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Characterization of the developing axolotl nasal cavity
supports multiple evolution of the vertebrate choana
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ABSTRACT Alltetrapods (mammals, birds, reptiles, and amphibians) share the ability to breathe with their
mouths closed due to the formation of choanae, which are openings that allow communication between
the nasal and oral cavities. In most fishes, the nasal cavities serve a strictly olfactory function, possessing
incurrent and excurrent nares that lie outside of the mouth and therefore, never communicate with the
respiratory system. It is not until the evolution of tetrapods, in which the nasal cavities consistently open
into the mouth, that they are used both for olfaction and for respiration. However, this developmental
transition is poorly understood, with no consensus on the evolutionary origin of the choana in various
groups despite decades of debate. Here, we use high-contrast 3D imaging in conjunction with histology
and apoptotic cell analysis in non-mineralized embryonic tissues to study the formation of the choana
in the axolotl (Ambystoma mexicanum), an aquatic salamander species. We show that the axolotl choana
forms from an extension of the embryonic nasal sac, which pushes through intervening mesenchyme
and connects with the palate epithelium of the oral cavity, eventually breaking through. This mechanism
differs from caecilians, mammals and reptiles, where fusion across a bucconasal groove plays an active
role in choana formation. Nevertheless, caecilians, mammals and axolotls converge on the development
of a transient epithelial tissue that has to break down in order to develop a patent choana, adding another
twist to the intriguing arguments on the evolutionary history of the choana.

KEYWORDS: Ambystoma, axolotl embryo, choana, craniofacial development, nasal cavity, oral cavity,
bucconasal groove

Introduction

The ability to breathe through the nose is due to a significant
milestone in the evolution of the tetrapod respiratory system:
the communication between the nasal and oral cavities through
choanae. The choana is one of the first components of the tetra-
pod body plan to evolve. First occurring in extinct fish relatives
of the tetrapods at least 380 million years ago (30 million years
before limb development), it is crucial to the understanding of the
fish—tetrapod transition (Janvier, 2004; Zhu and Ahlberg, 2004)
and is considered a “preadaptation” to terrestriality (Triques and
Christoffersen, 2018). Notwithstanding its importance in tetrapod
life history, there is still no consensus on the developmental or
evolutionary origin of the choana despite more than a century of
debate (Bertmar, 1969; Hinsberg, 1901; Hinsberg, 1902; Janvier,
2004; Panchen and Smithson, 1987; Rosen et al., 1981).

In most fishes, the nasal cavity contains an incurrent, anterior
nostril and excurrent, posterior nostril, both of which are external
to the oral cavity and allow for olfaction but no communication
with the respiratory system (Bertmar, 1969; Pashchenko and Ka-
sumyan, 2017; Zeiske et al., 2009). There are representatives both
in Actinopterygii (ray-finned fishes) and Chondrichthyes (sharks,
skates, rays, and chimaeras) where the excurrent nostril opens
into the oral cavity (Allis, 1917; Allis, 1932; Atz, 1952a; Atz, 1952b;
Bertmar, 1968). However, fish choanae are the exception and not
therule, being largely used by inactive, bottom-dwelling species to
improve water circulation over the sensory cells of the nasal cavi-
ties during olfaction (Jankowski, 2013; Parsons, 1971). One group
that has elicited particular scrutiny on the topic is the lungfishes,
which are closer relatives to tetrapods and possess nostrils that
open into the mouth. However, homology between lungfish and
tetrapod choanae has been rejected due to major differences in
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their relationships to the surrounding nerves, bones and sensory
line canals (Arnason et al., 2004; Janvier, 2004). Therefore, the
tetrapod choana is understood to be a homoplastic structure rela-
tive to those in the aforementioned fish lineages.

