
 

Morphogenesis of the lens placode
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ABSTRACT  For over 100 years, the vertebrate eye has been an important model system to under-
stand cell induction, cell shape change, and morphogenesis during development. In the past, most 
of the studies examined histological changes to detect the presence of induction mechanisms, but 
the advancement of molecular biology techniques has made exploring the genetic mechanisms 
behind lens development possible. Despite the particular emphasis given to the induction of the 
lens placode, there are still many aspects of the cell biology of lens morphogenesis to be explored. 
Here, we will revisit the classical detailed description of early lens morphological changes, correlat-
ing it with the cell biology mechanisms and with the molecules and signaling pathways identified 
up to now in chick and mouse embryos. A detailed description of lens development stages helps 
better understand the timeline of the events involved in early lens morphogenesis. We then point 
to some key questions that are still open.
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Introduction

Morphogenesis and induction are central concepts in Develop-
mental Biology that are intrinsically connected. These concepts 
were first established in landmark experiments in the lens of the 
eye. These classical experiments occurred before the use of mo-
lecular markers, and a common feature was the interpretation of 
phenotype through careful analysis of changes in histology and 
cell biology during morphogenesis. More recently, the focus has 
shifted to pathways and signaling required for lens induction, and 
phenotypical description has migrated towards gene expression 
(reviewed in Cvekl and Zhang, 2017). However, considering that 
gene regulation and cell behavior changes are complementary 
aspects of the same phenomena, we believe that detailed analysis 
of histological changes in lens formation remains a valuable tool 
for understanding the timeline of genetic and cell biology events 
in lens development. Therefore, here we review classical reports 
on cell biology changes in lens placode development and use this 
morphological framework to contextualize signaling events.

In this review, we explore the detailed descriptions of early lens 
morphological changes in experimentally generated phenotypes 
to dissect the temporal sequence of the regulatory mechanisms 
thus far identified in early lens development. In other words, we will 
present what is currently known about underlying cellular mecha-
nisms in the context of a morphological timeline. This approach 
has two aims: it correlates tissue shape changes to molecular 
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events. In addition, mechanistic approaches generally focus on a 
single phase amongst the range of morphological changes that 
occur during placodal development. Although current understand-
ing of each phase is quite detailed, the unanswered questions 
lie in the transition between phases. As such, by presenting the 
molecular events divided in phases, we hope to reveal these gaps 
and contribute towards future research in linking these distinct 
compartments of information.

Staging of morphological changes in the lens placode

To integrate the data gathered from both chick and mouse 
embryos, we adopt here staging criteria based solely on placodal 
morphology (Fig. 1). Thus, we follow the phase division first proposed 
by Schook to describe the histological evolution of the lens placode 
in the chick embryo (Schook P, 1980), which was subdivided into 
four phases, from the initial contact of the surface ectoderm with 
the underlying optic vesicle (Phase 0) through establishment of 
lens vesicle (Phase 4). We did not address in this review zebrafish 
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eye development, as this species morphogenesis is significantly 
different from chick and mouse embryos, and has been thoroughly 
addressed in other reviews (Greiling and Clark, 2009). Below we 
briefly describe the morphological characteristics of each phase.

Phase 0 (up to HH10 in chick embryo and E9 in the mouse)

(Schook P, 1980). In this setting, proliferation occurs asynchronously, 
concomitant with interkinetic nuclear migration, positioning mitotic 
figures at the apical region (Zwaan et al., 1969). Cells undergoing 
M phase are rounded and accumulate in the apical face whereas 
S-phase cells are elongated, extending along the entire apical-
basal axis (Zwaan and Hendrix, 1973). Only a small portion of 

Fig. 1. Key events in lens placode development morpho-
genetic processes. The morphogenetic events involved in 
lens placode formation and invagination are represented in 6 
important steps. (Phase 0) Pre-placodal ectoderm is composed 
of cuboidal cells with spherical nuclei in the center. Actin is 
diffuse, distributed at the cell faces. (Phase 1) Early thicken-

Prior to placode formation, the surface ectoderm is 
comprised of  cuboidal cells containing centrally located 
spherical nuclei (Byers and Porter, 1964). Then, as the 
basal region of surface ectoderm contacts the underly-
ing optic vesicle, a large number of long microtubules 
form parallel to the apical-basal axis, the nuclei move 
towards the basal pole and become oval (Byers and Pot-
ter, 1964), and the cells in this region acquire vacuoles 
(Mckeehan, 1951). During this phase, the contact area 
between optic vesicle and surface ectoderm expands 
to its maximal extension (Zwaan and Hendrix, 1973). 
The basal laminae of the lens placode and optic vesicle, 
enriched in laminin, fibronectin and collagen IV (Hilfer 
and Randolph, 1993), remain distinct but closely juxta-
posed (Cohen, 1961).

In the mouse embryo, actin-containing filopodia ap-
pear throughout the basal surface of the future placode, 
connecting this region to the underlying optic vesicle 
(Chauhan et al., 2009; McAvoy, 1980). These filopodia 
are surrounded by basal lamina, mostly generated by 
the basal surface of the future lens placode. The filo-
podia persist throughout phases 1–3 in the mouse. In 
the chick, scanning electron microscopy images reveal 
fibrillary structures bridging the optic vesicle and the 
surrounding margins of lens placode at phase 0, but it 
is unclear if these structures are collagen fibrils (Yang 
and Hilfer, 1982).

Phase 1 (HH12-13 in the chick embryo E 9.5 in the 
mouse)
As the contact between the retinal disc of the optic 
vesicle and the overlying surface ectoderm continues to 
increase, the ectoderm cells grow along the basal–api-
cal axis, forming a disc of pseudostratified tissue, the 
lens placode (Pei and Rhodin, 1970). At this phase, the 
placode in the chick embryo is 20 mm thick in the central 
region, with 2 rows of misaligned oval nuclei, tapering 
down at the edges to the height of the cuboidal surface 
epithelium (7 mm), surrounding the placodal region 

ing of lens placode. The placodal cells increase in height forming a pseudostratified tissue with 2 rows of misaligned oval nuclei. Microtubules are 
organized parallel to apico-basal axis and an actin-myosin network begins to accumulate at the apical surface. Also there is an increase of intercellular 
junctions. (Phase 2a) Late thickening of lens placode. The height and cell density of lens placode increases. The pseudostratified tissue has now 3-4 
rows of nuclei. The apical surface becomes irregular due to the multiple vesicles. (Phase 2b) Lens placode begins to invaginate. Placodal height does 
not increase and the apical constriction begins, forming the early lens pit. Cell death begins to appear in the surface ectoderm and placodal cells. 
(Phase 3) Lens placode invagination. The apical surface maintain an irregular configuration due to the vesiculation. The lens stalk is formed and defines 
the ridges of the lens placode. (Phase 4) End of lens placode invagination. While the invagination progresses and approaches the end, cell death at 
the interface between surface ectoderm and lens placode increases. The cells at the lens placode ridges emit protrusions that bridge the lens stalk.
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the cells are in M phase. 
In addition to the apical-basal microtubule network, there is a 

gradual enrichment of actin-myosin network at the apical surface 
of the elongated cells (Borges et al., 2011; Byers and Porter, 
1964) together with an increase in intercellular junctions in the 
subapical zone of cells in the centermost region of the placode. 
The extracellular matrix between the pre-placodal ectoderm and 
the optic vesicle becomes enriched in laminin and collagen IV, 
deposited as a dense fibrous array that associates the basal 
surface of the lens placode with the optic vesicle (Johnston et al., 
1979; Svoboda et al., 1987). This attachment site is especially 
distinctive at the center of the retinal disc and of the lens vesicle. 
At this site, the basement membranes of the retinal disc and the 
lens placode fuse into a single lamina (Hilfer and Randolph, 1993).

