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ABSTRACT

The aim of my PhD project was to examine the developmental expression and 

functional significance of gap junctional communication in ectodermally derived 

embryonic tissues (nervous system and epidermis) of the rat, with particular emphasis 

on elucidating the role of gap junctions and putative mechanisms of gap junctional 

regulation in the development of dorsal root ganglion (DRG) neurons.

In this study, immunohistochemistry in combination with the technique of the laser 

scanning confocal microscopy (LSCM) with its PC-IMAGE image analysis programme 

was used to determine the developmental expression of gap junction proteins 

(connexins). Antisera specific to certain peptide sequences of the three major connexin 

(Cx) types (Cx26, Cx32 and Cx43) were used. Gap junction-mediated intercellular 

communication was assessed by observing the transfer of the low molecular weight 

fluorescent dye, Lucifer Yellow CH (LY), from an intracellularly microinjected cell to 

neighbouring cells under epifluorescence optics. In thick tissue, the extent of dye 

transfer was visualized subsequently on the LSCM.

These immunohistochemical and dye-injection techniques were used to study connexin 

expression and functional gap junctional communication in developing non-neural 

ectoderm (predominantly flank epidermis) and in neural derivatives of ectoderm 

(predominantly DRG neurons). A developmental study of flank epidermis revealed a 

temporal increase in Cx26 and Cx43 from embryonic days 10 to 14 (E l0-E l4). LY 

dye-coupling assays carried out in parallel were consistent with the 

immunohistochemical analysis. The observed increases in connexin expression and 

functional gap junctional communication coincide with the time period in which the



epidermis is transformed from a simple unilayer of ectoderm into an epidermal and 

peridermal bilayer.

DRG neurons had previously been shown to be dye-coupled in small groups from E 13- 

El 5, but during subsequent embryonic development, both the number of cells that 

transfer dye and the mean number of cells in a coupled group decreased steadily 

(Fulton, B P J. Physiol. 426: 122P, 1990). Immunohistochemical studies of these 

developing neurons established that this decrease in dye-coupling was accompanied by 

a decrease in expression of Cx26 and Cx43.

I also carried out in vitro experiments using explant cultures of DRGs and transverse 

slices of embryos containing intact DRGs, to address questions about the mechanisms 

controlling developmental regulation of gap junction expression. These results suggest 

that nerve growth factor and possibly other target derived factors may play a role in 

gap junctional protein regulation in developing DRG neurons.
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The aim of my PhD project has been to examine connexin expression and functional 

gap junctional communication in cells of four ectodermally derived tissues; flank 

epidermis, apical ectoderm ridge (AER), dorsal root ganglia and neural tube. Thus, 

firstly, I will outline how these tissues are formed from the ectodermal germ layer 

giving approximate times for each event in the rat. Secondly, I will briefly discuss the 

rationale for examining connexin expression and gap junctional communication in the 

four ectodermally derived tissues mentioned above. Finally, I will give an account of 

the structure, biochemistry, physiological properties, modulation and roles of gap 

junctions.

FORMATION OF ECTODERMALLY DERIVED TISSUES:- EPIDERMIS, 

NEURAL TUBE AND DORSAL ROOT GANGLIA , WITH APPROXIMATE 

TIMES GIVEN FOR THE RAT.

In mammals the epiblast of the bilaminar disc, through the process of gastrulation, 

forms the three germ layers of the embryo proper (endoderm, mesoderm and 

ectoderm) (E5.5-E6). Neural induction is generally thought to begin during 

gastrulation and to involve the production of inducing signals from the mesoderm to 

the ectoderm which instructs the ectoderm to change from a skin-forming to a neural 

fate (Spemann, 1938). Dorsal mesoderm is thought to induce and pattern neural tissue 

in a vertical manner as it involutes under the ectoderm during gastrulation (see Ruiz i 

Altaba, 1993, 1994; Ruiz i Altaba and Jessel, 1993). Recent studies indicate that 

noggin (see skarp, 1994; Kelly and Melton, 1995) and follistatin (see Kelly and 

Melton, 19^5) induce neural tissue directly in the absence of mesoderm. It has been 

postulated that neural induction involves the repression of signals that normally inhibit 

the formation of neural tissue; in this context follistatin may inhibit activin thereby 

inducing neural tissue (see Kelly and Melton, 1995). A Rirther neuralizing signal is the
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hepatoctye growth factor / scatter factor (HGF/SF) which is thought to promote neural 

differentiation by evoking competence to respond to neural inducing signals or by 

direct action (Kelly and Melton, 1995).

The neural plate forms as a result of these inductive events. It becomes elevated 

laterally, forming the neural folds, and depressed centrally, forming the neural groove 

(E6-8). These folds fuse at the midline, in a rostro-caudal sequence (neurulation ) to 

form the neural tube (E8-9) (Fig. 1.1). Cephalic regions of the neural tube dilate to 

form the primary brain vesicles, whereas regions caudal to this form the future spinal 

cord. Regional patterning of the neural tube is thought to be established by the 

combined effects of vertical and planar signalling throughout gastrulation and 

neurulation (see Fig. 1.2 and Chapter 5 for more detail).

As the neural folds fuse, cells at the lateral edge of the folds delaminate from the 

developing neural tube, and migrate through the surrounding mesenchyme (El0-El 1). 

These are known as neural crest cells (Fig. 1.1) and give rise to diverse and numerous 

derivatives, ranging from melanocytes and cranial cartilage to adrenal chromaffin cells 

and the neurons and glial cells of the peripheral nervous system.

Neural crest cells are regionalized so that cells derived from different axial levels 

follow distinct migratory pathways. At the level of the trunk, two migratory pathways 

are present (see Fig. 1.3a). Neural crest cells migrate either ventrally through the 

anterior half of the somites, along which precursors to the sensory and 

sympathoadrenal precursors pass, or dorsally underneath the ectoderm, as is the case 

for melanocyte precursors (Weston, 1963; Serbedzija et al., 1989) (E10-E13) 

Premigratory cells often exhibit multipotentiality, but become progressively determined 

during migration as a consequence of environmental cues ( see Bronner-Fraser, 1993).
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NEURAL PLATE

N O T O C H O R D

P A R A X I A L  M ES ODER M

N E U R A L  G R O O V E

S K I N - F O R M I N G  E C T O D E R M  

N E U R A L  C R E S T

S O M I T E

R O O F PLATE

FLOOR PLATE
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I --------  G U T

Fig. 1.1. Cross-section of dorsal embryonic tissues at neural  plate and neural tube stage
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DORSAL

ANTERIOR
POSTERIOR

DORSAL LIP OF
BLASTOPORE
(ORGANIZER)

VENTRAL

Fig. 1.2. Vertical and planar signals involved in patterning of the neural tube.

Schematic diagram illustrating a sagittal section through a Xenopus embryo in its 
mid-gastrula stage, showing vertical (thin arrows) and planar (thick arrows) inductive 
signals. Dotted area depicts the presumptive neuroectoderm. Animal pole, left; vegetal 
pole, right, (modified from Doniach, 1993).
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EC

AO

Fig. 1.3(a) Three-dimensional pathways of neural crest migration at the level
of the trunk. DM=dermatome, NO=notochord, AO=aorta, 
S=sclerotome, NT=neural tube, EC=ectoderm, R=rostral, 
C=caudal

MIGRATION DERIVATIVES

(b)

PC

RGVP

;VM

AM

Fig. 1.3(b) Cross section at the level of the trunk illustrating migratory 
pathways of the neural crest and its derivatives. 
AM=adrenomedullary cells, SYM=sympathetic ganglia, 
DRG=dorsal root ganglia, PC=pigment cells, VP=ventral pathway, 
DLP=dorsolateral pathway.
(Diagrams adapted from Bronner-Fraser, 1993)
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Dorsal root ganglia (DRGs) form next to the neural tube (Fig. 1.3b) in a metameric 

manner, determined by the differential properties of rostral and caudal sclerotome 

(El 1-El2). The rostral sclerotome is not only permissive for neural crest migration 

(Keynes and Stern, 1984; Rickman et al., 1985; Bronner-Fraser, 1986) but also 

mitogenic for DRG precursor cells (Goldstein et al., 1990). It has recently been 

discovered in chick that the neural crest is not the only source of cells which comprise 

the sensory ganglia. A second wave of cells migrate away from the dorsal region of 

the spinal cord to the spinal ganglia after neural crest migration is complete (E l4) 

(Shama et al., 1995). This emigration occurs when cells of the dorsal spinal cord are 

still undifferentiated, leaving the spinal cord at the level of the dorsal root entry zone 

(DREZ) and migrating through the dorsal roots to the DRGs.

Clonal analysis has clearly demonstrated that early migrating neural crest cells are 

either multipotential / bipotential progenitors or fully committed unipotential cells. 

Newly formed DRGs may also contain some multi / bipotential progenitor cells either 

of the glial lineage [Schwann and satellite cell precursors (Le Douarin et al., 1991)], 

neuronal lineage [sensory and autonomic precursors (see Le Douarin and Smith,

1988)] or both.

At about the same time that neural crest cells take part in gangliogenesis, the 

neuroepithelium of the neural tube begins differentiating to form primitive neuroblasts. 

Differentiation occurs in a rostro-caudal and ventro-dorsal sequence (Altman and 

Bayer, 1984), forming a zone adjacent to the germinal zone called the mantle layer, 

consisting of neuronal cell bodies, and an outer marginal layer, consisting only of 

neuroepithelial cell processes. The continual addition of neuroblasts to the mantle 

layer (El 1-E l3), gives rise ventrally to the basal plate which will form the motor areas 

of the spinal cord, and dorsally (El 3-El 6) to the alar plate which will form the sensory 

areas of the spinal cord. The sulcus limitans marks the boundary between these two
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plates. An intermediate area will form between the alar and basal plates and give rise 

to pre-ganglionic sympathetic neurons.

Initially the non-neural, surface ectoderm is a simple monolayer of cells (E8-E11), 

which differentiates into a bilayer (El2-El4). However, as embryogenesis progresses, 

it forms a highly differentiated, stratified epithelium called the epidermis. During 

epidermal histogenesis some regions of epidermis become specialized instructive 

epithelia which control the outgrowth and morphogenesis of underlying mesenchyme 

e.g. the AER, epidermal facial primordia and odontogenic placode epithelia, whereas 

other regions of epidermis, in the head region, form placode-derived components of 

the eye, ear and nose and neurons of several cranial sensory ganglia, e g vestibular and 

nodose ganglia.

RATIONALE FOR CHOOSING THE FOLLOWING ECTODERMALLY 

DERIVED TISSUES: FLANK EPIDERMIS, AER, DRGS AND NEURAL 

TUBE

Ectodermally derived tissue can either be neural (peripheral and central nervous 

system) or non-neural (instructive and non-instructive). Thus an example of 

neuroectodermal tissue which forms peripheral nervous system (DRGs) and central 

nervous system (neural tube) and an example of non-neural ectoderm which forms 

non-instructive (flank epidermis) and instructive (AER) tissue were used as examples 

to examine connexin expression and functional gap junctional communication in 

ectodermally derived tissues during development.
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THE GAP JUNCTION

Ultrastructural analysis of the gap junction

Gap junctions were first visualized ultrastructurally in electron micrographs, as sites 

where the plasma membranes of two apposed cells closely approach each other but are 

separated by a small "gap" of l-2nm (Robertson, 1963; Revel and Kamovsky, 1967). 

Freeze fracture replicas showed this structure to be a plaque-shaped, differentiated 

region of the plasma membrane consisting of intramembrane particles (connexons) on 

the P-fracture face and a complementary array of pits or depressions on the E-ffacture 

face. Each particle, or connexon, appeared to have a pore in its centre which was 

especially well detected in deep etched preparations (Hirokawa and Heuser, 1982).

Further structural analysis of the gap junction has been made possible due to the 

development of gap junction isolation procedures; this has permitted the use of such 

techniques as negative stain (Casper et al., 1977; Unwin and Zampighi, 1980) or 

frozen-hydrated (Unwin and Ennis, 1984) electron microscopy. X-ray diffraction 

analysis (Makowski et al , 1977, 1984; Makowski, 1988) and atomic force microscopy 

(Hoh et al , 1991). They all support a model in which the gap junction plaque is 

composed of thousands of channels and a single gap junction channel is formed by the 

joining of two connexons, analogous to two cylinders, in the plasma membranes of two 

adjacent cells. Each of these protein cylinders has been estimated to be 7-7.5 nm in 

length and 6.5 nm in diameter with an axial water filled channel of 1.5-2 nm in 

diameter which provides a direct aqueous route between the cytoplasm of the two 

coupled cells. It was deduced that each connexon is composed of six integral 

monomers which take the form of transmembrane polypeptides arranged into a-helices 

surrounding the central pore (Fig 1.4).
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LIPID BILAYER

EXTRACELLULAR 
^  SPACE

CONNEXON7-7.5nm_

CONNEXINCENTRAL
PORE

6.5nm

Fig. 1.4. Schematic representation of the supramolecular structure of gap 
junctions as derived from X-ray diffraction (adapted from Makowski et al., 
1977). Gap junctions are formed by the pairing of two connexons in the 
plasma membrane of two neighbouring cells. Each connexon is made of six 
connexins which tilt slightly away from the central aqueous pore which they 
surround.
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Members of the gap junction polypeptide family: biochemical and molecular 

approaches

Sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of gap 

junction preparations from various tissues has assisted in the isolation and 

characterization of gap junction polypeptides. Gap junctions isolated from rat liver are 

composed of a 27-kD polypeptide and a 21-kD polypeptide (Hertzberg and Gilula, 

1979; Traub et al., 1989), whereas gap junctions isolated from rat heart contain a 43- 

47 kD polypeptide (Kensler and Goodenough, 1980). Edman's degradation sequencing 

has shown that liver (Nicholson et al , 1987) and heart (Gros et al., 1981; Nicholson et 

al., 1985) gap junction polypeptides show some homology in their amino acid sequence 

and on Western blots, some antisera raised to liver gap junctions were specific, 

whereas others cross reacted with other gap junction polypeptides (Goodenough et al.,

1988). These studies gave the first indication that gap junction polypeptides might be 

homologous enough to be encoded by genes of the same family, but divergent enough 

not to arise through alternative RNA splicing or post-translational modification 

(Nicholson et al ,1985).

Biochemical analysis of the gap junction polypeptides has been extended and greatly 

superceded by contemporary molecular genetic approaches. The first gap junction 

polypeptide cDNA to be isolated was that of the 27-kDa rat liver protein. This was 

done by using an antibody raised to this protein to screen a bacteriophage expression 

library of rat liver; the molecular mass of this polypeptide, predicted by its cDNA, was 

32-kDa (Paul, 1986). Low stringency hybridisation of rat heart cDNA libraries led to 

the further'identification of the cardiac 43-kDa polypeptide, its predicted molecular 

mass remained the same (Beyer et al., 1987) and the 21-kDa rat liver polypeptide for 

which the cDNA encoded a polypeptide with a predicted molecular mass of 26-kDa. 

The use of low stringency hybridization of cDNA clones in combination with genomic
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cloning and polymerase chain reaction (PCR) amplification of genomic DNA has led to 

identification of further gap junction polypeptide types, giving a total, to date, of 12 in 

mammals (Kumar and Gilula, 1986; Paul, 1986; Beyer et al., 1987; Zhang and 

Nicholson, 1989; Hoh et al., 1991b; Paul et al., 1991; Willecke et al., 1991a & b; 

Haeflinger et a l , 1992; Kanter et al., 1992), three in chick (Beyer 1990a; Musil et al., 

1990a) and three mXenopus (Gimlich et al , 1988; Gimlich et al , 1990; Ebihara et al.,

1989).

Nomenclature of the gap juction polypeptide family

Due to discrepancies in the molecular weights of these polypeptides on SDS-PAGE 

(Green et al., 1988) a new nomenclature for these gap junction polypeptides has been 

proposed. The term "connexin" (Cx) was assigned for the gap junction polypeptide 

family, followed by its predicted molecular mass in kilodaltons deduced from its cDNA 

and an indication of the animal species from which the cDNA originates (Beyer et 

al., 1987, 1988, 1990). Thus, the rat liver polypeptides of 27-kDa and 21-kDa and the 

rat heart polypeptide of 43-kDa are termed rat Cx32, rat Cx26 and rat Cx43 

respectively.

Recently, due to advances in the gap junction molecular genetics field, a further 

nomenclature has been proposed, which subdivides the gap junction family into two 

major classes: alpha (a) and beta (P). This categorization is based primarily upon 

differences of a motif in the M3 channel forming domain (see below), and the overall 

sequence of the connexin (Kumar and Gilula, 1992). This novel approach of gap 

junction classification offers an immediate source of information about the overall 

genetic relationship of the family members and, as in most other areas of molecular 

genetics, Greek letters have been selected. A phylogenetic tree has been constructed 

(Fig. 1.5) using a base pair similarity scoring method (Higgins and Sharp, 1988).
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Rat CX31

Class I 
(Beta Group)

Class II 
(Alpha Group)

Rat CX31.1

Rat CX26

Xenopus CX30 
Rat CX32

Human CX32

Human CX43

Rat CX43

Chick CX43

Xenopus CX43

Rat CX33

Rat CX37 
Rat CX46 
Rat CX40

Fig. 1.5. Phylogenetic tree of the connexins, constructed using a base pair similarity 
scoring method (Higgins and Sharp, 1988). (Diagram taken from Dermietzel and Spray, 
1993).
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Topology of the connexin protein

The topology of the connexin has been postulated on the basis of hydrophobicity plots 

of the complete amino acid sequence deduced from its cDNA sequence (Unwin, 1989), 

and the validity of these results tested using site directed antisera in combination with 

specific proteases to amino acid residues (Zimmer et al., 1987; Milks et al., 1988).

The amino acid sequence of the connexin has a general topological model (Fig. 1.6). In 

this model the C and N termini face the cytoplasmic side and the polypeptide chain 

traverses the membrane four times with one cytoplasmic and two extracellular loops. 

The four transmembrane regions (M1-M4) are highly conserved, each forming an a- 

helix. These a-helices are packed together to form a four a-helical bundle, the 

connexin (Cascio et al., 1990). M3 contains conserved polar, basic and acidic groups 

and may form an amphipathic helix with its polar side constituting the wall of the 

aqueous channel (Beyer et al. 1987; Zhang and Nicholson, 1989; Milks et al., 1988). 

The extracellular loops (E1-E2) are highly conserved, insulating structures, which 

characteristically contain cysteine residues indicating the presence of intramolecular 

disulphide bonds. These bonds may aid in the channel formation of apposing 

connexins (Dupont et al , 1989). The C terminal varies greatly in length between 

connexins, ranging from 18 to 191 amino acid residues and is thought to be a region 

that may be important in post-translational modification, such as acylation (Traub et 

al., 1989) and phoshorylation (Saez et al., 1986; Traub et al ,1989; Crow et al., 1990; 

Musil et al., 1990b), but not glycosylation (Hertzberg and Gilula, 1979; Komfeld and 

Komfeld, 1985). The cytoplasmic loop also shows some divergence among connexin 

family members.
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CYTOPLASM

PLASMA MEMBRANEM4M2 M3Ml

EXTRACELLULAR SPACE

c

Fig. 1.6. Illustration of connexin topography, in this case Cx32. 
Transmembrane amino acid residues are arranged in an alpha-helix. 
(Diagram modified from Evans and Rahman. 1991).
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Connexin distribution

The availability of molecular probes and antibodies specific for various connexin types, 

has enabled researchers to determine connexin expression in various cells and tissues of 

vertebrates (Table 1.1). From these studies it has been shown that the same connexin 

can be expessed in more than one cell type, that more than one connexin can be 

expressed in a single cell type, and that even an individual junction plaque may 

comprise more than one connexin type (Nicholson et al., 1987; Traub et al., 1989). In 

addition an individual gap Junction may be either homotypic (composed of two 

connexons of the same type) or heterotypic (composed of two connexons of different 

types) (see Saez et al., 1993).
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Anatomical region Type of connexin (Cx)
Brain Cx26, Cx32, Cx43, Cx37, Cx31, Cx45

Neurons Cx32
Oligodendrocytes Cx32
Astrocytes Cx43
Pinealocytes Cx26
Ependyma Cx26, Cx43
Leptomeninges Cx26, Cx43

Skin Cx43, Cx26, Cx31, CX45, Cx31.1,Cx37
Lens Cx43, Cx46, Cx50

Epithelial cells Cx43
Fiber cells Cx46, Cx50

Cardiovascular system Cx43, Cx37, Cx40, Cx45, Cx46
Heart Cx43, Cx40, Cx45, Cx46
Smooth muscle Cx43, 0x37
Endothelium Cx43, Cx40

Lung Cx37, Cx40, Cx31, Cx43,
Smooth muscle Cx43

Testis Cx33, Cx43, Cx26, Cx32, Cx43
Leydig cells Cx43
Sertolli cells Cx33, Cx43

Pancreas Cx26, Cx32, Cx43,
Exocrine Cx26, Cx32
Endocrine Cx43

Placenta Cx31
Uterus Cx32, Cx26, Cx43

Endometrium Cx32, Cx26
Myometrium Cx43, Cx26

Table 1.1 Expression of connexins in mammalian tissues (modified from Dermietzel 

and Spray, 1993)
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GAP JUNCTION GENES

Gene structure

The genomic organization of connexin genes has not yet been established for the entire 

polypeptide family. With the aid of Southern blots, PCR experiments and genomic 

DNA sequencing some characterization and genomic sequences have been published 

concerning the genes for rat Cx32 (Miller et al., 1988), human Cx43 (Fishman et al., 

1991a), rat Cx31 (Hoh et al., 1991b), mouse Cx31 (Hennemann et al., 1992), mouse 

Cx37 (Willecke et al., 1991a), mouse Cx40 (Hennemann et al., 1992), mouse Cx26 

and Cx32 (Hennemann et al., 1992). These genes all have a similar structure 

consisting of two exons; the first is small, containing the 5'- untranslated sequence; the 

second contains the entire coding region which is uninterrupted by introns (Zhang and 

Nicholson, 1989; Beyer, 1990 a & b; Kanter et al , 1992).

Chromosomal location of gap junction genes

Chromosome mapping of human connexin genes places Cx46 and Cx26 on 

chromosome 14, Cx32 on chromosome X, Cx43 on chromosome 6, Cx37 and Cx40 

both on chromosome 1. Chromosomal mapping studies have also recently been carried 

out in mouse and reveal that Cx26 and Cx46 are located on chromosome 14, Cx37 and 

Cx 31.1 on chromosome 4, while Cx40, Cx37, Cx33, Cx43, Cx31, Cx32 and Cx40 are 

widely dispersed (Haeflinger et al., 1992).
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GAP JUNCTION ASSEMBLY AND DISASSEMBLY 

Gap junction assembly

Oligomerization of the connexin monomers to form a connexon hexamer is an 

important process after translation. Recent studies provide evidence that 

oligomerization of Cx43 into connexons occurs in the Golgi apparatus, after leaving 

the E.R (Musil and Goodenough, 1993). This is a different process from that of other 

major integral membrane proteins for which assembly in the HR is a prerequisite for 

transport through the secretory pathway. The reason for this disparity may be to 

prevent intracellular pairing of connexons and subsequent gap junction formation 

between membrane bilayers of the ER or Golgi ci sterna (Musil and Goodenough,

1993). Further studies have shown that the intramolecular disulphide bonds which link 

the extracellular loops in gap junctions are formed in the E.R. (Rahman et al., 1993) 

and that the presence of the extracellular loops is crucial for connexin trafficking 

(Evans, 1994).

The short latency with which cells can become coupled to one another, and the lack of 

effect of protein synthesis inhibitors on coupling, is indicative that connexons may exist 

in pools (Epstein et al., 1977), in a form (maybe vesicles) which permits rapid 

cytoplasmic trafficking to the appositional region in the plasma membrane (Swenson et 

al., 1989). A functional gap junction forms when a connexon in the plasma membrane 

of one cell joins with a connexon in an apposing cell. The extremely rapid nature of 

this process (a couple of minutes), has led authors to suggest (e.g. Chow, 1987) that 

connexon assembly into the plasma membrane precedes junctional formation. Support 

for this hypothesis comes from the discovery of existing unpaired connexons in 

certain systems (Beyer and Steinberg, 1991; Paul et al., 1991), being in a non- 

conductive state (presumably), before interacting with their partners. Antibody 

blocking studies directed against the extracellular loop of the connexin suggests that it
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is the "docking" of the extracellular loop of apposing connexins that promotes 

functional channel formation by the two connexons (Meyer et al., 1990).

Plaque formation occurs when gap junction channels located at cell-cell interfaces form 

very high-density clusters (Loewenstein, 1981; Yamasaki, 1990). Phosphorylation of 

the connexin protein appears to be an important step in the establishment of gap 

junctional plaques following connexon assembly, and may be induced by interactions 

with the cell adhesion molecule E-cadherin (Musil et al., 1990b; Musil and 

Goodenough, 1991).

Gap junction disassembly

Gap junctions appear to be removed from the plasma membrane by an endocytotic 

mechanism, in which the entire gap junction is taken up into one of the coupled cells 

(Larsen, 1983; Mazet et al., 1985). Fusion of the plasma membranes gives rise to a 

double-walled vesicle which encapsulates the "annulated" gap junction, ultimately to be 

degraded within a lysosome.

It should be taken into account that the formation / removal of functional gap junctions 

depends on the rate of connexin turnover. The turnover of Cx43, Cx32 and Cx26 is 

very rapid (2-5hr) (Traub et al., 1989; Laird et al., 1991) and the extent of connexin 

expression will ultimately be determined by the rate of each step in connexin 

biosynthesis, for example, rate of transcription, translation or degradation. Possible 

epigenetic influences which may control steps involved in connexin biosynthesis are 

discussed later in this chapter.
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BIOPHYSICAL PROPERTIES OF THE GAP JUNCTIONAL CHANNEL

Gap-junction-mediated communication between cells, at a gross level, is quantitatively 

assessed by measuring macroscopic junctional conductance or junctional permeability, 

which, in turn, is determined by the number of channels present in the gap junctional 

plaque, the unitary conductance of each channel and the open probability of channels.

Gap junction conductance

Using standard voltage clamp procedures, junctional conductance at a macroscopic 

level can be studied (see Bennett and Verselis, 1992; Saez et al., 1993) and single

channel conductances can be measured using patch-clamp techniques. The unitary 

conductance for Cx32 is about 120-150pS (Eghbali et al., 1990; Neyton and 

Trautmann, 1985), and for Cx43 the value is about SOpS (Veenstra and DeHaan, 1988; 

Burt and Spray, 1988; Rook et al., 1988). Cx26 has not been analysed to date.

Gap junction permeability

Although gap junction unitary conductance is modest, gap junctions are permeable to 

large ions and molecules. Gap junction permeability has been measured either directly 

by monitoring the intercellular transfer of intracellularly injected fluorescent dyes or 

indirectly by examining metabolic cooperation between cultured cells. Mammalian 

cells pass molecules up to 900 daltons and have channels that are able to discriminate 

between charged and neutral molecules, giving a functional channel diameter of 1.6- 

2nm for neutral molecules (Loewenstein, 1966, 1978; see Peracchia and Girsch,

1985). A recent study in which non-communicating human Hela cells were transfected 

with various connexin types has shown that permeability is connexin specific. Their 

results showed that Lucifer Yellow (LY) CH (Stewart, 1978) could pass through all 

the connexin channels analysed (Cx26, Cx31, Cx32, Cx37, Cx40, Cx43 and Cx45),
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propidium iodide and ethidium bromide penetrate poorly between Cx31 and Cx32 

transfectants, 4,6b Diamidino-2-phenylindole (DAPI) dihydrochloride showed less 

transfer through Cx31 and Cx43 and Neurobiotin was poorly transferred among Cx31 

transfectants (Elfang et al., 1995).

Gating mechanisms of gap junctions

Gap junctions appear to undergo conformational changes which alter their 

conductance. These changes are rapid and reversible and leave the fine structure of gap 

junctions, as seen by electron microscopy, virtually unchanged (Hanna et al., 1985). 

Image reconstruction of isolated junctions using low-dose electron microscopy 

suggests closure of the channel is caused by tilting of connexin monomers (Unwin,

1989). The amphipathic alpha helix (M3), which is thought to line the channel, may tilt 

or rotate to move phenylalanine residues in such a way which would cause channel 

closure (Catterall, 1988).

Voltage dependency of gap junctions

Voltage can cause changes of conductance in many gap junctions, and single channel 

recordings reveal that gating is "all-or-none". Although the first example of voltage 

sensitivity was of the asymmetric type, in the rectifying (presumably heterotypic) gap 

junction of the crayfish giant synapse (Furshpan and Potter, 1959), subsequent studies 

suggested that most gap junctions are electrically linear. However, in the early 1980's 

a symmetrical voltage dependency of a homotypic gap junction comprising Cx38, was 

described in amphibian blastomeres (Harris et al.,1981) and subsequently in ascidian 

embryos (Harris et al., 1983); in both, transjunctional voltage of either sign decreased 

junctional conductance. Cx37 acts in a similar way to Cx38, and both exhibit a voltage 

sensitivity great enough to suggest that this could be a possible mechanism for setting 

up developmental compartments. The hypothesis that voltage dependency may play a
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role in mediating gap junctional communication during embryonic development arises 

from studies first carried out on amphibian embryos where gap junctions between 

blastomeres are higldy sensitive to transjunctional voltage ( Harris et al., 1981). 

Symmetrical voltage dependencies have also been exhibited by Cx32 in oocytes, 

transfected cells (Spray et al., 1991a) and hepatocytes (Spray et al., 1991b), and by 

Cx26 in oocytes; the degree of sensitivity, however, is very low and does not imply a 

physiological function. Cx43 in myocytes appears to be insensitive to weak voltage 

(Spray et al, 1985).

Cation gating of gap junctions

Turin and Warner (1977) were the first to demonstrate, by exposing early amphibian 

embryos to CO2  that an increase in cytoplasmic levels decreased junctional 

conductance. This decrease in gap junction conductance was found to be totally 

reversible even after complete closure of junctional channels. pH sensitivity was 

subsequently shown to vary depending on the type of tissue involved (Turin and 

Warner, 1980; Spray et al., 1982) and to affect voltage dependency of gap junctions 

(see Spray et al., 1985; Peracchia and Girsch, 1985; Bennett et al., 1988).

An increase in the concentration of intracellular free calcium ions has also been shown 

to decrease junctional conductance in a variety of different species and tissues 

(DeMello, 1975), although whether this effect occurs at physiological concentrations 

of Câ '*' remains controversial. The sensitivity of Câ "*" ions appears to depend on the 

ambient pH in such a manner that as pH falls, the gap junction becomes less sensitive 

to rises in calcium.

The finding that Ca^"’’ or Câ "̂  -releasing second messengers diffuse through gap 

junctions raises the interesting possibility of a reciprocal relationship between gap 

junctions and second messengers, whereby the latter molecules could autoregulate the
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extent of their intercellular spread. If physiological concentrations of Câ '*' are not 

sufficient to regulate gap junctional conductance, Ca^'^dependent uncoupling may be 

important during pathological conditions, allowing a healthy cell to uncouple from a 

damaged cell.

MODULATION OF GAP JUNCTIONAL COMMUNICATION

The plasticity of gap junctional communication appears to be a result of a multitude of 

factors, potentially capable of modulating gap junctional communication at many 

stages. These include the transcription of connexin genes, the stability and translation 

of connexin transcripts, connexin trafficking and insertion in to the plasma membrane, 

formation of assembled plaques, regulation of channel function, and the removal and 

degradation of junctions.

Modulation of gap junctional communication by regulating the amount or type 

of connexin expressed

This may involve alterations in the transcription rate, mRNA stability, translation and 

post-translational modifications (trafficking of connexins to the plasma membrane). 

These changes are slow compared to direct actions on the channel, which would 

change unitary conductance or gating, and are also likely to involve connexin 

degradation mechanisms [either internalization of the entire junction within one of the 

coupled cells (Mazet, 1985) or dispersal of connexin protein or a combination of both 

(Larsen, 1983)]. In liver cultures the lifetimes of Cx32 and Cx26 are in the range of a 

few hours (Traub et al., 1989) and a comparable turnover time for Cx43 is seen in 

various cells in culture (Crow et al.,1990; Musil et al., 1990b). The turnover rate of 

connexins is fast enough to suggest that alteration of the quantity or type of connexin

37



expressed is a feasible regulatory mechanism for modulating gap junction 

communication.

It would be beneficial if there was a system where a common signal could be used to 

produce a variety of effects depending on the tissue and connexin type involved. A 

candidate signalling molecule, shown to exert its effects after a few hours, is the 

second messenger cAMP. It increases gap junctional communication in various cell 

types (Saez et al., 1986; Flagg-Newton et al., 1981; Azamia et al., 1981; Weiner and 

Loewenstein, 1983; Kessler et al., 1984; DeMaziere and Scheuermann, 1988; Saez et 

al., 1990a) and decreases gap junctional communication in uterine smooth muscle cells 

(Cole and Garfield, 1986). Recent experiments demonstrate that the rate of connexin 

mRNA transcription (Stagg et al., 1990) and the stability of connexin transcripts (Saez 

et al., 1989; Stagg et al., 1990) are both important regulatory stages in the modulation 

of macroscopic junctional conductance by cAMP. Consistent with there being a 

cAMP control mechanism for transcription, is the presence of a sequence, upstream to 

the encoding region for Cx32, corresponding to cAMP response elements (Miller et 

al., 1988).

Antibody blocking experiments (Keane et al., 1988) and cDNA transfection 

experiments (Mege et al., 1988) have given evidence that cell adhesion molecules 

(C AMs) promote the insertion of gap junctions into the plasma membrane. This has 

been further confirmed by the finding that in CAM deficient cell lines gap junction 

protein remained intracellularly compartmentalized (Musil et al., 1990b; Jongen et al.,

1991). Conversely, connexin expression has been shown to affect the type of cell 

adhesion molecule expressed (Eghbali et al., 1991), which further suggests that gap 

junctions and CAMs share very intimate and highly specific reciprocal relationships 

with one another. Transfection studies with cDNA encoding CAMs have shown that, 

in addition to promoting connexon insertion into the plasma membrane, cell adhesion 

molecules cause phosphorylation of gap junction proteins (Jongen et al., 1991).
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However phospho-connexins are not an absolute requirement for connexon insertion 

into the plasma membrane (Lash et al., 1990; Werner et al., 1991) as, in the same way, 

CAMs are not an absolute requirement for gap junction phosphorylation (Berthoud et 

al., 1992).

Changes in the functional state of gap junction channels

Gating of gap junctions from open to closed states and vice-versa, as discussed earlier, 

can occur, as a result of changes in voltage, pH, calcium. In these cases the 

macroscopic junctional conductance is ascribable to the open probability of each 

channel in the gap junction.