Extant tetrapods are categorized into two groups: amniotes
(mammals, birds, and reptiles) and anamniotes (amphibians),
which differ in several anatomical characteristics, including the
embryonic developmental of their craniofacial regions. Amniotes
develop craniofacial prominences that grow out and fuse around
bucconasal grooves running between the nasal and oral cavi-
ties, simultaneously forming an intact upper jaw, as well as their
choanae (Jiang et al., 2006). Amphibians, on the other hand, show
more diversity. Caecilians (Order: Gymnophiona) utilize a similar
mechanismtoamniotes where nasaland oral cavities communicate
throughbucconasal grooves, whichthen serve as the foundation for
the choana as facial prominences fuse around them to complete
the process (Brauer, 1899; Hinsberg, 1902). The majority of frogs
and salamanders, on the other hand, develop disconnected oral
and nasal cavities that eventually communicate through choanae
without the involvement of bucconasal grooves (Schneider, 1935;
Tsuiand Pan, 1946). Regardless, all tetrapods eventually converge
upon a final configuration of separate nasal and oral cavities that
communicate with each other through open choanae.

Here, we present a study of the formation of the nasal cavity
and choana in the Mexican axolotl (Ambystoma mexicanum), a
commonly studied salamander species used as a research model
in laboratories across the globe (Voss et al., 2009). Using X-ray
micro computed tomography (microCT) as well as histology and
fluorescence microscopy for the detection of cellular apoptosis,
we show that the axolotl initiates nasal cavity and choana forma-
tion in a similar manner to what has previously been described
for other urodelans (salamanders and newts) and anurans (frogs
and toads). The choana in the axolotl forms from an epithelial
extension of the posterior nasal sac, which pushes through the
intervening mesenchyme and connects with the palate epithelium;
eventually thinning and breaking up without the death of the con-

stituent cells. While the developmental mechanism differs from
caecilians,mammals and crocodilians, the axolotl does go through
a stage where epithelial tissue obstructing the putative choana
has to break down in order to facilitate communication between
the nasal and oral cavities.

Results

3D analysis of developing nasal and oral cavities

To examine the relationship of the developing nasal cavities
to the oral cavity in 3-dimensional space, we used microCT scans
of embryos in developmental stages 39 — 47. Deepening nasal
pits eventually form rounded sacs disjointed from the developing
oral cavity and from each other (Fig. 1A, purple). The oral cavity,
on the other hand, forms from the anterior foregut, with a hollow
buccopharyngeal segment that is continuous with the gut (Fig. 1,
green) and an anterior segment that is filled with foregut endo-
derm-derived epithelial cells (Fig. 1A, light blue); a developmental
phenomenon previously described by Takahama et al., (1988) in
Hynobius tokyoensis and Soukup et al., (2008) in the axolotl. As
embryonic growth progresses and oral endoderm mass breaks
down, the hollow buccopharyngeal segment expands to form an
entirely open oral cavity that lies directly beneath the developing
nasal sacs (Fig. 1B). The growing nasal sacs ultimately approach
the oral cavity and their epithelia make contact (Fig. 1C), eventually
forming a communication between them through patent choanae
(Fig. 1C - dark blue, D,D’).

Histological analysis of developmental progression in the oro-
nasal region

In order to gain a better understanding of the soft-tissue
dynamics underlying the microCT observations, we decided to
study histological sections from comparable embryonic stages.
At stages 39 and 40, the nasal pit is distinct and nasal epithelium
progressively thickens in the posterior direction (Fig. 2 A,B). Dur-
ing this period, the nasal sac remains physically separated from
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Fig. 1. X-ray micro computed tomog-
raphy (MicroCT) analysis reveals inde-
pendent development and subsequent
connection of the oral and nasal cavi-
ties of the axolotl. (A) Segmentation of
astage 39 embryo showingleftandright
nasal cavities, as well as the endoder-
mal mass in the oral cavity (light blue)
and the open segment of the anterior
foregut (green). (B) Stage 43 embryo
showing loss of endodermal mass in
theoral cavityand expansion of the open
buccopharyngeal cavity underneath the
nasal cavities. (C) Stage 44 embryo
showing contact between the oral and
nasal cavities (dark blue). (D,D") Virtual
section from stage 44 embryo showing
openchoana (redarrow). Abbreviations:
afg, anterior foregut; bpc, buccopha-
ryngeal cavity; em, endodermal mass
of oral cavity; Inc, left nasal cavity; nc,
nasal cavity; oc, oral cavity; rnc, right
nasal cavity. Arrows in (A): A, anterior;
P, posterior; D, dorsal; V, ventral.




