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Abstract 

This study aimed to investigate the expression and function of three connexin subtypes: 

Cx30, Cx36 and Cx43, during neuronal differentiation. The study was performed using two 

in vitro models of differentiation: NT2/D1 and P19 EC cells. 

A temporal downregulation of Cx43 was confirmed in both cell lines during retinoic acid-

induced neuronal differentiation using RT-PCR and immunoblotting. This preceded a time-

dependent increase in the neuronal doublecortin (DCX) protein. Temporal upregulation of 

Cx30 and Cx36 were observed by RT-PCR, with Cx30 exhibiting a transient peak in 

expression at the midway point of the timecourse of differentiation. 

Qualitative immunocytochemistry was used to examine the spatial pattern of protein 

distribution for Cx30 and Cx43 during differentiation. Cx43 was observed both intracellularly 

and on cell surfaces, while Cx30 was seen only as puncta on the plasma membrane. The 

temporal pattern of immunolabelling was similar to that seen using RT-PCR and 

immunoblotting. Spatially the Cx30 puncta were observed to localise on clusters of cells with 

DCX-positive processes in their vicinity; Cx43 was primarily seen on DCX-negative cells. 

Two different types of overexpression systems were generated for the Cx30 and Cx43 genes 

entailing either bicistronic or bidirectional reporter coexpression. These were compared in 

order to determine the better system for further study; bicistronic reporter expression 

following the Cx43 gene was weak, resulting in poor colocalisation. The bidirectional 

expression systems were chosen for further investigation. 

The systems were transiently transfected and induced to overexpress Cx30 and Cx43, and the 

effect of Cx overexpression on the expression of DCX was measured. Cx43 was seen to 

reduce the proportion of DCX-positive cells while Cx30 did not affect the proportion of cells 

specifying towards neuronal commitment. 

Whilst further investigation is warranted it can be concluded from this study that the 

downregulation of Cx43 is required for normal neuronal specification while the transient 

upregulation of Cx30 may play an as yet undetermined role in differentiation of neuronal 

populations. 
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Chapter 1. Introduction and literature review 

 

 

1.1. Neurodegeneration and neurogenesis 

The brain is the seat of emotion, the source of intelligence and the root of personality. It is 

what uniquely defines the human condition and, via its myriad pathways, serves to generate 

thought and action. The great importance of the brain’s function is evident by the debilitating 

effects of its dysfunction. Among the numerous neurological disorders known to occur, the 

most common are typically marked by abundant neuronal cell death. Cerebral ischemia 

resulting in excitotoxic neuronal death can cause severe disability in movement, speech, 

sensory perception, memory and personality depending upon the location of the infarct. The 

death of cholinergic neurons underlies the progressive memory deficit in Alzheimer’s 

disease. The hallmark symptoms of Parkinson’s disease, tremor, rigidity and slowness of 

movement are caused by a loss of dopaminergic neurons. 

Many tissues have some capacity for regeneration after injury. Parenchymal cells in the liver, 

osteoblasts, fibroblasts and other connective tissue cells can be stimulated to divide, 

differentiate and replace cells lost to injury and disease. However, the generation of new 

neurons, neurogenesis, was originally thought to be limited to the period of embryonic and 

fetal development. This inability to endogenously generate new neurons to replace those lost 

in injury and disease was a limiting factor in the treatment of neurodegeneration. This 

classical dogma of neuroscience was held until the 1960s. Altman showed that radioactive 

deoxythymidine, one of the bases that form DNA, was incorporated into cells in the adult 

rodent brain (Altman, 1962). This indicated that cellular proliferation was taking place in the 

adult rodent brain as deoxythymidine could only have been incorporated into dividing cells. 

Kaplan and Hinds subsequently combined this autoradiography approach with electron 

microscopy to demonstrate that these newly generated cells were indeed neurons (Kaplan and 

Hinds, 1977). 

While adult neurogenesis had been demonstrated in animal models for decades thereafter, 

adult human neurogenesis was not conclusively established until the late 1990s. Eriksson and 
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colleagues identified neural stem cells in the adult human dentate gyrus and subventricular 

zone (SVZ) analogous to the neurogenic pools in adult rodents and non-human primates. The 

stem cells in the dentate gyrus were shown to differentiate into neurons and glia in the 

hippocampus, while the latter have been elucidated to require migration via a rostral 

migratory stream prior to differentiation in the olfactory bulb (Eriksson et al., 1998, Curtis et 

al., 2007). This presence of neural progenitor cells and endogenous neurogenesis in the adult 

human brain has provided a new potential avenue for treatment of neurodegeneration. 

However, endogenous neurogenesis is limited in both location and scale, therefore means of 

enhancing or supplementing this natural process are currently under investigation. 

 

1.1.1. Neuronal transplantation therapy 

Externally-derived neurons and neural precursor cells may offer a means of replacing 

neuronal populations lost to disease. These external sources are either clonal cell lines that 

have demonstrated the ability to differentiate into neural lineages or, more recently, isolated 

and expanded embryonic human neural stem cells. However, there are still ethical and 

technical issues surrounding use of cells of embryonic origin, that are likely to limit their 

widespread availability. 

Alternate sources of neural progenitors include clonal cell lines such as the human neuron-

committed teratocarcinoma (NT2/D1) cell line. These cells undergo differentiation into 

postmitotic neurons (Pleasure et al., 1992) and astrocytes (Bani-Yaghoub et al., 1999b) via 

treatment with the morphogen retinoic acid (RA) and mitotic inhibitors. This cell line is also 

a commonly used model for the investigation of neural differentiation. NT2/D1 cells have 

also been shown to differentiate into oligodendrocyte-like cells in vivo in the rodent (Ferrari 

et al., 2000) indicating potential for all three major neural lineages. Clonal cell lines, like the 

NT2/D1 cell line, offer several advantages as a source of precursor cells for transplantation 

therapy; they are virtually unlimited, pathogen free and have been reported to be amenable to 

genetic modification. They also lack the ethical issues associated with cells of embryonic or 

fetal origin. 

Transplantation of NT2-derived neurons as well as the NT2/D1 progenitor cells has being 

investigated in stroke and progressive neurodegenerative disorders with mixed results. In a 

quinolinic acid-lesion rat model of Huntington’s disease, NT2-derived neuron grafts resulted 
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in improved scores in motor function tests compared to sham controls (Hurlbert et al., 1999). 

In the mutant superoxide dismutase mouse model of amyotrophic lateral sclerosis, 

transplantation of NT2-derived neurons delayed onset of motor symptoms and increased 

average lifespan (Garbuzova-Davis et al., 2002). Conversely in the 6-hydroxydopamine-

lesion rat model of Parkinsonism, no significant functional improvement was observed after 

grafts of NT2-derived neurons (Baker et al., 2000). NT2-derived neurons have also been 

safely implanted in nine human stroke patients as part of a Phase 2 clinical trial, and an 

increase in the mean score of a collection of neurological tests was suggested, however, this 

change was not statistically significant (Kondziolka and Wechsler, 2008). 

While the treatment strategy has much potential, there are still issues regarding neoplastic 

reversion, improper electrical properties and preferential gliogenesis. While postmitotic NT2-

derived neurons have not been observed to revert to a neoplastic state, the behaviour of 

implanted NT2/D1 cells depends on the location of implantation. NT2/D1 cells implanted 

into the subarachnoid space, superficial neocortex and lateral ventricles of nude mice 

underwent tumour formation, while implantation to the caudoputamen resulted in 

differentiation (Miyazono et al., 1995).  

Another major issue in cell transplantation therapy is the preferential gliogenesis that 

precursor cells undergo when they are implanted into non-neurogenic regions. Human 

embryonic stem cells were implanted into non-neurogenic regions, the substantia nigra and 

striatum, of the rat brain. The majority of these implanted cells that underwent differentiation 

ultimately presented astroglial markers (Rubio et al., 2000). Another study also found that a 

significant proportion fetal neural precursor cells grafted into the rat striatum underwent 

astrocytic differentiation, while many cells failed to differentiate at all (Englund et al., 2002). 

The electrical properties of in vitro differentiated NT2-derived neurons and embryonic rat 

cortical neurons have been reported. It was found that NT2-derived neurons formed clusters 

while the embryonic cortical neurons were more evenly distributed (Gortz et al., 2004). NT2-

derived neurons also exhibited less synchronous firing. These neurons also showed reduced 

sensitivity to magnesium and the NMDA receptor antagonist 2-amino-5-phosphonovaleric 

acid, suggesting development of NMDA receptors was incomplete (Gortz et al., 2004). More 

native electrical properties may occur if NT2/D1 progenitor cells rather than postmitotic 

NT2-derived neurons are implanted and directed to differentiate in vivo; however, this would 

require greater control of differentiation to avoid tumour formation. 
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The factors governing the differentiation of precursor cells towards particular phenotypes are 

far from completely understood. A greater understanding of these factors is needed in order 

to overcome the aforementioned issues and to maximize the potential of this therapeutic 

strategy. 

 

1.1.2. The process of neurogenesis 

Neural stem and precursor differentiation occurs via a sequence of steps. These cells are 

initially actively proliferating and express intermediate filament proteins of both neuronal 

lineage, such as nestin, and glial lineage such as glial fibrillary acidic protein (GFAP). They 

subsequently commit to a neuronal lineage gradually losing GFAP expression. During this 

stage of differentiation their proliferative potential is reduced and they begin expressing key 

markers such as the microtubule associated protein, doublecortin (DCX), which is required 

for the migration of immature neurons and neuroblasts. Following migration, DCX 

expression subsides and young neurons begin maturation, extending neuritic processes that 

will form axons and dendrites for synaptic integration (reviewed in von Bohlen Und Halbach, 

2007). 

Neural stem and precursor cells can differentiate into three different lineages, neurons, 

astrocytes and oligodendrocytes. While it has been shown that application of exogenous 

morphogens and trophic factors such as retinoic acid (RA), nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF) and basic fibroblast growth factor (bFGF) can induce or 

promote neurogenic processes in many models, the mechanisms underlying differentiation 

and lineage specification have yet to be fully elucidated. 

A fundamental step in neuronal differentiation is cell cycle exit, the transition from mitotic to 

postmitotic state. Under normal growth, actively proliferating cells undergo a series of stages 

resulting in mitosis. Briefly, in the growth (G1) phase cells undergo synthesis of the protein 

machinery required for DNA synthesis. In the synthesis (S) phase DNA replication occurs, 

followed by the G2 phase where further synthesis of proteins required for cell division takes 

place. Subsequently, the mitosis (M) phase occurs resulting in nuclear and cytoplasmic 

division and returning cells to the G1 phase (Schafer, 1998). In order for neural precursor 

cells to become postmitotic neurons they must be permanently arrested in a quiescent state 

after mitosis referred to as the G0 state. 
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Of recent interest is the relationship between the machinery of cell cycle regulation and the 

process of differentiation beyond cell cycle exit. There is increasing evidence that 

components of cell cycle regulation are factors that influence the downstream specification 

and maturation of neural cells. Additionally, as previously mentioned, the microenvironment 

in the vicinity of neural stem cells and progenitors can greatly affect their differentiation. 

 

1.2. Regulation of neuronal differentiation 

1.2.1. Cyclins and cyclin-dependent kinases 

The cyclins and cyclin dependent kinases (CDKs) are part of the cellular machinery that 

mediates transition through the various stages of the cell cycle. Specifically, D-type cyclins 

form active complexes with CDK4/6 and A- and E-type cyclins form complexes with CDK2 

to mediate the transition from G0/G1 to S phase. These complexes are therefore antithetical to 

cell cycle arrest and differentiation. 

One mechanism by which classical cyclin-CDK complexes act is to hyperphosphorylate 

proteins of the retinoblastoma (Rb) gene family and inactivate their function (Harbour et al., 

1999). When active, retinoblastoma protein (pRb) binds to the transcription factor, E2F, 

preventing E2F-dependent transcription of proliferation genes (Dyson, 1998). In addition to 

promoting cell cycle exit, pRb serves to relieve inhibition of basic helix-loop-helix (bHLH) 

transcription factors involved in cell specification and differentiation. Blockade of bHLH 

transcription factor activity can be achieved via overexpression of Id2, a member of a family 

of proteins that dimerises with bHLH proteins and prevents their DNA binding. This 

blockade resulted in prevention of neuronal differentiation in cortical progenitors. However, 

the effect can be reversed by constitutive expression of pRb (Toma et al., 2000). Thus 

reduced expression of classical cyclin/CDK and inhibition of their function is a requirement 

for induction of neurogenesis. 
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1.2.2. Cyclin-dependent kinase inhibitors 

As the classical cyclins and cyclin-dependent kinases facilitate the perpetuation of the cell 

cycle, cyclin kinase inhibitors are critical for cell cycle arrest and subsequent differentiation. 

Two in particular, p27 and p21, are known to interact with all cyclin-CDK complexes. 

1.2.2.1. CDK inhibitor p27 and neural differentiation 

The CDK inhibitor p27 has exhibited a role in differentiation in all three major neural 

lineages, via its ability to bind and inhibit CDKs involved in G1 to S phase transition. In RA-

induced neuronal differentiation of NT2/D1 cells an increase in p27 has been observed and a 

causal relationship was established by vector-mediated expression of p27 antisense. 

Antisense knockdown of p27 expression resulted in NT2/D1 cells being unable to arrest 

growth and differentiate (Baldassarre et al., 2000). A greater number of neurons were 

observed during RA-induced differentiation of the NT2/D1 cell line when modified to 

constitutively express p27 (Bahrami et al., 2005). Similarly, in the Neuro2A cell line, 

neuronal differentiation was associated with a marked increase in p27 expression and 

p27/CDK2 complexes (Perez-Juste and Aranda, 1999). 

In addition to growth arrest via inhibition of CDK2, p27 appears to have neurogenic activity 

independent of cell cycle regulation. Overexpression of p27 results in the premature 

expression of neuronal markers such as class III β-tubulin (Tuj1), while short interfering 

RNA (siRNA)-based inhibition of p27 results in a deficit of neuronal marker expression. This 

effect appears to be mediated via a stabilization of the bHLH neurogenin2 (Nguyen et al., 

2006). The authors postulated that p27 may interfere with E3 ubiquitin ligase mediated 

degradation of neurogenin2, or conversely p27 may bind to and protect neurogenin2 from 

degradation, in a similar fashion to an interaction during muscle differentiation between the 

CDK inhibitor p57 and MyoD, a myogenic bHLH transcription factor. 

Interestingly, while classical cyclins/CDK complexes are generally downregulated as 

differentiation progresses, one particular CDK serves an atypical role. CDK5 and its non-

cyclin activators p35 and p39, appear to be important for proper neural development. Ectopic 

expression of either p35 or p39 promoted neuritogenesis in rat hippocampal progenitors, via a 

CDK5 dependent mechanism, while antisense inhibition of p39 prevented bFGF induced 

neurite outgrowth (Xiong et al., 1997). The importance of complexes of CDK5 and its non-

cyclin activators appears to be restricted to late neurogenesis as in more immature neuroblasts 
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CDK5 kinase activity is not detected. CDK5/p35 may serve its function in late neurogenesis 

by stabilizing cyclin kinase inhibitors. The non-cyclin activator p35 appears to protect CDK5 

from inactivation by p27 (Lee et al., 1996), and CDK5/p35 has been shown to complex with 

and protect p27 from proteosomal degradation (Kawauchi et al., 2006). 

While Nguyen and colleagues (Nguyen et al., 2006) have suggested a neurogenic niche for 

p27, in the Xenopus embryo overexpression of p27 has also been found to promote an 

astrocytic phenotype in the retina; p27 was found to induce differentiation of Müller glia 

rather than bipolar neurons (Ohnuma et al., 1999). The study proposed a threshold level of 

p27 expression which once surpassed, specified a glial cell fate as opposed to neuronal 

differentiation. Cell cycle exit of O-2A macroglial precursor cells required for 

oligodendrocyte differentiation was also shown to require p27 expression (Zezula et al., 

2001) and the expression of p27 has been shown to be increased during astrocytic 

differentiation of central glia-4 (CG-4) astrocytic precursor cells (Tikoo et al., 1997). 

 

1.2.2.2. CDK inhibitor p21 and neural differentiation 

Like p27, the CDK inhibitor p21 has been shown to be important in neural differentiation via 

both growth arrest and cell cycle independent activity. During neuronal differentiation of the 

pheochromocytoma 12 (PC12) cell line via NGF-induction there is an increase in p21 

expression. Overexpression of p21 in concert with NGF stimulation has been shown to result 

in accelerated neural differentiation of PC12 cells (Erhardt and Pittman, 1998b). 

Additionally, ectopic overexpression of p21 alone resulted in a reduction in CDK2 and CDK4 

levels and kinase activity as well as increases in cyclin D1 and E; these changes in expression 

were similar to NGF-induced differentiation (Erhardt and Pittman, 1998a). Growth-arrested 

p21 overexpressing cells treated with epidermal growth factor (EGF) also exhibited 

significantly increased neuritogenesis. Antisense inhibition of p21 results in programmed cell 

death of differentiating neuroblastoma cells further indicating that NGF-induced 

differentiation requires p21 expression (Poluha et al., 1996). In glial lineage differentiation, 

p21 has also exhibited an effect on differentiation independent from growth arrest. p21 

knockout mice show delayed myelination, and O-2A cells from p21 knockout mice show 

normal exit from the cell cycle, although they failed to differentiate (Zezula et al., 2001). 
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Further supporting the link between neurogenesis and cell cycle exit is the effect of vector-

mediated expression of bHLH transcription factors that promote neurogenesis in PC12 cells. 

These cells, engineered to overexpress neuroD, neurogenin1 and Mash1, developed into Tuj1 

expressing neurons without extrinsic stimulus. This differentiation was preceded by a 

requisite increase in p27 expression that induced further endogenous bHLH expression 

(Farah et al., 2000). NeuroD has also shown an ability to induce p21 expression (Mutoh et al., 

1998). 

 

1.2.3. Purinergic signalling 

Another important factor in differentiation is purinergic signalling. Purinergic receptors 

include the P1 class, which utilizes cAMP as a ligand and the P2Y and P2X receptor classes, 

which are activated by adenosine triphosphate (ATP). The latter classes mediate the 

propagation of calcium waves. This calcium signalling appears to have a negative role in 

differentiation. It has been reported that such calcium signalling promotes proliferation of 

radial glia (Mishra et al., 2006) and thus may antagonise neuronal differentiation. It has also 

been shown that calcium waves can negatively regulate neurite extension (Gu and Spitzer, 

1995).  

Despite the potentially inhibitory effect of calcium waves on neuronal differentiation, 

purinergic signalling may act via calcium-cascade independent mechanisms to enhance 

neural differentiation. Purinergic signalling appears to enhance NGF-induced neurite 

outgrowth in PC12 cells, and this enhancement is abolished by antagonists of P2 receptors 

(D'Ambrosi et al., 2000). This enhancement of neuronal maturation by P2 receptor activation 

via elevated ATP or application of 2MeSATP, a P2 agonist, has also been exhibited in 

cultured embryonic cortical neurons (Cotrina et al., 2000). 

  



Chapter 1 – Introduction and literature review 

9 
 

1.3. Connexins and gap junctions 

1.3.1. Connexin structure and gap junction assembly 

Connexins (Cxs) are a multigenic family of more than 20 proteins that comprise the 

fundamental subunits for gap junctions. At least 11 of the subtypes are known to be expressed 

in the central nervous system (CNS) (for review see Rouach et al., 2002, Sohl et al., 2005). A 

schematic representation of Cx structure and types of gap junctions is depicted in Figure 1.1. 

Cxs form hexameric assemblies, referred to as connexons or hemichannels. These connexons 

can be composed of a single type of Cx (homomeric) or multiple types of Cxs (heteromeric). 

In turn, two identical (homotypic) or non-identical (heterotypic) connexons can combine to 

form a single axial channel between two apposed cells that accumulate together in the plasma 

membrane to form an area of gap junction channels (Sohl et al., 2005). This is collectively 

referred to as a gap junction plaque. 

All Cxs consist of four transmembrane domains with two extracellular loops, one 

intracellular loop and intracellular N- and C-termini. Although the transmembrane domains 

and, to a lesser extent, extracellular loops are moderately well conserved between different 

paralogous subtypes, the C-terminal region is more heterogeneous (Hua et al., 2003). This is 

likely related to the functional relevance of these domains. The transmembrane domains 

collectively form the connexon pore and the extracellular loops determine connexon-

connexon docking and thus subtype compatibility. However, the intracellular domains, 

particularly the C-terminus, have been shown to have significance to voltage gating, substrate 

permeability and unitary conductance properties and thus show the least homology (Wang et 

al., 1996, Manthey et al., 2001). Furthermore, it is now thought that the Cx C-terminus is 

involved in protein-protein interactions with signalling molecules (Ai et al., 2000) and this 

may also be a cause for the lower C-terminal homology between subtypes. 

Cxs are generally phosphoproteins, with phosphorylation state being the major post-

translation modification governing gap junction assembly, trafficking, gating and 

degradation. The effects of phosphorylation are complicated, as they are subtype-, kinase- 

and timing-dependent (Lampe and Lau, 2004). 
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1.3.2. Overview of connexin function and properties 

Gap junctions are responsible for direct cell-to-cell communication, allowing the passage of 

ions, metabolites and second messengers (Sohl et al., 2004). Gap junction mediated coupling 

represents a major route of intercellular signalling, prior to formation of chemical synapses 

during development in the CNS (Bruzzone and Dermietzel, 2006). Cxs also provide a 

significant communication pathway in the adult CNS (Zoidl and Dermietzel, 2002, Sohl et 

al., 2005). The properties of gap junctions vary due to the combinative assembly of Cxs into 

gap junctions and the diverse properties of Cx subtypes. Thus, the composition of gap 

junctions determines the types of metabolites and messengers that are allowed passage 

(Bruzzone et al., 1996). 

The Cx subtypes are diverse in their gating and conductance properties. Single channel 

unitary conductances range from <15 picosiemens (pS) (connexin 36, Srinivas et al., 1999) to 

300 pS (connexin 37, Reed et al., 1993). Voltage gating also varies with Cx36 being the most 

insensitive to changes in transjunctional voltage (Srinivas et al., 1999). However, these 

properties do not always reflect relative permeability to specific cytosolic metabolites, for 

example Cx32 has a lower unitary conductance than Cx26 but is more permeable to Lucifer 

yellow dye (Cao et al., 1998). Overall Cx43 and Cx32 are considered highly permeable while 

Cx36 and Cx45 are considered relatively selective (Harris, 2007). Cx43 is also considered 

non-selective for substrate charge, while other subtypes show charge selectivity such as the 

highly cation selective Cx30 subtype (Harris and Locke, 2008). 

In addition to coupling to form gap junctions, connexons are now known to form functional 

hemichannels that can open in response to certain stimuli. The most extensively characterised 

of these are hemichannels formed by Cx43. Cx43 hemichannels are thought to facilitate the 

passage of small molecules that serve as paracrine messengers. Of particular importance, Cx 

hemichannels are known to mediate ATP release activating purinergic receptors on adjacent 

cells. This can result in activation of phospholipase C and synthesis of inositol triphosphate, 

leading to calcium release into the extracellular milieu. Hemichannels therefore are essential 

for paracrine purinergic and calcium signalling (reviewed in Evans et al., 2006). 

In addition to their traditional function in intercellular communication, new evidence suggests 

gap junction intercellular communication (GJIC) independent roles for Cxs (Jiang and Gu, 

2005). Both GJIC-dependent and –independent mechanisms of action are potentially relevant 
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to the factors regulating the differentiation of neurons, astrocytes and oligodendrocytes, 

mentioned above. 

 

1.4. Expression of connexins during neural differentiation 

Evidence from in vitro and in vivo studies suggests that Cx subtype expression is cell type 

specific in the brain and elsewhere. The levels of Cx subtype expression are regulated over 

the course of neural differentiation, indicating that specific subtypes are important in 

determining the cell fate and driving neural precursor cells towards neuronal or glial 

phenotype. 

In cell culture models of differentiation Cx43 and/or 26 are generally abundantly expressed in 

undifferentiated precursor cells. These subtypes are seen to decline during neurogenesis in 

cell culture models of neuronal differentiation and during in vivo neuronal development. 

Conversely astrocytes maintain or increase the level of Cx43 expression during their 

development. 

During a prior study of RA-induced differentiation of NT2/D1 cells, neural precursor cells 

were observed to express Cx36 mRNA; however, detection was stronger in mature, 

differentiated NT2-derived (hNT) neurons. This differential expression of Cx36 was 

contrasted by an absence of Cx43 in hNT neurons and the authors noted an important 

consideration that Cx43 is one of the most permeable of the subtypes, while Cx36 is 

considered one of the most selective. They suggest a reduction in GJIC due to Cx36 replacing 

Cx43 may be a relevant factor in the necessity of Cx36 for a neuronal lineage (Boucher and 

Bennett, 2003). Similarly, in the analogous murine P19 EC cell line, when cells were 

differentiated into neurons via RA induction they showed no detectable Cx43, although Cx26 

expression was retained (Belliveau et al., 1997). P19 EC cells differentiated into GFAP 

expressing astrocytes continued to express Cx43 (Belliveau et al., 1997). 

Cx expression has also been examined in vivo in the rodent postnatal brain. The neonatal 

period roughly corresponds to the third trimester of human gestation, with a postnatal day 12 

(P12) rat corresponding to a full term newborn human (Romijn et al., 1991). Cx36 has been 

identified as a neuron-specific Cx that is developmentally regulated in the rat brain. 

Expression of Cx36 has been shown to steadily increase in postnatal development peaking at 
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P15, then subsequently decreasing to lower levels between P16-P19 (Arumugam et al., 2005). 

However, expression of Cx36 is still prevalent in various regions of the adult rat brain and 

spinal cord (Rash et al., 2000). 

Cx45 has been identified as another neuronal Cx. Cx45 has been shown to be expressed 

widely from embryonic day 19 up until P14 in the mouse brain. However, the spatial pattern 

of expression was progressively restricted to the thalamus, hippocampus and cortex 

(Maxeiner et al., 2003). Cxs were also examined in the developing rat midbrain. Tyrosine 

hydroxylase (TH), a marker of dopaminergic neurons, was colocalised with Cx26. This 

colocalisation increased during the first postnatal week and was observed on both soma and 

neurites. However, the colocalisation was sparse in the adult rat brain (Leung et al., 2002). 

The number of Cx32 plaques on TH-positive cells was initially high in the embryonic rat 

midbrain and gradually decreased during development at P4, P7 and in the adult rat brain. 

However, the size of Cx32 plaques was observed to gradually increase as the number of these 

plaques decreased (Leung et al., 2002). 

While Cx43 is expressed throughout astrocytic differentiation, the spatial profile of 

expression changes during gliogenesis. Radial glia precursor cells in the rat brain were shown 

to express Cx43 along their processes but not cell bodies at P1 (Yamamoto et al., 1992). 

However by P5, astrocytes began to mature and Cx43 staining was observed on shorter 

stellate processes, and by P15 Cx43 staining becomes punctate and distributed around 

neuronal cell bodies and neuropil (Yamamoto et al., 1992). 

The profile of Cx30 expression in astrocytes differs from Cx43, occurring much later in 

development. Astrocytic Cx30 expression was observed to be weak even at P15 in the rat 

brain and subsequently increased 20-fold to levels observed in the adult rat brain. However, 

the spatial pattern of Cx30 expression was punctate from the first onset of expression (Nagy 

et al., 1999). Astrocytes in the adult rat are reported to also express Cxs 26, 40 and 45 

(Rozental et al., 2000, Nagy et al., 2001). 

The major oligodendrocytic gap junctions are comprised of two Cx subtypes: Cx32 and 

Cx29. In the rat, Cx29 appears to be regulated in a temporospatial manner. The expression of 

Cx29 moves from being predominantly on oligodendrocyte soma in the earlier postnatal 

period of the rat, to being predominantly on the myelin fibres in the adult rat. Cx32 likewise 

cannot be detected in the embryonic CNS, but gradually increases in expression during brain 

development (Dermietzel et al., 1989). 
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1.5. Evidence indicating a role for connexins in neural 

differentiation 

Cxs play a role in differentiation in various tissues. Keratinocyte differentiation in skin 

requires Cx26 and Cx43 expression (Lucke et al., 1999, Langlois et al., 2007). Cxs contribute 

to mesenchymal stem cell maturation and osteoblast differentiation in the development of 

bone (Li et al., 2006). Lens differentiation can be promoted by exogenous Cx45.6 expression 

(Gu et al., 2003). Ectopic expression of Cx43 alone has been shown sufficient to initiate early 

stages of myogenic differentiation in rhabdomyosarcoma cells (Proulx et al., 1997). Although 

the exact roles of the different Cx subtypes remain unclear there is growing evidence to 

suggest that Cxs may also play a role in neural differentiation. 

Common extrinsic inducers of neural differentiation are capable of causing increased Cx 

expression and GJIC. Application of dibutyryl cyclic AMP (dbcAMP) and RA to 

neuroblastoma cells and fibroblast growth factor-2 (FGF-2) to cultured dopaminergic neurons 

has been shown to cause an increased Cx43 expression and/or increased GJIC (Carystinos et 

al., 2001, Leung et al., 2001). Nerve growth factor has been shown to induce sustained 

phosphorylation of Cxs resulting in increased GJIC during neurite extension (Cushing et al., 

2005). The function of Cxs in neural differentiation is still being characterised but they are 

believed to regulate several of the other factors previously described. 

Cx expression affects the extracellular microenvironment, direct intercellular communication 

and intrinsic gene and protein expression. Evidence to suggest their significance is manifold: 

1) the facilitation of purinergic signalling by Cx hemichannels; 2) the relationship between 

Cxs and the cell cycle regulators aforementioned, which may mediate a role in neural 

differentiation; 3) the recent evidence indicating Cxs can elicit changes in gene expression 

relevant to neural differentiation; and perhaps most importantly 4) the effect of blockade of 

GJIC, knockout of specific Cxs or overexpression of specific Cxs on neural differentiation.  
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1.5.1. Connexin regulation of the extracellular microenvironment 

The enhanced neurotrophin-induced neurite outgrowth resulting from purinergic signalling is 

dependent upon release of ATP into the extracellular milieu. As previously noted this ATP 

release is facilitated largely via Cxs and thought to occur via Cx hemichannels formed by 

Cx43 (Stout et al., 2002). However, it has recently been shown that Cx32 and Cx36 are also 

capable of forming functional hemichannels and releasing ATP (De Vuyst et al., 2006, 

Schock et al., 2008). 

C6 glioma cells transfected with Cx43 were found to release ATP via Cx hemichannels 

elevating the extracellular concentration of this signalling molecule. When these glioma cells 

were co-cultured with embryonic cortical neurons there was promotion of neuritogenesis, 

while no such significant effect occurred with Cx deficient controls (Cotrina et al., 2000). 

