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1 | INTRODUCTION

Edward L. Stanley’

| Richard R. Behringer'

Abstract

Female reproduction in squamate reptiles (lizards and snakes) is highly diverse
and mode of reproduction, clutch size, and reproductive tract morphology all
vary widely across this group of ~11,000 species. Recently, CRISPR genome
editing techniques that require manipulation of the female reproductive anat-
omy have been developed in this group, making a more complete understand-
ing of this anatomy essential. We describe the adult female reproductive
anatomy of the model reptile the brown anole (Anolis sagrei). We show that
the brown anole female reproductive tract has three distinct anterior-
to-posterior regions, the infundibulum, the glandular uterus, and the non-
glandular uterus. The infundibulum has a highly ciliated epithelial lip, a
region where the epithelium is inverted so that cilia are present on the inside
and outside of the tube. The glandular uterus has epithelial ducts that are pat-
ent with a lumen as well as acinar structures with a lumen. The nonglandular
uterus has a heterogeneous morphology from anterior to posterior, with a
highly folded, ciliated epithelium transitioning to a stratified squamous epithe-
lium. This transition is accompanied by a loss of keratin-8 expression and
together, these changes are similar to the morphological and gene expression
changes that occur in the mammalian cervix. We recommend that description
of the nonglandular uterus include the regional sub-specification of a “cervix”
and “vagina” as this terminology change more accurately describes the mor-
phology. Our data extend histological studies of reproductive organ morphol-
ogy in reptiles and expand our understanding of the variation in reproductive
system anatomy across squamates and vertebrates.
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viviparity in amniotes (Blackburn, 1999), with some spe-
cies having such high reproductive plasticity that their

Squamate (lizards and snakes) reproductive strategies are
strikingly diverse when compared to the conserved repro-
ductive modes of the other amniote lineages (mammals,
birds, crocodiles, turtles, and tuataras). Squamates
account for all but one of the 115 independent origins of

reproductive mode varies across their geographic ranges
(reviewed in Tinkle & Gibbons, 1977). Within the derived
viviparous forms, both lecithotrophic (embryonic nutri-
ents come from yolk) and matrotrophic (embryonic
nutrients come from mother) viviparity have been
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documented (reviewed in Blackburn, 2015). Clutch size
also varies between species with lizards producing from
one to 21 (viviparous)/52 (oviparous) offspring at a time
across the breeding season (Meiri et al., 2020). Despite
this diversity of reproductive mode and clutch size, the
gross anatomy of the lizard female reproductive tract
appears to be more conserved (Blackburn, 1998;
Girling, 2002) than that of eutherian mammals (Machado
et al., 2022). However, a comprehensive understanding of
the morphological diversity in the reproductive organs
of squamates is lacking and many groups of reptiles
remain understudied.

The generalized squamate reptile female reproductive
tract is composed of paired tubes located at the dorsal
side of the coelomic cavity, opening anteriorly to the
ovary and connecting posteriorly with the gastrointesti-
nal system in a single opening called the cloaca. In adult
females, the reproductive tracts are heterogeneous and
have morphologically distinct regions. The infundibulum
is the most anterior region and is a thin, folded tube
that receives the ovulated oocyte from the ovary
(Bassi et al., 2018; Cuellar, 1970). The infundibulum tran-
sitions into the glandular uterus, a region with a thicker
epithelium and a large portion of glandular tissue where
the fertilized eggs are maintained during the initial stages
of embryogenesis (reviewed in Blackburn, 1998). More
posteriorly, the glandular uterus transitions into the non-
glandular uterus, a muscular organ that has been
described as the location of sperm storage in some species
(Conner & Crews, 1980, reviewed in Sever &
Hamlett, 2002). The nonglandular uterus connects to the
cloaca. This same general architecture is consistent
between lecithotrophic viviparous (ovoviviparous; Girling
et al., 1997; Murphy et al., 2011) and oviparous species
(Blackburn, 1998; Siegel et al., 2014). Though we were
unable to find descriptions of the full length of the repro-
ductive tract in a matrotrophic viviparous (placental) spe-
cies, the uterine region in these species has been
similarly described (Adams et al, 2007, Biazik
et al, 2008, 2009; Parker et al, 2010; Thompson
et al., 2006; Wu et al., 2011).

Morphological and functional studies of the female
reproductive tract organs of nonavian reptiles have given
rise to a set of terminology that has been used to describe
the adult reproductive anatomy of the female reproduc-
tive tract. As early as 1893, the central portion of the
female reproductive tract was named the “uterus” as this
is the region of the reproductive tract where fertilized
eggs spend most of their time. The reptilian “uterus” is
morphologically defined by two layers of muscle, the
presence of mucosal glands, and the presence of ciliated
and secretory cells (Siegel et al, 2014). From 1898
onwards, the posterior region of the reproductive tract

was named the “vagina” and this region was defined
morphologically by a thick muscle layer, highly folded
mucosa, and ciliated crypts where sperm is stored in
some species (Siegel et al., 2014). Despite the persistent
use of these terms in studies of the reptilian reproductive
anatomy, the homology of these regions to the synony-
mous regions of the mammalian and avian reproductive
tracts have not been assessed. Some recent studies
replace the term “uterus” with the term “glandular
uterus” and the term “vagina” with the term “nonglandu-
lar uterus” (Siegel et al., 2014). The most anterior portion
of the reproductive tract, often named the infundibulum,
is also referenced as the uterine tube (Adams et al., 2004)
but this terminology is less common. The infundibulum
is defined by the presence of both ciliated and nonciliated
cells (Siegel et al., 2014). Additionally, some but not all
descriptions of the reproductive anatomy across reptiles
include additional morphological distinctions between
regions of the reproductive tract. A region described as
an isthmus has been reported between the infundibu-
lum and the glandular uterus, primarily in geckos
(Girling, 2002; Girling et al, 1997, 2000; Nogueira
et al., 2011) but there is no broad use of this term and
regional distinction. Thus, because of incomplete histo-
logical analyses, unique naming conventions, and varied
interpretations, morphological distinctions within the lit-
erature are challenging to interpret (Blackburn, 1998). In
this article, we use the terminology that describes three
regions of the reproductive tract: the infundibulum, the
glandular uterus, and the nonglandular uterus.