the putative oral cavity with a discrete, intervening mesenchymal
tissue layer in between (Fig. 2 A,B). Around stages 40-41, the
nasal and oral epithelia begin to approach one another at the
future site of the choana, despite the oral cavity still being filled
with endodermal tissue (Fig. 2B). At Stage 42, epithelial tissue
from both the oral and nasal cavities begins to infiltrate the re-
gion and make contact with each other (Fig. 2 C,D). The growth
of epithelia towards each other, along with the displacement of
intervening mesenchyme, eventually leads to the formation of an
epithelial bridge between the oral and nasal cavities, demarcating
the putative choana (Fig. 2 E,H). This tissue is reminiscent of the
mammalian oronasal membrane (also known as the bucconasal
membrane or lamina oronasalis). Around stage 44-45, this tissue
breaks down, creating an open communication between the nasal
and oral cavities (Fig. 2F).

Perforation of the choana

Since the mammalian oronasal membrane is understood
to break down through apoptosis (Weingaertner et al., 2006),
we decided to check for the presence of apoptotic cells during
choana opening in the axolotl. TUNEL analysis did not detect any
apoptotic cellsin the choanaregion of sagittal sectioned embryos
at any of the stages of development examined (stages 41 - 44),
suggesting that cell death was not involved in the breakdown of
the oronasal membrane (Fig. 2G). In general, very few apoptotic
cells were detected in the axolotl embryos as can be observed
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Fig. 2. Histological analysis delineating the devel-
opment of the choana. Sagittal sections of axolotl
embryos. (A,B) Stage 39 and stage 40 embryos
respectively, showing early and later stages of endo-
dermal mass in the oral cavity, visibly separated by
mesenchyme from the nasal epithelium. (C,D) Stage
42 embryo where the endodermal mass has cleared,
leaving a patent oral cavity. Epithelia from the nasal
and oral cavities have begun to cross the interven-
ing mesenchyme and mix together. (E) Stage 43,
mesenchyme has been completely displaced by an
epithelial bridge between the oral and nasal cavities
(black arrow). (F) At Stage 44-45, the epithelial bridge
has broken down and the choanais completely open
(black arrow). (G) Representative image of TUNEL
assay on Stage 43 embryo showing TUNEL-positive
cells (in green; white arrows) in the nasal epithelium,
but none in the thinning oronasal membrane. (H)
Close-up view of the developing choana region from
panel (G) in DAPI channel only, revealing details of
the very few, large cells that make up the epithelial
membraneinthe axolotl (black arrow). (1) Transverse
section of stage 29 chicken embryo showing TUNEL-
positive apoptotic cellsinthe frontonasal mass (white
arrows). (J) Axolotl section showing strong TUNEL
signalafter DNasetreatment,intendedasasasecond
positive control for TUNEL analysis. Abbreviations:
em, endodermal mass of oral cavity; ne, nasal epi-
thelium; nc, nasal cavity; mes, mesenchyme; oc, oral
cavity. Scale bars indicate 100um.

in Fig. 2G. As a positive control, transverse sections of stage 29
chicken embryos were placed on the same slides as experimental
samples and exhibited TUNEL-positive apoptotic cellsinthe center
of the frontonasal mass (Fig. 2I), a region previously reported to
be TUNEL-positive by Abramyan et al., (2015). As an additional
positive control, an axolotl section on the same slide was treated
with DNase | and exhibited strong TUNEL signal (Fig. 2J).

InX. laevis, Dickinsonand Sive (2006) describe a “burst” of apop-
tosis priorto the opening of the oral cavity during buccopharyngeal
membrane breakdown, crediting this process with the reduction
of cells in the region and not necessarily the perforation of the
membrane per se. To test for early apoptosis in the axolotl (prior
to the choana breaking through), we treated live embryos with the
pan-caspase inhibitor z-VAD-fmk, from stage 39 until stage 43. Of
11 treatment animals and 10 control animals, all exhibited normal
development of the oronasal region, including the approach and
merger of the epithelia at the site of the putative choana, with no
visible deviation in developmental processes when assessed us-
ing histological analysis. If axolotls use apoptosis very sparingly,
z-VAD-fmk should have no effect, as we found to be the case.
This experiment indicates that caspase-mediated apoptosis is
not responsible for the formation or eventual perforation of the
developing choana in the axolotl. Unfortunately, since there are
very few TUNEL-positive cells in axolotl embryos in generally, we
were unable to quantify the efficacy of z-VAD-fmk in reducing
apoptosis in the axolotl.
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Discussion