Instructive radial glia are thought to guide and promote neurite extension, and this form of 

hemichannel signalling may be a mechanism by which that occurs (Cotrina et al., 2000). 

In a more recent study, overexpression of Cxs 32 and 43 in the natively GJIC-deficient PC12 

cell line also resulted in enhanced neuritogenesis during NGF-induced differentiation. This 

was confirmed as purinergic signalling-dependent as blockade of P2Y receptors abolished 

this augmentation of neurogenesis (Belliveau et al., 2006). The major neural Cx subtypes are 

also permeable to the purine cAMP (Bedner et al., 2006), a molecule implicated in enhancing 

neurogenesis. However, the effect of cAMP appears to be mediated by cAMP response 

element binding rather than P1 adenosine receptor signalling (Zhu et al., 2004). 

Conversely, hemichannels are known to be required for initiation of calcium waves. The 

propagation of calcium waves via hemichannels may promote proliferation of precursor cells, 

as disruption of calcium waves has been shown to inhibit proliferation in the ventricular zone 

during neurogenesis (Weissman et al., 2004). Thus, whether regulation of the extracellular 

microenvironment by Cxs enhances or inhibits neuronal differentiation is not entirely 

understood. 

The pannexins are another class of channel proteins that while lacking any sequence 

homology are topologically similar to the Cxs (Panchin et al., 2000, Yen and Saier, 2007). 

They could also play a role in the regulation of the extracellular environment and 

consequently neuronal development. As the pannexin proteins are heavily glycosylated they 

are not believed to form gap junction channels (Boassa et al., 2007), however, they are 
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thought to form functional hemichannels and thus could contribute to the initiation and 

propagation of calcium waves. Pannexin2 has been shown to be potentially inhibitory 

towards neuronal differentiation as knockdown of pannexin2 has been shown to accelerate 

Neuro 2A cell differentiation (Swayne et al., 2010).  

 

1.5.2. Connexins and cell cycle regulation 

Cx expression is generally accepted as important in the control of cellular proliferation 

(reviewed in Trosko et al., 1990, Vinken et al., 2006, Kardami et al., 2007). While this has 

been examined in models of aberrant proliferation, under normal growth the same molecular 

mechanisms may underlie a regulatory role of Cxs in differentiation.  

Most if not all solid tumours exhibit some level of deficiency of gap junctional 

communication and/or Cx expression. It is also known that tumour promoting chemical 

agents and oncogene expression reduces GJIC (reviewed in Trosko et al., 1990). Additionally 

cell lines cultured from Cx43 knockout mice display a transformed phenotype (Martyn et al., 

1997). 

A direct tumour suppressive effect of Cxs has been established by transfection into neoplastic 

cell lines (Eghbali et al., 1991, Zhu et al., 1991, Mesnil et al., 1995). However, this tumour 

suppression appears to require the expression of the Cx subtype native to the cell type. Cx26, 

Cx32 and Cx43 are expressed respectively in cervical epithelium, hepatocytes and glial cells 

(Eghbali et al., 1991, Zhu et al., 1991). Growth suppression of HeLa cells derived from 

tumour of the cervical epithelium was achieved by expression of Cx26 (Mesnil et al., 1995). 

Likewise Cx32 and Cx43 expression exerted tumour suppression on hepatoma and glioma 

cells respectively. However, Cx40 and Cx43, not normally expressed in cervical epithelium, 

failed to suppress proliferation (Mesnil et al., 1995). This effect appears to be mediated in a 

GJIC-independent manner, as Cx40 and Cx43 transfectants exhibited the same level of GJIC 

as Cx26 transfectants (Mesnil et al., 1995). The cell type specificity observed with regard to 

the major neural Cx subtypes may indicate that the same mechanisms that mediate the 

antiproliferative effects of Cx expression are also important in the regulation of lineage 

specification. 
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Several studies suggest that Cxs may suppress tumours by manipulating cell cycle regulators. 

In a transformed kidney epithelial cell line transfection of Cx43 reverted the cells to a less 

neoplastic morphology and significantly lengthened doubling time (Chen et al., 1995). These 

phenotypic changes were accompanied by decreases in D cyclins and CDK5 and CDK6. 

Downregulation of cyclin D/CDK6 complexes would serve to arrest cells in G1/G0; however, 

the reduction in CDK5 may be of more relevance to neural differentiation. As CDK5 has a 

putative neurogenic role in differentiation, the observed effect of Cx43 may negatively 

impact later stages of neurogenesis, and thus may necessitate the observed downregulation of 

this subtype. Alternatively, persistence of Cx43 expression, observed in glial cells, may be 

intended to promote an astrocytic cell fate by reducing CDK5 activity. 

Another mechanism mediating the tumour suppressing effect of Cxs was presented by Zhang 

et al. (Zhang et al., 2003). They report that forced Cx43 expression in an osteosarcoma cell 

line results in reduced proliferation. This was accomplished via reduction of levels of the S-

phase kinase 2 (Skp2) protein. Skp2 ubiquitinates the CDK inhibitor p27 leading to its 

proteolysis. Thus Cx43 expression indirectly causes an elevation in p27. This likely works 

synergistically with more classical GJIC allowing passage of cAMP into the cells, as cAMP 

is also known to elevate p27 levels (Kato et al., 1994). This mechanism was subsequently 

observed in a variety of other cell types including HeLa, cervical carcinoma and glioma cell 

lines. 

As noted earlier, p27 is no longer considered solely a cell cycle regulator and is thought to 

participate in neural cell fate determination. Applying the threshold model proposed for 

Müller glia determination (Ohnuma et al., 1999) more broadly, persistent and increased Cx43 

expression that is seen during glial development may result in accumulation of p27 above a 

certain level to promote an astrocytic cell fate. The reduction in Cx43 observed in 

neurogenesis may be required to maintain p27 below this threshold allowing a neuronal 

lineage specification. 

The other major CDK inhibitor, p21, shown to be important to cell cycle exit and neural 

differentiation, is also affected by Cx expression. Upregulation of p21 occurs in response to 

cadherins (cell adhesion proteins), due to inhibition of a pro-growth cascade by cadherin 

binding of the cascade initiator β-catenin (Kamei et al., 2003). This increase in p21 in 

response to N-cadherin was significantly potentiated by Cx43. The authors suggest a 

transmissible factor is responsible as the potentiation of p21 upregulation required functional 
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GJIC (Kamei et al., 2003). Cx43 alone can also colocalise with and inhibit β-catenin activity 

(Ai et al., 2000). Additionally, in cardiomyocytes the C-terminal domain of Cx43 can 

stimulate a 2.5-fold increase in mRNA expression of the tumour suppressing gene p53 

(Kardami et al., 2007), which has been shown to promote p21 expression (Ehinger et al., 

1997).  

While a potential for tumour suppressive role for Cx43 has been established, the role of Cx43 

in cell cycle exit is confounded by the observation that it has also been shown to be necessary 

to maintaining embryonic stem cells and progenitor cells in a proliferative state. Knockdown 

of Cx43 using siRNA in mouse embryonic stem cells resulted in a reduction in pluripotency 

markers and de novo expression of neurofilament-200, a neuronal intermediate filament, and 

GFAP (Todorova et al., 2008). Similarly, Cx43 has been shown to be necessary to maintain 

mouse cortical progenitor cell proliferation (Cheng et al., 2004a). Cx30 expression has 

likewise been reported as having both pro-proliferative (Ozawa et al., 2009) and anti-

proliferative effects (Princen et al., 2001, Kunze et al., 2009) depending upon the cell line. 

These opposing pro- and anti-proliferative effects may also be reconciled by the tightly 

regulated temporal and spatial expression pattern of specific Cx subtypes; as well as the 

known pro-proliferative effects of hemichannels and calcium waves prior to cell cycle exit. 

 

1.5.3. Effect of connexin expression on other genes’ expression 

It is known that Cx expression or lack thereof can result in transcriptome-wide alterations, 

and that many genes besides the cyclins, CDKs and their inhibitors are affected (Iacobas et 

al., 2004). The immediate early genes, cyr61 and NOV, from a family referred to as the CCN 

proteins, are two such genes upregulated in response to differential levels of Cx expression 

(Sin et al., 2008). Cyr61 and NOV have both been implicated in growth arrest but the former 

has also exhibited upregulation during neurotrophin-induced differentiation of cultured 

hippocampal progenitor cells (Chung and Ahn, 1998). Under high expression levels of Cx43, 

NOV was preferentially upregulated compared to cyr61 (Sin et al., 2008) and as the latter 

may be involved in neuronal specification, this may further support sustained Cx43 

expression favouring a glial cell fate. Much of the investigation of non-GJIC effects of Cxs 

has been performed on Cx43. Therefore the effects on gene transcription of other Cx 

subtypes have yet to be determined. 
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Gene regulatory effects, such as those outlined above, are thought to be predominantly 

mediated by the C-terminal portion of the Cx protein. The lack of C-terminal homology 

between the Cx subtypes may underlie subtype-specific gene regulatory effects relevant to 

differentiation. This may be the reason expression of specific subtypes is required for the 

proper development of neurons, astrocytes and oligodendrocytes. 

 

1.5.4. Effect of gap junction blockade and connexin knockout on neural 

differentiation 

A compelling argument for the importance of GJIC and Cxs in differentiation is the effect of 

disrupting their expression and function during differentiation. The effect of gross blockade 

of GJIC was examined in RA-induced differentiation of NT2/D1 cells. Carbenoxelone and 

18-β-glycyrrhetinic acid, chemicals that induce gap junction uncoupling, resulted in a 

persistent expression of nestin, vimentin and cytokeratin, markers of immature progenitors, 

while delaying and reducing the number of MAP2 (a neuronal marker) positive cells (Bani-

Yaghoub et al., 1999a). This prevention of differentiation to neurons by GJIC-blockade was 

also shown in P19 EC cells, where a marked decrease in astrocytic differentiation was also 

observed (Bani-Yaghoub et al., 1999c). However, as such studies have used non-selective 

pharmacological blockade, they can not distinguish between the contributions of the different 

Cx subtypes. 

Using short hairpin (shRNA) knockdown of Cx43 and 26 has been shown to interfere with 

radial migration of neurons and was also stated to reduce the amount of MAP2 and NeuN 

positive cells in the developing rat neocortex (Elias et al., 2007, Elias and Kriegstein, 2008). 

Cxs also appear to be necessary for neurotrophin-mediated neuronal survival. Oleamide 

inhibition of gap junctional communication significantly reduces the survival promoting 

effects of FGF-2 on cultured dopaminergic neurons (Leung et al., 2001). However, it has 

recently emerged that knockdown of the Cx43 subtype may in fact enhance neuronal 

specification since neurospheres cultured from Cx43 knockout mice were found to exhibit 

increased numbers of differentiating neurons (Santiago et al., 2010). In the same study, 

siRNA knockdown was also found to exert a similar effect on cultured neurospheres. 

Further evidence of the importance of Cxs to neurogenesis, with regard to specific subtypes, 

comes from studies of mice with Cx gene deletions. Cx30 is normally present in hippocampal 
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astrocytes and some multipotent neural precursors. In Cx30 knockout mice immuno-

histochemical examination of the hippocampus revealed an increase in proliferating nestin 

positive precursor cells. This increase was coupled with a decrease in cells immunoreactive to 

DCX, used to identify immature but neuronally committed cells. In vitro co-culture of wild-

type hippocampal astrocytes with wild-type hippocampal progenitors appears to be sufficient 

to induce differentiation in the progenitors, suggesting Cx30 coupling between these cell 

types may facilitate the passage of pro-differentiation factors required for neuronal 

commitment (Toeg et al., 2007). 

A Cx36 knockout mouse study suggests that Cx36 may also be essential for cell cycle exit 

and completion of neurogenesis. In the dentate gyrus of Cx36 knockout mice, increased 

proliferation of immature neurons is observed, indicated by increased colocalisation of 

bromodeoxyuridine (BrdU), which incorporates into dividing cells, and DCX. This increased 

pool of proliferating immature neurons lacked the capacity for terminal neuronal 

differentiation and subsequently undergo apoptosis (Sorbara et al., 2007). A recent study into 

the effect of Cx36 expression has further confirmed its importance. In a mouse neurosphere 

model of differentiation, Hartfield and colleagues found that knockdown of Cx36 resulted in 

reduced neuronal commitment (Hartfield et al., 2011). 

With regard to oligodendrogenesis, Cx32 knockout mice exhibit deficits in differentiation. 

These mice exhibit an increase in proliferating NG2 (a marker of immature oligodendrocyte 

precursors) and nestin positive cells. This increased progenitor number was accompanied by 

a marked reduction in cells expressing mature oligodendrocyte markers, while no significant 

effects on neurons or astrocytes were observed (Melanson-Drapeau et al., 2003). This lack of 

differentiation in Cx32 knockout mice results in defective myelination in the brain (Sutor et 

al., 2000). 

Another study supports a role for Cx32 in cell fate determination; while Cx32 may be 

required for oligodendrogenesis, it may negatively regulate neurogenesis (Bennett et al., 

2007). A pool of glial cells in the hippocampus can undergo neuronal differentiation under 

healthy conditions. After kainate lesion of the hippocampus upregulation of Cx32 occurs in 

the glial precursors and they fail to undergo neurogenesis. A causal effect was shown using 

Cx32 knockout mice. In these knockout mice the glial precursors successfully differentiate 

into neurons following kainate lesion. Furthermore, ectopic expression of Cx32 in NT2/D1 

cells has been shown to inhibit RA-induced differentiation (Bennett et al., 2007). 
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1.5.5. Effect of connexin overexpression on neural differentiation 

The impact of Cx subtype overexpression on the process of neuronal differentiation has not 

been as extensively investigated and thus is less defined; however, there are some recent 

studies showing functional effects of Cx overexpression on cell fate commitment. 

Pharmacological upregulation of Cx43 using tamoxifen or raloxifene has been shown to 

inhibit the process of neuronal differentiation in the NT2/D1 model of differentiation; 

however the authors did not investigate whether changes in other Cx subtypes resulted from 

the application of tamoxifen or raloxifene (Dahm et al., 2010). Transfection of either full-

length Cx43 or the C-terminal domain of Cx43 has also been shown to be inhibitory to 

neuronal specification (Santiago et al., 2010). Cx36 overexpression has also been shown to 

affect neuronal differentiation. Cx36 expression was able to drive preferential 

oligodendrocytic and neuronal specification, instead of astrocytic differentiation (Hartfield et 

al., 2011). 
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1.6. Limitations of prior studies 

Past studies using the models of neuronal differentiation applied in the present study have not 

examined the changes in expression of multiple Cx subtypes during the timecourse of 

differentiation. Instead, they have generally investigated differential expression of Cx 

subtypes in different mature neural cell types, or between completely immature NPCs and 

mature neurons. Transient changes in expression may be occurring that have not yet been 

observed and these changes may have functional relevance to the process of neuronal 

differentiation. 

Additionally, the results from knockout mouse models should be carefully interpreted. The 

complete deletion of a Cx gene has a global impact on the transcriptome, causing changes in 

expression of the Cx genes, as well as unrelated genes (Iacobas et al., 2004, Iacobas et al., 

2005). Some level of functional redundancy occurs between Cx subtypes, therefore 

compensatory changes in the expression of other Cxs as a result of a Cx subtype deletion 

must be taken into consideration. For example, despite the prevalence of Cx43 during 

embryogenesis, Cx43 knockout mice can survive to term (Reaume et al., 1995b). No gross 

neurological abnormalities are observed despite this Cx subtype being the most abundant in 

the brain. Similarly, constitutive overexpression of a Cx subtype may result in compensatory 

changes in other gene expression. These compensatory effects may be less likely to occur in 

transient inducible systems of down- and up-regulation of specific Cx subtypes. 

As tight regulation of Cx expression has been previously observed, inducible systems capable 

of transient modulation of Cx expression will be of more use for investigating the relevance 

of Cx expression to neuronal differentiation. Furthermore, inducible expression systems are 

more practically applicable to neuronal replacement therapy. For example, while 

downregulation of a Cx subtype may facilitate an earlier stage of differentiation, the same Cx 

subtype may still be required in a later stage. This is exemplified by the knockout study of 

Cx36. A transient knockdown of Cx36 may be beneficial for neuronal replacement as it 

results in increased proliferation of immature neurons. However, functional recovery of Cx36 

is required for terminal differentiation into postmitotic neurons and gene deletion makes 

functional recovery impossible. Correspondingly, transient increases in Cx expression may 

also be important or beneficial to the process of neuronal differentiation while sustained 

increase in the same subtype may be detrimental. 
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1.7. Aims of the present study 

There is increasing evidence that Cxs serve as a regulatory link between various factors that 

impact neural lineage specification and differentiation. Cx subtype expression can affect the 

machinery governing cell cycle exit and modulate the extracellular microenvironment in the 

vicinity of neural precursors. Despite the knockout studies mentioned, the impact of Cx 

subtype expression on cell fate determination is still poorly characterised. Furthermore, while 

knockout studies have presented a case for the importance of certain Cx subtypes, these 

studies are inherently limited by both the potential compensatory mechanisms and the 

permanent loss of function incurred. Meanwhile investigation into the effect of Cx 

overexpression remains limited and may yield new insights. Therefore, whether 

overexpression of certain Cx subtypes can directly inhibit or drive neural precursor cells to 

commit to neuronal differentiation warrants further investigation. 

The present study has been undertaken using NT2/D1 cells, as they are a commonly used 

model cell line and a promising source of cells for cell transplantation therapy. The analogous 

murine P19 embryonal carcinoma cell line that is also commonly used as a model of 

differentiation has also been studied. The current thesis examined three Cx subtypes that 

based on the literature may be relevant to neuronal differentiation in these in vitro models: 

Cx30, believed to be primarily an astrocytic Cx subtype, Cx36, known to be expressed in 

neurons, and Cx43, the most abundant Cx in the brain and the primary astrocytic Cx subtype. 

These Cxs were examined during the timecourse of differentiation in both models to identify 

any transient changes in expression that have yet to be reported. 

This thesis sought to address the limitations of previous studies and extend the current 

knowledge by using inducible systems to upregulate Cx subtype expression. As there is less 

likelihood of compensatory mechanisms occurring, this study aimed to confirm and 

complement current knowledge and help to determine what changes in Cx expression are 

required for neuronal lineage specification and differentiation. 

Furthermore, this study proposed that through the regulation of Cx subtype expression neural 

progenitor cells could be driven towards a neuronal phenotype to assist central nervous 

system repair. If modulation of Cxs can be used to drive neural precursor cells preferentially 

towards a neuronal phenotype it would provide a means of overcoming some of the greatest 

challenges currently facing neuronal transplantation therapy.  
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Chapter 2. General methods 

 

 

2.1. Cell culture 

2.1.1. Culture of the NT2/D1 cell line 

The D1 subclone of the human neural-committed teratocarcinoma (NT2/D1) cell line was 

obtained from the American Type Culture Collection and was used as a model of neuronal 

differentiation. NT2/D1 cells were typically seeded at a density of 2.5×106 cells per 75 cm2 

flask. NT2/D1 cells were grown in a humidified incubator at 37°C in 5% CO2 and maintained 

in 12 mL of a complete NT2 growth medium comprising Dulbecco’s Modified Eagle 

Medium: Nutrient Mixture F12 (DMEM/F12, Invitrogen, CA, USA) supplemented with 

2 mM L-glutamine (Invitrogen) and 10% v/v fetal bovine serum (FBS, Invitrogen). The 

growth medium was changed three times a week. 

NT2/D1 cells were grown to a confluency of approximately 80-90% before passaging. In 

order to passage the NT2/D1 cells, the cells were first washed twice with Dulbecco’s 

phosphate buffered saline (PBS, Invitrogen) pH 7.4, in the absence of calcium or magnesium 

salts. After washing, 1 mL of 0.05% w/v trypsin in Hank’s Balanced Salt Solution with 

0.02% w/v ethylenediaminetetraacetic acid (trypsin-EDTA, Invitrogen) was added per 75 cm2 

flask. The cells were incubated for no more than 5 min in a humidified incubator at 37°C in 

5% CO2 to trypsinize the cells and then dislodged through mechanical force manually applied 

to the side of the flask. In order to inactivate the trypsin-EDTA, 9 mL of complete NT2 

growth medium was added and the cells were dissociated into a single cell suspension by 

pipetting up and down. Cells were reseeded at a density of 2.5×106 cells per 75 cm2 growth 

area in a total volume of 12 mL complete NT2 growth medium. 

Alternatively, in order to cryopreserve stocks of NT2/D1 cells, trypsinized cells were 

centrifuged at 300 relative centrifugal force (rcf) and resuspended in freezing mix, 

comprising 95% v/v FBS and 5% v/v dimethyl sulfoxide (DMSO, Sigma-Aldrich, MO, 
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USA), aliquoted in 1 ml aliquots in cryovials at a density of 2.5×106 cells per ml and stored at 

-80°C. 

 

2.1.2. Differentiation of the NT2/D1 cell line 

Cells were differentiated using a modified protocol based on Pleasure et al. (1992). In order 

to differentiate NT2/D1 cells, the cells were trypsinized as described and replated at a density 

of 2.5×106 cells per 75 cm2 flask or 10×103 cells per well in 96-well plates. The day after 

passaging complete NT2 growth medium was replaced by differentiation medium, consisting 

of DMEM/F12 supplemented with 10% FBS, 2 mM L-glutamine and all-trans retinoic acid 

(RA, Sigma-Aldrich) at a final concentration of 10 µM. Cells were subsequently grown 

without passaging for four weeks in differentiation medium that was replaced every two days. 

After four weeks of maintenance in differentiation medium, the cells from each 75 cm2 flask 

were trypsinized as described previously and dissociated by pipetting up and down. Cells 

were further triturated with a 23 gauge needle to eliminate any remaining cell clusters before 

being reseeded in 175 cm2 flasks. Cells were grown for 48 hrs in complete NT2 growth 

medium, before being trypsinized and triturated a second time into a single cell suspension 

with a 23 gauge needle. The triturated cells were reseeded at a density of 3×107 cells per 75 

cm2 flask or 1.2-1.6×105 cells per well in 96-well plates in DMEM/F12 supplemented with 

5% FBS, 2 mM L-glutamine and a cocktail of mitotic inhibitors consisting of 1 µM cytosine 

arabinoside (AraC, Sigma-Aldrich), 10 µM fluorodeoxyuridine (FUDR, Sigma-Aldrich) and 

10 µM uridine (Urd, Sigma-Aldrich). Differentiated cells were grown in the presence of these 

mitotic inhibitors for 12 days to generate differentiated NT2/D1-derived neurons (hNT 

neurons) as well as a layer of non-neuronal feeder cells. 

Differentiating cells were either lysed for RNA and protein extraction or fixed for imaging at 

3, 5, 7, 14, 21 and 28 days after the addition of RA. Undifferentiated NT2/D1 cells and mixed 

cultures of hNT cells, after two weeks mitotic inhibitor treatment, were also lysed for RNA 

and protein extraction or fixed for imaging. All samples were collected in triplicate. 
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2.1.3. Culture of the P19 EC cell line 

The mouse P19 embryonal carcinoma (EC) cell line was a generous gift from Dr Maurice 

Curtis, originally obtained from Sigma-Aldrich. P19 EC cells were maintained in a 

humidified incubator at 37°C in 5% CO2. P19 EC cells were revived from frozen and seeded 

at a density of 5 × 106 cells per 25 cm2 flask in a complete P19 growth medium consisting of 

minimal essential medium alpha (α-MEM) with 10% v/v FBS and 2 mM glutamine. Cells 

were grown for two days or until reaching 90% confluency, whichever occurred first, and 

then subsequently passaged 1:1 into a 75 cm2 flask. Cells were subsequently maintained in 

complete P19 growth medium, with media changes every two days. 

P19 EC cells were grown to a confluency of approximately 80-90% before passaging. In 

order to passage the P19 EC cells, the cells were first washed twice with Dulbecco’s 

phosphate buffered saline (PBS, Invitrogen) pH 7.4, in the absence of calcium or magnesium 

salts. After washing, 1 mL of 0.25% trypsin-EDTA was added per 75 cm2 flask. The cells 

were incubated for no more than 5 min in a humidified incubator at 37°C in 5% CO2 to 

trypsinize the cells and then dislodged through mechanical force applied to the side of the 

flask. In order to inactivate the trypsin-EDTA, 9 mL of complete P19 growth medium was 

added and the cells were dissociated into a single cell suspension by pipetting up and down. 

Cells were reseeded at a ratio of 1:10 per 75 cm2 flask in a total volume of 12 mL complete 

P19 growth medium. 

Alternatively, in order to cryopreserve stocks of P19 EC cells, trypsinized cells were 

centrifuged at 300 relative centrifugal force (rcf) and resuspended in freezing mix, 

comprising 95% v/v FBS and 5% v/v DMSO, aliquoted in 1 ml aliquots in cryovials at a 

density of 5×106 cells per ml and stored at -80°C. 

 

2.1.4. Differentiation of the P19 EC cell line 

P19 EC cells were differentiated using an adherent protocol reported recently in the literature 

(Monzo et al., 2012). In order to differentiate the P19 precursors, the cells were trypsinized 

and reseeded at a density of 5 × 106 cells per 75 cm2 flask in a low serum differentiation 

medium consisting of α-MEM with 2.5% v/v FBS and 1 µM RA. Cells were grown for 2 

days before a full media change with fresh low serum differentiation medium, and then 
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grown for an additional 2 days. RA-treated P19 EC cells were subsequently washed with PBS 

and trypsinized with 1 mL 0.25% trypsin-EDTA. Trypsinization was inactivated by addition 

of complete P19 growth medium and cells were dissociated by pipetting up and down. 

P19 EC cell suspension was pelleted by centrifugation at 300 rcf and resuspended in 

Neurobasal-A media (NBA, Invitrogen) with 1×N-2 supplement (Invitrogen) and 2 mM L-

glutamine. Cells were seeded at a density of 9×105 cells per well in 6 well plates that had 

been pre-treated with Matrigel basement membrane matrix (BD Biosciences, NJ, USA), or 

3×104 cells per well in 96-well imaging plates, and grown for 5 days with media changes as 

necessary. After 5 days in NBA with N-2 supplement, the media was removed and replaced 

with NBA supplemented with 1× B27 supplement (Invitrogen), 2 mM L-glutamine, 8 µM 

AraC and 8 nM 2dCTD (2′ -deoxycytidine, Sigma-Aldrich). Cells were grown in this latter 

media for 5 days with periodic media changes every 2 days. 

Cell lysates were collected from undifferentiated P19 EC cells and RA-treated cells at 0, 2, 4, 

6, 8 and 10 days post-RA treatment for assessment of RNA and protein expression. 

Alternatively, cells grown in 96-well plates were fixed for immunocytochemistry. 

 

2.1.5. Culture of the CHO-K1 cell line 

The K1 subclone of the Chinese Hamster ovary (CHO-K1) cell line was kindly provided by 

Dr Kerry Loomes, and was used to confirm and validate the efficacy of the connexin 

overexpression systems generated in the current study. CHO-K1 cells were typically seeded 

at a density of 1.5×106 cells per 75 cm2 flasks. CHO-K1 cells were grown in a humidified 

incubator at 37°C in 5% CO2 and maintained in growth medium comprising DMEM/F12 

with 2 mM L-glutamine (Invitrogen) and 10% v/v FBS. The growth medium was changed 

three times a week. 

CHO-K1 cells were grown to a confluency of approximately 80-90% before passaging. In 

order to passage the CHO-K1 cells, the cells were first washed twice with PBS without 

calcium or magnesium salts. After washing, to trypsinize the cells 1 mL of 0.05% w/v 

trypsin-EDTA was added per 75 cm2 flask and incubated in 0.05% for no more than 5 min in 

a humidified incubator at 37°C in 5% CO2. In order to inactivate the trypsinization, 9 mL of 
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growth medium was added and the cells were triturated by pipetting up and down. Cells were 

reseeded at a density of 1.5×106 cells per 75 cm2 growth area in growth medium. 

Alternatively, in order to freeze down stocks of CHO-K1 cells, trypsinized cells were 

centrifuged at 300 rcf and resuspended in freezing mix comprising 95% v/v FBS and 5% v/v 

DMSO, aliquoted in 1 ml aliquots in cryovials at a density of 1.5×106 cells per ml and stored 

at -80°C. 

 

2.2. Fluorescent immunocytochemistry 

In order to investigate cellular localisation of proteins of interest, cells were grown in tissue 

culture-treated 96-well glass-bottom imaging microplates (BD Biosciences) for fluorescent 

immunocytochemistry (ICC). Unless otherwise specified, all washes were performed with 

100 µL of 1×PBS pH 7.1 with 2 mM Ca2+ and 2 mM Mg2+ per well at room temperature. 

Culture media was aspirated from the wells and cells were washed three times for 5 min each 

time. Cells were subsequently fixed with 100 µL per well of 4% w/v paraformaldehyde 

(PFA) dissolved in 1×PBS pH 7.4 for 30 min at room temperature. PFA was aspirated from 

the wells and cells were washed three times for 5 min to remove any residual PFA. Fixed 

cells were stored in PBS pH 7.4 containing 0.1% v/v sodium azide (PBS-azide) at 4ºC. 

Microplates were sealed with parafilm to prevent evaporation of the storage buffer. 

Prior to immunolabelling, cells were washed three times for 5 min to remove traces of 

sodium azide. Non-specific binding sites were blocked with an ICC blocking solution, 

comprising 4% v/v normal donkey serum and/or 4% v/v normal goat serum (NDS, NGS), 

depending upon the species in which the secondary antibody was raised, 1% w/v bovine 

serum albumin (BSA) and 0.1% v/v Triton-X 100 in PBS pH 7.4. Blocking was performed 

for 30 min at room temperature. 

Primary antibodies were diluted in an ICC antibody solution; comprising 2% v/v NDS or 

NGS, 0.5% w/v BSA and 0.05% v/v Triton-X 100 (see Table 2.6). Cells were incubated on a 

shaker with 100 µL of primary antibody overnight at 4ºC. The following day the primary 

antibody solution was aspirated and cells were washed three times for 5 min per wash. 

Fluorophore-conjugated secondary antibodies were dissolved in antibody solution at 

specified dilutions (Table 2.1) and 100 µL of antibody was applied per well. Cells were 
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incubated with secondary antibodies for 1 hr on a shaker at room temperature. The secondary 

antibody was removed and cells were washed three times for 5 min per wash. After removing 

any excess secondary antibody, 100 µL of CitiFluor (CitiFluor, UK) antifade reagent was 

added to each well of cells and incubated at room temperature for 1 hr to allow the antifade 

reagent to permeate the cells. Microplates were sealed with parafilm to prevent evaporation 

and the ICC labelled cells were subsequently imaged, or stored at 4ºC. 

