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Abstract

During early embryonic development, compartments of cells must send

and receive signals in order to coordinate activities such as proliferation,

migration and differentiation.  Cells regulate these activities inpart through cell-to-

cell communication by sharing small signaling molecules and ions via Connexin

(Cx)-based gap junction (GJ) channels that connect the cytoplasms of adjacent

cells.  Mouse knockout models of Cx proteins have demonstrated the necessity

for GJ communication during development; cx45 knockouts are embryonic lethal

and cx43 null embryos exhibit defects in heart development.  However, the

mechanisms by which GJ communication regulate early embryonic development,

particularly in terms of axis specification and patterning, remain largely

unexamined.   

Here, the role of zebrafish Cx43.4 (the ortholog of mammalian Cx45) in

patterning the asymmetric left-right (L-R) axis of zebrafish was examined.  L-R

patterning is directed by ciliary beating that generates a leftward fluid flow in the

mammalian node or in Kupffer!s vesicle (KV), the related structure in zebrafish.

Leftward nodal flow is required for normal asymmetric organ placement and

function.  Cx43.4 expression was detected in KV and morpholino (MO)

knockdown of Cx43.4 resulted in randomized organ distribution and reversed

asymmetric gene expression.  The major finding of these knockdown

experiments is that Cx43.4 is required for the morphogenesis of KV.  Additionally,

Cx43.4 hemichannels, rather than GJ communication, are sufficient to rescue the
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defects in asymmetric patterning.  Finally, the function of Cx43.4 hemichannels,

together with purinergic receptors, is required for the morphogenesis of the KV

epithelium.  These novel findings have important implications for both the

communication and L-R development fields, as well as suggesting new roles for

Cx proteins in the early development of a variety of epithelial tissues.
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Chapter I

Left-Right Patterning and Connexin Biology
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Left-Right (L-R) Asymmetry

During early vertebrate development, the overall body plan is established

with respect to the anterior-posterior, dorsal-ventral, and left-right (L-R) axes.

While most vertebrates have a symmetrical external body plan, the internal

patterning and function of organs have distinct L-R asymmetries.  This type of

asymmetric patterning is conserved both across and within species.  For

example, asymmetry is observed from snails to humans, and all normal

individuals within a given species have the same pattern of L-R asymmetry.  In

snails, while the external foot and head are bilaterally symmetrical, the direction

of snail shell coiling, which reflects the internal body plan, is asymmetric.  It has

been estimated that greater than 90% of living snail species show dextral, or

right-handed shell coiling, rather than the reversed, sinistral coil (Schilthuizen &

Davison, 2005).

In humans and other vertebrates, as in invertebrates, there are

symmetrical external features that are often paired, such as the eyes and limbs.

As expected, the internal body plan has numerous examples of visceral

asymmetry, particularly across the L-R axis.  For example, the heart, stomach,

and spleen are found on the left side, while the gallbladder and liver are located

toward the right.  Normal asymmetric organ patterning is termed situs solitus,

while the congenital condition, situs inversus, describes a mirror-image

reversal.
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Precise asymmetric patterning is thought to be required for the ability to

package numerous organs within the thorax and abdomen.  Additionally,

functional asymmetry exists across the hemispheres of the brain and is

necessary for the specialization of different compartments of the central

nervous system.  Consistent with normal asymmetric patterning being critical for

organ function, heterotaxy – the misplacment of at least one organ with respect

to the others – is most often associated with congenital heart defects,

polysplenia, and anomalies within the gastrointestinal tract (Peeters &

Devriendt, 2006).

Interestingly, despite the defects and congenital diseases associated

with abnormal L-R patterning, the rare occurrence of situs inversus (1 out of

6,000-8,000 newborns) has limited detrimental physiological consequences

(Peeters & Devriendt, 2006).  This observation sets up the interesting question:

Why is L-R asymmetry maintained in such a precise way within a species, given

that complete organ reversal has few negative ramifications?  It would seem

that random establishment of the L-R axis would be just as evolutionarily

favorable as a particular situs.  While the answer to this question remains

elusive, research over the past decade has shed light on how L-R asymmetry is

established.

Nodal Flow Directs Left-Right Asymmetry

The high conservation of L-R asymmetry across species and the

congenital defects associated with mis-patterning suggest that there is an
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underlying genetic mechanism(s) by which the L-R axis is established.   Hints

as to which genetic components influence L-R patterning came from

observations of patients with the disease Kartagener!s syndrome.  The

symptoms of Kartagener!s syndrome include male sterility, frequent respiratory

infections, and chronic sinusitis.  These disease characteristics are all

associated with defects in ciliary function, and mutations in dynein that render

cilia immotile are common in families with Kartagener!s syndrome (McGrath &

Brueckner, 2003).  Interestingly, 50% of patients with Kartagener!s syndrome

also display situs inversus, suggesting that a ciliary-based mechanism may

direct the formation of L-R asymmetry.

Additional evidence to link ciliary function with L-R patterning was

provided by a mouse knockout of a microtubule-dependent motor, Kinesin

superfamily protein (KIF).  In these knockout embryos, the lack of KIF3B

resulted in L-R asymmetry defects and the complete absence of cilia within the

embryonic node (Nonaka et al., 1998).  Further studies found that the nodal cilia

of wildtype animals were motile and capable of moving extracellular fluid in a

net leftward direction, termed nodal flow (Fig. 1a,b).  Importantly, fluid flow was

not observed in kif3B-/- embryos, suggesting that cilia-driven nodal flow is critical

for L-R patterning.

An elegant experimental system was devised by Nonaka et al. to test

directly whether nodal flow is a symmetry-breaking event.  Remarkably, when

mouse embryos were cultured in medium with reversed, rightward artificial fluid
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flow across the embryonic node, most of the embryos displayed situs inversus

(Nonaka et al., 2002).  In further support of the importance of nodal flow for L-R

development, artificial leftward fluid flow was able to rescue L-R defects in

mutant mice lacking nodal flow due to the presence of immotile cilia.

It has been known for some time that orthologous embryonic node

structures are present in multiple species and that these presumptive L-R

“organizers” contain monocilia and express a dynein (lrd), which is essential for

ciliary motility (Essner et al., 2002).  However, whether nodal flow as a

symmetry-breaking event in L-R patterning is conserved across these species

has been controversial.  Growing evidence from multiple species (in addition to

mice), including zebrafish (Essner et al., 2005; Kramer-Zucker et al., 2005),

Xenopus (Schweickert et al., 2007), and rabbit (Okada et al., 2005), suggests

that nodal flow is a conserved feature of L-R asymmetry.  It remains to be

determined, however, whether nodal flow breaks symmetry in these species, as

it seems to in the mouse, or whether it serves to amplify a previous asymmetry

present in the early embryo.

How does nodal flow direct L-R patterning?

Since the discovery of nodal flow just over a decade ago, much research

has focused on understanding the signal transduction mechanism of cilia-driven

fluid flow in directing L-R patterning (Basu & Brueckner, 2008).  There are

currently two models to explain how fluid flow is transmitted into L-R
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information: either through a chemical or mechanical mechanism.  While

support exists for each of these models (described below), whether one

mechanism (or both) is (are) the primary mode by which nodal flow directs a

left-sided signal remains unclear.

First, the chemical model proposed that some unknown morphogen or

signaling molecule was moved by the extracellular fluid flow, creating a gradient

of the signal that would be higher on the left side of the node than on the right.

In support of this model, nodal vesicular particles (NVPs) were identified in the

mouse node.  These membranous spheres are released into the node in a

fibroblast growth factor (FGF)-dependent manner and are thought to be swept

by the nodal flow to the left side of the node where they release their signaling

contents, Sonic hedgehog and retinoic acid (Tanaka et al., 2005).

Second, a mechanical mechanism whereby the force of nodal flow would

be sensed differently on the left side compared to the right side could be utilized

to transmit nodal flow into a downstream signal.  Indeed, two populations of cilia

have been identified in the mammalian node: one thought to be motile and to

produce fluid flow, while the other class is immotile and could sense and

respond to the flow.  These immotile cilia are localized to the periphery of the

node and contain the cation channel, polycystin-2 (McGrath et al., 2003).

Interestingly, mice lacking polycystin have defects in L-R asymmetry,

suggesting that the nodal cilia expression of polycystin may act as a sensor for

normal patterning.
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In the kidney, the polycystin proteins function as mechanosensors.  Upon

the bending of cilia, polycystin is required to facilitate the influx of Ca2+, with the

increase in Ca2+ being transmitted to neighboring cells via gap junctions.  A

similar mechanism could be envisioned in the embryonic node during the

establishment of the L-R axis.   Indeed, a left-sided Ca2+ wave is observed in

the mesodermal tissue surrounding the node structures of both mice (McGrath

et al., 2003) and zebrafish (Sarmah et al., 2005).  Finally, increased intracellular

Ca2+ in cells adjacent to the node is dependent on polycystin-2 (McGrath et al.,

2003), suggesting that polycystin-2 is able to transduce fluid flow into a

downstream signal.

Nodal flow directs asymmetric gene expression

How then does the Ca2+ wave induced by nodal flow result in asymmetric

organ patterning and function?  A conserved, left-sided TGF-! signaling

pathway is thought to transmit the directionality introduced by nodal flow to

organ precursors (Raya & Belmonte, 2006).  In all vertebrates studied, nodal (a

member of the TGF-! family) expression is restricted to the left lateral

mesoderm of the early embryo.  Downstream of Nodal, the transcription factor

Pitx2 is activated on the left side of the embryo.  Pitx2 is responsible for

promoting changes in cell morphology, survival, and growth that ultimately

result in asymmetric organ development (Mercola, 2003).
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Interestingly, the conservation of the left-sided nodal signaling cascade

has recently gained additional support in invertebrates, following the isolation of

nodal and pitx genes in snails.  Consistent with loss-of function studies in

vertebrates, pharmacological inhibition of the nodal signaling pathway in the

snail resulted in L-R defects, reflected in reversed, sinistral shell coiling (Grande

& Patel, 2009).

Although much is known about the roles of cilia-induced nodal flow and

the left-sided gene expression cascade, a number of important questions

remain unresolved.  How the asymmetric signal is transmitted from the node to

the lateral mesoderm is not well-understood (further discussion included in

Chapter II).  As previously alluded to, the extent to which the laterality program

is a conserved mechanism also remains unclear.  Specifically, with respect to

conservation, one of the least understood questions is whether nodal flow

serves as the primary L-R determining factor or whether it amplifies a prior L-R

determinant.  In Xenopus, for example, H+-V-ATPase is asymmetrically

localized prior to node function at the early cleavage stages, and H+-V-ATPase

is required for L-R patterning in Xenopus, chick, and zebrafish (Adams et al.,

2006).  Future studies will be necessary to determine whether H+-V-ATPase, or

other transcripts, are asymmetrically expressed in mammals prior to nodal flow

and whether they are similarly required for L-R patterning.
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Zebrafish as a model system for studying L-R asymmetry

The zebrafish model system has many advantages that allow

investigations using both cell biological and genomic approaches into the

mechanisms that regulate L-R patterning.  A single zebrafish pair can produce

hundreds of synchronized embryos by natural spawning, and these embryos

develop externally and are optically clear.  These features allow for ease in

observing the development and function of the orthologous embryonic node

structure, Kupffer!s vesicle (KV), and the asymmetric patterning of organ

systems within living embryos.  In addition, external development allows for

easy accessibility to structures like KV for physical manipulations and data

collection.  The ability to efficiently knock down protein levels in zebrafish

embryos by injection of antisense morpholino (MO) oligonucleotides allows for

studies of specific gene function (Nasevicius & Ekker, 2000).  Finally, there is

strong conservation of gene identity and function from zebrafish to higher

vertebrates (Shin & Fishman, 2002), so developmental mechanisms that

operate in zebrafish are likely to have relevance in other organisms as well.

Kupffer!s vesicle morphogenesis is required for nodal flow and normal L-

R development

 Previous studies in zebrafish have identified KV as the orthologous L-R

organizer (Essner et al., 2005; Kramer-Zucker et al., 2005).  KV is a transient

“organ” that shares many features with the mammalian node.  Similar to cells of

the node, KV cells also form a tight epithelium with each cell containing a motile
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monocilium.  The vortical movement of these cilia produces a counter-clockwise

fluid flow that is required for normal L-R patterning.  In contrast, the

morphologies of KV and the mammalian node display some differences.  While,

the mammalian node is a triangular shaped, concave pit containing a single

epithelial cell layer that is covered by a thin membrane (to create a space for

nodal flow), KV is an inflated sphere with the interior lumen space lined by the

ciliated epithelium (Lee & Anderson, 2008).  Additionally, each of the cells lining

KV has a cilium pointing toward the lumen, while only the ventral surface of the

mouse node contains cilia.

Although there are morphological differences in the overall layouts of the

zebrafish and mouse L-R organizers, the primary function of these tissues –

production of nodal flow – is conserved (Essner et al., 2005; Kramer-Zucker et

al., 2005).  Interestingly, upon closer examination of KV, it was noted that the

proportion of KV cilia is enriched in the dorsal hemisphere (Kreiling et al., 2007).

This organization is strikingly similar to the mouse node, which lends further

support to the conserved mechanism of leftward fluid flow within these

structures (Lee & Anderson, 2008).

The morphogenesis and full lumen formation of KV is required for normal

patterning and the steps leading to KV development have recently been

studied.  In brief (further discussion in Chapter III), future KV precursor cells

undergo a mesenchymal to epithelial transition (MET), establish apical-basal
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polarity and develop cilia, and finally, the apical cell surfaces expand away from

one another to form a fluid-filled luminal space (Amack et al., 2007).

While the complete mechanism and genetic players are not yet known, a

growing number of genes that affect various stages of KV morphogenesis exist

in the literature.  Prior to the MET, KV precursor cells undergo migration, which

is dependent on beta-catenin expression and an increase in intracellular Ca2+

(Schneider et al., 2008).  Two transcription factors, spt and ntl, are required for

maintenance of cell-cell associations during early KV cell specification and

subsequent lumen formation, respectively (Essner et al., 2005; Amack et al.,

2007).  Depletion of Bardet–Biedl syndrome (BBS) genes results in ciliary

degeneration and KV fails to inflate, although the mechanism leading to BBS

regulation of inflation is unknown (Yen et al., 2006).  Although each of these

examples affects a different stage of KV morphogenesis, the end result is the

same: KV does not develop into a fully inflated, luminal sphere that can support

cilia-driven fluid flow.  An important area of future study will be do identify how,

if at all, these (and other as yet unidentified) genes fit together in a common KV

morphogenesis program.

Other important questions in the field of KV morphogenesis include: How

are nodal cilia properly localized in order to generate a productive flow?  In

order for fluid flow to have a net leftward direction (or counterclockwise in the

case of KV), the cilia must be oriented toward the posterior in the plane of the

apical cell membrane as well as being tilted toward the posterior (Nonaka et al.,
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2005).  Could planar cell polarity signaling play a role in this process?  Finally,

given the observation that KV cilia organization resembles that of the

mammalian node (Lee & Anderson, 2008), it will be interesting determine

whether any of the mechanisms that regulate KV morphogenesis also affect

development and/or function of the mouse node.

Cell communication mediated by gap junctions

Cell-to-cell communication is important for the regulation of myriad

developmental processes such as proliferation, migration, growth control,

differentiation, and morphogenesis.  Communication can be indirect through

signals transmitted via the extracellular matrix as an intermediate or direct from

the cytoplasm of one cell to its neighbors.  The direct transmission of small

molecules less than ~1000 Daltons occurs through unique collections of

transmembrane channels termed gap junctions (GJs).

In vertebrates, GJs are comprised of Connexin (Cx) protein subunits

(Fig. 2a), of which there are approximately 20 family members in mammals

(Willecke et al., 2002) and additional numbers in zebrafish (Eastman et al.,

2006; Cruciani & Mikalsen, 2007).  Orthologs are also present in invertebrates

and are termed Innexins.  A GJ channel is formed when a Cx hexamer (termed

a hemichannel or connexon) surrounding an aqueous pore (Fig. 2b) docks with

another hexamer in the membrane of an apposing cell (Fig. 2c) (Kumar &

Gilula, 1996).  Numerous cell-cell channels aggregate within a plasma



13

membrane domain and the resulting intercellular space is reduced to a narrow

gap of approximately 2-3 nm, hence the term gap junction.

GJ communication is present in nearly all differentiated animal cells, and

the level of communication between cells can be precisely regulated.  For

example, the number of cell-cell channels within a GJ plaque or the activity of

these channels (i.e. the open probability) can be modulated in response to

various cell signaling events.  Cx mRNA levels can be increased in response to

hormone (Saez et al., 2003) or growth factor signaling (Ai et al., 2000) with a

corresponding increase in cell coupling.  Alternatively, communication can be

inhibited following the ubiquitination of Cxs at the plasma membrane (Leithe &

Rivedal, 2004), which results in rapid protein turnover, with half lives on the

order of 1-2 hours in some cases.

GJ communication can also be regulated on the order of minutes without

an apparent reduction in channel number by means of a gating mechanism,

which affects the open probability of GJ channels (Moreno & Lau, 2007).  Most

Cxs have multiple phosphorylation sites, and certain phosphorylation events,

particularly those mediated by MAPK, are implicated in channel gating (Solan &

Lampe, 2009).

Physiological roles of gap junction communication

Almost all adult mammalian cells rely on GJs for communication, and the

importance of Cx function for the regulation of tissue and organ physiology has
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been underscored by recent mouse knockout studies and the analysis of

human diseases.  For example, knockout of Cx37 results in female sterility due

to defects in oocyte maturation (Simon et al., 1997), and loss of Cx50 leads to

cataract development (White et al., 1998).  In addition to the mouse studies,

many human conditions including Charcot-Marie-Tooth disease, deafness, and

skin disorders have been linked to mutations in various Cx genes (Willecke et

al., 2002).  These observations reveal the extensive requirement for Cxs across

many tissue types and suggest that Cxs fulfill a variety of functions within nearly

all cells.

Gap junctions in development

There are many cellular events during embryonic development that are

stimulated by signals and require the coordination of groups of cells, so GJs

have long been thought of as critical for development.  Again, mouse knockout

studies have revealed many requirements for Cxs during development.  For

example, embryonic lethality due to cardiovascular deficiencies is observed in

Cx45 knockout animals (further discussion in Chapter V), and Cx43 knockout

mice have defects in heart outflow tract morphogenesis (Huang et al., 1998).