Here, we analyzed the development of the choana in the axo-
lotl, an enigmatic salamander species that has been studied as a
research model by generations of scientists. The homology of the
vertebrate choana has been a topic of debate among scientists
for decades (Arnason et al., 2004; Bertmar, 1966; Bertmar, 1969;
Janvier, 2004; Parsons, 1971; Rosen et al., 1981). These debates
largely revolve around the fact that in some groups the primitive
nasal and oral cavities communicate through bucconasal grooves
which later form choanae within the ectodermal region, whereas
in others, choanae form de novo, opening directly into the oral en-
doderm from the nasal sac. As described in this study, the axolotl
falls into the latter category. There were no bucconasal grooves or
fusion observed in the axolotl, with the developmental mechanism
largely following what has historically been described for anurans
and urodelans (Hinsberg, 1901; Schneider, 1935; Tsui, 1946; Tsui
and Pan, 1946).

However, this mode of development is not shared by all amphib-
ians, as caecilians have long been known to develop a bucconasal
groove with medial and lateral processes that fuse across the
groove to develop choanae (Brauer, 1899; Hinsberg, 1902), similar
to what has been described for amniotes (Abramyan et al., 2015);
apparently leaving the anurans and urodelans as the odd group
within tetrapods with a derived developmental mechanism of
choana formation (Fig. 3). In fact, the phylogenetic distribution of
the bucconasal groove has historically led researchers to propose
that this structure was likely found in the ancestor to all tetrapods
but was subsequently either lost or reduced in frogs and sala-
manders (Allis, 1932). While most authors agree that bucconasal
grooves arerestricted to amniotes and caecilians (Hinsberg, 1901;
Medvedeva, 1961; Schneider, 1935; Tsui, 1946; Tsui and Pan, 1946),
Bertmar (1966) describes the formation of choanae in Hynobius
retardatus as involving postnasal grooves, which he proclaims as
being remnants of the original tetrapodan bucconasal groove. He
further states that he has also observed such postnasal groovesin
Hynobius nebulosus and the Cryptobranchus japonicas (Japanese
giant salamander - Andrias japonicus). Interestingly, Bertmar's
observations are supported by earlier,independent observation of
similar grooves by Watanabe (1936) in Onychodactylus japonicus
and Hynobius lichenatus as well as Kawagoe (1932) inthe Japanese
giant salamander. It is possible that vestigial bucconasal grooves
remain in members of the Cryptobranchoidea clade (otherwise
known as primitive salamanders), as all of the abovementioned
species belongto this group. Axolotls, on the other hand, belong to
Salamandroidea, which are known as the advanced salamanders.
Using 3D segmentation and histology, we show that in the axolotl,
the communication between the nasal and oral cavities is initiated
deep in the nasal sac, away from any superficial postnasal groove
that would have developed. In this, our results differ significantly
fromthe description of the superficial choana formationin Hynobius
retardatus by Bertmar (1966).

A second trait that sporadically appears across the tetrapod
phylogeny is the formation of a transient epithelial tissue covering
the nascentchoana. Inamphibians, Hinsberg (1902) described the
caecilian choana as first closing and then reopening. Similarly, in
mammals and crocodilians, the prominences fuse along their entire
length, forming an epithelial seam between them called the nasal
fin that completely closes the putative choana (Abramyan et al.,

Fig. 3. Tetrapod phylogeny showing the distribution of embryonic choana
development mechanisms. (A) Frogs and salamanders develop isolated
nasal cavities that eventually connect with the oral epithelium, leading to
the formation of an epithelial membrane that breaks to form the choana.
(B) Caecilians develop medial and lateral processes that fuse across a
bucconasal groove, temporarily obstructing the choana with fused tissue
(blue), which later breaks down to develop a patent choana (as described by
Hinsberg, 1902). (C) Inbirds, turtles and squamates, craniofacial prominences
fuse across the bucconasal groove, but leave an open choana posterior to
the fusion zone. (D) Crocodilians and mammals develop medial and lateral
processes that fuse across a bucconasal groove, forming a nasal fin that
physically separatesthe nasaland oral cavities. As development progresses,
the posterior nasal fin thins to form an oronasal membrane that eventually
breaks, forming a patent choana. fz, fusion zone; nc, nasal cavity; oe, oral
ectoderm. lllustration modified from (Kurosaka, 2019); silhouette images
from www.phylopic.org