 

Primary antibodies 

Target protein Species Dilution Manufacturer Catalogue # 

Connexin 30 Mouse 1:250 Zymed, Invitrogen 33-2500 

Connexin 30 Rabbit 1:250 Zymed, Invitrogen 71-2200 

Connexin 36 Mouse 1:250 Zymed, Invitrogen 37-4600 

Connexin 36 Rabbit 1:250 Zymed, Invitrogen 51-6300 

Connexin 43 Rabbit 1:500 Sigma-Aldrich C6129 

Doublecortin Mouse 1:500 Santa Cruz SC-8066 

     

Secondary antibodies 

Target protein Species Dilution Manufacturer Catalogue # 

AlexaFluor 488-conjugated 

Anti-Mouse IGG 

Donkey 1:1,000 Invitrogen A21202 

AlexaFluor 488-conjugated 

Anti-Rabbit IGG 

Donkey 1:1,000 Invitrogen A21206 

AlexaFluor 594-conjugated 

Anti-Rabbit IGG 

Donkey 1:1,000 Invitrogen A21207 

AlexaFluor 594-conjugated 

Anti-Goat IGG 

Donkey 1:1,000 Invitrogen A11058 

AlexaFluor 647-conjugated 

Anti-Rabbit IGG 

Donkey 1:1,000 Invitrogen A31571 

Table 2.1. Primary and secondary antibodies used for immunocytochemistry 

 

For double labelling primary antibodies were incubated concurrently, followed by concurrent 

secondary antibody incubation. For each ICC experiment a “no primary” negative control 
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was performed, wherein cells were incubated with ICC antibody solution without primary 

antibodies overnight at 4ºC, washed and then subsequently incubated with fluorophore-

conjugated secondary antibodies. Imaging of fluorescent ICC was performed using a Zeiss 

LSM 710 inverted confocal laser scanning microscope and the software ZEN 2009 (Carl 

Zeiss, Germany). Imaging parameters specific to experiments are detailed in subsequent 

Chapters. 

  

2.3. Statistical Analysis 

All experiments were performed in triplicate. For quantitative and semi-quantitative analysis, 

the mean and standard error of the mean (SEM) were calculated for individual groups. For 

comparisons between two independent groups unpaired Student’s t-test was performed and 

significance was determined when the p-value was <0.05. For simultaneous comparison 

between multiple groups one-way analysis of variance (ANOVA) was performed. A 

significant difference between groups was determined when the p-value was <0.05. If 

significance was found, post hoc pairwise testing of the groups was carried out using Tukey’s 

test, with p<0.05 taken as a significant difference. Statistical analysis was performed using 

the software SPSS (IBM Corp., NY, USA). 
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Chapter 3. Endogenous connexin expression in in vitro 

models of neuronal differentiation 

 

 

3.1. Introduction 

 

In vitro models have proven to be essential tools for research and have provided a wealth of 

knowledge into the mechanisms and molecular correlates of physiological processes, 

including those involved in development such as neuronal differentiation. As experimental 

models of neural development, embryonal carcinoma (EC) cell lines have been widely used 

due to their pluripotent nature and ease of maintenance. The human teratocarcinoma NT2/D1 

cell line and the mouse P19 EC cell line are two such experimental systems, both exhibiting 

the ability to specify into neuronal and non-neuronal cell types when exogenously stimulated 

to differentiate. 

This study aimed to investigate three neural Cx subtypes using the NT2/D1 and P19 EC 

models: Cx30, nominally an astrocytic subtype, Cx36, a primarily neuronal subtype, and 

Cx43, the predominant gap junction protein in the brain and largely expressed in glial cells. 

Although the endogenous expression patterns of these Cx subtypes have been examined to 

varying degrees in different in vitro models including P19 and NT2/D1 cells, the profile of 

the expression remains incomplete. This has been further confounded by variance in the 

protocols used in past studies to differentiate the cell lines that were used in the present study, 

with different studies utilizing adherent growth or cells in suspension, and different 

concentrations or durations of retinoic acid (RA) treatment used to stimulate their 

differentiation. 

The mouse P19 EC cell line was originally cultured in vitro directly from a teratocarcinoma, 

generated by ectopic transplantation of an E7.5 mouse embryo into the testis (McBurney and 

Rogers, 1982). The line has shown the capacity to differentiate into multiple lineages through 

biochemical induction, including neural lineages (McBurney et al., 1982). Under induction 
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by RA, the P19 EC cell line undergoes neural differentiation, with cells showing the capacity 

for both neuronal and glial cell fate (Jones-Villeneuve et al., 1982). Belliveau and colleagues 

used a cell aggregation method to examine the P19 EC cell line for expression of Cx43, Cx32 

and Cx26 (Belliveau et al., 1997). They found a differential expression of Cx43 and Cx26 

between the immature precursor P19 EC cells and the neurons and glia derived from them, 

with a reduction in both isoforms observed with RA treatment. The adherent protocol and 

timecourse of the P19 model used in the present study (Monzo et al., 2012), however, differs 

from this prior study and thus Cx expression has not been examined previously under the 

present conditions. Furthermore, there is a dearth of information on the expression of the 

nominally astrocytic Cx subtype Cx30, and the neuronal subtype Cx36, during the timecourse 

of differentiation, migration or maturation of these P19 neural precursor cells (NPCs). 

Similarly, studies have yet to be comprehensively performed in an equivalent human cell 

line. The use of the D1 subclone of the neural-committed teratocarcinoma (NT2/D1) cell line 

as a model of neural differentiation has been long established (Pleasure et al., 1992). This 

subclonal line, originally derived from a lung metastasis of a testicular cancer, was identified 

as displaying characteristics of NPCs although they are also capable of non-neural cell fates. 

Through treatment with the morphogen RA the cells undergo differentiation into post-mitotic 

neurons. Bani-Yaghoub et al. reported a 70% reduction in Cx43 mRNA expression after 1 

week RA treatment with a progressive further downregulation of this subtype over a further 3 

weeks RA treatment (Bani-Yaghoub et al., 1997). Boucher and Bennett reported the 

expression of an array of Cx subtypes in the NT2/D1 model of differentiation entailing 6 

weeks of RA treatment (Boucher and Bennett, 2003). They found a differential expression of 

Cx43 and Cx36 between the undifferentiated NT2/D1 cells and the mature hNT neuronal 

cultures. They did not, however, examine the spatiotemporal changes that may occur 

transiently throughout the process of NT2/D1 differentiation. Therefore, in this model, as in 

the P19 model, there remains a lack of knowledge of Cx30 and Cx36 expression during 

neural differentiation. 

In order to gain insight into the potential functional significance of certain Cx subtypes in 

these models of differentiation, knowledge of the endogenous spatial and temporal changes 

that occur must first be established. This chapter aimed to investigate and compare the 

changes in the level of expression and cellular localisation of Cx30, Cx36 and Cx43 during 

neural differentiation in both the human NT2/D1 and mouse P19 EC models.  
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3.2. Methods 

 

3.2.1. RNA extraction and quantification 

RNA samples were extracted from cells using an illustra triplePrep kit (GE Healthcare, UK) 

column extraction following the manufacturer’s instructions. Growth medium was aspirated 

from individual 75 cm2 flask of cells and the cells washed twice with PBS, without calcium 

or magnesium salts, to remove sera. Cells were removed from the flasks using a cell scraper 

and each sample transferred to individual microcentrifuge tubes. 

All centrifugation steps during RNA extraction were performed at 11,000 rcf at 4ºC using a 

refrigerated microcentrifuge. The cells were pelleted via centrifugation for 1 min and the 

supernatant removed. Cell pellets, if stored, were kept at -80ºC. Cell pellets were lysed by the 

addition of 350 µL Lysis Buffer (GE Healthcare) containing β-mercaptoethanol (BME, 

Sigma-Aldrich) followed by successive trituration through 23 and 27 gauge syringes. For 

each sample, 350 µL of lysate was transferred to individual DNA mini-columns and 

centrifuged for 1 min to bind DNA to the silica membrane. The flow-through containing 

RNA and protein was collected while DNA was not processed further. The flow-through 

lysate was mixed thoroughly with 350 µL of absolute acetone (Sigma-Aldrich) before being 

added to individual RNA mini-columns. RNA from sample lysates was bound to the mini-

column through centrifugation for 1 min and the flow-through was saved for protein 

extraction. 

RNA was treated with RNAse-free DNAse I (GE Healthcare) while bound to the RNA mini-

columns. DNAse I was diluted in 1×DNAse Reaction Buffer 1 to a final volume of 100 µL. 

The DNAse I was applied directly to the silica membrane of the RNA mini-column and 

incubated for 10 min at room temperature. RNA was washed by addition of 500 µL of Wash 

Buffer (GE Healthcare) to the column and cold centrifugation for 1 min. Following this wash, 

each RNA mini-column containing DNA-free RNA was transferred to a new RNAse-free 1.5 

mL microcentrifuge tube. RNA was eluted from the mini-column by the addition of 100 µL 

of Elution Buffer (GE Healthcare), followed by cold centrifugation for 1 min.  

RNA was quantified using a NanoDrop UV spectrophotometer and purity assessed using the 

absorbance ratios of 260 nm/280 nm and 260 nm/230 nm wavelength UV light. Purified 
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RNA was used only if it had a 260 nm/280 nm ratio of 1.9-2.0 and a 260 nm/230 nm ratio of 

approximately 2.0. Purified RNA samples were stored at -80ºC. 

 

3.2.2. RNA quality assessment 

In order to ensure the RNA extraction procedure provided RNA of suitable quality for 

downstream applications, the integrity of a representative RNA sample was assessed for each 

examined timepoint during differentiation for both cell lines. The RNA samples were assayed 

using an Experion bioanalyser with standard sensitivity microfluidic chips (Bio-Rad). 

Samples gave distinct fluorescence peaks indicative of intact 18S and 28S ribosomal RNA 

integrity, which provide a measure of total RNA integrity. RNA Quality Indicator (RQI) 

values, calculated from the 18S and 28S values and provided by the bioanalysis, were used to 

determine whether the extraction procedure was producing RNA of sufficient integrity. An 

RQI value of 5 was determined as the minimum acceptable value, in agreement with 

manufacturer guidelines, indicating high quality RNA for reverse transcription. 

 

3.2.3. RT-PCR 

Reverse transcription polymerase chain reaction (RT-PCR) was used to examine changes in 

the transcription of genes coding for proteins of interest. This approach is semi-quantitative. 

First strand cDNA synthesis from RNA samples was performed using the SuperScript III 

First Strand cDNA Synthesis System (Invitrogen) as per the manufacturer’s instructions. In 

brief, samples were prepared by mixing 1 µg of total RNA, 50 ng of random hexamer primers 

and 1 µL 10 mM deoxyribonucleotide triphosphates (dNTP) mixture, and brought to a total 

volume of 10 µL with milliQ water. Sample mixtures were incubated at 65ºC for 5 min to 

denature the RNA and then incubated on ice for 1 min. 

A cDNA synthesis master mix was prepared as detailed (Table 3.1). Sample mixtures were 

combined with 10 µL of master mix and incubated at 25ºC for 10 min followed by a 50 min 

incubation at 50ºC in a Techne TC521 thermal cycler (Bibby Scientific Ltd, UK). The 

reactions were stopped by incubation at 85ºC. Residual RNA was digested by incubating 

each reaction with 2 units of RNAse H for 20 min at 37ºC. An equivalent control master mix 
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was prepared with diethylpyrocarbonate (DEPC)-treated autoclaved water in place of reverse 

transcriptase (RT) enzyme and the first strand synthesis reaction was performed with each 

RNA sample mixture. First strand cDNA was stored at -20ºC.  

 

Component Volume per reaction (µL) 

10× RT buffer 2 

25 mM MgCl2 4 

0.1 M Dithiothreitol 2 

RNaseOUT (40 U/μl) 1 

SuperScript III RT (200 U/μl) 1 

Table 3.1. RT master mix  

 

PCR reactions were performed using gene specific primers (Table 3.2) and Platinum Pfx 

DNA polymerase (Invitrogen). A PCR master mix was set up as detailed in Table 3.3. For 

each reaction, 2 µL of individual cDNA sample was mixed with 3 µL of 10 µM primer pairs, 

and added to 20 µL of master mix. All reactions were carried out in a Techne TC512 thermal 

cycler and involved an initial denaturation step at 94ºC for 2 min, thermal cycling as detailed 

in Table 3.4 and a final elongation step at 68ºC for 10 min. The cycle number was chosen as 

it provided clear observable differences indicative of sub-saturation. The annealing 

temperatures used during thermal cycling were dependent upon the calculated melting point 

for the respective primer pair for each gene of interest. For relative quantitation, PCR was 

performed, on the same first strand cDNA samples, using primers for the constitutively 

expressed β-actin gene. For each PCR reaction a negative control was performed using 2 µL 

of the corresponding cDNA synthesis reaction that contained no RT. 

PCR reactions were mixed at a ratio of 9:1 with 10× BlueJuice gel loading buffer (Invitrogen) 

and run on 2% agarose gels containing 1×SYBR Green DNA stain (Invitrogen), using gel 

electrophoresis at 100 V constant. Gels were visualised using an LAS-3000 CCD imaging 

system and software suite (FujiFilm, Japan). 
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Target 

gene 

Primer sequence (5’ – 3’) Product length 

(bp) 

hCx30 Sense GTG ACG AGC AAG AGG ACT TC 512 

Antisense CAG CAG CAG GTA GCA CAA CT 

hCx36 Sense AAC GCC GTC ACT CTA CAG TC 596 

Antisense CCT TGG CAG GTC CTT GTT AC 

hCx43 Sense TAC AGC CAC TAG CCA TTG TGG ACC 435 

Antisense CCC CTC ATT CAC ATA CAC AGA ACC 

mCx30 Sense TGT GGC CGA GTT GTG TTA CC 400 

Antisense ACT CCA AGG CCC AGT TGT CA 

mCx36 Sense GCA CCC CCA GTC TCT GTT TTA T 401 

Antisense AGA AAG TAC TGG CCC ACC AGA A 

mCx43 Sense CTG CCT TTC GCT GTA ACA CTC A 400 

Antisense GCA CTC AGG CTG AAC CCA TAG 

β-actin Sense GCT CGT CGT CGA CAA CGG CTC 353 

Antisense CAA ACA TGA TCT GGG TCA TCT TCT C 

Table 3.2. Primer sequences 

 

Component Volume per reaction (µL) 

10× Pfx Amplification Buffer 2.5 

10 mM dNTPs 1.5 

50 mM MgSO4 0.5 

Platinum Pfx DNA Polymerase 0.5 

DEPC-treated water 15 

Table 3.3. PCR master mix 
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Target gene Denature Anneal Extend Cycles 

hCx30 94ºC, 30 sec 50ºC, 60 sec 68ºC, 90 sec 30 

hCx36 94ºC, 30 sec 50ºC, 60 sec 68ºC, 90 sec 30 

hCx43 94ºC, 30 sec 56ºC, 60 sec 68ºC, 60 sec 30 

mCx30 94ºC, 30 sec 60ºC, 60 sec 68ºC, 90 sec 30 

mCx36 94ºC, 30 sec 60ºC, 60 sec 68ºC, 90 sec 30 

mCx43 94ºC, 30 sec 60ºC, 60 sec 68ºC, 90 sec 30 

β- actin 94ºC, 30 sec 56ºC, 60 sec 68ºC, 60 sec 30 

Table 3.4. Thermal cycling parameters 

 

3.2.4. Protein extraction and quantification 

Flow-through lysates from the RNA purification procedure were further processed using the 

illustra triplePrep kit to obtain pure protein samples. Protein was brought out of solution by 

mixing each lysate thoroughly with an equal volume of Precipitation Buffer and incubating at 

room temperature for 5 min. Precipitated protein samples were pelleted by centrifugation at 

4ºC for 10 min at 16,000 rcf and the supernatant discarded. To wash the protein and remove 

salts, the pelleted protein was dispersed in 1 mL of double distilled water (ddH2O). The 

protein was re-pelleted by centrifugation at 16,000 rcf for 1 min and the process of washing 

with distilled water repeated. After washing, purified protein samples were resuspended in 7 

M urea solution. Purified protein samples were stored at -80ºC.  

The protein concentration of each sample was quantified using a colorimetric assay. An 

aliquot of each sample was diluted to 3.5 M urea for compatibility with the DC Protein Assay 

(Bio-Rad Laboratories, CA, USA). BSA was serially diluted to final concentrations of 4, 2, 1, 

0.5, 0.25, and 0 mg/mL. In a 96-well microplate, 5 µL of each BSA protein standard was 

pipetted in triplicate and 5 µL of each protein sample for quantification was also pipetted in 

triplicate. A 20 µL volume of Reagent S (surfactant solution) was added per 1 mL Reagent A 

(alkaline copper tartrate solution), and 25 µL of the resulting Reagent A’ was added into each 

protein standard and sample. A 200 µL volume of Reagent B (dilute Folin solution) was 

added to each protein standard and sample well and the mixtures were incubated on a shaker 

for 15 min at RT. The absorbance of each well was assayed using a microplate 
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spectrophotometer. The absorbance of the BSA protein standards was used to generate a 

standard curve, from which the unknown concentrations of the protein samples were 

regressed. 

 

3.2.5. Immunoblotting 

Changes in the expression of the proteins of interest were investigated using semi-

quantitative immunoblotting. Protein samples were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using a vertical electrophoresis system 

(Xcell SureLock Mini-Cell, Invitrogen) and precast 4-12% Bis-Tris gels (NuPage NOVEX, 

Invitrogen). Unless otherwise stated, 30 µg of each protein sample of interest was mixed at a 

v/v ratio of 4:1 with 5×Laemmli sample buffer, and the samples were loaded into individual 

wells in SDS-PAGE gels. In each gel, 10 µL of pre-stained protein standards of known 

molecular weights (SeeBlue Plus 2, Invitrogen) were run alongside protein samples. 

Electrophoresis was performed in 3-(N-morpholino) propanesulfonic acid (MOPS) running 

buffer (Invitrogen) with 500 µL NuPAGE antioxidants (Invitrogen) in the core chamber of 

the gel running module run at a constant voltage of 200 V for 30 min-1 hr, depending upon 

the predicted size of the protein of interest. 

Proteins were transferred from SDS-PAGE gels onto nitrocellulose membranes (Amersham, 

UK) using a semi-dry electrophoretic transfer module (Xcell Blot Module, Invitrogen) in 

1×Transfer Buffer (Invitrogen) with 20% methanol and 0.05% v/v antioxidants, as per the 

manufacturer’s directions. Electrophoresis was performed at a constant current of 170 mA for 

1 hr. Membranes were stained with 0.1% w/v Ponceau S in 1% acetic acid, to confirm proper 

transfer of protein samples from the SDS-PAGE gels. Ponceau S was removed by washing 

with ddH2O prior to proceeding with immunodetection. 

Unless otherwise specified, during immunodetections all washes were performed three times 

for 10 min each wash, on an orbital shaker, using Tris-buffered saline pH 7.4 with 0.1% v/v 

Tween-20 detergent (0.1% TBS-T). Non-specific binding sites on nitrocellulose membranes 

were blocked using an immunoblot blocking solution comprising 5% w/v non-fat milk 

powder dissolved in 0.1% TBS-T, for 1 hr at room temperature on an orbital shaker. 

Antibodies against proteins of interest were dissolved in an immunoblot antibody solution 

containing 1% w/v non-fat milk powder in 0.1% TBS-T at specified dilutions (Table 3.5). 
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After blocking, membranes were incubated overnight at 4ºC with primary antibodies against 

proteins of interest, and agitation on an orbital shaker. The following day, membranes were 

washed to remove excess primary antibody. Membranes were incubated at room temperature 

for 1 hr with horse-radish peroxidise (HRP-) conjugated secondary antibody at specified 

dilutions (see Table 3.5) and subsequently washed to remove excess unbound antibody. 

 

Primary antibodies 

Antibody Species Dilution Manufacturer Catalogue # 

Connexin 30 Mouse 1:250 Zymed, Invitrogen 33-2500 

Connexin 30 Rabbit 1:250 Zymed, Invitrogen 71-2200 

Connexin 36 Mouse 1:250 Zymed, Invitrogen 37-4600 

Connexin 36 Rabbit 1:250 Zymed, Invitrogen 51-6300 

Connexin 43 Rabbit 1:500 Sigma-Aldrich C6129 

Doublecortin Goat 1:500 Santa Cruz SC-8066 

     

Secondary antibodies 

Antibody  Dilution Manufacturer Catalogue # 

HRP-conjugated 

Anti-Rabbit IGG 

Goat 1:8,000 Sigma-Aldrich A0545 

HRP-conjugated 

Anti-Mouse IGG 

Mouse 1:8,000 Sigma-Aldrich A9044 

HRP-conjugated 

Anti-Goat IGG 

Rabbit 1:16,000 Sigma-Aldrich A5420 

Table 3.5. Primary and secondary antibodies used for immunoblotting 

 

To detect the secondary antibody, membranes were incubated with ECL Plus (Amersham) 

detection reagent for 3 min. Excess detection reagent was drained from the membranes and 

the membranes were imaged using an LAS-3000 CCD imaging system and software suite. 

Nitrocellulose membranes were stripped of antibodies and ECL reagents in immunoblot 

stripping buffer comprising 2% w/v SDS and 0.7% BME in 0.625 M Tris solution, and 
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incubated in a 60ºC water bath for 30 min. Stripping buffer was drained and membranes were 

washed six times for 5 min each wash with 0.1% TBS-T. 

Membranes were blocked in immunoblot blocking solution for 1 hr at room temperature and 

incubated with a primary antibody against a loading control, the constitutively expressed 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Membranes were washed and 

incubated with HRP-conjugated secondary antibody for 1 hr at room temperature. After 

another wash step, membranes were incubated with detection reagent for 3 min and imaged. 

 

3.2.6. Semi-quantitative analysis 

Semi-quantitative analyses of immunoblot and DNA agarose gel images were performed 

using the MacBiophotonics ImageJ software. Using the gel analysis plug-in features the lanes 

containing bands at the predicted molecular weights were selected and the Plot Lanes 

function used to provide pixel value histograms for each band. The area under the peak of 

each histogram was taken as the integrated density measurement of band intensity. These 

values were corrected for sample loading by normalisation against a constitutively expressed 

gene product; beta-actin for RT-PCR and GAPDH for immunoblots. Replicate values were 

subsequently normalised, to account for per experiment variation, against the average 

integrated density of all the bands on each respective blot or gel. Statistical analysis of 

expression values derived by this measure were compared using One-Way ANOVA, with 

post-hoc comparisons between timepoints performed using Tukey’s Test. The threshold for 

statistical significance was defined as p < 0.05. 

 

3.2.7. Immunocytochemistry and confocal microscopy 

Immunocytochemistry (ICC) was performed as described in detail in Chapter 2: General 

Methods, using the dilutions of primary and secondary antibodies indicated. Double-labelling 

was performed against the neuronal marker doublecortin (DCX), in parallel with 

immunolabelling against the Cx proteins of interest. Cx proteins were immunolabelled with 

AlexaFluor 488-conjugated secondary antibody and imaged in the green emission channel, 
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while DCX was immunolabelled with AlexaFluor 594-conjugated secondary antibody and 

imaged in the red emission channel. 

Images were captured using a Zeiss LSM 710 confocal microscope and ZEN 2009 software 

(Carl Zeiss, Germany). For qualitative examination images were captured using a Plan-

Apochromat 20×/0.8 numerical aperture (NA) dry objective (Carl Zeiss) and a Plan-

Apochromat 63×/1.4 NA oil objective (Carl Zeiss).  
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3.3. Results 

 

3.3.1. Connexin expression during differentiation of the NT2/D1 precursor 

cell line 

3.3.1.1. Temporal changes in connexin RNA expression during differentiation of NT2/D1 

cells 

The temporal expression patterns of Cx30, Cx36 and Cx43 RNA were examined using 

RT-PCR, and semi-quantitative analysis was performed relative to the expression of the 

constitutive housekeeping gene, beta-actin, to provide a mean integrated density (n = 3). The 

changes in Cx subtype expression levels were assessed relative to undifferentiated cells and 

all expression levels denoted in arbitrary units (AU). A schematic representation of the 

NT2/D1 differentiation protocol and examined timepoints is provided in Figure 3.1. 

Expression of the Cx30 isoform, thought to be primarily an astrocytic gap junction protein, 

was low in undifferentiated NT2/D1 cells with RT-PCR products producing a light band on 

agarose gels and providing a mean expression level of 0.48±0.03 (AU). However, transient 

changes in expression were observed during differentiation (Fig 3.2. A, B). Cx30 initially 

exhibited a trend of increasing expression over time, with expression peaking at day 14 of RA 

treatment at 1.63±0.09 AU. This greater than three-fold increase in Cx30 mRNA levels 

observed at day 14, relative to the undifferentiated NT2/D1 cells, was found to be statistically 

significant (p < 0.05). Cx30 mRNA levels subsequently showed a decreasing trend from this 

peak expression to 1.07±0.19 AU at day 21 and 1.20±0.43 AU at day 28. Despite the 

decreasing trend the approximately two-fold increase relative to day 0 cells remained 

statistically significant at both the 21 day (p < 0.05) and 28 day timepoints (p < 0.05). 

The Cx36 isoform, thought to be predominantly neuronal, was also observed at a low level in 

undifferentiated NT2/D1 cells, with a faint RT-PCR product band giving expression levels of 

0.55±0.08 AU (Fig 3.2. A, C). An increasing trend in Cx36 expression was noted following 

RA induction through the first 14 days of differentiation, reaching 1.29±0.11 AU by day 14. 

This approximately 2.5-fold increase relative to the day 0 cells was statistically significant 

(p < 0.05). Cx36 expression plateaued thereafter, at 1.15±0.15 AU and 1.20±0.17 AU for 

days 21 and 28 respectively, with this increase remaining significant at day 28 (p < 0.05). 
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In contrast to the above two Cxs of interest, Cx43, the most abundant Cx in the brain and the 

major astrocytic subtype, was found to be highly expressed in undifferentiated cells with RT-

PCR products exhibiting an intense band with an average expression level of 1.92±0.35 AU 

(Fig 3.2. A, D). Cx43 showed a marked decrease in expression at the RNA level upon 

induction of differentiation reducing by almost 50% to an average of 0.98±0.24 AU after 7 

days of RA treatment. The decreasing trend in Cx43 RNA reached statistical significance at 

day 14, with expression levels reduced to 0.69±0.12 AU, an approximate 65% decrease from 

day 0 (p < 0.05). This significant decrease relative to undifferentiated cells was largely 

maintained at both day 21 and day 28 of RA treatment with expression levels of 0.59±0.02 

AU and 0.81±0.10 AU respectively (p < 0.05 for both timepoints). 

 

  



Timepoint

DMEM/F12 + 10% FBS
10 µM RA

3×104 cells/cm2 4×105 cells/cm2

3 5 7 14 21 28 hNT
(44)

DMEM/F12 + 5% FBS
1 µM Urd, 10 µM  FUDR, 1 µM AraC

30No 
RA

No
RA

Figure 3.1. Schematic representation of the differentiation protocol used for the NT2/D1 cell line indicating timepoints 
examined for RT-PCR, immunoblotting or ICC.
DMEM/F12 =  Dulbecco’s Modified Eagle’s Medium with F12 supplement, FBS = Fetal bovine serum, RA = retinoic acid, 
Urd = uridine, FUDR = fluorodeoxyuridine, AraC =  cytosine arabinoside.
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Figure 3.2. Changes in Cx30, Cx36 and Cx43 RNA expression during NT2/D1 differentiation as assessed by RT-PCR. Representative images of agarose gels showing PCR products for RT-
PCR against the Cxs of interest over the timecourse of RA treatment as well as beta-actin control (A). Statistically significant changes relative to 0 day undifferentiated cells are denoted by 
asterisks. A three-fold increase in expression of Cx30 was observed at the 14 days RA (p < 0.05), and the subtype was also elevated at days 21  (p < 0.05) and 28  (p < 0.05)  (B). An increase 
in Cx36 expression was observed at 14 and 28 days RA  (p < 0.05) (C). Cx43 decreased between day 0 and day 14 (p < 0.05) and remained downregulated at days 21  (p < 0.05) and 28 of RA 
treatment  (p < 0.05) (D). Experiments were performed in triplicate.
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3.3.1.2. Temporal changes in Cx43 protein expression during differentiation of NT2/D1 

cells 

The temporal expression of Cx43 was examined at the protein level using immunoblotting 

with normalisation against the constitutively expressed GAPDH protein (n = 3). The 

temporal pattern of Cx43 protein expression resembled the pattern observed in RNA 

expression as assayed via RT-PCR, although the changes at the protein level were more rapid 

and pronounced. 

Cx43 was highly expressed in undifferentiated cells, as observed by an intense doublet band 

on immunoblots at approximately 43 kDa, the expected molecular weight of the protein 

(Fig 3.3. A). These bands gave a mean normalised integrated density value of 4.13±0.60 AU. 

The level of Cx43 protein expression decreased rapidly and dramatically upon RA induction 

of differentiation (Fig 3.3. A, C). 

Cx43 expression levels were significantly reduced to 1.04±0.26 AU by day 3 of RA 

treatment, a 75% decrease relative to undifferentiated NT2/D1 cells. Temporal changes in 

Cx43 protein levels, relative to undifferentiated cells, at day 3 and all subsequent timepoints 

were all statistically significant (p < 0.05). The mean level of expression continued to show a 

decreasing trend between day 3 to day 14, exhibiting an almost 85% decrease at day 7 

(0.64±0.18 AU) and a greater than 90% decrease relative to undifferentiated cells at day 14 

(0.34±0.06 AU). The differences in the mean levels of expression between these latter 

timepoints did not reach statistical significance, however, despite this trend towards 

decreasing Cx43 expression level over time. 

Cx30 and Cx36 were also examined by immunoblotting using multiple antibodies. Distinct 

bands at the expected molecular weights were not identified at any timepoints. It is possible 

that the level of protein expression was below the threshold of detection for the technique, or 

that antigen-binding sites for the primary antibodies used were not conserved during the 

protein extraction procedures used in preparation for immunoblotting. Possibly for similar 

reasons the Cx36 antibodies also showed an absence of staining when used for ICC at all of 

the timepoints. 
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3.3.1.3. Temporal changes in DCX protein expression during differentiation of NT2/D1 

cells 

The expression of DCX protein was examined as a measure of neuronal differentiation of the 

NT2/D1 cells using protein samples derived from the same cultures as the Cx43 immunoblots 

and RT-PCR experiments, as well as in cultures of mature hNT neurons (n = 3). There was 

an absence of any distinct band on immunoblots of protein from undifferentiated cells, 

indicating that any DCX expression was very low. The mean integrated density at the 

expected molecular weight, ~45 kDa, gave a baseline level of 0.04±0.02 AU in 

undifferentiated cells and at day 3 of RA treatment (Fig 3.3. B, C). 