Phase 2 (HH14+ in the chick embryo, E 9.75 in the mouse)
During this phase, the lens placode further increases its height 

(36 mm and four rows of nuclei in the chick embryo), with cells 
arranged in a fan-shape around the central indentation (see 
below). This shape is attained through increase in cell density 
(Zwaan and Hendrix, 1973), without a corresponding expan-
sion of the contact area between optic vesicle and the placode, 
which remains constant since phase 0. In the apical surface, a 
small indentation appears, deepest at the dorsal side. The ap-
pearance of the indentation marks the start of the invagination 
of the lens placode, during which there is a reduction of the ratio 
between apical and basal surface areas of the placodal cells. 
At the indentation, the apical surface becomes increasingly ir-
regular, due to the appearance of multiple intracellular vacuoles 
and small microvilli. The vacuoles range from 0.5–1.5 mm in 
diameter (Schook, 1980b). At the subapical region, the actin 
and myosin fibers now form a well-defined network (Borges 
et al., 2011; Plageman et al., 2010). In the mouse embryo, the 
number of actin-myosin filopodia increases at the basal surface. 
In the chick embryo, fibrillary connections containing collagen IV 
bridge the basal surfaces of the retinal disc and the lens placode 
(Hilfer and Randolph, 1993). There is progressive accumulation 
of glycosaminoglycans in the extracellular matrix between the 
lens placode and the optic vesicle as the invagination proceeds 
(Hendrix and Zwaan, 1975; Huang et al., 2011).

At the end of phase 2 (defined here as phase 2b), the inden-
tation in the center of the lens placode deepens into the lens 
pit, without its surface opening (also known as the lens pore) 
changing its width.

Phase 3 (HH15-16 in the chick embryo, E 10.5 in the mouse)
During this phase, there are no further changes in the overall 

thickness of the lens placode. As the lens pit deepens, it constricts, 
forming a duct that becomes the lens stalk. Vesiculation at the 
apical surface of the invaginating placode increases in intensity 
proportional to the depth of invagination. Surface blebs, composed 
of lumps of cytoplasm and empty membranous spheres appear in 
the apical surface of lens pit cells, becoming especially pronounced 
at the bottom of the lens vesicle. In contrast, the apical surface of 
the ectoderm cells that surround the lens remain smooth (Bancroft 
and Bellairs, 1977; Schook, 1980a; Wrenn and Wessells, 1969). 
The localized nature of this blebbing, formed by membrane bulg-
ing above the adhesive junctions, strongly suggests that it plays 
an important, although as yet unidentified, role in invagination. 

Interaction between the apical region of neighboring cells is 
maintained by adhesive junctions and membrane interdigitations 
(Schook, 1980a; Wrenn and Wessells, 1969).

At the start of phase 3, the dorsal border of the lens pore – at 
the junction with the neighboring ectoderm – displays dying cells 
with picnotic nuclei. As the pit deepens, the field of dying cells 
expands, forming a ring around the lens pore (García-Porrero 
et al., 1979).

From this stage onwards, the chick lens vesicle is no longer 
closely associated to the optic tissue, now evolved to an optic 
cup. Accordingly, the extracellular matrix is organized into sepa-
rate, thin basal membranes surrounding the lens (known as lens 
capsule) and the optic cup, with a wider intervening zone with 
globular and filamentous components in electron micrographs 
(Hendrix and Zwaan, 1975). The remaining attachment sites are 
in two locations: the margin of the optic cup with the outermost 
radius of the lens vesicle and the center of the retina with proximal 
center of the lens vesicle (Yang and Hilfer, 1982). In the mouse 
embryo, the number of basal filopodia connecting the placode to 
the optic vesicle decreases at this phase (Plageman et al., 2011).

Phase 4 (HH17 in the chick embryo, E 11.5 in the mouse)
Invagination of the lens placode is complete at this phase. 

The apical surface of the cells that line the lens pit gradually 
stop producing large membranous bulges (Schook, 1980a). 
Now, the lens stalk is progressively obliterated so that the lens 
placode separates from the surface ectoderm and becomes the 
lens vesicle. The marginal border of the lens pore starts to fuse. 
During this step, the boundary between surface ectoderm and 
lens vesicle accumulates dying cells interspersed with phagocytic 
cells. In the pore itself, cellular protrusions bridge the narrow lu-
men by projecting towards the opposing rim and interdigitate with 
neighboring protrusions (Schook, 1980c). The point of contact 
between protrusions is electron-dense, probably indicating the 
establishment of new junctions. As the lumen becomes filled 
with projections, obliteration of the stalk is complete and the 
lens vesicle becomes distinct from the surface ectoderm. The 
surface ectoderm that covers the lens vesicle becomes similar 
to the surrounding surface ectoderm, presenting polygonal cells 
with distinct borders.

Although this review will not broach the development of periocu-
lar tissues, it must be emphasized that, from phase 0 throughout 
the end of phase 4, there are no intervening mesenchyme/crest 
cells between the lens placode/vesicle and the optic cup. Cephalic 
neural crest cells migrate bilaterally from the neural tube (stage 
HH10 in chick embryos) and infiltrate the head mesenchyme to 
surround the optic vesicle. Initially, these cells come in contact 
with the head ectoderm posterior to the pre-lens placode field 
(Sullivan et al., 2004). There, they will later contribute to the 
establishment of a diversity of periocular tissues (Johnston et 
al., 1979; Noden, 1975). However, the gap between the lens and 
optic cup is noticeably devoid of mesenchymal tissue throughout 
the developmental stages described above.

Molecular changes of the lens placode in the context 
of morphological phases

In the previous section, we established a timeline of morpho-
logical changes. Here, we will utilize this timeline as a framework 
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to dwell deeper into the cellular and molecular mechanisms that 
drive each phase.

Phase 0: induction, maintenance and restriction of pre-placodal 
lens fate

In vertebrates, all the cranial placodes arise from the anterior 
portion of the neural plate border, located between the neural plate 
and the non-neural ectoderm (reviewed in Grocott et al., 2012). 
At early neurula stages, the subdomains are not yet molecularly 
or spatially segregated, occupying a common preplacodal region 
(PPR), which subdivides into the olfactory, trigeminal, otic, epi-
branchial and lens placodal regions as development progresses 
(Fig. 2). Although PPR cells have the potential to form any sensory 
placode at neurula stages, their initial default competence is to 
develop into the lens, as indicated by the fact that, when cultivated 
in vitro, preplacodal ectoderm cells express lens placode specific 
markers (Bailey et al., 2006). 

Lens fate can be followed by the expression pattern of the 
transcription factor Pax6. Pax6 expression occurs very early in 
the head ectoderm. Chick explants isolated from the PPR before 
neurulation express Pax6 (Bailey et al., 2006). Later, during eye 
development, Pax6 expression becomes restricted to the optic 
vesicle and lens placode (Antosova et al., 2016; Ashery-Padan 
et al., 2000; Plageman et al., 2010; Walther and Gruss, 1991). 
Pax6 expression is sufficient and necessary for eye development 
(Walther and Gruss, 1991): ectopic expression of Pax6 induces 
ectopic lens in amphibians (Altmann et al., 1997), and inhibition 
of Pax6 expression in the pre-placodal ectoderm arrests lens 
development at phase 0 (Antosova et al., 2016; Ashery-Padan 
et al., 2000; Huang et al., 2011; Plageman et al., 2010). Sox2, 
an additional marker co-expressed with Pax6 in the pre-placodal 
lens, is only required for lens placode progression into phase 2 
(see next section). In the PPR, expression of Sox2 and Pax6 oc-
cur through independent genetic pathways (Smith et al., 2009). 
Nonetheless, later in development, Sox2 and Pax6 control the 
same effectors, although in different moments. For instance, 
expression of N-cadherin depends on Sox2 but not Pax6 during 
phase 0-1, but, during phase 2 through 4, N-cadherin expression 
depends on Pax6 (Smith et al., 2009).These results suggest a 
stage-specific regulation of Sox2 and Pax6 activity that is required 
for lens placode development.

BMP signals are important for specification and maintenance 
of lens fate (Furuta and Hogan, 1998; Huang et al., 2015; Jidigam 
et al., 2015; Pandit et al., 2011; Sjödal et al., 2007). In the mouse, 
BMP4 is expressed in both the pre-placodal ectoderm and in the 
optic vesicle (phase 0), whereas, in the chick, it is restricted to 
just the pre-placodal lens ectoderm and not detected in the optic 
vesicle (Furuta and Hogan, 1998; Huang et al., 2015; Jidigam et 
al., 2015). Suppression of BMP signaling in the lens PPR directs 
its cells to a nasal fate; conversely, increase in BMP signaling in 
nasal placodes converts them to a lens fate (Sjodal et al., 2007). 
However, BMP signaling is not required for the maintenance of 
Pax6 expression: knockout of BMP or its receptors, Alk3 or Alk2 
in mice still express Pax6; however, they lack Sox2 expression 
in the presumptive placodal region. The Pax6-positive domain 
in these mice does not progress to Phase 2 (Furuta and Hogan, 
1998; Huang et al., 2015; Rajagopal et al., 2009; Wawersik et al., 
2005). Thus, BMP is required for preserving phase 0 lens fate in 
the preplacodal lens, whereas Pax6, which is not induced by BMP, 

is necessary for progression into the following phases. The current 
model for early induction of Pax6 expression in the PPR places 
it downstream of the somatostatin-nociceptin pathway activated 
by the head mesoderm (Hintze et al., 2017; Lleras-Forero et al., 
2013) (Fig. 2).

