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ABSTRACT

Neurons and glia of the cerebral cortex arise from the ventricular zone lining the 

telencephalic ventricles. Recent physiological evidence has demonstrated the presence of 

low resistance pathways between cortical neurons during corticogenesis and neuronal 

circuit formation, and proposed a role for gap junctions in the formation of neuronal 

domains which eventually may lead to the establishment of cortical columns. Gap 

junctions, the morphological correlates of electrical coupling and low resistance 

pathways, are plasma membrane channels composed of connexin proteins that connect 

the cytoplasm of contiguous cells. To date, thirteen mammalian connexins (Cxs) have 

been described in rodents of which Cxs 26, 32 and 43 are the major isoforms 

expressed in the adult and developing brain.

Using immunocytochemistry, Western blotting. Northern blotting and electron 

microscopy (thin-section and freeze-ffacture), the present study examines the frequency 

of gap junctions, the cell types involved in the formation of these junctions, gene 

expression of gap junction proteins, the connexins, and their distribution in the adult 

and developing cerebral cortex of the rat.

The new findings that emerged from this study may be summarised as follows: 

1) Cxs 26-, 32- and 43-immunoreactivities showed a differential expression in the 

developing and adult cortex. Connexin 26 was expressed in abundance during 

corticogenesis and neuronal circuit formation, whereas Cx 32 labelling was more 

robust after 2 weeks of postnatal life. Connexin 43 showed high levels of expression 

both in the developing and in the adult cortex. 2) In the adult, Cxs 43 and 32 showed 

regional differences in their expression. 3) Characterization of cortical cells 

demonstrated that Cx 26 was expressed by neurons, in contrast to the prevailing view 

that this connexin is expressed by ventricular zone cells during corticogenesis and 

subsequently in non-neuronal tissue. Similarly Cx 43, widely believed to be associated 

with astrocytes, was also localized in a population of neurons during development that 

persisted in the adult cortex. In addition, Cx 43 immunoreactivity was localized in 

radial glial fibres during late corticogenesis, when neurons are migrating to their 

destination in the cortical plate. 4) Conventional and freeze-fracture electron 

microscopy revealed the abundant presence of gap junctions in the adult neocortex 

consistent with the immunocytochemical findings. 5) Examination of the adult 

neocortex demonstrated homologous and heterologous gap junctions involving



neurons and glia, of which the junctions between neurons and astrocytes are of 

interest as they may implicate the presence of a non-synaptic signalling pathways 

between these two cell types.

These results show that gap junctions and their constituent connexins are 

abundantly present in the adult cerebral cortex and may provide a major nonsynaptic 

pathway between cortical cell types. In the developing cerebral cortex, gap junctions 

may be involved in co-ordinating important developmental events such as cell 

proliferation, layer specification, neuronal migration and, later, in the synchronisation 

of neuronal activity prior to the maturation of chemical synapses.
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1.1. Cytology of the Rat Cerebral Cortex

The cerebral cortex of the rat is a laminated structure measuring 1.2-1.5 mm in 

thickness. It is organized into functionally distinct areas that show distinctive 

cytoarchitectural features. Sections through the thickness of the cortex indicate that 

neurons are organized into six layers. Neurons in each layer show a characteristic size, 

shape and packing density, and share physiological properties and axonal connections 

(Gilbert, 1983).

Layer I, which lies beneath the pial surface, is sparsely populated with neurons. 

Layers II and III, which do not show a distinct boundary between them, contain small 

and medium sized neurons displaying ovoid or triangular shaped cell bodies. Layer IV, 

the granular layer, appears distinct with its small and closely packed neurons. Layer V 

is characterized by loosely packed neurons with triangular or polygonally shaped cell 

bodies and layer VI contains small and closely packed neurons some of which are 

oriented horizontally.

Every layer contains each of the two main classes of neurons recognized in the 

cortex, the pyramidal cells (projection neurons) and nonpyramidal cells (intemeurons). 

Pyramidal neurons utilise the excitatory amino acids L-glutamate or L-aspartate as 

neurotransmitters, and exert potent excitatory action in the cortex and in their target 

areas (Fagg and Foster, 1983; Dori et al., 1992). Nonpyramidal cells utilise GABA and 

wield a powerful inhibitory effect on neurons of the cortex (Fagg and Foster, 1983). Of 

the macroglia, astrocytes are present in all layers of the cortex, whereas 

oligodendrocytes are mostly dispersed in the lower layers (Pamavelas et al., 1983).

Pyramidal neurons, which comprise two-thirds of the total number of neurons in 

the rat visual cortex (Pamavelas et al., 1977), are located in layers II through VI. The 

neurons of superficial layers project predominantly to the other cortical areas in the



ipsilateral or contralateral hemispheres. Pyramidal neurons layer V send their axons to 

subcortical structures such as the superior colliculus and the pons, whereas neurons of 

layer VI project to the thalamus (Pamavelas et al., 1989). The afferent fibres that 

project into the cortex can be grouped into subcortical and cortico-cortical connections. 

Subcortical afférents originate in the thalamus, basal forebrain, brainstem and midbrain, 

while cortico-cortical afferents consist callosal and ipsilateral connections.

Two morphological types of synapses have been described in the cerebral 

cortex: asymmetrical and symmetrical synapses (Colonnier, 1968) which correspond to 

Gray’s type I and type II, respectively (Gray, 1959). Asymmetrical synapses are 

characterized by a prominent postsynaptic density, and symmetrical synapses by a thin 

postsynaptic density (De Felipe and Farinas, 1992). The major source of asymmetrical 

synapses are pyramidal neurons and extrinsic cortical afferents, whereas the vast 

majority of symmetrical synapses are of intrinsic origin and are formed by the 

nonpyramidal neurons (Peters and Jones, 1984). Since pyramidal neurons and most 

cortical afferents are excitatory in function, it is generally assumed that axon terminals 

forming asymmetrical synapses are excitatory. Likewise, axon terminals of the GABA- 

containing nonpyramidal cells forming symmetrical synapses are generally assumed to 

be inhibitory (Colonnier, 1981; De Felipe and Farinas, 1992).

1.2. Neocortical Development in the Rat Brain

1.2.1. Laminar Organization of the Developing Telencephalic Vesicle

Ventricular Zone

The neurons and glia of the neocortex are generated from proliferating 

neuroepithelial cells that line the telencephalic ventricles (Bayer and Altman, 1991). 