DCX was first detected as a distinct band at 45kDa, at day 5 of differentiation, with a mean 

expression level of 0.20±0.05 AU. This level of DCX expression was maintained for most of 

the timecourse of RA treatment with expression levels of 0.36±0.06 AU, 0.23±0.03 AU and 

0.32±0.03 AU for days 7, 14 and 21 of RA treatment respectively. The level of DCX 

expression subsequently increased at day 28 by approximately three-fold to 0.98±0.17 AU 

and this increase was statistically significant when compared to all prior timepoints in post-

hoc analyses (p < 0.05). 

DCX expression in mixed cultures of hNT neurons (and the underlying feeder cell layer) was 

dramatically and significantly higher than in undifferentiated cells and all RA-treated 

timepoints, with the mean expression level of DCX protein reaching 5.84±0.20 AU 

(p < 0.05). Overall, the expression of DCX was observed to show an inverse trend relative to 

changes in Cx43 protein expression, with the reduction in Cx43 occurring prior to the 

increase in DCX. 
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Figure 3.3. Protein expression of Cx43 and DCX in differentiating NT2/D1 cells as assessed by immunoblotting and semi-
quantitative densitometry. Cx43 was detected as a distinct band at ~43 kDa as shown in the representative blot (A). Cx43 
was observed to decrease significantly at all RA treated timepoints and in hNT neurons, relative to undifferentiated cells (p < 
0.05) (C). A decreasing trend was also observed between day 3 to day 14 of RA treatment. DCX was first detected as a distinct 
band at ~45 kDa at the day 5 of RA treatment but remains low through to day 21 (B). A significant increase was observed at 
day 28 (p < 0.05). hNT neurons showed a dramatic increase in DCX expression, compared to all timepoints (p < 0.05) (C). 
Experiments were performed in triplicate.
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3.3.1.4. Morphological appearance of NT2/D1 cells 

NT2/D1 cells maintained in growth medium propagated as an adherent monolayer of flat 

elliptical cells that exhibited a cobblestone-like appearance (Fig 3.4. A). The cells were 

typically ~20-30 µm in diameter. Upon RA treatment and in the absence of passaging the cell 

layer became confluent (Fig 3.4. B). The cells began to adopt a compact more circular 

appearance, with a typical cell diameter of 5-10 µm, as they became more densely packed 

between days 5 and 7 of RA treatment (Fig 3.4. C, D). The differentiating cells continued to 

aggregate into dense clusters over the remaining timecourse of RA treatment (Fig 3.4. E, day 

14; F, day 21; G, day 28). 

After replating and treatment with mitotic inhibitors the cultures exhibited a mixture of two 

types of cell: large flat fibroblast-like cells and small oval cells (Fig 3.4. H). The smaller cells 

exhibited a neuronal morphology, with cell bodies approximately 5-10 µM in diameter, with 

a large network of processes visible between them and typically greater than 100 µm in 

length. These cells normally grew in clusters of variable size ranging from smaller groups of 

10-20 cells to larger clusters of greater than 50 cell bodies. However, there were also discrete 

neuronal cells seen throughout the cultures. The small neuronal cells grew over the 

monolayer of large flat cells that also derived from the initial NT2/D1 population. 
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Figure 3.4. Representative DIC images showing cellular morphology of NT2/D1 cells during differentiation. Undifferentiated 
cells showed an ovoid shape (A). Cells became confluent by day 3 (B). Cells continued to aggregate between days 5 and 28, 
adopting a smaller, more circular appearance as cell density increased (C-G). Replated post-mitotic hNT neurons are shown, 
growing over a flat layer of feeder cells, with visible neurites projecting from small round cell bodies (H). Scale bar = 20 μm.
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3.3.1.5. Spatiotemporal changes in DCX immunolabelling during differentiation of 

NT2/D1 cells 

DCX was examined qualitatively via ICC as a marker of early neuronal differentiation. DCX 

immunolabelling was absent in the undifferentiated NT2/D1 precursor cells, as would be 

expected by their nominally multipotent phenotype (Fig 3.5. A). DCX immunostaining also 

remained largely undetectable at the early timepoints of 3 and 5 days of RA treatment, 

although immunolabelling was observed faintly in some cell bodies at the 5 day timepoint 

(Fig 3.5. B, C). 

Distinct DCX immunolabelling was observed in dispersed cells at day 7 of RA treatment (Fig 

3.5. D). DCX labelling was confined predominantly to the cellular cytoplasm and neuritic 

extensions as would be expected of a microtubule-associated protein. The cells in question 

appeared small with some short branches extending from the cell body, but DCX-positive 

neurites observed were few in number. At day 14 and 21 the amount and intensity of DCX 

immunolabelling appeared to increase and these positively labelled cells became less 

dispersed (Fig 3.5. E, F). From day 28 onwards, longer neuritic processes were stained 

positive for DCX and were seen projecting from the cell bodies of some DCX-positive cell 

bodies (Fig 3.5. G). These projections were generally greater than 20 µm in length. The 

aggregation of these differentiating neurons also continued at day 28 of RA treatment 

(Fig 3.5. G). 

After 28 days of RA treatment the cells were passaged twice and plated into a mitotic 

inhibitor medium for a further 14 days. The resultant cultures, as described above, exhibited 

cells of two distinct morphologies (Fig 3.5. H). The small round cell clusters showed strong 

cytoplasmic immunostaining for DCX, confirming their neuronal phenotype, while the layer 

of large flat cells exhibited negligible DCX staining. The extensive neuritic outgrowths that 

formed a vast network of projections between the clusters of cells were also strongly DCX-

positive. 
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3.3.1.6. Spatiotemporal changes in Cx43 immunolabelling and colocalisation with DCX 

during differentiation of NT2/D1 cells 

ICC was used to qualitatively examine the cellular localisation of Cx43 protein in NT2/D1 

cells and record any changes in this localisation that occurred due to differentiation. Double-

labelling with DCX was performed to assess whether there was preferential localisation of 

Cx43 immunolabelling to either DCX-positive differentiating neurons or DCX negative non-

neuronal cells. 

Cx43 immunolabelling was observed as punctate staining between cells along apposed 

cellular membranes indicative of gap junction plaques, but also as globular labelling within 

the cytoplasm of cell bodies (Fig 3.6. A). Intracellular labelling was observed predominantly 

in cultures of undifferentiated cells, prior to any treatment with RA, and at earlier timepoints 

during the timecourse, where labelling was largely perinuclear in localisation. 

Cx43 immunolabelling diminished in a pattern similar to the temporal changes observed at 

the RNA level and as seen in immunoblotting, with a reduction of both punctate and 

intracellular globular labelling observed. The intracellular Cx43 appeared to decrease rapidly 

during RA treatment and was not observed by day 3 of RA treatment (Fig 3.6. B). Punctate 

Cx43 labelling remained prevalent at 3 days of RA treatment (Fig 3.6. B), but began to 

subside between 5 and 7 days of RA treatment (Fig 3.6. C, D). Immunolabelling was sparse 

or undetectable by day 14 (Fig 3.6. E) and remained negligibly low at the later 21 and 28 day 

timepoints (Fig 3.6. F, G). The post-mitotic neurons and underlying feeder cells in the hNT 

cell cultures also lacked Cx43 immunolabelling (Fig 3.6. H). 

In general, double-labelling for Cx43 and DCX showed that downregulation of Cx43 

(Fig 3.7. A-C) preceded the appearance of an abundance of DCX-positive differentiating 

neurons (Fig 3.7. E-G). As such, colocalisation was minimal over the timecourse of 

differentiation. Furthermore, the absence of Cx43 immunolabelling in cultures of the post-

mitotic neurons, that showed strong DCX expression, also resulted in a lack of colocalisation 

(Fig 3.7. H). At the day 7 timepoint, however, immunolabelling for both DCX and Cx43 was 

present (Fig 3.7. D). Despite temporal concurrence, however, Cx43 plaques remained 

predominantly localised on cells that were not expressing detectable levels of DCX.  
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3.3.1.7. Spatiotemporal changes in Cx30 immunolabelling and colocalisation with DCX 

during differentiation of NT2/D1 cells 

The localisation of Cx30 during NT2/D1 differentiation was also examined using ICC, with 

double-labelling against the DCX neuronal marker. When expressed, Cx30 was observed as 

punctate immunolabelling localised at cell-cell interfaces, giving rise to a honeycomb pattern 

of puncta, typical of gap junction formation. Conversely to the pattern observed for the Cx43 

subtype, Cx30 was not observed within the cytoplasm of the cells at any of the examined 

timepoints during the course of differentiation. 

The spatiotemporal pattern of Cx30 protein exhibited by ICC bore resemblance to the 

temporal changes in RNA expression observed via RT-PCR. Cx30 immunolabelling was not 

apparent in undifferentiated NT2/D1 cells (Fig 3.8 A). Labelling remained low at 3 days of 

RA treatment although some sparse punctate staining began to emerge at this timepoint (Fig 

3.8. B). An increase in Cx30 puncta was seen at day 5 of RA treatment (Fig 3.8. C). This 

increase continued with immunolabelling becoming widespread and peaking between 7 to 14 

days of differentiation (Fig 3.8. D, E). Subsequently, after day 14 of RA treatment, Cx30 

immunolabelling diminished although it remained elevated relative to undifferentiated 

NT2/D1 cells at these later timepoints (Fig 3.8. F, day 21; G, day 28). Cx30 immunolabelling 

was not observed in hNT cultures (Fig 3.8. H). 

The emergence of DCX immunolabelling at approximately 7 days of RA treatment coincided 

temporally with the increase in Cx30 immunolabelling observed between 5 to 14 days of RA 

treatment (Fig 3.9. C, day 5; D, day 7; E, day 14). Cx30 puncta were observed on the cell 

borders of DCX-positive cells, but were also seen amidst the cell population absent of DCX 

staining, indicating that this Cx was forming junctions between cells committing to both 

neuronal and non-neuronal fates with no clear preference (Fig 3.9. D, E). It was, however, 

noted that Cx30 appeared generally to be present in areas of higher cell density in these 

heterogeneous cultures. When observed at days 21 and 28, Cx30 also showed no clear 

preferential colocalisation with DCX staining (Fig 3.9. F, G). Cx30 diminished after peaking 

at day 14 of RA treatment and was absent in the hNT cultures. Consequently, no 

immunolabelling for this subtype was observed in either the DCX-positive post-mitotic 

neurons or the underlying feeder cell layer in the mixed hNT cultures (Fig 3.9. H). 
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3.3.2. Connexin expression during differentiation of the P19 embryonal 

carcinoma cell line 

3.3.2.1. Temporal changes in connexin RNA expression during differentiation of P19 EC 

cells 

Differentiating P19 EC cells were assayed for Cx RNA expression levels by RT-PCR 

normalised to the expression of the beta-actin housekeeping gene (n = 3). As with the 

NT2/D1 experiments, expression levels of the Cxs were determined by mean integrated 

density and are given in arbitrary units (AU). A schematic representation of the P19 neural 

differentiation protocol and timepoints examined is provided in Figure 3.10. 

The expression of the three Cx isoforms of interest in this study, Cx30, Cx36 and Cx43, over 

the timecourse of P19 differentiation exhibited a similar pattern to that observed in the 

differentiating NT2/D1 cells, albeit over a much shorter timecourse (Fig 3.11. A). Fully 

undifferentiated P19 EC cells showed high Cx43 expression, with RT-PCR products 

producing intense bands on agarose gels with a mean integrated density value of 1.53±0.05 

AU (Fig 3.11. A, D). Conversely, bands for the other two Cx subtypes in undifferentiated 

cells were faint or negligible indicating that the degree of Cx30 and Cx36 RNA expression 

was low in the P19 EC cells in the absence of any RA treatment. The mean integrated density 

at the expected product size gave values of 0.28±0.13 AU and 0.31±0.11 AU for Cx30 and 

Cx36, respectively (Fig 3.11. B, C). Both the latter subtypes displayed similar patterns of 

temporal change during differentiation of this cell line. 

At the 0 day timepoint, after 4 days of RA treatment, a decrease in Cx43 mRNA expression 

was observed. Expression levels first reduced to 1.29±0.03 AU and 1.26±0.01 AU at the 0 

day and 2 day timepoints respectively (Fig 3.11. D). This decreasing trend did not, however, 

reach statistical significance until 4 days post-RA treatment when the mean expression levels 

reduced by almost 50% to 0.81±0.08 AU (p < 0.05). The expression of Cx43 at the RNA 

level remained significantly downregulated throughout the subsequent timepoints (p < 0.05). 

At day 0 and day 2 post-RA treatment, RNA levels of the Cx30 and Cx36 isoforms remained 

low and largely unchanged from undifferentiated cells (Fig 3.11. B, C). An increasing trend 

was not observed until day 4 for both Cx30 and Cx36, with expression levels of 1.06±0.45 

AU and 0.89±0.43 AU respectively. 
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Cx30 peaked at a mean expression level of 2.40±0.19 AU at 6 days post-RA treatment, which 

was significantly higher than expression in undifferentiated P19 EC cells, and at day 0 and 

day 2 post-RA treatment (Fig 3.11. B; p < 0.05). The Cx30 subtype subsequently showed a 

decreasing trend in RNA expression levels, to 1.68±0.26 AU and 1.12±0.51 AU at 8 and 10 

days post-RA treatment respectively, however, this potential reduction did not reach 

statistical significance. 

Cx36 also showed a peak in mean expression levels at day 6 post-RA treatment of 

2.66±0.28 AU, which was significantly higher than all prior timepoints (Fig 3.11. C; p < 

0.05). Cx36 decreased subsequently to 1.43±0.02 AU at 8 days post-RA treatment, 

significantly lower than the peak expression (p < 0.05). However, expression of Cx36 at day 

8 was still significantly elevated, relative to undifferentiated cells and to the 2 and 4 day post-

RA timepoints (p < 0.05). At day 10, mean expression levels had decreased to 1.18±0.20, 

significantly lower than the peak expression levels at day 6 (p < 0.05), and no longer 

significantly higher than earlier timepoints. 

 

  



Figure 3.10. Schematic representation of the differentiation protocol used for the P19 EC cell line indicating timepoints 
examined for RT-PCR, immunoblotting or ICC.
α-MEM = Modified Eagle’s Medium alpha, NBA = Neurobasal Media A, FBS = Fetal bovine serum, RA = retinoic acid, AraC 
=  cytosine arabinoside, 2dCTD = 2′-deoxycytidine.
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Figure 3.11. Changes in Cx30, Cx36 and Cx43 RNA expression during NT2/D1 differentiation, as assessed by RT-PCR. Representative images of agarose gels showing PCR products for RT-
PCR against the Cxs of interest over the timecourse of RA treatment, as well as beta-actin control (A). Statistically significant changes relative to 0 day undifferentiated cells are denoted by 
asterisks. A greater than nine-fold increase in expression of Cx30 was observed at 6 days post-RA (p < 0.05) relative to undifferentiated cells (B). A significant increase in Cx36 expression was 
observed at 6 (p < 0.05) and 8 days post-RA  (p < 0.05) (C). Cx43 significantly decreased by day 4 post-RA treatment and remained downregulated throughout the remainder of the timecourse  
(p < 0.05) (D). Experiments were performed in triplicate.
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3.3.2.2. Temporal changes in Cx43 protein expression during differentiation of P19 EC 

cells 

The temporal expression pattern of Cx43 protein was examined by immunoblot, normalised 

to GAPDH protein levels (n = 3). Temporal changes in Cx43 protein exhibited by 

differentiating P19 EC cells were similar to the changes observed at the RNA level. 

Additionally, the temporal expression pattern during the timecourse of the P19 differentiation 

protocol resembled the changes observed in the NT2/D1 cell line albeit over a compressed 

timecourse. 

Cx43 protein was observed as an intense doublet band at approximately 43 kDa, with a mean 

integrated density value of 3.90±0.27 AU (Fig 3.12. A, C). Cx43 protein expression 

decreased rapidly upon RA treatment to a mean of 1.34±0.15 AU at day 0, and remained 

significantly downregulated, relative to undifferentiated P19 EC cells, at all subsequent 

timepoints (p < 0.05). By 2 days post-RA treatment mean expression levels had decreased to 

0.83±0.04 AU. At 4 days post-RA mean expression levels were 0.37±0.08 AU, significantly 

lower than the 0 day timepoint (p < 0.05). By 6 days in culture post-RA treatment the Cx43 

protein level had decreased to 0.15±0.03 AU, under 5% of that observed in undifferentiated 

P19 EC cells and also significantly lower than at the 0 day (p < 0.05) and 2 day timepoints (p 

< 0.05). This level of Cx43 expression was largely maintained for the remainder of the 

timecourse examined, with expression levels of 0.18±0.07 AU and 0.23±0.07 AU, at 8 and 10 

days post-RA treatment respectively. 

Similarly to the NT2/D1 lysates, antibodies raised against Cx30 and Cx36 showed a lack of 

utility in immunoblotting for any of the P19 samples obtained, possibly due to lack of 

antigenicity as noted previously. The Cx36 antibody was also found to lack utility in ICC 

experiments. 

 

3.3.2.3. Temporal changes in DCX protein expression during differentiation of P19 EC 

cells 

As with the NT2/D1 cell line, the expression of DCX protein was examined by immunoblot 

as a marker of neuronal differentiation in differentiating P19 EC cell cultures (n = 3). Lysate 

from undifferentiated P19 EC cells did not give a detectable band at the expected molecular 
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weight, indicating DCX protein expression in these cultures was negligible or absent (Fig 

3.12. B). 

A faint band at the expected molecular weight of 45 kDa first appeared after 4 days of RA 

treatment at the 0 day timepoint, and intensified at the 2 day timepoint in immunoblots 

(Fig 3.12. B). This low level of expression gave a mean integrated density of 0.04±0.01 AU 

and 0.17±0.03 AU respectively (Fig 3.12. C). A clearly distinct band was observed from 

lysates from the 4 days post-RA timepoint, giving a mean expression level of 0.75±0.10 AU, 

and this increase relative to undifferentiated P19 EC cells was statistically significant (p < 

0.05). DCX protein levels continued to increase and by day 6 post-RA treatment reached 

1.63±0.30 AU, a significant rise over all prior timepoints (p < 0.05). At 8 days post-RA 

treatment the mean expression of DCX had increased to 1.92±0.16 AU, also significantly 

elevated compared to the levels observed in undifferentiated P19 EC cells and in cells at 0, 2 

and 4 days post-RA treatment (p < 0.05). DCX protein expression continued to increase over 

the remainder of the examined timecourse, with a mean expression level of 2.50±0.19 AU 

observed at 10 days post-RA. This increase was statistically significant relative to DCX 

levels at day 6 (p < 0.05) and at all timepoints prior to day 6 (p < 0.05). 
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Figure 3.12. Protein expression of Cx43 and DCX in differentiating P19 cells as assessed by immunoblotting and semi-
quantitative densitometry. Cx43 was detected as a distinct band at ~43 kDa as shown in the representative blot (A). Cx43 
was observed to decrease significantly at all post-RA treated timepoints, relative to undifferentiated cells (p < 0.05) (C). A 
decreasing trend was also observed between day 0 to day 4 post-RA treatment. DCX was first detected as a faint band at ~45 
kDa at the day 0 post-RA treatment, with a distinct band visible from day 2 onwards (B). A significant increase was observed 
at day 4, day 6 (p < 0.05) and all subsequent timepoints (p < 0.05). Experiments were performed in triplicate.
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3.3.2.4. Morphological appearance of differentiating P19 EC cells 

Undifferentiated P19 EC cells maintained in complete growth medium grew as an adherent 

monolayer. P19 EC cells appeared round or ovoid in shape, with cell bodies that were 

approximately15-20 µm in diameter (Fig 3.13. A). After treatment with RA for 4 days, the 

cells grew to confluency with smaller cell bodies around 5-10 µm in diameter, and these cells 

tended to amass into clusters (Fig 3.13. B). These cultures were subsequently passaged and 

replated onto a layer of Matrigel basement membrane in the absence of RA. 

The replated cells were small in size, at approximately 10 µm in diameter, and exhibited a 

round or ovoid shape similar to that of the precursor cells when examined at 2 days post-RA 

treatment (Fig 3.13. C). These 2 day post-RA cells, however, exhibited processes extending 

from these small, round cell bodies, visible under transmitted light microscopy. Typically 

these processes were greater than 30 µm in length. The small cell bodies began to aggregate 

again into clusters by day 4 post-RA treatment (Fig 3.13. D) and continued to do so 

throughout the remainder of the examined timecourse of P19 differentiation (Fig 3.13. E, day 

6; F, day 8; G, day 10). 
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Figure 3.13. Representative DIC images depicting cellular morphology of P19 EC cells during differentiation. Undifferentiated 
P19 EC cells were round or ovoid in shape (A). Cells became more densely packed and aggregated after 4 days of RA 
treatment at the day 0 timepoint (B) at which point cells were replated onto Matrigel. At day 2 post-RA treatment cells began 
to show visible projections (C). Cells began to migrate into aggregate between day 2 and 4 post-RA treatment (C, D) and 
continued to amass into progressively larger aggregates throughout the remainder of the timecourse (E-G). Scale bar = 20 μm.
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3.3.2.5. Spatiotemporal changes in DCX immunolabelling during differentiation of P19 EC 

cells 

DCX was qualitatively examined through ICC to indicate cells committing to a neuronal 

phenotype during P19 EC cell differentiation. As expected, immunolabelling was absent in 

the undifferentiated and multipotent P19 NPCs (Fig 3.14. A). After 4 days of RA treatment, 

however, spatiotemporal changes in labelling were observed, and these changes were 

comparable with those seen via semi-quantitative immunoblotting. 

Although immunoblotting was not of sufficient sensitivity to detect DCX at the 0 day 

timepoint, after 4 days of RA treatment, ICC revealed that DCX-positive early neurons were 

present (Fig 3.14. B). The DCX protein was observed as immunolabelling in both the 

cytoplasm of the cell bodies of these cells as well as in neuritic projections extending from 

them. DCX immunolabelling appeared to increase in intensity after replating and examination 

at the 2 day timepoint (Fig 3.14. C). This staining was observed in both cell bodies as well as 

in processes extending between the cell bodies, with positively labelled neurites generally 

greater than 20 µm in length. 

The differentiating neurons were relatively sparse in distribution at 0 day timepoint and 

remained so at 2 days post-RA. At 4 days post-RA treatment, however, the cells began to 

aggregate into clusters, with an apparent increase in the staining of neuritic projections 

extending from cell bodies through these clusters and projecting from their edges 

(Fig 3.14. D). The DCX-positive cells continued to migrate into progressively larger clusters 

throughout the remaining timepoints examined (Fig 3.14. E, day 6; F, day 8; G, day 10). At 

these timepoints, 6-10 days post-RA treatment, the intensity of DCX immunolabelling in the 

cytoplasm of the neuronal cells at the centre of larger clusters appeared to diminish, while 

being retained at the periphery. Conversely, the networks of projections fanning throughout 

and extending from these cell body clusters retained DCX immunolabelling, and the 

networks appeared more extensive at these latter timepoints than at 4 days post-RA. This may 

account for the steady rise in DCX protein observed via immunoblotting. 
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3.3.2.6. Spatiotemporal changes in Cx43 immunolabelling and colocalisation with DCX 

during differentiation of P19 EC cells 

Cx43 immunolabelling was qualitatively assessed by ICC and double-labelled against DCX, 

as a marker of neuronal commitment. As with NT2/D1 cells, Cx43 was observed to localise 

both intracellularly and at apposed cellular surfaces, indicating formation of gap junction 

plaques, in the P19 EC cell line (Fig 3.15. A). The intracellular immunolabelling appeared 

globular and was perinuclear in localisation, while the punctate staining formed a honeycomb 

pattern around cell plasma membranes where they were in contact with other cells. 

Intracellular immunolabelling was present predominantly in the undifferentiated P19 EC cells 

and at the earlier timepoints after the 4 days of RA treatment. 

Extensive and relatively ubiquitous Cx43 immunolabelling was observed prior to RA 

treatment (Fig 3.15. A). At day 0, both globular and punctate Cx43 immunolabelling were 

observed and remained widespread (Fig 3.15. B), although, a decrease in Cx43 staining 

occurred in a similar pattern to that seen through RT-PCR and immunoblotting. Between 2 

and 4 days post-RA treatment both intracellular Cx43 immunolabelling and punctate Cx43 

labelling between cells began to decline (Fig 3.15. C, D). Cx43 immunolabelling continued to 

diminish throughout the later examined timepoints (Fig 3.15. E, day 6; F, day 8; G, day 10). 

As noted above there was no DCX labelling in undifferentiated P19 EC cells prior to RA 

application, but Cx43 expression was widespread (Fig 3.16 A). At the 0 days and 2 days post-

RA timepoints, where Cx43 immunolabelling was retained it was principally expressed on 

cells that had yet to express any DCX at detectable levels (Fig 3.16. B, C). Immunolabelling 

at day 4 timepoint was observed on some DCX-positive cells interspersed amongst DCX-

positive neuritic processes, but Cx43 appeared to be primarily localised to cells that were 

absent of DCX expression (Fig 3.16. D). The low level of Cx43 immunolabelling at 6 days 

post-RA treatment (Fig 3.16. E) was without clear preferential localisation and, similarly, at 8 

and 10 days post-RA there were few visible puncta, and those present were without any 

apparent preferential localisation (Fig 3.16. F, G). 
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3.3.2.7. Spatiotemporal changes in Cx30 immunolabelling and colocalisation with DCX 

during differentiation of P19 EC cells 

ICC for Cx30 was performed and qualitatively examined for changes in Cx30 protein 

expression and localisation during neural differentiation of the P19 EC cells, alongside DCX 

immunolabelling as a marker for early neurons. Where Cx30 immunolabelling was observed, 

it appeared as discrete puncta around the perimeter of the cellular membranes, giving the 

impression of a tessellated pattern. In contrast to the spatial pattern of Cx43 expression, Cx30 

was not found to be localised cytoplasmically at any examined timepoint. 

Cx30 immunolabelling was not present in cultures of undifferentiated P19 EC cells (Fig 3.17. 

A), however, changes in Cx30 staining were seen over the course of differentiation. In 

contrast to Cx43, the increase in Cx30 appeared to follow rather than precede the expression 

of DCX in the P19 EC cell line. Cx30 was negligible in 0 day cells and sparse at 2 days 

(Fig 3.17. B, C). Bright Cx30 puncta were first noted at 4 days post-RA (Fig 3.17. D). The 

number of puncta was observed to rise at day 6 post-RA treatment and this appeared to be the 

peak of Cx30 immunolabelling (Fig 3.17. E). Some Cx30 immunolabelling was still present 

at days 8 and 10 post-RA treatment (Fig 3.17. F, G), but the number of puncta appeared to 

have diminished from the peak observed at day 6. 

As Cx30 immunolabelling was absent in early timepoints, there was a lack of colocalisation 

shown in double-labelling with DCX (Fig 3.18. A, no RA; B, day 0; C, day 2). Cx30 puncta, 

when observed, was found to be almost exclusively localised within the centres of large 

clusters of cells, suggesting that this subtype was selectively localised to the cell type(s) 

forming these clusters (Fig 3.18. D, day 4; E, day 6; G, day 10). As noted above, these large 

clusters of cells, while displaying modest or negligible DCX-labelling of cell bodies at their 

centres, exhibited DCX labelling in both cell bodies and processes at their peripheries, as well 

as in processes seen extending through the clusters. This may indicate that these cells 

expressing Cx30 were either of neuronal phenotype or supporting the development of 

phenotypically neuronal cells. 
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3.3.2.8. Immunolabelling in the absence of primary antibodies against Cx and DCX 

ICC was performed in the absence of primary antibodies, to determine whether observed 

immunolabelling from the AlexaFluor-conjugated antibodies was due to non-specific 

binding. All “no primary” controls yielded negligible fluorescent signal when imaged via 

confocal microscopy at the same settings used to capture qualitative images of Cx and DCX 

immunolabelling. Furthermore, Cx30 and Cx43 antibodies were shown to be specific in cells 

overexpressing the respective subtypes in Chapter 4. 
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3.4. Discussion 

 

There has been increasing interest in the role of Cx proteins and gap junctional 

communication during the process of differentiation, as both are thought to be involved in 

many physiological processes. Previous studies have examined, to an extent, the differential 

expression of some Cx subtypes in in vitro models of differentiation. Knowledge of the 

spatiotemporal changes in Cx expression has, however, remained incomplete. 

This chapter aimed to corroborate previously reported findings and address, in part, a dearth 

in the current knowledge with regard to the expression of Cx subtypes: Cx30, Cx36 and 

Cx43, during neuronal differentiation in two different in vitro models. 

 

3.4.1. P19 and NT2/D1 models of differentiation displayed similar patterns 

of Cx change 

Despite the difference in species of origin, the human NT2/D1 and mouse P19 EC cell lines 

were originally derived in an analogous manner. The protocols used to differentiate the two 

types of NPC into neurons, however, did differ. The P19 EC cells were treated with RA for 

less than a third of the timecourse examined, while the NT2/D1 cells were treated with the 

morphogen for the majority of the protocol. Notwithstanding these methodological 

differences, both cell lines exhibited similar patterns of DCX and Cx subtype expression over 

their respectively examined timepoints.  

The differences in protocol, between these analogous models, would appear to have had a 

negligible impact on the overall pattern of changes occurring in the differentiation of either 

line. It has been shown in the P19 model that less than 4 hours of RA treatment is sufficient 

to irreversibly trigger initiation of differentiation (Berg and McBurney, 1990). Persistent RA 

treatment may likewise be superfluous in the NT2/D1 model. Conversely, the relative delay 

in application of mitotic inhibitors in the NT2/D1 line may be compensated for by contact 

inhibition incurred through a lack of passaging. Furthermore, the RA morphogen is known to 

have inhibitory effects on cell division (Schroder et al., 1982), and thus may also serve as a 

mitotic inhibitor in the NT2/D1 model. 
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Overall, from the strong resemblance in spatial and temporal expression patterns between the 

two models, the suggestion may be drawn that the observed changes are species and model 

independent. This consistency in Cx regulation may, therefore, imply that the changes are 

significant and requisite, rather than incidental, to the process of neural differentiation. 

Further evidence corroborating that these changes are substantive, rather than model specific, 

can be seen in the similarities between the changes observed in this in vitro study and in vivo 

findings in past studies. In the rodent brain temporal downregulation of Cx43 and 

upregulation of Cx36 have been observed during neuronal fetal development (Rozental et al., 

2000, Leung et al., 2002, Arumugam et al., 2005). Additionally, these consistent results attest 

to the utility of these in vitro models for the study of neural differentiation. 

It is worth noting, however, that this similarity in expression pattern is not always the case 

between in vitro and in vivo models. For example, in a comparison between intact human 

corneal epithelium and cultured primary corneal epithelial cells while both models express 

Cx26, Cx30 and Cx43, only the in vivo epithelium showed Cx31.1 expression (Shurman et 

al., 2005). 