The canonical BMP pathway depends on phosphorylation of 
R-Smads and their translocation from the cytoplasm to the nucleus 
after interaction with Smad4 (Wang et al., 2014). However, although 
phosphorylated Smads are present in both the lens placode and 
in the optic vesicle from phase 0 to phase 4, knockout mice for 
Smad1, 5 and 4 showed no change in lens placode or lens vesicle 
formation (Huang et al., 2011; Jidigam et al., 2015; Rajagopal et 
al., 2009). This suggests that, in the context of the lens placode, 
BMP signal follows as yet undefined, non-canonical pathways. 

Since the PPR has a strong preference to form lens placode, 
the development of the lens can also be viewed as a selective 

Fig. 2. Pre-placodal region and lens field induction on the surface 
ectoderm. At neurula stages, the pre-placodal region (PPR) is defined 
at the surface ectoderm. The PPR express placode precursor’s specific 
genes (Six1-4 and Eya1-2) and, initially, has a strong preference to form 
lens placode. Later, the balance between FGF and BMP signal defines 
the specific placodes fields in the PPR. The maintenance of FGF induces 
olfactory fate, while BMP signal maintains lens placode fate. At late neurula 
stages, the optic vesicle contacts the overlying PPR and reinforces lens 
formation. Thus, lens fate is suppressed everywhere except at ectoderm 
overlying the optic vesicle. FGF is secreted by the anterior neural ridge 
at the anterior portion of the PPR and the head mesoderm (Mes, green 
circle), thus restricting the lens placode fate by repressing lens character-
istics. At late neurula stages, BMP is also required for definition of lens 
placode fate. The optic vesicle approaches the pre-placodal ectoderm, 
and induces lens placode-specific gene expression, like Sox2 and Pax6. 
After the approximation of optic vesicle to the ectoderm, the restriction 
of lens character continues with the migration of neural crest cells (NCC, 
blue circle). Neural crest cells secrete TGFb, which inhibit Pax6 activity 
through activation of Smads.
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maintenance of the lens fate in the ectoderm overlying the optic 
vesicle, with lens specification suppressed everywhere but at the 
ectoderm over the optic vesicle, as development proceeds. Thus, 
FGF secreted by the anterior neural ridge at the anterior portion 
of the PPR changes its fate, promoting the expression of olfactory 
placode markers and repressing lens specification (Bailey et al., 
2006; Sjodal et al., 2007). FGF is also produced by the mesoderm 
underlying the otic placode field, suppressing lens placode fate 
in posterior regions of the head (Bailey et al., 2006; Sjödal et al., 
2007)(Fig. 2). 

Despite its essential role in defining the otic and olfactory 
placodes in the (Pax6-positive) early head ectoderm, FGF is in-
sufficient to suppress the expression of lens markers in long-term 
cultures (Bailey et al., 2006). Indeed, neural crest cells have also 
been implicated in the suppression of lens fate: ablation of cranial 
neural crest cells before evagination of optic vesicle results in 
ectopic expression of lens placode genes (Sox2 and Pax6) and 
lens development in extraocular ectoderm (Bailey et al., 2006)
(Fig. 2). However, as previously mentioned, neural crest cells do 
not reach the pre-lens placodal ectoderm overlying to the optic 
vesicle, despite being present throughout the head mesenchyme 
(Sullivan et al., 2004). Together, these data suggest that the neural 
crest cells negatively regulate Pax6 expression, restricting the lens 
placode to the contact region above the optic vesicle. Migrating 
neural crest cells secrete TGF-b, which in turn activates Smad3 and 
induces the expression of Wnt2b in non-lens ectoderm. The TGF-b 
and Wnt pathways cooperate to suppress Pax6 expression (Fig. 
3). Activated Smad3 inhibits Pax6 function whereas b-catenin, an 
effector of Wnt signaling represses its transcription (Grocott et al., 
2011). In support of this, modulation of beta-catenin levels is neces-
sary and sufficient to change Pax6 expression. Loss of b-catenin 
in surface ectoderm results in ectopic formation of lens structures 
(Kreslova et al., 2007; Smith et al., 2005) and, conversely, b-catenin 
gain of function in the pre-lens placodal ectoderm decreases Pax6 
expression, inhibiting lens placode formation (Smith et al., 2005). 

Overall, these data suggest a two-step model for lens fate 
restriction. Prior to neural crest migration, activation of FGF initi-
ates restriction of the Pax6-positive field in the head ectoderm. 
Later, the arrival of neural crest cells to the area subjacent to the 
periplacodal region activates the TGF-b pathway, which acts (both 
directly and indirectly) to limit the lens field to the crest-free region 
overlying the optic vesicle (Grocott et al., 2011). 

Phases 1 and 2: increase in cell height
During apical-basal growth of the placode (also known as 

elongation or thickening) microtubules parallel to the apical-basal 
axis appear (Byers and Porter, 1964). Also, the number of lens 
cells increases exponentially, while the placodal area – the contact 
between the placode and the optic vesicle – and individual cell 
volume remain constant (Mckeehan, 1951). As a result, cell density 
increases. Each of these cytological changes have been proposed 
to be the driving force of placodal elongation (Hendrix et al., 1993).

The role of microtubules in cell elongation was dismissed by 
experiments centered on colcemid-induced microtubule depoly-
merization (Beebe et al., 1979; Pearce and Zwaan, 1970). Treat-
ment of phase 2 chick lens placodes with the drug did not affect 
maintenance of its pseudostratified structure nor their invagination. 
However, the authors did not expose placodes during initiation of 
elongation (phase 1). Thus, the contribution of the microtubule 

arrays to the establishment of this process remains unclear.
The cell crowding hypothesis for placodal elongation proposes 

that, as individual cell volume and placodal area remain unchanged 
while cell number increases (Zwaan and Hendrix, 1973; Zwaan and 
Pearce, 1971), the resulting tissue volume increase will squeeze 
the cells, forcing them to increase in height at the expense of 
their cross-sectional area. This phenomenon depends heavily on 
maintenance of placodal area, which has been theoretically at-
tributed to increased adhesion of placodal cells to the underlying 
extracellular matrix. Indeed, the tightness of adhesion – verified 
by resistance to mechanical separation (Mckeehan, 1951) – cor-
relates with changes in histological staining of the extracellular 
matrix. PAS-staining becomes more intense and glucosamine-
containing macromolecules accumulate in the space between the 
lens and the underlying optic vesicle (Hendrix and Zwaan, 1975). 
Moreover, experimental changes to the extracellular matrix affect 
apical-basal growth: global deletion of fibronectin-1 expands the 
placodal field and decreases placodal height, without altering ex-
pression of the lens markers Pax6 and Sox2 (Huang et al., 2011). 
Interestingly, lens-specific deletion of fibronectin-1 does not alter 
placodal elongation or invagination, suggesting that the primary 
source of fibronectin is not the placode itself or that expression of 
fibronectin-1 in the placode occurs prior to the establishment of 
the knockout-phenotype (Huang et al., 2011) (Fig. 3). The produc-
tion of fibronectin-1 (as well as extracellular matrix components 
Versican and Tenascin-C) in the placodal basal lamina requires 
Pax6 (Huang et al., 2011): lens-specific removal of Pax6 expanded 
the contact area between optic vesicle and placode, reduced the 
distance between the two and inhibited placodal columnar growth. 
In this scenario, ectodermal spreading limitation, which leads to cell 
crowding, depends on Pax6-induced changes in the extracellular 
matrix that increase its adhesivity. Thus, Pax6 is also a key link 
between apical-basal growth and changes in the extracellular matrix. 

These same parameters, placodal area, placodal volume and cell 
density, have been proposed as the main mathematical variables 
that determine changes in placodal curvature during elongation 
and invagination (Hendrix et al., 1993). For their mathematical 
analysis, these authors subdivided placodal elongation into two 
phases: firstly, there is an increase in cell number with expansion 
of placodal area; this is followed by continued division with restric-
tion of placodal area. The timing of these phases coincides with 
the conversion from phase 0-1 to phase1-2. Histologically, these 
two phases differ in cell height and number of rows of nuclei: two 
in phase 1 and four in phase 2. 