Although there are numerous examples that clearly demonstrate a requirement

for Cxs during development, how Cxs and/or GJ communication function during

development remains largely unknown.
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In addition to the examples of Cx function in the development of

cardiovascular organ systems, GJ communication has also been implicated in

early embryonic patterning events, although this is less understood (further

discussion in Chapter II).  During early embryogenesis, cell-cell interactions are

critical for the establishment of the overall body plan and the major axes of the

organism.  An important aspect of axis patterning is that populations of cells are

differentially specified (e.g. dorsal versus ventral compartments).  GJ

communication could serve to coordinate the response of a population of cells

to certain signals, ensuring that they remain distinct from other cells destined for

a different fate.  This is exemplified by differences in GJ communication

between dorsal and ventral cells of the developing Xenopus embryo (Krufka et

al., 1998).

Gap Junctions and Left-Right Asymmetry

Of particular relevance to the studies presented here, GJs have also

been implicated during patterning of the L-R axis.  Characterization of patients

with laterality defects uncovered mutations in the Cx43 sequence (Britz-

Cunningham et al., 1995).  However, additional patient studies by other groups

failed to confirm these early findings (Gebbia et al., 1996; Debrus et al., 1997),

and it remains unclear whether Cx43 mutations are a cause of laterality defects

or a correlative observation.
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Because of the study by Britz-Cunningham et al., and prior to the

discovery of nodal flow (discussed above), it was postulated that GJ

communication could provide an effective mechanism for an initial asymmetric

cue to be transmitted to entire cell fields (Levin & Nascone, 1997).  Early

studies in Xenopus (Levin & Mercola, 1998) and chick (Levin & Mercola, 1999)

using pharmacological inhibitors of GJ communication revealed defects in L-R

patterning.  However, the efficacy and specificity of these inhibitors has been

questioned due to the presence of off-target effects, e.g. the insecticide,

lindane, induces oxidative stress (Caruso et al., 2005).  Perhaps more

convincing evidence to support a role for Cxs in L-R patterning came from the

use of a dominant-negative Cx construct injected into dorsal blastomeres of the

Xenopus embryo (Levin & Mercola, 1998) and chick embryos cultured in the

presence of antisense oligonucleotides to reduce cx43 expression (Levin &

Mercola, 1999).

A more recent study has investigated the role of Cx43-based GJs during

L-R patterning in rabbits, again using pharmacological GJ blockers.  The results

suggest that FGF-activated signals are passed through GJs from the midline to

the lateral mesoderm in order to repress left-sided gene expression prior to

nodal flow (Feistel & Blum, 2008).  Interestingly, it seems that GJ

communication is attenuated in response to nodal flow, which results in the

release of FGF-mediated inhibition and the subsequent activation of left-sided

gene expression.
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These studies have provided important evidence that Cxs play a role

during L-R patterning but many questions still remain.  Importantly, given the

controversial reports on human laterality patients and Cx43 mutations, it is

unclear whether conservation of Cx43 function in L-R patterning exists from

Xenopus, chick and rabbits to humans.  Also, the use of drug inhibitors to block

GJ communication does not enable a precise evaluation of the spatio-temporal

requirement of Cx function nor the specific Cx isoform required within the early

embryo.  Additionally, given our expanded knowledge of the role of the ciliated

node structures since the publication of the early studies in chick and Xenopus,

a major question is whether Cxs could be involved in nodal flow or whether they

strictly function outside of the node as the study in rabbits would indicate.

Important remaining questions

Although GJs have been studied for over 40 years and there are

numerous examples of the importance of Cxs for embryonic development, there

are still many important questions remaining.  In particular, most interpretations

of the function of Cxs during development have focused on their roles in the

formation of GJs and intercellular communication.  However, the nature of the

signals that pass through GJs to regulate developmental processes are not

clear.

Additionally, a growing body of literature suggests that Cxs may have

other roles, independent of their intercellular communication function within a

GJ.  An interesting alternative role for Cx proteins is related to the regulation of
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cell adhesion.  First, Cxs and the adhesion molecules, cadherins, share a

number of binding partners including zona occludens-1 (ZO-1) and catenin

family members (Wei et al., 2004).  Second, depletion of N-cadherin reduces

GJ coupling (perhaps not surprisingly if cells are no longer in contact) and,

interestingly, Cx43 siRNA knockdown also reduces the amount of plasma

membrane N-cadherin (Wei et al., 2005).  These observations provide evidence

that GJs and adherens junctions are closely associated.  Finally, in a recent

study examining radial migration of neurons in the developing mouse embryo, a

developmental role for Cx-mediated adhesion was observed.  Neuronal

migration was inhibited in the absence of Cx43, and this migratory defect could

be rescued by a communication-deficient Cx43 construct even when the C-

terminal tail (a site of signaling via phosphorylation and protein-protein

interactions) was eliminated (Elias et al., 2007).

Another GJ-independent role for Cx function involves undocked

hemichannels in the plasma membrane.  Hemichannels that are not associated

with a GJ have been detected in multiple cell systems, and these hemichannels

can be opened experimentally (Goodenough & Paul, 2003).  How then, might

Cx hemichannels function physiologically?  Ca2+ waves have been observed in

numerous cell types, and they are associated with Cx expression.  GJ inhibitors

do not always block these Ca2+ waves, suggesting that the Cx requirement is

independent of GJ function (Goodenough & Paul, 2003).
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It is now clear that there are two classes of Ca2+ wave propagation, one

dependent on GJ communication and a second involving an extracellular

pathway.  This extracellular pathway can be blocked with suramin and apyrase

to degrade ATP.  The non-GJ model involves the release of ATP through Cx

hemichannels that stimulates purinergic receptors and the downstream

activation of IP3 (Goodenough & Paul, 2003).  In further support of this model, a

recent study has used several experimental approaches to show that ATP

release coincides with Cx43 hemichannel opening (Kang et al., 2008).  It is

interesting to speculate that the Ca2+ wave in the cells adjacent to KV may be

mediated by a similar hemichannel-dependent mechanism of ATP release.

The goals of this thesis

Cx expression is found across cell and tissue types and is known to be

important for development.  However, there are few examples of how Cxs or

GJs function during embryonic patterning and no clear mechanisms have been

elucidated.  With respect to L-R patterning, the focus of the studies presented

here, a requirement for GJs has been proposed.  However, as described above,

there are many important questions remaining.  This thesis seeks to address

the following questions:

1) Are Cxs required in the early stages of embryonic development?

2) Do changes in Cx expression (in time and space) suggest different

functional roles during development?
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3) Is Cx function a general requirement for L-R patterning?

4) Do different Cx isoforms play different roles during L-R patterning?

5) How precisely do Cxs function during L-R patterning?

6) What is the mechanism by which Cx43.4 functions to create a

functional epithelium?

7) Is the role of Cx43.4 hemichannels sufficient to explain all of this Cx!s

function in L-R patterning?

8) Is the role of Cx43.4 in lumen formation found more broadly in terms

of epithelial development?
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Figure 1:

Reprinted from (Hirokawa et al., 2006), with permission from Elsevier

License Number: 2173190339757

a b
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Figure 1:

The mammalian embryonic node.  (a) A scanning electron micrograph of the

ciliated cells in the rabbit ventral node.  (b) Ciliary motility creates a leftward

extracellular fluid flow.
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Figure 2:

a b
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Figure 2:

Connexins and gap junctions.  (a) Cx proteins contain four hydrophobic,

membrane-spanning regions, two extracellular loops that are important for

hemichannel docking, and both the N- and C- termini are located

cytoplasmically.  (b) Six Cx subunits are assembled to form a hemichannel and

are inserted into the plasma membrane.  These hemichannels can be opened

experimentally to the extracellular environment.  (c) One hemichannel docks

with a similar hemichannel on an adjacent cell membrane to form an aqueous

GJ channel, which directly connects the cytoplasm of neighboring cells.
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Chapter II

A Gap Junction Connexin is Required in the Vertebrate

Left-Right Organizer
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SUMMARY

Early patterning of vertebrate embryos involves the generation of

asymmetric signals across the left-right (L-R) axis that are necessary to

establish the position and function of internal organs.  This patterning is directed

by a conserved nodal/lefty signaling cascade on the left side of the embryo,

thought to be asymmetrically directed by ciliary beating that generates a

leftward fluid flow in the mammalian node or in Kupffer!s vesicle (KV), the

related structure in zebrafish.  Following morpholino knockdown of Cx43.4,

asymmetric gene expression and global organ distribution are randomized,

consistent with the expression of Cx43.4 in KV.  Randomization is recapitulated

in mosaic embryos in which Cx43.4 is depleted preferentially in KV cells,

showing that Cx43.4 is specifically required in KV for proper L-R axis formation.

The mechanistic basis for the laterality anomalies in Cx43.4-deficient embryos

is a primary morphogenesis defect reflected in non-inflated and poorly

developed KVs that lack definitive lumens.  Additionally, the role of Cx43.4

appears to be conserved given that its ortholog, human Cx45, is able to

functionally compensate for zebrafish Cx43.4 during L-R patterning.  This is the

first report linking Cx function in the ciliated, node-like cells of KV with normal L-

R axis development.
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INTRODUCTION

While vertebrates typically exhibit external symmetry across the left-right

(L-R) axis, the distribution of internal viscera and function of particular organs

are strikingly asymmetric.  Internal L-R asymmetry is a tightly regulated

patterning process such that all normal individuals within a species display a

precise morphological and functional arrangement.  The failure to establish the

L-R axis during early embryogenesis leads to heterotaxy, which is associated

with organ laterality defects, including congenital heart disease and spleen

abnormalities (Bisgrove et al., 2003).

Much progress has been made toward understanding the mechanisms

that lead to proper asymmetric patterning, including identification of a

conserved, left-sided TGF-! signaling cascade (Meno et al., 1996).  In the

mouse, direction and propagation of this signaling cascade requires the action

of motile monocilia within the embryonic node (Basu & Brueckner, 2008).

These monocilia rotate in a counter-clockwise direction to produce nodal flow,

which is the movement of extracellular fluid in a net leftward direction (Nonaka

et al., 1998).  Although many genes have been implicated in the known

mechanisms that drive L-R patterning (e.g. cilia-driven nodal flow, left-sided

gene expression, and midline function), the primary L-R determinant remains

debated (Yost, 2003; Levin, 2005; Raya & Belmonte, 2006).  However, the

presence of motile monocilia in the orthologous L-R organizing structures of

mouse, chick, Xenopus, and zebrafish (Essner et al., 2002) highlights the
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conservation of nodal cell function and leftward fluid flow for L-R patterning and

suggests that extensive mechanistic conservation exists among at least some

species.

Zebrafish have served as a useful model for understanding L-R

patterning as they provide a number of advantages for pursuing these

conserved mechanisms.  In particular, the ability to easily access, manipulate,

and monitor the ciliated cells of KV in live embryos has resulted in a model

outlining the distinct steps in the development of this structure (Amack et al.,

2007).  KV is a transient structure that arises from the dorsal forerunner cells

(DFCs).  DFCs are a population of mesenchymal cells that migrate ahead of the

shield (zebrafish organizer) during epiboly and eventually involute to reside

within the developing tailbud (Cooper & D'Amico, 1996).  At this site, they

differentiate into the ciliated epithelial cells that line the lumen of KV.  Surgical

disruption of KV showed that a critical developmental window exists from 3-7

somites when ciliary function and nodal flow are required for normal L-R

patterning (Essner et al., 2005).  In the present study, we demonstrate that a Cx

protein is required for the DFCs to develop into KV and undergo morphogenesis

into a fully functional epithelial lumen capable of generating an asymmetric

signal.

Recent mouse knockouts of connexins (Cx), the protein subunits of

vertebrate gap junctions (GJs), have clearly demonstrated that Cx-based

communication is required for normal organ function and, in some cases, for
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proper development (Wei et al., 2004).  For example, Cx45 null embryos die at

embryonic day 10 (Kruger et al., 2000; Kumai et al., 2000), and Cx43 knockouts

exhibit defects in heart development (Reaume et al., 1995).  However, the

mechanisms by which Cxs might regulate early embryonic development and

patterning remain largely unexamined.

Since Cx proteins are required for development, we theorized that GJ

channels also play an early role in embryonic patterning.  Specifically, GJ

channels could function during development through the direct, cell-cell transfer

of small signaling molecules, such as ions, cAMP, and IP3 in regulating the

migration, differentiation, and physiology of cells (Wei et al., 2004).

Here, we show that morpholino (MO) depletion of Cx43.4 randomizes L-

R patterning.  These defects can be rescued by co-injection of MOs and Cx43.4

mRNA, showing that the L-R phenotype is a specific consequence of Cx43.4

knockdown.  Consistent with Cx43.4 localization in KV cells, targeted

knockdown of Cx43.4 within KV cells leads to randomization.  This indicates

that Cx43.4 function within KV cells is necessary for L-R patterning.  KV cells

were correctly specified following Cx43.4 depletion given that cilia were present,

although they were shorter in morphants than in controls.  However, following

MO knockdown, Cx43.4 morphant KVs failed to inflate and morphogenetic

defects were apparent.  Taken together, these results indicate that the laterality

defects associated with Cx43.4 depletion are a result of defects during KV

morphogenesis.
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RESULTS

Cx43.4 knockdown randomizes left-right asymmetry

We sought to determine the role of Cx43.4 in embryonic patterning given

that it is highly expressed during gastrulation and somite-forming stages in

zebrafish (Essner et al., 1996).  Interestingly, when antisense MO methods

(Nasevicius & Ekker, 2000) were utilized to knock down the level of Cx43.4,

morphant embryos displayed heart laterality defects that indicated a L-R

patterning defect.  Normally, the heart tube loops from the left to the right side

of the embryo.  This morphogenesis can be visualized by in situ hybridization

using a cardiac myosin light chain (cmlc2) probe (Fig. 1A).  However, upon MO

depletion of Cx43.4, heart looping was abnormal in 47% of embryos (notably,

39% reversed and 8% midline; Fig. 1B, C), compared with only 7% aberrant

looping in embryos injected with a mismatched control MO (Fig. 1C).  The

effects of Cx43.4 knockdown on heart looping were not significantly different

from the theoretical maximum of 50% reversal upon randomization, ("2 (1, N =

64) = 0.360, p > 0.5).  Knockdown of a closely related connexin family member,

Cx44.2, however, produced insignificant effects on heart looping (Fig. S1A),

suggesting that Cx43.4 plays a more significant role in L-R specification despite

the localization of cx44.2 transcripts to KV (Fig. S1B).  Therefore, the remaining

studies focused on the role of Cx43.4, and not Cx44.2, during L-R development.

To determine whether Cx43.4 is required for global embryonic L-R

patterning processes versus a more limited function during later heart
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morphogenesis, other known asymmetric organ systems were examined.

100% of control embryos (n=13) had normal positioning of the gallbladder on

the right and pancreas on the left at 6 days post fertilization (Fig. 1D).

However, heterotaxia was observed in the developing guts of 51% (n=39) of

morphant embryos (Fig. 1E) with embryos displaying reversal of the gallbladder

and/or the pancreas.  These data, along with the analysis of asymmetric central

nervous system (CNS) patterning below, indicate that the laterality of multiple

organ systems is affected in Cx43.4-deficient embryos and suggest a

requirement for Cx43.4 during early establishment of the L-R axis.

Cx43.4 is expressed in and around KV

To explore further the role of Cx43.4 in asymmetric patterning, we next

asked if its localization supports a function for Cx43.4 during LR development.

As previously reported (Essner et al., 1996), cx43.4 was expressed throughout

the somite-stage embryo with higher expression observed posteriorly and in the

notochord.  Interestingly, the DFCs do not display expression of cx43.4 during

gastrulation (Essner et al., 1996), suggesting a later role for Cx43.4 during KV

development.  Consistent with this, cx43.4 transcripts were identified in KV cells

of 10-somite stage embryos (Fig. S2).  Protein localization was also analyzed to

determine whether it coincided with mRNA expression.  For this analysis, KV

was identified using antibodies for acetylated tubulin to label cilia in the tail

region of 10-somite stage embryos.  Co-labeling with polyclonal Cx43.4
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antibodies (Desplantez et al., 2003) showed distinct puncta within the ciliated

area of KV and throughout the surrounding tail tissue (Fig. 2A).  Notably,

Cx43.4 puncta were not co-localized with cilia or Hoechst-labeled nuclei and

were often found between nuclei, suggesting that the Cx43.4-positive plaques

are localized to regions of cell-cell apposition.  The expression of Cx43.4 in KV

cells during the developmental stage when KV cilia are actively producing nodal

flow is consistent with a requirement for Cx43.4 during L-R development.

We also analyzed the effects of MO injection on Cx43.4 localization.

Upon injection of Cx43.4 MOs, the punctate staining in KV and elsewhere

throughout the embryo was abolished (Fig. 2B), demonstrating extensive MO

knockdown efficacy.  Overall, Cx43.4-depleted embryos were grossly normal at

24 hours post fertilization (hpf) (data not shown) and high survival rates were

observed, averaging 86% (after normalizing uninjected controls to 100%).  This

suggests that the observed disruption of L-R patterning in Cx43.4 morphants

represents a direct requirement for Cx43.4 in KV (or tissues near KV) and not a

secondary effect given the normal patterning of other embryonic axes.

Cx43.4 is specifically required for LR patterning

To rule out off-target effects of Cx43.4 MO injection, the specificity of the

morphant L-R phenotype was verified by a rescue approach.  Cx43.4 MOs were

co-injected with in vitro transcribed, MO-insensitive cx43.4 mRNA at the one-

cell stage and heart looping was analyzed at 30 hpf.   In these experiments,

injection of MOs alone resulted in 40% of the embryos (n=178) displaying
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aberrant heart looping, while Cx43.4 mRNA injected alone had no effect.  Co-

injection of MOs and 100 pg of rescuing mRNA significantly reduced the

percentage of embryos with aberrant heart looping from 40% to 23% (n=148,

p<0.04) (Fig. 2C).  These results indicate that the effects of Cx43.4 MO injection

on L-R development are specifically related to Cx43.4 depletion and are not a

side effect of the MO injection procedure.

Cx43.4 functions in KV during LR patterning

Given the widespread distribution of Cx43.4 puncta observed by

immunofluorescence, it is possible that Cx43.4 is not required in KV itself.

Cx43.4 could influence L-R patterning through its expression in the lateral

mesoderm and/or notochord.  To address whether Cx43.4 expression is

required specifically in KV cells, mosaic animals were produced by an

experimental method that is unique to zebrafish.  Because the DFCs maintain

cytoplasmic bridges to the yolk between the 256- and 1,000-cell stages while

other blastomeres do not, MO injection into the yolk at these stages knocks

down expression in a KV cell-specific manner (Amack & Yost, 2004).  After

DFC-targeted knockdown of Cx43.4, defects in heart looping were seen in 34%

of embryos (Fig. 2D), which is quantitatively comparable to previously reported

defects in DFC-targeted knockdowns of a ciliary dynein, lrdr1, (Essner et al.,

2005) and the transcription factor, ntl (Amack & Yost, 2004).  In our hands,

DFC-targeted ntl depletion produced comparable alterations in heart looping to



34

knockdown of Cx43.4 (Fig. 2D) and served as a positive control.  This mosaic

analysis provides strong evidence of a tissue-autonomous requirement for

Cx43.4 in KV during establishment of the L-R axis.