Subtle changes in junctional conductance, which involve alterations in unitary 

conductance are usually characterized by gap junctional phoshorylation [although an 

example of phosphorylation altering the open probability of channels has been 

described (McMahon et al., 1989)]. These changes can occur in minutes and may be 

induced by growth factors, hormones and neurotransmitters (Loewenstein et al., 1981; 

Saez et al., 1990 a & b; Stagg and Fletcher, 1990; see Saez et al., 1993), often 

triggering intracellular signalling cascades involving kinases. The effects of 

phosphorylation on gap junctional conductance depend not only on the connexin and 

cell type but also on which kinase is activated. This accounts for the unpredictable 

effects of kinase activating agents on junctional conductance (see Saez et al., 1993)

Experiments examining the effects of phosphorylation on Cx3 2 junctional conductance 

reveal that stoichiometrical differences of the phospho-connexin depend on whether 

cAMP-dependent kinase (PKA) and protein kinase C (PKC) are involved (Saez et al., 

1990a; Takeda et al., 1989), and that an amino acid (Ser 233) on the C-terminus is the 

consensus phosphorylation site in both cases (Saez et al., 1990a). Cx43 also exists as a 

phosphoprotein in many cell systems (Crow et al., 1990; Musil et al., 1990b; Swenson
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et al., 1990) its phosphorylation sites are at serine, tyrosine and threonine residues on 

the C-terminus (Swenson et al.,1990; Laird et a!., 1991; Lau et al., 1991). The single 

channel conductance of Cx43 alters depending on its phosphorylation state (Moreno et 

al., 1992).

ROLES OF GAP JUNCTIONS IN ADULT TISSUES 

General roles of gap junctions 

Tissue homeostasis

Gap-junction-mediated intercellular communication appears to play a fundamental role 

in coordinating tissue activity. Tissue homeostasis and integrity are established by 

allowing the exchange of small molecules between cells. This phenomenon, called " 

metabolic cooperation" (Subak-Sharpe, Burke and Pitts, 1969), occurs between cells 

and can be put to use in a variety of ways. For example, local homogeneity amongst 

cells is important when cells differ in their accessibility to a blood supply [an extreme 

example of this occurs in the lens, where gap junctions account for as much as 25% of 

the cell surface, compensating for the lack of blood supply to the lens (Benedetti et al., 

1976)].

Metabolic cooperation also appears to be an ingenious way of achieving coordinate 

regulation of a whole tissue in response to the direct interaction of extracellular signals, 

such as hormones, glandular secretions or growth factors, with just a few of its cells 

(Peterson, 1985; Meda et al., 1990). This was initially confirmed in vitro using 

cocultures of hormonally responsive cell types (Lawrence et al., 1978). cAMP is an 

obvious candidate which could act as an intercellular communicator in response to 

such extracellular signals (Flagg-Newton et al., 1981).
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obvious candidate which could act as an intercellular communicator in response to 

such extracellular signals (Flagg-Newton et al., 1981).

Growth control

In 1968, Furshpan and Potter were the first to postulate that a loss in gap-junction- 

mediated intercellular communication contributes to the formation of uncontrolled 

growth. By 1979, Loewenstein had reviewed this issue, presenting much evidence in 

favour of this hypothesis. Further, recent authors have confirm the viability of this 

hypothesis (Trosko et al.,1988; Yamasaki, 1988; Neveu et al., 1990), and many results 

seem to fit into the general inverse relationship between rate of growth and the extent 

of gap junction communication (e.g. Jursnich et al., 1990; Naus et al., 1992).

However, the simplicity of this statement should be treated with caution as it has been 

demonstrated that several kinds of tumour cells are coupled by gap junctions 

(Sheridan, 1970) and many malignant cell lines are coupled, although to a reduced 

extent to that normally expected (Mege et al., 1988; Eghbali et al., 1990). Recent 

studies comparing connexin expression in malignant mouse hepatocytes (Stutenkemper 

et al., 1992) and malignant human hepatocytes and epidermal cells (Wilgenbus et al., 

1992) with that in their normal counterparts, demonstrate that there is a cell-specific 

switch in the type of connexin expressed, suggesting that complex relationships may 

exists between connexin types and cellular differentiation / proliferation programmes. 

Recently, it was shown that Cx43 tranfection into transformed kidney epithelial cells 

altered their expression of cyclins and cyclin-dependent kinases (Chen et al., 1995), 

indicating that these molecules may be linked, which gives an insight to possible 

mechanisms of proliferative control by connexins.
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Role of gap junctions in non-neural excitable cells 

Impulse propagation

In non-neural excitable cells, the main function of gap junctions appears to change 

from one of metabolic cooperation to that of intercellular flow of current, by the 

maintenance of low resistance pathways between cells. An example exists in the / 

mammalian myocardium where these low resistance pathways allow current to flow 

from the sino-atrial node, through the Purkinje conductance system, ultimately leading 

to rhythmic contractions of the ventricles (Weidmann, 1952). The ability of intestinal 

smooth muscle to generate peristaltic waves (Barr et al., 1968) and of uterine 

myometrium to synchronize contractile activity at the time of parturition (Dahl and 

Berger, 1978; Garfield et al., 1978), are also dependent on the formation of low 

resistance pathways for impulse propagation.

Ro!e of gap junctions in the adult nervous system.

In neurons

For many years gap junction communication between neurons was thought to occur 

only in invertebrates (e g Furshpan and Potter, 1959), lower vertebrates such as teleost 

fish (Bennett, 1978) and phylogenetically primitive areas of the vertebrate CNS, e g 

spinal cord of frog ( Grinnell, 1966). These "primitive" electrotonic junctions appear 

to function in a highly rigid fashion, mediating synchrony amongst neurons and, in the 

case of the electrotonic synapses of invertebrates, they permit the rapid relay of 

electrical signals from pre- to postsynaptic neuronal elements.
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The first unequivocal experiments suggesting the existence of electrotonic coupling in 

phylogenetically higher regions of the mammalian CNS came from electrophysiological 

studies on the mesencephalic root of the Vth cranial nerve in rat (Baker and Llinas, 

1971), the vestibular nucleus of the rat (Korn et al., 1973) and inferior olive of the cat 

(Llinas et al., 1974; 1981). The strength of coupling detected in the mammalian CNS 

was of a much lower order than that experienced from the initial studies in 

invertebrates and lower vertebrates. Gap junction plaques, electrotonic coupling and / 

or dye coupling have subsequently been demonstated in the paraventricular nucleus 

(Andrew et al., 1981), hippocampal pyramidal neurons and dentate granule cells 

(Andrew et al., 1982; Nunez et al., 1990).

Recent immunohistochemical localization studies have detected gap junction protein

like immunoreactivity in the CNS, to a greater extent than predicted from physiological 

or ultrastructural studies (Nagy et al., 1988; Dermietzel et al., 1989; Shiosaka et al., 

1989; Yamamoto et al., 1989). Connexin mRNA has been mapped using in situ 

hybridization and results suggests a widespread, complex regional organization of gap 

junctions throughout the CNS, Cx32 being the main neuronal connexin (Micevych and 

Abelson, 1991). In addition to mediating synchronous activity of active cells, as in the 

hippocampus (Dudek and Snow, 1985; Llinas, 1985), inferior olive (Llinas, 1974,

1981) and spinal nucleus of the bulbocavemosus of males (Matsumoto et al., 1988), 

the characteristic weak electrotonic coupling of neurons in the mammalian nervous 

system appears to be better suited in mediating more subtle interactions. For example, 

they may be required to ensure that the activity of no individual neuron prevails 

(Peinado et al., 1993a & b).

The high abundance of connexin expression in defined neuronal subcompartments 

(Dermietzel et al., 1989; Nagy et al., 1988; Micevych and Abelson, 1991) further 

suggests a possible role for gap junctions in the adult brain, of setting up 

communication compartments. Cell type specific coupling has been demontrated in the
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hippocampus (Christie et al., 1989) and is well illustrated in the retina In the latter 

case, neuronal types form highly organized a rrays of tracer-coupled, cell specific 

mosaics in the plane of the retina (Vaney et al., 1991; Vaney, 1994). A functional 

significance of cell type specific coupling in the retina may be to regulate common cell 

phenotype. However, their main function appears to be that of regulating receptive 

field size (Lasater and Dowling, 1985; McMahon et al., 1989, 1992a). The finding 

that gap junctions possess different properties and respond differently to intracellular 

and extracellular control mechanisms, depending on which cells they couple (Cook and 

Becker, 1995) gives them the potential to influence every stage of the visual 

processing sequence in the retina with great flexibility.

It has recently been demonstrated that second messenger molecules can be elevated in 

the postsynaptic cell as a consequence of direct diffusion through gap junctions. This 

suggests a further role of gap junctions at mixed (chemical and electrical) synapses, in 

modulating neurotransmitter release, and they may even play a role in the generation 

of long term potentiation (Yang et al., 1990).

The finding that gap junctional communication in the CNS can be altered in response 

to various functional factors, such as neurotransmitters [e.g. catecholamines effect 

Cx32 expression in the striatum (Fisher et al., 1990), coupling strength in the retina 

(Lasater and Dowling, 1985; McMahon et al., 1989, 1992a) and neostriatum (Cepeda, 

1992)] and hormones [e.g. steroids affect dye-coupling between hypothalamic 

paraventricular nucleus magnocellular neurons (Cobbett et al., 1987), and the size and 

number of junctional plaques between lumbar motoneurons in the spinal nucleus of the 

bulbocavemosus (Matsumoto et al.,1988)], suggests the functional nature of gap 

junctions in the CNS is one of great dynamicity, highly responsive to a variety of 

environmental cues.

44



In macroglia

It is now known that macroglial cells play a large number of roles in the CNS (see 

Barres, 1991) and are the most prominently coupled elements in the CNS (Mooren 

and Nelson, 1978; Gutnick et al., 1981). They utilize gap-junction-mediated 

intercellular communication to ensure that extensive communication can occur. 

Astrocytic tissue of the CNS examined by immunolabelling (Nagy et al., 1988; 

Dermietzel et al., 1989; Yamamoto et al.,1990; Batter et al., 1992), in situ 

hybridization (Micevych and Abelson, 1991) and dye-coupling (Batter et al., 1992) 

studies have revealed abundant, widespread, but heterogeneous Cx43 expression and 

coupling patterns. This region-specific presence of gap junctions may subserve 

functional specializations within the CNS and lead to the establishment of largely 

separated syncytial compartments (Yamamoto et al., 1990; Batter et al., 1992).

Astrocytic gap junctions are thought to play an important role in the generation of 

slow electrical fields associated with neural activity (Castellucci and Goldring, 1970; 

Ransom and Goldring, 1973; Ransom, 1974). In tissue homeostasis they may buffer 

activity surrounding active neurons by providing intercellular pathways either to 

assist in the disposal of into the perivascular compartments (Gardner-Medwin et al., 

1983; Newman, 1986) or to establish an adjustable buffer sink for excess K""" from 

particularly active neurons (Kettenmann and Ransom, 1988).

Another recognised function of gap-junction-mediated communication in astrocytes is 

to propagate calcium waves (Finkbeiner, 1992) induced by glutamate (Comell-Bell et 

al., 1990; Glaum et al., 1990) or mechanical stimulation (Charles et al., 1991); in the 

latter case gap junctions may be vital in establishing spatially coordinated multicellular 

responses of astrocytes to cellular insults in the CNS (Charles et al., 1991). This 

putative long-range signalling system, generating calcium waves, may be a highly 

dynamic phenomenon, regulated by the plastic nature of gap junctions. Such plasticity 

may be caused by modulators of gap junctional conductance, such as cellular kinases.
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in response to neuronally released substances (Dani et a ! , 1992), further suggesting 

that gap-junction-mediated interactions may play an active role in neuromodulation 

(Giaume et al., 1991).

Gap junctions are also present in oligodendrocytes (Massa et al., 1984; Kettenmann 

and Ransom, 1988) and consist of Cx32 protein (Dermietzel et al., 1989; Micevych 

and Abelson, 1991). Electrophysiological analysis of gap junctions in cultured 

oligodendrocytes suggests that oligodendrocytes are widely coupled by gap junctions, 

but display only weak electrical interactions; such junctions would be more selective to 

smaller metabolically active metabolites (Kettenmann and Ransom, 1988), and 

suggests that K""" buffering may be more suited to the highly coupled syncytium present 

in astrocytes (Kettenmann and Ransom, 1988). Oligodendrocytes have also been 

shown to be functionally coupled to astrocytes in vivo, their gap junctions being 

heterotypic (Robinson et al., 1993).

In adult mice, non-myelinating Schwann cells have been shown to be dye-coupled 

(Konishi, 1989) and Cx32 protein has been detected at nodes of Ranvier and Schmidt- 

Lanterman incisures in human peripheral nerves (Bergoffen et al., 1993). The presence 

of Cx32 mutations in patients with the peripheral nerve disorder known as Charcot- 

Marie-Tooth Disease suggests that Cx32 plays an important role in peripheral nerves 

(Bergoffen et al., 1993; Spray and Dermietzel, 1995) and may play a crucial role in 

allowing the transfer of nutrients and other important ions / molecules to the 

innermost myelin layers.
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THE ROLE OF GAP JUNCTIONS IN DEVELOPMENT

The development of a multicellular adult organism from a single cell is an intricate 

process, wliich involves prodigious organisation and the implementation of a precisely 

regulated series of events. During early embryonic development, events are 

remarkably similar despite the variety of forms that exist across the animal phyla. 

Extensive cell-cell interactions are essential during development and much correlative 

evidence suggests gap junctions may play a vital role in this process.

The hypothesis that direct intercellular communication between embryonic cells might 

provide a channel for the exchange of information used to direct development was 

originally postulated as early as 1966 by Potter, Furshpan and Lennox when they 

detected electrical coupling between cells of the squid embryo and correctly attributed 

this phenomenon to gap junctions. They found ubiquitous communication between 

cells during early development, but, as development progressed, cell populations within 

an embryo became increasingly more specialized and uncoupled from one another.

Since these pioneering experiments, electrical and / or dye-coupling between cells in 

the early embryo has been confirmed in a number of animals at a variety of 

developmental stages, including invertebrates, such as the starfish Asterias (Tupper 

and Saunders, 1972) and the mollusc f ( D o r r e s t e i j n  et al., 1982), amphibians 

such as the newt Triturus (Ito and Hori, 1966) and the frog Xenopus (Slack and 

Parmer, 1969), chick (Sheridan, 1968) and mammals such as the mouse (Lo and 

Gilula, 1979a& b) and the human (Dale et al., 1991).

Role of gap junctions in mediating global signals: embryonic patterning

Theoretically, tissue patterning is thought to rely on a mechanism by which diffrisible 

molecules called 'morphogens ' act in the form of a gradient which allows cells within 

that gradient to receive positional information. This information will enable each cell
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to acquire its own positional identity and ultimately to differentiate according to its 

identity (Wolpert, 1971).

Gap junctions have been suggested to play a role in this global control of embryonic 

patterning, by providing a direct, intercellular route for the passage of these 

morphogens. The pathway provided by gap junctions has the potential to transfer such 

morphogens if they are small enough, but unfortunately little is known about the nature 

of these chemicals. So far in only one species, the invertebrate Hydra, have these 

elusive substances been partially identified as a hydrophilic nonpeptide with a 

molecular size of around 500 daltons with head inhibitor properties (Schaller and 

Bodenmuller, 1981). Retinoic acid (RA) may be a naturally occurring morphogen 

(Tickle et al., 1982; Thaller and Eichele, 1987), however, since it is a hydrophobic 

molecule it would not need to move through gap junctions. There is evidence, 

however, that it can affect gap junction permeability (Mehta et al., 1989), and it has 

recently been demonstrated that RA also affects Cx43 expression at the 

posttranscriptional level (Bex et al., 1995). Thus RA may have an indirect effect on 

embryonic patterning by gap junctions.

The extent of cell-cell communication monitored using dye-injection techniques often 

demonstrates areas of restricted dye-coupling although widespread electrical coupling 

persists. These domains are called "communication compartments" (Lo, 1985). In 

some insect embryos, such as, Calliphora and Oncopeltus (Warner and Lawrence,

1982), these compartments coincide with tissue segmentation compartments. 

Embryonic segmentation is an evolutionarily conserved strategy used to build and 

diversify different body regions. It is one way in which global patterning of the 

embryo, by a common morphogenetic gradient, could be reiterated throughout the 

embryonic body plan by gap-junction-mediated intercellular communication. A unique 

interpretation of this common gradient would depend on the subset of homeotic genes 

that are active there. The development of imaginai disks in Drosophila embryos has
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been used extensively to examine the role of gap junctions in pattern formation (Lo,

1985). The organization of the wing imaginai disk into a number of discrete 

multicellular domains has been confirmed using lineage analysis techniques (Garcia- 

Bellido et al., 1973). The finding that these lineage compartments are polyclonal in 

origin raises the interesting question of whether restrictive communication 

compartments play a role in insect pattern formation by providing the basis for the 

formation of these lineage compartments. Dye-coupling studies demonstrated that, as 

in Oncopeltus and Calliphora, communication restrictive boundaries coincided with 

lineage restriction boundaries (Lawrence, 1973). However, in the engrailed homeotic 

mutant of Drosophila, although the normal A / P lineage border was not observed 

(Morata and Lawrence, 1975), communication restrictive compartments remained the 

same as in the wild type (Lo, 1985), implying that lineage compartments are not 

responsible for the formation of communication compartments but that communication 

compartments may be responsible for establishing lineage compartments

In the early mouse embryo, communication compartments exist between the inner cell 

mass (ICM) and trophectoderm (Lo and Gilula, 1979b), and at a later stage, cells in the 

embryo proper and yolk sac endoderm form separate communication restrictive 

compartments from that of the ectoplacental cone and extraembyonic ectoderm 

(Kamili and Lo, 1988). Whether these communication compartments play a role in 

setting up morphogenic fields, or are simply a consequence of progressive restrictions 

in gap junction communication resulting from the determination of cell fate (see below) 

is not clear.

It may sometimes be the case that gap junctions define morphogenic gradients not by 

establishing restrictive communication compartments but, more subtly, by forming 

quantitative gradients of gap junctions. Cx43 transcripts are expressed in gradients 

throughout the limb bud mesenchyme in a similar fashion to transcripts from the hox-4 

cluster (Dolle et al, 1989). Homeobox genes are possible target genes for regulation
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by the limb morphogen, RA (Tickle, 1991). Thus gap junctions, RA, and Hex genes 

may act in concert, to establish correct tissue patterning of the limb. Consistent with 

the graded expression of Cx43 are scrape loading experiments which reveal that dye 

transfer is greater in posterior compared to anterior limb bud mesenchyme (Coelho and 

Kosher, 1991).

Despite the large body of information suggesting that gap junctions play a role in 

embryonic patterning much of the evidence, until recently, has been merely correlative 

or circumstantial. However, the first conclusive evidence was produced by Warner 

and colleagues in 1984. A polyclonal antibody raised against Cx32, was injected into a 

single cell, on the dorsal side of 8 cell stage Xenopus embryos. When these embryos 

were allowed to develop and examined at stage 36, specific developmental defects 

were observed and structures which fate maps indicate would normally form from the 

injected cell, for example the eye and part of the brain, were misplaced or even totally 

absent. Further antibody blocking experiments in preimplantion mouse embryos (Lee 

et al., 1987), in developing chick limb (Allen et al , 1990), and regenerating hydra 

(Fraser et al., 1987) also resulted in patterning defects.

Role of gap junctions in mediating local interaction.

During embryogenesis local tissue interactions are a vital part of development. One 

example is that of induction, whereby one tissue induces the specific differentiation of 

another tissue in close proximity, either by releasing an extracellular inducing signal or 

through direct cell-cell contact.

The significance of gap junction communication in mesodermal induction has been 

studied in the amphibian embryo, where vegetal pole cells induce animal pole cells to 

form mesoderm tissue (Warner and Gurdon, 1987). Conjugates of vegetal and animal 

tissue from Xenopus at the blastula stage were found to be electrically coupled to each
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other. Conjugates left to develop until the late neurula stage accumulate a muscle- 

specific gene transcript diagnostic of their mesoderm fate in animal pole cells. It was 

shown that if gap junction antibodies were loaded into vegetal pole cells before making 

conjugates, electrical coupling between these two tissues was prevented, but, 

mesodermal cells were still induced, suggesting gap junctions are not involved in 

passing the mesoderm inducing signal between conjugates.

Another example of this phenomenon, is found in the limb bud where the apical 

ectodermal ridge (AER) signals to the underlying mesoderm (secondary induction). 

Both of these tissues are dye-coupled, but not to each other (Laird et al., 1992), 

suggesting that the signal probably does not pass between tissue types by gap 

junctions, but that gap junctions might play a role in relaying the signal transduction 

cascades triggered by these inductive signalling molecules.

Correlations between gap junction communication and cell fate restriction

Gap junction communication might parallel the progressive determination of cell fate, 

thus, cells differentiating in a similar direction might be able to communicate freely, 

where communication might become restricted between cell populations with different 

fates. This phenonemom, first postulated by Potter et al., 1966 has since been found to 

occur in various developing systems. For example, in Xenopus development, 

uncoupling of the myotome from undifferentiated somite mesenchyme parallels 

progressive differentiation (Blackshaw and Warner, 1976). In molluscan embryos, 

Lymnea and Patella, dye-transfer is initially very extensive, but becomes progressively 

restricted between cells of different presumptive lineages (Dorresteijn et al., 1983; 

Serras and Biggelaar, 1987).

Throughout early mouse development, correlative evidence that gap junctions play a 

role in cell fate restriction and differentiation has been well documented. Gap junctions
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first appear in the mouse at the 8-cell stage just before the time of compaction 

(Ducibella et al., 1975). It is at this time that blastomeres lose their totipotency and 

become determined to differentiate into two cell types; the trophectoderm and inner 

cell mass (ICM). Initially, electrical and dye-coupling is extensive between the 

trophectoderm and ICM (Lo and Gilula, 1979a), but as time progresses, dye-transfer 

becomes restricted to cells of the same tissue (Lo and Gilula, 1979b), and later still, 

confined to small groups of cells within either the trophectoderm or ICM (Lo and 

Gilula, 1979b). During gastrulation, the ICM differentiates into three layers: 

presumptive ectoderm, mesoderm and endoderm. Although electrical coupling persists 

between germ layers, dye-coupling studies reveal that not only is dye-transfer restricted 

between germ layers but it is also compartmentalized into box-like domains within the 

ectoderm and mesoderm (Lo and Gilula, 1979b).

Correlations between cell differentiation and gap junction expression are also found in 

the developing nervous system, for example, in the developing spinal cord neuronal 

differentiation occurs in a rostro-caudal and ventro-dorsal direction; this correlates 

temporally and spatially with the expression pattern of Cx43 (Ruangvoravat and Lo,

1992). Also in the developing amphibian retina gap junctions disappear from the 

central portion of the retina at the exact time of specification (Dixon and Cronly- 

Dillon, 1972).

The timing of all these events suggest that changes in gap junction communication are 

likely to participate in, or be a consequence of, determination / differentiation events 

during development.
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ROLE OF GAP JUNCTIONS IN THE DEVELOPING NERVOUS SYSTEM

Gap junctions appear to play similar roles in the developing nervous system to that in 

development in general, however, there are cases in which gap junction communication 

takes on a unique role, specific to the complex needs of the developing nervous system

Role of gap junctions in patterning the developing nervous system.

There are many observations which suggest that gap junctions play a role in patterning 

in the developing nervous system, as mentioned above, by mediating morphogenic 

gradients within a developmentally significant domain. Dye-transfer studies reveal that 

communication compartments coincide with the segmental units of the developing 

hindbrain, the rhombencephalic neuromeres (rhombomeres), of the neural tube 

(Martinez et al., 1992). It has been shown that rhombomeric cells transfer LY or 

biocytin between each other, but that dye does not transfer from rhombomere cells to 

boundary cells or between boundary cells, although electrical coupling between 

rhombomeric cells was not affected by their position. The communicational isolation 

of interrhombomeric boundaries relative to the transfer of small molecules may 

represent an early developmental mechanism of patterning specification within the 

developing hindbrain. However, this type of communication restriction does not 

appear to respect cell lineage compartments [lineage studies have shown that after 

boundary formation, clonal restriction occurs at the midline of the inter-rhombomeric 

boundary not the rhombomere-boundary interface (Fraser et al., 1990)] as 

demonstrated in other developing systems (Lo, 1985), but rather respects the boundary 

between low and high mitotic activity. However, in this system preliminary evidence 

suggests that restriction of communication occurs before lineage restriction which is 

consistent with previous hypotheses concerning communication compartments, 

segmentation and lineage restriction^see earlier in this chapter).
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Further evidence suggesting that gap junctions may play a role in patterning of the 

CNS, comes from studies where connexin mRNA expression has been mapped 

throughout the developing brain by in situ hybridization (Ruangvoravat and Lo, 1992). 

Using this sensitive method of detection it was found that Cx43 mRNA is expressed in 

large amounts within discrete domains. Interestingly, at the midbrain / hindbrain 

border, Cx43 coincides with wnt-1 expression (Wilkinson et al., 1987). Wnt-1 belongs 

to the Wnt gene family of cell signalling molecules and is the mammalian homologue of 

the Drosophila segment polarity gene wingless (see McMahon, 1992b). It has been 

found not only to be important in patterning of the brain (Thomas and Capecchi,

1990), but also to increase gap junction communication (Olson et al., 1991), indicating 

that these molecules may be linked. Gradients of Cx43 mRNA coincide with 

expression patterns of Hox genes in certain regions of the brain (Gaunt, 1991), again 

suggesting that these molecules may be functionally related.

Role of gap junctions in inductive interactions in the developing nervous system

To date, there is no direct evidence to suggest that gap junctions provide a passage for 

inducing signals from the notocord to the neural tube, and although electrical coupling 

between these two tissues exist (Sheridan, 1968; Warner, 1973), direct contact 

between mesoderm and ectoderm does not appear to be a prerequisite for primary 

neural induction (Toivonen et al., 1975). In the brain, immunohistochemistry (Yancey 

et al., 1992) and in situ hybridization (Ruangorvarat and Lo, 1992) studies reveal that 

areas which are known to participate in inductive interaction are heavily labelled for 

Cx43 protein or mRNA; these include the eye, otic vescicle and infundibulum. As 

previously mentioned, gap junctions may transmit "instructive" cues emanating from 

signal transduction cascades triggered by these inductive interactions.
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Roles of gap junctions which are specific to the needs of the developing nervous 

system

In the nervous system at later stages of embryonic development and early postnatal 

life, there is an additional developmental requirement: the complex establishment of 

neuronal connectivity. Much evidence suggests that gap junctions play a major role in 

resolving this developmental difficulty. I will consider ways in which gap junctions 

may participate in the establishment of neuronal circuitry, firstly by considering their 

function at a local level which involves discrete, transient cell-cell interactions, and 

then turning to their possible functioning at a more global level, where their effects are 

longer lasting, and may play a role in the organisation and refinement of functional 

units as a whole.

Examples of transient interactions mediated by gap junctions

During axogenesis a variety of guidance cues are used by the axon to establish correct 

connectivity with its target. In the grasshopper embryo, the growth cones of pioneer 

sensory neurons are guided to their CNS targets by interacting with a succession of 

special "guidepost cells" en route (Bate, 1976; Bentley and Keshishian, 1982).

Transient gap-junction-mediated dye-transfer has been detected between the guidepost 

cells and pioneer neurons (Bentley and Keshishian, 1982: Goodman et al., 1982), and 

between later growing axons and pioneer axons (Goodman et al., 1982). In the leech 

embryo, Hirudo medicinalis, oppositely directed axons of homologous anterior 

pagoda (AP) neurons overlap extensively with each other, inhibiting one another’s 

growth (Gao and Macagno, 1987a &b). The presence of tracer and electrical coupling 

between these neurons suggests that gap junctional communication may mediate the 

exchange of signals which are involved in this récognition-inhibition process (Wolszon 

et al., 1994).

The hypothesis that important signals might be exchanged via gap junctions during 

axogenesis has been strengthened by studies in the grasshopper embryo which
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revealed that the gap junctional contacts between guidepost cells and growing axons 

mediate the transfer of Câ "̂  (Bently et al., 1991). However, during pathfinding of 

primary motoneurons in zebrafish embryos, where transient coupling exists between 

pioneer and later axons, ablation of pioneer neurons suggest that coupling is not 

essential during this aspect of axon guidance (Eisen et al., 1989). Further, in a study 

involving Xenopus retinal ganglion cells during the period of axogenesis and target 

recognition, dye-coupling was not observed between the growth cones of growing 

axons and putative guidance cells in their pathway (Holt, 1989). However, in this 

study, gap junctional communication was examined only using the relatively large 

molecular weight dye LY; studies involving axogenesis of the AP neurons in leech 

embryos demonstrated that whilst a small tracer [5-HT (5-hydroxytryptamine) 

visualized using anti-5-HT immunohistochemistry] passed through gap junctions LY 

did not (Wolszon et al., 1994), leaving open the possibility that this could also be the 

case in Xenopus retinal ganglion cells.

Another form of transient coupling appears to occur in cultures consisting of myocytes 

and neurons from Xenopus embryos. It was found that electrical and dye-coupling was 

present between these two tissues during stages of early synaptogenesis (Allen, et al.,

1986). This may allow cells to "test" each other for the purpose of synaptic specificity.

Examples of long-term interactions mediated by gap junctions

Electrical activity between neuronal neighbours has long been known as an important 

requirement in the establishment of synaptic specificity and refinement of neuronal 

connectivity (Hebb, 1949; Purves and Lichtman, 1985; Shatz, 1990; Constatine-Paton 

et al., 1990). It is generally assumed that this electrical activity requires sodium- 

activated action potentials and chemical transmission. However direct intercellular 

pathways of communication between neurons would appear to have many advantages 

over neurotransmitter-mediated signalling for organizing neuronal circuitary during the
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early stages of synaptogenesis. For example, it could mediate large numbers of 

neurons at earlier stages in neuronal development than would be possible if 

organisation of neuronal circuitry was established primarily by synaptogenesis 

Further, gap junctional communication may provide a means by which synaptogenesis 

is controlled. Another important consequence of the temporal coordination of activity 

among groups of neighbouring neurons, which give rise to neuronal domains (Peinado 

et al., 1993a & ), is the formation of a nervous system where neurons which have 

similar properties and are functionally related are also closely situated.

At the level of the spinal cord, it has been shown, in neonatal rats, that motoneurons 

innervating the same muscle were electrotonically coupled more frequently than those 

innervating separate muscles and coupling was never observed between motoneurons 

of antagonistic muscles (Walton and Navarrette, 1991). This type of specificity is 

consistent with previous studies of electrotonic coupling in amphibian motoneurons 

(Westerfield and Frank, 1982). Electrotonic coupling between these functionally 

related neurons may provide a mechanism by which synaptic connections are specified 

(see Frank, 1993). Further, electrical coupling may play a role in synchronizing spike 

activity in homonymous motoneurons which would lead to synchronized activity in 

their target muscle and afferent inputs. Therefore, the activity pattern of proprioceptors 

would be coordinated if they innervate the same muscle but not if different muscles are 

innervated. The Hebbian (activity dependent) mechanism of eliminating inappropriate 

synapses could then be used to refine such coordinated activity patterns, giving rise to 

the establishment of fine motor control.

In the developing retina of the postnatal ferret, before visual processing is present, 

strong dye-coupling exists (Penn et al., 1994). Gap junctions may act to transmit the 

waves of spontaneous electrical activity which travel thoughout the retina at this stage 

(Wong et al., 1993). It has been shown that the formation of appropriate synaptic 

connections in the visual system requires coordinate spontaneous activity (Goodman
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and Shatz, 1993). Gap junctions may coordinate this electrical activity in retinal 

ganglion cells so that layer specific synaptic connections occur in the lateral geniculate 

nucleus (see Kandler and Katz, 1995).

In the developing neocortex of neonatal rats, an analogous phenomenon has been 

described. The availability of more sensitive probes such as the biotinylated tracers 

biocytin (Horikawa and Armstrong, 1988) and Neurobiotin (Vaney,1991), has enabled 

workers to visualize the full extent of gap-junction mediated intercellular 

communication during cortical development (Peinado et al., 1993; Yuste et al., 1992). 

This technique has revealed extensive functional gap junctional communication 

throughout the neocortex. Further, the use of fura-2 imaging of Ca^^ illustrates that 

these coupled neurons are "coactive" and form discrete neuronal domains resembling 

the columnar organization of the neocortex (Yuste et al, 1992). This could provide an 

intercellular pathway for subthreshold electrical activity, thereby enabling temporal 

coordination of local neuronal ensembles during circuit formation. Alternatively, 

coordination of functionally related neurons may be achieved by the conduction of an 

I? 3  based "biochemical action potential" (Kandler and Katz, 1993). [Gap junctions 

have been shown to mediate "functional domains" of Câ '*' waves in the developing 

neocortex; these waves appear to be regenerative and probably the result of IP3  waves 

releasing Câ '*' from intracellular stores (Kandler and Katz, 1995)]. The gap-junction- 

mediated control of "biochemical action potentials" (molecular coupling) instead of 

electrical action potentials (electrotonic coupling) would be more suited to the "weak 

electrical" coupling observed between neurons in the developing nervous system 

(Kandler and Katz, 1995). The implications of such coupling between functionally 

related neurons is vast considering the extensive effects that second messengers, such 

as IP3  or C a^\ have on biochemical pathways which, for example, modulate 

axogenesis (Kater and Mills, 1991), gene expression (Ghosh et al., 1994) and electrical 

excitability (Kostyuk, 1992).
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CHAPTER 2

CHARACTERIZATION OF CONNEXINS LABELLED BY 

ANTIPEPTIDE ANTIBODIES
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2.1 INTRODUCTION

When analysing patterns of gap junctional communication, it is essential to have an 

awareness of the complexity of the connexin family and to appreciate that more than 

one type of connexin may be expressed in a given tissue or even in a single gap 

junctional plaque (Nicholson et al., 1987). Therefore, it is important to obtain precise 

information on the patterns of expression of different connexin types. The availability 

of specific antibody probes against gap junctions has permitted the imaging of gap 

junctions at the level of the standard light and confocal microscopes. This has opened 

up the possibility of studying the global expression of gap junctions in a given tissue. 

To this end, I have used immunohistochemical techniques to study the expression of 

the three main gap junction proteins; Cx32 [from mammalian hepatic gap junctions 

(Kumar and Gilula, 1986; Beyer et al., 1987; Nicholson and Zang, 1988)], Cx26 [also 

from mammalian hepatic gap junctions (Nicholson and Zang, 1988)] and Cx43 [from 

mammalian myocardial gap junctions (Beyer et al., 1987)] in ectodermally derived rat 

embryonic tissues using adult mouse / rat myocardial and hepatic tissue as positive 

controls.