Mutants Phase 1 Phase 2 Reference
Pax6+/- yes no Huang et al., 2011
Pax6-/- no no Huang et al., 2011
Pax6∆SIMO/Sey yes no Antosova et al., 2016
Pax6∆EE/∆EE yes (delayed) yes (delayed) Dimanling, 2001
Pax6∆EE;∆SIMO/∆EE;∆SIMO n/a no Antosova et al., 2016

TABLE 1

ROLE OF INDIVIDUAL GENOMIC COMPONENTS 
FOR PAX6 IN THE TIMELINE OF LENS MORPHOGENESIS

Pax6 heterozygotes present placodes with intermediate thickness whereas homozygote knockouts 
do not develop a placode, demonstrating a dose-dependent effect on placodal growth. Removal of 
one copy of the SIMO genomic element upstream of Pax6 halts progression into phase 2, whereas 
removal of both copies of EE genomic element delays but does not suppress neither phase 1 or 
2, resulting in the formation of smaller lens vesicles. Placodes that do not progress to phase 2 do 
not form lens vesicles.



240    C.G. Magalhães et al.

Using the phase criteria proposed here to re-evaluate lens 
phenotypes reported in published studies allows further refinement 
of the contribution of genes to the establishment of the placode. 
For instance, deletion of different genomic elements that control 
Pax6 expression result in arrest at phase 0 or phase 1 (Table 1). 
Together, these data suggest that application of more stringent 
criteria to classify phenotypes histologically could contribute to a 
more detailed understanding of the elongation process.

Phases 2 and 3: invagination
Lens invagination is the result of the sum of several cell biology 

events, some generated by placodal cells and some resulting from 
the action of non-placodal cells. Among the former are included 
the shape-changing forces generated internally by placodal cells, 
such as reduction of apical area, mitosis and membrane blebbing, 
whereas the role of basal filopodia in tethering the placode to the 
optic cup is an example of events external to the placodal cells.

Apical constriction
The apical constriction (reduction of apical area) found in dif-

ferent instances of morphogenesis requires a common machinery 
of apical actin, myosin and adhesive junctions. In it, attachment 

et al., 2011). Likewise, inhibition of BMP signaling with Noggin in 
phase 1 placodes does not change lens fate, but disrupts apical 
localization of RhoA, and of actin (Jidigam et al., 2015). The ele-
ments linking the BMP and RhoA pathways are still unknown (Fig. 
3). In contrast, the apical localization of Shroom3 – a cytoskeletal 
adaptor protein also required to maintain the apical actin-myosin 
network – depends on lens fate, in that Pax6 is necessary and 
sufficient for its transcription (Plageman et al., 2010), whereas the 
apical placement of Shroom3 depends on RhoA activity (Plageman 
et al., 2011). Global disruption of Shroom3 expression generates 
discontinuities in the apical actin-myosin network of phase 2 lens 
placodes (Plageman et al., 2010). Thus, the current model for in-
structing lens apical constriction is comprised of three components 
with a co-dependent relationship: RhoA, Shroom3 and ROCK. 
RhoA, as a GTPase, depends on guanine nucleotide exchange 
factors (GEFs) to be activated, and depletion of the GEF Trio in-
hibits both endogenous and Shroom3-induced apical constriction 
(Plageman et al., 2011). Activated RhoA recruits actin, myosin II 
and Shroom3 to the apical domain; Shroom3 then interacts with 
both actin and ROCK (Mohan et al., 2012). In vitro, ROCK binds 
simultaneously to Shroom and RhoA, through different domains. 
Thus, Shroom could act as a scaffolding protein that brings to-

Fig. 3. Main pathways involved in the early stages of the lens placode development. The cephalic 
mesoderm (green box) in the anterior region is important to induce the lens fate and Pax6 expression 
on the surface ectoderm. BMP and Pax6 signaling are crucial for the placode thickening and organization 
of the cytoskeleton in the transition from phase 0 to phase 1. At this stage, Pax6 expression depends 
on Meis1/2 and the genomic element EE. Neural crest cells (NCC, blue box) secrete TGFb that inhibits 
lens placode formation and Pax6 expression in other regions of the ectoderm. BMP, Pax6 and Sox2 are 
necessary for the transition from phase 1 to phase 2a. Pax6 regulates the composition of the extracellular 
matrix (yellow box) between the placode and the optic vesicle, where the presence of fibronectin (FN) 
is crucial for thickening, but not for the organization of the cytoskeleton. At phase 1, the expression of 
Sox2 depends on BMP and Pax6. Pax6 expression is modulated by Meis1/2 via SIMO. Between phases 
2a and 2b, apical constriction depends on RhoA that concentrates Shroom3 and activates myosin motors 
in the apical region of the placodal cells. BMP and Pax6 are also required for the apical displacement of 
RhoA and expression of Shroom3 respectively. In mouse embryos, the progression of placode invagina-
tion depends on Cdc42 activity for the emission of filopodia that anchor the placode in the optic vesicle. 
Solid black arrow, activation; black dotted arrow, indirect activation; red line, inhibition.

of F-actin to the cytoplasmic side of 
adhesive junctions firmly anchors the 
cytoskeletal network to cell membrane, 
and non-muscle type II myosin gener-
ates contractile force (upon activation 
through phosphorylation by the kinase 
ROCK, a downstream effector of Rho 
GTPase). As a result, the circumfer-
ence of the actin network decreases, 
consequently reducing the perimeter 
of the attached apical membrane. The 
establishment of these components in 
the apical subdomain and the trigger 
for the constriction vary in different cell 
types (reviewed in Martin and Goldstein, 
2014). In the lens, apical enrichment 
of actin and myosin II occurs during 
phases 1 and 2 and requires the activity 
of the Rho GTPase pathway (Borges et 
al., 2011; Plageman et al., 2010). Con-
sistent with this, RhoA is preferentially 
localized to the cell apex (Borges et al., 
2011; Jidigam et al., 2015). Genetic or 
pharmacological interference with either 
Rho or its effector ROCK disrupts api-
cal contraction and, consequently, lens 
morphogenesis (Borges et al., 2011; 
Plageman et al., 2011). In contrast, loss 
of Rac1 phosphorylates Myosin II and 
enhances apical constriction, suggesting 
a balance between these two GTPase 
pathways (Chauhan et al., 2011). 

Interfering with the Rho and Rac1 
pathways does not interfere with lens 
fate: their effects are restricted to mor-
phogenetic phenotypes (Borges et al., 
2011; Jidigam et al., 2015; Plageman 
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gether activated RhoA and ROCK in the apical domain (Mohan 
et al., 2013). This event would trigger the signaling cascade that 
culminates in phosphorylation of myosin and resulting shrinkage of 
the apical surface area. It is currently unclear what stimuli activate 
the GEF Trio that is at the top of this pathway. 

Although most signaling events that prevent placodal elonga-
tion also interfere with apical concentration of actin-myosin net-
work, global knockout of fibronectin-1 in the extracellular matrix 
suppresses lens elongation but not apical localization of actin. 
This suggests that lens elongation and apical segregation of the 
cytoskeleton occur through distinct pathways (Huang et al., 2011).

In a continuous epithelial tissue such as the placode, the con-
comitant apical shrinkage of all its cellular components bends it into 
a convex curve, increasing mechanical stress on its components. 
Prior to invagination, the placode cells establish interdigitations, 
and increase adhesive junctions at their apical subdomain, to 
withstand the mechanical stress and maintain tissue integrity 
(Schook P, 1980). Consistent with this, loss of lens beta-catenin 
from adhesive junctions disrupts the apical actin network after 
invaginations starts, and the lens does not invaginate further, 
remaining a shallow cup. At later stages, the cells are completely 
disorganized and no longer form a coherent epithelium (Smith et 
al., 2005). However, lens fate is not affected, as the expression of 
Pax6, Prox1 and b-crystallin remain and apical actin localization 
in early stages (phase 1) is also unchanged (Smith et al., 2005).

Mitosis
Although increase in cell density seems to be required for 

placodal elongation (see previous section), the actual number of 
cells required for invagination seems to be flexible. Reduction of 
cell number by interference with FGF or BMP signaling after lens 
induction does not affect invagination (Pan et al., 2006; Rajagopal 
et al., 2009) and they successfully undergo morphogenesis to form 
lens vesicles, although the lenses thus formed are smaller than 
normal. However, if the rate of proliferation and accumulation of 
placodal cells appears not be crucial for morphogenesis, the dura-
tion of each phase of mitosis might be relevant. 

