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Abstract
The central nervous system is derived from the neural plate that undergoes a series of complex
morphogenetic events resulting in formation of the neural tube in a process known as neurulation.
The cellular behaviors driving neurulation in the cranial region involve forces generated by the
neural tissue itself as well as the surrounding epithelium and mesenchyme. Of interest, the cranial
mesenchyme underlying the neural plate undergoes stereotypical rearrangements hypothesized to
drive elevation of the neural folds. As the neural folds rise, the hyaluronate-rich extracellular
matrix greatly expands resulting in increased space between individual cranial mesenchyme cells.
Based on inhibitor studies, expansion of the extracellular matrix has been implicated in driving
neural fold elevation; however, since the surrounding neural and epidermal ectoderm were also
affected by inhibitor exposure, these studies are inconclusive. Similarly, treatment of neurulating
embryos with teratogenic doses of retinoic acid results in altered organization of the cranial
mesenchyme but alterations in surrounding tissues are also observed. The strongest evidence for a
critical role for the cranial mesenchyme in neural fold elevation comes from studies of genes
expressed exclusively in the cranial mesenchyme that when mutated result in exencephaly
associated with abnormal organization of the cranial mesenchyme. Twist is the best studied of
these and is expressed in both the paraxial mesoderm and neural crest derived cranial
mesenchyme. Here we review the evidence implicating the cranial mesenchyme in providing a
driving force for neural fold elevation to evaluate whether there is sufficient data to support this
hypothesis.

The central nervous system originates during embryogenesis with induction of the neural
plate. The neural plate subsequently undergoes a complexly orchestrated series of
morphogenetic movements resulting in formation of the neural tube (Figure 1). This process
is highly susceptible to genetic and environmental perturbations resulting in failure of neural
tube closure and neural tube defects (NTDs). NTDs represent one of the most common
structural birth defects affecting anywhere from 1 in 50 to 0.6 in 1000 live births depending
on the population in question (Gu et al., 2007; Parker et al., 2010). A failure of neural tube
closure in the spinal or cranial regions of the embryo results in spina bifida or exencephaly,
respectively. Spina bifida is associated with varied degrees of disability depending upon the
level of the lesion and the involvement of the meninges, whereas exencephaly is fatal around
birth. The causes of NTDs are multifactorial involving both environmental and genetic
factors (Zohn, 2012; Zohn and Sarkar, 2008). One of the most well studied environmental
factors influencing the occurrence of NTDs is folic acid supplementation during the
periconception period (Zohn and Sarkar, 2010). The neural tube closes between the 3rd and
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4th week of gestation in humans, which corresponds to 8.5 to 10.5 days post coitum in the
mouse embryo and 9 to 12 in the rat. Neural tube closure is initiated at discrete closure
points dubbed Closure 1, 2 and 3. Closure of the neural tube at these points is followed by
zipping of the neural folds closed in both anterior and posterior directions (Copp et al.,
2003). Closure 1 initiates at the hindbrain/spinal cord boundary and extends from there. In
the cranial region, Closure 3 initiates at the anterior aspect of the forebrain and Closure 2 at
the midbrain/forebrain boundary. The position of Closure 2 is variable between mouse
strains and may also be variable in humans as it has been identified in some but not other
specimens (Greene and Copp, 2009).

Morphogenesis of the neural tube has been an intensely studied area of research. As a
consequence, a number of biochemical pathways and cell biological processes are
implicated in driving neural tube closure (Colas and Schoenwolf, 2001; Copp and Greene,
2010; Copp et al., 2003). These include pathways that regulate changes in cellular shape,
number, position and adhesion within in the neural tissue itself or in the surrounding
epithelium and mesenchyme along with inductive signals from tissues adjacent to the neural
tube. In the cranial region in particular, morphogenesis of the underlying cranial
mesenchyme is postulated to be essential for elevation of the neural folds (Copp, 2005;
Fleming et al., 1997; Morriss-Kay, 1981). However, unlike the other morphogenic events
that drive neurulation, this topic has been considerably understudied with the advent of
modern molecular biology and genetics. A number of experiments conducted in the 1970's
and 1980's described in detail morphogenesis of the cranial mesenchyme during neurulation
in the rat embryo. Yet, for the most part, the pathways that regulate cranial mesenchyme
behavior during normal and abnormal neural tube closure have not been described at the
molecular level. Here we review the evidence implicating the cranial mesenchyme in
elevation of the cranial neural folds with the goal of evaluating whether sufficient evidence
exists in support of the hypothesis that the cranial mesenchyme providing a driving force for
neural fold elevation in the cranial region.