I used five anti-rabbit antisera raised against synthetic peptides corresponding to 

specific amino acid sequences in the rat of the three gap junction proteins as listed in 

table 2.1 and schematically illustrated in figure 2.1.
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Table 2.1. Summary o f site specific antisera to the three main connexins

Antisera Connexin Region Amino acid 

residues

Reference

HJ Cx43 Cytoplasmic

loop

131-142

EIKKFKYGIEEHC

Harfst et al., 

1990

Gap 9 Cx32 C-terminus 263-283

RRSPGTGAGLAEKS

DRCSAC

Evans and 

Rahman, 1991

Des 1 Cx32 Cytoplasmic

loop

102-1 12 & 

116-124

EKKMLRLEGHGHLE

EVKRHK

Evans and 

Rahman, 1991

Gap 10 Cx32 N-terminus 1-21

MNWTGLYLLSGVN

RHSTAIG

Evans and 

Rahman, 1991

Des 3 Cx26 Cytoplasmic

loop

106-118

FMKGEIKNEFKDIEC

Evans and 

Rahman, 1991
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CX26 CX32 CX43

EXTRACELLULAR SPACE

MEMBRANE

CYTOPLASM

DESlGAP 10

GAP 9

DES 3

Fig. 2.1. Diagrammatic representation of site specific antisera raised 
against specific amino acid sequences of Cx26, Cx32 and Cx43 as 
confirmed by Western Blots (adapted from D.L.Becker et a!., 1995)
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These antisera were kindly supplied by Dr. Colin Green (formerly at the Department of 

Anatomy and Developmental Biology, UCL, London, now at the Department of 

Anatomy, University of Auckland, Auckland, New Zealand), Dr. Howard Evans 

(formerly at NIMR, Mill Hill, now at the Department of Medical Biochemistry, 

University of Wales, Cardiff) and Professor Anne Warner (at the Department of 

Anatomy and Developmental Biology, UCL, London).

With the exception of "HJ" (Gourdie et al., 1990; Harfst et al., 1990; Gourdie et al., 

1991), these site specific antisera had not previously been used for 

immunohistochemical analysis, and, as a consequence, it was necessary to carry out 

extensive immunolabelling of positive control tissues, to establish optimal 

immunohistochemical and preservation procedures.

The following tissues were used as positive controls

a) Adult mouse / rat myocardium. Cx43 is considered to be the major gap junction 

protein present in the myocardium (Beyer et al., 1988, 1989; Fishman and Leinwand, 

1989). Detailed characterization of "HJ" has already been determined by dot blot, 

Western blot, immunogold and immunohistochemical criteria (Harfst et al., 1990; 

Gourdie et al., 1991). These studies showed that Cx43 was the main gap junction 

protein found in the heart and that it immunolabelled intercalated disks of the 

ventricular myocardium.

b) Adult mouse hepatic tissue. It has been shown by Western blot analysis that Cx32 

and Cx26 are two distinct gap junction proteins found in mouse liver (Traub et al., 

1989), and simultaneous immunolabelling of mouse hepatic tissue with affinity purified 

monoclonal and polyclonal antisera, has shown that both proteins are probably located 

in the same gap junction plaques (Nicholson et al., 1987). Cx32 was shown to be 

more abundant than Cx26 on Western blots, and the relative amounts of these two 

connexins, predicted by Coomassie blue densitometric evaluation (Nicholson et al.,
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1987; Traub et ai., 1989) and immunogold labelling (Traub et al., 1989), is 

approximately 2:1.

c) Adult rat hepatic tissue. It has been demonstrated by immunogold studies, using 

polyclonal and monoclonal antisera, that Cx32 is the main protein constituent of rat 

liver gap junctions (Dermietzel et al., 1984; Zimmer et al., 1987; Dermietzel et al., 

1987). Western blot and immunohistochemical analysis have revealed that the amount 

of Cx26 in rat liver is significantly less than in mouse (Traub et al., 1989), and that the 

proportion of Cx32 to Cx26, estimated by Coomassie blue densitometric evaluation is 

approximately 10:1 (Nicholson et al ,1987; Traub et al., 1989). Therefore, in this 

study mouse liver was used as a positive control for Cx26 labelling instead of rat.
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2.2 MATERIALS AND METHODS

Fixation and immunohistological procedures

Immunohistochemistry was carried out on sections of wax-embedded and frozen 

hepatic and myocardial tissue from two species: rat (Sprague-Dawley ~250g) and 

mouse (BlOCFl ~20g). Either Zamboni's fixation or methanol freeze substitution 

fixation were used preceding wax embedding and post-methanol fixation was used on 

cryosections.

Slide preparation

Gelatine or poly-L-lysine slides were precleaned by dipping them in 90% ethanol and 

then rinsing them in distilled H2O. Gelatinized slides were mae by dipping them in a 

freshly prepared chrome-alum solution. This solution was made by dissolving gelatine 

(6%w/v) in warm distilled H2 O (60°C) and then adding (0.6%w/v) chromium 

potassium sulphate (Crk(S0 4 )2. I2 H2O) to the warm solution. Gelatinized slides were 

allowed to dry overnight or for 2-3h in an oven (37°-40°C). Poly-L-lysine coated 

slides were prepared by placing precleaned slides into a poly-L-lysine solution 

(Sigma:0.1%w/v solution in deionized H2 O) diluted (1:10) in distilled H2 O for 5 min. 

Slides were then allowed to dry as described above.

Zamboni's fixed wax sections

Tissue was immersed for 2-6 h in Zamboni's fixative [2% paraformaldehyde, 0.2% 

picric acid in 0. IM phosphate buffered saline (PBS), pH 7.4 (Toshimori et al., 1987)] 

at 4° C. After fixation, the specimens were washed in tap water overnight, dehydrated 

in a graded series of ethanol concentrations (70%: 2xlh, 90%: 2xlh, 100%: 4xlh), 

placed in chloroform overnight and embedded in wax following standard histological
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procedures. Myocardial tissue was orientated to allow longitudinal sectioning.

Sections o f—10 pm thickness were cut using a microtome and floated on to slides 

coated with either gelatine or poly-L-lysine. Sections were dewaxed in xylene (2x5 

min), rehydrated in a graded ethanol series (100%; 2x5 min, 70%: 5 min, 50%: 5 min) 

and rinsed in distilled water. Sections were incubated in buffered trypsin [0.1% trypsin 

(Sigma), 0.1% CaCl, 20mM TRIZMA base, pH 7.4] for 10 min at room temperature 

(22-25° C). This is a standard procedure for unmasking epitopes that have been 

altered by aldehyde fixation (Harlow and Lane, 1988). The sections were washed in 

running tap water for a further 10 min and then blocked for 35 min with PBS 

containing 0. IM lysine and 0. 1% Triton X-100. Blocking with lysine inhibits antisera 

binding to non-specific sites and triton X-100 acts as a wetting agent. Sections were 

incubated for 24 h at 4° C in primary anti-rabbit antisera, HJ, Des 1, Gap 9, Gap 10 or 

Des 3, in PBS (optimal antisera titre 1:100). After washing with PBS (3x 10 min), 

secondary antibody treatment with biotinylated goat anti-rabbit (Vector labs) diluted in 

PBS (1:100) was carried out for Ih at room temperature, followed by streptavidin 

Texas Red (Vector Labs) in PBS (1:100) for Ih at room temperature, in the dark, 

with intervening PBS washes (3x15 min). After the final wash in PBS, the slides were 

mounted using Citifluor mounting medium (a medium that reduces autofluorescence 

and fading). Negative controls, omitting the primary antiserum, were routinely carried 

out.

Methanol freeze substitution (MFS) fixed wax sections

Samples of tissue (~5mm^) were frozen in isopentane cooled in liquid nitrogen for 

10 sec, then transferred to methanol also cooled in isopentane. Specimens were stored 

in methanol at -70 °C for 4-5 days and subsequently at -20 °C for 2 days and at 4° C 

for 1 day. Before placing in chloroform overnight, specimens were allowed to 

equilibrate to room temperature in methanol. Wax embedding and immunostaining 

were carried out as previously described.
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Frozen sections post-fixed in methanol

Cryosections, 20|im thick, were prepared from small samples of unfixed frozen tissue, 

cryoprotected by incubation in 30% sucrose in PBS for 2-3 h (improves tissue 

antigenicity and preservation), then frozen in a commercial matrix, O C T. (Tissue Tec; 

Miles Scientific), by immersion in liquid nitrogen. The sections were mounted on 

gelatine coated coverslips, equilibrated in PBS for 20 min, fixed in 100% methanol for 

10 min and then rehydrated in a graded methanol series. They were then treated with 

0. IM lysine in PBS (35 min) and taken through the same immunohistochemical 

procedures as dewaxed, rehydrated sections. However, the use of Triton in PBS and 

pre-treatment with trypsin before primary antibody incubation were omitted from the 

protocol. Negative controls, omitting the primary anti serum, were carried out in 

parallel.

Epifluorescence light microscopy

In the first instance, immunolabelled tissue samples were examined on a Zeiss Standard 

16 microscope under epifluorescence optics. A green filter (500-550nm) was used to 

excite Texas Red immunolabelling and images were photographed using TMX-400 

negative film.

Laser scanning confocal microscope (LSCM)

Some immunolabelled sections were examined on a Bio-Rad Lasersharp MRC-500 

microscope. Gain and contrast levels were set according to standardized procedures 

ensuring that the images collected showed a full range of grey level values from black 

(0 pixel intensity level) to peak white (254 pixel intensity level). The GHS filter (500- 

550) was used to image Texas Red immunostaining, and histological sections were 

initially scanned using low magnification, to assess the overall distribution of labelling.
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Optical sections through the tissue were then viewed at high magnifications [x60 oil 

(Nikon, NA 1.4) objective and zoom 1 or 2 setting on the computer], visualized 

individually or as a series of optical sections taken at successive 1 p.m focal steps in the 

optical axis (z-axis) of the microscope. Laser scanning confocal images were 

photographed using Pan F4-100 negative film.
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2.3 RESULTS

Establishment of an optimal immunohistochemical protocol

A series of primary antiserum runs at various dilutions (1:10-1:1000) was put through 

the immunohistochemical protocol to establish optimal antibody titres. If antisera are 

sufficiently diluted before use, low affinity antibodies (such as cross-reactive, non

specific antibodies) will no longer bind to the tissue, leaving only high affinity, specific 

antibodies to bind to their appropriate antigenic sites (Ciocca et al., 1983). The 

optimal titre for all of these antisera was found to be 1:100 (incubation overnight).

The use of biotinylated secondary antisera and fiuorescently labelled streptavidin also 

increased the sensitivity of this technique as a result of the high binding affinity that 

avidin has for biotin. Finally, optimal visualization of immunolabelling was achieved by 

using the LSCM.

Immunolabelling of Zamboni's fixed tissue

Tissue morphology of wax sections was of a good quality when Zamboni's fixation was 

used. However, the only anti serum which successfully labelled Zamboni's fixed tissue 

was HJ. In accordance with previous results (Gourdie et al., 1991), HJ clearly and 

specifically labelled the intercalated disks of both mouse and rat myocardial tissue, but 

only when the tissue was pre-treated with trypsin. An example of HJ labelling in a 

section of mouse myocardial tissue is shown in Fig. 2.2.

Immunolabelling of tissue fixed by methanol freeze substitution

Tissue morphology of wax sections fixed by MFS was of a similar to that of Zamboni's 

fixed tissue. Again trypsin was required, as a post fixation treatment, to unmask the 

epitopes to which the antisera bind. Immunolabelling of myocardial tissue with HJ
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Fig. 2.2. Immunolocalization of HJ antiserum on Zamboni's fixed wax sections of 

mouse ventricular myocardial tissue; intercalated disks are clearly labelled. The 

secondary antibody was biotinylated goat anti-rabbit and tertiary treatment was with 

streptavidin conjugated to Texas Red. Images were obtained using the LSCM.

Scale bar= 10pm.

Antibody= HJ R27.B29. (R=rabbit, B=bleed).
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gave a very similar pattern (specific immunolabelling of intercalated disks) to that seen 

in Zamboni's fixed tissue (see Fig.2.3a). Immunolabelling of mouse hepatic tissue with 

Gap 10 (Fig.2.3b) revealed abundant, punctate staining around the borders of 

hepatocytes; this is consistent with previous Cx32 immunolabelling studies of rat liver 

(Dermietzel et al., 1987). However, Des 3, Des 1 and Gap 9 did not label MFS fixed 

tissue.

Immunolabelling of frozen sections post fixed in methanol.

Tissue morphology following this procedure was unfortunately of a poorer quality, 

but, after rigorous testing with the variety of antibody bleeds available, this was found 

to be the only preservation protocol that permitted immunolabelling with all five 

antisera. Des 1, Gap 9, Gap 10 (Fig.2.4) and Des 3 and HJ (Fig. 2.5). In this study, 

mouse liver was often used instead of rat liver. This was because initial screening of 

rat liver with Cx26 antisera was low whereas in the mouse both Cx26 and Cx32 

antisera gave immunolabelling of a similar magnitude.

Controls

Histological sections of myocardial and hepatic tissue in which primary antisera were 

omitted from the staining protocols, demonstrated no evidence of punctate 

immunolabelling, confirming that the staining seen in the presence of primary anti sera 

was specific. When a given tissue was incubated with primary antiserum generated 

against connexins not present in that tissue immunolabelling was absent, confirming 

that the antisera are connexin specific. In other words, mouse and rat heart did not 

label with Des 3, Des 1 or Gap 9 or Gap 10 and mouse and rat liver did not label with 

HJ.
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Fig.2,3. Immunolocalization of HJ (A) and Gap 10 (B) antisera on MFS fixed wax 

sections of mouse ventricular myocardial and mouse hepatic tissue respectively. 

Secondary and tertiary immunolabelling procedures were the same as in Fig. 2.2. 

Images were obtained using the LSCM. HJ (Cx43) labels the intercalated disks of the 

myocardium and Gap 10 (Cx32) labels sites of hepatocytic contact. In both cases 

plaques are very large and fi-equent.

Scale bars= 25 pm.

A. Mouse ventricular myocardial tissue.

Antibody= HJ R27.B29.

B. Mouse hepatic tissue.

Antibody= Gap 10 R405. B29.
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Fig.2.4. Immunolocalization of Cx32 antisera, Gap 10, Des 1 and Gap 9, on frozen 

sections of mouse or rat hepatic tissue post fixed by methanol. Gap 9 antiserum is 

raised against peptide sequences specific to the C-terminus and Des 1 antiserum, to 

sequences specific to the cytoplasmic loop. Secondary and tertiary immunolabelling 

procedures were the same as in Fig. 2.2. Labelling indicates the presence of large 

plaques between adjacent hepatocytes. Images were obtained using the LSCM.

A. Rat hepatic tissue.

Antibody= Gap 10 R405.B2. Scale bar=10pm

B. Mouse hepatic tissue. Scale bar=10pm.

Antibody= Gap 9 RA.B3.

C. Rat hepatic tissue.

Antibody= Des 1 R426. B6. Scale bar= 25pm.
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Fig. 2.5. Immunolocalization of Cx26 antiserum (Des 3) and Cx43 antiserum (HI) on 

frozen sections of mouse liver and heart post fixed in methanol. Secondary and tertiary 

immunolabelling procedures were the same as in Fig. 2.2. Images were taken using the 

LSCM.

A. Image of a mouse liver section.

Antibody= Des 3 R18 B3. Scale bar=10|im.

B. Image of a mouse heart section.

Antibody= HJ R27 B29. Scale bar= 25pm.
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Summary of results

Tissue Rat liver Mouse liver Rat/mouse heart

Antiserum D1 G9 GIO D3 HJ D1 G9 GIO D3 HJ D1 G9 DIO D3 HJ

Frozen sections •4"h + “M" -H- +  -H- + + + +

MFS

(+trypsin +triton)

-  4" -M-

Zamboni's 

(+trypsin + triton)

.  -f-+

Table 2.2. Summary of immunoreactivity of site specific antisera to Cx43, Cx32, Cx26 

detected in mouse / rat myocardial and mouse and rat hepatic tissues using three 

different tissue preservation procedures.Dl= Des 1, G9= Gap 9 , D3= Des 3,

GIO =Gap 10.

- no immunolabelling, + positive immunolabelling, ++ Very strong immunolabelling
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2.4 DISCUSSION

In this study, positive control tissues of mouse and rat hepatic and myocardial tissue 

were used, as a prerequisite, to achieve optimal experimental success of an 

immunohistochemical protocol, which could be used to establish the temporal and 

spatial expression of the three major connexin types in developing rat tissues of 

ectodermal origin.

Zamboni's is an aldehyde fixative which causes strong cross-linking of tissue proteins. 

This fixation protocol may have prevented antibody penetration into tissue or may have 

disrupted protein tertiary structures, rendering them unrecognizable to the antibodies 

used in this study. The former problem can sometimes be resolved by pre-treatment 

with trypsin, which can disrupt aldehyde bonds, unmasking the concealed epitope.

This is illustrated by the successful binding of HJ to its appropriate Cx43 epitope in the 

intercalated disks of adult mouse heart, subsequent to tissue treatment with trypsin 

(Fig.2.2).

Wax embedding, a process involving impregnation of tissue with hot wax, can also 

destroy the antigenicity of some proteins. When a milder fix (MFS) was used prior to 

wax embedding, there was still no immunolabelling with Gap 9, Des 1 and Des 3 

antisera, presumably because of the wax embedding procedure. However, Gap 10 did 

immunolabel hepatic tissue processed in this way, indicating that it is probably the 

Zamboni's fixation and not wax embedding which prevents immunolabelling with Gap 

10. The finding that Gap 10 only immunolabels tissue after trypsin treatment indicates 

that typsin also acts by unmasking epitopes disrupted by the wax embedding 

procedure.
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Frozen sections, post fixed in methanol, appeared to be the only tissue preservation 

technique mild enough to permit immunolabelling of all the available antisera to their 

appropriate antigenic sites. Thus, although tissue preservation was poor in this study, 

the aim of achieving immunolabelling with all connexin specific antisera was fulfilled.

Another problem, was that these site specific antisera differed in their ability to 

immunolabel tissues depending on which rabbit or bleed they originated from. This 

meant that extensive testing, comparing various batches of the same antibody had to be 

carried out. The examples illustrated in the results section are of images obtained 

using the most satisfactory bleeds.

The use of confocal microscopy, permitted optimal visualization of immunolabelled 

tissue by reducing out-of-focus blurr from fluorescently labelled structures (White et 

al., 1987; Shotton, 1989). This enables a sharper image of discrete immunolabelled 

gap junctions to be obtained, and correspondingly, more precise measurements can be 

obtained than with standard light microscopical techniques. Images of ventricular 

myocardial tissue immunolabelled with HJ gave the characteristic localized, punctate 

immunoreactivity at intercalated disks (Fig. 2.2 & 2.3) described by previous authors 

(Gourdie et al., 1990, 1991; Harfst et al., 1990). The same was true for Gap 10, Gap 

9, Des 1 and Des 3 immunolabelling of mouse and rat hepatic tissue (Fig. 2.3-2.5), 

which gave rise to characteristic punctate immunoreactivity around the perimeters of 

hepatocytes (Dermietzel et al., 1987; Nicholson et al., 1987; Traub et al , 1989). 

Further, immunolabelling was observed only at sites between hepatocytic contact and 

not, on boundaries between hepatocytes and hepatic sinusoids. The extensive Tines' of 

immunoreactivity observed in both heart and liver may be indicative of large gap 

junctional plaques or may represent many small plaques situated in very close 

proximity to one another.
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In conclusion, the above study characterized optimal immunolabelling protocols for a 

set of largely unscreened site-specific connexin antisera. In the following chapter 

these protocols were ftirther advanced to achieve a higher level of tissue preservation 

which was pertinent for the delicate embryonic tissue involved.
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CHAPTER 3

CONNEXIN EXPRESSION AND DYE-COUPLING IN TWO REGIONS OF 

NON-NEURAL ECTODERM OF RAT EMBRYOS: FLANK EPIDERMIS 

AND APICAL ECTODERMAL RIDGE
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3.1 INTRODUCTION

In this study, connexin expression and functional gap junctional communication were 

examined during a particular window in development when epidermal histogenesis has 

just commenced, and an instructive epidermis, in this case the apical ectodermal ridge 

(AER), is also present. This permitted simultaneous analysis of gap junctional 

communication between epithelial cells in functionally different tissue types: instructive 

and non-instructive epidermis

Ectoderm that does not receive signals from the Spemann organizer during gastrulation 

becomes epidermis. It has been demonstrated that epidermal specification depends on 

local signalling and that neural tissue forms when this communication is blocked. A 

putative epidermal inducer and neural inhibitor is the activin relative BMP-4 (Wilson 

and Hemmati-Brivanlou, 1995).

Reciprocal epithelial-mesenchymal interactions are thought to be a universal 

phenomenon regulating epidermal and mesenchymal growth and differentiation (e.g. 

see Smola et af, 1993). During embryonic development, some regions of the 

epidermis form specialized instructive epithelia which are thought to play a specific 

role in establishing the correct outgrowth and morphogenesis of the mesenchyme 

which underlies it; examples include the interactions between the apical ectodermal 

ridge (AER) and mesenchyme of the limb bud, epidermis and mesoderm of the facial 

primordium and odontogenic placode epithelium amd mesenchyme of the presumptive 

jaws

Epidermal histogenesis occurs throughout gestation and begins when the single-cell- 

layered surface ectoderm begins to differentiate into a peridermal and epidermal

80



(Stratum (S) basale) bilayer at about El 2. The periderm forms a single layer of surface 

cells (Nakamura and Yasuda, 1979) which persists throughout gestation in rats 

(Bonneville, 1968), whilst the underlying epidermis develops into a complex stratified 

squamous epithelium (E15-E20). This highly organized epithelial structure results 

from progressive differentiation and stratification of epidermal tissue. The S. basale 

undergoes epidermal stratification giving rise to an intermediate layer, the S. 

intermedium, which forms between the basal layer and periderm at El 4-El 7. The 

S.intermedium is a transient layer and by E l8 has subsequently differentiated into 

spiny cells of the S. spinosum. At this time some of the spiny cells further differentiate 

into cells containing keratohyalin granules to form another layer, the S. granulosum. 

Finally, as birth approaches, a superficial comified layer, the S. comeum, forms under 

the periderm and the periderm is subsequently shed. The main stages comprising rat 

epidermal histogenesis are illustrated diagramatically in figure 3 .1, but for a more 

detailed description see Hanson, 1947.

In the vertebrate embryo, somatopleural cells in the limb-forming region are released 

from the mesodermal layer and undergo outgrowth from the flank mesoderm, 

ultimately forming the limb bud. Briefly, limb bud patterning is greatly influenced by 

an area of mesenchyme at the limb bud posterior margin called the 'zone of polarizing 

activity' (ZPA) which defines structures of the limb bud in the anteroposterior (A-P) 

axis. A second signal from the AER maintains, at the tip of the limb bud, an area of 

undifferentiated cells called the progress zone which is acted on by the ZPA giving rise 

to limb bud patterning in a proximodistal (P-D) sequence.

The initial induction and maintenance of the AER appears to be a result of underlying 

mesodermal interactions with flank epidermis in regions which will form the limb bud. 

In rat the AER is a thickened layer of stratified cuboidal epithelial cells at the tip of the 

developing limb bud. It appears to be approximately 80-100|im (approx. 10 cells) in 

thickness (P-D plane) and width (D-V plane). The AER is thought to exert its effects
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Fig. 3.1. Stages in rat epidermal histogenesis

STAGE A(E8-E11)
T  i. r UNILAYERED ECTODERIS 

MESENCHYME

STAGE B (E12-E14)

T *  ^  ‘

PERIDERM
S.BASALE

STAGE C (E14-E17)

STAGE D (E18-E20)

PERIDERM

S.INTERMEDIUM

S.BASALE

MESENCHYME

SCORNEUM
S.GRANULOSUM

S. SPINOSUM 

S.BASALE

* S.Comeum forms beneath the peridermal layer at E20 and the 
periderm is subsequently shed.
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by releasing certain instructive signalling molecules to the underlying mesoderm. 

Members of the fibroblast growth factor (FGF) family such as FGF-2 ( Cohn et al., 

1995), FGF-4 (Niswander and Martin, 1993; Cohn et al., 1995) and FGF-1 (Cohn et 

al., 1995), appear to mimic the actions of the AER. However, FGF-4 is believed to be 

the endogenous FGF since its mRNA is localized to the posterior AER (Vogel and 

Tickle, 1993). It has recently been demonstrated that sonic hedgehog {Shh) is the 

endogenous polarizing signal and that FGF-4 is regulated by Shh and vice-versa, 

establishing a positive feedback loop between the AER and ZPA (see Niswander et al., 

1994). Figure 3 .2a-b are photographs showing the different stages in limb bud 

development which were studied and figure 3.2c shows a bright-field image of a whole 

hindlimb bud. The structure of the limb bud is shown schematically in figure 3 .3.
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Fig. 3.2. Illustrates the different embryonic stages used to examine connexin 

expression in the limb bud.

A. Different stages in limb bud development shown in whole embryos at E l 1, E12 and 

E13. Scale bar=2mm.

B. Different stages in limb bud development shown in eviscerated embryos at E l l ,  E 12 

and E l3 pinned out on a sylgard-coated culture dish.

The hindlimb bud is often very difficult to see in E l l  preparations as it curls under the 

body. Scale bar=2mm.

F=forelimb, H=hindlimb.

C. An individual hindlimb bud visualized free-floating in culture medium (A) and lightly 

compressed under a coverslip to reveal the AER (B). (A) Scale bar=200pm (B) Scale 

bar= 100|im.
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Fig. 3.3. Structure of the limb bud
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The AER develops from the simple epidermal monolayer at E ll-E l 2. An outer 

peridermal layer forms in a manner similar to that of non-instructive flank epidermis. 

However, according to studies on ectodermal differentiation in mouse (Boneko and 

Merker, 1988), complete periderm differentiation occurs slightly earlier in the AER 

than in other areas of the epidermis, and by El 3 the periderm has fully differentiated. 

The AER subsequently declines, and normal epidermal histogenesis proceeds.

The presence of gap junctions has been documented throughout ectodermal 

development. Prior to gastrulation, small and infrequent gap junctional plaques were 

detected in the epiblast of chick embryos, whereas in post-gastrulating ectoderm, gap 

junctions were found to be large and frequent (Bellairs et al., 1975). Recently, Cx43 

immunoreactivity has been detected at these stages of ectodermal development in 

mouse (Yancey et al., 1992). Indicative of functional gap junctions in the gastrulating 

mouse ectoderm, is the presence of box-like domains of dye-coupled cells, following 

intracellular injection of Lucifer Yellow (Kamili and Lo, 1988). Cx43 immunolabelling 

appears to be homogeneously distributed within both neural and non-neural ectoderm 

of mouse embryos after the completion of neurulation (Yancey et al., 1992). In situ 

hybridization (Ruangvoravat and Lo, 1992) and immunohistochemistry (Yancey et al., 

1992) confirm the continuation of expression of Cx43 in non-neural ectoderm prior to 

epidermal histogenesis.

The first detailed analysis of gap junction expression during epidermal histogenesis was 

published by Hayward and Kent in 1983. Using transmission electron microscopy they 

examined embryonic rat epidermal tissue and found that gap junctions were large and 

frequent when the epidermis consisted of a simple bilayer with low structural diversity 

and differentiation but, as structural reorganization and tissue differentiation 

commenced, gap junctions became smaller and more infrequent and were confined to 

superficial epidermal layers. Using immunohistochemistry, immunoblot and Northern 

blot analysis, coexpression of Cx43 and Cx26 has been reported from stages of rat
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development when the epidermis is a simple bilayer through to the fully differentiated 

epidermis (Risek et al., 1992, 1994). Recently, studies using additional antibody 

probes to Cx31.1 and Cx37, suggest the expression of these two novel connexins as 

well as Cx43 and Cx26 during rat epidermal histogenesis (Goliger and Paul, 1994). As 

yet there has been no functional analysis of gap junctions using dye-coupling assays 

during histogenesis of rat epidermis, although the existence of communication 

compartments in ectodermal and feather placode epithelia of chick embryos (Serras et 

al , 1993) has recently been documented following dye-transfer studies.

Gap junctions were originally detected in the AER of birds and mammals by Fallon and 

Kelly, in 1977. Subsequent studies, using connexin-specific antibodies revealed that 

Cx43 is expressed in high amounts in the AER of mouse (Yancey et al., 1992; Laird et 

al., 1992), rat (van Kempen et al., 1991) and chick (Green et al., 1994) and studies 

using in situ hybridization have documented the presence of Cx43 mRNA in the AER 

of both mouse (Ruangovarat and Lo, 1992) and chick (Dearly et al., 1994).

In the present study, immunohistochemistry and Lucifer Yellow dye-coupling assays 

were used to establish the spatial and temporal distribution of gap junctions, the 

connexin type, and the nature of communication compartments at stages of rat 

embryonic development when the undifferentiated ectoderm begins epidermal 

histogenesis and when the AER of the limb bud plays a fundamental role in limb 

outgrowth and morphogenesis.

In the previous chapter, an immunohistochemical protocol was established that enabled 

optimal detection of site-specific anti sera to the main connexin types, using positive 

control tissues (hepatic and myocardial tissue of adult rat and mouse). In this study, 

patterns of connexin immunolabelling in neonatal rat skin were also examined to 

compare immunoreactive plaque dimensions with those in embryonic epidermis
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[previous EM studies suggest that there are differences in plaque sizes between these 

two ages (Hayward and Kent, 1983)].

Further histological and immunohistochemical problems were associated with the 

embryonic tissue involved, such as poor tissue preservation and non-specific 

immunolabelling. Tissue preservation throughout the immunohistochemical procedure 

was greatly improved by increasing the adhesiveness of sections to the microscope 

slide, or by using wholemounts. Non-specific immunolabelling was reduced by 

optimizing blocking procedures and by increasing antibody dilution and incubation 

times. For adjustments to the protocol see the Methods section.

An immunohistochemical protocol for methanol-fixed frozen sections and whole 

mount slices of lumbar regions of rat embryos was designed to give comparable 

results of an optimal quality. These methods were then utilized to examine the 

temporal and spatial expression ofCx43, Cx32 and Cx26 at different stages of 

embryonic development in flank epidermis and hindlimb AER of rat. Their functional 

significance was confirmed by subsequent dye-coupling assays.
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3.2 MATERIALS AND METHODS

Peptide synthesis and antibody production

In this study, site-specific antisera which gave consistent and optimal immunolabelling 

were chosen for each of the three connexin types (Cx43, Cx32 and Cx26); they were 

as follows:

(1) "HJ" (specific to amino acid residues 131-141 in the cytoplasmic loop of Cx43).

(2) "Des 1" (specific to amino acid residues 102-112 and 116-124 in the cytoplasmic 

loop of Cx32).

(3) "Des 3" (specific to amino acid residues 106-118 in the cytoplasmic loop of Cx26). 

(See Chapter 2 for further details).

Animals and tissue collection

Timed pregnant rats (Sprague-Dawley~250g body weight), with a gestation period of 

21 days, were killed by cervical dislocation. The day on which a uterine plug was 

detected was designated embryonic day 0 (EO) and rats were subsequently sacrificed 

at E l0, E l 1, E l2, E l3 and E l4. Embryos were decapitated and eviscerated in cold 

(4°C) Minimum Essential Medium Eagle with HEPES modification (MEMH) culture 

medium (Sigma) and stored on ice for short periods of time. Neonatal rats were 

sacrificed by rapid decapitation and were eviscerated and stored as described above.
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Immunohistochemistry

Immunolabelling o f embryonic tissue

Immunohistochemistry was carried out either on cryosections of lumbar regions of rat 

embryos, post fixed in 100% methanol for 10 min at 4°C and then rehydrated, or on 

lumbar transverse slices (approximately 500pm thick) of rat embryos or whole 

decapitated embryos fixed in 100% methanol for 20 min at 4°C and then rehydrated 

before slicing. In the case of frozen sections, slides were coated first with poly-L- 

lysine and then with gelatine. After cryosectioning, sections were air dried on to the 

double coated slides and then stored in a dessicator at -20°C.

Immunolabelling o f embryonic cryosections. Sections were equilibrated in PBS for 

20 min and then treated with 0. IM lysine and 10% goat serum in PBS for 40 min at 

room temperature (22-25°C). They were then incubated in the primary anti-rabbit 

antisera HJ, Des 3 and Des 1 in PBS (antisera titre 1:500) for 48h at 4°C. After 

washing with PBS (4x10 min), they were incubated in biotinylated goat anti-rabbit 

secondary antibody (Vector Labs) for Ih at room temperature (22-24°C), followed by 

streptavidin Texas Red (Vector Labs) incubation for Ih at room temperature with 

intervening washes (4xl0min). After a final wash in PBS, the sections were mounted 

in Citjfluorr mounting medium. Negative and positive controls were carried out as 

before.

Immunolabelling o f embryonic tissue samples. Transverse embryonic slices and / or 

whole decapitated and eviscerated embryos were allowed to equilibrate in PBS for 20 

min at room temperature. Embryonic tissue was then blocked overnight with gentle 

rocking at 4 °C in blocking buffer [PBS containing 0.05% Triton-XlOO (PBST), 1%
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L-Lysine and 10% goat serum]. Incubation with the primary anti-rabbit antisera HJ, 

Des 3 and Des 1 in blocking buffer (antisera titre 1 60) was for 12 h at 37° C. After 

washing with PBST (three times for 10 min and three times for 30 min at room 

temperature), secondary antibody treatment with biotinylated goat anti-rabbit diluted in 

buffer (1:100) was carried out for 12 h at 4°C (gentle agitation). This was followed by 

tertiary antibody treatment with streptavidin conjugated to Texas Red in PBS (1:100) 

for 3 h at room temperature (gentle agitation) with PBS washes in between (three 

times for 10 min and three times for 30 min at room temperature). Negative controls, 

omitting the primary antibody were carried out in parallel. Embryonic samples were 

whole-mounted on cavity slides in Citifluor mounting medium.

Immunolabelling o f neonatal tissue

Lumbar regions of neonatal tissue were cryosectioned and immunolabelled as 

described for embryonic frozen sections.

Positive controls

Methods were as described in Chapter 2 for cryosections post-fixed in methanol. 