The consistent regulation of Cx expression may, in part, be attributed to the highly conserved 

sequence and structure of Cx orthologs across the mammalian species, conferring conserved 

function in both the mouse and human EC cells. The Cxs examined in this study: Cx30, Cx36 

and Cx43, share amino acid sequence homology between the mouse and human proteins of 

96.2%, 98.1% and 97.4%, respectively. 

 

3.4.2. Cx36 is upregulated over the timecourse of differentiation in both in 

vitro models 

Gross examination of temporal changes in Cx mRNA expression showed an increase in the 

Cx36 subtype during the timecourse of NT2/D1 differentiation. This was not wholly 

unexpected, as the Cx36 subtype has long been regarded as a neuronal gap junction protein, 

with expression previously noted in anatomical studies of populations of developing and 

mature neurons in vivo (Srinivas et al., 1999, Rash et al., 2000, Sorbara et al., 2007). This 

finding also served to complement the previous report that found an increase in Cx36 at the 

mRNA level between completely undifferentiated NT2/D1 cells and mature hNT neurons, 

but did not examine the intervening timepoints to see when during the process of 
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differentiation the upregulation occurred (Boucher and Bennett, 2003). Cx36 mRNA 

upregulation was observed relatively early during NT2/D1 differentiation, and in this cell line 

the pattern of expression appeared to coincide with the emergence of the DCX protein. 

The expression of Cx36 had not previously been extensively studied in the P19 EC model of 

differentiation. Similarly to the NT2/D1 cells, the upregulation of Cx36 in the differentiating 

P19 EC cells began relatively early and corresponded with increases in DCX seen at the 

protein level via immunoblotting. Interestingly in the mouse cell line, Cx36 expression 

appeared to peak at the 6 day timepoint and began to decline thereafter. This may indicate 

that while the subtype may play a role in the initial commitment and differentiation of the 

cells to a neuronal fate, Cx36 may not be needed at such high levels during or after 

maturation of neurons. 

Overall, the study showed that in both the NT2/D1 and P19 model of differentiation, the 

upregulation of Cx36 occurred during development of neuronal populations, in concordance 

with studies of in vivo neural development, implying the Cx36 isoform is not only expressed 

in mature neurons, but in cells undergoing the process of differentiation in these in vitro 

models. The early upregulation of Cx36 in both models examined in this study poses the 

question as to whether the increase in expression observed is simply secondary to the 

development of neuronally-committed cells in these cultures, or whether this expression may, 

in fact, be a key feature in the commitment and differentiation of these cells to a neuronal 

fate. 

A recent study supports the latter theory, wherein it was found that expression of the Cx36 

gene is necessary for neuronal specification in primary cultures of hippocampal NPCs and 

mouse neurospheres (Hartfield et al., 2011). The authors observed a reduction in neuronal 

differentiation under knockdown of the Cx36 gene, while overexpression of this subtype was 

sufficient to preferentially direct these precursors towards a neuronal and oligodendrocytic, 

rather than astrocytic, fate during differentiation. Cx36 may thus be serving a similar role in 

these in vitro models investigated in the current study and its temporal expression pattern 

may be reflective of that role. 
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3.4.3. Cx30 shows transient upregulation in both in vitro models of 

differentiation 

Cx30 has previously been described as an astrocytic Cx subtype (Nagy et al., 1999, Rash et 

al., 2001). In this study, however, examination of temporal changes in the NT2/D1 cultures 

by RT-PCR has shown that Cx30 is upregulated during RA-induced neuronal differentiation. 

NT2/D1 NPCs do not express astroglial markers such as GFAP and glutamine synthase and 

only undergo astrocytic differentiation in succession of the development of hNT neurons 

through the continued cultivation of the non-neuronal feeder layer (Bani-Yaghoub et al., 

1999b, Sandhu et al., 2002).  

The temporal expression of Cx30 in both models examined in this study, in fact, appeared to 

correspond to the temporal increase in DCX protein expression observed via immunoblotting, 

in a similar fashion to the expression of the neuronal Cx36 gap junction protein. This would, 

therefore, suggest that the upregulation of Cx30, rather than being due to mature astrocytic 

expression, is occurring in either differentiating neurons, or precursors of the eventual non-

neuronal feeder layer of cells, or a combination of these two cell types. 

The upregulation of Cx30 mRNA appeared to be highly transient, peaking strongly, before 

subsiding. This previously unreported elevation of expression reflects the limitation of some 

past studies in which only differential expression between undifferentiated and mature cells 

has been examined, and highlights the importance of examining changes that occur during the 

process of differentiation. The implications of this transient expression are, however, difficult 

to elucidate. 

ICC staining revealed a similar temporal pattern of Cx30 expression at the protein level, 

however, in the NT2/D1 cell line the spatial pattern of expression did not appear indicative of 

any clear preference for either the developing DCX-positive neurons or non-neuronal cells. 

One possibility is that the Cx30 protein is expressed intermittently to facilitate 

communication in these mixed cultures both homotypically between cells undergoing 

neuronal differentiation, and heterotypically between these cells and the surrounding non-

neuronal cells that may promote and support differentiation (Toeg et al., 2007). It has also 

been shown that neurons can induce the expression of astrocytic Cx30. Thus, it is possible the 

developing neurons may be causing an upregulation of Cx30 in the non-neuronal cells in 

differentiating NT2/D1 cultures (Koulakoff et al., 2008). 
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Conversely, in the differentiating P19 EC cells, where the temporal pattern of expression 

appeared similar to that of the NT2/D1 cells, the spatial pattern was much more distinct. 

Cx30 puncta were found almost exclusively in areas of cell bodies that, while sparingly 

labelled with DCX, had numerous DCX-positive neurite outgrowths. This may suggest that in 

this mouse model of differentiation Cx30 was predominantly expressed by the developing 

neurons that extended these neurites, or alternatively, this expression may be occurring on 

surrounding cells supporting the development of these neurons. 

The expression of this gap junction protein also appeared to temporally coincide with the 

migration of these developing neurons into larger clusters, however, whether this expression 

was consequential or causative of this aggregation was unclear. Due to the transient nature of 

the upregulation, one could speculate a potential migratory role for this Cx subtype; other 

Cxs have been implicated as important in cell migration through interaction with adhesion 

proteins such as cadherins (Huang et al., 1998). Conversely, the formation of Cx30 puncta 

may be a consequence of this neuronal aggregation. Cx30 may, therefore, be providing 

intermediary gap junctional communication for these cells during the period in which Cx43 is 

downregulated and Cx36 upregulated. In such a manner, Cx30 upregulation may maintain a 

“communication compartment” between these developing neurons and supportive cells, while 

overall GJIC is becoming restricted. 

The upregulation in Cx30 may also indicate its importance in proliferation of early neurons 

and neuronal precursors, although both pro- and anti-proliferative effects of Cx30 expression 

have been noted in the literature. In glioma cell lines introduction of Cx30 expression 

reduced proliferation, while Cx30 was shown to enhance proliferation in a head and neck 

cancer line (Princen et al., 2001, Ozawa et al., 2009). However, ablation of the Cx30 gene 

was found to reduce the proliferation of radial glia in the adult rat dentate gyrus and 

consequently impaired adult neurogenesis, supporting a potential role for this Cx in enriching 

pools of developing neurons (Kunze et al., 2009). 

 

3.4.4. Cx43 is downregulated and exhibits spatiotemporal changes during 

differentiation in both in vitro models of differentiation 

Cx43, having been the second Cx subtype identified and perhaps the most ubiquitous of the 

protein family, has been the most comprehensively studied Cx to date. As such, previous 
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examinations of Cx43 changes have been undertaken in the in vitro models used in this study, 

albeit with differences in the exact methodology for both cell lines (Bani-Yaghoub et al., 

1997, Belliveau et al., 1997, Boucher and Bennett, 2003). This study has further corroborated 

the findings of past studies investigating the expression of Cx43, in both the P19 and NT2/D1 

protocols used for neuronal differentiation in this thesis, laying a foundation for ongoing 

investigation. 

Expression of Cx43 was highest in both the undifferentiated NT2/D1 and P19 precursor cells, 

with relatively ubiquitous expression in cultures of these cells. All three techniques used to 

examine Cx43 revealed a stark decrease in this gap junction subtype upon RA treatment over 

the examined timecourse during both P19 and NT2/D1 neural differentiation. The 

downregulation of Cx43 appeared more rapid at the protein level than at the RNA level. This 

minor discrepancy between Cx43 transcriptional and translational expression patterns may 

reflect the rapid turnover of Cx43 protein known to occur, as Cx proteins have been shown to 

have a short cycling time of only a few hours (Herve et al., 2007). The presence of a doublet 

band is indicative of Cx43 phosphoforms. This may be due to the high mitotic activity in the 

undifferentiated cells as mitosis-specific Cx43 phosphorylation has been reported (Xie et al., 

1997). 

ICC revealed an interesting spatial pattern of Cx43 expression, with a preponderance of Cx43 

protein observed both at the plasma membrane and intracellularly in undifferentiated cells. 

This cytoplasmic expression may simply result from the sheer magnitude of Cx43 expression 

in these undifferentiated cells, saturating the cellular machinery for translation and 

trafficking. This is possible since the localisation within the cells appeared perinuclear and 

thus may correspond to the Golgi body and ER where Cx proteins are processed (Martin and 

Evans, 2004). 

The high degree of expression may also be indicative of the mitotic activity still occurring at 

these early timepoints. In cells that rely on Cx43 for GJIC, high levels are expressed during 

the process of mitosis to enable the quick re-establishment of communication after cell 

division, and an accumulation of intracellular Cx43 has been shown to be associated with 

mitotic division (Boassa et al., 2010). The reduction in Cx43 could, therefore, be a 

consequence of reduced mitotic activity and reduced need for Cx43 although there is 

evidence to suggest a more causative relationship. 
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The downregulation of Cx43 was observed to largely precede the expression of the DCX 

protein, suggesting that a reduction of Cx43 was a requisite for neuronal differentiation in 

these in vitro models. The overall scheme of Cx regulation may be working in concert to 

effect a general restriction in GJIC. Boucher and Bennett (2003) noted that the differential 

expression they observed may result in an overall reduction in GJIC, stating that Cx36 is less 

permeable than the Cx43 subtype. The authors proposed that this restriction of GJIC may be 

important for the differentiation process (Boucher and Bennett, 2003). 

Adding to this theory, as noted previously, the observed upregulation of Cx30 in the present 

study may also serve to supplant Cx43 gap junctional plaques and modify the nature of GJIC. 

Cx30 is highly cation-selective and forms gap junction channels that have a narrow pore, 

while Cx43 is relatively unselective with regard to charge and forms relatively wide pores 

(Harris and Locke, 2008). The inverse regulation of Cx30/Cx36 and Cx43 may consequently 

impose greater selectivity or modify the electrochemical nature of GJIC between these cells. 

It has been shown that Cx43 expression and GJIC may be a key factor in the maintenance of 

a proliferative state (Cheng et al., 2004a, Todorova et al., 2008). The authors used siRNA-

based knockdown to reduce Cx expression and showed a resultant reduction in proliferation 

rate, as measured by BrdU incorporation and cell counts, as well as loss of pluripotency with 

detection of both neuronal and glial markers. Therefore, this observed rapid downregulation 

of Cx43 may reflect a necessary reduction in GJIC to allow the NPCs to undergo cell cycle 

exit prior to neuronal commitment. However, as with Cx30, anti-proliferative effects of Cx43 

expression have also been reported. 

There are differing opinions reported in the literature on the necessity of Cx43 gap junctional 

communication during differentiation. It was reported that gross pharmacological blockade of 

GJIC impaired differentiation in these in vitro models (Bani-Yaghoub et al., 1999a, Bani-

Yaghoub et al., 1999c), leading the authors to suggest that functional Cx43 may be required 

for neural differentiation. The agents used in such studies carbenoxelone and 18-β-

glycyrrhetinic acid, however, are non-selective and would impact GJIC not only via the Cx43 

subtype, but also other subtypes found to be expressed in this and other studies, such as Cx30 

and Cx36. In addition to potential roles in cell cycle exit and cell fate commitment, Cx43 has 

also been implicated in cell migration. Thus, while overall downregulation of Cx43 may be 

requisite for differentiation, the residual expression of Cx43 may have a migratory role in 

these differentiation models (Huang et al., 1998). 
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These hypotheses need not be mutually exclusive, of course, as there was a low residual 

Cx43 expression in both in vitro models of differentiation. It may be that an overall 

downregulation of Cx43 is prerequisite for neuronal differentiation of these NPCs, whilst a 

degree of residual Cx43 expression and signalling is still required for their proper 

development. 
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3.5. Summary and conclusions 

 

The convergent observations of both the P19 and NT2/D1 data, coupled with established 

findings in rodent models, add credence to the use of either cell line to model the changes that 

occur during neural differentiation, and the potential impact of Cx expression on this process. 

This chapter has reported that an upregulation of the Cx36 gap junction protein occurs 

throughout the differentiation of both these cell lines. It has also shown that a previously 

unreported upregulation of Cx30 occurs during differentiation, and this increased expression 

in differentiating cells, while striking, was highly transient. Finally, it has corroborated past 

findings of the expression of Cx43 during differentiation in these models and noted the high 

degree of intracellular expression these cell lines exhibit prior to differentiation.  

While this descriptive study has provided some insight into the potential role of these Cx 

subtypes during differentiation, there are limitations to the functional implication that can be 

ascribed from a purely descriptive study of endogenous expression. This chapter has provided 

understanding upon which further hypotheses can be proposed regarding the potential effect 

of overexpressing these Cx subtypes, which this thesis aimed to address. 
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Chapter 4. Generation and validation of inducible 

connexin overexpression systems 

 

 

4.1. Introduction 

In the previous Chapter, spatiotemporal changes in expression of the connexin (Cx) subtypes 

Cx30, Cx36 and Cx43 were observed over the timecourse of neural differentiation in both the 

NT2/D1 and P19 EC cell lines. In order to determine the functional significance of these 

changes the ability to exogenously regulate Cx gene expression was required. 

Previous work in the field has primarily utilised models in which gene function is 

constitutively modified such as knockout mouse models (for review see White and Paul, 

1999). Traditional knockout mouse models have limitations due to the potential necessity for 

the expression of certain genes of interest in proper development or survival. Complete 

ablation of such genes could consequently lead to embryonic lethality, or cell death in in vitro 

cell culture models. Cx43 is one such gene; complete ablation in transgenic mice is 

embryonic lethal due to cardiac malformation (Reaume et al., 1995a). Similarly, constitutive 

unregulated overexpression of particular genes could lead to toxicity or pathophysiological 

effects both in vivo and in vitro limiting the ability to establish a viable platform for 

investigation.  

The advent of conditional models through Cre-lox recombination have addressed the issue of 

embryonic lethality by providing an effective means of controlling the timepoint at which 

gene expression or knockdown is instigated. They have not, however, enabled controlled 

transient expression of genes of interest. The differential expression observed both in the 

present research and in previous studies (Rozental et al., 2000, Boucher and Bennett, 2003) 

suggest that the functional impact of both GJIC-dependent and GJIC-independent signalling 

resulting from Cx expression may depend on the timecourse of expression in both 

physiological processes such as differentiation, and in pathological conditions (Yoon et al., 

2010). Therefore, systems developed for the modulation of Cx protein expression would 
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ideally be inducible systems that enable transient changes in expression. The tetracycline-

inducible systems have been widely used and are well characterised as an inducible 

expression system for mammalian cells (Shaikh and Nicholson, 2006). 

Tetracycline-based control of expression was first described almost two decades ago (Gossen 

and Bujard, 1992) and has been extensively used and improved since then. The systems are 

generally comprised of two plasmids, a response plasmid containing the gene of interest and 

a regulatory plasmid that exerts control over the activation of expression. The regulatory 

plasmid expresses a tetracycline or reverse tetracycline transactivator (tTA or rtTA) which is 

formed from the fusion of a modified tet repressor DNA binding domain (tetR) and a virion 

protein 16 (VP16) activator sequence from Herpes simplex virus that can stimulate the 

initiation of transcription (Jaisser, 2000). The response plasmid contains seven repeats of a tet 

operon (tetO) sequence preceding a minimal cytomegalovirus (CMV) promoter sequence 

which together constitute the TRETight promoter. The tetR domain of the tTA or rtTA can 

bind to the tetO only in the absence or presence of tetracycline, or its analogues, respectively. 

Once bound to the response plasmid the VP16 domain of the transactivator stimulates the 

CMV promoter to initiate transcription (Gossen and Bujard, 1992, Jaisser, 2000). 

The systems have been optimised to the stage where basal leakiness is generally very low and 

high levels of induction can be achieved with minimal amounts of tetracycline, or more 

commonly its analogue doxycycline (Dox). As the system is derived from prokaryotic 

sources both the genetic regulatory elements controlling gene expression and the induction 

agent are generally absent in eukaryotic cells, limiting the probability of pleiotrophic effects 

(Jaisser, 2000). Consequently, the tet-on systems were chosen for this study with the 

expectation that they would manifest these benefits. 

While expression systems have previously been developed for certain Cx subtypes, they have 

largely been constitutive. Previously generated inducible systems have either lacked an in 

vitro reporter of expression (Koreen et al., 2004) or expressed a fused reporter protein and 

thus expressed chimeric Cx (Jordan et al., 1999, Bukauskas et al., 2001, Beltramello et al., 

2003). The fusion of a fluorescent reporter to a protein can modify structure and/or function 

so to avoid such issues it was aimed to generate inducible systems that expressed native 

unmodified Cx genes. The co-expression of a reporter gene by the response plasmid was, 

however, still required to confirm expression of the gene of interest in vitro and to provide a 

means of selection. 
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There are two varieties of response plasmid that can provide co-expression of a reporter 

without fusion to the protein of interest. One system involves a unidirectional tetracycline 

responsive tight (TRETight) promoter driving the expression of a bicistronic messenger RNA 

sequence (Li et al., 1997). The two genes in the mRNA sequence are separated by an internal 

ribosome entry site (IRES) sequence that enables independent translation of the two genes; 

the gene of interest and a reporter gene. The alternative system involves a bidirectional 

TRETight promoter driving the transcription of the gene of interest and a reporter gene 

independently (Baron et al., 1995, Sammarco and Grabczyk, 2005). In this study both 

systems as potential routes for modulating gene expression have been investigated in order to 

determine which method provided the better model for inducible Cx overexpression, together 

with co-expression of a selectable in vitro reporter gene that could be used as both an 

indicator of Cx overexpression and as a marker for establishment of stable cell lines. 
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4.2. Methods 

 

4.2.1. Plasmid amplification and storage 

Plasmid DNA was introduced into MAX Efficiency DH5α chemically competent Escherichia 

coli (E. coli; Invitrogen, CA, USA) by heat transformation to create cryopreserved plasmid 

stocks and to amplify plasmid DNA for further use. Either 10 ng of purified plasmid DNA or 

10% of a ligation reaction were pipetted into 30 µL of DH5α cells in a chilled 

microcentrifuge tube, and gently mixed using the pipette tip. Cells were incubated on ice for 

30 min, before a 45 sec heat shock at 42ºC in a water bath. Cells were immediately placed on 

ice for 2 min. Transformed cells were mixed with 100 µL of SOC medium (Invitrogen) and 

incubated at 37ºC with 225 revolutions per minute (rpm) agitation for 1 hr. 

Subsequently, for amplification of purified plasmid DNA, 100 µL of transformed cells was 

added into 2 mL starter cultures of selective Luria broth (LB) medium and incubated at 37ºC 

with 225 rpm agitation for 6 hr, after which time starter cultures were added to 100 mL 

selective LB media and incubated overnight. Cryopreservation of transformed DH5α cells 

was performed by mixing 1 mL of overnight culture with 1 mL of glycerol and stored at -

80ºC. For selection of correctly ligated clones transformed cells were spread onto selective 

LB-agar plates and incubated overnight at 37ºC without agitation. 

 

4.2.2. Plasmid purification 

Unless otherwise noted, plasmid DNA was purified from bacterial cultures using a PureLink 

HiPure Midi Kit (Invitrogen), with the buffers detailed in Table 4.1, following the 

manufacturer’s instructions. 

Bacterial cells from an overnight culture were pelleted by centrifugation at 4,000 rcf for 10 

min and the supernatant removed. The cells were dispersed completely in 10 mL 

Resuspension Buffer with 20 mg/mL RNase A. Midi Columns were prepared by allowing 15 

mL of Equilibration Buffer to flow through the silica membrane. The cells were lysed with 10 

mL Lysis Buffer for 5 min at room temperature and the cellular debris precipitated from the 

homogenate using Precipitation Buffer, before loading onto a Midi Column. The Filtration 



Chapter 4 – Inducible connexin overexpression systems 

90 
 

Cartridge containing unwanted cellular components was removed and discarded, and the 

silica membrane-bound DNA washed with 20 mL Wash Buffer. Plasmid DNA was eluted 

from the Midi Column into a sterile 15 mL centrifuge tube using 5 mL of Elution Buffer. 

 

Buffer Composition 

Resuspension Buffer 10 mM EDTA, 50 mM Tris-HCl, pH 8.0 

Lysis Buffer 1% w/v SDS, 0.2 M NaOH 

Precipitation Buffer 3.1 M Potassium acetate, pH 5.5 

Equilibration Buffer 0.15% w/v Triton X-100, 0.6 M NaCl, 0.1 M Sodium acetate, pH 5.0 

Wash Buffer 0.825 M NaCl, 0.1 M Sodium acetate, pH 5.0 

Elution Buffer 1.25 M NaCl, 100 mM Tris-HCl, pH 8.5 

TE Buffer 0.1 mM EDTA, 10 mM Tris-HCl, pH 8.0 

Table 4.1. PureLink HiPure Midi Kit Buffers (Invitrogen)  

 

DNA was precipitated from Elution Buffer by mixing with 3.5 mL isopropanol and 

incubating at room temperature for 5 min. DNA was pelleted by centrifugation at 12,000 rcf 

for 30 min at 4ºC. DNA pellets were washed by dispersion in 3 mL 70% v/v ethanol and 

recollected by centrifugation at 12,000 rcf for 5 min at 4ºC. Supernatant was aspired and the 

pellets were air-dried to remove residual ethanol before resuspension in 100 µL TE Buffer. 

Purified plasmid concentrations were determined by NanoDrop spectrophotometry and all 

purified plasmid DNA was stored at -20ºC. 

 

  



Figure 4.1. Full length Cx30, Cx36 and Cx43 cDNA sequences in pCMV6-XL4 cloning plasmids (Ori-
gene). All plasmids contained the bacterial pMB1 replicon and the β-lactamase gene for resistance to 
ampicillin. Key restriction enzyme sites used for cloning of respective Cx genes are marked on each 
plasmid map.
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4.2.3. Verification of connexin cDNA clones 

Full length cDNA clones of Cxs 30, 36 and 43 were obtained commercially from the 

TrueClone Human Collection (OriGene; MD, USA) as inserts in the pCMV6-XL4 plasmid 

(Fig 4.1). In order to determine the fidelity of the cDNA clone sequences, plasmids were 

transformed and plated on ampicillin (amp) -selective LB-agar plates. Single colonies were 

picked, amplified and purified. 

Plasmids were sequenced using VP1.5 (5’-GGACTTTCCAAAATGTCG-3’) and XL39 

(5’-ATTAGGACAAGGCTGGTGGG-3’) sequencing primers at the University of Auckland 

School of Biological Sciences DNA Sequencing Facility. cDNA clones of Cx30, Cx36 and 

43 within the plasmids were verified by alignment with the known cDNA sequences obtained 

from the NCBI database (http://www.ncbi.nlm.nih.gov/; respective accession numbers: 

NM_006783, NM_020660, NM_000165). 

 

4.2.4. Generation of pTRETight-IRES-EGFP 

The generation of inducible bicistronic Cx expression constructs first required the generation 

of a plasmid backbone. The plasmid needed to contain the TRETight promoter and the 

reporter gene enhanced green fluorescent protein (EGFP) under the translational control of an 

IRES sequence.  

The pTRETight plasmid (Clontech, CA, USA) was linearised through a double digestion with 

the restriction enzymes (REs) BamHI and NotI at 37ºC for 1 hr. A fragment containing the 

IRES sequence followed by the coding sequence for EGFP (IRES-EGFP) was obtained from 

pIRES2-EGFP (Clontech) via a double digestion using the same REs. The restriction digests 

were run on a 1% agarose gel alongside 1Kb Plus DNA ladder (Invitrogen) in order to 

separate and isolate the appropriate fragments and imaged using an LAS-3000 CCD scanner 

(FujiFilm, Japan). Unless otherwise specified, all gel electrophoresis was performed at 100 V 

constant. 

The linearised pTRETight plasmid and IRES-EGFP fragment were identified by size and 

excised from the agarose gel. Unless otherwise specified all DNA purification from agarose 

gel slices was performed using a PureLink Quick Gel Extraction Kit (Invitrogen) following 

http://www.ncbi.nlm.nih.gov/�
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the manufacturer’s instructions. All centrifugation steps for gel extraction were performed at 

12,000 rcf at room temperature. In brief, each excised agarose gel slice was weighed and 

dissolved in Gel Solubilization Buffer, at a w/v ratio 1:3, by incubation at 50ºC for 15 min. 

The dissolved gel was mixed with 1 gel volume of isopropanol and the resultant solution was 

loaded into a Spin-Column and centrifuged for 1 min. After removal of flow-through 700 µL 

of Wash Buffer was loaded into the column and centrifuged for 1 min. The flow-through was 

discarded and the column was centrifuged for 3 min to remove residual wash buffer. DNA 

was eluted from the column into a clean microcentrifuge tube by addition of 50 µL Elution 

Buffer (10 mM Tris-HCl, pH 8.5) to the silica membrane, incubation for 1 min at room 

temperature and centrifugation for 1 min. 

The cut ends of all linearised plasmid DNA was always dephosphorylated, with shrimp 

alkaline phosphatise (SAP; Roche, Switzerland) for 1 hr at 37ºC, prior to use in ligation 

reactions, unless otherwise specified. The pTRETight plasmid and IRES-EGFP fragment 

were ligated through an overnight incubation at 16ºC with T4 DNA ligase (Roche). Ligations 

were transformed into DH5α cells and plated on amp-selective LB agar plates. 

Single colonies were picked and amplified in amp-selective 5 mL LB media starter cultures. 

DNA extraction from starter cultures was performed using a combination of the PureLink 

Midi Kit reagents (Table 4.1) and a phenol chloroform isoamyl alcohol (PCIA) extraction 

protocol. Bacterial cells were pelleted by centrifugation at 4,000 rcf for 10 min at 4ºC. Cells 

were dispersed in 0.3 mL Resuspension Buffer and lysed with 0.3 mL Lysis Buffer for 5 min, 

before addition of 0.3 mL Precipitation Buffer. Precipitated homogenate was incubated on ice 

for 5 min, before centrifugation at 18,000 rcf for 10 min at 4ºC. The supernatant was 

carefully removed, avoiding cellular debris and mixed with 0.3 mL PCIA. The mixture was 

vortexed for 30 sec, before centrifugation at 18,000 rcf for 5 min at 4ºC. A 0.4 mL volume of 

the aqueous phase was carefully removed and added to 1 mL absolute ethanol and DNA was 

precipitated on ice for 10 min. After centrifugation, the ethanol solution was removed and the 

DNA pellets air-dried before resuspension in 20 µL TE Buffer. 

PCIA-purified plasmid DNA from starter cultures was linearised by restriction digestion with 

the RE EcoRI and run on a 1% agarose gel and imaged to determine correct insertion of the 

IRES-EGFP fragment into the pTRETight plasmid. A colony showing correct insertion was 

subsequently amplified and purified generating pTRETight-IRES-EGFP plasmid (Fig 4.2). If 

correct insertion was not achieved among any colonies selected, the process was repeated. 



Figure 4.2. The pTRE-Tight-IRES-EGFP plasmid generated in this study and the pBI-TRE-Tight-
ZsGreen plasmid (Clontech). Both vector backbones contained the bacterial ColE1 origin of replication 
and the β-lactamase gene for resistance to ampicillin. Key restriction enzyme sites used for cloning are 
marked on each plasmid map.
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4.2.5. Generation of bicistronic connexin expression vectors 

The insertion of the Cx30 gene was performed through directional ligation with the 

pTRETight-IRES-EGFP backbone. The full length Cx30 cDNA sequence was excised from 

the cloning vector via a sequential digestion first with the RE SmaI at 25ºC for 1 hr, followed 

by EcoRI at 37ºC for 1 hr. The same process was performed using the same REs in order to 

linearise the pTRETight-IRES-EGFP backbone. The restriction digests were run on a 1% 

agarose gel and imaged to identify fragments of the correct size, which were then excised 

from the gel and purified. The linearised plasmid was ligated overnight at a ratio of 1:3 with 

the Cx30 fragment at 16ºC using T4 DNA ligase. 

Cx43 was also directionally cloned into the SmaI/EcoRI linearised pTRETight-IRES-EGFP 

backbone. As the full length Cx43 cDNA sequence contained a restriction site for EcoRI, a 

partial digestion was performed using this RE for 10 minutes at 37ºC. The restriction digest 

was run on a 1% agarose gel and imaged, and a fragment of correct length containing the full 

length cDNA sequence for Cx43 was excised and purified. The Cx43 fragment was ligated 

overnight at a ratio of 1:3 at 16ºC with the SmaI/EcoRI linearised, dephosphorylated 

pTRETight-IRES-EGFP plasmid using T4 DNA ligase. 

The Cx36 gene required non-directional cloning for insertion into the plasmid backbone. The 

pTRETight-IRES-EGFP plasmid was linearised by digestion with EcoRI for 1 hr at 37ºC. 

The Cx36 cDNA was excised from the pCMV6-XL4 cloning vector using the same 

procedure. The restriction digests were run on a 1% agarose gel and imaged, and fragments 

of the appropriate size were isolated and purified. The linearised pTRETight-IRES-EGFP 

vector was subsequently ligated at a ratio of 1:5 overnight at 4ºC with the Cx36 fragment 

using T4 DNA ligase. 

All ligations were transformed into DH5α chemically competent E. coli and plated onto amp-

selective agar plates. Single colonies were picked from transformations of the ligations of the 

inducible backbone with Cx30, Cx36 and Cx43 clones and digested with a single REs AccI, 

BamHI and HindIII respectively. The resultant digests were compared with expected 

fragment sizes and the restriction digests of pTRETight-IRES-EGFP with the same REs, to 

ensure correct ligation. A clone that showed correct insertion for each Cx gene was 

subsequently amplified and purified, generating pTRETight-Cx30-IRES-EGFP, pTRETight-

Cx36-IRES-EGFP and pTRETight-Cx43-IRES-EGFP plasmids (Fig 4.3). 