Neuroepithelial cells, which are columnar and radially aligned, form the well defined
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ventricular zone (VZ). Due to active interkinetic nuclear migration (see 1.1.2) of the 

cells, the VZ has been described as ‘pseudo stratified’ germinal matrix by Sauer (1935); 

it changes into a stratified matrix as cortical neurogenesis commences. The structures 

bordering the ventricles include rounded mitotic cells and end-feet of processes 

belonging to nonmitotic cells. Specialized junctional complexes exist between all mitotic 

cells and processes bordering the ventricles (Shoukimas and Hinds, 1978).

M arginal Zone

The marginal zone (MZ) appears at the pial surface of the developing brain 

forming the outermost layer. This subpial zone, initially comprising the cytoplasmic 

processes of VZ cells (Boulder Committee, 1970), eventually becomes populated by 

horizontally oriented neurons, the Cajal-Retzius cells, which are the earliest neurons to 

differentiate in the embryonic cerebral cortex (Rickmann et al., 1977; Raedler and 

Raedler, 1978).

According to Marin-Padilla (Marin-Padilla, 1971, 1978), neurons of layer I and 

subplate together with early cortical afferents constitute the preplate, a morphogenetic 

framework inside which the later produced neurons of the cortical plate (CP) 

accumulate. This is based on the hypothesis that the phylogenetically younger CP 

neurons, which become elaborated into a complex laminar structure only in mammals, 

splits the preplate into the MZ and the deeper situated subplate. Layer I cells are found 

only infrequently in adult cortex suggesting that they may be a transient neuronal 

population (Edmunds and Pamavelas, 1982; Luskin and Shatz, 1985b), but evidence 

indicates that some undergo a morphological transformation into typical layer I 

nonpyramidal neurons (Pamavelas and Edmunds, 1983).
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Intermediate Zone

The next step in corticogenesis is the establishment of an intermediate zone (IZ) 

between the MZ and the VZ as postmitotic neurons migrate away from the ventricular 

surface. The IZ contains a mixture of cells of variable orientations and a rich matrix of 

fibres; the latter comprise the early cortical afferents and efferents. The upper portion of 

this zone is made up of many horizontally oriented cells and the lower portion contains 

mostly radially aligned cells. It is generally assumed that a substantial proportion of 

cells in the IZ are neurons migrating to the CP (Gadisseux et al., 1990). The neuronal 

population of this zone is to some extent compartmentalized into small clusters by 

vertical and horizontal axon bundles (Gadisseux et al., 1990).

Subventricular Zone

The subventricular zone (SVZ) is formed between the VZ and IZ. This zone, 

which can be easily distinguished from the VZ by the radial and tangential orientation of 

cells, is another zone of proliferating cells (Kershman, 1938). However, unlike the VZ, 

proliferating cells of this layer do not undergo interkinetic nuclear migration during 

their cell cycle but appear to divide in situ (Bayer and Altman, 1991). Smart (1961) 

suggested that SVZ cells produce macroglia for a period that extends into postnatal life. 

Although the function of the SVZ is not well understood, its role in gliogenesis during 

early postnatal period is well established and has been speculated to replenish glial cells 

in adult life (Morshead et al., 1994). Recently, a subpopulation of adult SVZ cells has 

been shown to generate neurons that migrate into the olfactory bulb (Luskin, 1993; Lois 

and Alvarez-Buylla, 1993).
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Cortical Plate

The CP neurons, which are distinct from the preplate neurons, migrate along 

radial glial fibres (Rakic, 1972) and aggregate under the preplate, thereby splitting it 

into the superficial MZ and the deep subplate (Luskin and Shatz, 1985b). The time it 

takes for an immature neuron to migrate from the VZ into the CP varies with the 

thickness of the cerebral wall. Autoradiographic experiments employing tritiated 

thymidine to mark the 'birthdays' of cells have shown that neurons destined to occupy 

the deeper parts of the cortex are generated fnst, and the subsequently generated 

neurons migrate pass the earlier ones and settle above them (Angevine and Sidman, 

1961; Berry and Rogers, 1965; Rakic, 1974; Raedler et al., 1980; Luskin and Shatz, 

1985a). Thus, the cortical layers are formed in an "inside-out" manner with the 

exception of neurons settling in layer I and subplate that are generated ahead of those 

settling in layers II - VI of the cortex.

13



Fig. 1.1. Cortical VZ of a rat brain at gestation day 16.

Note the radial alignment of the columnar cells that form this zone and the rounded 

mitotic cells at the ventricular surface. Scale bar: 200/xm.

14



V

à



Adherence to the inside-out rule appear to be more strict in cat and monkey than in 

rodents (McConnell, 1995).

Studies carried out to explore the developmental potential of early cortical 

progenitor cells, destined to give rise to neurons of layer VI, by transplanting cells into 

the brains of older animals at the time when upper layers are generated, revealed that 

the laminar fate of lower-layer neurons are specified at the time of mitosis, since cells 

transplanted late in the cell cycle migrate to the normal lower-layer positions even in an 

older environment (McConnell and Kaznowski, 1991). However, progenitors 

transplanted at earlier phases of the cell cycle are multipotential as their daughters 

migrate to the upper cortical layers, assuming the laminar fate typical of host neurons 

(McConnell and Kaznowski, 1991). Such neural transplantation studies have indicated 

that the information required for the laminar specification of the cerebral cortex does not 

employ a mechanism based strictly on cell lineage, rather, by environmental cues that 

change during development (McConnell, 1992). Evidence suggests that molecular 

differences among cortical layers should be present early in development (Shatz, 1992). 

In this context, recent studies have shown that late progenitor cells display molecular 

differences compared to ventricular cells early in development, such that these late 

progenitors express low levels of homeodomain gene Otxly in comparison to early 

progenitors (Frantz et al., 1994). More recent transplantation studies by Frantz and 

McConnell (1996) have demonstrated that when late cortical progenitors are 

transplanted into younger cortical environment do not generate lower-layer neurons but, 

instead, produce neurons of the upper-layers independent of environmental cues.
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Subplate

The subplate is a cell-rich layer beneath the cortical plate where polymorphic 

cells predominate. Autoradiographic studies have shown that subplate cells and Cajal- 

Retzius cells of layer 1 are the oldest cortical neurons (Luskin and Shatz, 1985b; Chun 

et al., 1987). Recent studies on the development of the thalamocortical connections in 

primates and cats suggest that thalamocortical axons accumulate in the subplate and 

‘wait’ for the layer IV neurons to arrive before growing into the cortex (Shatz, 1992). 