Relatively few studies of the reproductive system have
focused on Iguania, a morphologically and ecologically
diverse superfamily comprising 20% of all squamate spe-
cies (27% of all lizards). The lizard genus Anolis is a
diverse group of Iguanian lizards that has long been a
focus of research on convergent evolution, ecological
adaptation, behavior, biogeography, and morphological
variation (Losos, 2009). The brown anole, Anolis sagrei,
has become an important species due to being readily
adaptable to laboratory conditions, the accessibility of the
lizards, and the availability of tools for study (Geneva
et al., 2022; Lovern et al., 2004; Sanger & Kircher, 2017).
Study of this species is particularly important as techno-
logical advances in genome editing that rely heavily on
manipulation of the reproductive tract have been
recently developed (Abe et al., 2023; Garcia-Elfring
et al., 2023; Rasys et al., 2019). The adult female repro-
ductive anatomy of the genus Anolis has been described
as highly conserved and follows a generalized reptilian
architecture (Conner & Crews, 1980; Evans &
Clapp, 1940; Fox, 1963; Fox & Dessauer, 1962; Gabe & Saint
Girons, 1965; Ortiz & Morales, 1974; Sever &
Hamlett, 2002). Although most of these studies do not

2SI suowwo)) d9Aneal) a[qearjdde oy £q pautoaoS aie sa[o1e YO (asn Jo sa[n Joj A1eiqi] auljuQ) AJ[IA\ UO (SUONIPUOI-PUE-SULIA)/ W00 K[ 1M Kreiqi[aurjuo//:sdny) suonipuo)) pue suwd [, ay1 39S ‘[£207/80/€7] uo Kreiqiy aurjuQ £d[1p ‘Asioatun) uofojy didaure) £q €677 18/2001°01/10p/wod Kajim Kreiqraurjuo-sqndAworeue/:sdny woly papeo[umo(] ‘0 ‘p6+87€61



KIRCHER ET AL.

EEDEEERE WiLEY-L

focus on morphological distinctions between the regions of
the reproductive tract, Noble & Greenberg (1941) outline
distinctions between the glandular and nonglandular uterus
in the green anole Anolis carolinensis. The green anole
glandular uterus has acinar glands that appear to be asso-
ciated with epithelial folds. The nonglandular uterus has
three lumen that merge into one and an epithelium that
changes from cuboidal/columnar, to multilayered from
anterior to posterior. Throughout the breeding season,
female anoles lay approximately one egg per week, and
ovulation alternates between left and right ovaries
(reported in the green anole; Crews, 1977, 1980). Sperm
storage in the nonglandular uterus has been described in
Anolis sagrei (Sever & Hamlett, 2002). However, study of
the entire reproductive anatomy of the brown anole is
less comprehensive.

Here, we describe the morphology of the reproductive
tract of the adult female brown anole and employ histo-
logical and molecular characterization to define distinct
subregions along the anterior-posterior axis. We examine
the expression of genes known to be present in the mam-
malian and avian reproductive tracts. Specifically, we use
antibodies against keratin 8, a gene that is expressed in
the anterior portions of the mammalian reproductive
tract (uterus, oviduct) but absent from posterior portions
(vagina; Chumduri et al., 2021) and laminin, a gene that
is expressed in the basement membranes surrounding
ducts in the avian shell gland (Madekurozwa, 2013). We
also use general gene expression markers of smooth mus-
cle (smooth muscle actin) and cilia (beta-tubulin) for a
more detailed study of the tissue architecture across the
brown anole reproductive tract. These detailed studies
provide a foundation for future investigations of repro-
ductive biology and development in this important reptil-
ian species.

2 | MATERIALS AND METHODS

2.1 | Lizards

Adult and subadult Anolis sagrei were collected at the
University of Florida (Gainesville) in August 2017 under
University of Florida IACUC protocol #201809270 (Mar-
tin Cohn, PI) and from the Houston Arboretum and
Nature Center between October 2021 and August 2022.
Adult lizards collected in Houston were housed accord-
ing to laboratory husbandry protocols for this genus
(Sanger et al., 2008). The animals were supplied with
water by daily misting, fed crickets dusted with a calcium
supplement (Repta Calcium, Flukers) at least twice per
week, and maintained on a 13:11 hour light:dark cycle
(UVA/UVB light, Reptisun, ZooMed). Lizards were

anesthetized by intracelomic injection of 1% buffered tri-
caine methanesulfonate based on body weight and eutha-
nized with an intracelomic injection of 50% tricaine
methanesulfonate based on body weight (Conroy
et al., 2009; MD Anderson TACUC protocol) or eutha-
nized by an intraperitoneal injection of Euthasol
(UF TACUC protocol). The Institutional Animal Care
and Use Committee of the University of Florida and the
University of Texas MD Anderson Cancer Center
approved all animal procedures. Experiments were per-
formed consistent with the National Institutes of Health
Guidelines for the Care and Use of Experimental Animals.

2.2 | Histology

The reproductive tracts from female lizards were dis-
sected into phosphate-buffered saline. The freshly
dissected tracts were then imaged using a Leica MZ10F
dissecting microscope with a Jenoptik Gryphax camera.
Tissues were subsequently fixed in 4% paraformaldehyde
at 4°C overnight. Samples were then processed for paraf-
fin embedding and 5 pM transverse sections were cut.
Tissues were stained with hematoxylin and eosin (H&E)
following standard procedures. H&E-stained sections
were imaged using a Nikon Eclipse 80i compound
microscope.