Previous reports in the literature have implicated Cx43-based GJ

communication in L-R patterning of Xenopus and chick embryos (Levin &

Mercola, 1998, 1999).  However, the role of Cx43 in L-R patterning may not be

conserved; Cx43 knockout mice do not show laterality defects and it is unclear

whether human patients with laterality defects also have Cx43 point mutations

(Britz-Cunningham et al., 1995; Debrus et al., 1997).  In the present study,

consistent with the lack of cx43 expression in KV cells (data not shown),

abnormal looping in DFC-targeted Cx43 morphant embryos was not

significantly different than in uninjected control embryos (Fig. 2D, p > 0.4).  This

suggests that Cx43 is not required within the cells of KV for normal L-R

development and serves as a control for the specificity of Cx43.4 function in KV.

Asymmetric gene expression patterns are consistent with a role for

Cx43.4 function in KV

To determine whether the KV tissue-autonomous role of Cx43.4

influenced downstream signaling events, we analyzed the expression of genes

in an evolutionarily conserved, left-sided TGF-! cascade known to direct

asymmetric organ development.  One of the first asymmetrically expressed

genes, spaw, is activated in the left-lateral mesoderm adjacent to KV at 10-12

somites (Long et al., 2003).  Left-sided spaw expression is dependent on an
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intact KV with normal nodal flow.  Initiation of spaw expression in 12-somite

stage Cx43.4 morphants was predominantly bilateral (66%, n = 35; Fig. 3A-E),

while 82% of control embryos expressed spaw on the left side.  These data

suggest that cells lateral to KV in Cx43.4-deficient embryos are capable of

receiving a signal and activating spaw expression, however the directionality of

activation is impaired.

The embryonic midline, comprising the notochord and floor plate of the

CNS, is required to restrict asymmetric gene expression to the left or right sides

of the embryo.  Disruption of the midline or of repressive signaling from this

midline barrier results in bilateral expression of normally asymmetrically

expressed genes (Danos & Yost, 1996; Meno et al., 1998), similar to the spaw

expression pattern in 12-somite stage Cx43.4 morphant embryos.  Since

Cx43.4 is expressed in the notochord, we next examined the signaling barrier

function of the midline in Cx43.4-deficient embryos to determine if it was intact.

No apparent differences in the expression of ntl in the notochord domain were

detected when comparing controls (Fig. 4A,C) and Cx43.4 morphants (Fig.

4B,D) at 10 or 20 somites, suggesting that the midline was continuous.

Additionally, at 20 somites, spaw expression was randomized (Fig. 3F), rather

than being expressed bilaterally as observed at 12 somites (Fig. 3E).

Resolution of early bilateral spaw expression to randomization at 20 somites

provides further evidence, of a functional nature, that the midline barrier is intact

in Cx43.4-deficient embryos and is capable of restricting asymmetric gene
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expression to one side of the embryo.  Taken together, the spaw expression

data at two developmental time points suggest that Cx43.4 morphants do not

have defects in midline barrier function, but KV function is altered.

We next analyzed the asymmetric expression of genes that are

downstream of spaw signaling.  lefty1 is normally expressed in the left, dorsal

diencephalon (Fig. 3G) and can be used as a marker for asymmetry in the CNS

at the 20-somite stage.  Upon Cx43.4 knockdown, lefty1 was expressed on the

left in only 22% of embryos, while all of the control embryos that had activated

lefty1 displayed normal, left-sided expression (Fig. 3H,I).  Importantly, right-

sided or bilateral expression patterns were never seen in controls, whereas

33% of Cx43.4 morphant embryos had reversed, right-sided lefty1 expression.

Cx43.4 knockdown also resulted in randomization of lefty2 (Fig. 3J-L), a gene

normally expressed in the left side of the developing heart field at 20 somites.

Notably, bilateral lefty2 expression was observed only in rare cases (4 out of

64).  Overall, the low percentage of Cx43.4 knockdown embryos with bilateral

spaw, lefty1, or lefty2 expression at 20 somites is consistent with maintenance

of midline integrity.  Together, these data provide strong evidence that Cx43.4

functions specifically in KV to help direct asymmetric gene expression rather

than in establishment or maintenance or the midline barrier function.
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Cx43.4 is required for KV ciliary development, but not KV cell

specification

Since mosaic analysis following DFC-targeted MO injections showed that

Cx43.4 is required in KV cells and gene expression data indicated a role for

Cx43.4 in KV function, we next asked whether Cx43.4 is required for KV cell

specification, differentiation, morphogenesis or function.  Based on

immunofluorescence methods, KV cilia in 10-somite control embryos were

notably well-developed and the distribution of cilia encompassed a circular area

(Fig. 5A).  In Cx43.4 morphant embryos, however, although ciliated cells had

developed in a distinct region of the tail, they occupied a smaller and more

irregularly shaped area (Fig. 5B).  These results are similar to previously

published ciliary characteristics in ntl mutant and morphant embryos (Amack et

al., 2007) and suggest that Cx43.4 is similarly required for complete KV

morphogenesis.

To quantify the differences between control and morphant cilia,

additional analyses were performed using ImageJ software.  Morphant cilia,

although similar in number compared to controls (Fig. 5C), were significantly

shorter than the average wildtype cilium (Fig. 5D).  The analysis of nodal cilia

showed that KV cells are specified and have begun a differentiation program in

order to acquire this specialized cell structure, the cilium.  Additionally, since no

significant differences were seen in the number of cilia, KV cell progenitors
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(DFCs) likely migrated to the correct position in the embryo and were then

specified correctly.

Since KV cilia in Cx43.4 morphant embryos were shorter compared to

controls, we next asked whether Cx43.4 was required for ciliary motility and

production of a net leftward fluid flow.  Fluorescently-labeled beads were

injected into inflated KVs of live 10-somite stage embryos and video microscopy

was used to track their movement.  In wildtype embryos, as previously reported,

(Essner et al., 2005; Kramer-Zucker et al., 2005) the beads circulated in a

counter-clockwise direction, driven by motile monocilia (data not shown).

Interestingly, while attempting to inject beads into KVs of Cx43.4-deficient

embryos, we found that 94% of the knockdown embryos (n=38) did not possess

a luminal KV space observable by DIC microscopy (Fig. 6A-C).  In contrast,

only 3% of mismatched control MO injected embryos lacked an inflated KV.  To

determine whether the Cx43.4 MO injection produced a developmental delay,

the posterior region of Cx43.4 morphants was observed until 16 somites with no

recovery of lumen inflation observed.  Thus, a fundamental part of the Cx43.4

knockdown phenotype is a lack of KV inflation.  Our interpretation is that without

an inflated luminal space, the cilia in KV are likely unable to generate a net

leftward flow, thus rendering KV incapable of directing normal asymmetric

development.
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Human Cx45 can functionally compensate for zebrafish Cx43.4 in L-R

development

Finally, we addressed whether the role of Cx43.4 in KV cells during L-R

patterning is conserved.  The expression pattern of zebrafish Cx43.4 resembles

that of mammalian Cx45 during somitogenesis (Kruger et al., 2000; Kumai et

al., 2000), and the two connexins are highly related by sequence and phylogeny

(Cruciani & Mikalsen, 2006; Eastman et al., 2006).  Additionally, physiological

analyses of Cx43.4 channel properties (Barrio et al., 1997; Desplantez et al.,

2003) provide evidence for substantial functional conservation.  Therefore, we

asked whether human Cx45 could functionally compensate for Cx43.4 during L-

R patterning.

Control experiments showed that when 80 pgs of in vitro synthesized

human cx45 mRNA were injected into single-cell embryos, there were no

significant L-R heart looping aberrations (Fig. 7).  As in earlier experiments,

more than 40% of Cx43.4 morphants displayed aberrant heart looping.

However, when cx45 mRNA was co-injected with Cx43.4 targeting MOs, the

percentage of embryos with aberrant heart looping was significantly reduced to

only 25% (Fig. 7).  This level of rescue is comparable to that observed after

injection of rescuing zebrafish cx43.4 mRNA (Fig. 2D), suggesting that human

Cx45 can effectively compensate for Cx43.4 during L-R patterning.

Additionally, we note that Cx45 null mice have specific defects in positioning of

the atrium and ventricle of the heart (Kumai et al., 2000), which are reminiscent
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of a laterality defect.  These observations are consistent with the idea that Cx45

orthologs have a conserved role in L-R patterning.
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DISCUSSION

A role for Cx43.4 in development

It is well known that GJs equip neighboring cells for communication by

providing cell-to-cell channels that allow small molecules to pass directly

between cells.  As a result, these pathways have been envisioned as a means

of signaling and coordinating cells during various developmental processes.

Particularly relevant to this study, GJ communication has been viewed as

critical for normal patterning during early embryogenesis.  For example, future

dorsal cells can be distinguished from their ventral counterparts in 32- and 64-

cell Xenopus embryos by a difference in GJ communication (Warner et al.,

1984; Olson et al., 1991); and beta-catenin, a key player in early embryonic

development, is the endogenous regulator of the increase in communication in

dorsal cells (Krufka et al., 1998).  Moreover, previous studies have implicated

GJs during L-R patterning in both chick and Xenopus embryos (Levin &

Mercola, 1998, 1999).  However, neither the precise spatio-temporal

requirements of Cxs during L-R patterning nor the extent of mechanistic

conservation of Cx function among species are yet clear.

Here, we sought to capitalize on the experimental advantages of the

zebrafish embryo, in order to evaluate the developmental role of Cx43.4, which

is highly expressed in early embryos, specifically in cells of KV, the zebrafish L-

R organizer.  We show that Cx43.4 is specifically required for L-R patterning.

The high level of penetrance leading to nearly 50% randomization after MO
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knockdown underscores the significance of this requirement.  Importantly, DFC-

targeted MO injection allowed for the analysis of mosaic embryos and the first

observation that Cx function is required within a specific tissue, KV, during L-R

axis development.  Although KV cells are still specified in Cx43.4-deficient

embryos and develop cilia, a functional lumen fails to develop.  This indicates

that Cx43.4 is required for KV morphogenesis – at a specific place and time

within the embryo – during early L-R patterning.  Additionally, it appears that

this function could be conserved in vertebrate development, as human cx45

mRNA was sufficient to rescue the L-R defects associated with zebrafish

Cx43.4 depletion, and knockout of Cx45 in mice produces heart morphogenesis

anomalies that are indicative of looping defects (Kumai et al., 2000).

Other potential roles of connexin proteins during embryonic patterning

We stress that the present findings do not exclude the possibility that

Cxs play other roles, as well, during embryonic patterning.  In fact, it is likely

that this is the case.  Previous studies in the chick and Xenopus suggested that

although Cx43 is not required specifically within the L-R organizer, it does play

a role during L-R development (Levin & Mercola, 1998, 1999).  Evidence

supports a model where GJs comprised of Cx43 could function in the

blastomeres to establish an electrical gradient that would distinguish the future

left side from the right (Levin, 2005).  Support came from experiments using

dominant negative constructs and less specific drug treatments.  The model



43

proposed that some unknown L-R determinant would segregate along the

electrical gradient and would then influence asymmetric gene expression

depending on its local concentration on a given side of the embryo.  Thus, Cx43

could function prior to or in conjunction with KV in a manner that is distinct from

the role of Cx43.4 within the L-R organizer.  (Note that these are not closely

related connexins, despite the similar terminology.)

In order for KV to develop and function, the KV precursor cells, DFCs,

must migrate to the correct position in the embryo during gastrulation and then

undergo differentiation.  This subpopulation of cells migrates together, and it is

possible that Cxs other than Cx43.4 are required for DFC migration, similar to

the involvement of Cx43 during neural crest cell migration (Lo et al., 1999).

Neural crest cells migrate in streams away from the neural tube during

development and give rise to many tissues, including certain cells within the

nervous system and heart.  Neural crest cells have been shown to express

Cx43 and be well-coupled, even during migration.  In the absence of Cx43,

neural crest cell migration is altered (Huang et al., 1998).  In the present

experiments, embryos depleted of Cx43.4 displayed a similar number of KV

cilia (presumably one per cell) as control embryos, suggesting that DFC

migration and early KV cell specification are not dependent on Cx43.4.

Yet another potential role for Cxs in L-R patterning comes from the

observation that the cilia on the epithelial cells of KV beat in a coordinated

fashion.  In airway epithelia, the coordinated beating of cilia is also required,
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specifically for the efficient clearance of mucus.  In these epithelial cells, the

coordination is thought to be dependent on GJ communication (Boitano et al.,

1992).  Coordinated ciliary beating likely relies on elevated Ca2+ within cells that

is generated by mechanical stimulation (e.g., by means of the normal flow of

mucus across the epithelium) and propagated to neighboring cells via GJs.  A

similar model could be envisioned in the ciliated KV epithelium, where GJ

communication could coordinate ciliary beating in order to create a functional

leftward fluid flow, without which KV would be rendered incapable of directing L-

R asymmetry.  The data presented here do not eliminate a possible role for

Cx43.4 in coordinating KV ciliary beating.  However, in Cx43.4 morphant

embryos, it is likely that any effects on ciliary motility would be masked due to

the uninflated KV structure, which would render fluid flow ineffective regardless

of an effect on ciliary function.

Finally, once the cells derived from DFCs have differentiated and nodal

flow has been established in KV, a left-sided signaling wave is observed in the

cells adjacent to KV.  That is, some type of signal inside the epithelial lumen of

KV needs to ultimately reach lateral mesodermal cells adjacent to KV and

subsequently activate the Nodal signaling cascade.  Cxs could also be required

for the spread of this signal.  In fact, this communication question ranks as one

of the most fundamental in terms of understanding the process of L-R

patterning, not only in zebrafish, but in higher vertebrates as well.  Thus,

although we have gained important insights into L-R patterning as a result of
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the present analysis of Cx43.4, we have much to learn about the role of Cxs in

development, including roles in embryonic patterning.

Cx43.4 is required for KV morphogenesis

What then is known about KV development and how might a Cx function

in this process?  First, it is clear that for the motile KV cilia to function optimally

and produce a robust, leftward fluid flow, they must operate within a fully

inflated luminal space.  Recent studies have begun to examine the various

processes that lead to KV development (Amack et al., 2007), although the

precise genes involved in this morphogenetic event and the mechanistic details

remain unclear.

The formation of cilia is an early step in KV development that precedes

lumen expansion (Amack et al., 2007).  In Cx43.4-deficient embryos, KV cells

are specified and cilia are present.  However, we observed defects in the length

of KV cilia, suggesting that Cx43.4 is required for this early phase of KV

development.  Interestingly, recent work has implicated fibroblast growth factor

(FGF) signaling in the regulation of cilia length (Neugebauer et al., 2009).

Moreover, membrane permeability through the activation of Cx43 and Cx45

hemichannels (channels located on the plasma membrane but not docked as in

a GJ) is specifically increased upon FGF signaling (Schalper et al., 2008), and

FGF can stimulate ATP release via Cx43 hemichannels (De Vuyst et al., 2007).

These observations suggest that, in a similar way, Cx43.4 and FGF signaling
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may function together in KV to regulate cilia length, a necessary step for the

production of fluid flow.  Alternatively, the defects in KV cilia length could be

consistent with a requirement for Cx43.4 during KV cell development and may

represent a secondary effect of inflation deficiencies in KV.

After the acquisition of cilia, KV cells display expanded apical membrane

surfaces as the lumen of KV begins to inflate (Amack et al., 2007).  The

transcription factor, ntl, is known to be required for KV lumen formation (Amack

& Yost, 2004; Essner et al., 2005), and the defects associated with ntl depletion

are strikingly similar to the results described here for Cx43.4.  Furthermore, we

have previously shown that ntl mutant embryos have reduced levels of Cx43.4

expression (Essner et al., 1996).  These observations suggest that Cx43.4 is

one of the transcriptional targets of ntl, possibly even a key player with an

impact on downstream events, during the KV morphogenesis program.  Future

experiments will be directed at understanding the precise function of Cx43.4

during KV morphogenesis with the goal of identifying the critical point at which

KV lumen formation fails in the absence of Cx43.4.
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MATERIALS AND METHODS

Morpholino Injections

The following morpholinos (MOs) were obtained from GeneTools

(Eugene, OR) and were injected into one- to four-cell stage embryos as

described (Nasevicius & Ekker, 2000):

Cx43.4 MO: 5'-TCAAGAAGTACCACCGTCTCAGTCC-3'

Cx43.4 mismatched MO: 5!-TCAtGAAcTACCACCGTCaCAGaCC-3'

Cx44.2 MO: 5!-AACGTGTCAAGAAGCTCCAACTCAT-3'

Cx43 MO: 5!-AGGGAGTTCTAGCTGGAAAGAAGTA-3!

ntl-MO, 5´–GACTTGAGGCAGGCATATTTCCGAT–3´

Fluorescein-labeled MOs of the same sequences listed above were

injected at the mid-blastula stage to knock down expression specifically in the

dorsal forerunner cells (DFCs) according to published methods (Amack & Yost,

2004).  Embryos were screened by fluorescence microscopy at the shield stage

for fluorescence in the DFCs, which was lacking in other embryonic cells.

mRNA Rescue

The Cx43.4 coding sequence was cloned using the following 5! primer 5!-

ATGAGtTGGAGcTTcCTaACGCGGTTGTTG-3!.  This fragment was generated

with silent mutations (shown in lower case letters) to prevent recognition by

start codon-targeting MOs and cloned into the vector, pT3TS.  A human Cx45

plasmid was provided by E. Beyer (Kanter et al., 1994) (University of Chicago).

Full-length, capped mRNA was synthesized using Ambion!s mMessage
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Machine (Austin, TX) transcription kit.  Cx43.4 or human Cx45 mRNA was

injected into one-cell embryos at doses ranging from 20-200 pg/embryo.  For

MO-mRNA co-injection experiments, a dose of 60 or 100 pg/embryo was used.

In situ Hybridization

Whole-mount in situ hybridization was performed as described (Essner

et al., 2005).  cx43.4 probes were used as before (Essner et al., 1996).  The

cx44.2 antisense probe was synthesized from the full length cx44.2 coding

sequence.  Antisense RNA probes used to analyze L-R patterning events were

cmlc2 (Yelon et al., 1999), spaw (Long et al., 2003), lefty1 (Bisgrove et al.,

1999), and lefty2 (Bisgrove et al., 1999).  The midline was analyzed with ntl

antisense probes.

