced the premandibular 

oral cavity (old mouth) and its features (lips and lateral mouth plates). Instead, the rostrally 

prolonged bars of the first arch would have enlarged the adjacent pharyngeal cavity, forming the 

new, postmandibular mouth. The ability to close and open the mouth could have been an 

exaptation for suction feeding which is characteristic and possibly plesiomorphic in jawed 

vertebrates (Carr et al. 2009).  

Recently, a phylogenetic hypothesis based on physiological and paleontological data 

emerged. Long et al. (2010) suggest a scenario where evolution of the lower jaw was linked 

developmentally with the emergence of scleral ossicles which precede the jaws in the fossil 

record, in the osteostracan lineage. It is hypothesized that in an early osteostracan which 

possessed scleral ossicles, the developmental module for scleral ossification in the eye could 

have been coopted by the ventral skeletal element (assumed after Janvier’s (1996) scenario to 

resemble the ventral portion of velar cartilage or piston cartilage) leading to formation of the 

lower jaw. This hypothesis, however, seems to have more bearing on the proposed close 

phylogenetic position of gnathostomes and osteostracans, than to explain the origin of jaws. 

Evo-devo has produced several interpretations of jaw evolution. Shigeru Kuratani and 

his coworkers have intensively studied lamprey development from various perspectives and 

came up with the heterotopy theory. Main evidence comes from the expression study comparing 

markers of proximo-distal patterning of oral opening (Dlx and Msx transcription factors and 

their inducers Fgf8 and BMP2/4) in chick and lamprey. This signaling field includes upper lip in 

lamprey, thus reaching into the region of premandibular mesenchyme. In gnathostomes, the 

area is restricted to the mandibular arch mesenchyme, and premandibular mesenchyme gives 

rise to prechordal cranium (gnathostome trabecles). Thus, morphological homologies have been 

lost due to the heterotopic shift of tissues under signalization by BMP and Fgf proteins. In this 

scenario, development of nasohypophyseal region is equally important as it assumes that 

diplorhiny, i. e. presence of paired nostrils, was crucial to separate the nasal and hypophyseal 

complexes from one another and allow the incorporation of hypophysis into to the mouth by the 

outgrowing maxillary processes in gnathostomes. 

The prepattern/cooption model, proposed by Cerny et al. (2010), deals with the dorso-

ventral patterning of pharyngeal arches. By careful examination of expression of lamprey Dlx 



Discussion 

88 
 

genes, which are involved in the dorso-ventral and proximo-distal patterning of jaws and 

branchial arches in gnathostomes, Cerny et al. found nested pattern present at later stages of 

embryonic development (stage 26.5). This is in contrast to previous findings by Neidert et al. 

(2001) and Kuraku et al. (2010), who concluded that Dlx patterning is a gnathostome 

apomorphy. The model further predicts that evolution of jaw joint was driven by cooption of the 

transcriptional regulator of jaw joint formation, Bapx, and its downstream effectors into the 

intermediate region of the first arch. 

Given the above scenarios, the diverse lines of reasoning underlying each of them hinder 

the actual comparable predictions. Yet, a primary distinction can be made on the basis of the 

proposed ancestral state. In this respect, the velar and phylogenetic hypotheses assume that 

velum or even piston cartilage was present before the divergence of jawless and jawed 

vertebrates (Janvier 1996, Long et al. 2010). This assumption has been repeatedly questioned as 

velum appears to possess unique features regarding the innervation (Barreiro-Iglesias et al. 

2011) and function (Mallatt 1996). 

The more elaborated competing hypotheses, neoclassical and heterotopy differ in testable 

predictions (Mallatt 2008). As discussed previously, the old mouth, prominent in ammocoete, 

appears to survive in the chondrichtyan lineage in the form of premandibular slit containing lips 

and labial cartilages (Mallatt 1996). Its identity in terms of Dlx and Msx expression and 

embryonic origin should be the key to discriminate between the two scenarios (Mallatt 2008). 

This issue with the heterotopy model is that the fate-mapping experiments conducted to 

date do not allow precise identification of the premandibular-mandibular boundary in the 

ventral mouth (see Shigetani et al. 2002). The confounding pattern of rostral growth of 

mandibular mesoderm into premandibular region of lamprey upper lip and intercalation of crest 

streams around the embryonic mouth (see Kuratani et al. 2004, Kuratani 2012) considerably 

complicates identification of the origin of ventral elements of ammocoete (lateral mouth plates, 

ventro-medial longitudinal bar). 

The question of dorso-ventral patterning of the anterior head of lamprey has been 

recently reviewed by Kuratani (2012). It was concluded that no overt patterning exists in the 

pharyngeal arches (contrary to Cerny et al. 2010) and the interpretation of the intermediate 

region of PA1 corresponding to the jaw joint position (see Cerny et al. 2010, fig. 3) was 

questioned.  

While existence or absence of such patterning in the branchial region is not the subject of 

this study, it seems clear that first arch and premandibular regions exhibit clear pattern of 

dorsoventrally distinct expression of Dlx and related genes. The same is supported by Yao et al. 