Developmental origin of the cranial mesenchyme
The cranial mesenchyme is derived from the anterior paraxial mesoderm (PM-CM) and the
neural crest (NC-CM; Figure 1). Experiments in rodent and chick embryos suggest that both
the PM-CM and NC-CM are essential for neural fold elevation (Colas and Schoenwolf,
2001; Copp, 2005; Fleming et al., 1997; Morriss-Kay, 1981). These populations are induced
at different times in development, localized in different positions in the embryo and will
develop into different structures (Noden and Trainor, 2005; Yoshida et al., 2008). The PM-
CM and NC-CM lineages can be differentially marked by the Mesp1-cre and Wnt1-cre
transgenic mouse lines, respectively (Yoshida et al., 2008). In addition to providing fate-
mapping information for these populations, these reagents will be important for dissecting
the relative contribution of the PM-CM and NC-CM in neural fold elevation. The PM-CM
originates from the primitive streak and migrates to the anterior region of the embryo to
underlie the presumptive neural plate. The NC-CM is induced at the junction of the neural
plate and epidermal ectoderm, undergoes an epithelial to mesenchyme transition and
delaminates just prior to neural fold elevation in the rodent embryo. NC-CM cells migrate
along stereotypic paths in the subectodermal PM-CM to the branchial arch, frontonasal and
periocular mesenchyme. This is in contrast to the trunk neural crest that in addition to a
subectodermal route, also migrates along a path adjacent to the spinal neural tube. The PM-
CM will contribute to some of the bones of the skull vault and muscles of the face; whereas
the NC-CM will contribute to other bones of the skull and face in addition to cranial nerves
(Jiang et al., 2002; Noden and Trainor, 2005; Yoshida et al., 2008).
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Morphogenesis of the neural tube – the “cranial mesenchymecentric” view
The behavior of the cranial mesenchyme during morphogenesis of the neural tube has been
described in detail in the rat embryo (Morris-Wiman and Brinkley, 1990a; Morris-Wiman
and Brinkley, 1990b; Morris-Wiman and Brinkley, 1990c; Morriss and Solursh, 1978a;
Morriss and Solursh, 1978b). During neural fold elevation, both the number of cranial
mesenchyme cells and space between cells increases (Morris-Wiman and Brinkley, 1990a;
Morriss and Solursh, 1978a; Morriss and Solursh, 1978b). As described by Morris-Wiman
and Brinkley (1990a) in the early somite stage rat embryo, two to three layers of evenly
distributed PM-CM cells underlie the neural plate. At this stage, the neural and epidermal
ectoderm are of the similar thickness. The neural groove forms in the center of the neural
plate giving the neural folds a biconvex shape (Figure 1). By the 6-somite stage, the neural
ectoderm thickens, changing from a columnar to pseudostratified epithelium. NC-CM
emigration begins at this stage and rounded neural crest cells can be seen migrating from the
dorsal neural tube within the subectodermally localized PM-CM. The PM-CM remains
evenly distributed and the neural folds maintain their biconvex shape. From 7-10 somite
stages, the neural folds begin to elevate, transforming from a biconvex to “V” shaped neural
plate with the neural groove in the center. As the neural folds elevate, proliferation of the
neuroepithelium results in lateral expansion of this tissue. Additionally, the PM-CM cells
that underlie the neural plate begin to orientate parallel to the neural epithelium. By the
11-13 somite stages, dorsal lateral hinge points begin to form as the neuroepithelial cells in
the hinge point region become wedge shaped. PM-CM cells become more widely spaced
and in medial regions are no longer orientated parallel to the neuroepithelium. From 14-17
somite stages, the dorsal lateral hinge points become more pronounced and the neural folds
take on a “C” shape. During this time, widely spaced PM-CM cells with random orientations
sparsely populate the central and medial regions of the cranial mesenchyme. In lateral
regions, PM-CM cells are more closely packed and are orientated parallel to the neural tube.
By 18/19 somite stages the neural folds are fully elevated and fuse in the dorsal midline. The
PM-CM has greatly expanded in the dorsal ventral direction with the distance between the
notochord/gut and neuroepithelium increasing as the neural folds elevate. Expansion of the
PM-CM cannot be explained by differential proliferation or apoptosis (Morris-Wiman and
Brinkley, 1990b). In fact, proliferation is highest in the central versus lateral regions where
the PM-CM expansion is greatest. Similarly, no appreciable cell death is detected in the
central region. Instead differential expansion is likely due to cell translocation driven by
expansion of the extracellular matrix (ECM) surrounding the PM-CM as discussed below.