Positive controls (adult mouse and rat hepatic and myocardial tissue) were carried 

through immunohistochemical procedures, as described for frozen sections in Chapter 

2. After it had been established that there were characteristically large amounts of 

Cx26 and Cx43 immunolabelling in E l3 epidermal tissue in sections, slices and whole 

mounts, it was possible to use any of the above as a positive control rather than hepatic 

and myocardial tissue sections.
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Analysis o f immunolabelling using the LSCM

Im m unolabelled sam ples w ere exam ined on a B io-R ad  Lasersharp M R C -500  

m icroscop e , using the G H S filter. Gain and contrast levels w ere set according to  

standardized procedures ensuring that the im age co llected  sh ow ed  a full range o f  grey  

level va lues from black (0  pixel intensity level) to peak w h ite  (2 5 4  pixel intensity level)  

Initially sam ples w ere scanned using lo w  m agnification to  assess the overall distribution  

o f  labelling Im ages o f  flank epiderm is (cryosection s or w h o le-m ou n ts) w ere  then  

v iew ed  as optical section s at high m agnification [x60  oil], K alm en averaged at z o o m  1 

setting  on the com puter and visualized individually or as a series o f  optical sectio n s  

taken at su ccessiv e  I pm  focal steps in the optical axis (z -a x is) o f  the m icroscop e.

Laser scanning con foca l im ages w ere photographed using FP4 film. T he P C -IM A G E  

im age analysis program m e (Paul Smith, Foster Findlay A sso c ia tes  Ltd) w as carried out 

on a typical exam ple for each em bryonic age, to  a llow  the frequency and size  o f  

im m unoreactive (IR ) plaques to  be com pared.

Intracellular dye-injection

E m bryos w ere  co llected  and stored as previously described. In the epiderm al study, 

data w as co llected  from  143 em bryos from  28 litters. In the A E R  study, data w a s  

co llected  from  17 em bryos from  8 litters

G ap-junction-m ediated  intercellular com m unication  w as m onitored by ob servin g  the  

transfer o f  the lo w  m olecular w eight fluorescent tracer, L ucifer Y e llo w  CH  (L Y , 

dilithium  salt; Sigm a), from  the intracellularly m icroinjected cell to  neighbouring cells. 

M icroelectrod es w ere pulled from thick-w alled , 1.5mm fibre-filled g lass capillaries 

(Clark E lectrom edical). Em bryos w ere pinned out in a Sylgard resin-coated  petri dish  

ex p o sin g  the dorsal and lateral body surface and superfused w ith  M E M H  culture  

m edium . M icroelectrod es w ere approxim ately half filled via the barrel w ith 5% (w /v  in
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H2 O) LY solution and topped up with IM LiCL. Injections were carried out at room 

temperature (22-25°C) on a Zeiss Standard 16 microscope at x20 magnification. The 

microelectrode was positioned perpendicular to flank epidermis or limb bud and cells 

were impaled under visual control On impalitient of a cell (marked by recording of a 

stable resting potential of at least -30mV), LY was injected ionophoretically by passing 

hyperpolarizing pulses (200ms,2.5Hz) of 2nA for either 10 min or 30 min. LY has the 

advantage of being highly fluorescent when excited by violet light (355-425nm), 

enabling one to visualize injection of the impaled cell and subsequent dye transfer to 

neighbouring cells. During injection, dye-transfer was monitored under 

epifluorescence optics and images of epidermal injections were photographed at either 

Imin and lOmin (for 10 min injections) or at Imin, lOmin and 30 min (for 30 min 

injections) and images of AER injections photographed at 1 min and 10 min, using 

Kodak TMAX'400 BAV film or Ektachrome 400 colour slide film. To obtain better 

resolution and accurate cell counts successfully injected tissue was either mounted on a 

slide in Apathy's mounting medium and examined immediately or was fixéd for 12 h at 

4° C in 4% paraformaldehyde in PBS, pH 7.4, dehydrated through a series of alcohols, 

cleared in methyl salicylate (Aldrich), and mounted in Entellan (Merk) on a cavity slide 

(compressed carefully using an appropriate weight) for subsequent visualization on the 

LSCM. Specimens were pinned out in an appropriate configuration on Sylgard resin 

throughout processing since they become brittle during fixation and clearing.

Extent o f dye-coupling assayed using the LSCM

Dye-injected tissue was visualized on the LSCM by using the blue (BHS) filter. This 

filter set uses the 488 nm laser line for excitation and passes emitted light through a 

515 nm long-pass filter (see Becker et al., 1991 for more detail on how fixed tissue 

injected with LY can be visualized in this way). The LSCM was used to take a series 

of optical sections, at 1 pm focal steps in the z-axis of the microscope, and images 

visualized individually to allow the number of dye-coupled cells of the injected tissue to
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be counted. A maximum projection of all images taken in the z series was used to 

visualize the extent of dye-coupling in more than one plane.
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3.3 RESULTS

Immunohistocheniistry

Controls

Cryosections of positive control tissue, mouse myocardium and rat and mouse hepatic 

tissue, post fixed in 100% methanol gave HJ, Des 3 and Des 1 immunolabelling to the 

degree expected for these tissues (see Chapter 2).

Immunolabelling of embryonic rat flank epidermis

Protocols were designed to give optimal preservation and immunolabelling of the 

embryonic tissues involved. Immunohistocheniistry was carried out on thick slices or 

whole decapitated, eviscerated embryos as well as frozen sections. The two former 

preparations gave more information on the distribution and quantity of plaque sizes 

whereas the latter gave greater detail about the cellular localization of IR plaques. 

However, due to the greater thickness of tissue to be immunolabelled in whole mounts, 

both the antibody titre and the incubation periods had to be increased, to enable 

optimal antibody penetration. Cx26 immunolabelling in epidermal tissue of E l 3 slices 

and whole embryos was compared with that of cryosections, using optimal procedures 

Immunolabelling was found to be similar in all cases in that IR plaques were large and 

frequently located around epidermal cell perimeters (Fig 3.4).

Subsequent immunolabelling studies, examined thick transverse slices or whole, 

decapitated, eviscerated embryos or cryosections in the lumbar region of El 0-El 4 rats. 

Fig.3.5 shows Cx43 immunolabelling and Fig.3.6 shows Cx26 immunolabelling of 

epidermal tissue from ElO to E14 using whole decapitated, eviscerated embryos. The 

PC-IMAGE image analysis software programme was used to quantitatively compare
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Fig. 3.4. Immunolocalization of Cx26 site specific antiserum Des 3 on E l3 rat 

epidermal tissue. The secondary antibody label was biotinylated goat anti-rabbit which 

was followed by tertiary treatment of avidin conjugated to Texas Red.

Scale bar= 25pm. Antibody=Des 3 R18.B3. Optical sections were taken using the 

LSCM.

A. Image taken from a frozen lumbar section of an E13 rat embryo post-fixed in 

methanol.

B. Image taken from a thick lumbar transverse slice of an E 13 rat embryo fixed in 

methanol.

C.Image taken in the lumbar region of an E13, decapitated, eviscerated whole embryo 

fixed in methanol.

epi= epidermis, mes= mesenchyme.

Arrowheads mark epidermal-mesodermal border.
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Fig. 3.5. Cx43 site specific antiserum HJ on rat epidermal tissue at E10-E14. Single 

optical sections were taken through lumbar flank epidermis of wholemount 

decapitated, eviscerated embryos from E10-E14. Secondary antibody label and 

tertiary treatment was as described in figure 3.4. Scale bar= 25pm.

Antibody= HJ R.27.B29.

Fig.3.6. Immunolocalization of Cx26 site specific antiserum Des 3 on rat epidermal 

tissue at E10-E14. Procedures were carried out as in Fig. 3.5.

Antibody= Des 3 R18.B3. 

epi= epidermis, mes= mesenchyme

*The poor quality of images obtained at ElO was a result of continual technical 

problems occurring with the LSCM which persisted for several months.
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the frequency and size of IR plaques. The programme determined the area of 

fluorescence distinct from the background and expressed this as a % of the total area 

of tissue. The size of IR plaques was quantified by calculating the mean number of 

pixels in an IR plaque. PC-IMAGE image analysis was carried out on a typical 

example from each age.

For all ages examined both Cx43 and Cx26 antisera labelled epithelial cell borders in a 

uniform manner throughout the tissue examined. Gap junctional expression appeared 

to be in epidermal, peridermal and mesenchymal tissue (see later). The PC-IMAGE 

image analysis programme was used to quantify these observations. From El 0-E l2 

there was a gradual increase in the frequency of Cx26 IR from 0.012% to 0.091% and 

plaque size from 2.00 to 3.02 pixels. However, at E13 there was a significant change 

in Cx26 IR with a marked increase in both the frequency (0.250%) and the size (9.38 

pixels) of IR plaques. At E14, IR was similar to that obtained at EI3. The temporal 

expression of Cx43 differed from that of Cx26. At El 0-El 1 frequency was very low 

(0.012-0.020%). However between E l 1 and EI2 there was a marked increase in the 

frequency of Cx43 IR (0.10%) and the size of IR plaques increased between E l l  and 

E l2 from 2.10 to 4.90 pixels. At E12 the frequency and size of Cx43 ER plaques was 

greater than those estimated for Cx26. However, the pattern of Cx43 expression at 

E l3 was similar to that at E12 and Cx26 subsequently becomes the predominant 

connexin, although, there was a slight increase in the frequency of Cx43 IR at E14 

(0.160%) and a further increase in IR plaque size to 5.52 pixels. This information is 

graphically illustrated in Figure 3.9a & b; where 3.9a illustrates the relative frequency 

of Cx26 and Cx43 IR and 3.9b illustrates the relative plaque sizes of Cx26 and Cx43. 

Cx32 immunolabelling was negligible at all ages: an example of an E 13 whole mount 

labelled with Des 1 antiserum is shown in Fig.3 .7. However, limitations of the analysis 

arise as a result of the variable amounts of immunoreactive tissue in each stored 

image, thereby making it difficult to compare amounts of IR between embryonic ages.
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Fig. 3.7. Absence of immunolabelling in E l 3 rat epidermal tissue with Cx32 site 

specific antiserum Des 1. Procedures are carried out as in Fig. 3.5.

Antibody= Des 1 xR426. B6. 

epi= epidermis, mes= mesenchyme.

A. Scale bar= 25 p.m.

B. Scale bar= 10p.m.
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Fig.3.8. Immunolocalization of Cx26 site specific antiserum, Des 3, on rat epidermal 

(epi) and underlying mesenchymal (mes) tissue. A single optical section was taken 

with the LSCM through flank epidermis and underlying mesenchyme in a lumbar slice 

of an E14 embryo. Immunohistocheniistry was as decribed in figure 3.4.

Scale bar=25(im.

Arrowheads indicate epidermal-mesenchymal border.

Large arrows indicate large Cx26 IR plaques in the epidermis and small arrows the 

substantially smaller Cx26 IR plaques on mesenchymal cells.
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Fig.3.9. Graph showing the frequency and size of Cx43 and Cx26 IR plaques 

expressed in rat epidermis from E l 0-El 4. Data was obtained from the PC-IMAGE 

image analysis programme using typical examples of each embryonic age.

A. Frequency of Cx43 and Cx26 IR plaques

B. Mean size of Cx43 and Cx26 IR plaques
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Further, the programme gave information only on the mean and not on the entire range 

of plaque sizes present.

At E l3 results unequivocally illustrated that Cx26 (3.10a & b) and Cx43 (3.10c) are 

expressed in the peridermal layer. In the case of both connexin types, gap junctional 

plaques were found to be at putative peridermal-peridermal and peridermal-epidermal 

sites of contact as well as on the free external surface of peridermal cells (3 .10a & c). 

Whether Cx26 and Cx43 are expressed in the periderm at E l4 is not certain from the 

images obtained in this study.

Cx43 and Cx26 expression was also evident in underlying mesenchymal tissue 

throughout the ages examined although the frequency and size of IR plaques was less 

than in the flank epidermis (Fig.3.5 & 3.6). Figure 3.8 clearly illustrates differences in 

the size of Cx26 ER plaques in flank epidermal (larger arrows) and underlying 

mesenchymal (small arrows) tissue at E14. Cx26 and Cx43 IR plaques appeared to be 

not only between mesenchymal-mesenchymal sites of cell contact but possibly also at 

the mesenchymal-epidermal interface (Fig.3.5, 3.6 and 3.8, arrowheads indicate 

epidermal-mesenchymal border). Both Cx43 (Fig.3.5) and Cx26 (Fig.3.6) IR plaques 

appeared to increase slightly in frequency from E10-E14. Cx32 IR was absent in flank 

mesenchyme (Fig.3.7) at all ages.
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Fig.3.10. Immunolocalization of Cx26 site specific antiserum, Des 3, and Cx43 site 

specific antiserum, HJ in different cell types of the epidermis. Immunolabelling is as 

described for figure 3.4. Single optical sections were taken using the LSCM.

A & B. Frozen sections of E l 3 rat flank epidermis, illustrating Cx26 IR on peridermal 

(p) and epidermal (e) cells located at e-e, p-e and possibly p-p sites of cell contact. 

Scale bar=10|xm. Antibody=Des 3 R18.B3.

C. Frozen section of E13 rat flank epidermis, illustrating Cx43 IR on peridermal (p) 

and epidermal (e) cells located at e-e, p-e and possibly p-p sites of cell contact.

Scale bar=10|Lim. Antibody= HJ R27. B29.

Des 3 and HJ imunolabelling were sometimes detected on the fî ee face of peridermal 

cells (arrows in A and C indicate putative gap junctional plaques).
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Immunolabelling o f neonatal rat epidermis

Neonatal rat epidermis was examined to compare IR plaque dimensions with those 

found in the early embryonic epidermis. Cx26 immunolabelling of neonatal rat 

epidermis demonstrated high levels of IR in S. granulosum and S. spinosum (Fig.3.1 la- 

c) and lower levels in the S. comeum (Fig.3.1 Ib-c) and S.basale (Fig.3.1 la). In the S. 

granulosum and S. spinosum Cx26 IR plaques sometimes appeared almost continuous 

around epidermal cell borders making it difficult to establish whether the "lines" of IR 

were a result of large plaques or many closely located small discrete plaques, although, 

after close inspection, the latter option appears to be more likely. The high frequency 

of these plaques probably made them appear larger (PC-IMAGE analysis of plaque 

size=4.30 pixels ) than their size estimated using EM (0.3pm in profile length) because 

of the poor resolution of the LSCM compared to the E M studies carried out by 

Hayward and Kent, 1983 (see later in Discussion for plaque size proportions). Cx43 

IR gave a similar pattern of connexin expression (photographs not taken).
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Fig. 3,11. Immunolocalization of Cx26 site specific antiserum Des 3 on frozen 

sections of new bom rat skin post-fixed by methanol. Methods were as described in 

figure 3.4. Single optical sections were taken using the LSCM.

Antibody= Des 3 R18.B3.

A. Section in which the four epidermal layers are clearly distinguishable. This section 

shows Cx26 IR in the SG, SS and SB. Scale bar= 50|xm.

B. This section shows clear Cx26 IR in the SG, SS and possibly in the SC.

Scale bar= 25tim.

C. This sections shows clear Cx26 IR in the SC, SG and SS. Scale bar= lOfxm.

SC=S. comeum, SG=S. granulosum, SS.= S.spinosum. SB.= S. basale. D=dermis. 

Arrows indicate immunolabelled gap junctional plaques.
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Immunolabelling o f the apical ectodermal ridge and mesenchyme o f developing rat 

hindlimb bud

In the AER of the developing rat limb bud, Cx43 and Cx26 but not Cx32 were 

expressed giving uniform punctate labelling around the borders of AER cells. LSCM 

images of Cx43 IR at E 12 and E l3, and Cx26 IR at E ll ,  E13 hnd E14 are illustrated 

in figures 3.12a & b respectively. Surface cells which are probably peridermal also 

appear to express Cx43 and Cx26, although, from the images taken this could not be 

unequivocally determined because of the low zoom at which the images were taken.

As in the epidermis, there also appeared to be labelling at the surface of the AER. The 

quantitative data obtained from the PC-IMAGE image analysis programme is 

graphically illustrated in figure 3.13, where 3.13a shows the relative frequency and 

3 .13b the relative plaque size of Cx43 and Cx26 at different embryonic ages. The 

frequency (0.19-0.27%) and size (5.8-6.45 pixels) of Cx43 IR plaques remained at a 

constant high level from El 1-E l4, whereas the frequency (0.095%) and size (3.22- 

3.40 pixels) of Cx26 IR plaques was low at El 1-E12 until around E13-E14, when both 

parameters increased (frequency; 0.252-0.292% and size. 8.32-8.45 pixels). 

Immunolabelling was never observed with Cx32 anti serum (photographs not taken).

In the El 2-El4 limb bud mesenchyme Cx43, Cx26 and Cx32 were all detected in 

varying amounts. In contrast to the findings in flank mesenchymal tissue, Cx43 

Fig.3.14a) and Cx26 (Fig.3.14b & c) IR plaques appeared more frequent. Cx26 IR 

plaques also appeared to be much larger in cryosections of limb bud mesenchyme (Fig. 

3 .14c) than in cryosections of flank mesenchymal tissue (3 .4a). In wholemounts of 

hindlimb, IR plaques appeared to be larger and more frequent in the AER than in the 

limb bud mesenchyme, although, as mentioned above, in frozen sections of limb bud 

mesenchyme Cx26 IR plaques were larger than those observed in the mesenchyme of 

wholemounts (3.14c) indicating that there may have been antibody penetration 

problems in the latter preparations. In both cases punctate labelling was uniformly
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Fig. 3.12. Immunolocalization of site specific antisera to Cx43 (HJ) and Cx26 (Des 3) 

in the AER of rat. Wholemount immunolabelling of limb bud was carried out. 

Secondary and tertiary antisera were as described in figure 3.4. Single images were 

taken using the LSCM.

Scale bar= 25 pm.

A. Cx43 IR in the AER of E12 and E13 rats.

Antibody= HJ R27.B29.

B. Cx26 IR in the AER of E l 1 and E14 rats.

Antibody= Des 3 R18.B3.

aer = apical ectodermal ridge, lm= limb bud mesenchyme
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Fig. 3.13. Graph of frequency and size of Cx43 and Cx26 IR plaques expressed in the 

AER from E ll-E l 4. Data was obtained from the PC-IMAGE image analysis 

programme using typical example of each embryonic age.

A. Frequency of Cx43 and Cx26 IR plaques

B. Mean size of Cx43 and Cx26 IR plaques
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Fig. 3.14. Immunolocalization of site specific antisera to Cx43 (HJ) and Cx26 (Des 3) 

and Cx32 (Desl) in the limb bud mesenchyme of rat. Single optical sections were 

taken using the LSCM and procedures were as in figure 3.4.

A. Cx43 immunlabelling of E13 whole limb bud. Antibody= HJ R27. B29.

Scale bar =25|im.

B Cx26 immunolabelling of E13 whole limb bud. Antibody=Des 3 R18. B3.

Scale bar= 10p.m.

C. Cx26 immunolabelling of E13 frozen section. Antibody= Des 3 R18. B3.

Scale bar= 10pm.

D. Cx32 immunolabelling of E13 whole limb bud. Antibody= Desl R426. B6.

Scale bar=25pm.
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expressed around the borders of mesenchymal cells. A Anther difference between 

flank and limb bud mesenchyme is the possible presence of Cx32 IR in the latter case 

Cx32 plaques were slightly smaller and much less frequent than Cx43 and Cx26 

(3.14d).

Intracellular dye-injection

Dye-coupling in flank epidermis estimated using epifluorescence microscopy.

At all embryonic ages examined dye-transfer was restricted to the surface epithelium. 

During injection of LY it was usually difficult to resolve individual cells, but a 

reasonable indication of the time-course and extent of dye-transfer could be obtained. 

The extent of dye-coupling at various embryonic ages was compared both during and 

after injections by observing and photographing the detectable transfer of LY from the 

injection site (Fig.3.15a & b). To improve resolution and enable the number of cells 

containing detectable levels of LY to be assessed the injected tissue sample was 

removed and lightly compressed in a small quantity of Apathy's mounting medium, 

under a coverslip (Fig.3.16).

The mean numbers of dye-coupled cells after 10 min and 30 min injection periods were 

compared for different embryonic ages. At ElO dye-transfer occurred fairly rapidly, 

but the extent of transfer was very limited and did not appear to increase significantly 

from 10 min to 30 min. At all other ages examined the amount of detectable dye- 

transfer appeared to be significantly greater at 30 min than at 10 min (Fig. 3.15-3.16), 

although this became more evident at E13-E14. The amount of detectable dye-transfer 

between epidermal cells at both 10 min and 30 min increased between ElO and E l4. A 

common observation was that cells situated around the injected cell were brighter than 

dye-filled cells situated further away. A further observation was that if younger ages
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e.g. El 1 were injected for a further 15 min (45 min total), dye-coupled units were 

often larger than after a 30 min injection at older ages e.g. E14 (Fig.3.16b).

From EI3 to E14 intracellular dye-injection invariably gave rise to symmetrical dye- 

transfer (visualized in A-P plane only), although at younger ages asymmetric dye- 

transfer was sometimes seen (Fig.3 .17). The mean number of dye-coupled cells 

counted using the standard epifluorescence microscope is graphically illustrated in 

Fig.3.18a & b and tabulated in Table 3.1 for both 10 min and 30 min injection periods.

N.B. The mean number of cells in a dye-coupled group was calculated excluding the 

small proportion of cells <10%) which did not transfer dye .
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Fig.3.15. Intracellular LY dye-injection of rat epidermis and subsequent dye-transfer. 

LY was injected ionophoretically into rat epidermal cells from embryonic ages ElO- 

E14. LY dye-transfer was visualized using epifluorescence microscopy. Scale bar= 

100pm.

A. Dye-transfer at 1 min and 10 min, for each embryonic age examined.

B. Dye-transfer at 1 min and 30 min, for each embryonic age examined.

At ElO the extent of dye-tranfer appeared very limited, however from E l 1-El4 dye- 

transfer increased with time and embryonic age. At E l l  the number of dye-filled cells 

was usually higher after 30 min compared to after 10 min injections although in the 

example given this not apparent and may be a consequence of visualizing the extent of 

dye-transfer only in one plane (A-P plane only).
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Fig.3.16. The number of epidermal cells in a dye-coupled unit after a 10 min, 30 min 

and occasionally a 45 min injection, was examined by compressing the dye-injected 

tissue shown in Fig.3.15 under a coverslip as described in the Methods section.

At E14 injections gave rise frequently to uncoupled cells which could be 

morphologically identified as periderm cells.

A. Number of cells in a dye-coupled group after a 10 min and 30 min injection period 

in ElO, E l 1 and E13 embryos.

B. If dye is injected for a total of 45 min the number of cells which are dye-coupled 

was larger at younger ages (El 1) than at older ages (E l4) after a 30min injection. 

Scale bar =5 0pm
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Fig. 3.17. Intracellular LY dye injection of rat epidermis and subsequent asymmetric 

dye-transfer at E l 1 and E l2. Procedures were carried out as described in figure 3.15. 

Scale bar= 100pm.

A.  E l l

B.E12
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Fig. 3.18. Graph illustrating the mean number of cells in a dye-coupled unit resulting 

from intracellular LY dye-injection of flank epidermal tissue. Estimations were made 

using the standard epifluorescence microscope.

A. Mean number of cells in a dye-coupled group after a 10 min injection period 

estimated using epifluorescence microscopy.

P< 0.001 F4,56= 62.80.

B. Mean number of cells in a dye-coupled group after a 30 min injection period 

estimated using epifluorescence microscopy.

P<0.001 F4,33= 152.55.

ANOVA was used to analyse data.
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Dye-coupling in the flank epidermis estimated using the LSCM  

The accuracy of cell counts obtained by conventional epifluorescence microscopy is 

limited by the thickness of the tissue involved and the ability to detect by eye the LY 

fluorescent signal above background. For a more accurate quantification of the extent 

of dye-transfer the number of LY-filled cells was counted using the LSCM which 

allowed a series of optical sections to be taken through the injected tissue. 'Maximum 

projection' images taken from a series of optical sections through E l 0-El 3 epidermal 

tissue following 10 min or 30 min injections of LY are shown in figure 3.19a & b. 

Similar images from E14 epidermal tissue are shown in figure 3.20a & b. The mean 

numbers of cells making up dye-coupled groups at different stages fi"om E l 0-El 4 are 

illustrated graphically in figure 3.21a & b and tabulated in Table 3.1.

At E l 0-El 2, the number of dye-coupled cells detected using the LSCM was slightly 

more sensitive but of a comparable magnitude to that of the light microscope [except 

at E l 1 after a 10 min injection (LSCM=36.00 +/- 1.63, n=4 LM=16.64 +/- 2.73, 

n=13), although this may be a result of a much smaller sample in the former case]. 

However discrepancies between the two methods of counting cells appeared more 

pronounced at E l 3-El 4.

At E l4, some injections gave rise to single cells which were identified as being 

periderm cells by morphological criteria; peridermal cells are large and have a very flat, 

squamous morphology (Fig. 3.20c). At younger ages, injections occasionally filled 

only single cells, i.e. there was no detectable dye-transfer. In all cases these were small 

round cells that were probably undergoing mitosis and these examples were therefore 

excluded from the analysis. At E l 2-El 3 large dye-coupled units probably consisted of 

both peridermal and epidermal cells (as injections never gave rise to single peridermal 

cells), however, at E14 large dye-coupled units probably consisted only of epidermal 

cells because of the high frequency of injections which gave rise to uncoupled 

peridermal cells.
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Fig. 3.19. LSCM images of dye-coupled units formed as a consequence of intracellular 

LY dye injection of rat epidermal tissue. Optical sections were taken through the 

injected epidermal tissue and digitally combined into z-axis projections using the 

LSCM's SOM software 'maximum projection'. Dye-coupled units increased in size as 

injection time and embryonic age increased (E10-E13).

Scale bar for ElO at 30 min =50|xm. All other images are as E13 at 30 min = 100p.m.

A. Dye-coupled unit after a 10 min injection period, for each embryonic age examined.

B. Dye-coupled unit after a 30 min injection period, for each embryonic age examined.
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Fig. 3.20. LSCM images comparing dye-coupled units at E14 after ectodermal and 

peridermal intracellular LY dye injections. Images were collected as described in 

figure 3.19. Scale bar= 100pm.

A. Dye-coupled unit after a 10 min epidermal injection.

B. Dye-coupled unit after a 30 min epidermal injection. Epidermal injections at E14 

gave rise to larger dye-coupled units than those observed at E l3.

C. Dye-coupled unit (consisting of 1 cell) after a 10 min peridermal injection (There 

appears to be some background fluorescence in this image).
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Fig. 3.21. Graph illustrating the mean number of cells in a dye-coupled group from 

ElO to E14 resulting from intracellular LY dye-injection of flank epidermal cells. 

Estimations were made using the LSCM

A. Mean number of cells in a dye coupled group after a 10 min injection period 

estimated using the LSCM. P<0.001 F4,17=751.70.

B. Mean number of cells in a dye-coupled group after a 30 min injection period 

estimated using the LSCM. P<0.001. F4,18=1105.88.

ANOVA was used to analyse the data
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Table 3.1. Mean number of epidermal cells in a dye-coupled group following 

intracellular injection of LY.

Estimates using epifluorescence 

microscopy__________________

Estimates using the LSCM

10 min 30 min 10 min 30 min

ElO 8.93+/- 0.88 

(n=15)

10.22 +/- 1.55 

(11=9)

9.00+7- 0.82 

(n=4)

9.00+7- 1.90 

(n=5)

E l l 16.92 +/- 2.72 

(n=13)

35.80 +/- 2.6 

(n=10)

36.00+7- 1.63 

(n=4)

40.00+7- 1.63 

(n=5)

E12 37.22 +/- 1.96 

(n=9)

47.80 +/- 0.86 

(n=5)

40.00+7- 1.63 

(n=5)

47.00 +7-2.96 

(n=5)

E13 44.33+7-3.49

(n=15)

66.00 +/- 2.66 

(n=8)

55.00+7- 1.61 

(n=5)

-100.00 (n=5) *

E14 63.57 + /-4.15  

(n= 7)

91.00+7-3 25 

(n=6)

-100.00 (n=4) * -200.00 (n=4) *

STAT F4,56=62.8,

P<0.001

F4,33=152.55, 

P< 0.001

F4,17=751.70, 

P< 0.001

F4,18= 1105.88, 

P< 0.001

Standard error of the mean (SEM) was calculated for each mean value. ST AT = 

Statistical test used was the analysis of variance (ANOVA).

*The large number of dye-coupled cells at these ages and injection periods prevented 

accurate cell counts.
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Dye-coupling in the apical ectodermal ridge o f the developing hindlimb bud 

At all ages examined dye-transfer was never observed between the AER and 

underlying mesenchyme. The extent of dye-transfer among epidermal cells of the AER 

was estimated at the level of the light microscope. From E ll  to El 3 dye-transfer in 

the AER was bright and immediate but restricted in the A-P axis (Fig. 3 .22a-b). 

However, dye-transfer did not appear to be restricted in the proximodistal (P-D) plane 

(as dye-transfer always occurred from the surface epithelial cells to the epithelial- 

mesenchymal border). Thus in the P-D plane of the AER dye-transfer appears to be 

unrestricted. At E14 dye-transfer was bright, rapid and very extensive also in the A-P 

plane, resembling dye-transfer in the flank epidermis at this age (Fig. 3.22c). Single 

dye-injected periderm cells were observed in the AER at E l3, thus a day earlier than in 

the flank epidermis (see Fig. 3.22d).
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Fig. 3.22. Dye-injection of the AER was carried out as described in figure 3.15. Dye- 

transfer was photographed after a 1 0  min injection period for each embryonic age 

examined. Scale bar = 100pm

A. E l l

B.E13

C. E14 (dye-transfer was very rapid and as a consequence staining appeared diffuse)

D. Uncoupled periderm at E13
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3.4 DISCUSSION

Immuno histochemistry was used to analyse the expression of the three main gap 

junction protein types (Cx43, Cx32 and Cx26), and intracellular dye-injection to 

analyse the cell-cell communication which these connexins might mediate. The flank 

epidermis was used as an example of non-instructive epithelial tissue, and the AER of 

the hindlimb bud used as a example of instructive epithelial tissue .

Immunolabelling of the flank epidermis, AER and underlying mesenchymal 

tissue

In the present study, Cx26 and Cx43 were coexpressed in rat epidermis throughout the 

embryonic ages examined (E10-E14). Cx32 was absent at all stages examined.

During this window of development, dynamic changes appeared to occur in both the 

density and the size of plaques formed by these connexins. This is indicative of 

precise, tightly controlled developmental programmes existing within epidermal cells, 

which not only control the amount of connexin expressed, but also the dimensions of 

gap junction plaques. From ElO to E12 Cx26 IR plaques were small and infrequent, 

however at E l3 there was a significant increase in the frequency and size of Cx26 IR 

plaques. The frequency and size of Cx43 IR plaques, on the other hand, was very low 

from El 0-El 1, slightly increasing in frequency at El 2. From E l 2-El 3 there was no 

significant increase in IR plaques and from El 3-El4 there was again a gradual increase 

in the frequency and size of IR plaques (Fig. 3.5, 3.6 & 3.9). The existence of large 

gap junctional plaques at E13-E14 is consistent with EM observations. At this age the 

mean profile length of a gap junction plaque has been estimated to be about 

3pm (Hayward and Kent, 1983).
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Neonatal rat skin was used not only to characterize the specificity of immunolabelling, 

but also to compare IR plaque dimensions with previous estimates using E.M 

(Hayward and Kent, 1983). The specificity of immunolabelling observed using 

connexin specific antisera on neonatal rat skin (Fig. 3.11) was consistent with previous 

results documented on the developing epidermis (Risek et al., 1992), and the pattern of 

immunolabelling, with respect to frequency and size of IR plaques, was consistent with 

EM studies (Hayward and Kent, 1983), although at the level of the electron 

microscope it was estimated that the mean size of gap junctional plaques was 0.3p.m in 

neonatal epidermis compared to 3|im at E l3 [a ten-fold difference], whereas at the 

level of the LSCM, the PC-IMAGE image analysis programme did not indicate such a 

significant difference [E l3=9.38 pixels (Cx26) and 4.98 pixels (Cx43), P0=4.30 pixels 

(Cx26), Cx43 IR appeared to be similar. These discrepancies may be due to the 

inadequate resolution of immunohistochemistry and the LSCM in defining discrete gap 

junction plaques. A further possibility is that gap junctions may be larger than 

predicted by individual connexin specific antibody immunolabelling (if more than one 

connexin is expressed in an individual plaque).

The preferential expression of Cx43 and Cx26, but not of Cx32, in tissues of 

ectodermal origin is consistent with the findings of other authors. Cx43 has previously 

been detected in the ectoderm of pre- and post-gastrulating mouse embryos (Yancey et 

al., 1992), and in pre- and post-neurulating mouse embryos (Yancey et al., 1992; 

Ruangvoravat and Lo, 1992). Coexpression of Cx26 and Cx43 has been detected 

during epidermal histogenesis in rat from E12 to postnatal stages (Risek et al., 1992) 

and in the developing neuroectoderm of rat (Dermietzel et al., 1989), although it has 

been claimed that Cx32 is coexpressed in mouse limb ectoderm (ridge and non-ridge) 

at certain stages of development (Laird et al., 1992). A more recent study has further 

shown that in addition to Cx43 and Cx26, two novel connexins, Cx37 and Cx31.1 are 

also expressed in the developing epidermis (Goliger and Paul, 1994).
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In the AER, although both Cx43 and Cx26 were both preferentially expressed, as in 

the flank epidermis, the temporal difference in frequency and size of IR plaques, 

suggested that quite different developmental programmes for connexin expression and 

plaque formation exist in this tissue. It was found that the temporal expression of 

Cx26 IR was similar to that found in flank epidermis (gradually increasing from El 1- 

E14), but that Cx43 IR was present in high amounts throughout the embryonic ages 

examined (El 1-El 4). The different pattern of connexin expression observed in the 

AER may be due to epigenetic influences from the underlying limb bud mesenchyme, 

which has been known for some time to be important in maintaining the inductive 

properties associated with the AER .

The presence of Cx43 in the AER was consistent with findings of previous studies. 

Cx43 ER has been documented in the AER of mouse (Yancey et al., 1992; Laird et al., 

1992), rat (van Kempen et al., 1991) and chick (Green et al , 1994) and Cx43 mRNA 

has been detected in the AER of mouse (Ruangovarat and Lo, 1992) and chick (] Dealey 

et al., 1994). However, incongruent with this present study is the finding that small 

amounts of Cx32 IR were present in the AER of mouse (Laird et al., 1992). To date, 

Cx26 IR has not been examined in the AER.