(2011; discussed above).  An intriguing question is whether the patterning involves the oral area 

including both lips and velum as a whole or rather two systems patterned independently (PA1 

and premandibular mouth). I was unable to reach such a conclusion from observations of the Dlx 
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hybridized material I had at my disposal, possibly because the genesis and patterning of the 

premandibular mucocartilaginous skeleton occurs at later stages. 

In summary, the prepattern/cooption model seems to stand independently on the 

predictions of heterotopy hypothesis as long as the ventral element of PA1 is assumed to be the 

lower lip. This, however, needs further and more precise fate-mapping experiments as suggested 

by Mallatt (2008) and Kuratani (2012).  

Furthermore, the proposed models do not seem to fully appreciate the complicated 

structure of lower lip and velum. As we have seen, velum is actually supported by two medial 

and two lateral bars. The latter are fused to some degree with the skeleton of the second arch. 

The skeleton of lower lip is in fact composed of the mucocartilage of the ventro-lateral plate 

(externally) and internally comprises the lateral mouth plates as well as the medial crest with 

mucocartilaginous support of medial tentacle and ventro-medial longitudinal bar in a unique 

medial position. Obviously, this organization should require more patterning information than 

the gnathostome condition with only palatoquadrate and Meckel’s cartilage.  

The complex interplay and intercalation of tissues in the lamprey lower lip and velum 

makes me suspect that its patterning could be received also from another source – the 

distinctive enlarged stomodeum of the lamprey. The striking stomodeal evagination laterad and 

ventrad, which essentially forms the velar flaps, apparently segregates the adjacent 

mesenchyme into premandibular (lower lip and lateral mouth plates anlagen) and mandibular 

(velar) regions regardless of the nature of the mesenchyme (outlined in figs. IV.4A, 4B). Thus, 

the primary interactions of epithelia during the formation of stomodeum might play a role in 

patterning the mandibular-premandibular boundary (see Soukup et al. 2012). 
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Figure IV.1: Topology of tissues in PA2. Frontal sections at comparable level through 

pharyngeal arch 2. (A) JB-4 section, (B) ISH with MA2, marking mesodermal cells, especially 

muscles, (C) ISH with Ednra, marking neural crest-derived cells, (D) ISH with aggrecan, marking 

probably a subset of crest cells, (E) Colored tissues showing the topological relations of germ 

layers: blue for ectoderm, green for neural crest, red for mesoderm, yellow for endoderm.  

Figure IV.2: Nerves and skeleton.  Two sections showing relative position of mucocartilage 

and innervation. (A) In the hyoid arch, the nerves run medially (VII) to the mucocartilage (hmc). 

(B) In the lateral mouth opening, the nerves run laterally to the mucocartilage (lmp). 

Figure IV.3: Barx expression. (A) Stage 26.5, (B) Stage 28; horizontal sections. Black 

arrowheads mark the presumptive lateral mouth plates. Note the medial expression in the 

pharyngeal arches (white arrowhead). 

Figure IV.4: Morphogenetic movements of stomodeum. (A) Stomodeum and pharynx at stage 

25.5; red arrow marks the caudal growth. (B) Stomodeum and pharynx at stage 26.5; red arrows 

mark the lateral evagination of stomodeum. Black lining marks the apical side of epithelia. 

Yellow lining marks the basal side of endoderm. Blue lining marks the basal side of ectoderm. (C) 

and (D) show the original SEM images. 
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Oral morphogenesis in the sea lamprey was investigated. Stage by stage the development 

and shaping of oral and pharyngeal cavities was described.  

 

Histological analysis revealed that first signs of ECM deployment, that suggests 

formation of skeletal mucocartilaginous support, were visible at stage 27, and by stage 30, all 

significant elements have developed. Thus, mucocartilage develops at slightly later stages than 

the branchial basket. It is concluded that mucocartilage generally arises in the ectomesenchyme 

of neural crest origin, both by histological analysis and expression of markers of cell populations. 

 

Development of paired oral tentacles was described. The tentacles first appear as 

epithelial thickenings at stage 26.5 at the oral roof and lateral margins of the oral opening. 

Somewhat later, the tentacles are invaded by mesenchyme and possibly skeletal 

mucocartilaginous tissue and grow to form a ring around mouth. 

 

Elements of the mucocartilaginous skeleton were described as they arise from the 

continuous mesenchyme. In the first pharyngeal arch, internal and external skeletal bars were 

identified, the latter being probably continuous with the mucocartilage in the second arch.  

 

Around the oral opening arise the lateral mouth plates, elements bearing the oral 

tentacles. Based on an apparent dorso-ventral and medio-lateral patterning, it is speculated that 

these regions possess certain features of pharyngeal arches and considerable importance in the 

question of homology of the jawless and jawed oral apparatuses. 

 

Several cartilage-related genes and lineage markers were successfully cloned and 

analyzed (xylt, lamprin, MA2, rhoB). A gene with homology to aggrecan yielded interesting 

pattern of expression which suggests its activation in some areas of presumptive mucocartilage, 

but absence in the cartilaginous bars. This forms grounds for further characterization of this 

tissue. 

 

Scenarios of the evolution of jaw were evaluated. It is concluded, that due to the dynamic 

nature of mucocartilage and the fact that the boundary between mandibular and premandibular 

components in lamprey is not yet well clarified, it is difficult to address homologization of 

elements of lamprey and gnathostome mouths. 
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