The conversion of cell shape from columnar to trapezoidal, 
characteristic of the early stages of phase 2, has been attributed 
to apical constriction but also to basal expansion, the increase in 
area at the basal surface of the placode. Cell cycle in the pseu-
dostratified placode is coupled to interkinetic nuclear migration 
(reviewed in Spear and Erickson, 2012). In this process, cells 
undergoing S phase position their nuclei basally, whereas cells at 
M phase become spherical and accumulate in the apical region 
of the placode (Mckeehan, 1951; Zwaan and Hendrix, 1973). The 
translocation of the nucleus in S, G1 and G2 phase cells is followed 
by local increase in cellular volume, resulting in basal expansion. 
Since interkinetic nuclear migration in the lens placode occurs at 
phase 1, basal expansion would occur prior to the onset of apical 
constriction (phase 2). Indeed, in the otic placode, increase in basal 
surface occurs prior to apical shrinkage (Alvarez and Navascués, 
1990). Although placodal cells divide asynchronously, for the total 
surface ratio between apical and basal regions to decrease, the 
majority of the cells should have basally located nuclei and thus be 
in S phase. This is made possible by the fact that the duration of 
each placodal cell cycle phase differs, with most of mitosis spent 
in S phase, with basally locate nuclei (Zwaan et al., 1969). This 
pattern becomes more pronounced as the placode differentiates. 

Duration of cell cycle phases changes between phase 0 to phase 
1, to show a significant decrease in M phase duration (Zwaan and 
Hendrix, 1973; Zwaan and Pearce, 1970). During neurulation, the 
columnar neuroepithelium (neural plate) bends at its medial region 
while the lateral neuroepithelium remains relatively planar (Smith 
and Schoenwolf, 1988). Bending at the medial region of the neu-
roepithelium results from a combination of apical constriction and 
basal expansion. Overall, medial neuroepithelium cell cycle is longer 
than in the lateral neuroepithelium. Also, medial neuroepithelium 
cells display much longer S phase than their lateral counterparts. 
Thus, as changes in cell cycle length and duration of each cycle 
phase are associated with nuclear localization (Kosodo et al., 
2011), and since nuclear localization generates basal expansion 
in pseudostratified epithelial tissues, control of cell cycle also 
contributes to morphogenesis.

The mechanism that regulates progression or retention through 
cell cycle phases in placodal cells is still unclear. In the neural tube, 
interkinetic nuclear migration has been proposed to involve both 
active and passive means. During G2 phase, nuclear migration 
from basal to apical compartment depends on Tbx2-mediated 
transport on microtubules (Kosodo et al., 2011; Spear and Erickson, 
2012). In contrast, apical-to-basal migration is a passive process 
due to increased nuclear density at the apical region of the tis-
sue. Arrest of cell cycle in G1 phase, through overexpression of 
p18Inc4c, results in nuclear retention at the basal face. Although the 
nuclear distribution in cortical neuroepithelium is different from the 
placode – more nuclei are at the apical layer of the former – it is 
possible that placodal cells actively manipulate duration of the cell 
cycle to favor basal retention of the nuclei that will result in basal 
expansion. An alternative possibility is that the basal location of 
the nuclei is a response to decreased volume in the apical region, 
caused by the onset of apical constriction. However, since basal 
accumulation of the nuclei occurs prior to apical constriction, this 
second alternative is less likely.

Membrane blebbing
It is possible that the intense membrane blebbling observed dur-

ing invagination is a mechanism to shed the leftover cell membrane 
resulting from apical constriction. Indeed, intensity of membrane 
blebbing correlates well with the degree of invagination (Schook, 
1980). At phases 2b and 3, blebbing is more severe at the floor of 
the lens pit than at its walls. Blebbing also occurs during invagina-
tion of the otic placode, the precursor of the inner ear. As in the 
lens placode, the apical domain in otic placode cells undergoes 
apical constriction, and presents abundant intercellular junctions 
and cell interdigitations (Meier, 1978). The commonalities in lens 
and otic placodes suggest that membrane blebbing could be a 
general consequence of apical constriction, although it could also 
be a driving force. 

Alternatively, it is possible that membrane blebbing is a quick 
way of actively shedding cell volume. Thus, the excess volume 
generated by apical shrinkage that is not used to increase cell 
height could be shed as membrane blebs. Indeed, inactive forms 
of Shroom3 or inhibition of BMP signaling result in wider apical area 
and in shorter placodal cells, thus maintaining a constant cell volume 
through changes in cell height (Jidigam et al., 2015; Plageman 
et al., 2010). Inactivation of RhoA also reduces apical shrinkage. 
If the same principle of cell volume conservation was applied, it 
would be expected that cell height would decrease. Instead, there 
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is an increase in cell height, reflecting an increase in cell volume. 
Inactivation of Rac1 enhances apical shrinkage and generates 
shorter columnar placodal cells, thus showing that cell volume 
decreased (Chauhan et al., 2011). This apparent paradox raises the 
possibility that RhoA and Rac1 pathways not only modulate apical 
constriction but also control total cell volume. Considering that, in 
other biological settings, Rho-ROCK are involved in the dynamics 
of membrane blebbing (reviewed in Fackler and Grosse, 2008), 
it is possible that, in the placode, RhoA mutants have increased 
cell volume due to a decrease in membrane blebbing. Similarly, 
Rac1 mutants might display decreased cell height by shedding 
total cell volume through a large increase in membrane blebbing.

Basal filopodia
In the absence of Shroom3 activity, lens invagination still occurs 

in mouse embryos, but the shape of the invaginating placode is 
distorted. Instead of an oval curvature, a sharp invaginating V is 
formed. The occurrence of invagination, albeit misshaped, in the 
absence of apical constriction suggests that extrinsic forces also 
contribute to this process (Plageman et al., 2010). In the mouse 
embryo, the space between the lens placode and the optic vesicle 
is bridged by cytoplasmic filopodia, most derived from lens pit 
cells (Chauhan et al., 2009). The establishment of these filopodia 
depends on the Cdc42-IRSp53 pathway (Chauhan et al., 2009)
(Fig. 3). Removal of either of these components of the pathway 
results in intense loss of filopodia, which is accompanied by an 
increase in inter-epithelial space and a shallower angle of the lens 
cup. Both of these latter phenotypes support an active role for 
basal filopodia in lens invagination. Indeed, changing the length 
of the filopodia and refining the curvature of the invagination re-
quires myosin II contractility. Basal filopodia in the lens placode 
were described for rat as well, but not for chick embryos (McAvoy, 
1980). Instead, the chick interepithelial space is a densely packed 
matrix containing collagen fibrils (Yang and Hilfer, 1982). Also, the 
interepithelial space between lens placode and optic vesicle in the 
chick is significantly narrower (1-3 mm) than rat (6 mm) or mouse 
(15 mm) (Chauhan et al., 2009; Hunt, 1961; McAvoy, 1980). Thus, 
it is possible that the tethering of the lens placode to the optic cup 
in the avian embryo is mediated by strong interactions (Chauhan 
et al., 2009) with the extracellular matrix.

Phase 4: lens pit closure
At phase 4, invagination of the lens placode is complete and 

the borders approximate, to fuse and form the lens vesicle. The 
detachment of the lens placode from the surface ectoderm involves 
the obliteration of the lens stalk, where significant cell death activ-
ity is observed (Garcia‐Porrero et al., 1979; Schook, 1980c). Cell 
death progresses during lens placode closure and the fusion of the 
surface ectoderm (García-Porrero et al., 1979). The importance of 
cell death has not yet been explored in lens development, but it has 
been explored to some extent in neural tube closure. Cell death 
events concentrate at the dorsal marginal edges of the merging 
neural tube. Further, apoptosis-deficient embryos display abnor-
malities in cranial neural tube closure (Yamaguchi et al., 2011). 
Caspase inhibition in chick embryos also results in neural tube 
closure defects, suggesting that programmed cell death is crucial 
for correct closure of this structure (Weil et al., 1997). Considering 
that lens vesicle detachment shares multiple histological features 
with neural tube closure, it may also require cell death.