2.3 | Immunofluorescent staining

Fluorescent immunohistochemistry was performed on
5 uM paraffin sections to localize Keratin 8 (TROMA-1,
Developmental Studies Hybridoma Bank, diluted to 3 pg/mL),
Smooth Muscle Actin (SMA 546, Sigma, C6198, 1:200),
Laminin (Sigma-Aldrich, L9393, 1:100), and beta-Tubu-
lin (D3ULW, 1:400, Cell Signaling Technologies, 86298).
After paraffin sections were dewaxed and rehydrated,
antigen retrieval using a citrate buffer (10 mM citratric
acid with 0.5% Tween, pH 6.0) and a 2100 Antigen
Retriever (Aptum Biologics Ltd, South Hampton, UK)
was performed. Samples were blocked using 5% fetal
bovine serum (FBS) and primary antibodies were incu-
bated overnight at 4°C. Fluorophore-conjugated second-
ary antibodies (goat anti-Rat Alexa-Fluor-488,
Invitrogen, A-11006 or goat anti-Rabbit Alexa-Fluor-
488, Invitrogen, A-11008) were added for 1 h at room
temperature, and DAPI (1 mg/mL) for 5 min. #1.5 cov-
erslips were mounted using Prolong Gold Antifade
Mounting Media (Invitrogen, P36930). Fluorescent
images were acquired with an Al Nikon Inverted confo-
cal equipped with a LUNV Laser Launch
(405/445/488/514/561/640) and DU-G GaAsP detector
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unit. Images were acquired using either a Plan Apo 20x
0.75 NA objective or an oil immersion Plan-Apo 60x 1.4
NA. Excitations were done with 405, 488, 561, and
640 nm laser lines, and respective emissions were col-
lected with filters 450/50 (blue), 525/50 (green), 600/50
(red), and 650LP (far-red). The dwell time for each
channel was 2.2 s/frame. Pinhole was set to be 1. The
pixel size was 621.48 nm for 20x and 207.16 nm for
60x. Z-stack steps are reported in figure legends. A
montage was made of X by Y tiles using an overlap of
15%. 3D rendering was performed using Fiji (Schindelin
et al., 2012).

2.4 | Whole-mount immunofluorescent
staining

Tissue was fixed in 4% paraformaldehyde overnight at
4°C then blocked with 5% FBS and 0.4% Triton-X 100 in
phosphate-buffered saline. Primary antibodies against
beta-Tubulin (D3ULW, 1:400, Cell Signaling Technolo-
gies, 86298), Laminin (Sigma-Aldrich, 19393, 1:100), or
Keratin-8 (TROMA-1, Developmental Studies Hybridoma
Bank, diluted to 3 pg/mL) and a secondary antibody (goat
anti-Mouse Alexa-Fluor-546, A-11030, goat anti-Rabbit
Alexa Fluor-546, A-11035, goat anti-Rat Alexa Fluor-488,
A-11006, Invitrogen) were used. Tissue was cleared in
ScaleS (Hama et al., 2015) for 48 h and mounted for
imaging in ScaleS with a #1.5 coverslip. Fluorescent
images were acquired using an Al Nikon Inverted confo-
cal microscope equipped with a LUNV Laser Launch
(405/445/488/514/561/640) and DU-G GaASP detector
unit. Images were acquired using a Plan Apo 10x 0.45
NA objective. Excitations were done with 405 and
561 nm lasers and respective emissions were collected
with filters 450/50 (blue) and 600/50 (red). The dwell
time for each channel was 2.2 s/frame. Pinhole was set at
1. The pixel size was 1.24 pm. A montage was generated
of X by Y tiles using an overlap of 15% for the infundibu-
lum. Deconvolution of the images of the infundibulum
was performed using NIS Elements and the final image
was rendered as an Extended Depth of Focus (EDF)
image. A tiff stack of the glandular uterus data was pro-
cessed in Fiji (Schindelin et al., 2012).

2.5 | Micro-computed tomography

Two formalin-fixed, ethanol-preserved female anoles
were stained with contrasting agents, and their reproduc-
tive tract was visualized with high-resolution X-ray com-
puted tomography. One subadult specimen was stained
using a 1.75% aqueous solution of Lugol's iodine,

following the guidelines for diffusible iodine-based
contrast-enhanced CT (diceCT) from Gignac et al. (2016).
The second adult specimen was stained with a 1.25%
solution of phosphotungstic acid (PTA), following the
removal of its integument, to allow for better diffusion,
after the method of Lesciotto et al. (2020). Both sam-
ples were scanned on an Xradia Versa 620 system at
the University of Florida's Nanoscale Research Facility.
A lower-resolution (voxel size diceCT = 11.843 pm
PTA = 19.352 pm) scouting scan was performed on the
specimen'’s abdomen to locate the coordinates of the non-
glandular uterus, then high-resolution (voxel size
diceCT = 1.78 pm PTA = 1.09 pm) scans were performed
using a 4x objective. Source and detector settings were
modified to optimize signal-to-noise while still retaining
a scan time that would minimize specimen movement
(Table S1). Radiographs were converted to tomograms
using the Scout and scan control system Reconstructor
software v.16.0.11592 (Carl Zeiss Microscopy, GmbH),
and postprocessing segmentation and visualization were
performed with VGStudioMax 2022.4.1 (Volume
Graphics, Heidelberg, Germany). Both scans are available
to be viewed and downloaded on Morphosource.org.

3 | RESULTS

3.1 | Brown anole female reproductive
tract organs

To determine whether female reproductive organ anat-
omy in A. sagrei is similar to other reptilian species, we
examined the adult female reproductive tract in whole
mount. We report that the female A. sagrei reproductive
organ system is made up of paired ovaries that are
located adjacent to paired reproductive tracts comprised
of an infundibulum, glandular uterus, and nonglandular
uterus that meet the digestive tract at the cloaca.
(Figure 1a,b). In the nonbreeding season (~November-
March in Houston, TX), the ovaries are smaller overall,
the largest ovarian follicles have little to no yolk depos-
ited, and there are rarely fertilized eggs in the reproduc-
tive tract (Figure 1a). In the breeding season, the ovaries
are larger as the most mature ovarian follicles nearing
ovulation have a large amount of yolk deposited
(Figure 1b). A female usually carries 0-2 fertilized eggs
but typically only one fertilized egg is present in each
reproductive tract at a given time (Figure 1b).

To better understand the morphological variation
along the anterior-posterior axis of the reproductive
tract, we used histology to characterize the changes in
cellular architecture across the reproductive tract regions.
We also examined the spatial expression of the proteins
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FIGURE 1 Ventral views of the adult brown anole female reproductive tracts. (a) During the nonbreeding season, there are no yolk-

laden follicles. No eggs are found in the oviducts. (b) During the breeding, there are large, yolk-laden follicles present in each oviduct. The

older (largest) egg will be laid first, as the younger (smaller) egg on the contralateral side continues to grow. Similarly, the largest ovarian

follicle will be ovulated first while the largest on the contralateral side continues to grow. Scale bar = 5 mm.

smooth muscle actin (SMA), a marker of smooth muscle,
keratin 8 (TROMA-1), an epithelial marker, beta-tubulin,
a marker of cilia, and laminin, a basement membrane
marker.