Figure 4.3. Maps of plasmids resulting from cloning Cx genes into pTRE-Tight-IRES-EGFP. All plasmids 
contain a ColE1 bacterial origin of replication and β-lactamase gene, and maintain an unperturbed 
TRE-Tight promoter and IRES-EGFP sequence. Key restriction enzyme sites used for cloning, and for 
confirmation of correct ligation are marked.
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4.2.6. Generation of bidirectional connexin expression vectors 

The pBI-TRETight-ZsGreen vector backbone was commercially obtained from Clontech 

(Fig 4.2). The plasmid was linearised using either a single digestion with the RE NotI or a 

double digestion with REs NotI and SalI for 1 hr at 37ºC. Cx30 and Cx43 cDNA clones were 

excised from their cloning vectors using NotI RE. Cx36 cDNA was excised from its cloning 

vector by double digestion with the REs NotI and SalI. Linearised vector and Cx cDNA 

fragments were separated by 1% agarose gel electrophoresis and the appropriate fragments 

isolated and purified.  

To generate bidirectional Cx30 and Cx43 expression vectors non-directional ligation was 

required. Cx30 and Cx43 fragments were each ligated with linearised dephosphorylated pBI-

TRETight-ZsGreen vector overnight at 4ºC with T4 DNA ligase at a vector:insert ratio of 5:1. 

Cx36 was directionally ligated into the vector backbone overnight at 16ºC with T4 DNA 

ligase at a vector:insert ratio of 3:1. 

The ligation reactions were transformed and plated and grown overnight on amp-selective 

agar, and single colonies picked the next day and amplified in starter cultures. Plasmid DNA 

was purified from starter cultures and single restriction digestion was performed with AccI, 

BamHI and HindIII for Cx30, Cx36 and Cx43 respectively. The resulting digests were 

compared with expected fragment sizes and to digests of pBI-TRETight-ZsGreen with the 

same enzymes, to determine whether the Cx genes had been ligated, and if so, whether they 

were in the correct orientation. A clone that showed correct insertion for each Cx was 

amplified overnight and purified, generating pBI-TRETight-Cx30/ZsGreen, pBI-TRETight-

Cx36/ZsGreen and pBI-TRETight-Cx43/ZsGreen plasmids (Fig 4.4). 

 

  



Figure 4.4. Maps of plasmids resulting from cloning Cx genes into pBI-TRE-Tight-ZsGreen. All plasmids 
contain a ColE1 bacterial origin of replication and β-lactamase gene, and maintain an unperturbed 
bidirectional TRE-Tight promoter and ZsGreen sequence. Key restriction enzyme sites used for cloning 
and for confirmation of correct ligation are marked.
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4.2.7. Transient transfection of CHO-K1 cells 

CHO-K1 cells were used to assess the inducible expression systems, due to ease of 

transfection. Cells were transiently co-transfected with both the commercially available 

regulatory pTetOn plasmid (Clontech), and one of the inducible Cx expression plasmids or 

“empty vector” control plasmids containing only the reporter genes, at a molar ratio of 1:1 

using Lipofectamine LTX (Invitrogen) as per the manufacturer’s recommendations. In brief, 

the day before transfection CHO-K1 cells were passaged and plated into 96-well imaging 

plates such that they were approximately 70% confluent on the day of transfection. On the 

day of transfection cells were fed with fresh complete medium. DNA-lipofectamine 

complexes were diluted in OptiMEM low serum medium (Invitrogen) and incubated at room 

temperature for 25 minutes before being applied directly to the cells. 

The following day, transfection media was removed and the cells were fed with fresh 

medium containing 2 µg/ml Dox (Clontech). This dose of Dox was chosen to ensure high 

levels of induction, based on previous work in the laboratory (Shaikh and Nicholson, 2006). 

Twenty four hours after the addition of Dox, cells were washed twice with 

1×PBS + 2 mM Ca2+ + 2 mM Mg2+ and fixed with 4% PFA.  

 

4.2.8. Immunocytochemistry, confocal microscopy and image analysis 

Cells were subsequently single labelled using fluorescent immunocytochemistry (ICC) for Cx 

subtypes and imaged using confocal microscopy (see Chapter 2: General Methods for 

detailed protocol and antibody dilutions). EGFP and ZsGreen were imaged using the green 

emission channel, while Cx proteins were immunolabelled with AlexaFluor 594-conjugated 

secondary antibodies and imaged in the red emission channel. 

For semi-quantitative assessment images were acquired using a Plan-Apochromat 10×/0.45 

numerical aperture (NA) dry objective (Carl Zeiss, Germany). For each ICC-treated well, a 

9×9 montage of 850 µm × 850 µm images was created, giving a total imaging area of 6.5025 

mm2. Higher power images were acquired using a Plan-Apochromat 20×/0.8 NA dry 

objective (Carl Zeiss). To determine the level of Cx protein expression in cells successfully 

co-transfected with the expression systems and overexpressing Cxs, relative to untransfected 

cells in these cultures, tile scan images were analysed.  
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The channels were split, and the red channel obtained. Each red channel image was first 

thresholded to create a mask selection of only the highly expressing cells. This mask 

selection was applied to the original red channel image and measured to derive the mean 

pixel intensity for cells exhibiting exogenous Cx overexpression. The original red channel 

image was then thresholded to obtain a mask selection excluding the highly expressing cells. 

This mask selection was applied to the original red channel image and measured to derive the 

mean pixel intensity of any endogenous Cx expression present. The same procedure was 

performed to determine EGFP and ZsGreen fluorescent intensity, relative to background 

autofluorescence, using the green channel of tile scan montages. One-way ANOVA was 

performed with post-hoc testing to determine significance between systems and with or 

without induction. 

To determine the proportion of total fluorescent cells that contained both Cx staining and 

green reporter fluorescence the same tile scan montages were used. Channels were split and 

the red and green channels were thresholded using MacBiophotonics ImageJ. The 

Colocalisation Highlighter tool of the ImageJ suite was used to create an 8-bit greyscale 

image of colocalised points and a particle count was performed using the Analyse Particles 

tool, with a minimum particle size of 50 pixels2 corresponding to objects approximately 20 

µm in diameter. The merged RGB image was converted to an 8-bit greyscale image, 

thresholded and a particle count performed under the same parameters, and the colocalised 

points taken as a percentage of the total fluorescent particles. 
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4.3. Results 

 

4.3.1. Bicistronic expression systems for connexin protein overexpression 

4.3.1.1. Expression of connexins after transfection and induction of EGFP expression 

alone 

CHO-K1 cells were transiently co-transfected with pTRETight-IRES-EGFP and pTet-On 

plasmid, henceforth referred to as EGFP-Only control cultures. Fluorescent ICC for Cx30 and 

Cx43 protein expression was performed to determine whether the process of transfection, 

addition of Dox to the culture medium or induction of EGFP reporter expression alone was 

sufficient to alter Cx expression. 

All CHO-K1 cells in culture exhibited immunolabelling indicating endogenous Cx43 

expression (Fig 4.5. E), but labelling for the Cx30 subtype was negligible (Fig 4.5. B). Cx43 

was observed largely as diffuse punctate staining predominantly in the cytoplasm, with 

brighter perinuclear staining. Visible gap junction and hemichannel plaques were sparse. 

Dox-induction resulted in a subset of cells in transfected cultures expressing the EGFP 

reporter (Fig 4.5. A, D). There was no notable difference in Cx30 immunolabelling, as 

qualitatively assessed, in EGFP-positive relative to EGFP-negative cells (Fig 4.5. B, C). 

Similarly, no difference in Cx43 immunolabelling was observed in EGFP-positive CHO-K1 

cells (Fig 4.5. E, F), nor was any change in Cx43 localisation observed. Thus the process of 

transfection of the bicistronic backbone, Dox-induction and resultant EGFP expression alone 

were not sufficient to alter Cx30 and Cx43 protein expression. 
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4.3.1.2. Functionality of the Cx30 bicistronic expression system 

CHO-K1 cells were transiently co-transfected with pTet-On and pTRETight-Cx30-IRES-

EGFP, henceforth referred to as the Cx30-IRES system. Fluorescent ICC for Cx30 protein 

expression was performed in uninduced cells to ensure the system provided tight regulatory 

control of expression, after having the Cx30 sequence inserted into the MCS. ICC was 

performed after Dox-induction to examine and confirm functional activity of the Cx30-IRES 

system. 

In the absence of Dox-induction, cells were not observed to express notable levels of EGFP 

protein (Fig 4.6. A), indicating tight regulatory control of the expression of the bicistronic 

transcript by the inducible promoter. The level of Cx30 immunolabelling in transfected 

uninduced cells was negligible, as qualitatively assessed, and showed no change in 

expression relative to that observed in EGFP-only control cultures (Fig 4.6. B, C). 

Upon induction using Dox, a subset of the cells in co-transfected cultures was identified as 

EGFP-positive (Fig 4.6. D). EGFP-positive cells showed intense Cx30 immunolabelling, 

indicating high levels of induced Cx30 expression (Fig 4.6. E, F). Cx30 immunolabelling in 

overexpressing cells was predominantly observed intracellularly as intense punctate staining 

and as a bright ring of staining concentrated around the cell nuclei. Some potential gap 

junctional plaque formation was observed at the points of intercalation between adjacent 

overexpressing cells. 

Cx30 expression levels in overexpressing cells were quantified and compared by analysis of 

ICC confocal images (Fig 4.6. G). Mean pixel intensity was found to be 65.3±2.5 arbitrary 

units (AU). Untransfected CHO-K1 cells in these cultures, which exhibited levels of staining 

analogous to EGFP-only control cultures, gave a mean pixel intensity of 5.7±0.3 AU. This 

eleven-fold difference in mean pixel intensity between the two subsets of cells was 

statistically significant (n = 3, p < 0.05) confirming functionality of the Cx30-IRES system 
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4.3.1.3. Functionality of the Cx43 bicistronic expression system 

CHO-K1 cells were transiently co-transfected with pTet-On and pTRETight-Cx43-IRES-

EGFP, henceforth referred to as the Cx43-IRES system. Uninduced cultures were labelled by 

fluorescent ICC for Cx43 protein expression to ensure the system was tightly regulated after 

insertion of the Cx43 gene. Cultures induced using Dox were labelled for Cx43 to determine 

the functional utility of the system. 

In the absence of Dox-induction, CHO-K1 cells were not observed to express notable levels 

of EGFP protein (Fig 4.7. A). Uninduced cells did express endogenous Cx43 protein, 

however, no change in immunolabelling was observed, as qualitatively assessed, relative to 

endogenous expression of Cx43 protein in EGFP-only control cultures, nor was any change 

observed with regard to the localisation of Cx43 protein (Fig 4.7., B, C). 

In the presence of Dox-induction very few EGFP-positive cells were observed in Cx43-IRES 

cultures (Fig 4.7. D). When induced with Dox these cultures did, however, exhibit a subset of 

cells expressing high levels of Cx43 relative to EGFP-only control cultures and to other 

untransfected cells in these Cx43-IRES cultures. This did not always coincide though with 

detectable EGFP expression (Fig 4.7. E, F). The overexpression was observed predominantly 

intracellularly as an intense ring of staining around the cell nuclei and bright puncta 

throughout the cytoplasm of the cell bodies. In some cells the level of immunolabelling was 

so intense that it occupied the entire cell body. Some potential gap junctional plaque 

formation was observed at points of contact between juxtaposed overexpressing cells. 

Cx43 expression levels in overexpressing cells were quantified and compared by analysis of 

ICC confocal images (Fig 4.7. G). Mean pixel intensity was found to be 144.1±1.1 AU. Cells 

that remained untransfected in these cultures exhibited levels of staining similar to uninduced 

EGFP-only control cells and gave a mean pixel intensity of 17.9±0.3 AU. This eight-fold 

difference in mean pixel intensity between the two subsets of cells was highly significant (n 

= 3, p < 0.05). 
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4.3.1.4. Specificity of the Cx30 bicistronic expression system 

CHO-K1 cells were transiently co-transfected with the Cx30-IRES system and cultures were 

labelled by fluorescent ICC for the other Cx subtype examined in detail in this study, Cx43, 

as a means of determining whether the system was altering other Cxs' expression levels. Both 

in the absence and presence of Dox-induction, all cells in co-transfected cultures exhibited 

endogenous Cx43, localised as punctate cytoplasmic and perinuclear staining.  

Upon induction of the Cx30-IRES system with Dox, EGFP-positive cells were observed as a 

subset of the cells in culture (Fig 4.8. A). When colocalised with Cx43 immunolabelling, 

however, EGFP-positive cells exhibited no change in either the intensity of Cx43 staining nor 

the localisation of staining, as qualitatively assessed, relative to the endogenous expression 

seen in EGFP-negative cells in these cultures, or in the EGFP-only control cultures 

(Fig 4.8. B, C). This indicated transfection and induction of the IRES-30 system resulted in 

specific upregulation of Cx30 protein expression, and that Cx30 protein overexpression did 

not consequently change another Cx protein’s expression. 

 

4.3.1.5. Specificity of the Cx43 bicistronic expression system 

CHO-K1 cells were transiently co-transfected with the Cx43-IRES system and cultures were 

labelled by fluorescent ICC for the Cx30 subtype, as the other Cx examined in this thesis for 

which the antibody had been validated (Fig 4.8), as a means of determining whether the 

system was altering a different Cx’s expression levels, be it directly or indirectly.  

Upon induction of the Cx43-IRES system with Dox, a small subset of the cells in culture 

were EGFP-positive, although as previously mentions numbers were few and fluorescence 

was faint (Fig 4.8. D). When colocalised with Cx30 immunolabelling and qualitatively 

assessed, however, these EGFP-positive cells exhibited no change in either the intensity of 

Cx30 stain, relative to the endogenous expression pattern in EGFP-negative cells in these 

cultures and EGFP-only control cultures (Fig 4.8. E, F). This indicated no change in Cx30 

protein expression due to induction of the Cx43-IRES system, confirming the system was 

specifically upregulating Cx43 expression and this Cx43 protein overexpression did not cause 

any indirect change in expression of Cx30 protein. 
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4.3.1.6. Colocalisation of connexin and EGFP expression in bicistronic systems 

Tile scan montages were analysed for colocalisation of Cx30 and Cx43 with the reporter gene 

EGFP for each respective system, in order to determine the utility of each system’s reporter 

gene expression, necessary for the selection of transfectants to generate stable cell lines. 

In cultures of CHO-K1 cells co-transfected with the Cx30-IRES system and induced to 

express the response plasmid, a high degree of colocalisation was observed between cells 

expressing the Cx30 protein and the detectable expression of EGFP reporter. The proportion 

of total fluorescent cells overexpressing Cx30 that also expressed EGFP protein was found to 

be 77.4±2.5%, providing a level of reporter expression that would adequately indicate gene of 

interest overexpression and could be used as a selection marker. 

Conversely, in cultures of cells expressing the Cx43-IRES system the number of detectable 

EGFP-positive cells was very low. Consequently, this yielded a poor colocalisation observed 

between EGFP expression and Cx43 overexpressing cells. The proportion of total fluorescent 

cells overexpressing Cx43 that were also EGFP-positive was found to be 9.2±1.1%. This 

level of reporter expression did not provide satisfactory indication of Cx43 overexpression 

and would not be a practicable and efficient means of selection for stable cell line generation. 
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4.3.2. Bidirectional expression systems for connexin protein 

overexpression 

4.3.2.1. Expression of connexins after transfection and induction ZsGreen expression 

alone 

CHO-K1 cells were transiently co-tranfected with pBI-TRETight-ZsGreen and the regulatory 

pTet-On plasmid, henceforth referred to as ZsGreen-Only control. Dox-induced cultures were 

labelled, by fluorescent ICC against Cx30 and Cx43 protein (Fig 4.9), to determine whether 

the transfection procedure with these systems, and Dox-induced ZsGreen expression alone 

was capable of increasing Cx protein expression. 

In the presence of Dox-induction, a proportion of cells in these co-transfected cultures 

expressed ZsGreen, emitting bright green fluorescence (Fig 4.9. A, D). Dox-induced cultures, 

as assessed qualitatively, did not show increased Cx30 staining relative to uninduced cultures 

overall, and ZsGreen-positive cells did not exhibit any increase in Cx30 immunolabelling 

relative to ZsGreen-negative cells in these cultures (Fig 4.9. B, C). 

Similarly, immunolabelling for Cx43 did not reveal any overexpression of the Cx subtype 

upon induction. ZsGreen-positive cells did not show any increase in staining relative to 

ZsGreen-negative cells in these cultures (Fig 4.9. E, F) indicating neither Cx30 nor Cx43 

were upregulated by ZsGreen expression alone. 
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4.3.2.2. Functionality of the Cx30 bidirectional expression system 

CHO-K1 cells were co-transfected with pBI-TRETight-Cx30/ZsGreen and the regulatory 

plasmid pTet-On, henceforth referred to as the BI-Cx30 system. Uninduced cells were 

labelled by fluorescent ICC against Cx30 protein to ensure tight regulation of the 

bidirectional promoter remained after introduction of the Cx30 gene. Cultures induced with 

Dox were immunolabelled to examine and confirm the BI-Cx30 system was functioning as 

intended. 

Cells in uninduced cultures were absent of ZsGreen-positive cells, indicating tight control of 

ZsGreen expression that was not compromised by introduction of the Cx30 gene (Fig 

4.10. A). Uninduced cultures exhibited negligible Cx30 immunolabelling, as qualitatively 

assessed (Fig 4.10. B, C), and did not exhibit more intense immunolabelling than ZsGreen-

only control cultures, indicating tight regulation of the Cx30 arm of the bidirectional 

promoter. 

Upon Dox-induction, a subset of ZsGreen-positive cells was observed in BI-Cx30 cultures 

and a subset of cells was immunolabelled for Cx30 (Fig 4.10. D, E) indicating Cx30 

overexpression was occurring in these cultures and the BI-Cx30 system was functional. The 

two subsets of cells displayed a degree of colocalisation (Fig 4.10. F). As with the Cx30-

IRES system, Cx30 immunolabelling was predominantly located intracellularly as bright 

perinuclear and cytoplasmic punctate staining, with some potential gap junctional plaque 

formation observed between overexpressing cells. 

The level of immunolabelling in overexpressing cells was assessed by image analysis of 

Cx30 tile scan montages (Fig 4.10. G). Expressed as a mean pixel intensity, the 

immunolabelling intensity in overexpressing cells was found to be 63.3±2.8 AU. This was 

significantly higher than the other cells in these cultures that showed immunolabelling at the 

same levels as untransfected CHO-K1 cells and had a mean pixel intensity of 5.8±0.2 AU 

(n = 3, p < 0.05). 
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4.3.2.3. Functionality of the Cx43 bidirectional expression system 

CHO-K1 cells were co-transfected with pBI-TRETight-Cx43/ZsGreen and the regulatory 

plasmid pTet-On, henceforth referred to as the BI-Cx43 system. Uninduced cells were 

labelled by fluorescent ICC against Cx43 protein, to ensure tight regulation of the 

bidirectional promoter was maintained after introduction of the Cx43 gene. Dox-induced 

cultures were immunolabelled to examine and confirm the function of the BI-Cx43 system. 

Uninduced cultures exhibited ZsGreen-negative cells (Fig 4.11. A), indicating tight 

regulatory control over the ZsGreen gene remained after modification of the backbone vector 

with insertion of the Cx43 gene. These uninduced cultures did not exhibit any subset of cells 

that were Cx43 immunolabelled at higher intensities than ZsGreen-only control cultures, 

indicating the introduced Cx43 gene was also under tight regulatory control by the 

bidirectional promoter (Fig 4.11. B, C). 

In the presence of Dox, a subset of the total cells in culture exhibited ZsGreen expression 

(Fig 4.11. D). A subset of the total of cells in these cultures also showed bright 

immunolabelling for Cx43 (Fig 4.11. E). A degree of colocalisation occurred between these 

two groups (Fig 4.11. F). This indicated that induction of Cx43 overexpression was occurring 

in these cultures and thus the BI-Cx43 system was functioning as intended. Similarly to both 

endogenous expression and bicistronic overexpression, the localisation of Cx43 

overexpression via the BI-Cx43 system was intracellular. Cx43 overexpression was identified 

as a bright ring of staining around the nuclei of cells and punctate staining within the cell 

body, although some potential gap junction formation was observed between adjacent 

overexpressing cells. On occasion, staining was so intense that fluorescent labelling occupied 

the entire cell body. 

The level of Cx43 immunolabelling in overexpressing cells was assessed by image analysis 

of tile scans (Fig 4.11. G). The immunolabelling intensity in overexpressing cells was found 

to be 142.3±2.2 AU. This was significantly higher than in the other untransfected cells in 

these cultures, which showed immunolabelling at the same levels as in wild-type CHO-K1 

cells and gave a mean pixel intensity of 17.2±0.1 AU (n = 3, p < 0.05). 
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4.3.2.4. Specificity of the Cx30 bidirectional expression system 

CHO-K1 cells were co-transfected with the BI-Cx30 system and cultures were labelled by 

fluorescent ICC against the Cx43 subtype (Fig 4.12), to determine whether the introduction 

of the expression system was capable of increasing a different Cx’s expression directly or 

indirectly. In uninduced cultures the level and location of Cx43 immunolabelling was 

equivalent to endogenous expression, as previously described. 

Upon induction of cultures with Dox, a subset of cells was identified as ZsGreen-positive 

(Fig 4.12. A), however, among these cells there was no apparent increase in Cx43 

immunolabelling relative to ZsGreen-only control cultures (Fig 4.12. B, C). Due to the nature 

of the bidirectional system, ZsGreen-negative cells were also examined and no notable 

change in Cx43 immunolabelling was observed. This indicated that through introduction of 

the BI-Cx30 system, a specific increase in Cx30 protein expression was achieved, and this 

Cx30 overexpression did not result in any indirect increase in Cx43 protein expression. 

 

4.3.2.5. Specificity of the Cx43 bidirectional expression system 

CHO-K1 cells were co-transfected with the BI-Cx43 system and the cultures were 

immunolabelled for the Cx30 subtype, to determine whether the introduction of the 

expression system was capable of increasing a different Cx’s expression, either directly or 

indirectly, (Fig 4.12). In uninduced cultures Cx30 immunolabelling was minimal to 

negligible; equivalent to that previously described for uninduced ZsGreen-only control 

cultures. 

Upon induction of cultures with Dox, a subset of cells was identified as ZsGreen-positive 

(Fig 4.12. D), however, among these cells there was no apparent increase in Cx30 

immunolabelling relative to ZsGreen-only control cultures (Fig 4.12. E, F). ZsGreen-negative 

cells were also examined and did not exhibit any increase in Cx30 immunolabelling. This 

indicated that transfection and induction of the BI-Cx43 system was specifically increasing 

Cx43 protein expression, and this Cx43 overexpression did not result in any indirect increase 

in Cx30 protein expression. 
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4.3.2.6. Colocalisation of connexin and ZsGreen expression in bidirectional systems 

Tile scan montages were analysed for colocalisation of Cx30 and Cx43 with the reporter gene 

ZsGreen for each expression system to determine whether this bidirectional reporter 

expression method was suitable for selection purposes in the creation of stable cell lines. 

In Dox-induced cultures of CHO-K1 cells co-transfected with the BI-Cx30 system, a high 

degree of colocalisation was observed between the subset of cells immunolabelled for Cx30 

and the subset of cells that were ZsGreen-positive. The proportion of total fluorescent cells 

expressing both proteins was found to be 79.9±2.1%, suggesting the ZsGreen reporter 

expression served well to indicate overexpression of the gene of interest and could be used as 

a selection marker. 

Similarly, in induced CHO-K1 cultures co-transfected with the BI-Cx43 system the level of 

colocalisation between the Cx43 immunolabelled cells and ZsGreen-positive cells was also 

high. The proportion of total fluorescent cells expressing both proteins was found to be 

77.2±2.2%. 

 

4.3.3. Comparison between bidirectional systems and bicistronic systems 

4.3.3.1. Bicistronic connexin immunolabelling vs. bidirectional connexin 

immunolabelling 

To further characterise the expression systems, one-way ANOVA and post-hoc Tukey’s tests 

were performed, using the mean pixel intensities for Cx overexpressing cells and cells 

exhibiting endogenous immunolabelling for each of the two expression systems and for the 

two Cx genes, to investigate whether there were any differences in the overexpression of the 

same Cx gene driven by the different promoters (Fig 4.13). A significant difference was 

found between the four expression modalities (n = 3, p < 0.05). 

Post-hoc analysis, however, revealed that there was no difference between the Cx30-IRES 

and BI-Cx30 systems (n = 3, p > 0.05) and no difference between the Cx43-IRES and BI-

Cx43 (n = 3, p > 0.05). Differences in mean pixel intensity were observed between Cx30 

systems and Cx43 systems both in uninduced cells and Dox-induced cultures, indicating 

Cx43 expression in Cx43 overexpressing cells, may be higher than Cx30 expression in Cx30 

overexpressing cells. 
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Figure 4.13. Comparison of Cx immunolabelling intensity between CHO-K1 cells transfected with the four different Cx 
expression systems for both cells induced to overexpress Cxs and untransfected cells expressing endogenous Cx levels. No 
significant differences were observed between the two Cx30 expression systems or between the two Cx43 expression systems 
(p > 0.05). Levels of immunolabelling were, however, significantly higher for Cx43 compared to the levels of Cx30 for both 
expression system and in both untransfected cells and overexpressing cells (post-hoc testing, p < 0.05). For all groups n = 3; 
fluorescence intensity is expressed as mean pixel intensity in arbitrary units (AU).
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4.3.3.2. Bidirectional reporter strength vs. bicistronic reporter strength 

An analysis between EGFP mean pixel intensity and ZsGreen mean pixel intensity for cells 

with detectable levels of either reporter was performed for each Cx to determine whether a 

difference in the brightness of reporter fluorescence was present (Fig 4.14). For Cx30 

expression systems ZsGreen mean pixel intensity was found to be significantly higher than 

EGFP mean pixel intensity (n = 3, p < 0.05). Similarly, for Cx43 expression systems, the 

mean pixel intensity for ZsGreen was significantly higher than that for EGFP (n = 3, p 

< 0.05), indicating that with either Cx introduced into the systems ZsGreen was a brighter 

reporter of expression than EGFP.  

 

4.3.3.3. Bidirectional reporter colocalisation vs. bicistronic reporter colocalisation 

The level of colocalisation, between cells with detectable fluorescent protein and cells 

immunolabelled for Cx protein, was further assessed by comparison between the two 

expression systems for Cx30 and Cx43 (Fig 4.15). A significant overall difference was 

observed between the levels of colocalisation exhibited by the systems. Post-hoc testing 

confirmed that while no significant difference in colocalisation was observed between the 

two Cx30 expression systems, or between either the bidirectional or bicistronic Cx30 

expression systems and the BI-Cx43 system (n = 3, p > 0.05 for all post-hoc tests), the Cx43-

IRES system had a significantly lower proportion of colocalisation than the other three 

expression paradigms (n = 3, p < 0.05). 
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Figure 4.14. Comparison of induced green fluorescence intensity, in detectably fluorescent cells, between the different Cx 
expression systems. Bidirectional systems expressing ZsGreen showed significantly higher green fluorescence than bicistronic 
systems expressing EGFP (p < 0.05 for all post-hoc tests between the types of system). For all groups n = 3; fluorescence 
intensity is expressed as mean pixel intensity in arbitrary units (AU).
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Figure 4.15. (A) Venn diagram illustrating how colocalisation occurs for each expression paradigm. (B) Comparison of 
colocalisation between Cx immunolabelling and green fluorescence for the different Cx expression systems. No significant 
differences in colocalisation were found between the bidirectional systems and Cx30-IRES (p > 0.05). However, Cx43-IRES 
showed signicantly lower colocalisation than the three other systems (p < 0.05 for all post-hoc tests). For all groups n = 3; 
colocalisation is expressed as a percentage.
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4.3.4. Functionality of Cx36 bicistronic and bidirectional expression 

systems 

CHO-K1 cells were co-transfected with the two Cx36 overexpression systems, but 

immunolabelling in both uninduced and Dox-induced cultures revealed no Cx36 labelling. 

Cx36 labelling was further attempted with an alternative anti-Cx36 antibody and an antigen 

retrieval procedure attempted on the cultures, but none yielded any immunofluorescent label 

in these cells. Due to the inability to immunolabel for Cx36 it could not be determined 

whether inducible Cx36 expression vectors were upregulating Cx36 protein or whether there 

was a technical issue with the labelling itself. As such, overexpression of Cx36 was not 

further examined within the scope of this thesis. 

 

4.3.5. ICC no primary controls 

Control ICC was performed on cultures co-transfected with each of the two systems for each 

Cx gene in the absence of Dox-induction. To ensure that immunolabelling observed was not 

due to non-specific binding of the fluorophore-conjugated secondary antibody, the primary 

antibody was omitted from the ICC process. No detectable immunolabelling was observed in 

the absence of primary antibody labelling in cultures transfected with the Cx30-IRES, Cx43-

IRES, BI-Cx30 or BI-Cx43 systems. 
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4.4. Discussion 

 

In order to determine the functional relevance of specific connexin (Cx) subtypes during the 

time course of neuronal differentiation in the in vitro models used in the present study, novel 

inducible expression systems for Cx expression needed to be developed and validated. This 

chapter has investigated Tet-On inducible expression systems for Cx30 and Cx43. 

 

4.4.1. Novel connexin expression systems were generated with benefits 

over and above past systems 

Previous systems generated to study Cx proteins presented a number of limitations rendering 

them unsuitable for the purpose of the present study. As previously mentioned, many prior 

Cx expression systems have the genes of interest placed under constitutive promoters. As this 

study was focused on temporal expression patterns and their impact on differentiation, 

constitutive upregulation was not an ideal means of altering Cx expression. Beyond the 

potential cytotoxicity or lethality due to unregulated increase in gene product, as has been 

noted may occur with Cxs or mutated Cxs (Diestel et al., 2002, Koreen et al., 2004), 

constitutive changes in Cx gene expression have been shown to exert far reaching changes in 

the transcriptome (Iacobas et al., 2004). 

Past systems have also largely utilised the fusion of a fluorescent reporter gene to the Cx gene 

of interest, resulting in the expression of a chimeric Cx protein. This allows the direct 

visualisation of the Cx protein in live or fixed cells without the use of immunolabelling, but 

results in modification of the protein amino acid (AA) sequence. Modification of protein 

sequences can result in changes in secondary and tertiary structure and thus may result in 

changes in a myriad of Cx protein features and downstream signalling. 

It has been reported that Cx-GFP chimeras are capable of assembling into functional gap 

junctions (Jordan et al., 1999, Beltramello et al., 2003). These observations, however, appear 

to depend on both the Cx subtype subject to fusion and the nature of the resultant chimera. In 

an examination of Cx26 and Cx30 GFP chimeras through a C-terminal fusion, researchers 

found no change in channel conductance or voltage sensitivity, and concluded that changes in 
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permeability observed were due to the changes in plaque size, rather than changes in the 

properties of the constituent Cxs after fusion (Beltramello et al., 2003). However, it has been 

shown that specific AA residues in the N-terminus, rather than the C-terminus, may be 

responsible for several physiological properties of the gap junction proteins, including 

permeability and transjunctional voltage gating, thus the observations by Bertramello and 

colleagues using a C-terminal fusion would not be entirely unexpected (Gemel et al., 2006). 