Detachment requires loss of adhesion between the cells at the 
borders of the lens and their surrounding neighbors at the surface 
ectoderm. During placode invagination and closure, placodal cells 
express N-cadherin, while Pan-cadherin is expressed only in the 
surface ectoderm, suggesting that the segregation of these two 
tissues is mediated by changes in cadherin subtypes (Smith et al., 
2009). Loss of Pax6 alters the cadherin expression pattern, with 
loss of N-cadherin and expansion of the Pan-cadherin expression 
domain towards the lens stalk. In this condition, the lens stalks 
persists and the lens vesicle does not finalize its separation (Smith 
et al., 2009).The same phenotype is observed with lens-specific 
loss of N-cadherin. Together, these data indicate that expression of 
N-cadherin in the lens induced by Pax-6 is crucial for its detachment 
(Smith et al., 2009). Similarly, during neural tube invagination, the 
neuroepithelium expresses N-cadherin while surrounding ectoder-
mal cells express E-cadherin (Dady et al., 2012). This configuration 
is required for neural tube closure and separation from non-neuro 
ectodermal surface. Again, N-cadherin misexpression results in 
disorganized neural tube formation (Bronner-Fraser et al., 1992; 
Hong and Brewster, 2006; Radice et al., 1997).

Another important event observed during phase 4 is intense 
emission of cell extensions in the lens stalk region towards the lu-
men of the lens pore (Schook, 1980c). Again, this process is similar 
to protrusions observed during neural tube closure in chick and 
mouse embryos (reviewed in Nikolopoulou et al., 2017). In mouse 
embryos, filopodia and ruffles (lamelipodia) are found during differ-
ent moments of neurulation (Ray and Niswander, 2016; Rolo et al., 
2016). In chick embryos, as neural tube invagination completes, 
the non-neural ectoderm cells emit filopodia-like protrusions that 
promote contact between the neural tube ridges and the surface 
ectoderm (Schoenwolf, 1979). In both models, cellular protrusions 
participate in neural tube closure (reviewed in Nikolopoulou et al., 
2017). In mice, Rac1 (but not Cdc42) is necessary for lamelipodia 
formation and neural tube closure (Rolo et al., 2016). Likewise, 
cellular protrusion emission might be important for lens pore closure 
and lens vesicle formation.

Open questions

By reviewing research on the molecular aspects of early lens 
placode development, in the framework provided by classic, histol-
ogy and cell-biology-based phenotypic description of lens formation, 
a number of key questions still requiring investigation are revealed.

During phase 0, it is clear that BMP signaling is crucial for the 
induction, maintenance and morphogenesis of the lens placode 
(Furuta and Hogan, 1998; Huang et al., 2015; Jidigam et al., 2015; 
Pandit et al., 2011; Sjödal et al., 2007). However, results obtained 
in Smad-deficient mice suggest that BMP acts through a pathway 
that is alternative to the canonical (Huang et al., 2011; Jidigam et 
al., 2015; Rajagopal et al., 2009). The exact identity of this path-
way remains to be identified. Later, at phases 1-2, during placode 
thickening and invagination, the cell cycle is coupled to interkinetic 
nuclear migration, a characteristic of embryonic pseudostratified 
epithelia. As a result, the cells are mostly in the S phase and the 
nuclei concentrate in the basal compartment. It is possible that 
nuclear localization contributes to the initial inward bend of the 
placode by promoting basal expansion. Thus, the mechanisms that 
determine the duration of each cell cycle phase in lens placode, 
and in other pseudostratified tissues, merit investigation. 
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During phase 2-3, invagination is driven by apical constric-
tion through recruitment of RhoA-Shroom-myosin, which is also 
central to apical shrinkage in other tissues. In the lens, the most 
upstream element of the cascade is the GEF Trio (Plageman et al., 
2010; Plageman et al., 2011). However, it is not yet known what 
upstream factors are involved in its activation. Finally, at phase 4, 
during lens closure and detachment from the surface ectoderm, 
cell death and the emission of protrusions abound at the region 
of detachment. Such events are also observed during the closure 
and detachment of the neural tube (reviewed in Nikolopoulou et 
al., 2017). Whether they play an active role in either lens or neural 
tube morphogenesis remains an open question.

In conclusion, throughout the complex multi-staged process of 
lens morphogenesis, there is a sequential activation of cell biology 
processes that are common to other developmental events. Due to 
its anatomical location, the lens remains an excellent experimental 
paradigm that is easily accessible to imaging analysis and detailed 
description of its histological evolution. By tying together gene ex-
pression, cell signaling and detailed description of changes in cell 
biology, results obtained from the study of the lens can contribute 
to our understanding of morphogenesis in general.

Acknowledgments
This work was funded by FAPESP grant # 2017/07405-7. The authors 

would like to thank Cristóvão de Albuquerque for critically reading the 
manuscript.

References

ALTMANN, C. R., CHOW, R. L., LANG, R. A and HEMMATI-BRIVANLOU, A. (1997). 
Lens induction by Pax-6 in Xenopus laevis. Dev. Biol. 185: 119–123.

ALVAREZ, I. S. and NAVASCUÉS, J. (1990). Shaping, invagination, and closure of 
the chick embryo otic vesicle: Scanning electron microscopic and quantitative 
study. Anat. Rec. 228: 315–326.

ANTOSOVA, B., SMOLIKOVA, J., KLIMOVA, L., LACHOVA, J., BENDOVA, M., 
KOZMIKOVA, I., MACHON, O. and KOZMIK, Z. (2016). The Gene Regulatory 
Network of Lens Induction Is Wired through Meis-Dependent Shadow Enhancers 
of Pax6. PLoS Genet. 12: e1006441.

ASHERY-PADAN, R., MARQUARDT, T., ZHOU, X. and GRUSS, P. (2000). Pax6 activ-
ity in the lens primordium is required for lens formation and for correct placement 
of a single retina in the eye. Genes Dev. 14: 2701–2711.

BAILEY, A. P., BHATTACHARYYA, S., BRONNER-FRASER, M. and STREIT, A. 
(2006). Lens Specification Is the Ground State of All Sensory Placodes, from 
which FGF Promotes Olfactory Identity. Dev. Cell 11: 505–517.

BANCROFT, M. and BELLAIRS, R. (1977). Placodes of the chick embryo studied by 
SEM. Anat. Embryol. (Berl). 151: 97–108.

BEEBE, D. C., FEAGANS, D. E., BLANCHETRE-MACKIE, E. J. and NAU, M. E. 
(1979). Lens epithelial cell elongation in the absence of microtubules: Evidence 
for a new effect of colchicine. Science (80-.). 206: 836–838.

BORGES, R. M., LAMERS, M. L., FORTI, F. L., DOS SANTOS, M. F. and YAN, C. Y. 
I. (2011). Rho signaling pathway and apical constriction in the early lens placode. 
Genesis 49: 368–379.

BRONNER-FRASER, M., WOLF, J. J. and MURRAY, B. A. (1992). Effects of antibod-
ies against N-cadherin and N-CAM on the cranial neural crest and neural tube. 
Dev. Biol. 153: 291–301.

BYERS, B. and PORTER, K. R. (1964). Oriented microtubules in elongating cells 
of the developing lens rudiment after induction. Proc. Natl. Acad. Sci. USA 52: 
1091–1099.

CHAUHAN, B. K., DISANZA, A., CHOI, S. Y., FABER, S. C., LOU, M., BEGGS, H. E., 
SCITA, G., ZHENG, Y. and LANG, R. A. (2009). Cdc42- and IRSp53-dependent 
contractile filopodia tether presumptive lens and retina to coordinate epithelial 
invagination. Development 136: 3657–3667.

CHAUHAN, B. K., LOUC, M., ZHENGD, Y. and LANGA, R. A. (2011). Balanced Rac1 

and RhoA activities regulate cell shape and drive invagination morphogenesis in 
epithelia. Proc. Natl. Acad. Sci. USA 108: 18289–18294.

COHEN, A. I. (1961). Electron microscopic observations of the developing mouse 
eye. I. Basement membranes during early development and lens formation. Dev. 
Biol. 3: 297–316.

CVEKL, A. and ZHANG, X. (2017). Signaling and Gene Regulatory Networks in 
Mammalian Lens Development. Trends Genet. 33: 677–702.

DADY, A., BLAVET, C. and DUBAND, J. L. (2012). Timing and kinetics of E- to N-
cadherin switch during neurulation in the avian embryo. Dev. Dyn. 241: 1333–1349.

DIMANLIG, P. V; FABER, S. C.; AUERBACH, W.; MAKARENKOVA, H. P.; LANG, 
R. A. (2001) The upstream ectoderm enhancer in Pax6 has an important role in 
lens induction. Development, 128: 4415–4424.