3.2 | Infundibulum

The infundibulum in A. sagrei is a thin, pliable, funnel-
shaped tube (Figure 2a). It is composed of a simple cuboi-
dal/columnar epithelium that is irregularly folded and a
thin layer of smooth muscle (Figure 2a). The cuboidal/
columnar epithelium of the posterior infundibulum con-
sists of both ciliated and nonciliated cells (Figure 2b,c).
In the posterior infundibulum, ciliated and nonciliated
cells are interspersed, and the ciliated cells are recessed
so that the cilia reach the same height as the neighboring
nonciliated cells (Figure 2b). The cilia are beta-tubulin
positive, and the ciliated cells are keratin 8 positive while
nonciliated cells are keratin 8 negative (Figure 2c). The
anterior opening of the infundibulum, the funnel, has a
unique morphology compared to the posterior infundibu-
lum. The most anterior epithelium of the infundibulum
has a structure we define as the “funnel lip”; the funnel
lip has an opaque, ribbon-like appearance in whole-

mount (Figure 3a). In cross-section, the epithelium of the
funnel lip is observed to be folded back onto itself and
every cell of the funnel lip is ciliated. Because the epithe-
lium is folded back on itself, cilia are present on the
lumen facing or “inside” and coelom facing or “outside”
of the funnel lip (Figure 3b). We find that in whole-
mount and in section, the cilia of the infundibulum fun-
nel lip are beta-tubulin positive, present in a ribbon
across the most anterior region of the infundibulum
(Figure 3c) and present on the inside and outside of the
infundibulum funnel (Figure 3d).

In the posterior infundibulum, the cuboidal/
columnar epithelium has interspersed keratin 8 positive
and keratin 8 negative cells (Figure 4a,a’,d,d’). All observ-
able muscle in the infundibulum expresses smooth mus-
cle actin (Figure 4b,b’,d,d’).

3.3 | Glandular uterus

The glandular uterus is a thicker tube that, without a fer-
tilized egg, is collapsed so that it appears flat. With a
fertilized egg, the glandular uterus is transparent and
stretched entirely around the developing eggshell. It is
lined by a simple cuboidal epithelium with a glandular
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FIGURE 2

B-tubulin
DAPI

(a) Transverse cross-section of the posterior infundibulum, midway through the length of the organ. Scale bar = 500 pm.

n = 3. (b) High-magnification image of a posterior infundibulum transverse cross-sections. Black arrowheads indicate ciliated cuboidal

epithelial cells. Scale bar = 20 pm. n = 3. (c) High-magnification image of keratin 8 (magenta), beta-tubulin (yellow), and DAPI (cyan)

immunofluorescence staining of a posterior infundibulum transverse cross-section. Scale bar = 20 pm. n = 3. In high-magnification images

(b, ¢), lumen is on the top of the image.

layer surrounded by a smooth muscle layer (Figure 5a).
The inner layer of muscle is circular around the glandu-
lar uterus as we primarily see longitudinal muscle fibers
in cross-section while the outer layer of muscle is longitu-
dinal as we see circular muscle fibers in cross-section.
(Figure 5b). The middle tissue layer of the glandular
uterus is made up of groups of cells organized into acinar
structures with a lumen and a surrounding basement
membrane (Figure 5c). The acinar structures of the glan-
dular layer seen in H&E histology are surrounded by a
laminin positive basement membrane (Figure 5d). We
also observe epithelial duct-like projections within the
glandular region that are patent with a lumen
(Figure 5e). The epithelium of the glandular uterus has a
simple cuboidal morphology (Figure 5e), and cilia are
present on some of the epithelial cells (Figure 5f).

The epithelium of the glandular uterus is keratin
8 positive (Figure 6a,a’,d,d’). In the glandular uterus, the
duct-like projections that extend into the uterine tissue
from the epithelium are keratin 8 positive (Figure 6a,a’,d,d").
The glandular uterus also has two muscle layers in the
glandular uterus that are SMA positive, one longitudinal
and one circular (Figure 6bb’,d,d").

In whole-mount, the keratin 8 positive epithelial pro-
trusions appear to be associated with the network of
laminin-positive basement membrane ductal structures
(Video 1).

3.4 | Nonglandular uterus

The nonglandular uterus is a short, highly muscular tube
that connects the glandular uterus to the cloaca. It has a
heterogeneous morphology from anterior to posterior.
Most anteriorly, immediately posterior to the glandular
uterus, the lumen of the nonglandular uterus is lined by
a simple cuboidal epithelium that is ciliated and exten-
sively folded (Figure 7a,a’). We find that this region of
the nonglandular uterus has sperm stored in small, iso-
lated lumens surrounding the central lumen (Figure 7a").
In the middle region of the nonglandular uterus, the
lumen narrows, and two additional lumens are present
on each side (Figure 7b). The central lumen is sur-
rounded by a simple columnar, ciliated epithelium
(Figure 7b’), and the two lateral lumens are surrounded
by nonciliated epithelial cells (Figure 7b”). More
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(a) Ventral view of the infundibulum dissected away from the rest of the reproductive tract. Scale bar = 2 mm. n = 3.

GU = glandular uterus. (b) Cross-section of the funnel lip of the infundibulum. Black arrow indicates where the folded epithelium with

coelom facing (exterior) cilia ends. Dashed line is a schematic representing how the connective tissue of the epithelium is doubled over at

the funnel lip (black dashes represent epithelium with cilia facing the lumen, red dashes represent epithelium with cilia facing the coelom);

the magenta lines represent the cilia from the cells of the epithelium of the infundibulum lip. n = 3. Scale bar = 20 pm. (¢) Whole-mount

image of beta-tubulin (yellow) and DAPI (cyan) expression in the infundibulum. 3.9 pm Z-step, 762.45 pm total thickness, n = 3. Scale

bar = 500 pm. (d) Cross-section of the funnel lip of the infundibulum with beta-tubulin (yellow) and keratin 8 (magenta) staining. White

arrowhead indicates where the folded epithelium with exterior cilia ends. n = 3. No Z-step. Scale bar = 20 pm.

posteriorly, there is a single lumen in a “W” shape
(Figure 7c). The epithelium is columnar; however, there
is a transition from ciliated to nonciliated cells
(Figure 7¢’). The central epithelial invagination is heavily
ciliated (Figure 7c¢”) while the remaining epithelium is
nonciliated. In the posterior region of the nonglandular
uterus, the nonstratified, nonciliated columnar epithelium
transitions to a squamous stratified epithelium
(Figure 7d,d’,d”). The most posterior nonglandular
uterus has a uniform stratified squamous epithelium
(Figure 7e,e’). All the nonglandular uterus is sur-
rounded by a large ring of smooth muscle and smooth
muscle separates the three lumens in the anterior non-
glandular uterus. The smooth muscle primarily runs cir-
cularly around the nonglandular uterus as the fibers are
longitudinal in cross-section (Figure 7a-e).