ECM composition during neural fold elevation and morphogenesis of the
cranial mesenchyme

During neurulation, the ECM and cells of the cranial mesenchyme form a porous meshwork
made of intermingling ECM strands and stellate shaped cells that support the elevating
neural folds (Morris-Wiman and Brinkley, 1990a; Morriss and Solursh, 1978a; Morriss and
Solursh, 1978b). The ECM underlying the neural folds consists of fibronectin, laminin and
is rich in glycosaminoglycans (Morriss and Solursh, 1978a; Morriss-Kay and Tuckett, 1989;
Solursh and Morriss, 1977; Tuckett and Morriss-Kay, 1986). Hyaluronate (HA) is the
predominant glycosaminoglycan with smaller amounts of chondroitin sulfate and heparin
sulfate present (Solursh and Morriss, 1977). Changes in laminin and fibronectin
concentrations in the ECM are not correlated with neural fold elevation and expansion of the
cranial mesenchyme (Tuckett and Morriss-Kay, 1986); however, dynamic changes in HA
concentrations are associated with these morphogenetic events (Morris-Wiman and
Brinkley, 1990a; Morriss and Solursh, 1978a; Morriss and Solursh, 1978b). As described by
Morris-Wiman and Brinkley (1990a) and illustrated in Figure 1, in the cranial mesenchyme
of 3-5 somite stages HA is evenly distributed with slightly higher concentrations in the
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medial region. By 7/8 somite stages, when the neural folds begin to elevate, HA distribution
increases underlying the neural folds with a decreasing medial to lateral gradient. By 11
somites, as the neural folds form a “V” shape, the concentration of HA increases further. At
12-13 somite stages, HA levels increase in medial and lateral regions but decrease in the
intervening region as cells loose their orientation parallel to the neuroepithelium. In
subsequent stages, relative HA concentrations are greater beneath the lateral neural folds.
Regional differences in HA concentration during neural fold elevation are not due to
differential synthesis, which is uniform across the cranial mesenchyme (Morris-Wiman and
Brinkley, 1990c). Instead, the reduced concentration in medial and central regions is likely
due to expansion of the HA rich ECM (Morris-Wiman and Brinkley, 1990c). This expansion
would result in the decreased cell density and the decreased concentration of HA observed
in this region.

These dynamic changes in HA concentration are very interesting with respect to expansion
of the cranial mesenchyme. HA-rich matrix can become heavily hydrated causing swelling
of the ECM and expansion of the spaces between cells (Spicer and Tien, 2004; Toole, 2004).
In addition, HA interacts with the cell surface receptors Cd44 and RHAMM (Receptor for
Hyaluronan-Mediated Motility) which mediate signal transduction by HA (Toole, 2004).
Expansion of HA-rich ECM provides the driving force for morphogenesis of other structures
including morphogenesis of the palate, endocardial cushion and chondrogenesis (Spicer and
Tien, 2004). Thus, nonrandom distribution of HA and unequal expansion of the cranial
mesenchyme could potentially drive neural fold elevation as proposed by Morris-Wiman
and Brinkley (1990a). According to the model proposed in their paper, the polarization of
cranial mesenchyme underlying the neuroepithelium is coincident with the lateral expansion
of the neuroepithelium. This expansion disrupts cell interactions that restrain swelling of the
cranial mesenchyme in central regions, allowing the HA-rich ECM to expand. Since at this
stage HA is most highly concentrated in the central cranial mesenchyme, this region will
expand the most. The direction of expansion is restricted by the neural groove and notochord
medially and the surface ectoderm laterally. These restraints combined with differential
expansion of the cranial mesenchyme in central regions may drive neural fold elevation.
Subsequently, the uneven expansion of the HA-rich ECM results in decreased concentration
of HA in the central region. As the neural groove and notochord become separated, dorsal-
ventral cranial mesenchyme expansion is allowed resulting in tremendous expansion of the
cranial mesenchyme in this direction.