Whole-Mount Immunohistochemistry

Cilia in KV were labeled with anti-acetylated tubulin (Sigma T7451, St.

Louis, MO) as described (Essner et al., 2002).  Cx43.4 rabbit polyclonal

antibodies (Desplantez et al., 2003) were used at 10 µg/ml. To stain nuclei,

Hoechst dye (Molecular Probes 33342, Carlsbad, CA) was added to the wash

solution at a concentration of 10 µg/ml.  Embryos were mounted in Prolong

Antifade (Molecular Probes, Carlsbad, CA) and z-series images were collected

using either a Nikon C1si confocal microscope or a Zeiss fitted with an Apotome

and analyzed using ImageJ software (NIH, Bethesda, MD).
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Nodal Flow Analysis

0.5 µm fluorescent latex beads (Polysciences, Inc., Warrington, PA) were

diluted in PBS and injected in KVs of 8-12 somite stage embryos as described

(Essner et al., 2005).
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Figure 1:

Cx43.4 is specifically required for L-R patterning.  Dorsal views of 30 hpf

embryos processed for in situ hybridization with a cardiac myosin light chain

probe show normal looping of the heart tube towards the right in controls (A)

and aberrant looping to the left in Cx43.4 morphants (B).  (C) Quantification of

heart looping in four independent knockdown experiments is represented as

means +/- s.e.m.  The dotted line in all graphs shows the theoretical maximum

value for randomization.  (D) Ventral view of autofluorescence in the gut of a 5

dpf larva, specifically the gallbladder (arrowhead) and pancreas (arrow);

compare with (E) the Cx43.4 morphant where these organs are reversed.
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Figure 2:

Cx43.4 is expressed in a spatio-temporal manner to be competent for KV

function.  Confocal fluorescence imaging (A,B) shows Cx43.4 labeling (red) in

puncta that are distinct from the nuclei and cilia of KV cells.  Note also

significant Cx43.4 labeling in the surrounding tail bud tissue.  (B) Cx43.4 MO

efficacy is shown by the lack of staining (red), punctate or otherwise, in

knockdown embryos.  (C) Defects in heart laterality are partially rescued by co-

injection of cx43.4 mRNA, *p=0.04.  (D) DFC-targeted injections of Cx43.4 MOs

have a significant heart reversal phenotype.  (C,D) Data are averages of three

independent experiments and are represented as means +/- s.e.m.
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Figure 3:

Molecular markers support a role for Cx43.4 in KV function.  In situ

hybridizations are used to probe for expression of genes in the L-R signaling

cascade. (A-D) 12-somite Cx43.4 morphant embryos probed for spaw

expression (arrowheads, throughout) show left, right, bilateral, and absent

expression, respectively.  spaw expression data are quantified (E) at 12 somites

and (F) at 20 somites.  20-somite embryos probed with lefty1 show (G) normal

expression in wildtype and (H) reversed expression in a DFC-targeted Cx43.4

knockdown embryo.  (I) lefty1 data are summarized.  (J) 20 somite embryos

probed with lefty2 show a (K) reversal in the developing heart field of the

Cx43.4 morphant.  (L) Quantification of lefty2 expression was compiled from

three independent experiments.  Graphs in (E, F, I, L) represent means +/-

s.e.m. from three independent experiments.
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Figure 4:

Midline integrity is maintained in Cx43.4 morphants.  In situ hybridization with a

ntl probe (A-D).  (A) 10-somite stage uninjected and (B) Cx43.4 morphant

embryos both have an intact, continuous midline.  For clarity, individual nuclei

were outlined in Photoshop (right of A and B).  (C) 20-somite stage control and

(D) Cx43.4-deficient embryos express ntl along the midline.
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Figure 5:

KV cells are specified in Cx43.4 morphants, though ciliary defects exists.

Confocal fluorescence imaging (A,B) of KV cilia labeled with acetylated tubulin

antibodies.  Scale bar = 10 microns.  (A) Uninjected, control embryos have well-

developed cilia in a circular pattern, while (B) Cx43.4 morphants have

disorganized, smaller ciliated KVs.  Multiple fluorescence images of 10-somite

stage KVs labeled with acetylated tubulin antibodies were analyzed using

ImageJ software (C,D) and data were plotted as means +/- s.e.m.  (C) The

average number of cilia per KV was similar between uninjected and Cx43.4

morphant embryos, p=0.13.  (D) The average cilium in Cx43.4 morphant

embryos was significantly shorter than a wildtype cilium, * p=3 x 10–7.
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Figure 6:

KV lumen formation is impaired in Cx43.4 morphants. DIC microscopy (A,B) of

10-somite stage embryos.  (A) KV inflation is observed in control embryos,

while (B) Cx43.4 morphants do not have detectable KVs (arrows in A and B

point to KV location).  (C) The percentage of embryos with normal KVs as

analyzed by DIC microscopy from three independent experiments are

represented as means +/- s.e.m.
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Figure 7:

Human cx45 mRNA partially rescues heart looping.  Quantification of three

independent experiments shows no alterations in heart looping when human

cx45 mRNA is injected alone.  Co-injection of human cx45 mRNA with Cx43.4

MOs significantly rescues aberrant heart looping, *p=0.01.
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Supplementary Figure 1

Cx44.2 is not required for L-R patterning.  (A) Aberrant heart looping in Cx44.2-

deficient embryos is not significantly different from uninjected control embryos.

(B) Ventral view of a 10-somite stage embryo processed by for in situ

hybridization with cx44.2 antisense probes shows cx44.2 expression in KV

(arrow).
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Supplementary Figure 2
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Supplementary Figure 2

Cx43.4 is expressed in KV.  In situ hybridization analysis shows that cx43.4

transcripts are expressed in KV (arrow) of a 10-somite stage embryo.
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Chapter III

Connexin43.4 Hemichannel Function is Required for

Kupffer!s Vesicle Lumen Formation
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SUMMARY

Cilia-driven, leftward nodal flow within the left-right (L-R) organizers of

multiple species is known to be required for the establishment of L-R

asymmetry.  The process by which these ciliated epithelia develop is not well-

understood.  Recent research in zebrafish has begun to address the genetic

components and mechanisms leading to the morphogenesis of the L-R

organizer, Kupffer!s vesicle (KV) (Amack et al., 2007).  Previous results have

shown a requirement of the gap junction (GJ) protein, Cx43.4, during KV

development (Hatler et al., manuscript submitted).  Here, morpholino

knockdown revealed that Cx43.4 is required for KV lumen formation and

inflation.  Examination of KV structure using a membrane marker revealed

defects in morphogenesis, e.g., smaller, irregularly-shaped and noninflated KVs

in the knockdowns.  Interestingly, the specific action of Cx43.4-based

hemichannels, rather than cell-cell communication through GJs, is sufficient to

produce normal L-R patterning, a novel finding in the communication field.

Additional evidence points to the function of purinergic receptors within KV cells

during lumen expansion.  Our knockdown of a P2Y receptor in KV cells, with or

without knockdown of Cx43.4, supports a model where hemichannels and P2Y

receptors are required in apical membranes of KV cells to drive fluid into the

developing KV lumen, rendering the ciliated cells capable of generating

asymmetry.
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INTRODUCTION

Recently, the key developmental stages leading to a functional KV

containing a lumen were described (Amack et al., 2007).  KV precursor cells,

the dorsal forerunner cells (DFCs), migrate to a central location within the

tailbud at the end of gastrulation.  At this location, they undergo a mesenchymal

to epithelial transition (MET) and begin a differentiation program.  This

differentiation leads to the acquisition of a specialized epithelial cell fate, where

each cell contains a single motile cilium.  Next, developing KV cells establish

apical-basal polarity and the apical membranes cluster together.  Finally, the

clustered apical surfaces begin to separate and the developing lumen

subsequently expands.  While these analyses have expanded our knowledge of

KV morphogenesis, it is not clear how KV cells coordinate the steps of

morphogenesis.

It has been theorized that gap junction (GJ) communication serves to

coordinate cellular behavior during development.  GJs allow for the direct

passage of small molecules, ions, and signals between neighboring cells

through intercellular channels composed of Connexin (Cx) protein subunits.

Prior to docking with a neighboring cell to form a GJ channel, six Cx subunits,

termed a hemichannel, are located at the plasma membrane.  While

hemichannels can be opened to the extracellular environment experimentally in

tissue culture cells (Li et al., 1996), physiological roles for hemichannels are
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largely unknown and whether they open naturally in vivo has been debated

(Goodenough & Paul, 2003; Spray et al., 2006).

Here we report that when Cx43.4 is depleted in zebrafish embryos, a

mutant form of the Cx, which is able to form hemichannels, is capable of

rescuing the embryos and providing for normal L-R patterning.  Cx

hemichannels have not previously been shown to play essential roles in early

development.  Other data presented here support a model for the role of

hemichannels in KV morphogenesis and raise the question of whether similar

mechanisms will be found broadly distributed in other developing epithelia

(further discussion in Chapter IV).



72

RESULTS

Cx43.4 is required for KV morphogenesis

We have previously shown that Cx43.4 is required for complete KV cell

development and lumen formation (Hatler, et al., manuscript submitted).  To

analyze KV cell morphology in more detail, an antibody against aPKC# , a

recently identified marker of KV cells was used to evaluate the stages of KV

development (Amack et al., 2007).  Normally at 2-3 somites, KV cells have

become polarized, begun to develop short cilia, and apical cell membranes

have coalesced into a single focus of intense PKC staining (Fig. 1a-c).

However, many Cx43.4 morphant embryos (50%, n=8) failed to show a single

cluster of PKC staining, although ciliary development was comparable to

controls at this stage.  PKC-positive cells in morphant KVs often formed a linear

assembly of apical cell staining (Fig. 1d-f), or in some cases, a more severe,

dispersed arrangement where the majority of apical surfaces, labeled with PKC,

failed to make physical contact with one another.  Despite the disruption in

apical clustering, the cells of KV still displayed PKC expression following

Cx43.4 knockdown, suggesting that the MET has occurred normally.  These

results indicate that Cx43.4 is required for tight apical clustering at an early

stage of KV morphogenesis.

Later KV development at the 4-somite stage is characterized by the initial

formation of a lumen within the epithelium.  In uninjected control embryos, the

apical surfaces of KV cells, marked by PKC staining, have separated from each
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other to form the spherical, fluid-filled KV (Fig. 1g-i).  In contrast, the majority of

Cx43.4 morphant embryos had small, disorganized KVs that failed to complete

inflation.  Interestingly, some Cx43.4 morphant embryos had multiple vesicular

areas of PKC staining that corresponded to multi-ciliated areas, apparently

each one a mini-KV structure (Fig. 1j-l).   This multiple-KV phenotype is

consistent with the most severe apical clustering defects in which more than

one group of PKC-positive cell-cell contacts initiated lumen formation.  This

observation is indicative of a failure in the coordination of KV cells in the

absence of Cx43.4.

In order to quantify the defects in lumen formation following Cx43.4

knockdown, ImageJ software was used to measure the area defined by those

cells that were PKC-positive and had developed cilia at the 4-somite stage.

Uninjected control embryos had an average KV area of 3,283 square microns

(Fig. 2a,d), while Cx43.4 morphant embryos had a significantly reduced KV

area of 830 square microns (Fig. 2b,d).  KV area measurements are

representative of the size of the lumen, and the significant reduction in size

clearly shows that Cx43.4 is required for complete KV lumen expansion.

Overall, the defects in KV lumen formation in Cx43.4-deficient embryos

would likely render fluid flow within the uninflated luminal space non-functional.

Therefore, the primary defect associated with L-R patterning problems in

Cx43.4 knockout embryos is a lack of KV lumen morphogenesis.  An alternative

interpretation would be that the lack of apical clustering results from fewer cells
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participating in lumen formation.  However, this seems less likely since there

are similar numbers of cells contributing to KV in Cx43.4-deficient embryos

compared to controls (based on previous ciliary analysis in Hatler, et al.,

submitted).

To determine whether the quantifiable defects in lumen formation were

specific to Cx43.4 MO knockdown, rescue experiments were performed.  For

these experiments we took advantage of previously published results showing

that human cx45 mRNA was able to functionally compensate for zebrafish

Cx43.4 in patterning the L-R axis (Hatler, et al., manuscript submitted).  Here,

we asked whether Cx43.4 was similarly required in a conserved process of

lumen formation.  When human cx45 mRNA was co-injected with Cx43.4

targeting MOs, KV area was partially rescued to an average of 1,551 square

microns from 830 microns with MOs alone (Fig. 2c,d).  These results show that

Cx43.4 is specifically required for KV lumen formation.  Additionally, these

findings provide functional evidence of a conserved role for Cx45 orthologs in

the development of the KV lumen space.

Cx43.4 is not required in the DFCs

Given the defects in KV lumen formation, we next asked whether Cx43.4

functions within KV cells or in the precursor cells, the dorsal forerunner cells

(DFCs).  Previous results showed that cx43.4 transcripts were not expressed in

a subset of cells in the caudal embryonic shield (Essner et al., 1996), which

correspond to the precursors of KV.  This suggests that DFCs likely do not



75

express cx43.4 during epiboly.  To determine whether DFCs express Cx43.4

protein that was not detected at the mRNA level, epiboly stage embryos were

probed with Cx43.4-specific antibodies.  Cx43.4 protein is localized to punctate

structures throughout the embryo at the shield stage and at 90% epiboly.

However, when the shield and midline were co-labeled with ntl antisense

probes (Supplementary Information, Fig. S1a) and processed by in situ

hybridization, the DFC population, located at the margin of the blastoderm, was

devoid of Cx43.4-positive punctate structures (Supplementary Information, Fig.

S1b).  These results suggest that the spatio-temporal regulation of Cx43.4

expression is tightly regulated throughout the developmental progression of KV.

Furthermore, previous DFC-targeted experiments (Hatler, et al., manuscript

submitted) and the localization data presented here are consistent with a role

for Cx43.4 later in KV development and/or function rather than during the

migration or specification of DFCs.

Cx43.4 is not required for KV cell epithelial specification

To understand how Cx43.4 regulates KV lumen formation, we focused

on general aspects of tube or lumen biogenesis.  We hypothesized that Cx43.4

functionally interacted with proteins of adherens junctions and/or tight junctions

in order to maintain cell-cell contacts and provide a tight barrier by which

secreted extracellular fluid would be maintained within the developing lumen

space.  It has previously been shown that cadherins can be closely associated
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with Cxs (Wei et al., 2004) and that the mammalian ortholog, Cx45, interacts

with zona occludens-1 (ZO-1) (Kausalya et al., 2001).  It is possible that Cx43.4

acts in a similar manner in KV cells.  We analyzed the localization of ZO-1

during KV development and found it to also be a specific marker of

differentiated KV cells at 4 somites that co-localizes with PKC in wildtype

embryos (Supplementary Information, Fig. S2a-c).  In Cx43.4 morphant

embryos, there were no apparent differences in ZO-1 expression or localization

when compared to control embryos (Supplementary Information, Fig. S2d-f).

Even in embryos where dramatic defects in KV morphology were observed,

such as multiple KV structures, ZO-1 continued to co-localize with PKC

(Supplementary Information, Fig. S2g-i).  These data suggest that a protein of

junctional complexes within KV cells is not affected by Cx43.4 knockdown and,

further, that KV cells are specified correctly.

A Cx43.4 hemichannel mutant partially rescues L-R patterning defects

We next set forth to determine how Cx43.4 functions during KV

morphogenesis to form a fully inflated, functional KV.  A number of Cxs are

thought to function both as hemichannels and as intercellular channels.  To

distinguish between these two possibilities, a mutant form of Cx43.4 (C64S)

that has been designed to form hemichannels, but not GJ channels, was

developed.  This construct was patterned after a related mutant of Cx43, in

which conserved extracellular cysteines have been shown to be essential for
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the docking of hemichannels between cells (Bao et al., 2004).  As previously

observed, when Cx43.4-targeting MOs were injected alone, 30% of the

morphant embryos displayed reversed, left-looping hearts (Fig. 3a).  Notably,

when rescuing Cx43.4 C64S mRNA was co-injected with MOs, the percentage

of embryos with reversed hearts was significantly reduced to 14% (Fig. 3a).

These results are quantitatively comparable to previous results showing rescue

with Cx43.4 mRNA (Hatler, et al., manuscript submitted).  This indicates that

Cx43.4 hemichannels are able to rescue the L-R phenotype as efficiently as

wildtype Cx43.4 and suggests that Cx43.4-based GJ communication is not an

essential function of Cx43.4 during L-R patterning.

To verify that the Cx43.4 C64S hemichannel construct was indeed

capable of opening to the extracellular environment and displaying the

anticipated permeability, a cell culture system was utilized for dye uptake

assays.  Wildtype human embryonic kidney (293T) cells (Penuela et al., 2007),

were transfected with either WT Cx43.4 or Cx43.4 containing the C64S

mutation (Supplementary Information, Fig. S3a,b, respectively) and were

assayed for their ability to take up the fluorescent dye, sulforhodamine B.

Significant dye uptake above background levels was observed in single,

unpaired cells expressing either WT Cx43.4 or Cx43.4 C64S when assayed in

the presence of low extracellular Ca2+ (Fig. 3b,c).  The specificity of the dye

uptake through a Cx hemichannel-mediated pathway is supported by a

dramatic reduction in the percentage of fluorescent cells when assayed with
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normal extracellular Ca2+ levels (Fig. 3c and Supplementary Information Fig.

S4).

Using the same dye uptake assay, but analyzing groups of cells rather

than single cells as above, we next asked whether the Cx43.4 C64S mutation

supported a pathway for dye transfer between adjacent cells.  Control,

untransfected cells had very few instances of clusters containing multiple dye-

positive cells, which could reflect dye transfer between cells (Fig. 3d).

However, consistent with the presence of GJ-mediated dye transfer between

cells, the cells expressing WT Cx43.4 displayed twice as many cell clusters with

multiple dye-positive cells as background levels (Fig. 3d).  Of critical

importance, the number of clusters of cells with multiple dye-positive cells,

indicative of dye transfer, was not significantly different from background levels

when Cx43.4 C64S was expressed, suggesting that any dye transfer in these

transfected cells was mediated by endogenous channels.  Note that this means

of analyzing cell-to-cell transfer is expected to underestimate the extent of

transfer, given the size of many cell clusters.  Taken together, the results of the

dye uptake assay support the ability of the Cx43.4 C64S mutant to function only

as a hemichannel, and not as a cell-cell channel as in the case of the WT

Cx43.4.
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Cx43.4 hemichannels interact with P2Y receptors for L-R patterning

To address the mechanism of Cx43.4 hemichannel action during L-R

patterning in KV cells, we theorized that Cx43.4 hemichannels function at the

apical, lumen-facing membrane of KV cells.  Since Cx hemichannels have been

reported to release ATP into the extracellular environment (Kang et al., 2008),

we tested a model where Cx43.4 could be involved in an ATP-dependent

pathway to stimulate lumen expansion.  Extracellular ATP can activate certain

(P2) purinergic receptors, which are found in the apical membranes of most

luminal epithelia (Leipziger, 2003).  In response to luminal ATP, P2 receptor

activation results in a rise in intracellular Ca2+, which induces ion secretion and

the movement of H2O into the luminal space (Leipziger, 2003).