The epithelium of the anterior nonglandular uterus is
keratin 8 positive (Figure 8a,d). In the middle portion of
the nonglandular uterus, the columnar, ciliated

epithelium lining the central lumen is keratin 8 positive;
similarly, the anterior portion of the columnar, nonci-
liated epithelium lining the two lateral lumens is keratin
8 positive (Figure 8e,h). The more posterior portions of
the columnar, nonciliated epithelium lining the lateral
lumen are keratin 8 negative (Figure 8i,1) and the strati-
fied squamous epithelium of the most posterior region of
the nonglandular uterus is keratin 8 negative
(Figure 8m,p). All the observable muscle in the non-
glandular uterus is smooth muscle actin positive
(Figure 8b, {, j, n).

To better understand the gene expression changes
from anterior to posterior across the epithelium of the
nonglandular uterus, we collected coronal sections of
the nonglandular uterus and stained for expression of
keratin 8. As observed in transverse sections, the central
lumen of the nonglandular uterus becomes keratin
8 positive when the lateral lumen separates and remains
keratin 8 positive through the rest of the reproductive tract
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FIGURE 4

Immunohistochemistry of transverse sections of the posterior infundibulum. (a, a’) Keratin 8 (magenta), (b, b’) smooth

muscle actin (yellow), (c, ¢’) DAPI (cyan), and (d, d’) merged composite antibody staining is shown. a-d scale bar = 500 pm, tiled images, a’-

d’ scale bar = 20 pm, n = 3. Z-step = 2.4 um, total depth = 12 um for a-d and Z-step = 0.68 pm, total depth = 10.2 pm for a’-d’. In high-

magnification images (a’-d’), lumen is on the top of the image. Box showing where magnified images were collected are approximate as

magnified images were collected from different serial sections.

(anterior nonglandular uterus, glandular uterus, and infun-
dibulum; Figure 9a). To characterize the three-dimensional
structure of the nonglandular uterus, we digitally isolated
the lumen from a microCT scan. The three-dimensional
micro-CT segmentations reveal that the lumen has a
series of internal folds to produce an intramural junc-
tion where the tube of the nonglandular uterus folds in
on itself (Videos 2-4). At this junction, the anterior, cili-
ated epithelium becomes laterally compressed and
angled medioventrally before meeting the posterior
unciliated epithelium. The posterior, nonciliated epithe-
lium is folded over on itself (inverted) to form a bowl
(cupula), the sides of which extend anteriorly, bracket-
ing the ciliated epithelium (Videos 2-4). At this junction
where the anterior, ciliated epithelium meets the poste-
rior, nonciliated epithelium, the anterior lumen is
almost completely closed. The closed lumen and the
angle of this junction form a kinked barrier between the
anterior and posterior nonglandular uterus (Figure 9b,
Videos 2-4).

4 | DISCUSSION

Reptile reproduction is diverse and understudied. Recent
advances in genome modification in A. sagrei rely heavily
on manipulation of the reproductive system, and a deeper

understanding of the reproductive tract in this species
will facilitate the continued development of genetic tools.
In this study, we show that the A. sagrei reproductive
tract has three distinct morphological regions as
described in other reptilian species including an infun-
dibulum, a glandular uterus, and a nonglandular uterus
(reviewed in Blackburn, 1998; Siegel et al., 2014). We
describe spatial patterns of gene expression throughout
the reproductive tract, use three-dimensional imaging
techniques to more completely describe the morphology
of the infundibulum and the nonglandular uterus, and
recommend a revision to naming conventions in the non-
glandular uterus (Figure 10).

41 | Infundibulum

Using whole-mount antibody staining, we have identified a
highly ciliated funnel lip on the infundibulum of the brown
anole. The epithelium of the funnel lip is a simple colum-
nar epithelium in which every cell is ciliated. This epithe-
lium folds over on itself so that the cilia coat the exterior
and interior of the anterior infundibulum. Posteriorly, the
infundibulum epithelium has interspersed ciliated and non-
ciliated cells. These nonciliated cells are likely secretory
cells, as have been described in snakes (Rojas et al., 2019)
and in mammals (Crow et al., 1994). Although we have not
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FIGURE 5 (a) Transverse
cross-section collected midway
through the length of the
glandular uterus of a nongravid
female. Scale bar = 500 pm. Boxes
showing where magnified images
were collected are approximate as
magnified images were collected
from different serial sections.

(b, c, e) High-magnification image
of glandular uterus cross-section

n = 5. (d) High magnification
image of laminin (magenta)

immunofluorescence staining with
DAPI (cyan) counterstain of
glandular uterus transverse
section. (b—f) Scale bar = 10 pm.

n = 3. Individual from a-c, e, f
collected during the breeding
season. Individual from

(d) collected during the
nonbreeding season. In high-
magnification images (b-f), lumen
is on the top of the image. (f) High
magnification image of beta-
tubulin (magenta)
immunofluorescence staining with
DAPI (cyan) counterstain of
glandular uterus transverse
section.