Essential role of the expansion of the cranial mesenchyme in neural fold
elevation

The correlative data described above implicates expansion of the cranial mesenchyme in
neural fold elevation. This is further supported by inhibitor studies where embryos are
cultured in the presence of ECM inhibitors during neurulation. For example, culture of rat
embryos in Streptomyces hyaluronidase, an enzyme that preferentially degrades HA,
resulted in delayed elevation of the neural folds (Morriss-Kay et al., 1986). Histological
analyses of these embryos revealed increased density of cranial mesenchyme. However, cell
proliferation and consequently cell number was also greatly affected in the cranial
mesenchyme. Hyaluronidase also inhibits neurulation in chicken embryos (Schoenwolf and
Fisher, 1983). Further evidence that HA is essential for neural fold elevation comes from
experiments where rat embryos were cultured with the HA synthesis inhibitor DON (Morris-
Wiman and Brinkley, 1990a; Morris-Wiman and Brinkley, 1990b; Morris-Wiman and
Brinkley, 1990c). Similar to the hyaluronidase experiments, DON treatment resulted in
increased density of the cranial mesenchyme; however, unlike with hyaluronidase, no
change in mitosis was observed. In DON treated embryos the neural folds fail to transition
from the biconvex to “V” shape and cranial mesenchyme cells fail to orientate parallel to the
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neuroepithelium. Treatment of embryos during neurulation with other ECM disrupting
compounds including chondroitinase ABC, bD-xyloside and heparitinase inhibits neural
tube closure and affects morphogenesis of the cranial mesenchyme (Morriss-Kay and
Tuckett, 1989; Morriss-Kay and Crutch, 1982; Tuckett and Morriss-Kay, 1989). One
important caveat of these experiments is that these inhibitors have access to all tissues and in
most of these experiments the morphology of neural and surface ectoderm was also affected.
Thus whether morphogenesis of the cranial mesenchyme alone is responsible for neural fold
elevation still remains to be definitively demonstrated.

Excess retinoic acid also affects cranial mesenchyme organization and
neural fold elevation

The teratogenic effect of retinoic acid on closure of the neural tube has been documented as
early as the 1950s (Cohlan, 1953). In the proceeding decades, the observation that failure of
neural fold elevation in retinoic acid exposed embryos is associated with reduced cranial
mesenchyme and increased extracellular space was made (see (Marin-Padilla, 1966;
Morriss, 1972; Morriss and Steele, 1974) for examples). These studies noted that both PM-
CM and NC-CM populations are affected by excess retinoic acid exposure during
neurulation. Migration of PM-CM cells to positions underlying the cranial neural tube
following gastrulation is reduced in retinoic acid exposed embryos (Morriss, 1972; Morriss
and Steele, 1974; Morriss and Steele, 1977). Similarly, migration of NC-CM is affected with
many NC-CM cells failing to undergo the epithelial to mesenchyme transition and
delaminate from the dorsal neural tube (Geelen, 1979; Moro Balbas et al., 1993; Pratt et al.,
1987; Shankar et al., 1994; Thorogood et al., 1982; Webster et al., 1986).