To test whether P2Y receptors have a role in KV lumen formation,

knockdown embryos were evaluated using PKC antibodies.  In P2Y5-deficient

embryos, PKC was localized to apical membranes but KV was disorganized

(Fig. 4a).  Interestingly, when comparing relative KV areas, Cx43.4-deficient

embryos were about one third the size of wildtype and P2Y5 knockdown KVs

averaged half those of wildtype.  These data reveal that P2Y5 depletion

phenocopies the KV defects associated with Cx43.4 knockdown and suggest

that these two genes interact in a the same developmental process.

To address whether P2Y5 functioned within KV cells versus a role in

mesodermal cells surrounding KV, for example, chimaeric embryos were

studied in which P2Y5 was knocked down only in KV cells using a DFC-targeted
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MO injection approach (Amack & Yost, 2004).  Compared to previously

published results of Cx43.4 depletion in KV cells (34%), DFC-targeted P2Y5

knockdown resulted in a significant number 29% (n=130, p<0.016) of embryos

with aberrant heart looping, which serves as a readout for L-R patterning.

These results place P2Y5 function at the same time and place, in KV, as Cx43.4

during L-R patterning.  Additionally, to our knowledge, this is the first report

linking a purinergic receptor to the morphogenesis of KV and the development

of the L-R axis.

Finally, we asked whether Cx43.4 and P2Y5 interact during L-R

development.  In these experiments, low doses of either Cx43.4 (3 ng) or P2Y5

(1.5 ng) MOs were injected into embryos, resulting in no significant effect on

heart looping at 30 hpf when compared to uninjected controls.  In contrast, co-

injection of these two low doses of Cx43.4 and P2Y5 MOs produced a

synergistic effect on L-R patterning: nearly 30% of embryos had reversed, left-

looping hearts (Fig. 4c).  These results support a model where Cx43.4

hemichannels and P2Y5 function together in KV cells to produce a functional,

fully inflated, luminal epithelium (Fig. 5).

Although this model is generally supported given the role of ATP release

through Cx43 hemichannels in ovarian granulosa cells and the importance of

P2 receptors in these cells (Tong et al., 2007), it remains unclear whether ATP

is in fact a ligand for P2Y5, the receptor considered here to be important for KV

morphogenesis.  The chick P2Y5 binds ATP with high affinity (Webb et al.,
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1996), while ATP stimulation of turkey P2Y5 did not significantly activate the

downstream signaling components IP3 or cAMP (Li et al., 1997).  Additionally, a

recent study evaluating human P2Y5 (Pasternack et al., 2008) did not find that

nucleotides were able to activate P2Y5 (although ATP was not included in the

analysis of potential ligands).  However, consistent with the initial observation

that the chick P2Y5 receptor binds ATP, when the human P2Y5 receptor was

expressed in Xenopus oocytes a subtle response to ATP was observed (King &

Townsend-Nicholson, 2000), suggesting that the absence of activation in other

studies may be related to experimental limitations.  Additional variation in P2Y

receptor ligand binding is exemplified by human P2Y4, which is stimulated by

UTP and antagonized by ATP, whereas the murine orthologs are stimulated by

both nucleotides, despite 89% amino acid conservation between human and

rodent P2Y4 sequences (King & G, 2002).

All of these observations indicate that the role of P2Y5 in nucleotide

signaling may vary across species, so it is possible that zebrafish P2Y5 is

capable of binding ATP and activating downstream signaling events.  Further

studies are necessary to determine whether ATP can physiologically activate

the zebrafish P2Y5 ortholog, particularly during KV morphogenesis.  From the

data presented here, it is clear that P2Y5 is required for L-R patterning through

its function during KV morphogenesis.

Importantly, given our observations supporting a function for Cx43.4

hemichannels and P2Y5 receptors during the process of lumen formation in KV
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morphogenesis, it is possible that this mechanism is not restricted to KV.

Previous studies have described luminal membrane localization of mammalian

Cx30 in distal nephrons (McCulloch et al., 2005) and Cx43 in the apical

membrane of the developing epiphysis during lumen expansion (Yancey et al.,

1992).  Given that P2Y receptors are widespread across epithelia, it is possible

that these, and other apically-localized Cx family members, could interact with

various purinergic receptors to regulate lumen formation in a similar mechanism

as shown here for Cx43.4 during KV morphogenesis.
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MATERIALS AND METHODS

Morpholino knockdown

One-cell wildtype zebrafish embryos, obtained from natural matings,

were injected with the following morpholinos according to published methods

(Nasevicius & Ekker, 2000).

Cx43.4 MO: 5'-TCAAGAAGTACCACCGTCTCAGTCC-3'

P2Y5 MO: 5!-TCTCTTTAATGTGTTGCTTCTGTTC-3!

Chimaeric knockdown embryos were generated by a morpholino

injection strategy to target the DFCs (Amack & Yost, 2004).  Briefly, MOs were

injected into the yolks of embryos between the 256- and 1000-cell stages to

preferentially knockdown gene expression in KV cells.

mRNA rescue

The Cx43.4 coding sequence was cloned using the following 5! primer 5!-

ATGAGtTGGAGcTTcCTaACGCGGTTGTTG-3!.  This fragment was generated

with silent mutations (shown in lower case letters) to prevent recognition by

start codon-targeting MOs.  The cytosine in amino acid position 64 was then

changed to a serine using a site-directed mutagenesis PCR method and the full

construct was cloned into the transcription vector, pT3TS.  A human Cx45

plasmid was provided by E. Beyer (Kanter et al., 1994) (University of Chicago).

Full-length, capped mRNA was synthesized using Ambion!s mMessage

Machine (Austin, TX) transcription kit.  Cx43.4 C64S or human Cx45 mRNA
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was injected into one-cell embryos at doses ranging from 20-200 pg/embryo.

For MO-mRNA co-injection experiments, a dose of 60 or 100 pg/embryo was

used.

In situ hybridization

Shield stage wildtype embryos were fixed in 4% paraformaldehyde and

processed for in situ hybridization according to previously published methods

(Essner et al., 1996).  Proteinase K treatment for permeabilization was limited

to 30 seconds and embryos were incubated with antisense digoxigenin-labeled

ntl probes at 65°C.

Whole-mount immunofluorescence

KV development was monitored using whole-mount immunofluorescence

methods as described (Amack et al., 2007).  Here, apical cell membranes were

labeled with rabbit anti-PKC antibodies (Santa Cruz sc-216, Santa Cruz, CA),

and cilia in KV were labeled with anti-acetylated tubulin (Sigma T7451, St.

Louis, MO).  ZO-1 antibodies (Zymed, Carlsbad, CA) were used to analyze

junctional complexes.  Cx43.4 rabbit polyclonal antibodies (Desplantez et al.,

2003) were used at 10 µg/ml. Secondary antibodies used were goat anti-rabbit

Alexa Fluor 586 and goat anti-mouse Alexa Fluor 488 (Molecular Probes,

Carlsbad, CA).  Embryos were mounted in Prolong Antifade (Molecular Probes,

Carlsbad, CA) and z-series images were collected using a Zeiss microscope
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fitted with an Apotome and analyzed using ImageJ software (NIH, Bethesda,

MD).

Cell culture

Wildtype human embryonic kidney cells (293T) were obtained from Sylvia

Penuela (Penuela et al., 2007).  Cells were cultured in DMEM supplemented

with 10% FBS, penicillin, and streptomycin at 37°C in 5% CO2.  Trypsin (0.25%,

1 mM EDTA) was used to release cells from the dishes prior to passage or

plating for Cx functional assays.

Transient transfections

20,000 cells 293T cells were plated in 35 mm dishes 24 hours prior to

transfection.  Transfection was then carried out in Opti-MEM1 medium

(Invitrogen, Carlsbad, CA) containing TransIT-LT1 transfection reagent (Mirus,

Madison, WI) and 4 ug plasmid DNA were prepared using a QIAGEN miniprep

kit (Valencia, CA).  Transfection efficiency was evaluated 24 hours later using a

fluorescent microscope to visualize the Cx-EGFP fusion proteins.

Wildtype Cx43.4 or Cx43.4 C64S (described above) were sub-cloned

into the mammalian expression vector, pEGFP-N3 (BD Biosciences),

downstream of the human cytomegalovirus (CMV) promoter.
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Dye uptake analysis of hemichannel function

Transiently transfected or untransfected 293T cells were evaluated for

Cx hemichannel function using a dye uptake assay as described (Li et al., 1996;

Penuela et al., 2007).  24 hours post-transfection, dishes of cells were rinsed

with cold Dulbecco!s-PBS (D-PBS) and stimulated on ice with fluorescent dye.

For this, a steady stream of 800 ul of 1 mg/ml sulforhodamine B (558.66 MW,

Invitrogen, Carlsbad, CA) in Dulbecco!s PBS with or without Ca2+ was added to

a 1/4 inch target area from a height of 25 mm.  The cells were incubated on ice

in the dye for five minutes and the dye was then washed using D-PBS +/- Ca2+.

Dye positive cells within the target were scored using a Zeiss fluorescent

microscope, imaged using DCViewer, and processed with ImageJ software

(NIH, Bethesda, MD).  Three independent Cx43 and five independent Cx43.4

C64S transfections were assayed for dye uptake.
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FIGURE 1:
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FIGURE 1:

Cx43.4 is required for KV morphogenesis.  “Confocal-like” imaging of double

fluorescent immunostaining using antibodies for PKC (red and acetylated

tubulin (green) during apical clustering of KV cells at the 2 SS (a-f) and KV

lumen formation at the 4 SS (g-l).  PKC labeled the apical surface of KV cells

and tubulin labeled cilia protruding into the developing lumen.  Cx43.4 morphant

embryos (j-l) consistently lacked a fully inflated KV lumen.  Scale bar in f and l =

25 microns.
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FIGURE 2:
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FIGURE 2:

Lumen formation defect is partially rescued by human Cx45 mRNA.  Co-

labeling with PKC (red) and tubulin (green) antibodies (a-c) reveals a well-

developed sphere in a wildtype embryo (a), a severe reduction in lumen

expansion in a Cx43.4 morphant embryo (b), and a partial rescue of lumen

formation in an embryo co-injected with Cx43.4 MOs and human cx45 mRNA

(c).  The ciliated area of multiple KVs (d) in one representative rescue

experiment (out of three) is represented as averages +/- s.e.m., *p<0.01.
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Figure 3:
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Figure 3:

Cx43.4 hemichannels are sufficient to rescue L-R patterning defects. (a)

Quantification of three independent experiments shows no alterations in heart

looping when Cx43.4 C64S mutant mRNA is injected alone.  Co-injection of

human Cx43.4 C64S mRNA with Cx43.4 MOs significantly rescues aberrant

heart looping, *p=0.009.  Data are represented as averages +/- s.e.m.  (b)

sulforhodamine B dye uptake (left panels) is increased in Cx transfected 293T

cells, entire cell field (right panels).  (c) Quantification of single cell dye uptake

in low versus normal Ca2+ are represented as averages +/- s.e.m.  (d) Average

number of dye-positive cell clusters is significantly increased in WT Cx43.4

expressing cells compared to Cx43.4 C64S or untransfected cells, error bars

are +/- s.e.m.
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Figure 4:

P2Y5 MO phenocopies KV lumen development defect and acts synergistically

with Cx43.4.  (a) Immunofluorescence of a representative P2Y5 embryo co-

labeled with PKC (red) and tubulin (green) antibodies. Multiple fluorescence

images of 4-somite stage KVs labeled with tubulin antibodies were analyzed

using ImageJ software (b) and data were plotted as the average relative area

+/- s.e.m.  (d) Heart looping was not altered in embryos injected with low doses

of P2Y5 or Cx43.4 MOs, while co-injection produced a synergistic effect on

heart looping.  Data are averages +/- s.e.m.
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Figure 5:

Proposed model of Cx43.4 hemichannel function in KV morphogenesis: Apically

localized Cx43.4 hemichannels open to the developing luminal space and, upon

activation (potentially through mechanical stimulation), release ATP.  ATP then

binds to and activates P2Y G-protein coupled receptors also localized to the

apical membrane of KV cells.  This activation could stimulate Ca2+ release from

internal stores (possibly through ryanodine receptors3) and the subsequent

activation of Ca2+-sensitive Cl- channels.  An increase in Cl- (and other ions) in

the developing luminal space would result in osmotically driven fluid flow,

thereby further driving apart apical membranes and increasing the volume of

KV.
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Supplementary Figure 1
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Supplementary Figure 1

Cx43.4 is not expressed in DFCs at the shield stage.  (a) A shield stage embryo

processed for whole-mount in situ hybridization and labeled with an antisense

ntl probe.  (b) The same embryo as (a) labeled with Cx43.4 polyclonal

antibodies shows distinct puncta throughout the animal, although the DFC area

is devoid of Cx43.4-positive puncta (bracket).
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Supplementary Figure 2

Junctional complexes are not altered in Cx43.4 morphants.  (a-j)

Immunolabeling with PKC (red) and ZO-1 (green) antibodies.  A 6-somite stage

uninjected control embryo (a-c) displays PKC and ZO-1 staining at the

junctions.  Two Cx43.4 morphant embryos (d-f) and (g-I) both retain PKC and

ZO-1 localization despite disrupted KV morphology.
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Supplementary Figure 3
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Supplementary Figure 3

Expression of transfected Cx constructs in 293T cells.  Cx43.4-GFP and Cx43.4

C64S-GFP fusion proteins are visualized by fluorescent microscopy (left

panels).  Entire cell field as seen in bright light (right panels).



104

Supplementary Figure 4
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Supplementary Figure 4

Cx43.4-mediated dye uptake in 293T cells is sensitive to Ca2+ levels.  Very few

293T cells take up sulforhodamine B dye in the presence of low extracellular

Ca2+ (left panels) even when transfected with Cx43.4 or Cx43.4 C64S

expression vectors.  Entire cell field as seen in bright light (right panels).
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Chapter IV

Summary and Discussion



107

Role of Cx43.4 during L-R patterning

GJs have long been speculated to play important roles during

development.  In support of this idea, mouse knockout studies have provided

many examples of Cx requirements during organ morphogenesis and function

(Willecke et al., 2002).  However, earlier developmental requirements for Cxs

(e.g. during patterning events) and their functions have been less understood.

Patterning of the L-R axis is thought to be influenced by Cxs, however the exact

Cx isoforms that are required, in which tissue(s) do Cxs function, and the

mechanisms by which Cxs regulate L-R patterning are not clear.

The data presented in this thesis provide several major findings that

increase our understanding of the role of Cxs during early vertebrate

development: 1) Cx43.4 is specifically required during L-R patterning, 2) a Cx

protein has been shown, for the first time, to be required within a specific tissue,

KV, the L-R organizer of zebrafish, 3) KV lumen formation requires the function

of Cx43.4 hemichannels.

How does an uninflated KV lead to defects in patterning?

We have shown that the primary role of zebrafish Cx43.4 during L-R

patterning is in the formation of a fully inflated KV (see Chapter II).  A fluid-filled

inflated, spherical KV structure is likely important for normal fluid flow, but it was

initially unclear how cilia could produce a net directional flow within KV or in the

mouse node.  One could imagine that if cilia were positioned vertically, rotation

about that axis would not result in a net leftward flow.  Rather, a vortex or
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whirlpool would be present about each cilium.  In order to generate a leftward

flow, it was proposed, based on mathematical simulations, that cilia are actually

tilted toward the posterior of the node (Cartwright et al., 2004).  In this case, a

directional fluid flow would be observed closest to the surface of the node.

These mathematical models were verified by an in vivo s tudy

demonstrating a conserved mechanism of nodal flow in mouse, rabbit, and

medakafish that relied on the cilia tilting at a 40° +/- 10 angle toward the

posterior (Okada et al., 2005).  Posteriorly tilted cilia mean that they brush along

the apical surface of the cell on the rightward stroke.  This drag makes their

movement very inefficient at moving fluid.  On the leftward stroke, however, the

cilia are unencumbered and the beat effectively pushes fluid in the leftward

direction.  In addition to this finding, the cilia were also positioned toward the

posterior within the plane of the apical cell membrane of all nodal cells, raising

the possibility that planar cell polarity signaling is also involved in L-R

asymmetry.

The data presented here suggest that in Cx43.4 morphant embryos, the

primary defect leading to randomized L-R patterning is an uninflated KV.  Given

the previous studies of fluid flow and ciliary beating described above, it is

possible that the cilia within Cx43.4-deficient KVs encounter a cell surface on

the rightward and/or leftward strokes.  This would render the cilia incapable of

generating a robust movement of fluid on the leftward stroke since the surface

of an apposing cell is likely in very close proximity.
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Are Cx43.4 hemichannels sufficient for L-R patterning?

In order to determine how Cx43.4 influenced KV morphogenesis,

specifically in terms of lumen formation, the role of a Cx43.4 hemichannel

(C64S) was tested.  The results showed that Cx43.4 hemichannels were

capable of rescuing aberrant L-R patterning following Cx43.4 knockdown (see

Chapter III).  This important finding raises new questions about the roles of Cx

proteins in development.  For example, since Cx hemichannels are known to

respond to mechanical stimulation in tissue culture experiments, is it possible

that hemichannels could function as transducers of fluid flow within KV?  Also,

what signaling molecules may pass through hemichannels to mediate L-R

patterning within KV?

The results presented in this thesis demonstrate that rescues of heart

looping (a readout of normal L-R patterning) using various Cx constructs are

feasible experiments.  Using this approach it is possible to ask the following

questions to determine whether Cx43.4 hemichannel opening is necessary for

L-R patterning:

1) Does a closed hemichannel mutant rescue the Cx43.4 morphant

phenotype?

Cx43 expression has been shown to be necessary for the localization of

N-cadherin at the cell membrane (although whether the formation of a GJ is a

necessary step has not been elucidated) (Wei et al., 2005).  Therefore, it is

possible that simple expression of Cx43.4 in MO-treated embryos, rather than
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the opening of hemichannels, is required for L-R patterning.  To test this idea, a

closed hemichannel mutant could potentially be engineered by mutating a

conserved tyrosine residue (Beahm et al., 2006) that is adjacent to the amino

acid known to be critical for channel opening.  If hemichannel opening is not

deemed critical for L-R patterning, this would lend support to a model involving

interaction with adhesion proteins or other signaling molecules through the C-

terminus.