In the present study, not only was the specificity of Cx32 and Cx26 antibodies carefully 

examined using mouse and rat liver (see Chapter 2 ), but these results correlate well 

with previous authors who have demonstrated preferential expression of Cx43 and 

Cx26 but not Cx32 fR in developing tissues of ectodermal origin (Dermietzel et al., 

1992; Risek et al., 1992; Goliger and Paul, 1994). Discrepencies in immunolabelling 

results with those of Laird et al., 1992, may be due to the use of different connexin- 

specihc antisera; site specific polyclonal antibodies raised against amino-acid residues 

in the C-terminus and not the cytoplasmic loop of Cx43 and Cx32 was used in their 

experiments. Also it is not known if these authors carried out stringent antibody 

screening.
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Connexin expression was also examined in the mesenchymal tissue underlying flank 

epidermis and the AER of the limb bud. In flank mesenchyme the existence of small 

Cx26 and Cx43 IR plaques which were uniformly distributed and remained at a fairly 

constant low level throughout the embryonic ages examined (Fig. 3.5 & 3.6) indicates 

that, unlike the flank epidermis, underlying mesenchymal growth and development 

does not require a significant temporal change in gap junctional communication. The 

low amount of connexin expression in flank mesenchymal cells may also be a result of 

these cells being more loosely organized and, thus, expressing smaller amounts of cell 

adhesion molecules than those of epidermal cells.

Interestingly, the expression of connexins in limb bud mesenchymal tissue is very 

different to that of the flank mesenchyme (Fig.3.5-3.8, & 3.14). Firstly, Cx43 and 

Cx26 IR plaques were very large and and secondly, small amounts of Cx32 IR could 

be detected. The high density of Cx43 IR plaques is consistent with that found in 

chick limb bud by Green and colleagues (1994), however, they did not find Cx43 

immunolabelling in mouse limb buds at a comparable stage in development (consistent 

with Laird et al., 1992 and Yancey et al., 1992). These findings are somewhat 

puzzling because, although, the latter two authors used antibodies from another 

source. Green and colleagues (1994) used the same antibody to Cx43 (HJ) as used in 

this project. There may be a difference between the type of connexin that mouse and 

rat mesenchymal limb bud cells express or a difference in the methods used. For 

example. Green et al.(1994) used Zamboni’s fixation and wax embedding procedures. 

However, the latter explanation appears unlikely as Cx43 (HJ) immunolabels 

Zamboni’s fixed tissue in a similar manner to methanol fixed tissues (see Chapter 2), 

and chick limb bud mesenchymal tissue fixed in Zamboni’s showed a similar pattern of 

Cx43 ER to that seen in rat in this study.

The large amount of Cx43 and Cx26 ER plaques observed in the limb bud suggests that 

they may play a role in the extensive amount of epithelial-mesenchymal and
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mesenchymal-mesenchymal interactions present at this time in the limb bud. (see 

Introduction). Further, it has been shown in chick that there is a high concentration of 

Cx43 IR plaques at the limb bud tip (Green et a l , 1994) where cells of the progress 

zone are subjected to an array of instructive signals from the AER / ZPA which 

strongly suggests that gap junctions may play a role in limb morphogenesis. The 

presence of Cx32 IR plaques is consistent with Laird et al., 1992, although in the 

present study the frequency of plaques appeared much lower than that observed by 

Laird and colleagues. The presence of Cx32 in limb bud mesenchyme but not in flank 

mesenchymal tissues suggests that this connexin may play a specific role in limb 

morphogenesis.

Dye-coupling studies of the flank epidermis and AER in embryonic rats

Although LY dye-coupling studies have been carried out in adult human skin 

(Solomon et al., 1988 ), newborn mouse skin (Kam et al.,1986), and chick embryo 

ectoderm and feather placode epithelia (Serras et al., 1993), dye-coupling has not been 

explored in mammalian epidermal cells during embryonic development. In the present 

analysis, intracellular dye-injection of epithelial cells in the flank epidermis, revealed 

that epithelial-mesenchymal dye-coupling does not occur (Fig. 3 .15a & b). This is 

consistent with a number of previous studies (Soloman et al., 1988; Serras et al., 1993) 

although, dye-transfer has been claimed to be present occasionally between the 

epidermis and underlying mesenchyme (dermis) in the newborn mouse (Kam et al., 

1986). In this respect, it is also interesting that Cx43 and Cx26 IR plaques are present 

in underlying flank mesenchymal tissue (Fig.3.5,3.6 & 3.8) and possibly at the 

mesenchymal-epidermal interface. However, plaque sizes differ from those in the 

overlying epidermis and, from the images obtained in this study, it is not certain 

whether connexin expression is at the epithelial-mesenchymal cell interface or is 

between cells of the same tissue. It is also not known whether functional gap 

junctional communication of a reduced permeability (not detected by LY) occurs
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across the basal lamina between these two tissue types. In this study, it was shown that 

the extent of dye-transfer increased concomitantly with embryonic age (E l0 -E l4) and 

injection time (10 min and 30 min), see Fig s 3.15-16 & 3.18-3.21. The difference in 

the number of cells in a dye-coupled group at each age was highly significant 

(P<0.001) after both 10 min and 30 min injection periods estimated using 

epifluorescence microscopy and LSCM.

A comparative analysis of the frequency and size of IR plaques for Cx43 and Cx26, 

and the extent of gap-junction-mediated dye-transfer at each age revealed a close 

relationship between connexin expression and functional gap junctional 

communication. This suggested that the dye-transfer observed in the embryonic rat 

epidermis was mediated either totally or predominantly by Cx26 and Cx43. Although 

the very low expression of Cx43 and Cx26 at ElO suggests that additional connexins 

may be present at this age to mediate the low level dye-transfer observed, although this 

amount of Cx43 and Cx26 may be enough.

In many cases, a significant temporal change in dye-transfer was concomitant with 

changes in connexin expression. For example, the increase in size of dye-coupled units 

(thus the rate of dye-transfer) from ElO to El 1 may be due to the upregulation of 

Cx26 at this time and the further increase in the size of dye-coupled units from El 1 to 

E l2 may be because there is an upregulation of Cx43 concomitant with that of Cx26. 

Extensive dye-coupled units at E l3 and E l4, may be accounted for by the increase in 

frequency and size of IR plaques, especially of Cx26. At El 0-El 2, the number of cells 

in a dye-coupled group did not appear to increase at a constant rate after 1 0  mins and 

the number of dye-filled cells was only slightly more after a 30 min injection than it was 

after a 10 min injection. This would suggest that the rate / extent of dye-transfer was 

restricted as a result of the low frequency and size of Cx43 and Cx26 IR plaques. At 

E13-E14 dye appeared to be transferred at a fairly constant rate from a 10 to 30 min
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injection period which is probably a consequence of the large and frequent Cx43 and 

Cx26 IR plaques at these ages giving rise to rapid transfer of dye.

The increase in the size of dye-coupled units and connexin expression from ElO to El 4 

suggests that other molecules might be involved in establishing these patterns either 

directly or indirectly. These molecules may act either by increasing the amount of 

connexin protein expressed, changing the functional properties of existing gap 

junctions or by promoting the formation of the functional gap junctional channel by 

the joining of two apposing connexons. For example, epidermal growth factor (EGF) 

has been shown to disrupt gap junctional communication by phosphorylating Cx43 

(Lau et al, 1992) and as a result of dynamic epithelial-mesenchymal interactions, 

changes in E-cadherin have been shown to occur via various oncogene products (e.g. 

src and fos) (Birchmeirer and Birchmeier, 1994) which may indirectly alter connexin 

expression (see Chapter 1).

The numbers of dye-coupled cells estimated using the LSCM were found to be 

significantly higher then those made by epifluorescence microscopy at El 3-El4 

(Fig.3.18, 3.21 and Table 3.1). This may be because large gap junctional plaques 

present in the epidermis at these ages (Fig. 3.4, 3.5 & 3.6), may have permitted rapid 

unrestricted diffusion of LY dye, giving rise to extensive, diffuse staining, not detected 

at the level of the light microscope. Although the LSCM was a more sensitive method 

of counting dye-filled cells, it may still give an inaccurate estimate of the size of 

extensive communication compartments. In the case of the LSCM and the 

epifluorescence microscope, two types of communication compartments could be 

observed within a dye-coupled unit; a bright well coupled unit around the site of 

injection and a fainter dye-coupled unit surrounding it (see Fig s 3.16a, 3.19 & 3.20). 

This could represent two communication compartments each with a different level of 

gap junctional communication, which may be a result of variations in connexin types 

within the dye-coupled unit.
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Intracellular injection of Lucifer Yellow (LY) and subsequent dye-transfer is 

frequently used to detect the presence of functional gap junctions. The presence of 

dye-transfer between cells is indicative that they are capable of mediating the 

intercellular transfer of small, developmentally significant molecules ( Stewart, 1978). 

However, this technique has many disadvantages. Firstly, the conductance threshold 

for detecting LY-dye-coupling between coupled cells, is estimated to be about 2nS. 

Since a single gap junctional channel has a unitary conductance from around 50 to 

ISCpS (see Chapter 1 ) about twenty gap junction channels would have to be present in 

order to detect dye-coupling (Dermietzel and Spray, 1993). Secondly, LY is a 

relatively large molecule (MW. 457) and may not pass through all gap junctions. 

[Permeability to LY may vary with respect to post-translational modifications of the 

gap junction protein]. Because of the above disadvantages, it would be interesting to 

use the lower molecular weight (MW= 327) biotinylated tracers, biocytin or 

Neurobiotin (Horikawa and Armstrong, 1988) in future studies, as they are 

comparable in size to molecules such as cAMP and IP3 . Further, Neurobiotin has 

detected the presence of gap junctions where LY has failed to do so (see Peinado et 

al., 1993a & b). Preliminary studies were carried out with Neurobiotin to try and 

establish the extent of tracer-coupling in E l3 epidermal tissue but inconclusive results 

were obtained. This may have been because the theshold levels of LY concentration 

were not reached because gap junctional communication is so extensive at this stage of 

epidermal development. Experiments, carried out at earlier stages in development 

when gap junctions are smaller and less frequent should be carried out in the future.

A few very clear examples of asymmetric dye-transfer were observed at El 1-El 2 

(Fig.3 .17) which probably was a consequence of injecting very close to the edge of a 

restrictive compartment. Asymmetric dye-transfer is indicative of communication 

compartmentalization due to defined restrictive boundaries and has been documented 

in a number of developmental systems (Weir and Lo, 1982; Warner and Lawrence,
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1982; Blennerhassett and Caveney, 1984; Serras et al., 1993). However, although 

dye-transfer usually appeared symmetrical it is not possible to conclude from these 

observations the absence of a communication compartment because dye-transfer was 

only visualized in one plane (A-P plane).

The observation that all peridermal injections at E l4 resulted in either no dye-transfer 

or transfer to only one other peridermal cell is consistent with E.M. studies (Hayward 

and Kent, 1983), although Cx26 and Cx43 immunoreactivity has been detected in the 

periderm up until E16 (Risek et al., 1992). The results in the present study are 

equivocal in this respect. Clear images illustrating the presence of Cx26 and Cx43 

between peridermal cells and at peridermal-epidermal sites of contact were obtained at 

E l3, but, images were inconclusive in determining whether Cx26 / Cx43 were 

expressed by E14 peridermal cells.

In this study, intracellular dye-injection of AER cells, gave rise to restricted dye- 

transfer between epithelial cells and epithelial-mesenchymal coupling was never 

observed (Fig 3.22), although the same connexins are expressed in limb bud 

mesenchyme. This was consist with findings of other authors which demonstrated that 

epithelial-mesenchymal coupling does not occur (Laird et al., 1992), although both 

cells of the AER and of the limb bud mesenchyme (Allen et al., 1990; Laird et al.,

1992) are dye-coupled to other cells within their own tissue type. These results 

suggests that instructive signals from the AER to the underlying mesenchyme or from 

mesenchymal tissue to the AER do not travel directly via gap junctions but may instead 

be in the form of an extracellular signal, secreted from epithelial cells of the AER or 

mesenchymal cells of the limb bud and mediated by receptors in the underlying 

mesoderm or overlying AER.

From El 1-El 3 intracellular dye-injection of the AER gave rise to rapid dye-transfer 

which was restricted to neighbouring epithelial cells in the A-P plane, but not to
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neighbouring epithelial cells in the P-D plane. However, at EM dye-transfer was also 

extensive in the A-P plane and results were similar to those obtained from the flank 

epidermis at this age (Fig 3.22c). This temporal change in the extent of dye-transfer in 

its A-P plane coincides with the decline of the AER, suggesting that restrictive gap 

junctional communication in the A-P plane of the AER may be important to its 

fimction in limb morphogenesis. These results were not consistent with those of Laird 

and colleagues (1992). They found that LY transfer was very extensive in the A-P 

plane of El 1-El 1.5 mouse embryos (an equivalent stage in development to that of 

E12.5-E13 rat embryos). Whether this discrepancy was due to differences in species 

or experimental variations such as differences in temperature (the temperature at which 

injections were carried out by Laird et al., 1992 is not specified) is unknown, although 

it is known that LY dye-transfer, mediated by Cx43 is stable in the range of 20-37°C in 

the preimplanted mouse embryo (D. Becker, unpublished observations). Laird and 

colleagues (1992) also demonstrated, using confocal microscopy, that epidermal cells 

of the AER were dye-coupled to non-ridge epidermal cells.

Unlike the flank epidermis, a comparison of Cx43 and Cx26 expression with that of 

functional gap junctional communication (as determined by the extent of LY transfer) 

suggested that the large amount of Cx26 and Cx43 that appeared to be present at E l l - 

El 3 in the AER either did not contribute to gap junctions or formed gap junctions 

with a reduced permeability. Alternatively functional gap junctions may form only 

between cells in the P-D plane and possibly D-V plane, thus although plaques are 

large, communication compartments are small. The significance of these observations 

is discussed further below.
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Immunohistochemistry versus intracellular dye injection

In previous studies, immunolabelling of embryonic tissues with connexin specific 

antibodies gave rise to continuous expression patterns which were often incongruent 

with dye-coupling studies concerning the same tissue. For example, immunolabelling 

of the early post-implanted mouse embryo with Cx43 (Yancey et al, 1992) did not 

indicate the presence of communication compartments suggested by earlier dye- 

coupling experiments (Kamili and Lo, 1988). In the same way, immunolabelling of rat 

skin with Cx43 and Cx26 (Risek et al, 1992) or with Cx43, Cx37, Cx31.1 and Cx26 

(Goliger and Paul, 1994) did not indicate the presence of small, columnar 

communication compartments, shown by previous dye-coupling studies of neonatal 

(Kam and Pitts, 1986) and adult (Kam and Pitts, 1988) mouse skin. Therefore, in the 

present study, combined immunohistochemical and intracellular dye-injection studies 

were considered a pre-requisite for trying to understand gap junction communication 

patterns and their putative roles during epidermal development. The results showed 

that connexin expression was continuous throughout both the flank epidermis and the 

AER (Fig. 3.4, 3.5, 3.6 & 3.12), although intracellular dye-injection occasionally 

revealed the presence of asymmetric compartments in the flank epidermis at certain 

embryonic ages, and restricted dye-transfer in the A-P plane of the AER.

There are a variety of reasons why connexin expression patterns do not resemble LY 

dye-coupling pattern in the flank epidermis and AER. It may be a result of incomplete 

mapping of all the connexins, now known to be expressed in the epidermis, or it may 

be that connexin expression does not represent functional gap junctional 

communication. Various other parameters are now known to be important in defining 

gap-junction-mediated communication compartments, for example, the expression of 

cell adhesion molecules (Keane et al, 1988; Mege et al, 1988; Musil et al, 1990b; 

Jongen et al, 1991), extracellular matrix molecules (Spray, 1987) and differential 

phosphorylation of some connexin polypeptides by growth factors (see Chapter 1). In 

the AER, it may not seem surprising that a stringent relationship between connexin
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exp ression  and flinctional gap junction com m unication  d oes not exist for C x43 , as 

post-translational m odification  o f  this connexin  m ay occur as a co n seq u en ce  o f  the  

p hosphorylative e ffects o f  certain grow th factors released or received  by the A E R  (see  

C hapter 1 ). A  flither possibility, is that heterotypic gap junctions m ay form  and g iv e  

rise to  reduced  junctional perm eability w hich m ay play a functionally significant ro le in 

d evelop m en t. A lternatively, connexin  expression  m ay be present b etw een  ce lls in the P- 

D  and D -V  plane but not betw een  cells in the A -P  plane. T herefore it is im portant to  

appreciate that the size / frequency o f  gap junctional plaques is not directly related to  

the size  o f  com m unication  com partm ents but rather to the quality o f  gap-junction- 

m ediated  transfer w ithin a particular com m unication  com partm ent.

Putative roles of gap junctions in the following tissues 

Flank epidermis

T he in crease in connexin  expression  and the extent and rate o f  dye-transfer in th e  rat 

epiderm is from  E l 0 -E l 4 may indicate changes in gap junctional com m unication  

n ecessary  for the control o f  different proliferation or differentiation program m es  

present at th ese  ages. At E l 0 -E l 1 the flank epiderm is is an ectoderm al m onolayer  

w hich d o e s  not start peridermal differentiation until around E l 2 (H anson , 1947; Stern  

et al., 1 9 7 1 ). Sm all, infrequent gap junctions may be required for the fine control o f  

certain m o lecu les  required for the pluripotent ectoderm al cells to  begin d ifferentiation. 

A t E l 3 the epiderm is is a sim ple structure con sistin g  o f  2-3 layers w ith a lo w  level o f  

cell d ifferentiation  (H ayw ard and Kent, 1983) and proliferation (Stern et al., 1971). 

L arge gap  ju n ction s m ay be required as transient m ediators o f  uniform ity in con trollin g  

the lo w  level o f  m itosis and differentiation at this age (H ayw ard and K ent, 1983). T he  

presence o f  sm aller gap junctional plaques betw een  epiderm al cells o f  neonatal skin  

m ay be a n ecessary  requirem ent for, or a co n seq u en ce of, the large am ount o f  

structural reorganization  w hich is w ell under w ay at this age (H ayw ard and K ent,
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1983). Also cell and tissue differentiation (Hayward and Kent, 1982) and proliferation 

is at a peak (Stern et al., 1971).

The finding that epidermal hyperproliferation is associated with the breakdown of 

communication compartments at the epidermal-dermal boundary suggests that 

junctional communication compartments may play a role in proliferative control, (see 

Pitts et al., 1988). Growth control may be mediated by small molecular weight 

cytoplasmic signalling molecules (e.g. IP3 , cAMP, Câ "̂ , H^). In the epidermis growth 

factors are thought to act on a pool of committed cells in the basal layer by binding to 

their surface receptors and thereby causing the production of cytoplasmic second 

messengers which, when they have reached threshold levels, initiate cell 

proliferentiation. The presence of gap junctions between these target cells and other 

epidermal cells would lower the concentration of second messengers, thus, inverse 

relationships may exist between compartmental sizes and proliferative rates. This 

hypotheses can be demonstrated in epidermal tumors where there is epidermal-dermal 

boundary breakdown so that second messengers may be diluted into the highly coupled 

dermis which acts as a sink. In this context, the presence of large gap junctions at E13 

compared to El 0 -El 2  and postnatal epidermis suggests that the differences are 

important in establishing proliferative rates which would be in agreement with the pulse 

labelling studies undertaken by Stern et al., (1971). Further, communication 

compartments are thought to become smaller in size as they lose cells that enter 

specific differentiation pathways (see Chapter 1 and Pitts et al., 1988). This correlates 

well with the low density of gap junctions present at El 0 -El 2  (when the ectoderm 

starts to differentiates into a bilayer) and postnatally (when there is a large amount of 

tissue differentiation), although, as discussed earlier, connexin expression and 

compartment size are not necesarily related.

Finally, a point of interest concerning gap junctional plaques in neonatal skin is that 

although junctional plaques are smaller than at El 3-14 they are extremely frequent.

140



Why is it that some tissues express very frequent but small discrete plaques (PO 

epidermis) whereas other tissue expresses large plaques (E l3-E l4)? Is this the reason 

why proliferation and differentiation differ in the two different stages of epidermal 

histogenesis'^

Periderm

Interesting observations were also made regarding the periderm. At E14 in flank 

epidermis the periderm is fully differentiated and forms a separate layer overlying the 

epidermis. At this age, intracellular dye-injection resulted in no transfer or transfer to 

only one other peridermal cell. The progressive restriction of cell-cell communication 

between cells which acquire different phenotypes is a common phenomenon which 

occurs throughout development (e.g. Potter et al., 1966; Lo and Gilula, 1979a & b; 

Kamili and Lo, 1988; Pitts et al., 1988). However, injections of peridermal cells of the 

AER revealed that these cells were uncoupled from the underlying epidermis at E l3, a 

day earlier than in flank periderm (Fig.3.22d). It has been shown that periderm 

covering the AER develops before flank periderm (Nakamura and Yasuda, 1979). The 

underlying reason for this is thought to concern the early epithelial-mesenchymal 

interactions occurring in the limb bud at this time. Thus, the periderm appears to be 

more than just a passive protective covering from the amniotic fluid, as if this were the 

case it would be neccessary for this layer to develop simultaneously over the entire 

body.

The direct contact between periderm and amniotic fluid suggests that mutual 

interactions might exist, for example, changes in amniotic fluid composition may signal 

peridermal programmes. The finding that both Cx43 and Cx26 were expressed on the 

free face of peridermal cells at E13 is interesting (Fig.3.I0). The presence of microvilli 

and surface indentations suggests that the maximum surface area of peridermal plasma 

membrane is required to be in contact with the amniotic fluid. Periderm has been
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sugested to play a role in amniotic fluid production (Breathnach, 1971) and is thought 

to have reabsorbing activity (Boneko and Merker, 1988). Could gap junctional 

communication play a role in the intimate relationship between periderm and amniotic 

fluid?

AER

The finding that connexin expression in the AER is different from that found in the 

flank epidermis, suggests that gap junctions may be involved in establishing the 

additional functions of the AER, i.e. that of an instructive epithelium. There may also 

be differences in proliferation / differentiation programmes in the AER compared to 

that of the flank epidermis.

Although many studies have implied that gap junctions may play a role in patterning of 

the limb bud (Allen et al., 1990; Coelho and Kosher, 1991), it was not until recently 

that the functional significance of gap junctions in the AER was explored by examining 

Cx43 expression in chick limb bud grafting experiments. These experiments suggested 

that Cx43 expression was required in the AER and limb bud mesenchyme for these two 

tissues to interact reciprocally and give rise to correct limb development (Green et 

al., 1994). However, the absence of epithelial-mesenchymal dye-transfer and the 

presence of a basal lamina between these two tissues suggests that the signal probably 

does not pass between tissue types through gap junctions, but that gap junctions might 

play a role in relaying the signal transduction cascades triggered by signals secreted by 

these tissues.

In the present study, the restricted dye-transfer observed in the A-P plane of the AER 

may have important functional implications. For example, it has recently been shown 

that FGF-4 is differentially expressed in the posterior AER (Vogel and Tickle, 1993); 

restrictive communication in the A-P plane may be necessary for establishing

142



regionalization  in the AER. Further exam ination o f  the relationships b etw een  gap  

ju n ction s and other developm entally  significant m olecu les found in the A E R , such as 

wnt 5a (G avin et al., 1990), wmt 7a (see  Tabin, 1991) and the b on e m orp h ogen etic

protein (BMP-2a) (W ozn ey  et al., 1988) and FG F -4 (V o g e l and T ickle, 1993) m ay
'\

lead to  further elucidations o f  the role that gap ju nctions m ay play in the A ER .

Limb bud mesenchyme

T he large d ifference in connexin  expression  patterns in the limb bud m esenchym e  

com pared to  flank m esenchym e su ggests that gap junctions m ay play a role in limb bud  

m orp h ogen esis. This hypothesis is strengthened by the finding that there is an anterior  

to  p osterior gradient o f  Lucifer y e llow  transfer b etw een  chick limb bud m esenchym al 

cells (C o e lh o  and K osher, 1991) and that m esenchym al grafting and polyclonal anti- 

connexin  antibody perturbation studies disrupt chick limb bud patterning (A llen  et al.,

1990). Finally, the finding that certain h om eob ox  (D avid son  et al., 1991) and Wnt 

(G avin  et al., 1990) g en es  are preferentially expressed  at the tip o f  the limb bud, w ou ld  

m ake it in teresting to  exam ine the relationships betw een  gap ju n ction s and th ese  

m o lecu les in this system .
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CHAPTER 4

GAP JUNCTIONS BETWEEN DEVELOPING DRG NEURONS 

(CONNEXIN EXPRESSION, DYE-COUPLING AND PUTATIVE 

MECHANISMS OF REGULATORY CONTROL)
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4.1 INTRODUCTION

General introduction to dorsal root ganglia

The dorsal root ganglia (DRGs) contain the cell bodies of the primary sensory neurons 

of the peripheral nervous system. The ganglia are arranged in a metameric fashion 

along the cervicotruncal region of the spinal cord, and are seen as swellings on the 

dorsal roots of spinal nerves, inside the intervertébral foramina, slightly proximal to 

where the dorsal and ventral roots join. Each DRG neuron transduces and transmits 

information, concerning the location, nature and intensity of peripheral stimuli, to the 

CNS. Morphologically, these primary sensory neurons are pseudo-unipolar and have 

ovoid or spherical somata, devoid of synapses and covered in satellite cells (Lieberman, 

1976; Pannese, 1981). The pseudo-unipolar axon bifurcates, shortly after emerging 

from the cell body, into a peripheral process (which fasciculates with others to form 

the peripheral nerves along with motor axons) and a central process (which fasciculates 

with others to form the dorsal roots).

DRG neurons can be divided into two main subgroups, on histological criteria, large, 

light (L) neurons and small dark (SD) neurons (Lawson, 1979). In both mouse and rat 

it has been shown that L neurons extend over the entire size range of the ganglion 

whereas SD neurons are limited to the lower end of the size distribution scale 

(Lawson, 1979). DRG neurons can also be classified on the basis of the conduction 

velocity of their peripheral axon. Large diameter axons (>lpm) are myelinated and 

conduct AP's rapidly; these are termed A-fibres and we can refer to their parent 

neurons as A cells. Small diameter axons (<l|im) are unmyelinated and conduct 

slowly; these are termed C-fibres and their parent neurons, C cells. Approximately 

30% of DRG neurons have A fibres and 70% have C-fibres. A-fibres can be further
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subdivided, according to their conduction velocity and related fibre diameter, into a , P 

and Ô subgroups from fastest to slowest, respectively.

In terms of modality, DRG neurons can either be classified as somatosensory afferents, 

which innervate the skin (superficial/ cutaneous sensibility), or muscle and joints (deep 

sensibility/ proprioception), or they can be classified as visceral afferents, which 

innervate viscera e.g. stomach, intestines, lung, liver and heart (visceral sensation).

The above nomenclature is mainly used to describe cutaneous afferent units. Muscle 

afferent units are often described using the nomenclature:- Group I, II, III, IV which 

are analogous to Aa , AP, A5 and C fibres, respectively (see Perl, 1991). Thus DRG 

neurons comprise a mixed population of neuronal phenotypes with various modalities, 

such as mechanoreception, proprioception, thermoreception, chemoreception, 

nocioception and innervate various tissue types e.g. skin, muscle, tendons, joints and 

viscera. Finally, DRG neurons can be further subdivided using biochemical criteria into 

phenotypically distinct subtypes, the complexity of which is enormous, especially with 

respect to the variety of peptides which are present, in various combinations, in C- 

fibres (see Lawson, 1991)

Histogenesis of the dorsal root ganglia.

In rats, lumbar DRGs can be identified as proper ganglionic structures by E ll .  The 

ganglia are epithelial-like, and consist predominantly of neuroblasts. EM studies carried 

out on rabbit (Tennyson, 1965) chick (Pannese, 1974) and mouse (Wentworth, 1984) 

at the earliest stages after gangliogenesis, suggested that primitive neuroblasts were 

irregular in shape, with cytoplasmic extensions. This shape was subsequently 

confirmed, in rat, as being multipolar by scanning electron microscopy (Matsuda and 

Uehara, 1984). By E l4, both standard and scanning electron microscopical studies 

have illustrated that the majority of neuroblasts are bipolar, with spindle shaped
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somata, however, as development progresses neuroblasts become more spherical in 

shape. From E l7 onwards most neuroblasts are unipolar like adult DRG neurons.

Tritiated thymidine pulse labelling studies were used to determine DRG neuron birth 

dates in rats (Lawson et al., 1974). From these studies it was shown that last cell 

divisions occurred at El 5 with peak birth dates of neurons destined to become the 

large (L) type at E12 and those destined to become small (SD) neurons at E l3, 

however it is not known when the histochemical differences of these neurons become 

apparent. Further, although Lawson et al., 1974 examined the mean size of DRG 

neurons throughout embryonic development, a detailed study of size distributions of 

DRG neurons has not been carried out.

Autoradiographic studies using pulse-labelled tritiated thymidine also indicate that, 

although few in number, satellite cells are present from as early as E12 (Lawson et al., 

1974) but are not closely associated with DRG neuron until E l4 (Matsuda and Uehara,

1984). From E l7, the DRGs lose their uniform epithelial-like histology as neurons 

become progressively ensheathed in satellite cells which increase in number and form 

an envelope around each individual neuron. The neuronal perikaryon becomes 

complicated with "finger like" projections which interdigitate with satellite cell plasma 

membranes (Pannese, 1977).

Timing of events during sensory neuron development

At El 0-El 1 the first stage in laying down the general ground plan of this complex, 

segmental pattern of innervation is established when neural crest cells migrate through 

(Rickmann et al., 1985) and coalesce opposite (Teillet et al., 1987) the rostral 

sclerotome in a highly segmental fashion. However, it has been shown recently that at 

E14 a late phase of DRG precursors migrate from the dorsal root entry zone (DREZ) 

of the neural tube and into DRGs via the dorsal roots (Sharma et al., 1995). It has
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been shown that some DRG neurons can generate action potentials (AP) in response to 

injected current, at E12 in rat (see Fitzgerald and Fulton, 1992) which may be within 

24 h of their terminal division (Lawson, 1974).

In the rat hindlimb, the cutaneous nerves first penetrate the proximal epidermis at E l4, 

are half way down the limb at El 5 and reach distal limb and toes by E l 7 and El 9 

respectively (Reynolds et al., 1990), although innervation of distal targets is not 

complete until birth (Coggeshall et al., 1994). There are no specialized receptor 

organs and nerve endings form an uninterrupted plexus right to the surface of the 

epidermis (Fitzgerald, 1966). Cutaneous receptive fields on the hind foot first appear 

at El 7 (Fitzgerald, 1987), however, the frequency of firing and the total number of 

impulses per stimulus is low, although, it is possible to distinguish between afferent 

modalities at this age; those that respond to noxious heating stimuli and those that 

respond to chemical stimuli. It is not until E l 8  that mechano-like receptors occur 

(Lynn and Carpenter, 1982). Concurrent Avith myelination, A fibres mature rapidly in 

postnatal life whereas C fibres retain their immature properties into adulthood [for 

example there is no developmental change in coding properties, soma membrane 

properties, no innervation of specialized receptors and no fibre myelination (Fulton,

1991)] . In the case of muscle innervation, primary afferents do not make contact with 

muscle spindles until E l7 and secondary afferents not until E l 8  and E20 (Kudo and 

Yamada, 1985); frequency of firing, in response to hindlimb muscle stretch, was again 

low and maturation of muscle innervation continues postnatally.

Primary afferent innervation of the spinal cord also appears to be highly specific and 

organized from the onset of innervation. Studies using HR? have shown that the 

laminar organization of primary afferents in the spinal cord is specific from the outset 

(Smith, 1983). Further, projections are somatotopically organized even at stages in 

which primary afferents are just beginning terminal arborization (Smith, 1983). This 

phenomenon appears to be consistent with the findings of other authors. For example.
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using HRP it was shown that the distinctive U-shaped projection field of the sciatic 

nerve in the substantia gelatinosa of adult rat was found to exist in a miniature form 

already by the second postnatal day (Fitzgerald and Swett, 1983). Also Golgi analysis, 

used to describe the development of "flame-shaped" central arbors, characteristic of 

hair follicle afferents, showed that arborization patterns of these afferents were simply 

miniature, less extensively branched versions of the adult pattern (Beal et al., 1988).

The timing of primary afferent central connections is somewhat different from those of 

the periphery, and the temporal / spatial organization of primary afferents is based on 

their individual modalities. Hindlimb afferents reach the spinal cord at E l2.5, and in the 

thoracic region of rat spinal cord, A fibres enter the primordium of the dorsal funiculus 

at E14.5, penetrating the gray matter at E15.5 (Smith, 1983). Electrical stimulation 

evokes spikes in lumbar dorsal horn cells at E l7 (Fitzgerald, 1990), although it is not 

until El 9 that cutaneous afferents are capable of producing suprathreshold excitation 

in response to natural stimulation. At E l6.5 muscle fibres have terminated in the 

intermediate gray of the thoracic rat spinal cord (Smith, 1983) and stimulation of 

lumbar dorsal roots in rat produces long-latency, polysynaptic reflexes in the ventral 

root at this time (Saito, 1979; Kudo and Yamada, 1985). Neither monosynaptic 

reflexes nor la EPSPs are observed until E17.5-E18. C fibre cutaneous afferents 

penetrate the substantia gelatinosa at a very late stage El 8-El9 (Fitzgerald, 1990) and 

functional connections are formed postnatally (Fitzgerald and Gibson, 1984).

Innervation patterns of developing DRG neurons

The initial outgrowth of sensory axons from each DRG to the periphery appears to be 

highly stereotypic and the emerging innervation patterns resemble those of their mature 

counterparts (Honig, 1982; Scott, 1982). Futher, since the relative proportions of 

sensoiy axons projecting into different nerves is similar to that found in more mature
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neurons after cell death, it appears that the correct proportion of primary afferent 

innervation occurs; therefore there is no sculpturing of innervation patterns from an 

initially diffuse pattern.

Sensory axons of lumbar DRGs which enter the limb, do so in a segmental fashion in 

the form of spinal nerves (these nerves are a mixed population containing, not only 

different types of afferents, but also motor efferents from the same spinal segment). 

These nerves then unite with others in one or more plexus regions, where axons from 

various spinal nerves intermingle, cross and sort out to project into individual nerve 

trunks supplying specific regions of the skin or muscle (Honig, 1982; Scott, 1982, 

1988). The innervation zone that the dorsal roots have on the skin are called 

dermatomes, as in the same way, afferent myotomes are the innervation zones that 

dorsal roots have on muscle. Dermatomes and afferent myotomes are segmentally 

organized, with their innervation zones, from adjacent DRGs, overlapping extensively. 

However, innervation fields, which correspond to zones from individual nerve trunks, 

overlap to a much lower degree (see Scott, 1991). Each DRG contributes axons to 

several nerve trunks and individual spinal nerves serve several dermatomes / myotomes 

and each dermatome / myotome receives afferent fibres from many spinal segments. 