The importance of the N-terminus in channel gating was further exemplified in another study 

examining Cx43 chimeras (Bukauskas et al., 2001). The authors found that N-terminal 

EGFP-fused Cx43 chimeras were incapable of forming hemichannels and cell-cell channels. 

Avoidance of N-terminal fusion would presumably prevent such functional issues. However, 

Bukauskas et al. also reported that C-terminal fusion altered transjunctional voltage gating. 

Another recent investigation of C-terminally tagged Cx43-GFP corroborated such findings. 

The authors reported that rather than a single major conductance state that they observed in 

wild-type Cx hemichannels, the Cx43-GFP hemichannels had multiple distinct conductance 

states, and noted that this effect of GFP-tagging on the electrophysiological properties may be 

cell line dependent (Carnarius et al., 2012). 

Furthermore, it has also emerged that Cxs may have roles not only in channel conductance, 

but may also serve as protein binding domains that are involved in downstream signalling 

where it has been shown that the C-terminal domain to which, as previously noted, the 

reporter gene is commonly fused, may be vital to this signalling function (Sin et al., 2008, 

Cina et al., 2009). Thus, either N-terminal or C-terminal fusion may have consequences on 

Cx function. 

To add to these considerations, several reporter proteins are known to exist in multimeric 

states (Gambhir and Yaghoubi, 2010) or have been found to aggregate and this may interfere 

with Cx protein processing and trafficking. EGFP itself has been found to aggregate 

(Krasowska et al., 2010) although it has been shown that despite C-terminal fusion of EGFP 

to Cx, the Cx proteins may still traffic to the cell surface forming junctional plaques (Jordan 

et al., 1999). Conversely the fusion of brighter and more stable reef coral fluorescent proteins 

such as DsRed and ZsGreen, the latter of which is used in the current study, to the Cx genes 

has been shown to result in protein aggregation, internalisation and lysosome targeting, and 

thus premature degradation (Qin et al., 2001). 
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While such approaches do present clear benefits for the determination of subcellular 

localisation, such questions were not the primary objective of the present study. The focus of 

this study was instead the effects of changes in total Cx expression on differentiation, which 

due to changes in protein structure and function may be affected by either C- or N-terminal 

fusion. Therefore, the study required expression systems that would provide both the 

upregulation of native unmodified Cx protein and independent expression of a reporter gene 

for identification of system activation. 

Bicistronic Cx expression systems have previously been described which co-express EGFP as 

a reporter (Beltramello et al., 2003). However, bicistronic systems for Cx43 or Cx30 that 

combine both independent reporter co-expression and regulated induction have not been 

widely reported, and as noted both features were a necessity for the present study. Few 

bidirectional Cx expression systems have been reported in literature, and these have largely 

been designed for the study of heteromeric and homomeric connexons (Koreen et al., 2004, 

Hong et al., 2009). The authors of these studies have created constructs that expressed two 

Cxs simultaneously and relied solely on post-fixation immunolabelling to confirm expression 

with no in vitro reporter. Furthermore, there has remained a lack of comparison between the 

two co-expression paradigms in terms of utility and function for the expression of Cxs. 

Consequently, new molecular tools were generated for the upregulation of specific Cx 

subtype expression and in the process the two different methods for independent co-

expression of reporter genes, bidirectional co-expression and bicistronic co-expression, have 

been compared.  

 

4.4.2. Both co-expression systems effectively and specifically upregulated 

Cx30 and Cx43 

All four systems were shown to provide a high degree of Cx overexpression as was desired. 

These increases in expression were significant, relative to endogenous expression observed in 

untransfected CHO-K1 cells. Experiments performed using “empty” vector backbones, 

lacking Cx genes, indicated that this observed overexpression was a specific effect of the 

induced systems and not a non-specific effect due to the treatment of the cells with 

transfection reagents or Dox, nor a non-specific effect due to the introduction of a green 

fluorescence reporter expression system. Thus having confirmed controlled expression of the 
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Cxs of interest, the study proceeded to examine the level and localisation of overexpression 

for the four systems. 

In both models, the level of expression of Cx43 in transfected cells was significantly higher 

than the level of Cx30 in analogous cells. As noted, CHO-K1 cells expressed a 

distinguishable basal amount of Cx43, while Cx30 immunolabelling indicated that the 

expression of the latter subtype was low to negligible, ergo greater levels of Cx43 

immunolabelling may be expected due to an additive effect of both endogenously-driven and 

exogenously-driven expression. The difference observed between Cx30 and Cx43 

overexpressing cells was, however, larger than would be expected purely based on an 

additive effect. No definitive conclusory statements can be drawn about these differences as 

they may be due to the relative affinity of the primary Cx antibodies used. One could, 

however, speculate that as CHO-K1 cells endogenously express Cx43 they may intrinsically 

be more capable of post-translational processing of the Cx43 protein, or alternatively are 

more prone to degradation of the exogenous Cx30 subtype. Cxs are well established as 

having a high turnover rate with varying half-lives dependent upon subtype and cell line 

(Herve et al., 2007). 

Interestingly, both the bicistronic and bidirectional expression systems resulted in near 

identical overexpression levels of each Cx of interest. Due to the differences in the promoter 

structures this was not necessarily assured. The tetO elements of the bidirectional and 

bicistronic promoters are largely identical, but in the latter the rtTA need only drive 

expression of a single mRNA, while in the bidirectional system the cellular machinery and 

resources underpinning transcription may be divided between the two directions.  

The overexpressed Cx protein in all systems was found to be primarily localised as 

cytoplasmic and perinuclear with few gap junctional plaques observed on cell-cell interfaces. 

One could posit from this observation some sort of malfunction in Cx trafficking due to the 

systems used in the current study although past studies provide insight into this occurrence. 

The preponderance of perinuclear staining is likely indicative of Cx protein localised to the 

Golgi apparatus and endoplasmic reticulum (ER). It is known that Cx proteins are synthesised 

in the membrane of the ER and subsequently are oligomerized and glycosylated in the trans-

Golgi network (for review see Martin and Evans, 2004). Therefore, at the high levels of 

induced expression used to validate the systems, high levels of protein visualised in these 

structures would be expected. 



Chapter 4 – Inducible connexin overexpression systems 

128 
 

Furthermore, the preference for cytoplasmic localisation may be a function of the cell type 

used for these validation studies, and therefore would not indicate any deficit in channel 

formation inherent to these overexpression systems. The majority of endogenous Cx43 

protein visualised is expressed in the cytoplasm of uninduced CHO-K1 cells, and thus the 

overexpressed Cxs, in fact, mirror endogenous spatial localisation. This is likely due to the 

CHO-K1 cells being “assembly-inefficient” with regard to Cx43 as has previously been 

reported in a study of Cx43 gap junctional plaque formation in multiple cell lines (Musil et 

al., 2000). 

Neither upregulation of Cx30 or Cx43 was found to alter the expression or localisation of 

Cx43 or Cx30 respectively, indicating a degree of specificity. As noted constitutive changes 

in Cx expression have been shown to induce many changes in the transcriptome, which can 

include compensatory changes in the expression or localisation of other Cxs (Johnson et al., 

2002). Consequently, the systems generated in the present study may provide a better means 

of altering a specific Cx subtype and illustrate a potential benefit of inducible expression. 

All four systems were validated as reliable means of expressing the target Cx genes 

specifically, resulting in native Cx protein that mirrored endogenous localisation and thus one 

requirement of this study was met. Before proceeding with the use of any of these systems, 

however, they also needed to be assessed for the usefulness of the associated reporter gene 

co-expression. 

 

4.4.3. The bidirectional systems provided better expression and 

colocalisation of reporter gene 

ZsGreen fluorescence was visibly very bright, and was significantly brighter than EGFP. This 

may be due to intrinsic differences in fluorescent intensity as ZsGreen is cited as having a 

relative brightness 117% that of EGFP (Gambhir and Yaghoubi, 2010). The magnitude of the 

difference in fluorescence observed, however, would suggest the underlying cause was a 

difference in expression of reporter gene, even when the difference in relative brightness of 

the two proteins was taken into consideration. 

Low numbers of detectable EGFP-positive cells were observed for the Cx43-IRES system, 

while Cx30-IRES also produced low but consistently detectable levels of EGFP. This finding 
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contrasts with the previous use of IRES systems for Cx and EGFP expression, which have 

indicated reasonable utility. The difference in observed fluorescence could be due to the 

differences in promoters driving expression. As previously mentioned, the reported IRES 

expression systems were driven by the constitutive full CMV promoter. Conversely, the 

genes in the present study were driven by the TRETight promoter containing only the 

minimal CMV sequence. Additionally the CMV promoter has been found to exert different 

expression efficiency contingent upon the cell line used (Cheng et al., 2004b). Other 

methodological considerations may account for the difference in observed fluorescence, as 

EGFP may be more sensitive to fixation and pH changes. However, care was taken to 

maintain cells in neutral media during growth and in neutral pH solutions during all 

immunolabelling experiments. 

Beyond methodological considerations, low levels of EGFP may be due to the nature of 

IRES-dependent translation. The translational efficiency of the second gene in a bicistronic 

mRNA has been shown to be generally between 20-50% that of the first gene (Mizuguchi et 

al., 2000). Furthermore, IRES-dependent translation may also vary depending upon the 

resultant mRNA sequence from the insertion of a gene of interest.  

The means by which colocalisation between the gene of interest and the reporter were 

achieved are illustrated in Fig 4.15. In principle, due to the nature of the two expression 

paradigms, it would be expected that a bicistronic system would provide a greater degree of 

colocalisation with a reporter gene than a bidirectional system. With the former method, 

while the genes are expressed as independent proteins, they both derive from a single 

transcript. Thus adequate, and preferably equal, translation of the latter gene would 

consequently result in colocalisation.  

In practice, however, this obligate expression, and consequential robust colocalisation, has 

not been observed in the present study. As a result of the low numbers of EGFP-positive cells 

due to weak EGFP fluorescence, the study found a low degree of colocalisation in the 

bicistronic Cx43 system. The Cx30 system, while also providing relatively low fluorescence 

relative to the bidirectional systems, did provide effective colocalisation, due to greater 

numbers of detectable EGFP-positive cells. The overall lower EGFP green fluorescence 

compared to ZsGreen, and the difference in IRES-dependent translation and subsequent 

colocalisation between Cx30-IRES and Cx43-IRES may be due to differences in sequence 

structure. 
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This study used full length cDNA sequences for the expression of Cxs, including untranslated 

regions, rather than purely coding sequence. Intercistronic length has been shown to affect 

bicistronic expression in general, and IRES-dependent bicistronic expression, with greater 

intercistronic length negatively affecting translation (Attal et al., 1999). Both Cx sequences 

contain large 3’ untranslated regions (UTRs) contributing to intercistronic length that may 

interfere with IRES-dependent translation. The Cx43 gene, in particular, contains a greater 

than 1.6 kb 3’ UTR, which is twice as long as the Cx30 3’ UTR. 

Furthermore, an intrinsic IRES sequence is present in the 5’ UTR of Cx43 mRNA (Schiavi et 

al., 1999), while such conserved translational motifs have not been reported for Cx30 (Meijer 

et al., 2000). It has been shown that IRES sequences may interfere with each other leading to 

poor translational efficiency (Reigadas et al., 2005). Therefore, the intrinsic IRES site in 

Cx43 gene could have further contributed to a negative effect on the expression of the 

reporter gene that followed in the Cx43-IRES system. 

Conversely, the bidirectional system was reliant on an equivalent degree of transcription 

occurring in both directions upon activation of the promoter. This was not guaranteed as it 

has been previously reported that an imbalance in expression may occur (Koreen et al., 

2004). In fact, bidirectional systems resulted in high levels of colocalisation, equivalent to the 

Cx30-IRES system, despite the greater degree of independence between the reporter and the 

gene of interest. Thus bidirectional expression of ZsGreen reporter met the desired aim of 

providing an in vitro indicator of Cx protein expression and was determined to be a suitable 

selectable marker for stable cell line generation. As the bidirectional systems provided tight 

regulatory control, a means of identifying system induction and co-transfectant selection, and 

high levels of induced expression of unmodified Cx protein, they were chosen for subsequent 

investigation. 
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4.5. Summary and conclusions 

 

This study has generated two different inducible systems for full length Cx expression and 

compared their function. While it was expected that a bicistronic system would provide a 

high degree of obligate reporter expression this was not observed. Bidirectional systems 

provided a greater than expected degree of colocalised reporter expression and resulted in a 

usable overexpression system for the study of the role these Cxs may play in differentiation. 

Consequently, in the design of inducible expression systems for Cx proteins considerations 

should be made regarding the nature of the genes of interest, and whether elements in the 

mRNA structure will interfere with the system chosen. The selection of reporter paradigms 

should be carefully made, and for expression of Cxs a bidirectionally structured plasmid may 

afford the best system. 
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Chapter 5. The effect of connexin protein 

overexpression on neuronal differentiation 

 

 

5.1. Introduction 

 

The present study has shown that Cxs are highly regulated during the process of 

differentiation in both the NT2/D1 and P19 EC cell culture models. Cx30, Cx36 and Cx43 

show distinct temporal and spatial patterns of expression, with a high degree of similarity 

between these two analogous in vitro models underpinning potential for functional 

significance. This potential for functional significance is further supported by the fact that 

these changes in endogenous expression are also highly consistent with previous studies 

using other in vitro and in vivo models. 

Much of the knowledge on the role of Cx proteins, in differentiation and other physiological 

processes has been elucidated from “loss of function” studies. Gross pharmacological 

blockade of gap junctions has shown that GJIC is critical for proper neuronal and astroglial 

differentiation in both P19 and NT2/D1 cells (Bani-Yaghoub et al., 1999a, Bani-Yaghoub et 

al., 1999c), which would imply expression of the Cxs that facilitate this communication is 

also critical. The size and diversity of the Cx protein family, however, has meant that the 

exact roles of the different Cx subtypes warrant further investigation. 

The discussion of the effects of blocking GJIC and the importance of GJIC in differentiation 

has, in the past, been skewed towards the most characterised Cx subtype, Cx43 (Bani-

Yaghoub et al., 1997, Bani-Yaghoub et al., 1999a, Belliveau et al., 2006). The effects may, 

however, have been prematurely ascribed as not only are the agents used in such studies, 

carbenoxelone and 18-β-glycyrrhetinic acid, non-selective for specific Cx subtypes, but they 

are also capable of affecting other channels (Behringer et al., 2012). More recently it has been 

found that Cx43 may instead play a more inhibitory role in differentiation, potentially 

through maintenance of a multipotent proliferative phenotype (Cheng et al., 2004a, Todorova 
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et al., 2008), while other Cx subtypes may be more involved in determining cell fate and 

driving neuronal differentiation. 

A recent study on Cx36 has confirmed that gap junction proteins other than Cx43 play critical 

roles in the promotion and progression of neuronal and oligodendrocytic differentiation 

(Hartfield et al., 2011). The present study has identified a novel transitory upregulation of 

Cx30, and proposes that Cx30 may also be playing a critical role in differentiation or cell fate 

specification not yet examined. 

Cx30 has been implicated as being functionally relevant to neural development as identified 

through “loss of function” studies. Coupling between astrocytes and oligodendrocyte 

precursors, facilitated by Cx30 gap junctions, is needed for proper oligodendrocyte 

differentiation without which there is dysmyelination (Lutz et al., 2009). Astrocytic networks 

formed by Cx30 have also been shown to modulate synaptic plasticity (Pannasch et al., 

2011). Furthermore, as noted previously, Cx30 is thought to be involved in neurogenesis; it 

has been shown through investigation of radial glia that ablation of Cx30 impairs precursor 

proliferation (Kunze et al., 2009). Cx30-based coupling between NPCs, differentiating 

neurons and/or supportive cells, seen in the present study, may also be of significance to 

neural development.  

While “loss of function” studies have provided evidence for the necessity of gap junction 

proteins during differentiation, few “gain of function” studies have been performed 

examining the effect of exogenously controlled Cx upregulation during differentiation. Such 

studies may yield new insights, distinct from those discovered through investigation of “loss 

of function.” 

One such study utilised pharmacological induction of Cx43 upregulation and found an effect 

on the differentiation of the NT2/D1 cell line (Dahm et al., 2010). Through application of 

tamoxifen or raloxifene, the authors were able to upregulate the expression of Cx43 and 

increase the intracellular localisation of the protein. This upregulation was shown to diminish 

the number of neuronal clusters produced from the NT2/D1 NPCs and reduce neurite 

outgrowth. They did not, however, examine the effect on any other Cx subtypes resulting 

from this drug treatment that may be influencing cell fate. Another recent study reported that 

null-Cx43 mutant mice underwent premature differentiation and reintroduction of the Cx43 

gene into neurospheres cultured from these animals negatively regulated differentiation 
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(Santiago et al., 2010). However, the authors of this study again did not examine other Cx 

subtypes. 

In order to determine the functional relevance of the temporal and spatial expression seen in 

the NT2/D1 and P19 EC cell models used in this thesis novel tools were developed. The 

systems were validated to provide specific, regulated overexpression of the Cx subtypes 

Cx30 and Cx43, coupled with co-expression of a fluorescent selectable marker. This chapter 

aimed to apply these inducible expression systems to investigate whether these Cx proteins 

play a role in neural differentiation of EC cells through specific upregulation and consequent 

“gain of function”. 
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5.2. Methods 

 

5.2.1. Transfection of NT2/D1 cells 

Transfection of the NT2/D1 cell line was first carried out using Lipofectamine LTX with Plus 

Reagent (Invitrogen, CA, USA) following the manufacturer’s recommended protocols and 

using a range of different DNA to cationic lipid ratios. Other lipofection reagents were also 

tested using the manufacturer’s protocols including Lipofectamine 2000 (Invitrogen), 

Effectene (QIAGEN, Netherlands) and NeuroPORTER (Sigma-Aldrich, MO, USA) reagents. 

In addition to lipofection, electroporation was used on the NT2/D1 cell line. An optimisation 

protocol for adherent cell lines was performed following the manufacturer’s instructions 

using the Neon Transfection System (Invitrogen) in an attempt to find a suitable 

nucleofection protocol. This entailed the use of a range of combinations of pulse voltages 

(850-1,700 V), pulse lengths (10-40 ms) and number of pulses (1-3).  

 

5.2.2. Transient transfection of P19 EC cells 

Transfection of the P19 EC cell line was achieved using lipofection with the Lipofectamine 

2000 reagent. This was performed initially following the manufacturer’s protocol, but was 

further modified as detailed below. The day before transfection, P19 EC cells were 

trypsinised and replated at a density of 2×105 cells per well in a 24-well plate, such that on 

the day of transfection they were approximately 85-90% confluent. 

After a series of optimisation experiments for the P19 EC cells, the ratio of DNA to cationic 

lipid reagent was fixed at 1 µg : 3 µL. A total DNA quantity of 1 µg was used per well of a 

24-well plate. For co-transfections of the two-plasmid system the total DNA was comprised 

of a mixture of the regulatory pTetOn plasmid and the respective bidirectional response 

plasmids for Cx30 and Cx43; pBI-TRETight-Cx30/ZsGreen (Cx30 expression system) or 

pBI-TRETight-Cx43/ZsGreen (Cx43 expression system), or the pBI-TRETight-ZsGreen 

(ZsGreen-only control) plasmid, at a molar ratio of 1:5. 
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The DNA and Lipofectamine 2000 were each diluted into 100 µL of serum-free OptiMEM 

per each well of cells for transfection and gently mixed, before a 5 min incubation at room 

temperature. The two solutions were subsequently mixed together at a 1:1 ratio and allowed 

to form lipid-DNA complexes at room temperature for 25 min. During this time the complete 

growth medium was removed from each well of cells to be transfected, and replaced with 

OptiMEM to remove any traces of serum. 

Once the cationic lipid-DNA complexes had been given adequate time to form in the 

lipofection mixture, the OptiMEM was aspirated from the wells and replaced with these 

mixtures. The lipofection mixtures was left to incubate with the cells at 37ºC for 12 hrs, 

before they were aspirated and replaced with complete growth medium for recovery for 

24 hrs. 

Nucleofection was also trialled using the Neon Transfection System for the P19 EC cell line, 

using the manufacturer-recommended parameters for pulse length, number and duration for 

this cell line (1 pulse, 30 ms, 1,275 V). 

 

5.2.3. Fluorescence-activated cell sorting 

In order to generate stable cell lines green fluorescence was used as a selectable marker as 

has been previously reported (Kaufman et al., 2008, Kato et al., 2010). NT2/D1 and P19 EC 

cells co-transfected with the expression systems were assayed and purified by fluorescence-

activated cell-sorting (FACS) using a FACSAria cell sorter (BD Biosciences). The day before 

cell sorting, growth medium was supplemented with 1 µM doxycycline (Dox) to induce the 

expression of ZsGreen. 

On the day of cell sorting, cultures were examined using a Leica DM IRB inverted 

fluorescence microscope (Leica Microsystems, Germany) to ensure ZsGreen expression was 

present at a sufficient level. Cells were washed with PBS twice and then trypsinised using 

40 µL of trypsin-EDTA per well of a 24-well plate. Trypsinization was halted with the 

addition of 1 mL of respective growth medium and the cells dissociated by pipetting up and 

down within the well. The cells were subsequently pelleted by centrifugation at 300 rcf and 

then resuspended in PBS at greater than 1×106 cells/mL. 
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The cells were selected using forward-scatter, side-scatter and FITC intensity gating 

parameters. Cells fluorescing at an intensity of between 103-104 arbitrary units were collected 

(Fig 5.1). Cells were distributed into complete growth medium in 96-well plates at a 

concentration of 1000 cells/well. The day after FACS was performed; the media was replaced 

with complete growth medium supplemented with 500 µg/mL G418 antibiotic. The cells 

were subsequently grown for a period of two weeks under antibiotic selection, during which 

time they were examined using the Leica DM IRB microscope to determine whether ZsGreen 

fluorescence was being maintained. 

 

  



Figure 5.1. Representative FACS gating parameters and set-up for selection of ZsGreen-positive co-transfectants. Forward 
Scatter (FSC; indicative of particle size) and Side Scatter (SSC, indicative of particle granularity) were plotted and gates 
were created to isolate the P19 EC cell population. From the total cell population, cells fluorescing above autofluorescence at 
between 103-104 arbitrary units were sorted by FITC-gating into 96-well plates for stable cell line selection.
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5.2.4. Examination of the effect of connexin expression on differentiation 

In order to examine the effect of Cx30 and Cx43 overexpression P19 EC cells were 

transiently co-transfected with the two-plasmid expression systems as described above. After 

recovery in complete growth medium, cells were trypsinised and replated at a density of 

2×104 cells per well in a 96 well plate in P19 differentiation medium. Media was 

supplemented with 1 µm Dox to induce the expression of either ZsGreen alone, or ZsGreen 

in conjunction with Cx30 or Cx43. 

Cells were grown for 4 days in RA as per the standard P19 EC cell differentiation protocol 

outlined in Chapter 2: General Methods and used for investigation of endogenous Cx 

expression. A complete media change was performed after 48 hrs.  

Every 24 hrs during the differentiation protocol, cultures were examined under light 

microscopy for gross morphological changes. Differentiating P19 EC cells derived from 

transiently co-transfected cultures were fixed after 4 days of RA treatment, at the 0 day 

timepoint, using 4% paraformaldehyde for 30 min as per the protocol described in Chapter 2: 

General Methods.  

 

5.2.5. Immunocytochemistry, confocal microscopy and image analysis 

Cultures were fluorescently labelled using immunocytochemistry (ICC), as per protocols 

described in Chapter 2: General Methods. Cells were double-labelled for the respective Cx of 

interest and DCX as a marker of neuronal commitment and differentiation. 

ICC staining was imaged using a Zeiss LSM 710 confocal microscope (Carl Zeiss, German). 

ZsGreen was imaged using the green emission channel, DCX was immunolabelled with 

AlexaFluor 594-conjugated secondary antibody and imaged using the red channel and Cx 

proteins were immunolabelled with AlexaFluor 647-conjugated secondary antibody and 

imaged in the far red channel. Images were taken for semi-quantitative and qualitative 

assessment using a Plan-Apochromat 20x/0.8 numerical aperture dry objective lens (Carl 

Zeiss). Three images were taken per well, for each treatment group; a total of nine images 

were examined for each of the three co-transfected systems. 
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The images were split using MacBiophotonics ImageJ into their constituent channels and the 

green channel selected. A marker was placed on each ZsGreen fluorescent cell and the total 

number of ZsGreen-positive cells counted per image examined. The same markers were 

overlaid onto the respective red channel images depicting DCX immunolabelling cells and 

the number of marked DCX-positive cells was counted, deriving the number of cells that 

were both DCX-positive and ZsGreen-positive. To normalise for transfection efficiency, the 

number of DCX-positive green cells was taken as a proportion of the total number of green 

fluorescent cells in each respective image. Images from the three co-transfected expression 

systems were compared via One-Way ANOVA, with post hoc analysis using Tukey’s test. 
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5.3. Results 

 

5.3.1. Transfection efficiency in EC cell lines as measured by FACS 

As the two plasmids are necessary for Dox-induced ZsGreen expression, FACS was used in 

order to both assess co-transfection efficiency and attain pure populations of fluorescent 

co-transfectants. Together with antibiotic selection, FACS was to be used to generate stable 

cell lines from sorted co-transfectants. The proportional yield of fluorescent cells from each 

sort for the two cell lines was system dependent, but overall the proportion was low for all 

three systems in either cell line. This also translated into low yields in absolute number of co-

transfectants per transfection experiment. 

For the NT2/D1 cell line, transfection efficiency was generally so low that FACS of cultures 

was of little value. When sorting was attempted the yield of ZsGreen-positive transfected 

cells from the parent population was typically less than 0.01% and thus yielded no useful data 

for comparison. 

For the P19 EC cell line the yield of co-transfectants was also low although it was higher than 

for the analogous human cell line. For all sorts combined, FACS yielded a co-transfectant 

proportion of 1.48±0.32% for the P19 EC cells. The ZsGreen-only control system provided 

the highest co-transfection efficiency at an average of 2.33±0.60% (n = 8). This was followed 

by the Cx30 expression system at 1.15±0.35% (n = 6). The Cx43 expression system had the 

lowest transfection efficiency of 0.52±0.26% (n = 5). There was a decreasing trend in the 

number and brightness of cells that sorted positively with progressively larger insert size, but 

these differences did not reach statistical significance (p = 0.055) (Fig 5.2). 

Electroporation also failed to yield sufficient co-transfectants for FACS for the NT2/D1 cell 

line using any of the optimisation protocol parameters and resulted in a high degree of cell 

death. For the P19 EC cell line, using the cell-line specific protocol, electroporation showed 

no appreciable improvement over lipofection. Lipofection was, thus, used for all subsequent 

experiments. 
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Figure 5.2. Transfection efficiency as measured by FACS using the same gating parameters as used in selection of co-transfectants for stable cell line generation. Representative histograms of 
FACS experiments for the three expression systems showing a reduced number of cells sorted positive in the Cx30 and Cx43 system experiments, compared to the ZsGreen only system (A). 
When quantified, co-transfection efficiency exhibited a decreasing trend from the ZsGreen-only system to the Cx30 system, with a further decrease shown by the Cx43 system. This trend did 
not, however, reach statistical significance (p = 0.055) (B).
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5.3.2. Stability of transient transfection and implications for stable cell line 

generation 

Transfected cultures for all three expression systems showed a gradual reduction in the 

number of ZsGreen positive cells over time and, despite antibiotic treatment, co-transfectants 

became overgrown by untransfected cells or single transfectants. After FACS, cell 

populations almost ubiquitously expressed ZsGreen, indicating that the sorting parameters 

were sufficiently stringent and did not allow an excess of ZsGreen-negative cells through 

selection. Over the course of a week, however, the number of green fluorescent cells 

diminished for all three transfected expression systems and this made any subsequent rounds 

of FACS selection unfeasible. 

As a result of the low yield of co-transfectants selected via FACS from transient transfection 

experiments, coupled with the poor degree of genomic integration observed, generation of 

stable cell lines for either EC cell line could not be achieved for any of the three expression 

systems. In addition, due to the limited episomal stability of transient transfection in P19 EC 

cells, the effects of Cx overexpression on differentiation could not be investigated in the 

longer term. Instead, an experimental paradigm was devised to investigate the effects of Cx30 

and Cx43 overexpression on early differentiation. 

 

5.3.3. DCX protein expression during differentiation of P19 EC cells 

transfected with pBI-TRETight-ZsGreen 

During and after 4 days of differentiation with RA, P19 EC cultures were examined 

qualitatively. Transient co-transfection with the ZsGreen-only control system did not appear 

to affect the gross appearance and cellular constitution of the cultures at a whole population 

level. P19 EC cells appeared to grow to confluency during RA treatment and to form clusters 

of cells. Furthermore, in agreement with experiments performed validating the expression 

systems in CHO-K1 cells, immunolabelling for Cx30 (Fig 5.3. A, C, E) and Cx43 (Fig 5.3. B, 

D, F) was not altered by expression of ZsGreen in P19 EC cells. 

As with untransfected cultures, the ZsGreen-only transfected cultures yielded a mixture of 

DCX-positive and DCX-negative cells after RA treatment (Fig 5.4. A). At a cellular level, 

expression of the ZsGreen protein did not appear to affect morphology of P19 EC cells, as 
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examined qualitatively. ZsGreen-positive cells exhibited an ovoid or rhomboid shape, and 

typical size of approximately 10 µm in diameter, regardless of whether they were found to 

express DCX protein, and were typically observed as small clusters of fluorescent cells 

(Fig 5.4. B). These green fluorescent cells did not differ in shape or size relative to 

untransfected cells previously examined at this same time point. Overall, examination of 

these cultures indicated that the transfection procedure and induction of ZsGreen expression 

with Dox, in itself, did not affect Cx expression or neuronal differentiation of the cell 

population as a whole. 

The subpopulation of ZsGreen-positive cells was also examined quantitatively, as some 

ZsGreen-positive cells were found to also be DCX-positive, indicating that they were 

undergoing neuronal commitment (Fig 5.4. C). Of the total number of fluorescent cells 

counted per image assessed, 23.4±3.0% were found to have ZsGreen fluorescence colocalised 

with DCX immunolabelling. Some of these ZsGreen-positive differentiating neurons were 

observed to extend DCX-positive neuritic processes as seen in untransfected cells. 
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5.3.4. DCX protein expression during differentiation of P19 EC cells 

transfected with pBI-TRETight-Cx30/ZsGreen 

P19 EC cultures transiently co-transfected with the Cx30 expression system did not differ 

from untransfected cultures when examined qualitatively at the population level, either during 

or after the 4 day RA treatment. Similarly, these cultures did not differ in gross appearance 

from cultures derived from cells transfected with the ZsGreen-only control system. These cell 

cultures, transfected with the Cx30 expression system, exhibited a mixture of DCX-positive 

and –negative cells after 4 days of RA treatment (Fig 5.5. A). 