observed ovulation of follicles from the ovary into the
infundibulum, the morphology observed in the anterior
infundibulum suggests that it may function like the
mammalian infundibulum to receive ovulated oocytes
from the ovary. In mammals, the infundibulum is the
region of the fallopian tube closest to the ovary. Disrup-
tion of cilia formation in the infundibulum and oviduct
of mice leads to a failure of oocyte transport into the ovi-
duct after ovulation, implicating cilia as a primary
driver of this process (Yuan et al., 2021). Importantly,
the infundibulum of mice is structured so that the cilia
lining the infundibulum can interact with the ovary in
finger-like projections from the infundibulum called
fimbriae. These fimbriae are everted so that the inner
ciliated epithelium is “outside” at the tip of the infun-
dibulum (Dirksen & Satir, 1972). Because the brown
anole phenotype is similar, cilia may also play an impor-
tant role in oocyte uptake into the reproductive tract,
though ovulation is understudied across reptiles.
Differences between the anterior and posterior infun-
dibulum have been described in reptiles. The anterior

infundibulum has been described in alligators, lizards,

and snakes (Palmer & Guillette Jr, 1992; Sever
et al., 2000; Siegel et al., 2014; Siegel & Sever, 2006). The
anterior infundibulum has been described as having a
highly ciliated epithelium with invaginations into the
lamina propria and, in snakes, is described as a site of
sperm storage. In cross-section, these data from the litera-
ture show a structure similar in morphology to the lip of
the infundibulum that we describe here in wholemount,
though the invaginations present are described as glands.
However, these histological data from the literature do
not depict an epithelium that is folded over on itself. The
presence of the infundibulum lip in a few species of squa-
mates would suggest that this funnel lip may be present
across all squamate reptiles but has yet to be fully
described. More detailed whole-mount imaging of the
anterior infundibulum in additional squamate reptile
species would clarify whether an “inside-out” structure at
the anterior infundibulum is convergent between mam-
mals and reptiles or if this is a homologous reproductive
feature across tetrapods.
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FIGURE 6 Immunohistochemistry of transverse sections of the glandular uterus. (a, a’) Keratin 8 (magenta), (b, b’) smooth muscle
actin (yellow), (c, ¢') DAPI (cyan), and (d, d’) merged composite antibody staining sections are shown. a-d scale bar = 500 pm, tiled images,
a’—d’ scale bar = 50 pm. n = 3. Z-step = 3.24 pm, total depth = 12.98 pm for a-d, Z-step = 0.48, total depth = 9.46 pm for a’-d’. In high-
magnification images (a’-d’), lumen is on the top of the image. Box showing where magnified images were collected is approximate as

magnified images were collected from different serial sections.

VIDEO 1 Fly-through of optical sections (2.5 pm Z-step, 160 pm total thickness) of whole-mount antibody staining for laminin (cyan)
and keratin 8 (magenta). Scale bar = 100 pm. (a) Laminin channel only, (b) keratin 8 channel only, and (c) composite staining.
Video content can be viewed at https://onlinelibrary.wiley.com/doi/10.1002/ar.25293

4.2 | Glandular uterus

In the glandular uterus, we have identified two distinct
sets of duct-like structures with unique spatial gene
expression, one keratin 8 positive set that extends from
the epithelium and a second that has an acinar morphol-
ogy and is surrounded by a laminin-positive basement
membrane. The glandular uterus of Anolis sagrei is the
region of the reproductive tract where the eggshell is
deposited, and we show that it is a tubular organ with
prominent acinar tissue and prominent epithelial ducts.
The morphological features of the A. sagrei glandular

uterus are very similar to what has been described in the
green anole (Noble & Greenberg, 1941), similar to what
has been observed in other reptiles (Blackburn, 1998),
while the keratin 8 expression we observe in the glandu-
lar uterus epithelium is similar to what has been reported
in the mammalian uterus. In Mus musculus keratin 8 is
highly expressed in the epithelial lining of the adult
uterus (Magin et al., 1998; Vue & Behringer, 2020).
Though uterine morphology varies between mammalian
species (Machado et al., 2022), a common feature of the
mammalian uterus is the presence of endometrial glands;
these glands are present across mammals and secrete
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FIGURE 7 Histology of the
nonglandular uterus. (a—e)
Transverse cross sections
progressing from anterior to
posterior through the anterior
nonglandular uterus. Scale

bar = 500 pm. Box with solid
outline represents approximately
where high-magnification images
in a’'-¢’ were collected. Box with
dashed outline represents
approximately where high-
magnification images in a”-d”
were collected. a’-¢’, a”-d” High-
magnification images of features of
the nonglandular uterus. Scale
bar = 10 pm. Black arrowheads
indicate ciliated columnar
epithelial cells. n = 3. (f) Figure 1b
is used to demonstrate
approximately where transverse
sections were collected. Scale

bar = 5 mm. CE, columnar
epithelium; SM, smooth muscle;
SSE, stratified squamous
epithelium.

proteins and substances that are required for embryonic
and fetal development (reviewed in Gray et al., 2001). In
the mouse, these glands are keratin 8 positive and are
present along the length of the uterus, extending from
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the epithelial lining of the uterine lumen into the sur-
rounding stroma; these glands are dynamic and reor-
iented towards the site of implantation (Arora
et al., 2016). In humans, endometrial glands are also
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FIGURE 8 Immunohistochemistry of the nonglandular uterus. (a, e, i, m) Keratin 8 (magenta), (b, f, j, n) smooth muscle actin (yellow),

(c, g, k, 0) DAPI (cyan), and (d, h, 1, p) merged antibody staining of transverse cross sections is shown. Scale bar = 200 pm. n = 3. For (a-d),
Z-step = 2.6 pm, total depth = 10.4 pm; (e-h) Z-step = 2.51 pm, total depth = 12.55 pm; (i-1) Z-step = 2.54 pm, total depth = 12.7 pm;

(m-p) Z-step = 0.76 pm, total depth = 12.16 pm.

present (Arora et al., 2016; Yamaguchi et al., 2021). Our
data show that the epithelium of the glandular uterus in
the brown anole has a different architecture compared to
mammalian uterine glands. Though the glands do extend
from the epithelium into surrounding tissue and are ker-
atin 8 positive, the glands appear to be less dense across
the glandular uterus compared to the mammalian uterus
and they appear to be less complex (we did not observe
coiling, folding, or budding in the adult glands of A.
sagrei).

Another difference between the mammalian uterus
and the glandular uterus of A. sagrei is the presence of a
series of acinar structures that are distinct from the kera-
tin 8 positive epithelial ductal structures and defined by
the presence of a laminin-positive basement membrane.
Though laminins are also expressed in the basement
membrane of the endometrial glands of pregnant
humans (Yang et al., 2021) and rats (Glasser et al., 1987)
as well as pregnant and nonpregnant mice (Jin, 2019;
Yang et al.,, 2021), the acinar structures in the brown
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FIGURE 9

(a) Coronal section through the nonglandular uterus showing keratin 8 (magenta) expression and DAPI (cyan) staining.