Sensory innervation of muscle is supplied by the same spinal segment as the motor 

fibres to that muscle, although the area of skin innervated by a spinal nerve does not 

necessarily overlie the muscles innervated by the same segment.

The central innervation pattern of DRG neurons, via the dorsal roots, also follows a 

precise, stereotypical pattern. The interspinal terminals of primary afferents synapse on 

to the dorsal horn cells of the spinal cord in an organized manner, depending on their 

modality, so that A5 and C fibres terminate in superficial laminae, whereas Aa and AP 

fibres terminate in deeper layers. The dorsal horn of the spinal cord also shows a high 

degree of somatotopic organization with respect to corresponding peripheral 

innervation fields, and each dorsal horn cell responds to a specific region of the skin
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(its receptive field). This somatotopy appears to be predominantly determined by the 

orderly termination of primary afferents in the dorsal horn.

Possible factors which are thought to influence innervation patterns

It is possible that molecules / tissues lying in the pathway of sensory neurons may act 

as guidance cues before target recognition. It would be neccessary for two types of 

guidance cues to be present -general cues that would direct the growth of a variety of 

axons down common pathways and specific cues to channel individual axons to their 

specific nerves (Tosney and Oakley, 1990). However most of the putative permissive 

or inhibitory molecules thought to provide sensory axons with guidance cues, such as 

glycosaminoglycans (GAGs) and proteoglycans (Verna et al., 1989) laminin (Cohen et 

al., 1986) or N-CAM (Silver and Rutishauser, 1984) are general in their actions.

Interaction with other axons appears also to be important in establishing correct 

innervation patterns. It has been shown, by DRG ablation experiments, that cutaneous 

nerves from one DRG compete with axons from another DRG for space within a nerve 

trunk and for innervation of the skin (Honig et al., 1986). Interaction with 

motoneurons also appears to be important in guidance mechanisms (Honig et al.,

1986), and in the absence of motoneurons, muscle afferent projections are severely 

affected, although cutaneous afferent innervation patterns are normal (Honig, 1982; 

Landmesser and Honig, 1986).

Another mechanism which could guide sensory axons to their targets is the target- 

release of a chemotropic factor. Much controversey has occurred concerning the 

prototypical growth factor- nerve growth factor (NGF), and its role in sensory neuron 

guidance (see Davies, 1987). NGF is a member of the expanding family of 

neurotrophic factors. It is a dimeric molecule (McDonald et al., 1991) which exerts its 

biological effects by participating in high-affinity ligand-receptor interactions which
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activate tyrosine kinase intracellular signalling cascades. Initially, it was thought that 

NGF acted as a chemoattractant which guided developing sensory and sympathetic 

neurons to their target field (Levi-Montalcini, 1982). These conclusions were reached 

as a result of experiments which demonstrated that neurite outgrowth from DRG 

explants was more profuse on the side facing a source of NGF (Charlwood et al. 1972; 

Ebendal and Jacobson, 1977) and from sensory neurites in culture which showed a 

preferred orientation up NGF concentration gradients (Letoumeau, 1978) and turned 

towards a source of NGF in their near vicinity (Gundersen and Barrett, 1980).

However, NGF is now mainly thought of as a trophic rather than a tropic factor for 

developing sensory neurons. This is because - a) the concentrations of NGF used in 

previous experiments were much higher than would be present in vivo, b) it has been 

reported that NGF mRNA is not synthesized in developing cutaneous target fields 

prior to the arrival of sensory nerve fibres (Davies et al., 1987), although transient 

expression of NGF mRNA has been detected in somites at El 2.5 in rat (Elkabes et al., 

1994), c) previous studies suggested that high affinity {TrkA) NGF receptors were not 

present on neurons until they reached their targets (Davies et al., 1987), although it has 

now been demonstrated, by more sensitive methods, that TrkK receptors are present in 

DRG neurons by E12.5-E13 in rat (Mu et al., 1993; Elkabes et al., 1994).

Recent evidence suggesting that target tissue is not important in establishing projection 

patterns of primary afférents comes from analysing cultured spinal segments of chick 

(Sharma et al., 1994). These experiments showed that the appropriate projections of 

primary afférents were made in the absence of target tissue (muscle and skin), 

indicating that specific cues are present in spinal segments to support the formation of 

modality-specific projections
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Gap junctions in the developing somatosensory system

Gap junctions are common in developing nervous systems. The precise function 

which they subserve may vary in different systems and at different stages of the same 

system (see Chapter 1). A common finding in developing neurons is the gradual 

decline in functional gap junction expression as maturation progresses. A decline in 

electrical / dye-coupling between neurons has been observed in developing nervous 

systems of a variety of animals ranging from invertebrates [dorsal unpaired median 

neurons of the grasshopper (Goodman and Spitzer, 1981], to mammals [spinal 

motoneurons (Fulton, et al., 1980; Arasaki et al., 1984; Walton and Navarrette, 1991; 

Becker and Navarrete, 1990), genioglossal motoneurons (Massa et al., 1992), neurons 

of the caudate nucleus (Cepeda et al., 1991), substantia nigra (Walsh et al., 1991), 

neostriatum (Walsh et al., 1989) and neocortex (Connors et al., 1983; Yuste et al., 

1992)].

Coupling between developing primary sensory neurons has been observed in amphibian 

and avian embryos. The Rohon-Beard cells of Xenopus embryos are electrically 

coupled at stage 20, but become electrically uncoupled at about stage 25, which 

coincides with the appearance of the Na"*" component of the AP (Spitzer, 1982). In 

chick embryos, freeze fracture studies revealed that large numbers of gap junctions 

were observed between DRG neurons on the fourth day of incubation, whereas on the 

tenth day of incubation gap junctions could not be detected (Pannese et al., 1977). In 

both these cases the disappearence of gap junctions appears to coincide with 

completion of neurite outgrowth and target innervation.

Recent studies have examined the functional expression of gap junctions between 

developing DRGs of rat embryos, by using intracellular dye-injection techniques 

(Fulton, 1990; Fitzgerald and Fulton, 1992). Two important findings arose from this 

study
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1) Neurons are initially dye-coupled in small groups during early stages of DRG 

development, but that both the number of cells that transfer dye and the mean number 

of cells in a dye-coupled group declined sharply at the time of target innervation (E15- 

E16).

2) The neurites of coupled DRG neurons fasciculate both centrally and peripherally.

In the first part of this study, I investigated the nature of the connexin type/s involved 

in mediating dye-coupling between embryonic DRG neurons and examined connexin 

expression at different stages to asses whether the underlying cause of developmental 

uncoupling might be a decrease in connexin expression.

In the second part of this study, dye-injection of neurons in cultured explant DRGs and 

DRG neurons in cultured organotypic slices of embryos (lumbar region) were used to 

address questions about the mechanisms controlling developmental regulation of gap 

junctions. NGF has been shown to regulate the expression of voltage-gated channels 

such as Câ "  ̂channels, and Na'*' channels but not K"*" channels (Spitzer et al., 1994). 

Since 90% of C-fibres are responsive to NGF (see Davies et al., 1987), if NGF can 

regulate gap junctions, the timing and extent of the response would make it a feasible 

mechanism for regulating gap junction expression between developing DRG neurons. 

Further, NGF receptors have been shown to be expressed by developing DRG neurons 

prior to target innervation (Elkabes et al., 1994; Zhang et al., 1994), thus making it 

possible to carry out the following experiments which involved culturing DRGs (at 

stages where target innervation had not commenced and gap junctions were present 

between DRG neurons) with various concentrations of NGF. The results obtain from 

this study suggest that NGF, in combination with other target derived factors or 

possibly other developmentally significant molecules located en route to the target, 

may play a role in gap junction regulation during development of DRG neurons.
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4.2 MATERIALS AND METHODS

Immunohistochemistry

Peptide synthesis and antibody production.

In this study, as in previous experiments (see Chapter 1 and 2), HJ, Des 1 and Des 3 

anti-connexin antisera were used to detect Cx43, Cx32 and Cx26 respectively.

Animals and tissue collection

E l3 and E14 embryos were obtained from time-mated Sprague-Dawley rats, 

decapitated, and stored for short periods of time on ice, as described in Chapter 3. 

Newborn (PO) rats were sacrificed by rapid decapitation and intact lumbar DRGs 

dissected and stored as described for embryonic tissue.

Positive controls

Positive controls (adult mouse or rat hepatic and myocardial tissue) were used, as 

described in Chapter 2, to establish the specificity and avidity of the various anti- 

connexin antisera bleeds available. When immunolabelling was established, for 

convenience epidermal tissue in the embryonic slice was used instead as a positive 

control during each run.

Immunolabelling o f DRG neurons 

Two methods were used;-

1) Lumbar transverse slices of whole embryos containing intact DRGs were processed 

for immunohistochemistry in the same way as described for lumbar transverse slices of
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Fig. 4.1. Different preparations used for DRGs experiments

A. An example of an E 14 embryo, eviscerated with dorsal and ventral laminectomy and 

transiluminated to reveal exposed DRGs. Scale bar=100pm

B. An example of an E l 3 slice visualized using phase-contrast optics. Scale bar= 

200pm
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whole embryos in Chapter 3 (Fig.4. lb). Again, negative controls were carried out in 

parallel.

2) Under sterile procedures (see section describing tissue culture preparations) lumbar 

DRGs were dissected from embryos pinned out ventral side up, in a Sylgard-coated 

tissue culture dish containing sterile MEMH. They were then transferred to a culture 

dish containing sterile 199 medium (Gibco) and mechanically dissociated using sterile 

forcepts. These mini-explants and dissociated cells were plated out in 20|il drops on 

poly-D-lysine coated coverslips (diluted in sterile distilled H2 O to a final concentration 

of lO'^g / 1 ; Sigma MW.= 70,000-150,000), placed in individual wells of a 24 well 

tissue culture plate (Falcon) and incubated for 2-3 h at 37°C in 95% O2 and 5% CO2 in 

a humidified atmosphere to allow mini-explants / cells to adhere on to the coverslips. 

Explants were then fixed in 100% methanol, rehydrated and, by pipetting on and off 

appropriate solutions into individual wells, were carried through the 

immunohistochemical procedure as described for frozen sections in Chapter 3.

LSCM

Optical sections of DRGs at high magnification (x60 oil, NA 1.4) were Kalmen 

averaged at zoom 1, and were either visualized individually, or as a series of optical 

sections taken at successive lum focal steps in the z-axis of the microscope. Images 

were photographed using Pan F4-100 film.

Dye-coupling between DRG neurons and effects of NGF on coupling

Rat embryos were collected and stored as previously described. Data was obtained 

from 163 embryos taken from 41 litters. Intracellular dye-injection was carried out on 

the following preparations.
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Controls.

Two types of control preparations, from E12 and El 3 rat embryos, were used to 

establish the extent of dye-coupling present in vivo. In the first type, DRGs were 

exposed by ventral laminectomy, permitting them to be visualized easily by 

transillumination (Fig.4.la). The embryonic preparation was then mounted, ventral 

side up, on a Sylgard-coated tissue culture dish and secured with small insect pins. In 

the second type, transverse lumbar slices (approx. 500|im thick) of embryos, made 

with a fragment of razor blade, were mounted on a Sylgard-coated petri dish using 

small cactus needles (Fig.4. lb). Both types of preparation were placed on the stage of 

a modified Axed-stage standard 16 Zeiss microscope, equipped with bright field and 

epifluorescence optics, and superfused with MEMH culture medium at room 

temperature (22-25°C).

Tissue culture preparations

E l2, E l3 and E14 rat embryos were collected, decapitated and stored on ice using 

standard sterile procedures. Two types of tissue culture experiments were carried out. 

The first type involved the use of explant DRGs. Using sterile procedures in a flow 

cabinet, DRGs were dissected from embryos pinned out ventral side up, in a Sylgard- 

coated tissue culture dish. Lumbar DRGs were removed, either attached to the spinal 

cord or on their own. Dissected tissue was stored on ice in separate culture dishes 

containing sterile MEMH. When an adequate amount of tissue had been collected, it 

was transferred using a pipetman to Dulbecco's modified MEM (DMEM; without 

sodium pyruvate and with 4500mg/L glucose, Gibco) containing 10% fetal calf serum 

(FCS; Sigma) and 1% penicillin/streptomycin (Pen/Strep; Gibco). Individual DRGs 

were separated from each other and from the spinal cord and teased gently using a 

pair of sterile hypodermic needles (16 gauge) to give small explants. These mini

explants were plated out in 10|il drops on coverslips coated with laminin (diluted in 

DMEM to to final concentration of 2xl0‘̂ g/l ; Sigma), placed in individual wells of a
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24 well tissue culture plate (Falcon). Serial dilutions (50, 5.0 and 0.5ng/ml) of nerve 

growth factor (NGF 2.58; from submaxillary gland, Sigma) were made up in DMEM/ 

10% FCS/ 1% Pen/Step., and added to cultures to give a final NGF dilution of 25, 2.5 

and 0.25nm/ml (final volume is 20ul). To control (no NGF) cultures a further lOul of 

culture medium was added to each drop. Cultures were incubated overnight at 37° C 

in 95% O2  and 5% CO2  in a humidified atmosphere.

Organotypic slice cultures were the second type of culture preparation used in this 

study. Transverse lumbar slices (approx. 500pm thick) of embryos containing intact 

DRGs were cultured on laminin-coated coverslips in DMEM containing 10% FCS, 1% 

Pen/Strep, with NGF (25ng/ml) or without NGF (controls), as previously described. 

Cultures were incubated overnight at 37° C.

Dye-injection

For dye-injection of cultured cells, coverslips were transferred from wells to 35mm 

culture dish lids where they were secured by a small amount of vaseline and bathed in 

MEMH (containing the appropriate dilutions of NGF). Intracellular dye-injection was 

carried out within Ih of transfer and methods are as described in Chapter 3. Individual 

DRG neurons were impaled in lumbar DRGs or explants. Those cells which had a 

stable resting potential of -30mv or more were injected with LY ionophoretically by 

passing negative current pulses (200ms, 2.5Hz) of 2nA for 3 min. Injections were 

widely spaced from one another and the extent of dye-coupling could sometimes be 

viewed directly, particularly in explanted DRGs. When injected cells could not be 

resolved easily, following the last injection, the preparation was left to bathe in medium 

for 1 hour to allow completed dye-transfer, before either mounting unfixed on a slide, 

in Apathy's mounting medium (BDH), or fixing in 4% paraformaldehyde overnight at 

4 °C, dehydrating in an ethanol series, clearing in methyl salicylate (Sigma) and 

mounting in DePeX (Sigma). All injections were carried out at room temperature (22-
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25° C). Fluorescent images were photographed using Ektachrome 400 or T-MAX 400 

film.
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4.3 RESULTS

Immunohistochemistry

Controls

Cryosections of positive control tissue, mouse myocardium and rat and mouse hepatic 

tissue, post fixed in 100% methanol gave Cx43 (HJ), Cx26 (Des 3) and Cx32 (Des 1) 

immunolabelling to the degree expected for these tissues (see Chapter 2). Also 

epidermal tissue contained in the slices used to examine the DRGs gave characteristic 

Cx43 (HJ) and Cx26 (Des 3) immunolabelling (see Chapter 3).

Immunolabelling o f DRGs

For a variety of reasons optimal immunolabelling of DRGs took considerable time and 

effort. This was due to many reasons. Firstly, rigorous screening of antisera was 

required to establish optimal bleeds. Secondly, DRG tissue was extremely delicate and 

often did not withstand the immunohistochemical procedures to which they were 

subjected and, thirdly, gap junctional plaques turned out to be extremely small and 

initially escaped detection under the standard epifluorescence microscope. The 

protocol which appeared the least problematic involved immunolabelling thick 

transverse embryonic slices containing intact DRGs. At E l3, DRGs preferentially 

expressed Cx43 (Fig.4 2a) and Cx26 (Fig.4.2b & 4.4) but not Cx32 (Fig. 4.2c). The 

same was true at E14 (Fig.4.3a-c). For both Cx43 and Cx26, IR plaques were small 

but frequent, located at cell perimeters in a uniform manner throughout the ganglia. 

The PC-IMAGE image analysis programme (see Chapter 3) permitted the frequency 

and size of IR plaques to be quantitatively compared between the two different 

connexins. A preliminary analysis of images taken on the LSCM of El 3 DRGs 

showed that the frequency and size of Cx43 IR plaques was similar to that of Cx26
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(frequency of Cx43— 0.24% and that of Cx26 = is 0.25% and the IR plaque size for 

both connexins was 3.50 pixels). However at E l4 although the plaque sizes remained 

the same (3.50 pixels) the frequency of Cx43 IR plaques was slightly less (0.19%) than 

that of Cx26 (0.25%). Cx26 IR plaques were also observed in dorsal roots, with a 

similar frequency and size (see Fig. 4.5). At £13 confocal images collected from 

lumbar embryonic slices illustrate the range of plaque sizes found at this age between 

different tissue types. A direct comparison could be made between labelling in the 

DRGs and epidermis at £13 and figure 4.4 shows that Cx26 IR plaques were much 

smaller in DRGs than in epidermal tissue at this age. Mini-explants of DRGs and 

dissociated DRG neurons were used to examine the cellular location of connexin 

expression in greater detail (Fig.4.6). Both Cx26 (Fig. 4.6a-d, f-h) and Cx43 IR 

(Fig.4.6 e) plaques could be visualized on somata and at least Cx26 could also be seen 

on axons (Fig. 4.6b,g-h) of DRG neurons (although it is not known whether Cx43 is 

present on axons also) .

At PO there was a significant decrease in immunolabelling which may be a result of a 

down regulation of connexin expression, not only by neurons, but also by satellite and / 

or Schwann cells. Although low levels of Cx26 (Des 3) were found in the ganglia (the 

maximum amount to be observed is shown in figure 4.7a), Cx43 (HJ) and Cx32 

(Des 1) immunolabelling were never present. Cx26 (Des 3) also immunolabelled 

peripheral nerves (Fig. 4.7a) as did Cx32 (Des 1) (Fig. 4.7b) although Cx43 (HJ) was 

again absent. Previous studies suggest that Cx26 expression is probably neuronal 

(Dermietzel et al., 1989) and that Cx32 expression is by Schwann cells (Bergoffen et 

al., 1993) although, it was puzzling why Cx32 is never observed in the ganglia. Figure 

4.8. gives a direct comparison between an embryonic (£13) and a postnatal (PO) DRG 

immunolabelled with Des 3 (Cx26). A further interesting observation made from 

examining the newborn cryosections prepared in Chapter 3 was the 

immunolocalization of Cx26 decorating hair follicles in the dermis (Fig 4.9). This
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immunolabelling coincides with the region where peripheral nerve innervation occurs 

and thus may be expressed by the peripheral nerve terminals of DRG neurons which 

innervate the dermis.
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Fig. 4.2. Immunolocalization of Cx43 site specific antiserum HJ, Cx26 site specific 

antiserum Des 3 and Cx32 site specific antiserum Des 1 on E 13 rat lumbar DRG 

neurons in slice preparations.

Scale bar=25)j,m. Single optical sections were taken using the LSCM.

A. DRG neurons immunolabelled with HJ. (Cx43)

B. DRG neurons immunolabelled with Des 3 (Cx26).

C. DRG nneurons immunolabelled with Des l(Cx32).

(Bleeds and rabbit numbers of antibodies were the same as in Chapter 3)
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Fig. 4.3. Immunolocalization of Cx43 (HJ), Cx26 (Des 3) and Cx32 (Des 1) antisera 

on E14 DRG neurons in slice preparations.

Scale bar= 25pm. Single optical sections were taken using the LSCM.

A. DRG neurons immunolabelled with HJ (Cx43).

B. DRG neurons immunolabelled with Des 3 (Cx26).

C. DRG neurons immunolabelled with Des 1 (Cx32).

(Bleeds and rabbit numbers of antibodies were the same as in Chapter 3)

Arrows show immunolabelled gap junction plaques
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Fig. 4.4. Survey of immunolabelling of Cx26 (Des 3) antiserum in an E13 embryonic 

slice. Scale bar=25|j,m.
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Fig.4.5. Immunolabelling of Cx26 (Des 3) in dorsal roots at E14. Scale bar=25|j,m. 

DR=Dorsal root

(Bleeds and rabbit numbers of antibodies were the same as in Chapter 3).
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Fig.4.6. Immunolabelling of mini-explants and dissociated DRG neurons with Cx26 

(Des 3) and Cx43 (HJ) antisera.

Single optical sections were taken using the LSCM.

(Bleeds and rabbit numbers of antibodies were the same as in Chapter 3).

A-C Des 3 immunolabelling of dissociated DRG neurons at E14.

(B shows Des 3 immunolabelling on the axon as well as on the soma).

Scale bar= 10pm.

D. A cluster of E14 DRG neurons showing clear Des 3 immunolabelling.

Scale bar=5pm

E. HJ immunolabelling of a dissociated DRG neuron at E14. Scale bar=5pm.

F. Des 3 immunolabelling of a dissociated DRG neuron at E l 8; the frequency of IR 

plaques appears to be less at this age. Scale bar=10pm.

G-H. Two consecutive optical sections, 0.1pm apart, through an E14 DRG mini

explant. Somata and axons of DRG neurons show putative Cx26 IR plaques.

Arrows indicate gap junctional plaques at various sites along an axon.

Scale bar=10pm.
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Fig. 4.7. Immunolabelling of DRGs at PO.

Single optical sections were taken using the LSCM. Scale bar= 25pm.

A. Cx26 (Des 3) immunolabelling of ganglionic tissue and of peripheral nerve.

B. Cx32 (Des 1) immunolabelling of peripheral nerve.

(Bleeds and rabbit numbers of antibodies were the same as in Chapter 3) 

Arrows show immunolabelled gap junctional plaques 

PN=peripheral nerve. DRG=dorsal root ganglia.
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Fig. 4.8. A comparison of Cx26 (Des 3) immunolabelling of DRGs at E13 and PO. 

Scale bar=10pm.

A. E13

B. PO

Images are maximum projections of 6 optical sections taken using the LSCM. 

(Bleeds and rabbit numbers were the same as in Chapter 3)

Arrows show immunolabelled gap junctional plaques
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Fig. 4.9. Immunolocalization of Cx26 antiserum (Des 3) in the hair follicle of newborn 

rat. Single optical sections were taken using the LSCM.

(Bleeds and rabbit numbers are the same as in Chapter 3).

A. Drawing showing peripheral nerve innervation pattern of hairy skin. A . 

intraepithélial endings; B, Meissner corpuscles; C, Krause’s end bulbs; D, Ruffini 

endings; P, Pacinian corpuscle. (Taken from LeGros Clark, W.E. 1965. The Tissues of 

the Body. Fairlawn, N.J.: Oxford Universioty Press.).

B. Low power view of the epidermis showing that immunoreactive regions of the hair 

follicle correspond to areas which are known to be innervated by peripheral nerve.

C. High power view of a hair follicle showing discrete Cx26 (Des 3) IR plaques in the 

region of the hair follicle associated with peripheral nerve innervation.

Scale bar= 10pm.

1 7 2
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Effects of NGF on dye-coupling between DRG neurons

Dye injection o f freshly prepared DRG neurons (controls)

Dye-injection of DRG neurons from the two types of preparations, described in the 

Methods section, gave different results. In lumbar DRGs of E12 and E l3 embryos 

which were freshly prepared in such a way that ganglia, dorsal roots and peripheral 

nerves were minimally disturbed (embryos were eviscerated and ventral laminectomy 

carried out), the probability of dye-coupling occurring between neurons was high 

(100% (15/15) at E13, and 85.71% (12/14) at E12. The mean number of cells in a 

dye-coupled group for E l3 embryos was not calculated in these experiments due to 

previous experimental analysis (see discussion, Ch.4). However, it was calculated that 

the mean number of dye-coupled cells at E12 was 4.17 +/- 0.87, n=12. In the case of 

freshly prepared lumbar, transverse slices, both the incidence of dye-coupling and the 

number of cells in a dye-coupled group was lower. At E13, 68.42% (13/18) of 

injected neurons showed dye-coupling and at E l2, 70.58% (12/17). The mean number 

of cells in a dye-coupled group was 2.92 +/- 0.33, n=13 and 3.41 +/- 0.36, n=12 at 

E13 and El 2 respectively. In both types of preparations dye-transfer was quick and all 

the dye-filled cells were bright.

Dye-injection o f DRG neurons subjected to various concentrations o f NGF in 

culture

Explant cultures of E12, E13 and E14 DRGs incubated overnight with 25.00, 2.50 or 

0.25 ng/ml NGF, exhibited varying degrees of dye-coupling, which appeared to be 

dependent on the concentration of NGF used, whereas explant DRGs cultured without 

NGF were always in poor condition and very rarely transferred dye. Both the 

incidence of injected neurons that exhibited dye-transfer to neighbouring neurons and 

the mean number of neurons in a dye-coupled group was lower than that observed in
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fresh preparations. The percentage of injected neurons that transferred dye increased 

as the NGF concentration decreased from 25.00 to 0.25 ng/ml. The main difference in 

dye-coupling, especially at E l2, seemed to be between 25 and 2.5ng/ml NGF rather 

than between 2.5 and 0.25ng/ml NGF At E l2, 68.75% (11/16), 46.43% (13/28) and 

47.62% (10/21) of injected neurons did not transfer dye at 25, 2.5, 0.25ng/ml NGF 

respectively (Fig. 4. lOa-c). At older ages the incidence of injected neurons that did not 

show detectable dye transfer at 25, 2.5 and 0.25 ng/ml followed a similar trend, giving 

63.64% (7/11), 55.50% (5/9), 44.44% (8/18) at E13 and 64.00% (16/25), 58.3% 

(21/36), 48.00% (12/25) at E14 (Fig.4.1 la-c & 4.12a-c).

According to analysis of variance (ANOVA) statistics, the mean number of cells in a 

dye-coupled group (cells which did not transfer dye were excluded from the analysis) 

did not differ significantly from 25ng/ml to 0.25ng/ml of NGF. For example, at E12 

the mean was 2.20+/-0.20 (n=5) at 25ng/ml NGF and 2.33 +/-1.60 (n=15) at 

0.25ng/ml NGF, P<0.848 F3,29=0.26, and at E13 and E14 results were similar .[The 

mean was 2.25+/- 0.25 (n=4) and 3.10+/- 0.31 for E13 explant ( n=10) P<0.259 

F2,14=1.49 and 2.0+/-0.00 (n=9) and 3.08 +/-0.40 (n=13), P<0.126 F,33=2.21, for 

E14 explants at 25 and 0.25 ng/ml NGF respectively].

N.B. Values are only significantly different from each other when P<0.05 [estimated 

using ANOVA]. Although, ANOVA suggests that the mean number of neurons in a 

dye-coupled group was not significantly different, a general trend was apparent 

whereby a decrease in NGF concentration from 25 to 0.25ng/ml gave rise to an 

increase in the % of injections which resulted in dye-coupling and an increase in the 

frequency at which larger dye-coupled groups were observed (Fig.4.10-4.12). When 

NGF was excluded from the culture medium 80% (8/10), 100% (7/7) and 66.00%
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Fig. 4.10. Graph illustrating the % of injections which gave rise to the range of cell 

numbers observed in a dye-coupled group of E l 2 DRG explants cultured for 24h in the 

presence of>

A. 25.00ng/mlNGF (n=16)

B. 2.50ng/mlNGF (n=28)

C. 0.25ng/mlNGF(n=21)

D No NGF (n=10)
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Fig. 4.11. Graph illustrating the % of injections which gave rise to the range of cell 

numbers observed in a dye-coupled group of E13 DRG explants cultured for 24h in the 

presence of-:

A. 25.00ng/mlNGF (n=ll)

B. 2.50ng/ml NGF (n=9)

C. 0.25ng/mlNGF(n=18)

D. No NGF (n=14)
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Fig. 4.12. Graph illustrating the % of injections which gave rise to the range of cell 

numbers observed in a dye-coupled group of E14 DRG explants cultured for 24h in the 

presence of>

A. 25.00ng/mlNGF (n=25)

B. 2.50ng/ml NGF (n=36)

C.0.25ng/mlNGF(n=25)

D. No NGF (n=12)
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(8/12) of injections did not transfer dye at E12, E13 and E14 respectively and when 

dye-coupling was present it was never to more than 1 other neighbouring cell (Fig.

4. lOd, 4.1 Id, 4 .12d). Various types of dye-coupling were observed at various 

concentrations of NGF, with typical examples given in figure 4.13. Figure 4 .14a 

illustrates the lack of coupling observed when NGF was excluded from cultures. Dye- 

filled cell bodies often appeared in clusters and thus coupling was probably 

predominantly somatic however occasionally dye-filled cells bodies were adjacent to 

dye-filled axons which may be a result of axo-somatic / axo-axonic dye-coupling (Fig. 

4.14b). Also larger dye-coupled groups were sometimes present (Fig. 4.14c). A 

further important factor influencing dye-coupling was the position of the injected 

neuron. DRG neurons often migrate from the cultured ganglia on the surface of the 

laminin-coated coverslip; such cells were never seen to transfer dye (n=7, El 2-El 4 

examined) (Fig. 4.15).

Dye-injection of DRG neurons, in situ, in E l2 and E l3 embryonic lumbar slice 

cultures, cultured for 24h in the presence of 25ng/ml NGF, showed a marked decrease 

in the incidence of dye-coupling compared to preparations, where NGF was absent. 

Further, slices cultured without NGF gave similar results to controls (see above), 

which indicated that gap-junction-mediated dye-transfer in these experiments was not 

significantly affected by culture conditions, but rather, appeared to be affected by tissue 

disruption or absence of other tissues normally present. Therefore, although explant 

DRGs without NGF were always in poor condition and did not often transfer dye, slice 

cultures without NGF gave similar dye-coupling results to those observed in freshly 

prepared slices. In the presence of NGF there was always extensive growth of DRG 

neurons out of the slice..

N.B. Neurons were also observed to migrate out of the slice, but these may have 

originated from the neural tube.
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Fig. 4.13. E12 expiant DRG cultures subjected to overnight incubation with a range of 

NGF concentrations gave varying degrees of LY dye-coupling.

A. 25.00 ng/ml of NGF. A single neuroblast is shown on the left and a dye-coupled 

pair is shown on the right (the injected neuroblast appears to be weakly coupled to its 

neighbour and as a consequence its neighbour appears fainter).

B. 2.50 ng/ml of NGF. A single neuroblast is shown on the left and a strongly coupled 

pair on the right.

C. 0.25 ng/ml of NGF. A group of neuroblasts, strongly dye-coupled, is shown on the 

left and two injections giving rise to single neuroblasts is shown on the right.

Scale bar= 50pm
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Fig. 4.14. Further examples of dye-coupling observd in explant cultures of DRG 

neurons

A Cells were not often coupled when NGF was absent from culture medium. Three 

separate injections are shown in this image.

Scale bar=50|im.

B. Example of axo-somatic / axo-axonic coupling in an E l 3 explant after 24h in 

culture with 0.25ng/ml NGF. Scale bar= 100pm.

C. Example of a large group of dye-coupled neurons in an E l4 explant after 24h in 

culture with 0.25ng/ml NGF. Scale bar=50pm.
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Fig. 4.15. Neurons were never coupled after they had migrated away from the ganglia. 

(E l3 explant after 24h in culture with 0.25ng/ml NGF). Scale bar=50|im.

A. Image taken using a combination of phase contrast and epifluorescence optics.

B. Image taken using epifluorescence optics.
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In E l2 slices incubated with NGF, 68.06% (49/72) compared to a control value (slices 

incubated without NGF) of 32.56% (28/86) of cells did not transfer LY (Fig. 4 16). 

The mean number of cells in a dye-coupled group did not differ significantly between 

25ng/ml NGF (mean 2.4 +/-0.01, n=23 ), and controls (mean 3.5, n=57) P<0.256 

F I,63=1.31. E13 organotypic slice cultures followed a similar trend, where 64.29% 

(9/14) of injections of DRG neurons gave rise to single cells in the presence of 

25ng/ml NGF and 31.25% (5/16) gave rise to single cells in the absence of NGF 

(Fig.4.17). As in previous experiments, the mean number of cells in a dye-coupled 

group in the presence of NGF (mean 2.60 +/- 0.40, n=5) did not differ significantly 

from those of control experiments (mean 3.27+/- 0.54, n=l 1) P<0.198 FI,8=1.97. 

However, there did appear to be a decrease in the frequency at which larger size dye- 

coupled units occurred when both E l2 and E l3 organotypic slices were cultured in 

the presence of NGF (Fig. 4.16 & 4.17). Examples of dye-coupling observed in E12 

organotypic slice cultures are illustrated in figure 4.18. In both explants and 

organotypic slice cultures subjected to NGF, the quality of dye-transfer sometimes 

differed from rat in fresh preparations in that dye-transfer was not always immediate 

and neighbouring cells were sometimes fainter than the injected cell, (see Fig. 4.13a).
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Fig. 4.16. Graph illustrating the % of injections which gave rise to the range of cell 

numbers observed in a dye-coupled group of E12 DRGs in organotypic slices cultured 

for 24h in>

A. 25.00ng/ml NGF (n=82)

B. The absence of NGF (n=86)
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Fig. 4.17. Graph illustrating the % of injections which gave rise to the range of cell 

numbers observed in a dye-coupled group of E13 DRGs in organotypic slices cultured 

for 24h in:-

A. 25ng/ml NGF (n=14)

B Absence of NGF (n=16)
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Fig. 4.18. Examples of dye-coupling seen in E12 slices cultured for 24h 

Scale bar=50|am.

A-B. With 25.00 ng/ml NGF.

Examples of injections giving rise to single neuroblasts.

C-F. In the absence of NGF.

C. Undifferentiated cells in a dye-coupled group.

D. Dye-coupling of bipolar neuroblasts. E. Axo-somatic / axo-axonic dye-coupling of 

bipolar neuroblasts.

F. Two injections; one giving rise to an uncoupled cell and the other giving rise to a 

group of neuroblasts.
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DISCUSSION

Connexin expression in developing DRG neurons

In this chapter, evidence is provided to suggest that Cx26 and Cx43 but not Cx32 are 

expressed in developing rat DRG neurons. Cx43 and Cx26 IR plaques are small but 

frequently located around the perimeter of cells. The pattern of expression appears 

continuous throughout the ganglion (Fig.4.2 & 4.3). Examination of mini-explant and 

dissociated DRG neurons further suggest that Cx43 and Cx26 IR plaques are localized 

not only on the soma but also on the axons of DRG neurons (Fig. 4.6).