Few subplate cells persists into adult life scattered sparsely in the white matter whüe the 

majority of these cells are eliminated by programmed cell death (Chun and Shatz, 1989; 

Valverde et al., 1995).

1.2.2. Heterogeneity of the Ventricular Zone

The question of whether progenitor cells produce both neurons and glia in the 

developing cortex has been the subject of investigation for more than 100 years. His in 

1887 suggested that the VZ is composed of two types of progenitor cells, one that 

rounds up in mitosis at the ventricular surface to give rise to neuroblasts ("germinal 

cells") and another that extends processes to both the ventricular and pial surfaces and 

gives rise to glia ("spongioblasts") (Jacobson, 1991). In 1897 Schaper proposed that the 

germinal cells and the spongioblasts mentioned by His, are cells of the same type seen 

at different phases of the mitotic cycle. Hence, the neuroblasts and the glioblasts which 

migrate away as "indifferent cells" to the mantle layer are capable of differentiating into 

neurons or glia (Jacobson, 1991). However, Schaper's theory was consigned to 

obscurity when Sauer (1935) showed that the neural epithelium consists of a single type 

of epithelial cell in various stages of the mitotic cycle. He also showed that the cells of 

the VZ assume a change of form when they are about to divide whereby the nuclei
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undergo interkinetic movement as they traverse the separate phases of the mitotic cycle. 

The S-phase is initiated when the nuclei are at the outer margin of the epithelium, and 

then they descend towards the ventricular surface in the course of DNA synthesis and 

G2-phase. After M-phase, ascent of the nuclei takes place in G1-phase (Takahashi et 

al., 1993).

Other investigators who used pulse and/or cumulative tritiated thymidine 

labelling and electron microscopy have supported the notion that the VZ contains a 

homogeneous population of cells at asynchronous mitotic cycles undergoing interkinetic 

nuclear migration (Sidman et al., 1959; Sauer and Walker, 1961; Hinds and Ruffet, 

1971; Seymour and Berry, 1975). According to Fujita (1964), the VZ comprises a 

single precursor cell population giving rise first to neuroblasts during early development 

and then to glial and ependymal cells. Pulse labelling studies and electron microscopic 

examination, which failed to disclose any ultrastructural variations that might indicate 

differences in the developmental potential between progenitor cells, also suggested that 

the VZ comprises a homogeneous cell population sequentially giving rise to neuronal 

and then glial cells.

More recent studies, using immunocytochemistry and electron microscopy in the 

developing cortex of the monkey, have shown that glial elements are present in the VZ 

at the time neurons destined for the CP are generated (Levitt et al., 1981). The 

coexistence of glial and neuronal cells in the developing cortex indicates that the two 

cell types arise either from a single undifferentiated cell, as reported initially by 

Schaper, or from two separate stem cell populations (neuronal and glial) as suggested by 

His. Levitt et al. (1981) using an astroglial marker, GFAP, found that cells positive and 

negative for this antibody were present intermingled in the VZ during neurogenesis. 

Further, both cell types were recognizable at all stages of the mitotic cycle. Similar

17



results were obtained using antibodies to a neurofdament protein (NF), a neuron specific 

marker, in the VZ of the chick brain and spinal cord, suggesting that morphologically 

undifferentiated neuroepithelial cells express a neuron-associated beta tubulin isotype 

very early during the neuroblastic differentiation, and this expression is sustained even 

in the mature neuronal populations (Caccamo et al., 1989). The interpretation of these 

immunocytochemical studies is that the mitotic cells that are positive for GFAP or NF 

are committed to glial or neuronal lineages indicating the presence of two separate cell 

populations in the VZ. Further, the glial phenotype is expressed prior to the cell's final 

division (Levitt et al., 1981). However, these studies do not show whether there might 

be a stage at which VZ cells are indifferent.

More recent studies employing recombinant retrovirus as a stable lineage marker, 

have shown that in mouse cerebral cortex the neurons and glia are diverged by 

embryonic day 13 (Sanes, 1989) supporting the conclusion of Levitt et al (1981). 

Although studies in the developing cerebral cortex have suggested that neurons, 

astrocytes and oligodendrocytes arise from separate lineages, it remains possible that 

distant clusters of neurons and glia could share a common progenitor cell (McConnel, 

1995). Further, it has been postulated that there may be genes that determine the choice 

between neuronal and glial lineages. This notion has been supported by two recent 

reports (Hosoya et al., 1995; Jones et al., 1995) in which a gene, glial cells missing 

{gcrri), has been isolated whose presence or absence determines the choice between 

neuronal and glial fates (Anderson, 1995).

18



Fig. 1.2. Stages of neocortical development.

(A) Initially, before the commencement of neurogenesis, the telencephalic wall consists 

only of proliferating neuroepithelial cells forming the well defined ventricular zone; (B) 

however, with the onset of neurogenesis the marginal zone appears at the pial surface, 

initially containing the cytoplasmic processes of ventricular zone cells; (C) the next step 

is the establishment of an intermediate zone between the earlier formed zones as 

postmitotic neurons migrate away from the ventricular surface; (D) during the mid 

stages of cortical neurogenesis the subventricular zone appears. This zone is easily 

distinguished by the radially and tangentially oriented cells, in addition to the presence 

of numerous mitotic cells. The other important feature at this stage of development is 

the appearance of the cortical plate as postmitotic neurons migrate along the radial glial 

fibres and settle in an ‘inside-ouf manner below the marginal zone; (E) towards the end 

of neurogenesis the ventricular zone is considerably reduced in size while the 

subventricular zone, which gives rise to glioblasts, is expanded. The intermediate zone, 

which now comprises a rich matrix of cortical afferents and efferents, is sparsely 

populated with cells. On the whole at this stage of cortical development, the radially 

expanded telencephalic wall appears stratified.

V- ventricular zone, M- marginal zone, I-intermediate zone, S- subventricular zone, CP- 

cortical plate. (Boulder Committee, 1970).
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Fig. 1.3. Laminar organization of the developing telencephalic wall of a rat brain at 

gestation day 17.