Since these initial observations, the molecular mechanism of retinoic acid action during
embryogenesis has been elucidated. In a simplistic model during embryogenesis, the
bioavailability of retinoic acid is tightly controlled by the precise temporal and spatial
regulated expression of the retinoic acid activating and deactivating enzymes retinaldehyde
dehydrogenase (Raldh) and cytochrome P450 (Cyp26s), respectively (Rhinn and Dolle,
2012). At the start of neurulation, the PM-CM underlying the anterior portion of the cranial
neural tube expresses high levels of Cyp26c1 and little Raldh2, resulting in the PM-CM
being a relatively retinoic acid free region of the embryo (Bothe et al., 2011). Thus,
exposure of these cells to retinoic acid results in inappropriate expression of retinoic acid-
responsive genes. Retinoic acid binds to retinoic acid receptors (RARa, b, g and RXRa, b, g)
which heterodimerize and bind to retinoic acid responsive elements (RAREs; (Rhinn and
Dolle, 2012). Retinoic acid both positively and negatively regulates the expression of a
number of genes including enzymes that synthesize ECM components and homeobox genes
(Ackermans et al., 2011; Rhinn and Dolle, 2012).

The regulation of ECM composition by retinoic acid is very interesting in light of the fact
that the ECM plays an essential role in neural fold elevation. The composition of the ECM
changes in the cranial mesenchyme following retinoic acid exposure (see (Moro Balbas et
al., 1993; Shankar et al., 1994) for examples). This could be due to direct induction of HA
synthesis enzymes in response to retinoic acid exposure. While not yet demonstrated in the
cranial mesenchyme, retinoic acid has been shown to increase HA levels in a number of cell
types (Akiyama et al., 1994; King, 1984; Margelin et al., 1996; Tammi and Tammi, 1986).
Upregulation of HA may occur by increased expression of the HA synthesis enzyme Has2
which contains RAREs in its promoter (Saavalainen et al., 2005). In addition to Has2,
retinoic acid increases expression of the HA receptor Cd44 (Pasonen-Seppanen et al., 2008;
Rousche and Knudson, 2002). Thus retinoic acid exposure can potentially alter the ECM
composition of the cranial mesenchyme and the expression of ECM receptors, which could
alter NC-CM migration and morphogenesis of the PM-CM contributing to failure of neural

Zohn and Sarkar Page 5

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fold elevation. Whether this sequence of events occurs in retinoic acid exposed cranial
mesenchyme during neurulation and if these changes result in failure of neural tube closure
remains to be determined.

Exencephaly in Twist mutant mice is associated with reduced cranial
mesenchyme

Abnormal cranial mesenchyme morphogenesis has been suggested to underlie failure of
cranial neurulation in a number of mouse mutants including Ski, Cart1/Alx1, Alx3, Inka1
and Twist (Berk et al., 1997; Chen and Behringer, 1995; Lakhwani et al., 2010; Reid et al.,
2010; Zhao et al., 1996). Of these, the Twist mutant mouse model has been best studied.
Embryos with homozygous mutation in the basic helix-loop-helix transcription factor Twist
exhibit exencephaly associated with defects in development of the cranial mesenchyme
(Chen and Behringer, 1995). Though not examined during neural fold elevation,
immediately following neural tube closure, Twist mutant cranial mesenchyme cells do not
exhibit the typical stellate morphology. Rather mutant cells underlying the forebrain (NC-
CM) and midbrain (PM-CM) are rounded with altered cellular contacts and expanded
extracellular space (Chen and Behringer, 1995). Twist is expressed in both the PM-CM and
NC-CM lineages and expression is not detected in other tissues involved in cranial
neurulation such as the neural and surface ectoderm (Fuchtbauer, 1995; Stoetzel et al.,
1995). Thus the observation that in Twist mutants the neural folds fail to elevate provides
the best evidence in support of the hypothesis that morphogenesis of the cranial
mesenchyme drives neural fold elevation. While the role of Twist in cranial mesenchyme
morphogenesis is clear, it remains unknown if the PM-CM or NC-CM or both is essential
for cranial neural fold elevation.