FACKLER, O. T. and GROSSE, R. (2008). Cell motility through plasma membrane 
blebbing. J. Cell Biol. 181: 879–884.

FURUTA, Y. and HOGAN, B. L. M. (1998). BMP4 is essential for lens induction in the 
mouse embryo. Genes Dev. 12: 3764–3775.

GARCIA‐PORRERO, J. A., COLLADOAND, J. A. and OJEDA, J. L. (1979). Cell death 
during detachment of the lens rudiment from ectoderm in the chick embryo. Anat. 
Rec. 193: 791–803.

GILBERT, S. F. (1991). A conceptual history of modern embryology.The Johns 
Hopkins University Press

GREILING, T. M. S. and CLARK, J. I. (2009). Early lens development in the zebrafish: 
A three-dimensional time-lapse analysis. Dev. Dyn. 238: 2254–2265.

GROCOTT, T., JOHNSON, S., BAILEY, A. P. and STREIT, A. (2011). Neural crest cells 
organize the eye via TGF-b and canonical Wnt signalling. Nat. Commun. 2: 1–6.

GROCOTT, T., TAMBALO, M. and STREIT, A. (2012). The peripheral sensory nervous 
system in the vertebrate head: A gene regulatory perspective. Dev. Biol. 370: 3–23.

HENDRIX, R. W. and ZWAAN, J. (1975). The matrix of the optic vesicle-presumptive 
lens interface during induction of the lens in the chicken embryo. Development 
33: 1023–1049.

HENDRIX, R., MADRAS, N. and JOHNSON, R. (1993). Growth Pressure Can Drive 
Early Chick Lens Geometries. Dev. Dyn. 196: 15–164.

HILFER, S. R. and RANDOLPH, G. J. (1993). Immunolocalization of basal lamina 
components during development of chick otic and optic primordia. Anat. Rec. 
235: 443–452.

HINTZE, M., PRAJAPATI, R. S., TAMBALO, M., CHRISTOPHOROU, N. A. D. D., 
ANWAR, M., GROCOTT, T. and STREIT, A. (2017). Cell interactions, signals and 
transcriptional hierarchy governing placode progenitor induction. Development 
144: 2810–2823.

HONG, E. and BREWSTER, R. (2006). N-cadherin is required for the polarized cell 
behaviors that drive neurulation in the zebrafish. Development 133: 3895–3905.

HUANG, J., RAJAGOPAL, R., LIU, Y., DATTILO, L. K., SHAHAM, O., ASHERY-PADAN, 
R. and BEEBE, D. C. (2011). The mechanism of lens placode formation: A case 
of matrix-mediated morphogenesis. Dev. Biol. 355: 32–42.

HUANG, J., LIU, Y., FILAS, B., GUNHAGA, L. and BEEBE, D. C. (2015). Negative 
and positive auto-regulation of BMP expression in early eye development. Dev. 
Biol. 407: 256–264.

HUNT, H. H. (1961). A study of the fine structure of the optic vesicle and lens placode 
of the chick embryo during induction. Dev. Biol. 3: 175–209.

JIDIGAM, V. K., SRINIVASAN, R. C., PATTHEY, C. and GUNHAGA, L. (2015). Api-
cal constriction and epithelial invagination are regulated by BMP activity. Biol. 
Open 4: 1782–1791.

JOHNSTON, M. C., NODEN, D. M., HAZELTON, R. D., COULOMBRE, J. L. and 
COULOMBRE, A. J. (1979). Origins of avian ocular and periocular tissues. Exp. 
Eye Res. 29: 27–43.

KOSODO, Y., SUETSUGU, T., SUDA, M., MIMORI-KIYOSUE, Y., TOIDA, K., BABA, 
S. A., KIMURA, A. and MATSUZAKI, F. (2011). Regulation of interkinetic nuclear 
migration by cell cycle-coupled active and passive mechanisms in the developing 
brain. EMBO J. 30: 1690–1704.

KRESLOVA, J., MACHON, O., RUZICKOVA, J., LACHOVA, J., WAWROUSEK, E. 
F., KEMLER, R., KRAUSS, S., PIATIGORSKY, J., KOZMIK, Z., RUSICKOVA, J., 
et al., (2007). Abnormal lens morphogenesis and ectopic lens formation in the 
absence of b-catenin function. Genesis 45: 157–168.

LEWIS WH (1904). Experimental studiese on the development of the lens in amphibia. 
I. On the origin of the lens. Rana palustris. Am. J. Anat. III, 505–535.



244    C.G. Magalhães et al.

LLERAS-FORERO, L., TAMBALO, M., CHRISTOPHOROU, N., CHAMBERS, D., 
HOUART, C. and STREIT, A. (2013). Neuropeptides: Developmental Signals in 
Placode Progenitor Formation. Dev. Cell 26: 195–203.

LOVICU, F.J., and MCAVOY, J.W. (2005). Growth factor regulation of lens develop-
ment. Dev Biol 280: 1–14.

MARTIN, A. C. and GOLDSTEIN, B. (2014). Apical constriction: themes and variations 
on a cellular mechanism driving morphogenesis. Development 141: 1987–1998.

MCAVOY, J. W. (1980). Cytoplasmic processes interconnect lens placode and optic 
vesicle during eye morphogenesis. Exp. Eye Res. 31: 527–534.

MCKEEHAN, M. S. (1951). Cytological aspects of embryonic lens induction in the 
chick. J. Exp. Zool. 117: 31–64.

MEIER, S. (1978). Development of the Embryonic Chick Otic Placode. Anat. Rec. 
191: 459–478.

MOHAN, S., RIZALDY, R., DAS, D., BAUER, R. J., HEROUX, A., TRAKSELIS, M. 
A., HILDEBRAND, J. D. and VANDEMARK, A. P. (2012). Structure of Shroom 
domain 2 reveals a three-segmented coiled-coil required for dimerization, Rock 
binding, and apical constriction. Mol. Biol. Cell 23: 2131–2142.

MOHAN, S., DAS, D., BAUER, R. J., HEROUX, A., ZALEWSKI, J. K., HEBER, S., 
DOSUNMU-OGUNBI, A. M., TRAKSELIS, M. A., HILDEBRAND, J. D. and VAN-
DEMARK, A. P. (2013). Structure of a highly conserved domain of rock1 required 
for shroom-mediated regulation of cell morphology. PLoS One 8(12): e81075.

NIKOLOPOULOU, E., GALEA, G. L., ROLO, A., GREENE, N. D. E. and COPP, A. J. 
(2017). Neural tube closure: Cellular, molecular and biomechanical mechanisms. 
Development 144: 552–566.

NODEN, D. M. (1975). An analysis of the migratory behavior of avian cephalic neural 
crest cells. Dev. Biol. 42: 106–130.

PAN, Y., WOODBURY, A., ESKO, J. D., GROBE, K. and ZHANG, X. (2006). Hepa-
ran sulfate biosynthetic gene Ndst1 is required for FGF signaling in early lens 
development. Development 133: 4933–4944.

PANDIT, T., JIDIGAM, V. K. and GUNHAGA, L. (2011). BMP-induced L-Maf regulates 
subsequent BMP-independent differentiation of primary lens fibre cells. Dev. 
Dyn. 240: 1917–1928.

PEARCE, T. L. and ZWAAN, J. (1970). A light and electron microscopic study of cell 
behavior and microtubules in the embryonic chicken lens using Colcemid. J. 
Embryol. Exp. Morphol. 23: 491–507.

PEI, Y. F. and RHODIN, J. A. G. (1970). The prenatal development of the mouse eye. 
Anat. Rec. 168: 105–125.

PLAGEMAN, T. F., CHUNG, M.-I. I., LOU, M., SMITH, A. N., HILDEBRAND, J. D., 
WALLINGFORD, J. B. and LANG, R. A. (2010). Pax6-dependent Shroom3 expres-
sion regulates apical constriction during lens placode invagination. Development 
137: 405–415.

PLAGEMAN, T. F., CHAUHAN, B. K., YANG, C., JAUDON, F., SHANG, X., ZHENG, Y., 
LOU, M., DEBANT, A., HILDEBRAND, J. D. and LANG, R. A. (2011). A trio-rhoA-
shroom3 pathway is required for apical constriction and epithelial invagination. 
Development 138: 5177–5188.

RADICE, G. L., RAYBURN, H., MATSUNAMI, H., KNUDSEN, K. A., TAKEICHI, M. 
and HYNES, R. O. (1997). Developmental Defects in Mouse Embryos Lacking 
N-Cadherin. Dev Biol 181: 64-78.