LV- lateral ventricle, VZ- ventricular zone, SVZ- subventricular zone, IZ- intermediate 

zone, SP- subplate, CP- cortical plate, MZ- marginal zone, PS- pial surface.

Scale bar: 300fim.
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Although the neuroepithelial cells do not show morphological features to suggest 

an association with particular areas of the adult neocortex, molecular markers have now 

been identified that define heterogeneous regions in the VZ of the forebrain. Genes such 

as Emx, Otx, murine homologous of zebrafish Pax and a number of Pou-domain genes 

are developmentally regulated and show characteristic patterns of distribution within the 

developing mammalian forebrain (Boncinelli et al., 1993; Mione and Pamavelas, 

1994).Therefore, it is now evident that the VZ comprises a heterogeneous population of 

precursor cells.

1.2.3. Radial Migration of Neurons

One of the proposed models for the generation of the cortex was put forth by 

Rakic in 1988. According to his scheme (protomap model), future cytoarchitectonie 

areas of the cortex are specified in the neuroepithelium and recapitulated in the 

developing cortical plate by a point to point migration of the cortical neurons along a 

radial glial scaffolding. Thus, the neuroepithelium is programmed to generate area- 

specific cortical neurons that would migrate out radially and the relative positions and 

sizes of areas of the cerebral cortex are prespecified (O’Leary et al., 1994).

It is widely accepted now that radial migration of young neurons is aided by 

surface contact with preformed radial fibres of glial cells that traverse the entire 

thickness of the developing cortex (Rakic, 1972; Gadisseux et al., 1990; Misson et al., 

1991a,b). The classic bipolar radial glial cell is the dominant astroglial form that exists 

throughout the period of corticogenesis and subsequently converted to protoplasmic 

astrocytes in the cerebrum (Cameron and Rakic, 1991). The radial glia can be 

characterized in rodents by immunoreactivity to RCl, RC2, vimentin and Rat 401 

(nestin) antisera (Cameron and Rakic, 1991). Serial-section electron microscopy of the
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fetal monkey neocortex has revealed that the entire length of a migrating neuron 

maintains an intimate contact with the radial fibre (Rakic, 1972). Computer aided 

reconstructions of serial sections show that the leading processes of the migrating 

neurons often extend pseudopodia onto more than one radial fibre, thus giving the 

impression that cell migration is an active process involving extension and retraction of 

the leading process (Rakic et ah, 1974).

The molecular mechanism of neuronal migration is presumed to involve the 

following steps: recognition of a migratory pathway, displacement of the neuronal cell 

body along the pathway, and cessation of migration and detachment from the radial glia. 

According to Rakic (1985), the selective affinity of postmitotic cells for specific surfaces 

in their environment could account for all three steps. He also pointed out that neuron- 

glia cell adhesion molecules (Edelman, 1983) may underlie the initial recognition of 

radial glia by young neurons. Thus, astrotactin, a neuronal protein known to induce the 

transformation of glia to radial glia in culture, is concentrated at points of contact 

between radial glial fibres and migrating neurons (Fishell and Hatten, 1991). A 

neuronal cell body would need a mechanism for translocation and navigation along the 

migratory pathway as well as through the processes of other cells that are on its way, 

particularly when extracellular space becomes reduced during late development. It has 

been suggested that differential cell adhesion and chemotactic substances can account for 

cell motility that propels the neuron towards the CP (Letoumeau, 1975). Further, the 

release of proteolytic enzymes, such as plasminogen and plasminogen activator 

(Moonen et al., 1982) abundantly expressed during the period of neuronal migration, at 

the growing tip of the leading process could aid in tissue penetration and thus facilitate 

the neuronal navigation through other cells and processes (Rakic, 1985). The cessation 

of migration mediated by a different intrinsic signal, independent of adhesive
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interactions, may initiate detachment and differentiation of neurons (Rakic, 1985). More 

recent studies have demonstrated the transient presence of a novel polypeptide in radial 

glial cells comprising a plasmalemal microdomain between the migrating neuron and 

supporting glia (Cameron and Rakic, 1994; Anton et al., 1996).

1.2.4. Tangential Migration of Neurons

The presence of a substantial proportion of horizontally oriented cells in the 

SVZ and IZ cannot be satisfactorily accounted by the theory of neuronal migration 

along radially oriented glial fibres. It has been observed that some cells in the IZ 

undergo rotation and are dispersed tangentially (O’Rourke et al., 1992, 1995). 

Similarly, lateral dispersion of progenitors within the VZ has also been demonstrated 

(Fishell et al., 1993). The use of genetically modified retrovirus vectors in lineage- 

tracing experiments have demonstrated that daughters of a single cortical progenitor cell 

can spread to widely separated areas of the cortex (Walsh and Cepko, 1992). Further, 

recent evidence has shown that as many as 30% of cortical neurons may migrate 

tangentially to reach their destination (O’Rourke et al., 1995; Tan et al., 1995). These 

results strongly implicate non-radial mode of cell migration and are inconsistent with the 

notion that neocortical neurons are precommitted to areal identities as proposed by the 

protomap model (McConnell, 1992).

1.2.5. Development of Cortical Areas

Transplantation studies have revealed that occipital cortical neurons when 

transplanted into a more rostral cortical area alter their pattern of long-distance 

projections to innervate targets appropriate to their new position. Similar experiments 

have also shown that occipital cortex is capable of forming barrel fields when
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transplanted into the somatosensory cortex of the host brain (Stanfield and O'Leary, 

1985; Schlagge and O'Leary, 1991). These results imply that boundaries between 

cortical areas do not appear to be determined at early stages of development, suggesting 

that the fetal neocortex is functionally equipotential and may be viewed as one large 

developmental compartment within the forebrain as hypothesized by the protocortex 

model (O’Leary, 1989). The protocortex model, which emphasizes the role of 

epigenetic influences on the development of cortical areas, proposes that the VZ cells 

are not programmed to generate cortical neurons committed to a particular areal fate. 

Rather, the VZ is specified to generate neurons to form a laminated cortex, a variety of 

cortical cell types and a common local circuitry (Schlaggar and O’Leary, 1991). 

However, the generated neurons may have the potential to develop the range of features 

associated with different neocortical areas and would require instructions from thalamic 

afferents to develop area-specific connections and architecture (O’Leary et al., 1994).