2015; Jiang et al., 2006). Later, the posterior segment of the nasal
fin is reduced in thickness, forming an oronasal membrane that
eventually breaks and creates a patent choana (Fig. 3) (Gaare and
Langman,1977;Hasso and Kim-Miller,2006; Piotrowskietal.,2011;
Rudé et al., 1994). In birds, turtles, and squamates, on the other
hand, there is no formation of a nasal fin or oronasal membrane.
Instead, the craniofacial prominences grow in a U-shape around
the bucconasal groove (Abramyan et al., 2015). This facilitates
formation of an open choana from the outset, allowing commu-
nications between the nose and mouth throughout development
(Abramyan and Richman, 2015).

In studying the rat oronasal membrane, Weingaertner et al,,
(2006) found that apoptosis was responsible for its breakdown
during the formation of a patent choana. However, we did not de-
tect apoptosis during choana formation in the axolotl, suggesting
a different mechanism of tissue breakdown is at play. One pos-
sible mechanism could involve the growth of the embryo causing
enough tension to physically pull apart the cells in the axolotl
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choana (Miller et al., 1993; Watanabe et al., 1984), while another
possibility may be the molecular loss of cell adhesion factors, lead-
ing to dissociation (Waterman and Balian, 1980). A detail to note
of the epithelial membranes found in mammal, crocodilians, and
caecilians, is that it arise due to the fusion of free epithelia, while
in the axolotl, the oronasal membrane arises through the fusion of
the basal surfaces of nasal and oral epithelia, in a different process
than the aforementioned groups. This may account for the differ-
ences in the mechanism of breakdown as well.

In conclusion, the results we present in this manuscript describe
amechanism of nasal cavity and choana formationin axolotl which
is distinct from what has been described in most other tetrapods,
even including some salamanders. Without dismissing the histori-
cal observations of remnant bucconasal grooves in caecilians and
cryptobranchoid salamanders, and assuming bucconasal grooves
are indeed ancestral to all tetrapods, a clearer picture begins to
emerge that places the configuration of the nasal sacs, the oral
cavity,andthe choanae describedinthis study,into context. Bertmar
(1966) describes Hynobius retardatus as developing its choanae
from three portions: a vestigial bucconasal groove, an epithelial
process extending from the nasal sac, and an epithelial process
extending from the oral cavity. In the axolotl, we show here that
only the latter two processes are involved, having dispensed with
any involvement of a bucconasal groove in the formation of the
choana. Therefore, we propose two alternative scenarios for the
evolution of the urodelan choana: (a) a stepwise progression where
the nasal and oral epithelial processes evolved in stem salamander
and worked with the existing bucconasal groove to formthe choana.
This mechanism is then retained in cryptobranchoid salamanders,
while advanced salamanders such as axolotl only utilize the epithe-
lial processes, allowing the bucconasal groove to be lost; (b) the
enlargement and/or repositioning of the nasal cavities in axolotl
and related species eventually perforates the roof of the mouth,
forming a new connection with the oral cavity in the posterior nasal
sac independent of the bucconasal groove. Such amechanism has
been previously proposed by Bertmar (1969) and Panchen (1967)
for other instances of de novo choana evolution such as in the fish
genus Astroscopus. This would eliminate the need for bucconasal
grooves, eventually allowing them to degenerate or be lost. Thus,
a “new” choana would form that is independent of the bucconasal
groove-related structure in tetrapods.

Materials and Methods

Axolotl embryos

Ambystoma mexicanum embryos were obtained from the
Ambystoma Genetic Stock Center (RRID:SCR_006372) and reared
in spring water at 18°C. The use of pre-feeding larvae does not
require a protocol approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Michigan. However,
studies adhered to the compliance standards of the U.S. Depart-
ment of Health and Human Services Guide for the Care and Use
of Laboratory Animals. Embryo stages 43 and under were staged
according to Bordzilovskaya and Dettlaff (1979). Embryos stages
44 and over were staged according to Atkins et al., (2020).