The expression of Cx43 in ectodermally derived tissues has been documented by 

previous studies (Nishi et al., 1991; Ruangovarat and Lo 1992; Yancey et al., 1992) 

and the coexpression of Cx43 and Cx26 has been described in non-neural ectoderm 

(Risek et al, 1992), neuroectoderm (Dermietzel et al., 1989) and in this project both 

Cx43 and Cx26 have deen described in embryonic tissues of non-neural and 

neuroectodermal origins; thus the coexpression of Cx43 and Cx26 in ectodermally 

derived tissues appears to be a common phenomenon occurring throughout embryonic 

development.

Incongruent with the results in this study, previous experiments, in which the spatio- 

temporal expression of Cx43 mRNA was mapped at various stages of mouse 

development, showed that at E l2.5 (equivalent to E14 in rat) spinal ganglia did not 

express Cx43 mRNA (Ruangovarat and Lo, 1992). The reason for this discrepancy 

may be ascribable to differences in the sensitivity or specificity of connexin probes used 

in the two different techniques, or be a result of species differences in connexin 

expression. Interestingly, however, these authors did detect Cx43 mRNA prior to 

gangliogenesis, between migrating neural crest cells. In the present study, the 

frequency of Cx43 IR plaques (0.24%) was similar to that of Cx26 IR (0.25%) at E l3

187



but less (0.19%) than that of Cx26 (0.25%) at E l4, suggesting that Cx43 may be 

preferentially expressed by multipotent stem cells, or pluripotent neuron / glial 

precursors of sensory ganglia as they undergo a temporal decline during DRG 

development

The observation of small gap junctional plaques between developing DRG rat neurons 

is consistent with previous EM studies in chick embryos (Pannese et al., 1977) and 

appears to be a general characteristic of gap junctions found in developing and adult 

mammalian nervous systems. The strong dye-coupling between DRG neurons, even 

though gap junctional plaques are small, may either be a result of very close contact 

between neurons at this age since the ganglia are epithelial in nature and the majority of 

neurons are bipolar or because of the high frequency of these plaques .

Immunohistochemical analysis revealed that not only are connexins expressed in a 

uniform manner throughout the ganglia (Fig.4.2 & 4.3), but also appear to be 

expressed in a uniform manner around the plasma membrane perimeter of each 

neuronal soma as well as on axons (see Fig.4.6). Earlier dye-coupling studies (Fulton, 

1990) , as well as those in the present study, have shown that at E l3 all dye-injected 

cells exhibit dye-transfer and the resulting dye-coupled groups consist of 2-8 cells. 

Although, axo-somatic / axo-axonic coupling was occasionally observed, the cell 

bodies of dye-coupled cells were clustered together in most cases, suggesting the 

presence of somatic coupling (Fulton, 1990), although, as mentioned above connexin 

expression was also observed on the axons of DRG neurons.

At first glance, the frequent expression of Cx43 and Cx26 around the perimeter of 

DRG neurons might suggest that a DRG neuron could be coupled to all / or nearly all 

of its immediate neighbours. However cells are often dye-coupled to only one or two 

other cells. This might suggests that connexins expressed around the soma exhibit 

heterogeneous properties (e.g. differential posttranslational modifications or
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heterotypic gap junction formation may occur). However, since formation of gap 

junctions requires adhesive interactions, a more likely explanation is that different cell 

adhesion molecules are expressed by different neurons. Thej heterogeneity of DRG 

neurons with respect to their modality, histochemical properties and conduction 

velocities suggests that junctional formation between heterologous neurons may be 

disadvantagous (see later in Discussion). Differences in the type or number of cell 

adhesion molecules may give rise to discrete dye-coupled units; N-cadherin and R- 

cadherin are expressed by chick neural crest cells during DRG aggregation (Hatta et 

al., 1987; Inuzuka et al., 1991), whereas the expression of E-cadherin in mouse is low 

at E12 but by El 7 is expressed by a subset of neurons containing substance P and 

whose fibres terminate in lamina II of the spinal cord (Shimamura et al., 1992). 

Alternatively, this phenomenon may result from a discrepancy between 

immunohistochemistry and dye-injection as at least 20 channels must exist between the 

membranes of coupled cells for LY dye-transfer to be detected (Dermietzel and Spray, 

1993). Immunohistochemistry in combination with LSCM may be more sensitive than 

LY dye-coupling assays and it is known that LY does not appear to travel through all 

types of gap junctions (Bodmer et al., 1988). However, this last alternative appears to 

be a very unlikely explanation because LY transfer was always strong and immediate.

A comparison of Cx43 and Cx26 ER plaque size between neuroectodermally derived 

tissue (DRGs) and non-neural ectoderm (flank epidermis) was also quantitatively 

analysed. The IR plaque size of Cx43 and Cx26 expressed in the DRGs at E l3 (see 

earlier) was significantly less than that found in non-neural ectoderm, especially in the 

case of Cx26 [epidermis^ 9.38 pixels, DRGs= 3.50 pixels] as shown in figure 4.4, but 

also in the case of Cx43 [epidermis= 4.98 pixels, DRGs=3.50 pixels]; values are of a 

similar magnitude at E14 (see Chapter 3). Figure 4.4 illustrates the preferential 

expression and size variations of Cx26 IR in ectodermally derived tissues at E l3.
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The functional significance of variations in IR plaque size between neural and non- 

neural ectoderm at E13 and E l4 may be ascribable to different proliferation / 

differentiation programmes present in each tissue at that time. In the epidermis at E l3, 

large gap junctions may be required to allow the synchronization of proliferative 

control at a low rate (Hayward and Kent, 1983), whereas DRG proliferation and 

differentiation is probably at its peak (Lawson et al. 1974). Alternatively, the 

differences may arise as a result of the special roles that gap junctions may play to 

satisfy the more complex requirements of the developing nervous system, [see Chapter 

1 and later on in the text of this chapter where the putative roles of gap junctions in the 

developing somatosensory system will be discussed].

Dye-coupling between DRG neurons has been found to decline sharply at around EI5- 

E 16 and to continue to decline throughout embyonic development, until at E20 where 

only 23.5% of neurons are dye coupled (Fulton, 1990). This decline in dye-coupling is 

consistent with the marked reduction in Cx43 and Cx26 ER seen in newborn rat DRG 

neurons (Fig. 4.7). This suggests that the reduction in dye-coupling observed during 

late embryonic development might be due largely to a decrease in the connexin 

expression and not a consequence of posttranslational modifications of existing 

connexins, such as phosphorylation, which may have caused a decrease in gap junction 

permeability (see Saez et al., 1993), although this possibility was not examined in these 

experiments. The decline of connexin expression in DRG neurons during their 

development is also consistent with freeze fracture studies of developing chick sensory 

neurons which showed a decrease in the occurrence of gap junction particles between 

E4 to ElO (Pannese et al., 1977). However, Cx32 IR has been detected in a small 

proportion (14%) of adult DRG neurons (Carr et al., 1991) and dye-coupling studies 

suggest that a small proportion of neurons are still dye coupled at E20 (23.5%), 

although dye-coupling has never been observed postnatally and adult DRGs have not 

yet been examined (Fulton, 1990).

190



At PO, Cx26 was present in small amounts (Fig. 4.7a) both in the ganglia and in the 

peripheral nerves. Small amounts of Cx32 was also expressed in peripheral nerves (Fig, 

4.7b), but appeared absent on fibres within the ganglia; this may have been because 

Cx32 expression was too low to be detected. Without double-labelling experiments it 

was impossible to establish whether labelling in the ganglia was specifically localized to 

neuronal cell bodies, satellite cells or both, or whether labelling in fibres was localized 

to axons, Schwann cells or both. Dye-coupling has previously been detected between 

non-myelinating Schwann cells of neonatal and adult mouse sciatic nerve (Konishi, 

1989), however, Cx32 IR has more recently been described in adult myelinating 

Schwann cells, at the nodes of Ranvier and Schmidt-Lanterman incisures (Bergofien et 

al., 1993). The importance of this has recently been confirmed by the finding that 

Charcot-Marie Tooth disease patients express Cx32 gene mutations -see Chapter 1 

(Bergofien et al., 1993). Thus it appears probable that Cx32 is expressed by Schwann 

cells, although at PO in peripheral nerves myelination by Schwann cells is just 

beginning (see lessen and Mirsky, 1991).

Cx26 expression has not, to my knowledge, been examined in either developing or 

adult peripheral nerves, however, in the CNS, Cx26 has been found to be down- 

regulated during development and replaced by Cx32 (but only in some areas of the 

CNS -see Chapter 1), whilst the expression of Cx43 was present throughout 

development Dermietzel et al., 1989). It has been suggested that Cx26 is specific to 

developing neurons, Cx32 to mature neurons and oligodendrocytes and Cx43 to 

astrocytes (Dermietzel et al., 1989). In this context, Cx26 might be expressed in low 

amounts by neurons at PO on their soma and axons. Another interesting observation 

evident in rat newborn cryosections was that Cx26 IR plaques were strictly localized to 

a region of the hair follicle which is innervated by peripheral nerves of the DRGs.

Thus, Cx26 may be expressed by the nerve terminals of sensory (DRG) neurons 

innervating hair follicles, although, of course expression may be by the hair follicle.
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which is ectodermal in origin. [Risek and colleagues (1992) have described Cx26 IR in 

hair follicles of the developing rat].

Regulation of gap junction expression in developing DRG neurons

The underlying cause of the decline in dye-coupling observed at E l 5-El 6  in 

developing DRG neurons (Fulton, 1990) and the decrease in connexin expression 

observed here, could be a result of genetic or epigenetic influences or both. It seems 

likely that epigenetic factors may be important since a number of major developmental 

events coincide, temporally, with the onset of uncoupling. These events are listed 

below and the feasibility of their being putative mechanisms in regulating gap junctions 

between DRG neurons in vivo, is discussed.

1 ) Could the formation of synaptic connections of cutaneous (see Smith, 1983; 

Fitzgerald, 1990) and / or muscle (Saito, 1979) afferents in the gray matter of the 

dorsal horn of the spinal cord result in / lead to uncoupling of DRG neurons at E l 6 ? 

This appears unlikely because only A fibres penetrate the spinal cord at this age (30% 

of total sensory afferents); C fibres (70% of total sensory afferents) reach the spinal 

cord at El 2 but do not project to their targets in the gray matter of the dorsal horn 

until El 8 -E l9 (Fitzgerald, 1987).

2 ) Is it possible that the innervation of peripheral target tissue (Reynolds et al., 1990) 

leads to uncoupling of DRG neurons? It may be possible that coupling is affected by 

certain target-derived factors, such as NGF, which are synthesised in the epidermis at 

the time of its innervation (Davies, 1987). Much evidence suggests that growth factors 

can regulate gap junction expression (see Chapter 1). Coupling may also be affected 

by naturally evoked electrical activity occurring in utero; nerve-evoked electrical 

activity leads to uncoupling of muscle cells in Xenopus embryos (Armstrong et al., 

1983). In spinal Rohon-Beard neurons (Spitzer, 1982) and the dorsal unpaired median
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neurons of the grasshopper embryo (Goodman and Spitzer, 1981), electrical 

uncoupling correlates with the appearence of Na+ spikes. Although in chick neurons, 

Na'*' currents are expressed very early during their embryonic development (Gottmann 

et al., 1988) and the ontogeny of voltage-activated currents in rat is likely to be the 

same, it does not mean that they are electrically active at this point. With respect to 

the possibility that electrical activity may play a role in uncoupling DRG neurons, it is 

also interesting that embryonic DRG neurons first exhibit substantial spontaneous 

electrical activity at E l6  (Fitzgerald, 1987)

3) Gap junctions might be disrupted between developing DRG neurons because of 

their physical separation by satellite cells. In chick embryos, it was found that at ElO, 

when gap junctions between neurons could no longer be observed, the neurons had 

become separated from one another by interposing satellite cells (Pannese et al., 1977). 

However, in the thoracic region of the rat, scanning EM studies reveal that substantial 

satellite cell investment does not occur until El 7 (Matsuda and Uehara, 1984); the 

rostro-caudal gradient in development t)f spinal ganglia suggests that this event may 

not occur until El 8  in lumbar regions of rat embryos.

4) The occurrence of programmed cell death shortly after innervation of target tissue 

may cause DRG neurons to uncouple. Cell death can range from 25% in the vestibular 

ganglia and cochlear ganglia to above 75% in the trigeminal mesencephalic nucleus 

(see Davies, 1991) In the case of DRG neurons that supply the hind limb, cell death 

appears to differ between species; in Xenopus two thirds of neurons die at stage 53 just 

before movement of the hindlimb commences (Prestige, 1965), however in chick there 

is little or no cell death (Hamburger and Levi-Montalcini, 1949). In rat, cell death 

occurs from El 5 to just after birth and peaks at E l 7-El9 in L(4) primary afferent 

neurons and the number of dying cells was found to be around 1-3% of the total 

number of neurons (Coggeshall et al., 1994). Cell death would have to be of the order 

of 75% to account for the extensive uncoupling observed.
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In the present study, tissue culture experiments were carried out to try and establish 

whether NGF might control the developmental regulation of gap junction expression. 

Recent experiments have revealed that NGF receptors are present in developing DRG 

neurons before target innervation. In situ hybridization experiments demonstrated that 

the NGF receptor (TrkA) mRNA is expressed in E l2.5 (Elkabes et al., 1994) and E l3 

(Mu et al., 1993) rat embryonic DRGs and reverse transcription- polymerase chain 

reaction (RT-PCR) has detected TrkA mRNA at E3.5 in quail embryonic DRGs 

(Zhang et al., 1994). The low affinity NGF receptor ( p75) has also been documented 

in DRGs prior to target innervation. It is expressed by migrating neural crest cells 

(Bemd, 1985) and has been shown to be present in DRG neurons at E4 in chick 

(Sutter et al., 1979). The finding that NGF mRNA synthesis also occurs in both 

neural tube and somites at this age (Elkabes et al., 1994) suggests that NGF may be 

more than just a target-derived neurotrophic factor, promoting the survival of 

differentiated neurons, but may also regulate the proliferation of pluripotent precursors 

and the transition to post mitotic differentiated neurons (Cattaneo and McKay, 1990).

During these experiments it was very important to carry out control experiments as 

gap junctional communication can be affected by tissue "wounding" (Gabbiani et al., 

1978) and other environmental factors, such as pH (Turin and Warner, 1977) or 

extracellular Ca^^ concentrations (see Peracchia and Girsch, 1985).

Dye-injection of freshly prepared DRG neurons (controls)

At E l3, the finding that all injected neurons gave rise to dye-transfer in ventral 

laminectomized preparations is consistent with previous work (Fulton, 1990). In 

preparations where lumbar spinal ganglia were exposed by ventral laminectomy, both 

the number of DRG neurons which exhibited dye-transfer and the number of cells in a 

dye-coupled group were greater than found in DRG neurons in lumbar embryonic
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slices. This observed decrease in coupling is therefore most likely to be a result of 

damaging either DRG neurons, or other tissues which interact with DRG neurons.

Dye-injection of DRG explants exposed to NGF

The sharp decline in dye-coupling observed in explant DRG cultures compared to 

experiments where freshly prepared DRGs were injected in situ could be a result of 

many factors, e.g. the absence of surrounding tissue which may provide important 

signals, the increase in damage to the ganglionic structure or by certain growth factors 

/ chemicals present in the tissue culture medium (see later on in Chapter 4)

The extent of dye-coupling observed between DRG neurons appeared to be dependent 

on the concentration of NGF used, with a main change occurring between 2.5 and 

2  5 ng/ml NGF. As the concentration of NGF increased, the % of injections which gave 

rise to single cells increased and the frequency at which larger dye-coupled groups 

occurred decreased (Fig.4.10-4.12). This implies that NGF may play a role in 

regulating gap junction expression of DRG neurons during the time of peripheral target 

innervation. Two other interesting observations were made.

Firstly, at high concentrations of NGF a percentage of neurons remain coupled, 

suggesting that a proportion of DRG neurons may be unresponsive to NGF. It has 

been shown that different subpopulations of DRG neurons contain different Trk 

receptors. For example C-fibres express TrkA receptors whereas A fibres express 

TrkB (specific for BDNF) and TrkC (specific for NT-3) receptors (Mu et al., 1993) 

and proprioceptors (Johnson et al., 1983; Ruit et al., 1992) and other large diameter A 

fibres, such as hair follicle afferents and low threshold mechanoreceptors (Ruit et al.,

1992) have been shown to be NGF independent. Also, recent experiments involving 

quail DRG neurons indicate that the majority of newly differentiated sensory neurons 

express TrkC receptors, but that as development progresses this expression changes
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into a minority (Zhang et al., 1994). Further, there may be other growth factors, such 

as bFGF, BDNF, NT-3 which emanate from the developing spinal cord (Kalcheim et 

al., 1987; Maisonpierre et al., 1990) and play a role in down-regulating gap junction 

expression between DRG neurons from E l5. Another reason why a proportion of 

DRG neurons appeared to be unresponsive to NGF may be because the full effect of 

NGF may occur over several days as would be the case if NGF were exclusively 

responsible for the uncoupling observed in vivo. Unfortunately lack of time precluded 

this particular hypothesis to be examined.

Secondly, the most extensive coupling was observed at very low concentrations 

(0.25ng/ml) of NGF. This suggests that NGF at low concentrations may act as a 

permissive or instructive signal required to maintain coupling; NGF mRNA has been 

detected in somites and neural tube at this age (Elkabes et al., 1994). When NGF was 

excluded from the culture medium, the low amount of coupling observed could be a 

result of impaired functioning or cell death. Although, studies involving mouse 

trigeminal (Davies and Lumsden, 1984), vestibular, geniculate, petrosal, nodose 

(Davies, 1989) ganglia and chick DRGs (Davies et al., 1986) suggest that sensory 

neurons are independent of NGF prior to target innervation, recent tissue culture 

experiments involving embryonic E3 .5 quail DRGs reveal that not only are TrkA 

receptors expressed by these neurons but that the absence of NGF results in a 30% loss 

of DRG neurons after 24h in vitro (Speight et al ., 1993).

Dye-injection of DRGs in organotypic slice cultures

Dye-injection of DRG neurons in slices cultured for 24h in the absense of NGF gave 

very similar results to those obtained from freshly prepared slices. This suggests that 

the culture conditions in these experiments did not significantly affect gap junction 

communication and therefore the marked decline in coupling observed in explant 

cultures was probably a result of damage to the DRGs and / or the absence of
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surrounding tissues. Surrounding tissues in the slice may send permissive or 

instructive signals to the DRGs to maintain coupling at these ages; the signal may then 

become redundant at later stages in development. For example, experiments have 

shown that the absence of CNS tissue leads to a significant decrease in the survival of 

DRG neurons during early stages of gangliogenesis (Teillet et al., 1987; see Le 

Douarin and Smith, 1988) and CNS derived growth factors, such as BDNF, bFGF 

(Kalcheim et al., 1987) and NT-3 (Maisonpierre et al., 1990; Gaese et al., 1994) have a 

significant effect on the survival of DRG neurons at early stages of gangliogenesis. 

Further, Trk B and C receptors are present in DRG neurons by E13 (Mu et al., 1993; 

Elkabes et al., 1994). Somitic mesoderm may also provide cues to DRG neurons 

which are permissive or instructive to coupling, for example, somites transiently 

express NGF mRNA from El 2.5. Alternatively, the presence of motoneurons and /or 

their cell adhesion molecules which act as guidance cues for sensory neurons 

(Landmesser and Honig, 1986) may be important cues for maintaining coupling.

In the case of organotypic slices cultured in the absence of NGF, dye-coupling between 

DRG neurons was much greater than when slices were cultured with 25ng/ml NGF . 

This appeared not only a consequence of a decrease in injections which gave rise to 

single cells but also a result of an increase in the size of dye-coupled groups and the 

frequency at which they occurred (Fig. 4.16-4.17). As in explant cultures, although, a 

marked decline in dye-coupling was observed in slice cultures exposed to 25ng/ml 

NGF, and a proportion of neurons still exhibited dye-coupling . The reason for this 

coupling could be because there is a subset of NGF-unresponsive afferents or because 

cultures were maintained for only 24 hours as discussed previously. Alternatively, 

other events which occur later in development may also contribute to uncoupling of 

DRG neurons, e.g. physical separation of neurons by satellite cells, spontaneous or 

evoked electrical activity, cell death and / or factors emanating from the developing 

spinal cord.
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From these tissue culture experiments it could not be determined whether the decline in 

dye-coupling observed with NGF treatment was a result of gap junction protein 

downregulation or posttranslational modification of existing gap junctions. 

Unfortunately there was not enough time to examine connexin expression in NGF 

treated explant and slice cultures.

Another interesting property of both explant and organotypic slice cultures was that 

the injected cell was often much brighter than its coupled neighbour/s, indicating that 

dye-transfer was more restricted than in freshly prepared slices. This may be because 

there was a decline in the number and / or permeabilty of gap junctions between these 

cells which may be caused by the actions of NGF or by culture conditions in the case 

of explants.

Interactions of NGF with its high affinity receptor, TrkK, is complex and requires 

cooperation of many contact sites (Barbacid, 1995). Receptor activation requires the 

formation of TrkK receptor homodimers followed by autophosphorylation of the TrkA 

receptor tyrosine residues (see Kalpan and Stephens, 1994). The low affinity NGF 

receptor (p75) does not mediate neurotrophin signalling but is thought to facilitate 

NGF signalling through TrkA (Kempstead et al., 1991). The transphosphorylation of 

the TrkA receptors provides docking sites for cellular (SH-2 domain proteins) 

signalling proteins, for example PLCy and SHC (see Kalpan and Stephens, 1994).

PLCy catalyzes the hydrolysis of Pi 4,5-biphosphate to diacglgycerol (DG) and IP3 

(Rhee and Choi, 1992). DG then activates PKC whilst IP3  increases intracellular 

Ca^"^stores. PLCy also activates Ras (Keegan and Halegoua, 1993). SHC associates 

with Grb2 which in turn binds to sos which activates Ras (̂ Suen et al., 1993). Ras is 

known to activate the Raf/MEK/ERK pathway and ERK activates Rsk (Crew and 

Erikson, 1993) which in turn translocates to the nucleus and regulates transcriptional 

factors (Rivera et al., 1993).
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The proto-oncogene Src, appears also to be activated by Trk, possibly by its SH2 

domain (see Keegan and Halegoua, 1993). Src can tyrosine phosphorylate SHC 

resulting in activation of the Grb/sos/Ras pathway or Src may signal via DG/PKC 

activating the Ras pathway. Ras (Brissette et al., 1991) and Src (Swenson et al., 1990) 

have been shown to disrupt gap junctional communication by causing phosphorylation 

of Cx43 serine residues. Ras has also been shown to down regulate Cx26 transcription 

and, thus, such a mechanism would be consistent with the temporal decline of Cx26 in 

developing DRGs.

Finally, it should be mentioned that analysis of gap junction communication in culture 

systems should be treated with some caution. Higgins and Burton, 1982, found that in 

superior cervical ganglia (SCG) coupling was highly plastic and increased when 

selenium and especially insulin was added to serum-containing medium. In this project 

explant DRG neurons gave rise to very low amounts of coupling in the absence of 

NGF which might suggest that endogenous NGF is produced by DRG neurons causing 

neurons to uncouple. However, the finding that low concentrations of NGF 

(0.025ng/ml) increased coupling suggests that the lack of coupling in the absence of 

NGF was either because of the poor condition of DRG explants or the absence of 

certain factors present in vivo which permit coupling. This also indicates that at these 

stages in embryonic development (El 3-El 4) other factors found outside of the ganglia 

are crucial for DRG neuron functioning and survival. Also the finding that dye- 

coupling and the condition of DRG neurons in organotypic slice cultures without NGF 

was similar to that found in vivo suggests that other factors present in the slice are 

necessary for DRG development and that optimal culture conditions were present 

when organotypic slice cultures were used.
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Roles of gap junctions in the somatosensory system

Although rat DRGs are not somatotopically organised (Ygge, 1984), there is evidence 

that cell bodies and / or axons of primary afferents related by modality or peripheral 

nerve projection sometimes occur in small clusters (Burton and Mcfarlane, 1973; 

Roberts and Elardo, 1986). The cell bodies of coupled rat DRG neurons are usually 

clustered together and their neurites tend to fasciculate both centrally and peripherally, 

at least in their initial stages of outgrowth (Fulton, 1990). Are dye-coupled neurons 

related in modality and / or in terms of the somatotopic organisation of their 

peripheral and central processes? Cell type specific coupling has been described in the 

retina (Penn et al., 1994), between pyramidal cells of the visual cortex (Peinado et. al., 

1993a & b), and between neurons of the adult hippocampus (Christie et al., 1989).

Gap junctional coupling between neurons might be a mechanism by which these cells 

regulate their common phenotype. Are the gap junction interactions between 

developing cells searches for like cells which may have been prespecified before neural 

crest migration or are they inducing cells to become the same type?

An attractive hypothesis would be that dye-coupled groups of DRG neurons resemble 

functional neuronal domains [spinal motor neurones are coupled along functional lines 

(Walton and Navarrete, 1991)] within which gap junction permeable molecules, such 

as IPs , Câ "*" and cAMP regulate a multitude of biochemical pathways, resulting in a 

variety of common characteristics, between functionally related neurons (see Kandler 

and Katz, 1995). To investigate whether functionally coupled DRG neurons are 

related with respect to somatotopic organization of peripheral and central innervation, 

it would initially be important to establish if coupled neurons fasciculate past the plexus 

region. Modality specific coupling could be examined if A and C neurons could be 

identified either morphologically or biochemically at these early stages of DRG 

development.
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Another possibility is that dye-coupled DRG neurons are clonally related. This 

phenomenon has been demonstrated in the dorsal unpaired median neurons of the 

grasshopper (Goodmann and Spritzer, 1979). However, only correlative evidence 

suggests that this also occurs in the developing nervous systems of mammals; for 

example, in the developing rat neocortex, the radial columnar organization of dye- 

coupled neuroblasts in the ventricular layer (Lo Turco and Kreigstein, 1991) is 

reminiscent of some clones identified by lineage studies, for example, those described 

by Luskin and colleages, 1988. On this point, it would also be interesting to establish 

whether clonally related cells are also related by modality and / or somatotopy.

Very little is known about the molecular mechanisms regulating neural crest migration 

and phenotypic control. Cell adhesion molecules involved in the control of neural crest 

migration include the integrins, NCAM and the cadherins (Theiry et al., 1982; Erickson 

and Perris, 1993; Nakagawa and Takeichi, 1995). It was previously thought that when 

neural crest cells migrate they lose their adhesion molecules (e.g. Hatta et al., 1987; 

Aoyama et al., 1985). However, recent findings reveal that many migratory cells 

express functional cadherins and that this expression appears to be important for their 

orientated migration, for example, associated sclerotome cells (Kimura et al., 1995) 

and migrating primordial cells (Gomperts et al., 1994) express functional cadherins. 

Further, recent experiments have shown that some neural crest cells express the 

functional cadherin, c-cad7, during migration whereas others express N-cadherin, 

indicating that migrating neural crest cells may be grouped into subpopulations 

expressing different cadherins (Nakagawa and Takeichi, 1995).

It would be interesting to know from what stage in somatosensory development 

functional gap junction communication is present. Gap junction protein (Aoyama et 

al., 1985) and Cx43 mRNA (Ruangovarat and Lo, 1992) have been detected in 

migrating neural crest cells, however, functional studies have not yet been published, 

although, preliminary studies carried out in our laboratory suggest that neural crest
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cells may be dye-coupled. Is functional coupling required prior to or during neural 

crest migration? Are these dye-coupled cells clonally or functionally related or both? 

Are the cadherin positive groups of neurons coupled by gap junctions? Finally, if 

neural crest cells are prespecified with respect to modality and somatotopic 

organization of DRG neurons, does coupling play a role in the formation of small 

clusters of related DRG neurons ?
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CHAPTER 5

CONNEXIN EXPRESSION AND DYE-COUPLING IN THE 

DEVELOPING SPINAL CORD
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5.1 INTRODUCTION

This chapter describes some preliminary observations on gap junction expression and 

communication in the developing neural tube. Although very incomplete in its 

documentation, I have presented this information in a separate chapter as I feel it may 

provide some basis for future work in this largely neglected area. A detailed account 

of the spatial and temporal expression of connexins and functional properties of these 

gap junctions would be imperative to elucidate the roles of gap junctions in the early 

embryonic CNS.

Organization of the spinal cord

Briefly, the spinal cord is bilaterally symmetrical with a cross-sectional organisation 

which is relatively similar throughout its entire length. It has a circumferentially 

arranged white matter divided into the dorsal, dorsolateral, lateral, ventral, and 

ventromedial funiculi and a centrally arranged gray matter consisting of the dorsal 

horn, intermediate gray and ventral horn which are further subdivided into lamine.

Histogenesis of the rat spinal cord

The spinal cord develops from the cervicolumbar region of the neural tube. Tritiated 

thymidine autoradiography has been used to study neurogenesis in the developing rat 

spinal cord. Initially, the lateral wall of the neural tube is a simple pseudostratified 

epithelium surrounding a "slitlike" lumen, which by El 1-12 has become bulbous, 

capped dorsally and ventrally by the roof and floor plate, respectively (Sauer, 1959). 

The nuclei of proliferating cells are translocated within the cytoplasm during different 

stages of the cell cycle in such a way that during DNA synthesis they move away from 

the lumen, only to return to the vicinity of the lumen when dividing. After their last
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cell division (El I-E13), the basal plate forms as motor neuroblasts migrate away from 

the ventricular layer to the most ventrolateral region of the mantle layer; subsequent 

motor neuroblasts settle progressively dorsal and medial to their predecessors (Nornes 

and Das, 1972). Neurogenesis continues both ventro-dorsally and rostro-caudally. The 

neuroblasts of the intermediate gray originate between E12 and El 5, and the alar plate 

becomes established as sensory neurons migrate, settling in the substantia gelatinosa 

between days E14 and E16 (Nomes and Das, 1972; Altman and Bayer, 1984). The 

neuroepithelium is now referred to as the ventricular zone which, when histogenesis is 

complete, becomes the ependymal layer lining the central canal of the spinal cord.

Patterning of the neural tube

The roof and floor plate, which occupy the dorsal and ventral midline respectively, do 

not undergo neurogenesis, but are important in providing patterning information to the 

developing spinal cord (see Jessell and Melton, 1992; Ruiz i Altaba, 1993; Ruiz i 

Altaba and Jessell., 1993; Smith, 1993). It has been postulated that anteroposterior 

(A-P) regionalization of the neural plate is derived from the A-P patterning of the 

underlying axial mesoderm (see Ruiz i Altaba, 1993,1994). A two-signal model has 

often been proposed as being a mechanism of establishing A-P patterning during neural 

induction. In this paradigm a first signal is present throughout the mesoderm and a 

second signal is in an A-P gradient with the highest concentration in the posterior 

mesoderm; noggin and fbllistatin are candidate inducers in this model (see Kelly and 

Melton, 1995).

A-P patterning of neural tissue has also been hypothesized to occur by planar signalling 

(Spemann, 1938; Ruiz i Altaba, 1990), whereby signals emanating from the organizer 

region act through the plane of the ectoderm, an event which could conceivably occur 

even before gastrulation (see Ruiz i Altaba and Jessell, 1993).
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Transplantation and grafting experiments have indicated that neural A-P patterning 

becomes established before that of mediolateral (M-L) patterning (Roach, 1945). M-L 

patterning of the neural plate, the future dorsoventral (D-V) pattern of the neural tube , 

and ventral neural fate specification appear to involve vertical signals from the 

notochord as well as possible planar signals from the notoplate (Ruiz i Altaba, 1993). 

The notochord has been shown to be essential to floor plate induction (van Straaten et 

al., 1988) and for the differentiation of other cell types found in ventral areas of the 

neural tube, for example motoneurons (Yamada et al., 1991). Notochordal tissue and 

floor plate cells of mouse embryos are found to be in direct contact with each other 

(Jurand, 1974) and coupled by gap junctions in chick (Sheridan, 1968). Further, 

Placzek and colleages (1993) have shown in chick that contact is required by these two 

tissue types for initial floor plate induction and a very close relationship exists between 

these two cell types even at the Hensen's node stage where they participate in a certain 

amount of intermingling (Rosenquist, 1966). Although floor plate induction does 

appear to involve a contact-dependent signal (Placzek et al., 1993) a diffusible 

signalling action appears to be involved in motoneuron induction (Yamada et al.,

1993).

Although vertical signals from the notochord are essential for floor plate induction, 

once induced, the floor plate aquires some notochordal characteristics, for example, 

the ability to induce floor plate and motoneurons (Ruiz i Altaba, 1993). The signals 

involved in these activities then act through the neuroepithelium of the neural plate and 

neural tube in a planar manner, and therefore the organizer and / or floor plate cells 

seem to be a source of notochord-independent planar signalling that is partly 

responsible for M-L patterning of the neural plate as a concequence of neuronal fate 

specification (Ruiz i Altaba, 1993).

Ventralizing signals appear to induce cell types characteristic for their A-P/D-V 

location within the neural tube. Sonic hedgehog {Shh)  ̂ the vertebrate homologue of
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the secreted protein encoded by the Drosophila gene hedgehog {hh) (Nusslein-Volhard 

and Wieschaus, 1980) appears to be the common single inducing signal for ventral 

patterning of the neural tube (Roelink et a!., 1994; Ericson, et al., 1995). It has been 

shown not only to be endogenously expressed by the notochord and floor plate at the 

time that these two tissue types exhibit their inductive interactions (Riddle et al.,

1993), but also to induce the differentiation of floor plate and motoneurons (Roelink et 

al., 1994) when administered to neural plate expiants. HNF-Sb (a member of the 

winged helix transcription factors) is also expressed in the notochord and floor plate 

and it has recently been hypothesized that HNF-Sb and shh Rmction in a positive 

feedback loop to promote ventral cell types (see Kelly and Melton, 1995). The floor 

plate also serves as a pathway for the crossing over of commissural nerve fibres from 

one side of the neural tube to the other (Tessier-Lavigne et al., 1988; see Tessier- 

Lavigne, 1992).

The roof plate is thought to be involved in patterning dorsal regions of the neural tube 

which give rise to cells involved in sensory processing; the presence of overlying 

ectoderm appears to be required in roof plate functioning (Takahashi et al., 1992).