It is the relative abundance of projection cells and interneurons within each of 

the six layers that defines the precise boundaries between functionally distinct cortical 

areas. Thus, the process of laminar formation is considered to be important for the 

specification of cortical areas and has been suggested that different genes may be 

responsible for creation of layers of the neocortex (Mione and Pamavelas, 1994). Many 

lineage studies, using replication incompetent retrovirus (Price and Thurlow, 1988; 

Luskin et al., 1988) have rejected the possibility of a lineage dependent mechanism for 

regional and laminar specification.
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1.3. Gap Junctions: Structure, Expression and Functions

1.3.1. Structure of the Plasma Membrane

In thin sections, plasma membranes appear as trilaminar structures with two 25 

Â electron opaque lines separated by 35 Â electron transparent space. The electron 

opaque lines correspond to the hydrophilic surface of the membranes and the electron 

transparent centre to the hydrophobic region of the lipid bilayer. According to the fluid 

mosaic membrane’ model of Singer and Nicolson (1972), the lipid bilayer forms the 

membrane matrix. The proteins of the membrane are divided into peripheral and 

integral based on their positions (Alberts et al., 1994). Peripheral proteins are associated 

with the membrane surface, while the integral proteins are partly embedded and partly 

protruding from the membrane and, thus, may traverse the entire thickness.

Membranes can be prepared for electron microscopic examination by thin- 

sectioning, freeze-etching and negative staining. In freeze fracturing, the frozen 

membranes are cleaved along the central hydrophobic plane of the bilayer region giving 

rise to two complementary fracture faces exhibiting randomly distributed particles (40- 

160Â) on a smooth background. The smooth area probably corresponds to the lipid 

bilayer region, whereas the particles are the integral proteins embedded within the lipid 

matrix (Staehelin, 1974).

1.3.2. Structure of Gap Junctions: Historical Perspective

The first insight into the fine structure of gap junctions emerged from the studies 

of Robertson on Mauthner cells in goldfish brain (Robertson, 1963). In this study, 

Robertson observed a discrete pattern of hexagonally packed subunits in the club 

endings of the Mauthner cells. Shortly thereafter, Rosenbluth (1965) working on ascaris 

muscle fibres was able to resolve a 2 nm gap between the outer leaflets of a junctional
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membrane and, thereby, differentiated these from the tight junctions. However, it was 

the work of Revel and Kamovsky in 1967 that clarified the current understanding of gap 

junctional structures. These investigators, using their newly developed colloidal 

lanthanum negative staining method, were able to relate the hexagonal lattice structures 

visualized in tangential sections to a junction in thin sections of tissue stained en bloc 

with uranyl acetate. Thus, intercellular connections displaying a 2 nm electron lucent 

‘gap’ were named as “gap junctions” to distinguish from the tight junctions. In 1968, 

Kreutziger described gap junctions in freeze fracture replicas for the first time and 

demonstrated that the intramembranous particles (IMP) correspond to the structures in 

hexagonal lattice. Chalcroft and Bullivant in 1970, using the double replica freeze 

fracture method, demonstrated that the exoplasmic (E) and protoplasmic (?) faces of gap 

junctions are complementary resulting from a single plane of fracture. Goodenough in 

1975, termed the globules outlined by lanthanum negative staining as “connexons” and 

subsequently Peracchia (1980) showed that connexons are made up of six subunits in 

circular arrangement.
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Fig. 1.4. A three dimensional model of gap junction channels between two apposing 

plasma membranes (from Makowski et al., 1977; courtesy Dr. David Becker).
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Fig. 1.5. A gap junction as defined in thin section electron micrographs.

Note the heptalaminar appearance and the central gap of 2-3 nm (arrow) between the 

apposing plasma membranes. Scale bar: 40 nm.
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Fig. 1.6. A gap junctional plaque as observed in freeze-fracture replicas.

Note the connexons appearing as 8-9 nm intramembranous particles and complimentary 

pits on the exoplasmic (E) and protoplasmic (P) faces, respectively. Scale bar: lOOnm.
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1.3.3. Structure of Gap Junctions: Current Understanding

In thin section electron micrographs, gap junctions are defined as heptalaminar 

structures between intimately apposed plasma membranes separated by a gap of 2-3 nm. 

In freeze fracture preparations, gap junction plaques appear as intramembranous 

particles and complementary pits of 8-9 nm on protoplasmic and exoplasmic faces 

respectively. It is now known that gap junctions are clusters of plasma membrane 

channels which directly link the cytoplasmic compartments of neighbouring cells. A gap 

junction channel consists a pair of hemichannels or connexons one located in each of the 

two junctional membranes. In vertebrates, a connexon has -2 .5  nm central channel and 

projects across the 2-3 nm extracellular gap to meet the apposing channel (Bennett et 

al., 1991). These connexons span the full length of the membrane and are packed 

closely together. X-ray diffraction studies have shown that each connexon is made up of 

six subunits and from more recent studies it is known that each subunit corresponds to a 

single integral protein molecule termed “connexin” (Severs, 1995).

1.3.4. Biochemical Characterisation of Gap Junctions

The biochemical composition of gap junctions is relatively simple as connexin is 

the only constituent protein. The lipid:protein ratio in gap junctions is very low 

compared to non-junctional membranes. Phosphotidylcholine has been shown to be the 

major class of phospholipids, while cholesterol is the main neutral lipid in liver gap 

junctions (Evans and Gurd, 1972). The development of isolation techniques allowed the 

preparation of highly enriched gap junctions that are resistant to solubilization in 

detergents or extraction with alkali (Evans and Gurd, 1972; Hertzberg and Gilula, 1979; 

Hertzberg, 1984). The isolation of enriched gap junctions led to the sequencing of 

constituent connexins and to the synthesis of their cDNA. Thus, Cx 32
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Fig. 1.7. The proposed molecular models for connexin topology

A. Model describing the six connexin subunits arranged to form the central channel 

(adopted from Kumar and Gilula, 1996).

B. Topological model for connexins: each connexin molecule contains four membrane 

spanning regions (M1-M4) with cytoplasmic amino (NHj) and carboxy (COOH) termini 

(adopted from Becker et al., 1995).
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cDNA was first synthesised and cloned from rat and human liver (Paul, 1986; Kumar 

and Gilula, 1986) while, Cx 43 cDNA was made from rat heart (Beyer et al., 1987).