MicroCT scanning and segmentation
Samples were fixed in 4% paraformaldehyde (PFA) in phosphate
buffered saline (PBS) overnight and then transferred to 70% ethanol
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through a graded ethanol series. Samples were then stained with
0.3% phosphotungsticacid (Sigma-Aldrich) in 70% ethanol overnight
at room temperature on a low speed shaker and then embedded in
0.5% agarose inside of a 0.2 ml PCR tube. For scanning, specimens
were placed in a9 mm diameter specimen holder and scanned us-
ing a HCT100 system (Scanco Medical, Bassersdorf, Switzerland).
Scan settings: voxel size 3.3 pm, 70 kVp, 85 pA, 0.5 mm AL filter,
1500 projections and integration time 1000 ms. Scans were ana-
lyzed using open-source software. MicroView (Parallax Innovations
Inc., llderton, ON, Canada) was used for reorientation and cropping,
while 3D Slicer version 4.2.2 (http://www.slicer.org) was used for
segmentation by hand. Figures were compiled in Adobe Photoshop
CS6 and Adobe lllustrator CS6 (Adobe Systems Inc., San Jose, CA).
The following stages and numbers were scanned and segmented:
Stage 39 (n=2), Stage 41 (n=4), Stage 42 (n=4), Stage 43 (n=4),
Stage 44 (n= 4), Stage 45 (n=4), Stage 46 (n=2), Stage 47 (n=2).

Histology

Samples were fixed and transferred to 70% ethanol as described
for microCT, embedded in paraffin, sectioned at 7 ym thickness,
and mounted on slides. Sections were stained with picrosirius red
to highlight skeletal and soft tissue and alcian blue to highlight
cartilage (Buchtova et al., 2007). Bright-field images were captured
using a Nikon Eclipse E800 microscope with a CoolSNAP-EZ CCD
camera (Photometrics, Tucson,AZ) and NIS-Elements BRv. 4.12.01
software (Nikon, Melville, NY). Different samples were used for
histology and microCT. The following stages and numbers were
sectioned: Stage 39 (n=3), Stage 40 (n=4), Stage 42 (n=4), Stage
43 (n=4), Stage 44-45 (n=4).

Apoptosis detection

Unstained histological sections were also utilized for TUNEL
(terminal deoxynucleotide transferase dUTP nick end labeling)
assay to detect apoptotic cells using the ApopTag Fluorescein In
situ Apoptosis Detection Kit (EMD Millipore - S7110) according to
manufacturer’s instructions. Specimens were cover-slipped using
Vectashield mounting medium for fluorescence with DAPI (Vector
Laboratories). Fluorescence images were captured using a Nikon
Eclipse Ts2R inverted microscope mounted with a CoolSNAP Dyno
monochrome CCD camera (Photometrics) and NIS-Elements BR
v. 5.02 software (Nikon). The following stages and numbers were
analyzed using TUNEL: Stage 41 (n=3), Stage 42 (n=4), Stage 43
(n=4), Stage 44 (n= 3). Chicken embryo used as a positive control
was staged according to Hamburger and Hamilton (1992). DNase
treated positive control was circled with a solvent-resistant histol-
ogy pen and treated with DNase | for 1T minute at RT on the same
slide as experimental samples.

Apoptosis inhibition

To block apoptosis during the development of the nasal and oral
cavities, the pan-caspase inhibitor, z-vad-fmk (benzyloxycarbonyl
Val-Ala-Asp (O-methyl) fluoromethyl ketone) (Sigma-CAS 187389-
52-2 - Cat No: 627610-1MG) was used at a concentration of 300
pM (Dickinson and Sive, 2006). Devitellinized embryos (n=11) were
treated in a 100ml petri dish filled with 7.13 ml 300 pM solution of
z-vad-fmk (dissolved in DMSO0) at 18°C beginning at stage 39 until
stage 43. Devitellinized control embryos (n=10) were reared in a
100ml petri dish filled with 0.7% solution of DMSO/spring water in
7.13 ml total volume.
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