The role of Twist in development of both the PM-CM and NC-CM has been extensively
studied. The neural crest appears to form properly in Twist mutants and they migrate to the
facial primordia albeit with reduced numbers (Soo et al., 2002). Furthermore, in Twist
mutants the neural crest cells migrate to positions deeper in the PM-CM (Soo et al., 2002).
Interestingly, cell transplantation experiments indicate that Twist is required both cell
autonomously in the NC-CM and nonautonomously in the PM-CM for guidance of neural
crest (Soo et al., 2002). In addition, Twist is required for the expression of a number of
genes including Alx1/Cart1 and Alx3 in the NC-CM (Soo et al., 2002). Interestingly, the
expression of Alx1 and Alx3 is restricted to the NC-CM during neural fold elevation
(Beverdam and Meijlink, 2001) and null mutations in these result in exencephaly with
reduced NC-CM density around the forebrain primordium and elevated apopotosis, very
similar to that observed in Twist mutants (Lakhwani et al., 2010; Zhao et al., 1996). In
particular, the neural crest undergoes increased apoptosis in Alx1 and Alx3 mutants
(Lakhwani et al., 2010; Zhao et al., 1996). Thus, neural tube defects in Twist mutants could
potentially be explained by a cell autonomous role of Twist in the neural crest affecting
expression of Alx1 and Alx3 in the NC-CM. Surprisingly, however, conditional inactivation
of Twist in the neural crest lineage using the Wnt1-Cre driver does not result in neural tube
closure defects (Bildsoe et al., 2009). This result argues for an essential role for Twist in the
PM-CM as suggested by the cell transplantation experiments (Soo et al., 2002). Importantly,
in the Wnt1-Cre;Twistflox conditionally deleted embryos, Twist expression is absent in the
NC-CM assessed at later stages of development demonstrating significant recombination of
the floxed allele in the neural crest lineage (Bildsoe et al., 2009). However, since expression
of Twist protein was not examined during neural fold elevation, it is possible that
perdurance of the Twist transcript or protein in the NC-CM lineage allows for normal
function during this time. Determination of Twist protein expression during neural fold
elevation in these conditional knockout embryos would resolve this issue. The reciprocal
experiment where Twist is conditionally deleted in the PM-CM using the Mesp1-cre line

Zohn and Sarkar Page 6

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



would further address the important domain of Twist expression required for neural tube
closure. Finally, whether the composition of the ECM in the cranial mesenchyme of Twist
mutants during neural fold elevation is altered or defects are primarily due to enhance
apoptosis remains to be determined.

Failure of cranial mesenchyme expansion is associated with exencephaly
in Hectd1 mutant mice

Our laboratory has been investigating abnormal cranial mesenchyme morphogenesis as a
potential mechanism underlying cranial neural tube defects in the openmind (opm) mutant
mouse line. This mouse line was created in an ENU mutagenesis screen to identify genes
required for neurulation (Kasarskis et al., 1998; Zohn et al., 2005). Positional cloning
revealed that the opm mutation is in the uncharacterized HECT (Homologous to the E6-AP
Carboxyl Terminus) domain ubiquitin ligase Hectd1 (HECT domain containing 1; (Zohn et
al., 2007). Hectd1 is widely expressed in the neural and surface epithelium and the PM-CM
and NC-CM during neurulation (Zohn et al., 2007). The neural folds fail to elevate in
Hectd1opm mutants and the folds maintain the biconvex morphology characteristic of early
somite stage embryos (Figure 2 and (Sarkar and Zohn, 2012; Zohn et al., 2007). Histological
analyses of the cranial mesenchyme during the time when the neural folds should have
elevated reveals that the cranial mesenchyme cells underlying the neural tube fail to undergo
the characteristic expansion (Sarkar and Zohn, 2012; Zohn et al., 2007). These differences in
cell density are not likely due to altered apoptosis which remains essentially the same in the
cranial mesenchyme of wildtype and Hectd1opm mutant embryos (Zohn et al., 2007).
Furthermore, proliferation as measured by phosphorylated histone H3 immunostaining was
not changed between wildtype and mutants (Zohn et al., 2007). In addition to the failure to
expand the space between cranial mesenchyme cells in Hectd1opm mutants, the organization
of the cranial mesenchyme is altered. Specifically, the cells underlying the neural epithelium
fail to orientate parallel to the neural epithelium (Figure 1), a cell behavior correlated with
neural fold elevation (Morris-Wiman and Brinkley, 1990a; Sarkar and Zohn, 2012).