1.3.5. Structure and Expression of Connexins

Gap junction proteins were first named according to their tissue of origin and 

apparent molecular weight determined by SDS-poly acrylamide gel electrophoresis 

(PAGE). However, different gap junction gene products are currently distinguished, 

principally based on predicted molecular mass (KDa) of the proteins (Beyer et al., 

1987). Low stringency hybridization and polymerase chain reaction cloning from 

genomic libraries have increased the putative rodent connexins to 13, comprising a 

multigene family of two distinct lineages, class I or B (eg. Cxs 26, 31 and 32) and class 

II or a  (eg. Cxs 37, 40, 43 and 45). All family members possess a similar gene 

structure exhibiting about 50% sequence homology (Dermietzel and Spray, 1993).

Based on hydropathy analysis of the predicted amino acid sequence of various 

connexins, together with other experimental data, a general topology has been proposed 

for the connexin structure. Accordingly, each connexin molecule contains four 

transmembranSL domains with cytoplasmic amino and carboxy termini (Beyer et al., 

1987). Using negatively stained junctions, Unwin and Zampighi (1980) have shown that 

connexins are rod shaped molecules with a diameter of 2.5 nm and length of 7.5 nm. 

Further, these molecules are highly conserved in their extracellular and transmembrane 

domains but more structurally diverse in the cytoplasmic and carboxy termini (Beyer et 

al., 1987; Zimmer et al., 1987; Laird and Revel, 1990). The extracellular domains 

extend the channel across the gap and form an insulating structure in contact with 

aqueous medium, both extracellularly and inside the channel. Recent studies (White et 

al., 1995) have shown that the second extracellular domain controls the selection of the
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apposing connexin. The four membrane spanning regions (M1-M4) of each connexin 

molecule displays the a-helical structure and twists around each other (Unwin, 1989). 

The extracellular domains of all connexins contain three cystein residues located at 

identical positions (Rahman and Evans, 1991). This high conservation suggests an 

important structural function in docking of the hemichannel and/or in channel opening 

(Dahl et al., 1992). The presence of six subunits allows for a larger and more 

permeable channel than could be obtained with pentameric or tetrameric structure as in 

the super families of ligand gated or voltage gated channels (Bennett et al., 1991).

Specific connexins are expressed in more than one tissue, and a single cell type 

may express more than one connexin. The main purpose of multiple expression of 

connexins may be to facilitate the establishment of communication compartments (Paul, 

1995). Communicating channels can be formed by pairs of identical hemichannels 

(homotypic gap junctions) or by using hemichannels composed of different connexins 

(heterotypic gap junctions) (Risek et al., 1994). To date, there is no definite evidence 

for heterotypic gap junctions in vivo. However, an oocyte expression system, developed 

for functional characterisation of isolated connexin genes (Dahl et al., 1987), has shown 

that two different murine connexin cRNAs when injected into xenopus oocytes can form 

heterotypic channels where each of the two hemichannels consist of different exogenous 

connexins (Swenson et al., 1989; Werner et al., 1989). For example, oocytes 

expressing rat Cx 32 were found to be electrically coupled with Cx 43 expressing 

oocytes. The conductance of such coupling were smaller than that of homotypic 

junctions.

33



Table 1.1. List of known rodent connexins and their tissue expression 

(adapted from Dermietzel and Spray, 1993, and Kumar and Gilula, 1996).

Types of Rodent Connexin (Cx) Tissue

Cx 26 brain (ependyma, pinealocytes, leptomeniges), 
liver, testis, kidney, skin, pancreas (exocrine), 
uterus (endometrium and myometrium)

Cx 30.3 skin

Cx31 skin, brain, lungs, placenta

Cx31.1 skin

Cx32 brain (neurons and oligodendrocytes), 
peripheral myelinated axons, liver, testis, 
kidney, pancreas (exocrine), uterus 
(endometrium)

Cx 33 testis

Cx 37 brain (endothelial cells), cardiovascular system 
'(smooth muscle), lungs

Cx40 cardiovascular system (heart and endothelium), 
lungs

Cx 43 brain (astrocytes, neurons, ependyma, 
leptomeninges), cardiovascular system (heart, 
smooth muscle and endothelium), lungs, testis, 
kidney, skin, pancreas (endocrine), lens 
(epithelial cells), uterus (myometrium)

Cx 45 heart, skin

Cx 46 heart, lens (fiber cells)

Cx 50 lens (fiber cells)
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Later it was reported that rat Cx 32 and Cx 26 (Barrio et aL, 1991) as well as murine 

Cx 40 and Cx 37 (Henneman et al., 1992) can form functional heterotypic gap junction 

channels. In contrast to the reports of Werner et al. (1989) and Swenson et al. (1989), 

White et al. (1995), using a similar xenopus model system, demonstrated that oocytes 

injected with Cx 32 and Cx 43 mRNA do not show any electrical coupling when the 

endogenous xenopus connexin (Cx 38) was blocked with antisense oligonucleotides. 

These results suggest that the permeability of gap junctions is a connexin specific 

parameter determined by the protein subunits constituting the channel. Further, the 

homotypic and heterotypic channels formed by the same connexins differ in their 

permeability (White et al., 1994).

As an alternative to the oocyte expression system, cultured mammalian cell lines 

that show low levels of gap junctional communication were transfected with connexin 

cDNAs. Examples of such cell line systems are Hela human cervix carcinoma cells 

(Henneman et al., 1992; Traub et al., 1994), C6 rat glioma cells (Zhu et al., 1991) and 

N2A murine neuroblastoma cells (Beyer et al., 1992). Although both oocyte and 

mammalian cell expression system yielded comparable results, in a recent study using 

the Hela cell model system Elfgang et al. (1995) has demonstrated that dye transfer is 

different between several connexin transfectants even though the junctional conductance 

is similar, suggesting that the permeability of different connexins to cellular molecules 

may vary. Further, they have shown by transfer of Lucifer yellow that B-type connexins 

(eg. Cx 32 and Cx 26) can form functional channels only with each other and not with 

a-type connexins (eg. Cx 43 and Cx 40). However, one cannot exclude the possibility 

of electrical conductance between the a  and B type connexin transfectants.

Although the oocyte expression system demonstrated the presence of heterotypic 

coupling, the existence of hetero-oligomeric (subunits composed of different connexins)
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hemichannels has not been illustrated. This suggests that hemichannels or connexons are 

homo-oligomeric in nature, composed of a single constituent connexin (Risek et ah,

1994). Epstein and Gilula in 1977 showed that gap junctional coupling can occur across 

species and even across vertebrate classes in vitro. However, the question remains 

whether the cells that coupled made the same connexin or atleast a connexin of the same 

type.