Scale bar = 500 pm. n = 3. Z-step = 2.45 pm, total depth = 19.6 pm. (b) Digital segmentation of the epithelium of the nonglandular uterus
in ventral view. Tissue reconstructed in red represents the ciliated, simple epithelium, and tissue reconstructed in blue represents the

nonciliated simple and nonciliated stratified squamous epithelium. Scale bar = 250 pm. (c) Schematic representation of the nonglandular

uterus in medioventral view. Red represents the ciliated, simple epithelium, and blue represents the nonciliated simple and nonciliated

stratified squamous epithelium. Gray box with dotted line represents the approximate plane of section of the section from ().

VIDEO 2
reproductive tract of the brown anole, highlighting the
nonglandular uterus in a phosphotungstic acid-stained specimen.

Three-dimensional reconstruction of the entire

In the highlighted nonglandular uterus, tissue reconstructed in red
represents the anterior ciliated, simple epithelium. Tissue
reconstructed in blue represents the posterior nonciliated simple
and nonciliated stratified squamous epithelium.

Video content can be viewed at https://onlinelibrary.wiley.com/
doi/10.1002/ar.25293

anole do not bear much similarity to any of the structures
of the mammalian uterus. Instead, they are similar to
structures that have been identified in the chicken repro-
ductive tract. Chickens have an organ in which the shell
is deposited onto the forming egg called the “uterus” or
the “shell gland.” The eggshell is deposited here (Nys &
Guyot, 2011) and this is accomplished in part by transfer

of calcium from the bloodstream to a secreted fluid that
facilitates calcification of the shell around the developing
egg (Vetter & O'Grady, 2005). The glands of this organ
are similarly structured with an acinar morphology and
small lumen; there is also a laminin-positive basement
membrane surrounding these glands, similar to that
observed here in A. sagrei (Madekurozwa, 2013), suggest-
ing that the acinar structures we observe here may play a
role in shell deposition in lizards. In the oviparous skink
Lampropholis guichenoti, gland-like structures in the
glandular uterus stain strongly for Ca®*"ATPase pumps
during the breeding season, suggesting that calcification
of the eggshell is mediated by these structures (Herbert
et al., 2006). Ultimately, further study of the role of the
duct-like tissue in the glandular uterus of A. sagrei is
required.

4.3 | Nonglandular uterus

By examining the morphological and gene expression
changes from anterior to posterior in the nonglandular
uterus we identified two distinct regions which corre-
spond to the mammalian cervix and vagina. We have
examined the three-dimensional morphology of the non-
glandular uterus through a combination of 2D histology
and CT volumetric analysis. In both the CT and histologi-
cal transverse cross-sections, we observe anteriorly, a
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VIDEO 3
nonglandular uterus in a diceCT A. sagrei scan. Tissue

Three-dimensional reconstruction of a single

reconstructed in maroon represents nonepithelial tissue in the
nonglandular uterus. Tissue reconstructed in red represents the
ciliated, simple epithelium, and blue represents the nonciliated
simple and nonciliated stratified squamous epithelium. The first
fly-through represents a sagittal plane of section. The second fly-
through represents a coronal plane of section moving from ventral
to dorsal. The third fly-through represents a transverse plane of
section moving from anterior to posterior.

Video content can be viewed at https://onlinelibrary.wiley.com/
doi/10.1002/ar.25293

VIDEO 4 Three-dimensional reconstruction of both left and
right nonglandular uteruses with the digestive tract in between
from a diceCT A. sagrei scan. Tissue digitally reconstructed in white
represented the digestive tract. Tissue reconstructed in pink
represents the outside of the nonglandular uterus. Tissue
reconstructed in red represents the ciliated, simple epithelium, and
blue represents the nonciliated simple and nonciliated stratified
squamous epithelium.

Video content can be viewed at https://onlinelibrary.wiley.com/
doi/10.1002/ar.25293

single lumen surrounded by a highly folded epithelium
in the brown anole, and posteriorly, three distinct lumens
in cross-section. The central, ciliated lumen is bracketed

Funnel Lip
Y

Ovary Infundibulum

Glandular Uterus

NonGlandular Uterus

[1 Keratin 8 positive, ciliated, columnar

O Intermittent Keratin 8 positive, ciliated, cuboidal/columnar
Keratin 8 positive, nonciliated, columnar

[ Keratin 8 negative, nonciliated, columnar

) Keratin 8 negative, nonciliated, stratified

FIGURE 10
Differences in the morphology and gene expression of the

Model depicting the data collected in this study.

epithelium are summarized by changes to the line thickness and
line color across the reproductive tract.

by two lateral, unciliated lumen which represent the
anterior horns of the cupula. More posteriorly, these
three lumens merge into one before meeting the intes-
tines at the cloaca. Similar cross-sectional patterns of
lumen have been reported in the nonglandular uterus
of the green anole (Noble & Greenberg, 1941) and in the
cervix of the mouse (Forsberg, 1969). We generated a 3D
reconstruction of the nonglandular uterus lumen using
micro-CT analysis and reveal a series of internal folds
within the nonglandular uterus congruent with the two-
dimensional data. By combining 2D and 3D methodolo-
gies, we are able to show that the nonglandular uterus is
a complex and heterogeneous organ that is morphologi-
cally similar to the mammalian cervix and vagina
(Chumduri et al., 2021).

We present further support for the presence of the liz-
ard cervix by showing that cellular architecture and gene
expression changes across the nonglandular uterus are
similar to those seen in mammals. We show a transition
from simple columnar epithelium to stratified squamous
epithelium which mimics the transition from the mam-
malian uterus to the vagina in the cervix. The anterior
nonglandular uterus of the brown anole has a folded,
cuboidal/columnar, ciliated, keratin 8 positive epithelium
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that transitions into a keratin 8 negative, nonciliated,
stratified epithelium more posteriorly. This epithelial
transition is accompanied by a separation of the central
anterior lumen into three distinct lumens that are joined
posteriorly. Antibody staining against keratin 8 in mice
has shown a similar loss of epithelial keratin 8 expression
moving from anterior (simple epithelium) to posterior
(stratified epithelium) through the cervix (Chumduri
et al., 2021). Given these similarities, we recommend that
the posterior nonglandular uterus (stratified epithelium,
keratin 8 negative) be termed the vagina while the ante-
rior nonglandular uterus (simple epithelium and both
keratin 8 positive/negative) be termed the cervix
(Figure 10). We also define a transition zone where the
keratin 8 negative epithelium transitions from simple to
stratified moving anterior to posterior (Figures 7d and 10).
We recommend maintaining the classification of the
two regions together as the nonglandular uterus. Cur-
rently, many of the morphological descriptions of the rep-
tilian reproductive tract classify the nonglandular uterus
as a single organ. However, our data suggest that the sin-
gular classification of the nonglandular uterus overlooks
the histology and gene expression of the system and that
a separate morphological classification of the anterior
and posterior nonglandular uterus would be more accu-
rate and useful. We believe that continued use of the
term ‘“nonglandular uterus” will be important for cohe-
sion in the literature but that additional use of the term
“cervix” can help clarify the morphological changes from
anterior to posterior in the nonglandular uterus.