We have further characterized the behavior of Hectd1opm mutant cranial mesenchyme cells
in an artificial explant assay where cranial mesenchyme explants dissected at E8.5 (during
neural fold elevation) are plated on an ECM-coated plate (Sarkar and Zohn, 2012). Cells
will exit and migrate from the explant. Importantly, more Hectd1opm mutant cells will exit
the explant than from wildtype explants and these mutant cells will migrate further. This
experiment indicates that the behavior of Hectd1opm mutant cranial mesenchyme cells is
different than wildtype cells. Along with our histological data, this finding provides a
potential cellular basis for the abnormal organization of the cranial mesenchyme and
possibly failure of cranial neurulation in Hectd1opm mutants.

Hectd1 encodes an E3 ubiquitin ligase and our data indicate that the ubiquitin ligase activity
of Hectd1 is essential for its biological function (Sarkar and Zohn, 2012; Zohn et al., 2007).
Ubiquitin ligases catalyze the addition of ubiquitin to target proteins (Mukhopadhyay and
Riezman, 2007; Pickart, 2001). Ubiquitination of proteins results in a myriad of
consequences depending on whether ubiquitin is added singly (monoubiquitination) or in
chains (polyubiquitination). To create polyubiquitin chains, additional ubiquitins are added
to one of the multiple Lysine residues on the ubiquitin protein. If ubiquitin chains are made
utilizing Lysine-48 linkages, the substrate protein is typically targeted to the proteasome for
degradation; however, if Lysine-63 linkages are used or the substrate is monoubiquitinated
then the modification typically results in altered localization or activity of the substrate
(Mukhopadhyay and Riezman, 2007). Our data indicate that Hectd1 primarily catalyzes the
addition of Lysine-63 linked polyubiquitin chains to its substrates (Sarkar and Zohn, 2012).
While other ubiquitin ligases including Mdm4, Mib2 and Smurf1;Smurf2 double knockouts
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have been shown to be regulate neurulation, none of these have been implicated in cranial
mesenchyme morphogenesis (Migliorini et al., 2002; Narimatsu et al., 2009; Wu et al.,
2007).

To understand the pathways regulated by Hectd1 during neurulation we performed
proteomic screens to identify the substrates of Hectd1 (Sarkar and Zohn, 2012). One
interesting substrate identified from this approach is Heat shock protein 90 (Hsp90). Heat
shock proteins are cellular chaperones that interact with client proteins, promoting their
active confirmations (Taipale et al., 2010). Hsp90 has a number of clients that regulate a
multitude of processes including cell migration (Tsutsumi and Neckers, 2007). In addition,
Hsp90 is secreted from the cell where it can act upon clients on the cell surface and in the
ECM to stimulate migration (Tsutsumi and Neckers, 2007). Our data indicate that the
addition of Lysine-63 linked polyubiquitin chains onto Hsp90 does not target it to the
proteasome, but rather traffics it away from the secretory pathway (Sarkar and Zohn, 2012).
Thus in the absence of Hectd1 activity in Hectd1opm mutants, Hsp90 secretion is increased.
Utilizing the cranial mesenchyme explant assay described above, we demonstrated that the
increased migration of cranial mesenchyme cells from mutant explants is due to the
increased Hsp90 secreted from these cells. These results provide a potential molecular
mechanism for the abnormal behavior of the cranial mesenchyme during neural fold
elevation. Interestingly, in tumor cells, Hsp90 plays an essential role in interaction of HA
with its receptor Cd44 and activation of extracellular matrix metalloproteinases (MMPs) to
promote invasion (Ghatak et al., 2005; Kim et al., 2008; Lagarrigue et al., 2010). Thus it is
possible that the enhanced extracellular Hsp90 in Hectd1opm mutant cranial mesenchyme
may be acting on the HA-rich ECM to promote disorganized migration.