Recent advances in the field of molecular biology has made specific gene 

ablation possible. Thus, mice in which Cx 43 genes were ablated gave birth to 

homozycote embryos that died shortly after birth due to cardiac malformations. 

Histological examination of these homozycote embryos revealed no overt abnormalities 

in organs expressing Cx 43, except in the heart which was deformed (Paul, 1995; 

Reaume et al., 1995). Cultures of astrocytes from these knock-out animals expressed 

higher levels of Cx 40, compared to controls (Spray et al., 1995). These results suggest 

that most cells in the absence of a particular connexin gene can upregulate the 

expression of a complementary connexin, which may not be present normally at 

detectable levels and, thereby, maintain intercellular communication.

1.3.6. Formation of Gap Junctions

The formation of gap junctions is a complex event. It requires the integration of 

protein molecule into the membrane with the polypeptide oriented and folded correctly. 

As known from the structural studies of isolated gap junctions (Casper et al., 1988), the 

assembly of these junctions is a process that involves several steps. The first step is the 

oligomerization of six connexin molecules to form a membrane channel or connexon, 

followed by the pairing of connexons between two apposing cell membranes to form an 

intercellular channel. Finally, these channels become clustered at the cell-cell interface
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into gap junctional plaques. In general, oligomerization of most membrane proteins 

takes place in the endoplasmic reticulum (ER) (Hurtley and Helenius, 1989). Thus, 

assembled oligomers of connexins have been shown in the membranes of ER of BHK 

cells transfected with Cx 32 cDNA (Kumar et al., 1995). Similarly, analysis of 

subcellular fractions of rat liver also showed that connexins oligomerize in the ER 

(Rahman et al., 1993). In contrast, another study showed that, unlike other integral 

proteins, connexins undergo post-ER oligomerization into connexons within the trans- 

Golgi complex (Musil and Goodenough, 1993). Such post-ER oligomerization has been 

implicated in preventing the possible intracellular pairing of connexons and subsequent 

formation of gap junction plaques within the ER.

After oligomerization, most connexins (eg. Cx 43) undergo post-translational 

modifications by phosphorylation, mediated by cAMP-dependent protein kinase A 

(Musil et al., 1990; Musil and Goodenough, 1991; Laird et al., 1991; Mehta et al., 

1992). Although, earlier studies suggested that such post-translational modifications may 

be essential for transportation to the cell surface (Musil et al., 1990), subsequent reports 

showed that at least certain phosphorylation events may not be required for 

transportation, but may be involved in the maintenance and assembly of gap junctions 

(Musil and Goodenough, 1991). Although the mechanism used by connexons to reach 

the cell surface is not known, they are believed to be rapidly taken to the plasma 

membrane through the trans-Golgi-network (TGN) derived transport vesicles (Musil and 

Goodenough, 1993). After arrival at the cell surface, coimexons from adjacent cell 

surface have the potential to form gap junctions (Kumar and Gilula, 1996). The rapid 

formation of channels upon cell contact (within seconds to minutes) suggests that 

connexons pre-exist in the plasma membrane (Rook et al., 1990). Studies have shown 

that the formation and regulation of gap junctions may be modulated by cell-adhesion
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molecules such as N-CAM or L-CAM (Mege et al., 1988; Musil et al., 1990; Musil 

and Goodenough, 1991: Meyer et al., 1992). However, it has been shown that although 

cell adhesion molecules may contribute to the formation of gap junctions through a 

feedback mechanism involving a signal transduction pathway, they are apparently not 

essential for gap junction formation (Kumar and Gilula, 1996).

Studies, using Novikoff hepatoma cells and eye lens fibre (Decker et al., 1974; 

Johnson et al., 1974), have shown that in the first 30 minutes of cell reassociation the 

two adjacent membranes, relatively poor in intramembranous particles (IMP) on the P 

fracture face, flatten to make the ‘formation plaque’. Large 10 nm IMP appear on the P 

face and almost simultaneously small particles also appear intermingled with the large 

ones. At this stage, the intercellular space is rapidly reduced between the membranes, 

from 10 nm to 2-3 nm. After 60 minutes of cell reassociation, the large 10 nm particles 

apparently disappear leaving behind the completed gap junctions, suggesting that the 

large 10 nm particles may be the precursor connexons (Peracchia, 1980).

1.3.7. Regulation of Gap Junctions

It is known that some physiological properties of gap junctions are connexin 

specific. For example, conductance induced by different connexins are modulated 

differently by changes in second messengers, pH and voltage gradients (Bennett et al., 

1991). Different gap junction channels have different unitary conductances depending 

on their connexin composition as well as their state of phosphorylation (Moreno et al, 

1992; Takens-Kwak and Jongsma, 1992). Gap junction channels are permeable to the 

passage of small charged or uncharged molecules up to ~ IkD in size, such as second 

messengers and metabolites, resulting in the exclusion of proteins and nucleic acids. The 

permeability of the channels can be reversibly altered by a variety of factors including
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cytoplasmic pH (Turin and Warner, 1977), free Ca (Rose and Loewenstein, 1975; 

Loewenstein, 1981), voltage (Spray et aL, 1979) and cyclic nucleotides (Saez et aL, 

1986).

Modulation of gap junctions by neurotransmitters was first demonstrated in 

pancreatic acinar cells treated with acetylcholine (Findlay and Petersen, 1982). 

Recently, dopamine has been shown to modulate gap Junction permeability in the rat 

neostriatum (Cepada et aL, 1989) and in amacrine cells of the rabbit retina (Hampson et 

aL, 1992). Noradrenaline is another neurotransmitter that modulates the permeability of 

gap junctions (Saez et aL, 1991).

Peptides and steroid hormones, including estrogen and progesterone, may also 

regulate gap junction formation and degradation. Estrogen stimulates the gap junction 

formation while progesterone inhibits the same. De novo protein synthesis has been 

shown to be necessary for the formation of gap junction precursors in the rat 

myometrium. Inhibition of protein synthesis with cyclohexamide (inhibits translation) 

and actinomycin D (inhibits transcription) has been shown to reduce gap junction size 

and number (Garfield et aL, 1988). Other studies, however, indicate that de novo 

protein synthesis may not be required for gap junction formation in all cells (Kannan 

and Daniel, 1978).