The finding that dorsal neural tube cell types differentiate independently of floor plate 

signals suggests that the roof plate could be a source of planar signals that affect the 

fate of adjacent cells (Ruiz i Altaba, 1993). Therefore, planar signals from ventral 

midline cells and the edges of the neural plate could be responsible for M-L neural 

plate patterning. The members of two families of secretory proteins appear to be 

important in dorsal neural tube cell patterning, the transforming growth factor (TGPP) 

family member, Dorsalin-J, which is expressed in dorsal neural tube and can induce 

the differentiation of neural crest cells (Easier et al., 1993) and members of the Wni 

family which are also expressed in dorsal neural tube (Roelink and Nusse, 1991)
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Gap junctions in the developing spinal cord

During neurulation, at least in non-mammalian species (chick and frog), gap junctional 

plaques identified in EM studies are large, frequent (Decker and Friend, 1974; Revel 

and Brown 1976; Schoewenwolf and Kelley, 1980, Decker, 1981) and rapidly 

changing in number, magnitude and position (Decker and Friend, 1974; Revel and 

Brown, 1976). At later stages of rat development, gap junctions have been detected in 

lumbosacral regions of neural tube at E12 (Schuster et al., 1990) and cervicolumbar 

regions at E l3-15 (Bergmann and Surchev, 1989). However, at these stages, tight 

junctions appeared to predominate and gap junctions were small, infrequent and 

extremely heterogeneous in shape and distribution. They appear to be most frequently 

detected between non-mitotic neuroepithelial cells at the juxtaluminal surface during 

neurulation (Schoewenwolf and Kelley, 1980) and at later stages in neurogenesis 

(Bergmann and Surrchev, 1989; Schuster et al., 1990), as is the case for annulated gap 

junctions (Schuster et al., 1990).

In the present study, connexin expression and dye-coupling were examined at E13 in 

the lumbar region of the rat spinal cord. Although Cx43 and Cx26 have been found to 

be preferentially expressed in the developing brain (Dermietzel et al., 1989) only Cx43 

mRNA has been examined in the developing spinal cord (Ruangovarat and Lo, 1992). 

Further, apart from electrophysiological analysis of neuroepithelial cells during neural 

induction and neural tube closure in amphibian (Warner, 1973) and chick (Sheridan, 

1968) functional gap junction communication has not been explored during early 

stages of spinal cord development.
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5.2 MATERIALS AND METHODS

Preparation and storage of embryonic tissue was as described previously in Chapters 3 

and 4. Data was collected from a total of 9 embryos from 3 litters (for the floor plate 

study).

Immunohistochemistry

Tissue preservation and immunohistochemistry of transverse lumbar slices of E12, E13 

and E l4 embryos were carried out, as described previously in Chapters 3 and 4. Des 3 

was used to immunolabe! Cx26, HJ to immunolabel Cx43 and Des 1 to immunolabel 

Cx32. Immunolabelled tissue was examined using epifluorescence and confocal 

microscopy

Dye-injection

Dye-injection of floor plate neuroepithelial cells was carried out on decapitated, 

eviscerated E l2 and E l3 embryos in which the lumbar neural tube was exposed by 

removal of overlying dorsal epidermal tissue and then slit along the dorsal midline to 

expose the floorplate. The preparation was mounted, dorsal side up, in a Sylgard- 

coated culture dish, and placed on the stage of a standard 16 Zeiss microscope, as 

described in Chapters 3 and 4. Floor plate cells were penetrated by lowering a 

microelectrode on to the luminal surface.
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5.3 RESULTS

Immunolabelling of lumbar neural tube

At E l 3 in the lumbar region of the neural tube, spinal motoneurons have already 

started migrating to ventro-lateral aspects of the tube and neurons which will form the 

intermediate gray are just starting to differentiate from medial regions of the 

neuroepithelium, however, dorsal horn cells have not yet started to differentiate from 

the neuroepithelium (Nomes and Das, 1974).

Ventricular zone o f the neural tube

At E l3 neuroepithelial cells expressed Cx43 and Cx26 but not Cx32. In the 

ventricular zone of the neural tube, Cx26 IR plaques were found to be uniformly 

expressed (with respect to frequency and size) (Fig. 5.1a & b). Cx26 immunolabelling 

was very similar to that seen in the DRGs at this age (Fig. 5.2). Cx26 IR plaques were 

small but frequent and expressed in a uniform manner around the cell perimeter. The 

PC-IMAGE image analysis programme was not carried out on these images but it is 

likely that the data from the analysis would be very similar to that of Cx26 

immunolabelling in DRGs. Cx43 IR plaques gave two types of labelling; small 

infrequent IR plaques decorated cell perimeters in a uniform manner (Fig. 5.3a-b) and 

large frequent IR plaques at the luminal surface (Fig.5.3c). No Cx32 IR was seen at 

this age (Fig.5.4)

Dorsal surface o f the neural tube

At E l3, further interesting observations, concerning the differential expression of Cx26 

were made. At the dorsal surface of the neural tube in the midline, large frequent Cx26
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Fig. 5.1 Immunolabelling of Cx26 site specific antiserum Des 3 on E l3 frozen 

sections of lumbar neural tube. Single optical sections were taken using the LSCM.

A. Ventricular zone of the neuroepithelium immunolabelled with Des 3 (Cx26). Scale 

bar=25|xm. Single optical section taken.

B. Ventricular zone of the neuroepithelium immunolabelled with Des 3 (Cx26).

Scale bar=10|j,m. Maximum projection of many optical sections taken at 

Ijim increments.

Arrow show immunolabelled gap junctional plaques.
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Fig. 5.2. A comparison of immunolabelling of Cx26 antiserum, Des 3, on E l 3 frozen 

sections of lumbar neural tube and DRGs.

A and B. Ventricular zone of neuroepithelium labelled with Des 3 (Cx26).

A. Scale bar=25pm. B. Scale bar=10pm.

C and D DRG labelled with Des 3 (Cx26).

C. Scale bar=25pm. D. Scale bar= 10pm.
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Fig. 5.3 Immunolabelling of Cx43 site specfic antiserum HJ on E13 frozen sections of 

lumbar neural tube. Single optical sections were taken using the LSCM.

A-B. Ventricular zone of the neuroepithelium immunolabelled with HJ (Cx43).

Scale bar=25pm.

C. Ventricular zone of the neuroepithelium immunolabelled with HJ (Cx43) reveals 

large gap junctional plaques at / near the luminal surface.

Scale bar=10|im.

Arrows show immunolabelled gap junctional plaques
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Fig. 5.4. Absence of Cx32 specific antiserum Des 1 immunolabelling in frozen sections 

of E l 3 lumbar neural tube.

Scale bar= 25p.m. Single optical sections were taken using the LSCM.





Fig.5.5. Immunolocalization of Cx26 site specific antisera Des 3 on the dorsal surface 

of the neural tube in E l 3 lumbar frozen sections. Scale bar= 25 pm.

Single optical sections were taken using the LSCM.

epi=epidermis, nt=neural tube, dotted line indicates the midline of the neural tube. 

Arrows show immunolabelled gap junctional plaques
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IR plaques were seen between cells, similar in size to those seen in the epidermis at this 

age (Fig 5.5).

Spinal motoneurons

In ventro-lateral aspects of the neural tube, neuroepithelial cells have migrated away 

from the ventricular zone and differentiated into motoneurons Large frequent Cx26 

IR plaques were present in this region located around the perimeters of neurons in a 

uniform manner. These cells are most likely to be motoneurons because of the 

comparatively large size of their so mata and their ventro-lateral location within the 

neural tube (Fig. 5.6a). Cx26 IR was also present in ventral roots, although plaque 

sizes appeared to be much smaller (Fig.5.6 b). Without double-labelling it could not be 

determined if this IR was present on the axons of the ventral roots or on Schwann cells 

precursors.

Dye-coupling in the neural tube

Following intracellular injection of floor plate cells with LY dye-transfer was seen to 

occur in only 4/18 (22%) cases and in these the coupled groups comprised no more 

than 2-3 cells. Examples are shown in Fig.5.7b. When dye-transfer did occur it was 

bright and immediate. Dye-filled cells were recognized as floor plate cells because of 

their location (evident from bright-field examination of the opened neural tube as 

shown in Fig. 5.7a) and their flask shaped morphology.
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Fig.5.6. Immunolocalization o f Cx26 specific antibody Des 3 in E l3 embryos

A. Ventro-lateral regions of the rat lumbar neural tube (taken from slice preparations).

B. Ventral roots of spinal nerves (taken from frozen sections).

Scale bar=25|im. Single optical images were taken using the LSCM.

Arrows show immunolabelled gap junctional plaques. VR=ventral roots
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Fig. 5.7. Intracellular dye-injaction of the floor plate in lumbar regions of neural tube 

at E l2 using LY, see Methods section.

A. Image taken using a combination of bright field and epifiuorescence optics.

Scale bar=1 0 0 |im.

B. Image taken using epifiuorescence optics. Scale bar=50|o,m.
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5.4 DISCUSSION

The coexpression of Cx43 and Cx26 in the developing neural tube is consistent with 

previous studies (Dermietzel et al., 1989). In this study, Cx43 and to a greater extent 

Cx26, were expressed by undifferentiated, proliferating cells of the neuroepithelium. 

Although Cx26 IR plaques were uniformly expressed throughout the neuroepithelium, 

Cx43 IR plaques were significantly larger and more frequent at the luminal surface (see 

Fig. 5.1 & 5.3); this is consist with previous E M and freeze fracture studies, where 

gap junctions were described as being found predominantly at the juxtaluminal edge of 

non-mitotic cells (Schuster et al., 1990).

Cx43 and Cx26 may play a role in transferring developmentally significant molecules 

involved in proliferation-difTerentiation programmes between neuroepithelial cells at 

this age. In previous studies, Cx43 appeared to be more abundant in the proliferating 

ventricular zone than in post-mitotic superficial layers of the CNS (Minkoff et al.,

1991; Ruangovarat and Lo, 1992; Yancey et al., 1992). This was also the case for 

Cx26; at El 5 in rat brain Cx26 IR was greater in the ventricular zone than in the 

marginal zone (Dermietzel et al., 1989). It would be interesting to establish the pattern 

of dye-coupling in the neuroepithelium of the spinal cord. If coupled groups exist do 

they correspond to clonally related neurons, as postulated by Lo Turco and Kreigstein,

(1991), in the ventricular zone of the developing cortex .

At El 3 the only area of the lumbar neural tube which is unequivocally post-mitotic is 

the most ventro-lateral region of the neural tube which consists of newly differentiated 

motoneurons in the mantle layer. Cx43 expression appeared to be low in this region 

(photograph not taken) which is consistent with observations of Ruangovarat and Lo

(1992). However, Cx26 was abundantly expressed by cells presumed to be spinal 

motoneurons (Fig5.6a) both on their cell bodies and probably on their growing axons 

in the ventral roots (Fig.5.6 b). In the latter case however Cx26 could also be located
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on Schwann cell precursors, although there is no evidence that Cx26 is expressed by 

Schwann cells or their precursors (see Chapter 4). Post-mitotic immature neurons 

might preferentially express Cx26 instead of Cx43. However, in the developing brain 

both Cx43 and Cx26 were shown to be expressed at a lower level in the intermediate 

and marginal zone to that of the ventricular zone (Dermietzel et al., 1989). These 

discrepancies may be a consequence either of differences in connexin expression 

between the brain and spinal cord or between embryonic ages (marginal zone of brain 

tissue was examined at E l5).

Electrical coupling between spinal motoneurons has been demonstrated in adult 

amphibians (e.g. Westerfield and Frank, 1982). However, in rat, although electrotonic 

coupling between spinal motoneurons is evident in the perinatal period (Fulton et al., 

1980; Arasaki et al., 1984), it declines during early postnatal development (Walton and 

Navarrete, 1991). In the latter study it was shown that coupling was specific between 

motoneuron groups which innervate the same muscle. The functional significance of 

this specificity, as suggested in Chapter 1, may be to coordinate the timing and rhythm 

of electrical activity between functionally related groups so as to establish the 

specificity of synaptic connections. Further, the decline of electrotonic coupling in 

spinal motoneurons may be a necessary step in the development of fine motor control 

required in adults (Walton and Navarrete, 1991).

Biochemical coupling mediated by the same junctions may also be important for 

correct neurite outgrowth and synaptic specificity of spinal motoneurons (see Frank, 

1993). Dye-coupling between rat lumbar motoneurons in late stages of embryonic 

(E16-E20) and neonatal development has been documented (Becker and Navarrete, 

1990). It was found that during embryonic development (E16-E20), 8 8 % of dye- 

injected "motoneuron-like cells" in the ventral horn transferred dye to other cells, of 

which 23% were coupled to other "motoneuron-like" cells. Dye-coupling was always 

between neighbours and thus probably somatic, taking the form of a cluster of dye-
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coupled cells around the injected cell. Postnatally, the incidence of dye-coupling was 

shown to decline. A detailed study needs to be carried out at El 2-El 3 to establish 

whether newly differentiated motoneurons are functionally coupled. The presence of 

Cx26 immunolabelling between these neurons suggests that gap junctional 

communication between these neurons may be important. For example, functional gap 

junction communication between newly differentiated spinal motoneurons might be 

necessary to mediate signals used to direct axon outgrowth to a common target 

muscle.

In this study, another interesting observation concerning Cx26 regionalization was its 

significant upregulation by cells at the dorsal surface of the neural tube, overlying the 

midline region, where the neuroepithelium fuses to form a tube (Fig.5.4). Without 

double-labelling, it was impossible to determine whether Cx26 was expressed by 

integral neural tube cells or by late migrating neural crest cells or both. Formation of 

large gap junctional plaques by neuroepithelial cells at the edge of the neural folds 

could be a consequence of an increase in molecules which are involved in adhesive 

interactions during neural tube closure; adherens junctions are abundantly expressed at 

these apical surfaces (Newgreen and Gibbins, 1982) as well as tight junctions 

(Bergmann and Surchev, 1989). Alternatively, large amounts of gap junctions may be 

required by premigratory neural crest cells, either to allow them to communicate with 

each other or with underlying neuroepithelial cells. At El 3, if premigratory neural 

crest cells are still present their developmental potentials would be restricted to 

becoming more dorsal derivatives (Artinger and Bronner-Fraser, 1992), such as 

melanocytes. This temporal sequence of migration, in a ventral to dorsal sequence, has 

been confirmed using the lipophilic vital dye, Dil (Seredzija et al., 1989). Gap 

junctional communication in premigratory neural crest cells may be a requisite if 

phenotypic prespecification of crest cells occurs prior to migration, which appears to 

be the case in late emigrating neural crest cells which exhibit much greater restriction in 

developmental potential (Artinger and Bronner-Fraser, 1992). There is an uncanny
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resemblance between these plaques and those of the overlying epidermis; could it be 

that these cells must express Cx26 in similar manner to that of the epidermis to which 

they will migrate?

In this study, dye-coupling between floor plate cells was very restricted (Fig. 5 .7b) and 

Cx43 and Cx26 IR was low in this region (photographs not taken). These preliminary 

results suggest that either a) gap junctional communication is not important for floor 

plate function, b), LY was too large to travel through the functional gap junctions 

present, or c), that gap junctions may play a significant role in the function of the floor 

plate but that this occurs at an earlier stage in development (E l2 and E l3 examined). 

Consistent with the latter option are experiments which have shown that notochord 

and floor plate derived signals act on expression of Pax genes in mitotically active 

neuronal precursors (Goulding et al., 1993) and, therefore, it is thought that they 

affect cell specification before neuronal precursors undergo their last division (Ruiz i 

Altaba, 1993), thus the floor plate may serve its major function before El 1 in rats.

Electrical coupling has been found in chick embryos between neural plate and 

notochordal cells during neural tube formation (Sheridan, 1968); whether this coupling 

declines during subsequent development or whether LY is too large to travel through 

gap junctions between floor plate cells is unknown. Future experiments using the 

lower molecular weight dye. Neurobiotin, at earlier stages in neural tube development 

maybe necessary to establish whether gap junctional communication is present at these 

ages. As well as a possible role for floor plate gap junctions in D-V patterning of the 

neural tube, gap junctional comunication may also be important between floor plate 

cells and commissural nerve fibres as they cross to the other side of the spinal cord.

The floor plate expresses many developmentally significant molecules, such as 

Pintallavis, HNFSa and HNF3b [the winged-helix (HNF-3/fork head) family of 

transcription!factors (Lai et al., 1990; Ruiz i Altaba et al., 1995)] which could have a
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similar role (specifying and maintaining boundary regions) to products of engrailed in 

insects. Cells in these regions of the neuroepithelium also produce shh molecules 

which might co-operate with the M>nt and TGF(3 gene family members expressed by 

adjacent cells, in a similar manner that hh acts with wingless and decapentaplegic in 

the imaginai disks of Drosophila embryos. Again it would be interesting to establish 

whether gap junctions are functionally linked with any of these molecules.

It would also be interesting to examine the expression of gap junctions in the roof plate 

and the alar plate of the neural tube. The prescence of gap junctions might suggest that 

they play a role in relaying signalling molecules between roof plate and underlying 

neuroepithelium, in a manner similar to the AER and mesenchyme of the limb bud. 

Functional gap junctional communication [dye-coupling was observed but not 

photographed] between putative roof plate cells but not between roof plate and 

underlying neuroepithelium suggests that the way in which these two tissues may 

interact is again similar to that of the AER and limb mesenchyme. Also, at this stage 

dorsal horn cells involved in sensory processing have not yet differentiated; signalling 

from the roof plate may be important in enabling these cells to become specified in 

their phenotype before their terminal mitosis. Dorsalin-1, a member of the TGF(3 

family, is expressed in the roof plate and interestingly, the vertebrate homologues of 

the Drosophila wingless gene, Wnt-1, Wnt-3 and Wnt-Sa are expressed by roof plate 

cells (Roelink and Nusser, 1991) which have been shown to regulate gap junction 

expression (Olson et al., 1991). It would be informative to examine the expression / 

actions of these molecules with respect to gap junction expression to elucidate if these 

molecules are functionally linked. Finally, the recent finding that a second wave of 

cells migrate from dorsal regions of the neural tube at the level of the dorsal root entry 

zone (DREZ) (see Chapter 1) to the DRGs via the dorsal roots (Sharma et al., 1995), 

opens up questions concerning the presence of gap junctions in the DREZ and putative 

roles they may play in regulating this population of premigratory cells.
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CHAPTER 6

CONCLUSIONS AND FUTURE STUDIES
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In this final chapter, I will first briefly review the findings from my thesis, then try to 

draw some general conclusions and hypotheses concerning the roles of gap junctions in 

developing ectodermally derived tissues. Lastly, I will describe prospective studies.

Summary of findings

The first aim of my thesis was to characterize the immunolabelling of a group of largely 

unscreened site-specific, polyclonal antibodies to the three main connexin types;-Cx43, 

Cx32 and Cx26. This was successfully completed using positive control tissue of 

mouse or rat liver and heart. A descriptive analysis of connexin expression and 

functional gap junctional communication was subsequently carried out on neural and 

non-neural (skin -forming) ectoderm ; - flank epidermis, AER, DRGs and neural tube.

A complete map of gap junction expression would of course involve analysis of all 

known connexin types.

Functional gap junctional communication was assayed in ectodermally derived tissues 

by intracellularly injecting Lucifer Yellow ( LY ) and examining for transfer to adjacent 

cells. LY travels between cells capable of molecular coupling, although it is a 

relatively large molecule compared to some of the physiologically important molecules 

that may travel through gap junctions during development. However the new tracer. 

Neurobiotin, is much closer in size to molecules such as IP3 and cAMP which may play 

significant roles i n development (see Chapter 1 & 4). In addition, ionic coupling may 

be even more extensive than molecular coupling. Such coupling may involve transfer 

of ions such as Ca^^, which are known to be important in regulating many types of 

physiological processes. The transfer of LY in sufficient amounts to be detectable 

does not appear to depend on which connexin type is expressed (Eghbali et al.,1995) 

but on the number of gap junction channels between two coupled cells (should be more
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then 20) (see Dermietzel and Spray, 1993). The phosphorylative state of the gap 

junction channel may also be important (see Chapter 1).

The spatial and temporal expression of Cx43, Cx32 and Cx26 in combination with 

functional gap junctional communication was examined in the flank epidermis from 

El 0-El 4 and in the AER of the developing limb bud at El 1-El 4 using the LSCM and 

the PC IMAGE image analysis programme. In both tissues Cx43 and Cx26 were 

preferentially expressed. In the flank epidermis it was found that connexin expression 

increased from E l0 to E l4 with the temporal expression of Cx43 differing from that of 

Cx26. The frequency and size of Cx43 IR plaques increased significantly from El 1 to 

E12 but did not alter greatly from E12 to E14, whereas, the frequency and size Cx26 

IR plaques increased slightly from El 1-E l2 and then dramatically increased from E12 

to E l3, remaining relatively constant from E13-E14.

In the AER, the frequency and size of Cx43 and Cx26 IR plaques also differed from 

each other and from the expression patterns found in the flank epidermis. It was 

shown that the frequency and size of Cx26 IR plaques increased dramatically from E12 

to EI3 (as in the flank epidermis), whereas, Cx43 IR remained at a relatively high 

constant level throughout the ages examined.

Consistent with connexin expression patterns found in the flank epidermis, dye-transfer 

estimated by counting the number of cells in a dye-coupled unit using epifiuorescence 

microscopy and LSCM, increased significantly from ElO to E14. However, in the 

AER, dye-transfer appeared to be restricted in the A-P plane of the developing limb 

bud from E ll  to El 3 (a crucial time for limb morphogenesis), but became extensive 

and similar to the flank epidermis at E14 (regression of AER functioning). In the AER 

from E ll  to El 3, the combined expression of Cx43 and Cx26 was high and did not 

appear consistent with the low amount of dye-transfer observed. It is possible that at 

these stages post-translational modifications of connexins may occur allowing the fine

226



control of communication between cells of the AER in the A-P axis. Finally, a general 

finding of epidermal tissue is that it is not functionally coupled to underlying 

mesenchymal tissue.

Connexin expression was also examined in developing DRG neurons. It was shown 

that both Cx26 and, to a lesser extent, Cx43 were preferentially expressed in newly 

formed DRGs, but that expression declined in neonatal rats. These results are 

consistent with previous dye-coupling studies (Fulton, 1990) and infer that the decline 

in gap junctional communication could be due primarily to a decline in connexin 

expression, although, a decrease in gap junctional permeability cannot be ruled out.

Tissue culture experiments were carried out to try to establish possible mechanisms of 

gap junction regulation during DRG development. Explant DRGs and organotypic 

slice cultures with exposed DRGs were cultured for 24h with various concentrations of 

NGF and in the absence of NGF. It was found that although the mean number of cells 

in a dye-coupled group did not alter significantly with different concentrations of NGF 

(25ng-0.25ng/ml NGF), the number of injections which gave rise to dye-coupling 

increased as NGF concentrations decreased. Also, it appeared to be a general trend 

that as NGF concentrations decreased, the number of cells in a dye-coupled group 

increased and the frequency at which they occurred increased. Dye-coupling was very 

low when explants were cultured without NGF suggesting that surrounding tissues 

may play a role in maintaining gap junction function. Organotypic slices cultured with 

(25ng/ml NGF) and in the absence of NGF gave very different dye-coupling results. In 

the presence of NGF dye-coupling was similar to explants cultured at an equivalent 

concentration, however dye-coupling in slices without NGF gave very similar results to 

fi'eshly prepared slices (controls). As in explant cultures, although the mean number of 

cells in a dye-coupled group did not appear to significantly alter, there was an increase 

in the incidence of injections which gave rise to dye-coupling and an increase both in 

the size of dye-coupled groups and in the frequency at which they occurred. A general
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conclusion from the tissue culture experiments is that although NGF may participate in 

the control of gap junction expression other factors appear to be important in their 

decline during development. Further, instructive or permissive cues which may 

maintain gap junctional communication between DRG neurons might be present at 

El 3-El 5 (when cells are strongly coupled) but not at later stages in development.

Lastly, connexin expression and functional gap junctional communication was 

examined briefly during certain stages of lumbar neural tube development. Cx26 and 

Cx43 appeared to be preferentially and differentially expressed in E12 and E l3 neural 

tube when examined in transverse sections of embryos. In the ventricular zone, 

although the expression of Cx26 appeared to be fairly homogeneous, Cx43 appeared 

to be concentrated at the luminal surface. The expression of Cx26 was further 

analysed in the ventro-lateral aspects of the neural tube and at the dorsal surface of the 

neural tube. In both cases large frequent Cx26 IR plaques were present compared to 

the smaller but still frequent Cx26 IR in the ventricular zone. Dye-coupling assays 

were also carried out in the floor plate of E12 and E l3 neural tubes and a very 

restricted type of dye-transfer was observed.

General conclusions and hypotheses concerning connexin expression and 

functional gap junctional communication in ectodermally derived tissues

The examination of connexin expression and functional gap junctional communication 

in tissues of ectodermal origin has revealed information on the types of connexins 

expressed and has helped us to understand the possible functional significance of gap 

junctional communication in these tissues.

In this study it was shown that ectodermally derived tissues preferentially express Cx43 

and Cx26 to various degrees throughout embryonic development. Coexpression of 

two or more connexins occurs in most if not all connexin expressing cell types (see
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Willecke et al., 1991). Cx26 genes have been shown to be coexpressed with Cx32 

genes (e.g. hepatocytes (Nicholson and Zhang, 1988), and Cx26 has been shown to be 

coexpressed with Cx43 genes, (e.g. epidermis (Risek et al., 1992).Cx32 and Cx43 

expression has not been documented by previous studies, although, all three connexins 

do appear to be apparent in the developing rat limb bud mesenchyme. A molecular 

comparison of the promotor / enhancer regions for these genes should clarify possible 

reasons why certain connexin genes are expressed together, whilst others are not.

The germ layer origin of tissue appears to be important in determining which connexin 

is expressed where. In this project I found that Cx26 and Cx43 were coexpressed in 

developing ectodermally derived tissues, for example, in the developing rat epidermis, 

which is consistent with Risek et al., (1992), in the developing rat central nervous 

system which is consistent with Dermietzel et al., (1989) and the developing rat 

peripheral nervous system (spinal ganglia). In developing mesenchymal tissue it 

appeared that Cx43 and Cx26 were preferentially coexpressed in some cases, for 

example, in flank mesenchyme, whereas in other cases, for example, limb bud 

mesenchyme, all three connexins appeared to be expressed (see Chapter 3).

When the ectodermal germ layer receives inducing signals from mesodermal tissue to 

change from a skin-forming fate to a neural fate, Cx43 expression appears not to be 

greatly affected by these two types of differentiation programme, thus Cx43 is still 

expressed by the neural tube and epidermis and the differentiation process does not 

switch off the Cx43 gene. However, whether this is true for Cx26 is unknown as Cx26 

expression in the ectodermal germ layer has not yet been examined, thus it is not 

known whether Cx26 expression is unaltered when the two tissue types differentiate or 

whether it is switched on when the epidermis and nervous system differentiate into two 

distinct tissue types.
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Although both Cx43 and Cx26 are coexpressed in all the ectodermally derived tissues 

examined, differences occur in their expression patterns. When comparing 

neuroectodermal tissue with skin-forming ectodermal tissue many differences become 

apparent For example, in the epidermis Cx43 and Cx26 exhibit overlapping 

expression patterns and individual epidermal cells appear to express both Cx43 and 

Cx26 (see Chapter 3 & Risek et al., 1992; Goliger and Paul, 1994), whereas the 

expression of Cx43 and Cx26 in neural tissue appears to be sometimes regionalized 

(see Chapter 5) and may be cell type specific (Dermietzel et al., 1989). Further, 

although both Cx43 and Cx26 are common to both tissue types , the developing 

epidermis additionally expresses Cx31.1 and Cx37, whereas neural tissue additionally 

expresses Cx37 and Cx31 (although this may be only in the adult as is the case with 

Cx32 (Dermietzel et al., 1989). The size of IR plaques may also vary depending on 

the precise function of the tissue at the time of examination. As mentioned earlier, at 

E l 3-El 4, cells of the epidermis are proliferating at a slow constant rate and large 

plaques are probably required to synchronize this low level of uniform cellular activty 

(see Chapter 3). On the other hand, gap junctions between developing DRG neurons 

at this stage are probably playing quite different roles (see Chapter 4); the small less 

frequent IR plaques are characteristic of those found in the mammalian developing 

nervous system and are thought to mediate the transfer of developmentally significant 

molecules or ions, for example IP3 , cAMP, Câ "*", between functionally related neurons 

(see Chapter 4). In the developing nervous system, gap-junction-mediated transfer of 

these molecules may be required not only for proliferation /differentiation events, but 

may also play a role in satisfying the more complex needs of the developing 

somatosensory system (see Chapter 1 and 4).

As discussed above, different cell types constituting the nervous system may express 

different connexins and it is important to establish which connexin/s are required by the 

developing nervous system. Previous studies suggest that Cx26 is specific to 

developing neurons (Dermietzel et al., 1989). In the present study, coexpression of
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Cx43 and Cx26 is apparent in the developing DRGs and neural tube but without 

double-labelling studies it is difficult to determine whether both connexins are 

expressed by neurons or whether, perhaps, Cx43 is expressed by pluripotent progenitor 

cells or by glial or neuronal precursors. If Cx26 is neuron specific but Cx43 is not, 

then Cx43 may be switched off by the neuron specific differentiation programme. This 

may occur when neural crest cells differentiate into sensory neurons and / or cells from 

the ventricular layer of the neural tube differentiate into dorsal horn cells and /or 

motoneurons.

The expression of Cx43 and Cx26 also differed between instructive and non-instructive 

ectodermally derived tissues. For example, connexin expression and functional gap 

junctional communication was different in the AER and in the flank epidermis (see 

Chapter 3). Connexin expression and functional gap junctional communication was 

also different between instructive tissues of different ectodermal derivatives (neural 

and skin forming), for example the AER and floor plate, although at the ages studied 

floor plate function may have ceased.

In order to understand the functional implications of cell type specific connexin 

expression it is important to elucidate the functional properties of each connexin type. 

Indeed, recent evidence suggests that unitary conductances (Veenstra and DeHaan, 

1988; Eghbali et al, 1990) and permeability properties (Elfang et al, 1995) are specific 

to each connexin type. It can be postulated that specific connexins are required by 

certain tissues during development because of their specific functional properties. As 

a result of the large amount of research carried out on the heart and liver, Cx43, Cx32 

and Cx26 are thought to be the most important connexins. However, although these 

connexins are found in many tissue types, it may be that these connexins play a more 

general role in tissue functioning (e.g. homeostasis) and that other, more tissue specific 

connexins, are designed to cope with the more individual needs of a particular tissue 

(e.g. neurite outgrowth in the developing nervous system). Whether or not the precise
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expression of connexins, is actually required during embryonic development has come 

under question due to recent findings using Cx43 knock-out mice (Reaume et al.,

1995). It turns out that embryonic development in these mice is normal, although they 

die at birth as a consequence of heart defects. However, the finding that Cx43 is 

present from as early as the 8  cell stage of embryos makes it difficult to believe that 

this protein does not play a significant role during development. It has therefore been 

hypothesized that this protein may be substituted by another connexin in these knock

out mice.

It is difficult to establish the importance of the Cx43 knock-out experiments with 

regard to the roles that gap junctions might play in ectodermally derived tissues. Cx43 

appears to be nearly always coexpressed with Cx26 and may not be the most important 

connexin type in these tissues. Further, the developing skin also expresses Cx.37 and 

Cx31.1 (Goliger and Paul, 1994) and the developing nervous system may also express 

other connexins; in the adult nervous system Cx37, Cx31 and Cx45 are additionally 

expressed. However, if one of the other connexins in the knock-out mice substitutes 

for Cx43 then it is unlikely that the specific properties of individual connexins are 

essential during development.

Although functional gap Junctional communication appears to be important during 

development, the decline of gap Junctional communication appears to be essential for 

the maturation of some tissues. The temporal decline of gap Junctional communication 

appears to be particularly pronounced in the nervous system, where gap Junctional 

communication in the adult is restricted to certain areas of the brain. Electrotonic 

coupling (Walton and Navarette 1991) and dye-coupling (Becker and Naverette, 1991) 

has been shown to decline postnatally in rat spinal motoneurons and prenatally in spinal 

sensory neurons (Fulton, 1990). The functional significance of this uncoupling in 

motor and sensory neurons may be to allow neurons to function independently 

permitting fine sensory and motor control.
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Prospective research arising from the thesis

Future experiments arising from the epidermal study include examining dye-coupling 

patterns in the epidermis after E l4, especially at stages when there is a great amount of 

keratinocyte differentiation and tissue reorganization and to map the expression of all 

the newly discovered connexins expressed in skin. It would also be beneficial to use 

Neurobiotin as a marker for functional gap junctional communication instead of LY 

because of the reasons previously discussed. In the AER, it would be interesting to 

examine gap junctional communication in context with other developmentally 

significant molecules which are endogenously produced in the limb bud e.g. FGF-4, 

wnt 5a, wnt 7a and BMP-2a\ this could be done by carrying out various tissue culture 

experiments.

Further dye-transfer experiments of DRGs in organotypic cultures without neural tube/ 

somatic tissue should be carried out to establish whether the increase in dye-coupling 

in the absence of NGF was a result of permissive / instructive cues emanating from 

these tissues. Also other growth factors, e.g. NT-3, should be tested for their ability to 

regulate gap junctional communication. It would also be important to look at the 

connexin mRNA expression of these DRG cultures in order to establish whether 

changes in gap junctional communication are due to alterations in the rate of 

transcription. If this is not the case then factors such as NGF might control gap 

junctional communication by posttranslational modification; the use of Western blots 

to examine junctional phoshorylation and immunohistochemistry to establish whether 

the connexin protein is expressed would be informative in this case.

Preliminary studies carried out in our laboratory have revealed that neural crest cells 

may be functionally coupled to each other. Neural crest cultures in combination with 

dye-coupling assays would reveal the proportion of cells which are dye-coupled 

during migration, and for example, antibodies specific for cell adhesion molecules 

known to be present in migrating neural crest cells may indicate whether adhesion
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molecules are necessary for cell-cell communication of neural crest cells. It would also 

be beneficial to carry out double-labelling studies of neural crest cells in situ using a 

neural crest marker, e.g. HNK-1 or NC-1 to elucidate which connexin type neural 

crest cells express. It would be interesting to establish whether Cx26 is expressed on 

progenitor cells and / or by cells which express a neuronal phenotype.

Experiments also need to be continued from my preliminary studies on the neural tube. 

It would be interesting to examine the transfer of Neurobiotin and LY between floor 

plate cells and roof plate cells at early stages of neural tube development (E9-E12) 

and to look at slightly later stages in embryonic development (E l2  onwards) in order 

to analyse functional gap junctional communication between developing motoneurons.

Finally, in general terms, advancements in cellular and molecular techniques in 

combination with the determination of the genomic sequences of all connexin types 

should enable reseachers to elucidate the roles of gap junctions during embryonic 

development using several approaches such as;- a) determining mechanisms of 

connexin regulatory control, b) examining structure-flmction relationships of connexins 

(by oocyte transfection of connexin constructs), c) generating a wide range of 

transgenic and knock-out mice, d) blocking connexin expression by using connexin- 

specific anti sense or antibody probes or e) by cloning the invertebrate gap junctional 

protein/s as these are much more amenable for genetic manipulation.
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