2) Is the C-terminus of Cx43.4 critical for normal L-R patterning?

Mutating an extracellular loop cysteine (C64S) was designed to interfere

with the docking of hemichannels between apposed plasma membranes.  This

would block the formation of the cell-to-cell channels found in GJs, as well as

adhesive bonds between cells.  Recent experiments using a closed GJ channel

construct suggested that adhesion was a critical function for Cxs during neural

migration in the cortex (Elias et al., 2007).  However, it is possible that

eliminating the docking capabilities of Cx43.4 is not sufficient to alter the

endogenous function of Cx43.4 in L-R patterning.  That is, the C-terminal

domain, which is important for signaling events through phosphorylation and

protein-protein interactions, remained intact and it is possible that this domain is

the required component during L-R patterning.  Truncation mutants have been

used to evaluate the roles of phosphorylation and protein interactions in various

cell systems, and a similar approach could be tested in zebrafish embryos to

determine whether the C-terminus is critical for L-R asymmetry.
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Implications for Cxs and P2 receptors in epithelial development and

lumen biogenesis

The primary defect associated with Cx43.4 depletion and L-R patterning

anomalies in zebrafish is a lack of KV lumen formation (see Chapter III).

Importantly, these findings have implicated the function of a Cx hemichannel in

the establishment of a functional, specialized epithelium, KV.  In order to form a

fluid-filled KV, Cx43.4 and P2Y5 are both required within the epithelial cells.

Given the extensive expression of P2 receptors across epithelia (Leipziger,

2003) and the presence of Cx isoforms in apical membranes, it is possible that

these proteins function together for epithelial development and lumen

biogenesis in a variety of tissues.

The proposed model for epithelial tube or lumen biogenesis includes: 1)

the acquisition of apical-basal polarity, 2) the fusion of ion channel-containing

vesicles with the apical surface, and 3) the accumulation of extracellular fluid to

separate apical membranes and create a fluid-filled space (Lubarsky &

Krasnow, 2003).  There are many potential roles for Cx and P2 receptor

functions during these stages of lumen biogenesis and some will be briefly

discussed here.

First, the acquisition of apical-basal polarity is a necessary prerequisite

for the formation of a lumen.  Cells that have established apical-basal polarity

have essentially created distinct sub-cellular membrane domains to which

various proteins can be specifically targeted.  For example, intercellular
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junctions provide adhesion between neighboring cells (e.g. apical junctional

complexes), and a sealed paracellular space between epithelial cells (tight

junctions).  Cx proteins could influence this early stage of epithelial

development by directing and stabilizing adhesion (Cotrina et al., 2008) through

protein-protein interactions with components of intercellular junctions

(Giepmans, 2004).  Additionally, specific P2 receptors are polarized with

respect to their localization within the apical or basolateral membranes of

epithelial cells, (Wolff et al., 2005).  While the regulation of this trafficking

remains unclear, it is possible that the polarized localization of these receptors

is an early step in epithelial development.

Second, the fusion of ion channel-containing vesicles with the apical

membrane is necessary for expansion of the developing lumen.  Given that Cx

hemichannels can facilitate ion transport, in addition to the release of small

molecules such as ATP, they are probable candidates for localization to the

developing apical membrane.  This will be an important trafficking question,

because hemichannels may also be required basolaterally to provide for GJ

communication between neighboring cells.  P2Y receptors are also likely to be

found in vesicles fusing with the apical membrane, given that they modulate ion

flow through downstream signaling mechanisms.  Future studies will be

necessary to determine whether Cxs and/or P2 receptors are localized to

vesicles prior to fusion with the apical membrane in a variety of developing

epithelia.
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Third, the accumulation of extracellular fluid is required to separate

apical membranes and create a fluid-filled space.  In the lung, this is achieved

by chloride ion transport which sets up an osmotic gradient to draw water into

the lumen (Lubarsky & Krasnow, 2003).  It is possible that Cx hemichannels

could function in the apical membrane as an avenue for fluid flow into the lumen

space (Goodenough & Paul, 2003).  In addition, the importance of ion transport,

mediated by luminal P2 receptor activation, and subsequent fluid flow are well-

established for the function of sweat glands, the gastrointestinal tract, and the

conjunctiva of the eye (Leipziger, 2003).  However, the roles of P2 receptors

during the development of lumen-containing tissues early in embryogenesis

remain largely unexplored.

 Final conclusions

The results presented here demonstrate several key contributions to the

fields of embryonic patterning and cell-cell communication.  Importantly, these

findings implicate the function of a Cx hemichannel during early vertebrate

development, specifically in the morphogenesis of the specialized epithelium,

KV, which is required for L-R patterning.  Additionally, an interesting relationship

between Cxs and P2 receptors in the development of a functional epithelial

compartment has been uncovered.  Given the many questions remaining in the

Cx and P2 receptor fields, particularly with respect to what passes through

hemichannels and what ligands activate recetprors, future studies addressing
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these aspects will provide additional insight as to the mechanisms of Cx

function in epithelia and tissue morphogenesis.
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Chapter V

Knockdown of Zebrafish Connexin43.4 Perturbs Angiogenesis

Through an Affect on Netrin Signaling
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SUMMARY

The notochord plays an essential role in directing axial development and

patterning the adjacent vascular system through the production of Sonic

Hedgehog (Shh) and a cascade of gene expression in the adjacent somites

involving vascular endothelial growth factor (VEGF).  We are asking whether GJ

communication is required for notochord signaling and, if so, what role does it

play?  We have shown that three connexins (Cx) are expressed in the

notochord of zebrafish embryos: Cx43 and apparent orthologs of mammalian

Cx45, Cx43.4 and Cx44.2.  Dose-dependent reductions in circulation were

documented by injection of Cx antisense morpholinos (MOs) into transgenic

embryos, which carried a fli1-EGFP marker for endothelial cells and a gata1-

dsRed marker for cells of the blood lineage.  We found that circulation was

depressed and in some cases completely absent.  Based on studies in mice,

MO knockdowns of the Cx43 and Cx45 orthologs are expected to have an

impact on cardiac function.  However, embryos with major defects in circulation

displayed actively beating hearts.  Anomolies were also observed in the

migration of endothelial cells giving rise to intersomitic vessels and the

secondary vessel, the parachordal vessel.  These effects on vessel sprouting

and migration coincide with an increase in Netrin signaling, which is known to

influence axonal migration and, in this case, endothelial cell migration.  These
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results provide a working model for the mechanism of Cx function during

vascular development.
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INTRODUCTION

Development of the vasculature is a highly regulated process that is

required for the growth, differentiation, and function of tissues within a

developing embryo and for homeostasis in adults.  The vascular network serves

as a conduit for the delivery of nutrients and oxygen to organs and tissues, the

removal of wastes, and as a microenvironment for hormone signaling.  Normal

vascular development has been separated into two distinct processes: (1)

vasculogenesis, or the migration and coalescence of angioblasts into "cords!

followed by subsequent lumenization of the main vessels and (2) angiogenesis,

which is defined as the reorganization and sprouting of new vessels from the

pre-existing vasculature (Patan, 2000).

Although these basic morphological processes have been described for

some time, the signaling pathways that regulate cell fate decisions, migration,

and differentiation during vasculogenesis and angiogenesis have only been

studied more recently.  Hypoxia-induced vascular endothelial growth factor

(VEGF) is perhaps the best-known vascular signal; it influences the

proliferation, migration, and survival of endothelial cells (Ferrara et al., 1996).

Additionally, VEGF is known to induce angiogenesis under conditions of

hypoxia in adult tissues (Shweiki D, 1992), so understanding this pathway is

also important for biomedical purposes.

In developing zebrafish embryos, the expression of VEGF is required for

vasculogenesis, angiogenesis, and decisions affecting arterial and venous fates
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(Lawson et al., 2002).  Sonic hedgehog (Shh) expression along the midline is

essential for the regulation of VEGF levels in the adjacent somites of the early

embryo (Lawson et al., 2002).  Therefore, mutations in shh or downregulation of

Shh using chemical inhibitors result in an increase in venous cell fate at the

expense of the dorsal aorta.

In zebrafish, the regulation of arterial cell fate decisions is mediated by

Notch signaling, which is downstream of the Shh/VEGF signaling pathway.

Activation of the Notch pathway promotes arterial endothelial cell fate decisions

through activation of the membrane-bound ligand, ephrin2b (efnb2) and

represses venous cell fate by inhibiting the expression of the venous-specific

gene, flt4 (a tyrosine kinase receptor for the VEGF ligand), in future arterial cells

(Lawson & Weinstein, 2002a).

More recent advances in understanding the signaling pathways involved

in vascular development have examined the roles of molecules previously

known to be involved in axonal guidance during neural development.  When

examining the migration patterns of nerves and blood vessels, it was noted that

the two paths were oftentimes indistinguishable (Carmeliet & Tessier-Lavigne,

2005).  These observations led to the prediction that the same molecules could

direct the migration of both endothelial cells and axons during development.

Further studies provided evidence that angiogenic molecules, such as VEGF,

could regulate axonal migration (Schwarz et al., 2004); and previously identified

axonal migration cues, such as the Netrin family of ligands and their receptors
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UNC5B and Deleted in colon cancer (DCC), are required for the appropriate

migration of endothelial cells during angiogenesis (Lu et al., 2004).  Likewise,

Ephrin signaling is known to provide guidance cues during both axonal

pathfinding and vasculogenesis (Eichmann et al., 2005).  Observations of this

type suggest that there is considerable overlap in the signaling cascades that

regulate vascular remodeling and axonal guidance.

In addition to the requirement of vascular development during

embryogenesis, significant vascular remodeling is known to occur postnatally.

For example, vasculogenesis can be stimulated during adulthood in response to

tissue ischemia (Murasawa & Asahara, 2005).  Importantly, heart failure occurs

after myocardial infarction and the mobilization of bone marrow-derived

endothelial progenitor cells (EPCs) is subsequently activated (Shintani et al.,

2001; Massa et al., 2005).  Myocardial regeneration following infarct relies on

the migration and differentiation of EPCs, which promote neovascularization

(Numaguchi et al., 2006).

In adults, the stimulation of angiogenesis is rare (usually restricted to

wound healing events) and is therefore associated with disease states.  For

example, angiogenesis is required for at least two phases of cancer

progression: tumor growth and metastasis.  First, tumor growth requires a

significant nutrient supply.  Many tumors, specifically breast cancers, meet this

need by secreting pro-angiogenic factors including VEGF in order to remodel

the local, endogenous vasculature and thereby increase blood supply to the
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tumor (Fox et al., 2007).  Second, one of the final steps in tumor progression is

metastasis, which is also the cause of death for many cancer patients.  A

common mechanism used by cancer cells to metastasize to other tissues is

intravasation – the invasion of cancer cells into blood vessels (Condeelis &

Segall, 2003).  Therefore, the presence of neovasculature surrounding a tumor

also serves as an avenue for metastasis, whereby cells slough off the tumor

and enter the circulatory system (Jahroudi & Greenberger, 1995).  Because of

the clinical ramifications of vascular remodeling through vasculogenesis and

angiogenesis pathways, it is critical to understand how the normal vascular

development and remodeling programs are regulated so that rational

therapeutics can be designed to better treat cardiovascular diseases and

cancers.

Despite the advances in describing which signaling molecules are

required for normal vasculogenesis and angiogenesis and instances where mis-

regulation of these processes is associated with disease, our understanding of

how vascular-specific signaling pathways are regulated is incomplete.  An

important, largely unanswered question in vascular development is whether

cells utilize short range, direct cell-to-cell transfer of signals or other small

molecules via gap junctions (GJs) in order to regulate the formation of the

vasculature.

GJs are known to be critical for cardiovascular development in mice,

based on targeted deletion of particular GJ protein subunits, members of the
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Connexin (Cx) family.  Specifically, in terms of the Cx considered in this project,

Cx43.4, the orthologous knockout (Cx45) in mice produced embryonic lethality

with effects on both heart and vascular development (Kruger et al., 2000; Kumai

et al., 2000).  While Cxs are well-known for their role in mediating the spread of

electrical impulses that synchronize the contraction of the adult heart (Wei et

al., 2004), less is known about their roles during cardiac development.  Kumai

at al. studied the hearts of Cx45 knockout embryos and found that the

endocardial cushion failed to develop.  This developmental defect was

associated with a failure in the epithelial-mesenchymal transformation of the

cardiac endothelium, possibly due to a mislocalization of the Ca2+-dependent

transcription factor, NF-ATc1.  This suggests that for proper heart development,

Cx45 is necessary for intracellular Ca2+ levels to be high enough to activate NF-

ATc1 and facilitate its translocation to the nucleus.

In another Cx45 knockout study, Kruger et al. found that vasculogenesis

seemed unaffected in Cx45 knockout embryos, while remodeling of the

vasculature into a branched network was impaired in three embryonic blood

vessel systems.  Since these defects were similar to embryos with impaired

TGF-! signaling, the authors suggested that Cx45 might regulate TGF-!

upstream of vascular development.  However, in two of the three vascular

systems affected by Cx45 knockout, only one system had reduced levels of

TGF! receptor expression.
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Although these two studies clearly demonstrate that Cx45 is necessary

for normal cardiovascular development, the signaling pathways that Cx45

influences to direct vascular development remain unclear, especially given that

TGF-! expression was not altered in all defective vessel systems.  Moreover,

with respect to the vasculature, the mechanisms by which GJ communication

contributes to vasculogenesis, angiogenesis, and endothelial cell fate decisions

are largely unknown.

 To understand the mechanisms by which GJs influence these aspects of

vascular development, we have chosen to utilize the zebrafish as a model.  The

zebrafish is advantageous for these studies because injections for morpholino-

knockdown of Cx proteins are straightforward and transgenic embryos are ideal

for studies of vascular formation.  Additionally, while a functional cardiovascular

system develops rapidly after just 24 hours post fertilization (hpf), this network

is dispensable throughout embryogenesis and the first larval stages.  During

this time period, it is possible to analyze developmental abnormalities since the

fish are able to receive oxygen through simple diffusion.

The expression patterns of zebrafish Cxs have implicated them in the

specification of mesoderm and the function of the notochord (Essner et al.,

1996; Chatterjee et al., 2005), which is an axial mesoderm-derived structure

that becomes progressively specified from late blastula periods to somite

forming periods.  The notochord provides two functions in the embryo.  First,

the notochord fulfills a major structural role in the embryo that in most
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vertebrates is replaced by vertebrae later in development.  Second, from

gastrulation through somite forming periods the cells that comprise this

structure are a rich source of signaling molecules, such as Shh, that are

important for patterning the surrounding tissues (Stemple, 2005).  Therefore, it

is possible that Cx function in the notochord is important for regulating vascular

development through an influence on Shh signals emanating from the

notochord.

These studies, primarily of the Cx45-related protein in zebrafish, Cx43.4,

are aimed at revealing the mechanisms underlying the role of GJ

communication during vascular development.  We present data here showing

that cells in different developmental states within the notochord express Cx43

or Cx45 orthologs.  We also show that Cx function in the notochord is

developmentally necessary, since vascular defects were observed in Cx-

deficient embryos.  Moreover, we show that the vascular defects arose as a

consequence of aberrant midline signaling suggesting that appropriate levels of

GJ communication in the notochord are required to regulate vascular-specific

developmental signaling cascades.
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RESULTS

Cx43.4, Cx44.2, and Cx43 are expressed in the zebrafish notochord

It has been shown previously that zebrafish cx43 (Chatterjee et al., 2005)

and cx43.4 (Essner et al., 1996) transcripts are expressed in the notochord

during various developmental stages.  In order to identify potential Cx family

members that are localized in the notochord and could therefore contribute to

embryonic patterning events, the spatial and temporal expression patterns of

zebrafish Cx43, Cx43.4 and cx44.2 were analyzed.  Using polyclonal

antibodies, Cx43.4 was localized to stereotypical punctate structures throughout

the 10-somite stage embryo, particularly in the developing notochord, along the

entire anterior-posterior axis (Fig. 1a).  Later during somitogenesis, at the 20-

somite stage, Cx43.4-positive puncta were localized dorsally along the

presumptive neural tube and throughout the axial mesoderm (Fig. 1b).  Notably,

Cx43.4 expression remained distributed throughout the entire length of the

notochord, as in the 10-somite stage embryo (Fig. 1b).  At 24 hours post-

fertilization (hpf), however, Cx43.4 localization was restricted to the most

posterior notochord cells (Fig. 1c).  These observations suggest that Cx43.4

expression is tightly regulated throughout developmental progression, since the

most posteriorly located cells are “younger” and less differentiated than those

found more anteriorly.

Cx43 is also known to be expressed in the notochord, but its localization

is not spatially restricted.  Rather, cells along the entire length of the notochord
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expressed Cx43 at 24 hpf (Fig. 1e).  Since Cx43 is found in all notochord cells,

the expression of this Cx isoform does not have significant spatio-temporal

regulation during maturation of the notochord.  Taken together, the Cx spatio-

temporal expression patterns show that individual Cx family members have

differentially regulated expression patterns during the development of the

notochord and suggest that each isoform has a unique functional role in

patterning embryonic tissues.

In the absence of antibodies for Cx44.2, the expression pattern of this

previously uncharacterized Cx was evaluated using whole-mount in situ

hybridization methods.  cx44.2 is closely related to cx43.4 and likely arose as a

result of a genome duplication event that occurred in an ancestral ray-finned

fish that eventually gave rise to zebrafish (Amores et al., 1998; Taylor et al.,

2003).  in situ labeling experiments showed that cx44.2 is localized to the dorsal

region of the early gastrula at about 70% epiboly; expression remained higher

dorsally throughout gastrulation (data not shown).  Similar to cx43.4, during

somite stages, cx44.2 is expressed in the paraxial mesoderm with enrichment

in the posterior region (Fig. 1g).  Upon sectioning, cx44.2 expression is clearly

observed in the notochord (Fig. 1h).  The expression of cx44.2 mRNA in the

notochord is transient as 24 hpf embryos do not stain positively in this tissue.
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Cx43.4 and Cx44.2 are required for vascular function

Based on the evaluation of Cx expression in the notochord, we next

asked how Cx function in this tissue influenced embryonic development.  Since

the notochord is known to be a source of signals that are required for the

patterning of adjacent tissues, and the vasculature clearly showed

developmental anomalies in the Cx43 and Cx45 (Kruger et al., 2000; Kumai et

al., 2000) knockouts in mice, the remaining studies focused on an analysis of

vascular development in Cx43.4 and Cx44.2 knockdown embryos, largely due

to an early lethality phenotype in Cx43 morphant embryos.