Summary and Conclusions
The cranial mesenchyme undergoes stereotypical morphogenesis during neural fold
elevation. This morphogenesis is associated with alterations in the HA-rich ECM. Based on
experiments where embryos were cultured with HA and other ECM disrupting agents,
interactions of the cells of the cranial mesenchyme and the HA-rich ECM have been
implicated in driving cranial mesenchyme morphogenesis and neural fold elevation.
However, these experiments are flawed as all tissues were exposed to the inhibitors and their
morphogenesis was similarly affected. Here we reviewed further evidence that the cranial
mesenchyme is important for neural fold elevation. In retinoic acid treated embryos and
some genetic mutants, defects in cranial mesenchyme morphogenesis are associated with
failure of neural tube closure. Exencephaly in the Twist mutant mouse illustrates that it is
indeed the cranial mesenchyme that is essential for neural fold elevation since Twist is not
expressed in the neural or surface ectoderm. Future studies, will determine whether
morphogenesis of the PM-CM, the NC-CM or both are important for driving neural fold
elevation. Interestingly, both retinoic acid and Hectd1 may influence interactions between
cranial mesenchyme cells and the HA matrix. Additional experiments will determine
whether these interactions are affected in the cranial mesenchyme resulting in failure of
neural fold elevation in these mouse models. Finally, the careful analyses of cranial
mesenchyme behaviors in additional mouse mutants will further elucidate the molecular
pathways that control cranial mesenchyme morphogenesis. Importantly, these will provide
added evidence as to whether morphogenesis of the CM in fact provides a driving force for
neural fold elevation in the cranial region.
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Figure 1. Morphogenesis of the cranial mesenchyme during neural fold elevation
Embryos in whole mount are shown in panels on the left and in sections in panels on the
right. The plane of section is illustrated by a red line. In the 3-somite staged mouse embryo,
the biconvex neural folds have not yet begun to elevate and exhibit a columnar organization.
NC-CM is induced in the dorsal neural tube and can be labeled by the Wnt1-cre driver
(blue). Underlying the neural plate are PM-CM cells that can be labeled by the Mesp1-cre
line (light grey) and are shown as dashes in panel to the right. Yellow shading in panels to
the right indicates the even distribution of HA in the cranial mesenchyme underlying the
neural folds. At 6-somite stages, the neuroepithelium transforms to a pseudostratified
epithelium and rounded neural crest cells (dots in panel to the right) can be seen migrating
from the dorsal neural folds within the subectodermal PM-CM to positions in the branchial
arches and frontonasal mesenchyme (blue dashes in left panel). At the 8-somite stage, the
neural folds exhibit a “V” shape as they continue to rise and HA concentrations (darker
yellow shading) in the ECM increase evenly throughout the cranial mesenchyme. Neural
crest cells are migrating and individual PM-CM cells underlying the neural plate are
orientated parallel to the neural plate. By the 15-somite stage, NC-CM has migrated to their
final destinations in the branchial arches and frontonasal mesenchyme. As the neural folds
rise, the HA-rich ECM around the cranial mesenchyme cells in medial regions of the cranial
mesenchyme expands resulting in reduced concentration of HA. The neural folds exhibit a
“C” shape as the folds begin to converge in the dorsal midline. The PM-CM cells only
orientate parallel to the neural tube in the most lateral regions. In medial regions the space
between PM-CM cells has expanded greatly. Conceptual diagrams on left were made after
Figures 1 and 2 in (Jiang et al., 2002; Yoshida et al., 2008), respectively. Conceptual
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diagrams on right were made after Figures 2, 4 and 5 in (Morris-Wiman and Brinkley,
1990a).

Zohn and Sarkar Page 14

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Failure of neural fold elevation in Hectd1opm mutant embryos is correlated with
disorganized cranial mesenchyme
The neural plate in E9.5 Hectd1opm mutant embryos does not transform from the biconvex
to “V” then “C” shape demonstrating failure of neural fold elevation. The PM-CM in
Hectd1opm mutant embryos fails to undergo the characteristic expansion seen in wildtype
embryos and the PM-CM cells underlying the neural plate do not orientate parallel to the
neuroepithelium.
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