Though we have observed these similarities, there are
differences between the reptilian and mammalian cervix.
Humans have both secretory and ciliated cells lining the
cervical lumen (Hafez, 1982) while in mice, the cervix
does not have cilia on any of the epithelial cells lining
the cervical lumen (Lamb et al., 1978). In the brown
anole, we find cilia throughout the anterior nonglandu-
lar uterus. Though the presence of cilia in the reproduc-
tive tract in other species is known to facilitate embryo
and sperm movement, the function of the cilia in the A.
sagrei nonglandular uterus and cervix remains unclear.
Our data also show that the transition from simple to
stratified epithelium and associated loss of epithelial
keratin 8 expression seen in the mouse -cervix
(Chumduri et al., 2021) is not identical in the brown
anole. Instead, we see that keratin 8 expression occurs
slightly anterior to the transition from stratified to sim-
ple epithelium, meaning that there are some simple epi-
thelial cells in the nonglandular uterus that are keratin
8 negative, and that the most anterior portions of the
nonciliated lumen are keratin 8 positive. Thus, despite
the similarities between the anole and mammalian cer-
vix, there appear to be species specific changes in

AR e patomiclreco A NN

morphology and gene expression that need to be further
characterized.

The same cervix morphology distinctions seen here in
A. sagrei are also observed in Anolis carolinensis (Noble &
Greenberg, 1941) though it is not described as such. In
the snake Toluca lineata, an “oviductal-cloacal transi-
tion” is described and the morphology looks very similar
to that described above (Uribe et al., 1998). Stratified epi-
thelium in the reptilian reproductive system has been
reported to be “rare” (Blackburn, 1998). However, com-
prehensive morphological examination of the reptilian
reproductive system is also rare. A functional cervix has
been described in reptiles as the lower portion of the
reproductive tract that prevents the fertilized egg from
leaving the glandular uterus (Guillette Jr et al., 1991) but
this review did not report the morphology of this region.
Future study of the reptilian reproductive tract would
benefit from detailed histological examination of the non-
glandular uterus as well as expression of keratin 8 or
other markers of ciliated, simple epithelium. However, in
mice, a subpopulation of cervical epithelia cells expresses
the simple epithelial marker keratin 8 along with a
marker of squamous epithelium keratin 5, indicating that
there are cells that could transdifferentiate between kera-
tin 8 positive and keratin 5 positive identities (Cooley
et al., 2023). This implies that keratin 8 expression alone
is insufficient as a marker to fully understand the tissue
composition in the nonglandular uterus and that a suite
of markers would provide more comprehensive informa-
tion. In mice, WT1 expression is restricted to the distal
oviduct while PAX2 is expressed in the proximal oviduct
(Ford et al., 2021). FOXA2 is a marker of endometrial
glands in the mouse uterus (Besnard et al., 2004) and in
humans, a suite of markers including various keratins,
steroid hormone receptors, and hox genes has been
shown to have tissue- and stage-specific expression
(Cunha et al., 2017). Testing the expression of published
tissue-specific markers in reptiles may further clarify the
general tissue architecture as well as potentially homolo-
gous structures of the tetrapod reproductive tract. We
believe it is likely that the reptilian cervix is more ubiqui-
tous than has been described in the literature. Resources
such as MorphoSource provide easily available contrast-
enhanced microCT data sets, making our ability to search
for morphological variation across reptiles easier than
ever before.

The function of the nonglandular uterus so far
remains poorly understood. Most commonly, the non-
glandular uterus is reported as a site for sperm storage in
reptiles (Sever & Hamlett, 2002) and we did observe
sperm in the nonglandular uterus, restricted to the ante-
rior region, immediately posterior to the glandular
uterus. However, it seems likely that the nonglandular
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uterus plays additional important roles in the reproduc-
tion of the brown anole. In mammals, the cervix serves to
retain the conceptus during pregnancy and act as a bar-
rier to infection by generation of a mucosal plug (Nott
et al., 2016). There is extensive remodeling of the cervix
during mammalian pregnancy known to be partially reg-
ulated by precise timing in hormonal fluctuations
(Cooley et al., 2023; Timmons et al., 2010). It is highly
likely that functionally similar processes occur in lizards
as ovarian follicles are ovulated every 10-14 days and fer-
tilized eggs are retained for a precise amount of time in
the glandular uterus before laying (Crews, 1980). Also,
the three-dimensional morphology of the nonglandular
uterus may hint at a functional role for this organ in egg
retention. In the cervix of the nonglandular uterus, the
central junction is highly muscled and the lumen is
almost completely closed. At this same point, there is a
kink in the lumen, that may block passage through the
tube. These features could serve as a functional barrier
between the fertilized egg in the glandular uterus and
the cloaca. Future work examining cervical changes
before, during, and after gravidity will further clarify the
role of the nonglandular uterus during brown anole
reproduction.

44 | Homology, function, and
development

Despite the morphological, gene expression, and possible
functional similarities between the mammalian systems
and A. sagrei, it is challenging to draw conclusions about
homology of the uterine organs between these two
groups. An unbiased examination and comparison of
gene expression would strengthen our ability to answer
questions about the evolution of the tetrapod reproduc-
tive system. Questions about homology can also be
addressed by examining the development of adult struc-
tures; shared developmental trajectories can suggest a
shared evolutionary history even with morphological dif-
ferences between adults. However, both reptiles and
mammals exhibit a wide array of reproductive strategies,
offspring number, and reproductive tract morphology
(Machado et al., 2022; Meiri et al., 2020). More work
examining the architecture of the reproductive system in
many diverse species will deepen our ability to under-
stand the evolution of the reproductive system across
vertebrates.
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