To analyze the functional roles of Cx43.4 and Cx44.2 during

development, morpholino (MO) antisense methods were utilized.  For both

Cx43.4 and Cx43, MO efficacy was verified by the loss of immunoreactivity in

MO-injected embryos (Fig. 1d and 1f, respectively).  Additionally, a complete

lack of punctate staining with Cx43.4 pre-immune serum verified the specificity

of the antibody (data not shown).

Following MO knockdown, one evident defect was greatly reduced

circulation throughout the trunk and tail of Cx43.4 and Cx44.2 morphants at

both 30 and 50 hpf.  To more specifically characterize the circulation defects,

transgenic animals in which dsRed is driven by the blood cell-specific promoter,

gata1 (Traver et al., 2003), were utilized.  In uninjected control Tg(gata1:dsRed)

embryos at 30 hpf, a continuous circulatory loop was visualized (Fig. 2a).  After



128

being pumped through the heart, dsRed-labeled blood cells were observed

along the dorsal aorta (DA) to the very posterior of the embryo.  Here, the blood

cells turn back toward the anterior and move through the branched plexus of

the caudal vein.  Finally, the blood coalesces into the single tube of the

posterior cardinal vein (PCV) vein, which returns the blood back to the heart

(Fig. 2a).

Observation of Tg(gata1:dsRed) morphant embryos revealed a variety of

defects in circulation.  Most Cx43.4 morphant embryos (Fig. 2b) displayed a

severe reduction in gata1:dsRed fluorescence in the DA and PCV.  The

complexity of the vascular plexus was also reduced (compare with Fig. 2a) in

these embryos.  Cx44.2 knockdown (Fig. 2c) produced a less dramatic affect on

circulation, since fluorescent blood cells were observed circulating through the

DA and PCV.  However, the vascular plexus in these animals also lacked

significant branching.  Additionally, blood clots or pools were often observed in

the trunk of Cx43.4- and Cx44.2-deficient embryos.  The extent of defective

circulation in a representative experiment was 80% of Cx43.4 morphant

embryos (n=5) and 77% (n=13) in the Cx44.2 MO-treated embryos at 30 hpf,

while standard control MO embryos showed normal circulation (n=6) (Tables

1,3).  These observations suggest that Cx43.4 and Cx44.2 are required to

establish a fully functional circulatory system.

Since Cx43.4 and Cx44.2 are closely related and may both be

considered to be orthologs of mammalian Cx45, we asked whether the
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knockdown of both isoforms was additive.  That is, do Cx43.4 and Cx44.2 have

redundant or unique functions in cardiovascular development?  MOs against

both isoforms were co-injected into Tg(gata1:dsRed) embryos and circulation

was analyzed as above.  Depletion of both Cx43.4 and Cx44.2 (Fig. 2d)

resulted in a similar phenotype as knockdown of a single isoform: reduced

circulation was observed in the DA and PCV and the vascular plexus was

under-developed.  The lack of an additive effect when both Cx43.4 and Cx44.2

are knocked down together suggests that these two Cxs function in the same

pathway towards cardiovascular development.

When circulation was analyzed at 50 hpf, the uninjected control

Tg(gata1:dsRed) embryos had a complete circulatory loop from the DA through

the PCV.  At this developmental stage, the circulatory network was more

complex containing blood flow through the intersegmental vessels (ISVs).  In

both the Cx43.4 and Cx44.2 morphants, however, reduced circulation was

observed throughout the trunk and tail (Tables 2 and 4, respectively).  Included

in these defects was a reduction in the number of ISVs that facilitated active

blood flow.  In the double Cx knockdown embryos, the circulation defects were

not more severe than in the Cx43.4 morphants (Tables 5,6).  This suggests that

Cx43.4 plays a more prominent role than Cx44.2 in the development of the

vasculature.  Moreover, Cx43.4 may have a role in promoting angiogenesis,

given that circulation in the ISVs was severely impaired in a high percentage of

Cx43.4 morphants.
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To evaluate the specificity of MOs against Cx43.4 and Cx44.2, multiple

MO doses were injected and defects in circulation were analyzed.  The results

are summarized in Tables 1-6 and demonstrate that the defects are MO dose-

dependent.  Depending on the MO dose, the defects ranged from reduced red

blood cell movement through the trunk or tail to severe cases in which little

gata1:dsRed fluorescence was detected in the vessels and significant blood

pooling was observed.  Since these severe defects induced by high MO doses

were associated with gross morphological defects (data not shown) including

undulated notochords and small heads, they may represent off-target effects

caused by toxicity.  In the majority of uninjected control embryos, blood cells

could be observed circulating throughout the entire vasculature, while an

average of 7% (n=34) displayed slight defects that were limited to lack of

circulation in a few ISVs at 30 hpf or slight areas of blood pooling at 50 hpf.  For

all experiments described elsewhere, 4 ng of MO were injected as this dose

resulted in high phenotypic penetrance with low toxicity.

One possible explanation for the defective circulation in Cx knockdown

embryos is impaired heart function or blood pressure, especially since the

mammalian Cx ortholog is expressed and functions in the heart.  In all Cx

morphant embryos tested, however, an active heartbeat was observed.  When

heart rates were measured at 24 hpf, the Cx43.4 morphant embryos had similar

rates as controls.  In contrast, at 48 hpf, Cx43.4-deficient embryos showed a

slightly, but significantly, slower average rate than controls (Fig. 3).  However,
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this slower heart rate is likely not severe enough to account for the dramatic

loss in functional ISVs at 30 hpf and PAV development at 50 hpf (see below) in

Cx43.4-deficient embryos.  This is consistent with a previous report which

demonstrated that the fluid force created by a pumping heart is not necessary

for the development of the primary vasculature (Isogai et al., 2003).

Endothelial cell development during vasculogenesis and angiogenesis

We hypothesized that the defects in circulation could be due to problems

during vasculogenesis, angiogenesis, or both.  To discriminate between these

possibilities and to evaluate the development of the vasculature, morpholinos

were injected into embryos from a transgenic line, Tg(fli1:EGFP), in which

EGFP is expressed under the control of fli1, an endothelial cell-specific

promoter (Lawson & Weinstein, 2002b).  The results of these treatments

showed defects in the overall layout of the vasculature in 93% (n=30) of the

Cx43.4 morphants and in 42% (n=24) of the Cx44.2 morphants.  With respect to

the DA and PCV that are formed during vascuologenesis, fli1:EGFP expressing

endothelial cells lining the major vessels appeared normal, suggesting that

vasculogenesis is not affected in Cx-deficient embryos.

Angiogenesis in the zebrafish is a precisely patterned event such that

each ISV sprouts from the DA (Fouquet et al., 1997) and migrates dorsally

between pairs of somites to reach the dorsal longitudinal anastomotic vessel

(DLAV) where the vascular network is connected (Childs et al., 2002).  Since
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this ISV network is highly stereotypical, deviations from the normal patterning

are easily visible using transgenic embryos.  Specifically, Cx-deficient

Tg(fli1:EGFP) embryos showed defects in angiogenesis demonstrated by

delayed endothelial cell migration, abnormal branching morphology, and

incomplete anastomoses in the forming ISVs 30 hpf (Fig. 4c,e,g), while only 5%

(n=46) of uninjected control embryos displayed modest defects (Fig. 4a).  When

analyzed further at 50 hpf, the ISVs had largely resolved their migrations

dorsally in most of the Cx-morpholino injected embryos (Fig. 4d,f,h), suggesting

that the initial impairment in ISV migration at 30 hpf may reflect a

developmental delay, possibly due to the MO injection procedure.

A second round of angiogenic sprouting normally occurs from the

posterior cardinal vein at 36 hpf and results in formation of the parachordal

vessel (PAV) (Wilson et al., 2006).  In control embryos at 50 hpf, the PAV can

clearly be seen by horizontal bands of EGFP expression along the horizontal

myoseptum (Figure 4b, arrowhead) between intersomitic vessels.  The PAV of

Cx morphants, however, failed to develop in the vast majority of segments as

seen by the absence of intersegmental fluorescence in the Tg(fli1:EGFP)

background (Figure 4d,f,h).  Lack of a well-developed PAV at 50 hpf suggests

that this defect is not due to a simple developmental delay, since PAV sprouting

can be observed as early as 36 hpf.  Rather, Cx function is required for this

secondary angiogenic sprouting event.



133

To further assess the vascular defects, mature endothelial cell fates were

studied by in situ hybridization in control and Cx morphant embryos.  At 24 hpf

in all control embryos, ve-cadherin (cadh5) (Larson et al., 2004) expression was

localized to the DA and PCV, as well as a few developing ISV sprouts (Fig. 5a).

However, in 75% (n=20) of Cx43.4 and 60% (n=20) of Cx44.2 morphants,

cadh5 was misexpressed (Fig. 5b and c, respectively). Specifically, cadh5 was

preferentially expressed in the DA and was either not observed or was

discontinuously localized in the PCV.  When Cx43.4 and Cx44.2 were knocked

down in the same embryo, cadh5 was similarly misexpressed (Fig. 5d).  These

data suggest that connexins are required for appropriate maturation of axial

vessel endothelial cells, particularly those of the PCV.

Vascular defects in Cx morphants are endothelial cell non-autonomous

Given the observed vascular defects and the widespread extent of

Cx43.4-positive puncta in mesodermal tissues adjacent to the notochord during

somite stages, it is possible that Cx43.4 is required in the migrating angioblasts

during vasculogenesis or in the endothelial cells during angiogenesis.  To test

whether Cx43.4 is required cell-autonomously in the developing vasculature, we

examined the localization of Cx43.4 during vasculogenesis and angiogenesis.

Cx43.4-positive puncta were observed in the notochord domain, as seen

previously, as well as in the axial tissue of 18-somite stage embryos (Fig. 6a).

At this stage, the angioblasts (marked by fli1:EGFP expression) are located in
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the axial mesoderm (Fig. 6c) and are beginning to migrate toward the midline

where they will coalesce to form the dorsal aorta and posterior cardinal vein.

Co-localization of Cx43.4 and fli1:EGFP was not observed (Fig. 6c,e).  These

results suggest that Cx43.4 is unlikely to function endothelial cell-autonomously

within the angioblasts during vasculogenesis.

Similarly, at 30 hpf when angiogenesis is progressing, Cx43.4 staining

was not observed to co-localize with fli1:EGFP expression in the developing

ISVs (Fig. 6 d,f).  Specific puncta in the posterior-most notochord cells served

as an internal positive control (Fig. 6b, bracket).  Interestingly, a regular,

repeating pattern of puncta was observed beneath the notochord along the

length of the anterior-posterior axis (Fig. 6b, arrowheads).  The nature of this

staining and the identity of the labeled structures are yet to be determined.

Taken together, the lack of vascular cell-specific Cx43.4 expression during

vasculogenesis and angiogenesis are not consistent with a cell-autonomous

role for Cx43.4 in the developing vasculature.

Cx43.4 and Cx44.2 knockdowns lead to altered midline signaling

Since significant expression of Cx43.4 was not detected in endothelial

cells, we hypothesized that GJ communication in the notochord influences

adjacent vascular development.  Since sonic hedgehog (shh) signaling through

VEGF is known to regulate both vasculogenesis and angiogenesis in zebrafish

(Lawson et al., 2002) and other systems, we investigated this and related
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signaling genes in Cx morphant embryos.  The knockdown of Cx43.4 (and

Cx44.2 to a lesser extent) resulted in an apparent upregulation of shh in the

notochord of morphant embryos (data not shown) compared to wildtype

expression levels (Fig. 7a).  Embryos in which both Cx43.4 and Cx44.2 had

been knocked down showed the most intense shh staining (Fig. 7b).

Additionally, the notochord, shh-positive domain in these embryos was

undulated.  The receptor for Shh, Patched1 (Ptc1), is positively regulated by

Shh in the adjacent somites and serves as a readout for Shh-signaling.

Interestingly, the in situ signal of ptc was also more intense in Cx43.4 morphant

embryos (data not shown), suggesting that the increase in shh could be

functionally relevant.

We theorized that if Shh signaling were elevated, then the downstream

effector molecule, VEGF, might also be increased, which could explain the

observed angiogenesis defects.  In Cx morphant embryos, however, no

difference in vegf expression was seen compared to controls at the 12-  (Fig.

7c-e) or 18-somite stages (data not shown).  Additionally, the expression of two

other signaling molecules, the arterial marker, ephB2 (data not shown), and the

venous marker, flt4 (Fig. 7f-h), that are indicative of arteriovenous specification

downstream of Shh signaling were not altered in Cx-knockdown embryos.

These results suggest that the Shh-signaling cascade is intact and that cells are

competent to send and receive vascular-specific signals appropriately in the

absence of Cx43.4 and/or Cx44.2.
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Netrin signaling is upregulated in Cx43.4 morphants

Given that functional analysis of the vasculature by visualization of blood

cell movement in Tg(gata1:dsRed) embryos showed lumen formation in the

major axial vessels that develop during vasculogenesis, and signaling

molecules downstream of Shh did not appear to be altered when analyzed by in

situ hybridization, we next asked whether defects in angiogenesis signals could

account for the circulation defects.  It is possible that appropriate regulation of

Netrin expression is required for development of the major vessels and could

also influence angiogenesis since both processes involve extensive cell

migration.  Since previous reports have implicated Netrin signaling downstream

of the Shh signaling pathway (Strahle et al., 1997; Lauderdale et al., 1998) and

shh  expression appeared to be altered in Cx-deficient embryos, we

hypothesized that Cx43.4 is required for the regulation of netrin expression.

The expression of netrin1b (net1b) was analyzed by in situ hybridization

and an increased signal was observed in the floorplate of Cx-deficient embryos

compared with controls (Fig. 8 a-d).  The morphology of the floorplate was also

altered in Cx43.4/Cx44.2 co-injected morphant embryos.  These results suggest

that Cx function is required to appropriately regulate Netrin signaling during

angiogenesis.

To test whether net1b upregulation in Cx-deficient embryos was specific

to MO knockdown and not an off-target effect of injection, a rescue experiment
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was performed.  As seen previously, knock down of Cx43.4 resulted in an

increase in net1b-specific staining in the floorplate compared with controls (Fig.

9a,b).  When Cx43.4 MOs and a Cx43.4 DNA construct were co-injected, the

elevated net1b levels were partially rescued back to wildtype levels (Fig. 9c).  In

these rescue experiments, an average of only 30% of Cx43.4 morphant

embryos had wildtype levels of net1b expression, while 56% of rescued

embryos appeared to have normal net1b (Fig. 9d).  These results suggest that

Cx43.4 is specifically required for the regulation of net1b expression and

implicate a connexin protein in a novel signaling pathway for vascular

development.

Cx-deficient embryos have quantitative differences in gene expression

levels

Given the apparent upregulation of shh and net1b expression in Cx

morphants observed by in situ hybridization methods, a more quantitative

approach was necessary to determine whether the increase in this signaling

cascade was significant.  Real-time quantitative PCR (RT-qPCR) methods were

utilized and no significant differences in the levels of shh mRNA in Cx43.4 or

Cx43 knockdown embryos were observed when compared to controls (Fig. 10).

Additionally, vegf expression was not significantly altered in Cx43.4 morphants,

which is consistent with the observed staining by in situ hybridization.

Together, the lack of alteration in shh or vegf expression levels suggests that
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disruptions in the canonical vascular signaling cascade are not responsible for

the angiogenesis defects in Cx-deficient embryos.

RT-PCR methods were also utilized to evaluate the expression levels of

net1b and net1a (closely related to net1b) given the more intense in situ

hybridization signal in Cx-deficient embryos (Figs. 8,9).  In these experiments,

both net1a and net1b mRNA was increased nearly two-fold in Cx43.4

morphants compared to uninjected control embryos (p<0.003 and p<0.001,

respectively).  Cx43 knockdown resulted in no significant differences in the

expression levels of shh, vegf, net1a, or net1b.  These results show that the

Netrin signaling cascade is regulated by Cx43.4 but not by Cx43.  Moreover,

these RT-PCR data suggest that the unique notochord expression of Cx43.4

has very different effects on vascular patterning and gene expression regulation

compared with Cx43.
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DISCUSSION

Connexins in vascular development

GJ communication is known to be important for cardiac function by

facilitating the transfer of electrical signals that synchronize the beating of the

heart (Wei et al., 2004).  Because of this critical role in the adult heart, it was

postulated that Cx function might also be important during embryonic

cardiovascular function and/or development.  Indeed, Cx45 knockout mice have

defects in both heart formation and angiogenesis.

Here, we sought to understand whether Cx knockdown had an effect on

the signaling systems that regulate vasculogenesis, angiogenesis, or the

specification of endothelial cells into arterial or venous cells.  We found that Cx

knockdown impaired circulation and produced defects in angiogenesis.

Specifically, Cx-deficient embryos failed to undergo the secondary angiogenic

sprouting event, formation of the PAV.  This angiogenesis defect was

associated with a quantitative increase in netrin expression levels, suggesting

that previously identified neural guidance cues are also important for vascular

development and are regulated by Cxs.

Is increased netrin signaling consistent with vascular defects in Cx

morphants?

Previous reports in the literature have implicated Netrin signaling in

angiogenesis (Freitas et al., 2008).  However, these studies have not served to
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clarify the exact mechanism of Netrin function during angiogenesis: competing

studies have suggested that the signals have attractive and repressive effects

on migrating endothelial cells (Lu et al., 2004; Wilson et al., 2006).  While Lu et

al. reported defects in the migratory paths of ISVs in the absence of the ligand

netrin1a or its receptor, Unc5b, Wilson et al. focused their analyses later in

development and found that the ISVs had resolved their migration.  However,

Wilson et al. showed that the PAV failed to develop in netrin1a morphant

embryos, a phenotype that is similar to the angiogenesis defects reported here

in Cx-deficient embryos.

In contrast to these previous reports showing the effects of netrin

depletion, the Cx knockdown studies presented here show defects in

angiogenesis that are associated with an increase in netrin expression.  This

prompts the questions: Could over-expression of netrin signaling yield the same

phenotype as reduced netrin expression?

Netrin molecules are known to function as chemoattractants for

angiogenesis events at low levels, while inhibiting migration at higher

concentrations (Yang et al., 2007).  The application of purified netrin proteins to

cultured endothelial cells has been shown to inhibit migration and tube

formation (Nacht et al., 2009).  These results suggest that a precisely regulated

level of netrin signaling is required for appropriate cell migration during

angiogenesis.
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The regulation of netrin signaling is also tightly controlled during axon

guidance, where netrins were first studied.  Once neurons reach their target

migration point, the signaling pathway is desensitized so that migration halts.