RAJAGOPAL, R., HUANG, J., DATTILO, L. K., KAARTINEN, V., MISHINA, Y., DENG, 
C. X., UMANS, L., ZWIJSEN, A., ROBERTS, A. B. and BEEBE, D. C. (2009). The 
type I BMP receptors, Bmpr1a and Acvr1, activate multiple signaling pathways to 
regulate lens formation. Dev. Biol. 335: 305–316.

RAY, H. J. and NISWANDER, L. A. (2016). Dynamic Behaviors of the Non-Neural 
Ectoderm during Mammalian Cranial Neural Tube Closure. Dev. Biol. 416: 279–285.

ROLO, A., SAVERY, D., ESCUIN, S., DE CASTRO, S. C., EJ ARMER, H., MUNRO, 
P. M., MOLÈ, M. A., DE GREENE, N. and COPP, A. J. (2016) Regulation of cell 
protrusions by small GTPases during fusion of the neural folds. Elife 5: e13273.

SCHOENWOLF, G. C. (1979). Histological and ultrastructural observations of tail bud 

formation in the chick embryo. Anat. Rec. 193: 131–147.
SCHOOK, P. (1980a). Morphogenetic movements during the early development of 

the chick eye. A light microscopic and spatial reconstructive study. Acta Morphol. 
Neerl. Scand. 18: 1–30.

SCHOOK, P. (1980b). Morphogenetic movements during the early development of 
the chick eye. An ultrastructural and spatial reconstructive study. A. Invagination 
of the lens placode. Acta Morphol. Neerl. Scand. 18: 133–157.

SCHOOK, P. (1980c). Morphogenetic movements during the early development 
of the chick eye. An ultrastructural and spatial study. C. Obliteration of the lens 
stalk lumen and separation of the lens vesicle from the surface ectoderm. Acta 
Morphol. Neerl. Scand. 18: 195–201.

SJÖDAL, M., EDLUND, T. and GUNHAGA, L. (2007). Time of Exposure to BMP 
Signals Plays a Key Role in the Specification of the Olfactory and Lens Placodes 
Ex Vivo. Dev. Cell 13: 141–149.

SMITH, J. L. and SCHOENWOLF, G. C. (1988). Role of cell-cycle in regulating 
neuroepithelial cell shape during bending of the chick neural plate. Cell Tissue 
Res. 252: 491–500.

SMITH, A. N., MILLER, L. A. D., SONG, N., TAKETO, M. M. and LANG, R. A. (2005). 
The duality of b-catenin function: A requirement in lens morphogenesis and sig-
naling suppression of lens fate in periocular ectoderm. Dev. Biol. 285: 477–489.

SMITH, A. N., MILLER, L.-A., RADICE, G., ASHERY-PADAN, R. and LANG, R. A. 
(2009). Stage-dependent modes of Pax6-Sox2 epistasis regulate lens develop-
ment and eye morphogenesis. Development 136: 2977–2985.

SPEAR, P. C. and ERICKSON, C. A. (2012). Apical movement during interkinetic 
nuclear migration is a two-step process. Dev. Biol. 370: 33–41.

SULLIVAN, C. H., BRAUNSTEIN, L., HAZARD-LEONARDS, R. M., HOLEN, A. L., 
SAMAHA, F., STEPHENS, L. and GRAINGER, R. M. (2004). A re-examination 
of lens induction in chicken embryos: In vitro studies of early tissue interactions. 
Int. J. Dev. Biol. 48: 771–782.

SVOBODA, K. K. H., SUE O’SHEA, K., SHEA, K. S. U. E. O., O’SHEA, K. S. and SUE 
O’SHEA, K. (1987). An analysis of cell shape and the neuroepithelial basal lamina 
during optic vesicle formation in the mouse embryo. Development 100: 185–200.

WALTHER, C. and GRUSS, P. (1991). Pax-6, a murine paired box gene, is expressed 
in the developing CNS. Development 113: 1435–1450.

WANG, R. N., GREEN, J., WANG, Z., DENG, Y., QIAO, M., PEABODY, M., ZHANG, 
Q., YE, J., YAN, Z., DENDULURI, S., et al., (2014). Bone Morphogenetic Protein 
(BMP) signaling in development and human diseases. Genes Dis. 1: 87–105.

WAWERSIK, S., EVOLA, C. and WHITMAN, M. (2005). Conditional BMP inhibition 
in Xenopus reveals stage-specific roles for BMPs in neural and neural crest 
induction. Dev. Biol. 277: 425–442.

WEIL, M., JACOBSON, M. D. and RAFF, M. C. (1997). Is programmed cell death 
required for neural tube closure? Curr. Biol. 7: 281–284.

WRENN, J. T. and WESSELLS, N. K. (1969). An ultrastructural study of lens invagina-
tion in the mouse. J. Exp. Zool. 171: 359–367.

YAMAGUCHI, Y., SHINOTSUKA, N., NONOMURA, K., TAKEMOTO, K., KUIDA, K., 
YOSIDA, H. and MIURA, M. (2011). Live imaging of apoptosis in a novel transgenic 
mouse highlights its role in neural tube closure. J. Cell Biol. 195: 1047–1060.

YANG, J. JIA W. and HILFER, S. R. (1982). The effect of inhibitors of glycoconjugate 
synthesis on optic cup formation in the chick embryo. Dev. Biol. 92: 41–53.

ZWAAN, J. and HENDRIX, R. W. (1973). Changes in cell and organ shape during 
early development of the ocular lens. Am. Zool. 13: 1039–1049.

ZWAAN, J., BRYAN, P. R. and PEARCE, T. L. (1969). Interkinetic nuclear migration 
during the early stages of lens formation in the chicken embryo. J. Embryol. Exp. 
Morphol. 21: 71–83.

ZWAAN J and PEARCE TL (1970). Mitotic Activity in the Lens Rudiment of the 
Chicken Embryo Before and After the Onset of Crystallin Synthesis I. Results 
of Treatment with Colcemid. Wilhelm Roux Arch. für Entwicklungsmechanik der 
Org. 164: 313–320.



Further Related Reading, published previously in the Int. J. Dev. Biol. 

Lens regeneration: a historical perspective
M. Natalia Vergara, George Tsissios and Katia Del Rio-Tsonis
Int. J. Dev. Biol. (2018) 62: 351-361
https://doi.org/10.1387/ijdb.180084nv

Specification of sensory placode progenitors: signals and transcription factor networks
Andrea Streit
Int. J. Dev. Biol. (2018) 62: 195-205 

A re-examination of lens induction in chicken embryos: in vitro studies of early tissue interactions
Charles H. Sullivan, Leslie Braunstein, Royce M. Hazard-Leonards, Anna L. Holen, Fouad Samaha, Laurie Stephens and Robert M. Grainger
Int. J. Dev. Biol. (2004) 48: 771-782 

Lens differentiation and crystallin regulation: a chick model
Hasan M. Reza and Kunio Yasuda
Int. J. Dev. Biol. (2004) 48: 805-817
http://www.intjdevbiol.com/web/paper/041863hr

Pathways regulating lens induction in the mouse
Richard A. Lang
Int. J. Dev. Biol. (2004) 48: 783-791
http://www.intjdevbiol.com/web/paper/041903rl

Development and programed cell death in the mammalian eye
Elena Vecino and Arantxa Acera
Int. J. Dev. Biol. (2015) 59: 63-71
https://doi.org/10.1387/ijdb.150070ev

Development of lens sutures
Jer R. Kuszak, Rebecca K. Zoltoski and Clifford E. Tiedemann
Int. J. Dev. Biol. (2004) 48: 889-902
http://www.intjdevbiol.com/web/paper/041880jk

Regulation of gene expression by Pax6 in ocular cells: a case of tissue-preferred ex-
pression of crystallins in lens
Ales Cvekl, Ying Yang, Bharesh K. Chauhan and Kveta Cveklova
Int. J. Dev. Biol. (2004) 48: 829-844
http://www.intjdevbiol.com/web/paper/041866ac

http://www.intjdevbiol.com/web/issues/contents/vol/48/issue/8-9
http://www.intjdevbiol.com/web/issues/contents/vol/51/issue/6-7
http://www.intjdevbiol.com/web/issues/contents/vol/62/issue/1-2-3
http://www.intjdevbiol.com/web/issues/contents/vol/59/issue/1-2-3