Interestingly, immunolabelling showed little detectable Cx30 in the form of puncta in the 

total cell population and generally no discernable upregulation was observed in the ZsGreen-

positive subpopulation after 4 days of RA treatment (Fig 5.5. B, E). As overexpression of 

Cx30 by induction of the Cx30 expression system had been confirmed previously in 

validation experiments, P19 EC cells were fixed and examined early after transfection. In 

these P19 EC cells strong Cx30 immunolabelling could be observed, colocalising with 

ZsGreen expression (Fig 5.6. A, B, C). This indicated that while the cells transfected with the 

Cx30 system did not maintain detectable overexpression of Cx30 when examined after 4 days 

RA, overexpression of the Cx30 subtype had occurred during the RA treatment itself.  

This subpopulation of ZsGreen-positive cells in these cultures did not differ in cellular 

morphology from either the fluorescent cells in cultures transfected with ZsGreen-only 

control and treated with RA, or from untransfected cells previously examined. Green 

fluorescent cells appeared ovoid in their overall cell shape, with cell bodies typically 10 µm 

in diameter, regardless of whether they were co-labelled with DCX (Fig 5.5. C). The 

distribution of ZsGreen-positive cells in these cultures did not differ from ZsGreen-only 

control cultures. 

As with cultures transfected with the ZsGreen-only control system, some of the green 

fluorescent cells were found to colocalise with DCX immunolabelling in the cultures 

transfected with the Cx30 expression system (Fig 5.5. D, F). Some of these cells exhibited 

projections that were ZsGreen-positive and colocalised with DCX. The proportion of 

ZsGreen fluorescent cells that also showed DCX expression was 27.1±5.7% of the total 

number of fluorescent cells counted per image assessed. 
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5.3.5. DCX protein expression during differentiation of P19 EC cells 

transfected with pBI-TRETight-Cx43/ZsGreen 

As with cultures derived from the other transient co-transfection experiments, cultures of P19 

EC cells transfected with the Cx43 expression system did not differ in appearance at the 

population level from untransfected cells. The cultures grew to confluency during RA 

treatment and formed clusters of cells in a fashion similar to untransfected cultures subjected 

to the same differentiation protocol. The transfected cultures yielded a mixture of DCX-

positive neurons, and non-neuronal cells, after 4 days RA treatment (Fig 5.7. A). 

Unlike the Cx30 expression system cultures, the ZsGreen-positive cells in the Cx43 

expression system cultures generally maintained an increase in immunolabelling indicating 

an overexpression of this Cx subtype was maintained after 4 days of RA treatment (Fig 5.7. 

B, E). Overexpression of Cx43 protein was primarily localised intracellularly and perinuclear, 

although some puncta were observed. 

The ZsGreen-fluorescent subpopulation of cells was cytologically similar in appearance to 

untransfected and ZsGreen-only transfected cells, after RA treatment, with most cells 

appearing typically ovoid in shape. ZsGreen-positive cells were largely localised in small 

clusters. Some cells in the Cx43 expression system cultures did, however, appeared slightly 

larger in size, 15-20 µm in diameter. The ZsGreen-positive cells were also smoother in 

appearance and these cells did not appear to extend the neuritic processes that had been 

observed in the other treatment groups (Fig 5.7. C). 

In contrast to other treatments, cultures transfected with the Cx43 expression system yielded 

very few ZsGreen-positive cells that colocalised with DCX immunolabelling (Fig 5.7. D, F). 

The proportion of ZsGreen-positive cells that were also DCX-positive was 7.6±2.8% of the 

total number of fluorescent cells counted per image assessed. 
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5.3.6. Comparison of the proportion of DCX-positive cells between the three 

expression systems 

To assess the effects of Cx overexpression during this early period of differentiation, the 

proportion of cells that colocalised for DCX and ZsGreen was compared between the three 

treatments, by One-Way ANOVA. Overall a statistically significant difference was found 

between the treatments (p < 0.05). 

A slight but non-significant increase in the proportion of DCX-positive ZsGreen-positive 

cells was observed in post hoc analysis of P19 EC cells transfected with the inducible Cx30 

expression system, relative to P19 EC cells transfected with the ZsGreen-only control 

(p = 0.795) (Fig 5.8). When the ZsGreen-only control was compared to the cells transfected 

with the Cx43 expression system, however, it was found that in the latter group the 

proportion of DCX/ZsGreen colocalised cells was significantly reduced by approximately 

65% (p < 0.05). 

Similarly, when the proportion of DCX cells was compared between the two Cx expression 

systems, the P19 EC cells transfected with Cx43 expression system showed a greater than 

70% reduction in the proportion of DCX/ZsGreen-positive cells, relative to the Cx30 

expression system transfected cultures and this was found to be a significant reduction (p < 

0.05). 
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5.4. Discussion 

 

Temporal and spatial changes in Cx subtype expression were observed during the 

differentiation of P19 and NT2/D1 cells as described in Chapter 3 and inducible expression 

systems were generated and validated to modulate the expression of Cx30 and Cx43 as 

described in Chapter 4. 

Based on the expression patterns observed, it was hypothesised that Cx43 overexpression 

may result in reduction in NPC specification to a neuronal lineage, while Cx30 may drive 

cells towards a neuronal differentiation. This Chapter applied the aforementioned expression 

systems to investigate the above hypotheses and determine whether there was any causal 

relationship between the temporospatial Cx and DCX expression patterns observed. 

 

5.4.1. Traditional plasmid systems were not ideal for use with embryonal 

carcinoma cells 

Despite a sustained effort, the generation of stable cell lines exhibiting detectable levels of 

induced ZsGreen and Cx expression in either NT2/D1 or P19 EC cells was not achieved. This 

was due to both cell lines proving particularly recalcitrant to high levels of transfection and a 

lack of correct and stable genomic integration, compounded by the inherent properties of the 

two-plasmid systems. 

The greatest technical hurdle in this study proved to be efficient gene transfer into the two EC 

cell lines. In the literature transfection efficiency for the P19 EC cell line is variable and 

largely entails transfection with a single plasmid vector. However, it has been reported that 

efficiency is generally between 30-50% (Yu et al., 2005). In the current study the two 

plasmid systems exhibited extremely low co-transfection efficiency, much lower than has 

been previously reported in either EC cell lines, but in particular for the human NT2/D1 line. 

The reported transfection efficiency of NT2/D1 cells is also variable, but in general 

efficiencies have been low. In agreement with the present investigation, one such study 

similarly found NT2/D1 transfection efficiency to be too low to provide a platform for 

investigation (Fang et al., 2003). Another study also found extremely low single-plasmid 
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transfection efficiencies of less than 0.5% when assayed by ICC and FACS, using four 

different liposome-based reagents (Ma et al., 2002). Ma et al. reportedly enhanced liposome-

based transfection efficiency, by conjugating DNA to a nuclear localisation signalling 

peptide. They achieved ~20% transfection efficiency and their approach may improve 

transfection efficiency with the systems developed in the present study. However, one would 

expect that overall efficiency would remain low due to the expression systems used in this 

thesis requiring co-transfection and expression of two independent plasmids. 

Liposome-based transfection has been shown to be cell line-dependent and this been linked to 

whether the endocytotic pathway of the cells is predominantly clathrin- or caveolin-

dependent, with the latter being far less amenable to efficient lipofection (Rejman et al., 

2005). It is therefore possible that the predominant internalisation pathways utilised by EC 

cell lines does not favour lipoplex entry and release to the cytosol. 

A potential trend was observed towards the ZsGreen-only control system transfecting more 

efficiently than the larger Cx30 expression system, which in turn was more efficient than the 

yet larger Cx43 expression system (Fig 5.2). The number of plasmid molecules incorporated 

into lipid-DNA complex reportedly decreases linearly as plasmid size increases (Kreiss et al., 

1999). Therefore, this observed trend may be due to the relative size of the response plasmids 

affecting the number of plasmid molecules entering the cells. It has been postulated that entry 

into the nuclear envelope for gene expression, after lipofection of complexes into the 

cytoplasm, is also impaired by increased plasmid size (Kreiss et al., 1999). Furthermore, it 

has been shown that promoter/enhancer efficiency in any given plasmid may be diminished 

with increasing insert size (Yin et al., 2005). These effects may be acting together to limit 

transfection and expression of the larger response plasmids. 

In addition to efficient uptake of foreign DNA, generation of stable cell lines via traditional 

plasmid systems relies upon functional integration of genes into the host genome. The use of 

a two-plasmid expression system may have compounded the complexity of such a technique 

since stable cell generation required the integration and expression of an array of multiple 

foreign genes into the genome: the regulatory cassette, bidirectional response cassette, and 

antibiotic-resistance expression cassettes. 

Furthermore, with traditional plasmid vectors the site of integration remains largely random 

in nature. As such, any successful plasmid integration may have occurred in a manner such 

that it disrupted any one or more of the requisite genes that they contained, or may have 
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occurred at a locus where cis-effects of nearby genomic elements interfered with, or silenced, 

promoter activity. Indeed, P19 EC cells have been shown to lose and/or inactivate transgenes 

even after random stable integration at a particularly high rate (Schmidt-Kastner et al., 1996); 

the same may apply to the analogous NT2/D1 cells. 

Thus, while this study based the approach used to generate stable cell lines on previous 

reports where GFP was used as a FACS selectable marker (Kaufman et al., 2008, Kato et al., 

2010), in the present study the approach proved unviable. Traditional plasmid-based systems 

may, therefore, not be ideal for the creation of stable cell lines in these models of 

differentiation. Consequently, experiments utilizing transient transfection were devised to test 

the effects of Cx overexpression during early differentiation. 

 

5.4.2. Cx30 overexpression decreased and cells showed little difference to 

ZsGreen-only control 

P19 EC cells transfected with the inducible Cx30 expression system initially exhibited 

upregulation of the Cx protein in conjunction with ZsGreen expression. When examined at 

the 0 day timepoint, however, ZsGreen-positive cells did not appear to express substantial 

Cx30. This would suggest that the exogenously-induced Cx30 overexpression occurred only 

transiently during the RA treatment of the cells. This observation may be due to reasons 

similar to those that prevented stable cell line generation. 

As noted above, P19 EC cells have a high rate of gene silencing and removal per cell division 

even after stable integration. Furthermore, the constructs may well have integrated over the 

course of RA treatment in such a manner that the ectopic Cx30 gene expression was 

disrupted, while the ZsGreen gene remained intact and consequently functional. It is also 

possible that while still expressing the Cx subtype, the level of expression had fallen below 

the threshold of detection by ICC and expression below the threshold of detection would not 

preclude physiological relevance. 

Despite the gradual decrease in Cx30 overexpression, a transient upregulation resulted from 

the transfection and induction of the Cx30 system. This transient overexpression of Cx30 did 

not, however, have a significant effect on the number of cells differentiating into neurons, 

despite the observation that this Cx subtype was expressed endogenously on cell masses that 
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exhibited DCX-positive neurites in their vicinity. This may imply that the endogenous 

upregulation of Cx30, while necessary for differentiation of neuronal populations is not 

sufficient to drive the process. Alternatively, it may be that limitations of the experimental 

procedures themselves failed to ‘capture’ the significance of this subtype’s expression. 

The lack of effect could even imply that the Cx30 subtype plays no role in the differentiation 

process and its upregulation is simply incidental in nature. It would, however, be difficult to 

reconcile this conclusion with the clear and consistent temporal expression pattern observed 

in both the NT2/D1 and P19 EC cells during differentiation as described in Chapter 3, as well 

as with earlier studies reporting the potential involvement of Cx30 in neurogenesis (Toeg et 

al., 2007, Kunze et al., 2009), which collectively suggest that Cx30 plays some role in 

differentiating neural populations.  

One possible explanation for the lack of effect may be that the Cx genes inserted into the 

response vectors in these expression systems are the human ortholog sequences and the cell 

line ultimately investigated was of murine origin. It may be that exogenous overexpression 

failed to affect neuronal differentiation due to differences between the human and mouse 

Cx30 orthologs and the process of differentiation between the human and mouse EC cells. As 

reported in Chapter 3, however, both cell lines show highly analogous patterns of Cx 

expression during differentiation and the orthologous Cx genes studied show a high degree of 

homology across species barriers. This would imply that species specificity was not the basis 

for a lack of effect. Furthermore, as discussed below, a significant effect was observed 

overall between the three treatments, despite the lack of an effect from the transfection of the 

Cx30 system. 

The temporal pattern of expression observed indicated tightly coordinated regulation of the 

multiple Cx subtypes during differentiation. The expression systems generated in this study 

were designed and validated to be subtype specific. Consequently, while Cx30 expression 

was exogenously modulated, the expression of Cx43 in these transfected cells would have 

followed their normal timecourse of downregulation. If, as previously speculated, expression 

of Cx30 replaces that of Cx43 to modulate the electrochemical properties of GJIC during 

neuronal differentiation, then the effect of transient Cx30 overexpression at the beginning of 

differentiation may be limited or masked by the presence of the remaining high levels of 

Cx43. The two Cx subtypes may be serving counteractive roles in the process and 
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corresponding changes in Cx43 may be required for Cx30 expression to be functionally 

effective, as discussed below. 

Finally, though, it is important to note that in the endogenous expression studies of both in 

vitro models of differentiation (Chapter 3) while a downregulation of Cx43 expression 

preceded upregulation of DCX, the onset of changes in Cx30 expression were observed to 

follow DCX expression. Thus, this may suggest that Cx30 does not play a role in initiating 

differentiation, but instead may play an as yet unidentified role in the differentiation pathway. 

As the experimental model allowed only a brief window of opportunity to induce Cx30 

expression and examine the effect, Cx30 overexpression may be occurring either too early or 

too transiently during the course of differentiation to observe this unidentified role. The 

overexpression may need to be sustained for a longer period of time or may be driving effects 

that have yet to be exhibited at the 0 day timepoint. These might well include effects on 

migration or survival of differentiating neurons that may result after initial cell fate 

specification, as has been reported for other Cxs (Leung et al., 2001, Elias et al., 2007). 

 

5.4.3. Cells transfected with the Cx43 system showed reduced DCX-positive 

colocalisation 

A significant effect was observed between the three transfected systems and this was shown 

to be due to a significant reduction in the number of DCX-positive cells in cultures 

transfected with the Cx43 system. These findings support the report by Dahm and colleagues 

(2010), who used pharmacological means to induce Cx43 expression in the NT2/D1 cell line. 

However, the limitations of such gross pharmacological methods lie in lack of specificity. 

The authors did not investigate any other Cx subtypes and consequently did not show that the 

drug used produced no compensatory changes in expression of other Cx subtypes. In the 

present study transgenic means of Cx43 induction has been used, providing validation that 

the transfected system upregulated the specific gene of interest, while levels of the Cx30 

subtype remained unaltered. 

Furthermore, this study used the analogous P19 murine EC cell line for which such an effect 

has not been reported and, through application of a more specific methodology, produced a 

similar outcome. That both cell lines produced similar findings in independent studies, not 
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only further validates the utility of both models for the study of neuronal differentiation, but 

also strengthens the observed outcome. 

The reduction in neuronal commitment and differentiation may be due to Cx43 

overexpression maintaining cells in a proliferative NPC state. This would align well with 

other studies showing the pro-proliferative role of Cx43 and GJIC through the channels it 

forms (Cheng et al., 2004a, Todorova et al., 2008). However, the observed spatial distribution 

of the ZsGreen-positive cells in cultures transfected with the Cx43 system did not suggest any 

enhanced proliferative ability in the present study. 

It has been shown that Cx43 has signalling properties related to growth control and 

differentiation, distinct from its role in GJIC. A physical interaction between beta-catenin and 

the C-terminus of Cx43 has been reported and this relationship has been implicated in Cx43 

regulation of cellular proliferation (Ai et al., 2000). Such interactions between Cx43 and beta-

catenins may also explain the reduced neuronal differentiation seen in the models of neuronal 

differentiation used in the present study. Signalling via the beta-catenin/Wnt pathway has 

been shown to be both requisite and sufficient for neuronal commitment of cortical NPCs 

(Hirabayashi et al., 2004). An increase in Cx43 expression, and consequently enhanced 

interaction with beta-catenins by the C-termini, may sequester the protein in the cytoplasm 

and at the plasma membrane and thus inhibit pro-differentiation signalling. Supporting this 

theory, the C-terminus of Cx43 has been reported as sufficient to negatively regulate neuronal 

maturation and neurite outgrowth in a mouse neurosphere model (Santiago et al., 2010). 

Cx43 also has known effects on expression of certain genes that may underlie the reduction 

in neuronal differentiation observed in this study. Cx43 overexpression is associated with 

elevation of p27 (Zhang et al., 2001), which when raised above a certain threshold may 

promote preferential gliogenesis (Ohnuma et al., 1999). Cx43 overexpression has also been 

shown to promote the preferential upregulation of NOV instead of cyr61 and the latter is 

thought to play a role in neuronal commitment (Chung and Ahn, 1998, Sin et al., 2008). 

It may also be possible that without a reduction in Cx43 expression, the initiation of other 

corresponding changes in Cx expression cannot occur, including upregulation of Cx36. These 

subsequent changes may be necessary for proper neuronal specification (Hartfield et al., 

2011). Therefore, the global regulation of Cx expression may be required for any particular 

Cx subtype to exert a functional effect.  
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As speculated above, inhibition of differentiation by continued Cx43 expression may be a 

cause for the induced transient expression of Cx30 having no significant effect. While 

reduced at day 0, Cx43 levels have yet to be downregulated to the same extent observed at 

the 6 day timepoint where Cx30 has its peak in expression. Therefore, even if exogenous 

upregulation of Cx30 were to exert an effect on the differentiating neural population, without 

sufficient reduction in Cx43 any potential changes in NPC phenotype may be negated. 

Using gross pharmacological blockade, previous studies Cx43 (Bani-Yaghoub et al., 1997, 

Bani-Yaghoub et al., 1999a, Belliveau et al., 2006) have concluded that GJIC is necessary for 

proper neuronal and astroglial differentiation, and this role was in part attributed to Cx43 as 

the most widely understood Cx protein at the time. In this study, however, it has been shown 

that the expression of Cx43 must instead be reduced for proper neuronal differentiation. 

These findings, therefore, imply that observations regarding the necessity of GJIC reflect the 

need for expression of other Cx subtypes.  
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5.5. Summary and conclusions 

 

Overall, Cx overexpression was found to affect neuronal differentiation. While Cx30 may 

play an important role in differentiation, this could not be conclusively defined. There was no 

significant effect on neuronal commitment through overexpression of Cx30. Conversely, 

exogenous overexpression of the Cx43 isoform did produce a significant effect. Sustained 

Cx43 upregulation during the early period of differentiation was found to inhibit neuronal 

specification. 

From these results, and a detailed investigation of the endogenous timecourse of Cx 

expression, it is hypothesised that concerted Cx changes may facilitate neuronal 

differentiation in these in vitro models. Within this hypothesis, an initial downregulation of 

Cx43 must first occur, prior to upregulation of other Cx proteins such as Cx30 that may 

themselves be essential to the progression or support of neuronal differentiation. Further 

investigation is needed to elucidate the exact role of Cx30, and the mechanisms by which 

either Cx30 or Cx43 proteins may influence cell specification and differentiation. 
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Chapter 6. General discussion 

 

 

The research in this thesis has provided technical insight into both expression systems for Cxs 

and the utility of embryonal carcinoma (EC) cell models. Theoretical insights regarding the 

temporospatial expression of Cxs during neuronal differentiation and the functional roles they 

may play in the in vitro P19 EC and NT2/D1 cell models have also been elucidated. 

From a methodological perspective, this study has identified differences in reporter 

expression between the two co-expression regimes tested: bicistronic and bidirectional 

reporter gene co-expression. These differences have implications for any future design of 

systems for functional studies of Cx proteins. This has become increasingly important due to 

recent findings that Cx proteins are functionally modified by the addition of reporter proteins 

at their terminal ends (Carnarius et al., 2012). 

In this study, two types of co-expression system that allowed independent translation of a 

green fluorescent reporter protein were compared: bicistronic and bidirectional co-expression. 

In the bicistronic IRES system, EGFP reporter expression was found to be dependent upon 

the gene of interest inserted in front of it in the construct. The Cx43-IRES system showed 

poor expression of EGFP and consequently poor colocalisation between the two proteins. In 

the bidirectional system, however, expression of both the gene of interest and the reporter 

gene was strong and colocalisation was strong for both the Cx30 and Cx43 constructs. In 

light of this observation, future design of expression systems should take into account 

potential cis-acting elements within the gene of interest that may interfere with promoter or 

IRES function when considering use of a bicistronic plasmid design.  

This study has also provided further validation of the NT2/D1 and P19 EC cells as in vitro 

models of differentiation. A strong similarity was observed in the expression of Cx proteins 

and the neuronal marker DCX between the two cell culture models of differentiation 

indicating that they are indeed high fidelity models for the in vivo process. However, while it 

has been reported that these EC cell lines are amenable to modification of gene function, in 

the present study these cell lines were found to be highly averse to the uptake and retention of 
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foreign genetic material. The ease of use and the high level of consistency between the two 

cell lines, lead one to conclude that as models, in themselves, they have high utility. 

Therefore, these in vitro models of differentiation would be best leveraged for investigation 

using alternative means of gene transfer to generate stable cell lines. 

This study has added to the body of literature in the field by investigating the temporal 

expression pattern of Cx30, Cx36 and Cx43 and the spatial expression of Cx30 and Cx43 in 

the NT2/D1 and P19 EC cell lines. Furthermore, the functional significance of changes in 

Cx30 and Cx43 expression has been examined. The pattern of temporal changes in Cx 

expression for the P19 EC cells is depicted schematically in Figure 6.1. (A). Similar trends 

were observed in the NT2/D1 cell line. The observed downregulation of Cx43 over the 

timecourse of neuronal differentiation supports past studies of the expression of this subtype 

in other models. This is, however, the first examination in detail of the temporal expression of 

the Cx30 and Cx36 subtypes during the timecourse of differentiation in these cell models. 

The downregulation of Cx43 that was observed in the present study occurred early during 

differentiation and preceded the expression of the neuronal DCX marker suggesting an 

antagonistic relationship. A preponderance of Cx43 was also found to be localised 

intracellularly in undifferentiated cells and at early timepoints during differentiation 

suggesting that this Cx subtype may be serving a role outside that of GJIC. Conversely, Cx36 

was found to be upregulated, coinciding with increases in DCX protein, suggesting a 

correlative and potentially causative relationship; and this has also been suggested in another 

model (Hartfield et al., 2011). 

An intense, but transient, upregulation in Cx30 expression during the later stages of RA-

induced differentiation was identified. This temporal pattern of expression has not been 

previously reported, but was consistent over multiple techniques and between the two 

analogous cell lines. Patterns of spatial expression were also observed in each cell line. Cx30 

protein appeared predominantly in areas of high cell density and was observed to colocalise 

with both DCX-positive and -negative cells in the NT2/D1 cells. This Cx subtype was 

similarly restricted to areas of high cellular density in the P19 EC cells, although in this cell 

line the clusters of cells where Cx30 expression was localised appeared to have DCX-positive 

processes surrounding them or extending through them. This suggested they were potentially 

developing neurons or support cells interacting with developing neurons. The tightly 
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coordinated changes in expression of the three Cx subtypes, mirrored across both cell lines, 

implies that tight regulation of the Cx proteins may underlie their functional significance. 

The functional implications of these changes in expression were examined by induced 

overexpression in the P19 EC cell line, as illustrated schematically in Figure 6.1.(B). Cx43 

overexpression interfered with proper neuronal commitment as assessed by DCX expression. 

From this observation it is concluded that the observed endogenous downregulation of Cx43 

was required for neuronal commitment. There have been conflicting views reported in the 

literature on the critical importance of Cx43 and GJIC during neuronal differentiation. In both 

the NT2/D1 and P19 EC cell lines GJIC, and in particular Cx43, has been thought essential to 

processes involved in neuronal differentiation and to enhancing aspects of neural 

development such as neurite outgrowth and neuronal migration (Belliveau et al., 2006, Cina 

et al., 2009). Only recently, however, has the opposite been suggested; that Cx43 is inhibitory 

to proper neuronal specification (Todorova et al., 2008, Dahm et al., 2010, Santiago et al., 

2010). The present study aligns with the latter group in showing a reduction in neuronal 

differentiation through sustained Cx43 overexpression. Santiago and colleagues went further 

in suggesting that GJIC is not required for neuronal differentiation, but concluded as here that 

Cx43 expression is inhibitory (Santiago et al., 2010). 

There has been little reporting on the effect of the Cx30 subtype on neuronal differentiation. 

In the present study Cx30 overexpression had no observed effect on the expression of DCX 

and thus no direct effect on neuronal commitment. Taken in isolation this finding would 

suggest that this Cx subtype is not important during the process of neuronal differentiation. 

This would, however, belie the clear and temporally consistent upregulation of Cx30 

observed in both cell lines. Cx30 would appear to be important in neuronal differentiation 

although its exact role remains to be determined and warrants further investigation. 

While this study has provided several new insights regarding neuronal differentiation, the 

research undertaken has also posed new questions. Whilst technical limitations have 

restricted the extent to which conclusions can be drawn, a future aim is to further elucidate 

the functional meaning of these findings. Stable transgenic cell lines as platforms for 

investigation would be ideal for further study. One approach would be to introduce vector 

elements that enhance episomal stability, although introduction of plasmid DNA into the EC 

cell lines would still be a problem. A viral vector approach to knockdown and 

overexpression, such as that used by Hartfield and colleagues (2011), may therefore prove to 



Chapter 6 – General discussion 

165 
 

have the most utility in creating stable cell lines and thus generation of lentiviral vector 

systems is a primary goal for the future arising from this body of work. 

Viral transduction has been shown as vastly superior to non-viral lipofection with regards to 

introduction of foreign genes (Djurovic et al., 2004). Furthermore, lentiviral expression 

systems lend themselves well to the generation of stable transductants, as they include long 

terminal repeats that facilitate efficient genomic incorporation. A homogeneous population of 

stable cells would provide an improved platform for investigation of not only cell fate 

commitment, but also of the effects of Cx overexpression on migration and proliferation of 

differentiating neurons. 

Establishment of stable cell lines through viral transduction would allow for sustained 

overexpression of Cx30, eliminating the possibility that the period of overexpression might 

be too transient, and would allow for examination of the overall differentiation timecourse, 

rather than the early period of differentiation only. Examination of the effects of Cx43 

overexpression on the expression of other Cx subtypes would also be of interest; and one may 

speculate that Cx43 overexpression would interfere with the normal spatiotemporal pattern of 

changes in Cx30 and Cx36 during differentiation that was observed. 

Through induced overexpression used in the present study it was possible to inhibit the 

endogenous downregulation of Cx43 and advance the endogenous transient upregulation of 

Cx30. The ability to induce knockdown of expression of both of these Cx proteins would 

further understanding of their involvement in neuronal differentiation of these in vitro 

models. Therefore, future research will not only entail lentiviral overexpression, but also 

shRNA-based lentiviral knockdown. 

The combination of lentiviral tools for both Cx RNAi and overexpression could subsequently 

be used together to modulate Cx expression more globally. This would enable controlled, 

concerted changes in expression and allow more complex manipulation of the endogenous 

situation. One question of particular interest is whether Cx30 overexpression exerts an effect 

on neuronal commitment when it occurs after induced knockdown of Cx43, however, this 

would require such ability to combine knockdown and overexpression tools. 

The finding that Cx43 overexpression exerted an inhibitory effect on neuronal differentiation 

has broader potential implications for the mechanisms of neurological injury and disease and 

may have therapeutic relevance. Increases in Cx43 expression have been reported in 
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neurological disorders. In epilepsy, for example, it has been shown that Cx43 is highly 

upregulated in both animal models and human clinical studies (Fonseca et al., 2002, 

Collignon et al., 2006). It has also been reported that neurogenesis is reduced in the epileptic 

hippocampus and this has been attributed to a reduction in neuronal fate specification 

(Hattiangady and Shetty, 2010). The findings from the current study may serve as a link 

between these observations; in part, at least, the mechanism behind this reduced neuronal 

differentiation may well be the increased expression of Cx43. 

Similarly, acute traumatic brain and spinal cord injury are accompanied by upregulation of 

Cx43 expression (Ohsumi et al., 2006, Cronin et al., 2008, O'Carroll et al., 2008). Under 

conditions of brain injury NPCs have been observed to undergo preferential differentiation 

towards an astrocytic phenotype (Tatsumi et al., 2008). The findings from the current study 

may tie together this elevated Cx43 expression and reduction in neuronal specification. 

Downregulation of Cx43 may, therefore, prove an effective means of controlling astrogliosis 

and enhancing endogenous neuronal regeneration by reducing the inhibitory effect of 

upregulated Cx43 on neuronal differentiation. Indeed, the use of a Cx43 mimetic peptide to 

reduce Cx43-based communication has been shown to have a variety of beneficial effects in 

models of spinal cord injury and epileptiform activity, including reduction of astrogliosis 

(O'Carroll et al., 2008, Yoon et al., 2010). 

The finding that Cx43 expression may inhibit neuronal differentiation could also be used to 

enhance developing therapeutic strategies for brain injury and disease such as neuronal 

replacement/transplantation. A major limitation in neurorepair is the restricted pool of 

endogenous neural progenitors. As reported by others, controlled transient upregulation of 

Cx43 may enhance this pool by maintaining a pluripotent proliferative phenotype (Cheng et 

al., 2004a). Subsequently, as the present study has found Cx43 expression reduces neuronal 

commitment, controlled transient downregulation of Cx43 could potentially be used to 

promote differentiation towards a neuronal lineage. 

The major limitations facing cell transplantation therapy are the effective control of both 

proliferation and differentiation. Tumorigenesis is a major risk factor in the transplantation of 

EC cells or stem cells (Miyazono et al., 1995, Erdo et al., 2003). Preferential astrogliosis of 

NPCs is also a major impediment to effective therapeutic application; this is particularly 

pertinent when NPCs are implanted ectopically into non-neurogenic regions of the brain that 

are often the sites of degeneration in disease or acute injury (Miyazono et al., 1995, Herrera 
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et al., 1999). The research here, together with the studies of others, suggests that exogenous 

regulation of Cx43 may be an effective means of controlling NPC proliferation and/or 

neuronal specification during cell transplantation therapy. 

The findings reported in this thesis pose many new questions and also present exciting new 

lines of investigation. The significance of changes in Cx expression during neuronal 

differentiation is becoming increasingly recognised. Conclusions drawn from this study are 

that the transient upregulation of Cx30 suggests a downstream role in differentiation whilst 

downregulation of Cx43 is evidently requisite for neuronal specification. 
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