The molecular mechanism of this halt in signaling is thought to be mediated by

a self-inhibitory system, whereby Netrin protein induces the ubiquitination of its

receptor, DCC, which targets it for degradation by the proteasome (Kim et al.,

2005).  In Cx-deficient embryos, overexpression of net1b could result in

premature degradation of DCC prior to the complete migration of the developing

PAV.

Because of the effects on angiogenesis and vascular remodeling, Netrin

signaling has been recognized for its potential as a degenerative disease

therapeutic or an anti-cancer target.  It is possible that netrins, in appropriately

regulated amounts, could promote neovascularization in order to facilitate the

regeneration of diseased tissues (Wilson et al., 2006).  Alternatively, since

netrin signaling has also been shown to inhibit vascular tube formation and

tumor cell growth in culture through a phosphorylation mechanism (Nacht et al.,

2009), an anti-cancer therapeutic agent could be rationally designed.

Is the notochord-specific expression of Cx proteins involved in netrin

signaling and angiogenesis?

Since Cx43.4 and Cx43 have effects on vascular development through a

non-endothelial cell autonomous mechanism, we hypothesized that the
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expression of these two Cxs in the notochord is required to regulate vascular-

specific signaling cascades.  In zebrafish, Shh signaling from the notochord is

known to activate VEGF in the adjacent somites and stimulate a vascular

signaling cascade to promote the migration of angioblasts and the

differentiation of endothelial cells (Lawson et al., 2002).  In Cx-deficient

embryos, an apparent upregulation in shh expression in the notochord was

observed by in situ hybridization.  However, this upregulation was not verified

by RT-PCR.  It is possible that the increase in shh probe reactivity visualized by

in situ hybridization is reflective of a shortened and widened midline.  In this

case, an alteration in spatial Shh protein due to defects in the structure of the

midline could aberrantly upregulate netrin signaling.

Significance and future directions

These experiments have provided additional support for a requirement of

Cx proteins during vascular development.  In contrast to previously published

work on the roles of mammalian Cx45, the data presented here provide insight

into the early establishment of the vasculature.  Importantly, these data are the

first to associate Cx function with the newly identified role for netrins in

angiogenesis.

Although a non-endothelial cell autonomous role was described here for

Cx43.4, it remains unclear whether the notochord-specific expression of Cx43.4

and/or Cx43 is required for vascular development.  To test directly whether GJ
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communication in the notochord is necessary for vascular patterning,

pseudogenetic mosaic zebrafish embryos could be analyzed.  In these

experiments, donor embryos would be co-injected with Biotin-dextran to mark

the cells and Cx-specific MOs to knockdown the Cx in those cells only.

Blastomeres from the labeled donor embryo would then be transplanted into an

unlabeled, wildtype Tg(fli1:EGFP) host.  After transplantation, those embryos

with significant dextran-labeled notochord cells would be analyzed for defects in

angiogenesis using fluorescence microscopy.  It should be possible to ask

whether angiogenesis is normal or not in regions running along the notochord

where a high proportion of donor, Cx-deficient cells are located.  In addition,

RT-PCR experiments could be used to detect any changes in the expression

levels of vascular-specific genes.  These experiments could provide valuable

insights into the role of connexins in angiogenesis.
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MATERIALS AND METHODS

Zebrafish stocks and embryo culture

WT Danio rerio strains were obtained from Segrest Farms.

Tg(fli1:EGFP) and Tg(gata1:dsRed) strains were obtained from the colonies of

Dr. Steve Ekker.  All animals were housed according to established methods at

28.5°C.  Embryos were collected from natural matings, cultured in fish water

and staged according to morphological markers (Kimmel et al., 1995) prior to

analyses or fixation.

Morpholino injections

The following morpholino antisense oligonucleotides targeting cx43.4,

cx44.2, and cx43 were purchased from Gene-Tools (Corvallis, OR):

Cx43 #2 MO: 5!-AGGGAGTTCTAGCTGGAAAGAAGTA-3!

Cx43.4  #1 MO: 5!-CCGCGTAAGAAAACTCCAGCTCATG-3!

Cx43.4 #2 MO: 5'-TCAAGAAGTACCACCGTCTCAGTCC-3'

Cx43.4 mismatch MO: 5!-TCAtGAAcTACCACCGTCaCAGaCC-3'

Cx44.2 MO: 5'-AACGTGTCAAGAAGCTCCAACTCAT-3'

Zebrafish embryos were microinjected between the one- and four-cell

stages with various MO doses as described (Nasevicius and Ekker, 2000).
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Phenotypic analyses of transgenic embryos

Dechorionated fli1:EGFP/gata1:dsRed double-transgenic embryos were

anesthetized at 30 hpf and 50 hpf for analysis of vasculature morphology and

circulation using epifluorescence.  Vasculature was documented using a Zeiss

Apotome “grid-confocal” microscope and circulation was recorded with a Sony

Handicam using Apple iMovie software.  Gross morphology and heart function

were scored using a Zeiss dissecting microscope.

Gene expression studies

Whole-mount in situ hybridization studies used antisense digoxigenin-

labeled RNA probes and were conducted according to published methods

(Essner et al., 1996).  Embryos were permeabilized with Proteinase K and

hybridization proceeded at 65°C.  Upon detection of probe reactivity, embryos

were placed in PBST to quench the reaction, and images were collected on a

Zeiss dissecting microscope using a Nikon digital camera.  The analysis of

cx44.2 expression used a probe that was complimentary to the full length

coding sequence of cx44.2.  Other probes included those for sonic hedgehog

(shh), patched (ptc), vascular epithelial growth factor (vegf), ephrin (ephB2),

fms-related tyrosine kinase 4 (flt4), ve-cadherin (cadh5) (Larson et al., 2004.),

netrin1a (net1a) and netrin1b (net1b).

Whole-mount immunofluorescence was conducted as previously

described (Essner et al., 1996).  Briefly, embryos were fixed using 4%

paraformaldehyde and were dehydrated in EtOH.  Following rehydration
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through a methanol series, embryos were incubated in blocking solution (5%

goat serum, 2% BSA, 1% DMSO in PBS + 0.1% Tween 20) for 2 hours at room

temperature.  Primary antibodies (rabbit polyclonal Cx43.4 antibodies raised to

amino acid residues 338-350 (Desplantez et al., 2003) or rabbit Cx43 (gift from

Kathy Iovine, Lehigh University) were added to the blocking solution and

embryos were incubated overnight at 4°C.  Embryos were washed in 1% BSA,

1% DMSO in PBST and Alexa Fluor 568 goat anti-rabbit (Molecular Probes A-

11011, Eugene, OR) secondary antibodies at 1:500 were added to blocking

solution and incubated overnight at 4°C.  Following PBST washes, embryos

were mounted in Prolong Antifade (Molecular Probes) and images were

collected using a Zeiss “grid-confocal” microscope.

Rescue

The Cx43.4 coding sequence was cloned using the following 5! primer 5!-

ATGAGtTGGAGcTTcCTaACGCGGTTGTTG-3!.  This fragment was generated

with silent mutations (shown in lower case letters) to prevent recognition by

start codon-targeting MOs and cloned into the vector, pFRM2.1.  pFRM2.1

contains a carp !–actin promoter, which drives expression of Cx43.4 when

injected into zebrafish embryos at the one-cell stage.  20 pg or 60 pg of

rescuing DNA per embryo were used in these experiments.
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Quantitative real-time PCR

Total RNA was isolated from zebrafish embryos at the 10-somite stage

or 30 hpf using TRIzol reagent (Invitrogen).  500ng of RNA was reverse

transcribed using SuperScript II (Invitrogen) and OligodT primers.  3 ng of

template from the reverse transcription reaction was amplified with SYBR green

reagent (BioRad) and the following gene specific primers:

shh: 5!-acaatcccgacattatctttaagga-3! and 5!-tgtctttgcatctctgtgtcatga-3!

vegf: 5!-tccaggagtatcccgatgag-3! and 5!-gctttgacttctgcctttgg-3!

net1a: 5!-caggtaagctggtgggtgat-3! and 5!-cagagtttgcccatgtgttg-3!

net1b: 5!-cctgccttgtctcctttcag-3! and 5!-gggaccagagtgtgacaggt-3!

s6K: 5!-ggcacagtgacccacacttt-3! and 5!-aggtccctggcttcttgtgt-3!

The relative level of gene expression was quantified by the comparative cycle

threshold (Ct) method for quantification following normalization to S6K.  All

experiments were performed with at least three different RNA preparations and

Ct reactions were conducted in triplicate for each sample.
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Figure 1: Multiple connexin isoforms are expressed in the notochord
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Figure 1: Multiple connexin isoforms are expressed in the notochord

Lateral views of embryos with anterior to the left and dorsal up were processed

for whole-mount immunofluorescence (a-f).  Cx43.4 labeling (a-d) in a 10-

somite stage embryo (a) shows puncta throughout the midline and lateral

tissue.  At 20 somites (b), Cx43.4 labeling is seen throughout the length of the

notochord, anterior to the yolk extension.  Cx43.4 puncta are restricted to the

posterior notochord cells at 24 hpf (c).  The localization of Cx43.4 at 24 hpf is

abolished by MOs (d).  Cx43-specific labeling is seen throughout the notochord

of a control embryo (e) at 24 hpf.  Punctate staining in notochord cells (and

elsewhere) is abolished after injections of Cx43 MOs (f). Insets (c-f) are higher

magnifications.  cx44.2 transcripts, visualized by in situ hybridization methods,

are localized to the midline at 10 somites (g).  A cross section (h) shows cx44.2

expression in the notochord.
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Figure 2: Cx-deficient embryos have abnormal circulation
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Figure 2: Cx-deficient embryos have abnormal circulation

Lateral views of Tg(gata1:dsRed) embryos at 30 hpf, anterior is to the left.  The

circulation of a 30 hpf uninjected control embryo (a) is continuous through the

DA (arrow) and the PCV (arrowhead).  The vascular plexus (bracket) is

branched and well-developed.  Knock down of Cx43.4 (b) or Cx44.2 (c) affects

circulation through the major vessels.  Co-injection of Cx43.4 and Cx44.2 MOs

(d) shows similar disruptions in circulation.
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Figure 3: Cx43.4 morphants have slower heart rates at 48 hpf
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Figure 3: Cx43.4 morphants have slower heart rates at 48 hpf

The amount of time elapsed for the hearts of uninjected control and Cx43.4

knockdown embryos to beat 50 times was measured in two independent

experiments.  Data are representative and are calculated from embryos within

one injection experiment.  Data are plotted as averages +/- s.e.m, *p<1.7 x 10-7.
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Figure 4: Cx43.4- and Cx44.2-deficient embryos have defects in

angiogenesis
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Figure 4: Cx43.4- and Cx44.2-deficient embryos have defects in

angiogenesis

Lateral views of Tg(fli1:egfp) embryos at 30 hpf (a,c,e,g) and at 50 hpf (b,d,f,h),

anterior is to the left.  The vasculature of a 30 hpf uninjected control embryo (a)

is stereotypically organized and the ISVs (arrow) are well-developed and

continuous with the major vessels.  Knock down of Cx43.4 (c) or Cx44.2 (e)

affects migration of the ISVs (arrows).  Co-injection of Cx43.4 and Cx44.2 MOs

(g) shows similar disruptions in ISV development.  At 50 hpf, uninjected control

embryos (b) show a well-developed PAV (arrowhead).  Cx43.4 (d) and Cx44.2

(f) morphants show some resolution of ISV migration, however, the PAV is

discontinuous (arrowhead).  Cx43.4/Cx44.2 double-knockdown embryos (h)

have a disorganized vasculature with mis-patterning of the PAV (arrowhead)

and ISVs.
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embryos
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Figure 5: cadh5 expression is reduced in the PCV of Cx morphant

embryos

Lateral views (anterior to the left) of 30 hpf embryos processed for whole-mount

in situ hybridization (a-d).  An uninjected control embryo (a) has cadh5

expression in the dorsal aorta (arrow) and posterior cardinal vein (arrowhead).

Cx43.4 (b), Cx44.2 (c), and Cx43.4/Cx44.2 (d) morphant embryos have cadh5

expression in the dorsal aorta, but lack expression in the vein.
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Figure 6: Cx43.4 is not expressed in the developing vasculature of

Tg(fli:egfp) embryos
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Figure 6: Cx43.4 is not expressed in the developing vasculature of

Tg(fli:egfp) embryos

Co-localization of Cx43.4 and endothelial cells was analyzed during

vasculogenesis at 18 somites (a,c,e) and angiogenesis at 30 hpf (b,d,f).  Dorsal

view (anterior up) of Cx43.4 labeling (a) seen throughout the axial mesoderm.

fli1-expressing angioblasts (b), marked by EGFP, are positioned lateral to the

notochord.  (e) Merged image of (a) and (c).  Lateral view (anterior to the left) of

Cx43.4 labeling in a 30 hpf embryo (b) shows Cx43.4-positive puncta in the

posterior notochord cells (bracket) and a regular punctate pattern below the

notochord (arrowheads).  Endothelial cells (d) in the primary vasculature and

developing ISVs are marked by EGFP.  (f) Merged image of (b) and (d).
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Figure 7: Vascular-specific shh signaling cascade in Cx-deficient embryos
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Figure 7: Vascular-specific shh signaling cascade in Cx-deficient embryos

Whole-mount in situ hybridization using probes for genes in the shh signaling

cascade (a-h).  A 10-somite stage, uninjected control embryo (a) has normal

shh expression in the notochord.  A representative Cx43.4/Cx44.2 double

knockdown embryo (b) has a more intense shh signal in the notochord

(compare with a).  vegf expression in the somites of a control embryo (c) is

comparable to a Cx44.2 (d) and a Cx43.4/Cx44.2 morphant embryo (e).  flt4

expression in the posterior cardinal vein of a control embryo at 30 hpf (f) is

similar to a Cx43.4 (g) and a Cx43.4/Cx44.2 morphant embryo (h).
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Figure 8: net1b expression is upregulated in Cx morphants
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Figure 8: net1b expression is upregulated in Cx morphants

30 hpf embryos were processed for whole-mount in situ hybridization (a-d),

lateral views with anterior to the left.  net1b labeling in the floorplate cells of an

uninjected control embryo (a).  net1b staining is darker in representative Cx43.4

(b), Cx44.2 (c), and Cx43.4/Cx44.2 (d) morphant embryos.
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Figure 9: Increased net1b staining is partially rescued by Cx43.4 DNA
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Figure 9: Increased net1b staining is partially rescued by Cx43.4 DNA

30 hpf embryos were processed for whole-mount in situ hybridization (a-c),

lateral views with anterior to the left.  net1b labeling in the floorplate cells of an

uninjected control embryo (a).  net1b staining is darker in a representative

Cx43.4 morphant embryo (b).  Co-injection of Cx43.4 MOs and rescuing Cx43.4

DNA (c) shows net1b staining that is similar to wildtype (compare with a).

Multiple rescue experiments were scored for the percentage of embryos with

net1b staining similar to wildtype levels.  (d) Data are represented as averages

from two independent experiments +/- s.e.m., *p<0.03.
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Figure 10: Quantitative PCR reveals differences in gene expression in

Cx43.4 morphants
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Figure 10: Quantitative PCR reveals differences in gene expression in

Cx43.4 morphants

RNA was extracted from 30 hpf embryos and analyzed by RT-qPCR.  Data are

represented as ratios compared to uninjected control embryos after normalizing

to the levels of a standardized gene, S6K.  Mismatched (MM) control MOs show

no difference compared to control levels.  Data are plotted as averages of

independent experiments, +/- s.e.m.
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Table 1: Circulation defects in Cx43.4-deficient embryos at 30 hpf

      Cx43.4 Morpholino dose (ng)

Uninjected 2 4 8

Slow blood flow 0 20 0 0

Non-existent 0 0 0 85.7

Trunk or vasc. bed: reduced/absent 0 20 60 85.7

Heart and/or head only 0 0 20 14.3

Blood pooling 0 0 40 71

Overall abnormalities 0 (3) 40 (5) 80 (5) 100 (7)

ISV: migration/absent 0 60 80

PCV: reduced/absent 0 (8) 20 (10) 10 (10)
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Table 2: Circulation defects in Cx43.4-deficient embryos at 50 hpf

Cx43.4 Morpholino dose (ng)

Uninjected 2 4 8

Slow blood flow 0 0 0 14.3

Non-existent 0 0 0 14.3

Trunk or vasc. bed: reduced/absent 0 66.7 55 85

Heart and/or head only 0 0 0 0

Blood pooling 0 44 33.3 100

Overall abnormalities 0 (8) 66.7 (9) 77.8 (9) 100 (7)

ISV: migration/absent 0 (10) 46 (11) 90 (11) 100 (11)
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Table 3: Circulation defects in Cx44.2-deficient embryos at 30 hpf

Cx44.2 Morpholino dose (ng)

Uninjected 2 4 8

Slow blood flow 0 0 0 17

Non-existent 0 0 8 0

Trunk or vasc. bed: reduced/absent 0 23 70 33

Heart and/or head only 0 0 0 0

Blood pooling 0 23 70 100

Overall abnormalities 0 (9) 23 (13) 77 (13) 100 (6)

ISV: migration/absent 0 (9) 33 (15) 40 (15) 71 (7)
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Table 4: Circulation defects in Cx44.2-deficient embryos at 50 hpf

Cx44.2 Morpholino dose (ng)

Uninjected 2 4 8

Slow blood flow 0 0 7 0

Non-existent 0 0 0 0

Trunk or vasc. bed: reduced/absent 0 21 28 50

Heart and/or head only 0 0 0 0

Blood pooling 0 7 7 38

Overall abnormalities 0 (8) 21 (14) 21 (14) 50 (8)

ISV: migration/absent 0 (9) 13 (15) 13 (16) 88 (8)
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Table 5: Co-injection of Cx43.4 and Cx44.2 MOs affect the circulation at

30 hpf

Total Cx Morpholino dose (ng)

Uninjected 2 4 8

Slow blood flow 0 0 40 0

Non-existent 0 0 0 10

Trunk or vasc. bed: reduced/absent 0 25 30 30

Heart and/or head only 0 0 0 0

Overall abnormalities 0 (10) 50 (8) 90 (10) 90 (10)

ISV: migration/absent 0 (10) 46 (11) 90 (11) 100 (11)



173

Table 6: Co-injection of Cx43.4 and Cx44.2 MOs affect the circulation at

50 hpf

Total Cx Morpholino dose (ng)

Uninjected 2 4 8

Slow blood flow 0 0 36 9

Non-existent 0 0 0 9

Trunk or vasc. bed: reduced/absent 0 66.7 54 81

Heart and/or head only 0 0 0 0

Blood pooling 0 40 27.3 45

Overall abnormalities 0 (9) 40 (5) 64 (11) 64 (11)

ISV: migration/absent 11 (10) 71 (7) 63 (8) 100 (12)
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