Conductance of gap junctions may be gated by voltage (Spray et aL, 1985). In 

Xenopus oocyte pairs, injected with connexins mRNA, Cxs 26 and 32 formed functional 

gap junctions which exhibited voltage dependence (Barrio et aL, 1991). Increase in 

cytoplasmic levels of H'*’ or Ca^^ rapidly reduces junctional conductance, which is to 

some extend reversible (Bennett and Verselis, 1992).
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1.3.8. Degradation of Gap Junctions

The apparent life span of connexins in tissue culture conditions is several hours 

(Traub et al., 1989). Gap junctions are removed from the plasma membrane by 

internalization of the entire junction (Larsen, 1983). Initially, one of the coupled cells 

interdigitates into the other followed by endocytosis of the interdigitation. The resultant 

vesicle with a double membrane structure is known as an ‘annular gap junction’ and is 

ultimately degraded within lysosomes.

1.3.9. Gap Junctions as Morphological Correlates of Electrical Coupling

Knowledge of intercellular exchange of small ions comes from measurements of 

electrical resistance between neighbouring cells. Low intercellular resistance indicates a 

free exchange of ions between coupled cells, but does not allow one to discriminate 

between positively and negatively charged ions. Low resistance junctions were first 

recognised and studied in excitable tissues by Furshpan and Potter (1957), but such 

junctions were also detected in non-excitable tissues (Loewenstein and Kanno, 1964). 

Loewenstein (1966) reported that electrotonic junctions that are responsible for low 

resistance pathways must contain continuous passages for ions to flow between two 

connected cytoplasms. Such passages, he suggested, must be limited by high resistance 

seals or diffusion barriers at the level of the intercellular space to prevent the leakage of 

ions to the exterior.

Although a large amount of circumstantial evidence suggests that gap junctions 

are responsible for cell-cell electrotonic coupling, it has not been possible in most cases 

to exclude the involvement of other types of cell junctions. Barr et al. (1965) 

demonstrated the reversible effects of hypertonic solutions on electrical coupling and the 

integrity of gap junctions in heart. Accordingly, in hypertonic solutions, the membranes

4 0



of gap junctions became separated, while the intercellular resistance increased to 

complete cell uncoupling. A year later, Dreifuss et al., (1966) clearly showed that gap 

junctions are responsible for the electrical coupling in cardiac muscle tissue. In this 

study, cardiac muscle which contains both gap junctions and desmosomes, was 

incubated in , Câ "*" free medium that separated the desmosomes leaving the gap 

junctions intact. Following this treatment, adjacent cells in the tissue were still found to 

be ionically coupled.

Another direct demonstration for the involvement of gap junctions in cell 

coupling came from the study of induced synchrony in spontaneously beating mouse and 

chick myocardial cells in culture (Goshima 1969, 1970). In these studies, cells that beat 

at different frequencies became synchronised as soon as they came in contact with one 

another. Synchronous beating must have been produced by the spread of current 

through newly formed gap junctions, since myocardial cells that were in contact with 

mouse-L-cells, incapable of forming gap junctions, did not acquire synchrony.

1.3.10. Evidence for Metabolic Coupling Through Gap Junctions

Since the diffusion of molecules through gap junction channels is likely to be 

passive, it is assumed that one of the main functions of such junctions is the exchange of 

biologically important substances such as nutrients, metabolites and regulatory 

molecules. Subak-Sharpe et al. (1966, 1969) using genetically different mammalian 

cells demonstrated metabolic cell coupling in tissue culture. Using a hamster fibroblast 

cell line that lacked inosinic pyrophosphorylase (IPP) activity they found that, when 

grown alone, these cells did not incorporate exogenous tritiated hypoxanthine into their 

nucleic acids. However, in mixed cultures with cells that possess IPP, it was observed 

that cells negative for IPP activity acquired the ability to incorporate tritiated precursors.
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These authors concluded that the metabolism of IPP negative cells was altered by the 

exchange of substances through intercellular channels.

The most convincing study in this area, performed by Gilula et al. (1972), was a 

three-way correlation between metabolic and ionic coupling and ultrastructural 

localization of gap junctions. In this study, Don hamster (IPP positive cells), a variant 

DA hamster (IPP negative cells) and A9 mouse fibroblast (IPP negative cells) cell lines 

were used. When Don cells, marked with carnitine, were mixed with unlabelled DA or 

A9 cells, DA cells that were in contact with Don cells incorporated tritiated 

hypoxanthine at a reduced level, whereas the A9 cells never incorporated label above 

background. Similarly, ionic coupling was found between Don-DA cells, DA-DA cells 

and Don-Don cells but not between Don-A9 or A9-A9 cells. Morphological analysis 

revealed the presence of gap junctions at the electron microscopical level between pairs 

of cells that showed metabolic and ionic coupling but not between cells where 

physiological coupling was absent. Since gap junctions were the only type of junctions 

that were detected in these cultures, it was concluded that the simultaneous occurrences 

of metabolic and ionic coupling depends on the presence of gap junctions.

A large variety of intermediate metabolites such as uridine, thymidine, glucose, 

fructose, glucosamine, 2-deoxyglucose, choline and various aminoacids have been found 

to pass from cell to cell (Perrachia, 1980). Among the compounds of great importance 

for the regulation of cell function, is the passage of cAMP. The involvement of cAMP 

in cell-cell coupling has been well demonstrated in a study by Lawrence et al. (1978) in 

which mouse myocardial cells were found to be electrically coupled to rat ovarian 

grannulosa cells in response to a cell-specific hormone by cAMP-dependent mechanism. 

Exposures of the co-cultures to a hormone (FSH) that acts on specific receptors of the 

grannulosa cells resulting in cAMP synthesis, caused the heterologous myocardial cells to
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respond by an increase in spontaneous beat frequency, only when cell-cell contact was 

present. The interpretation was that the cAMP synthesized in the grannulosa cells had 

diffused to the myocardial cells through the gap junctional coupling.

To determine the range of sizes of particles that pass through gap junctions, 

many investigators have used molecules of different sizes tagged with fluorescence or 

colour. Lucifer yellow and neurobiotin are some of the widely used tracers to 

investigate the presence of gap junction coupling as well as to study their selective 

permeability.

1.3.11. Evidence for Intercellular Calcium Signalling Through Gap Junctions

Changes in intracellular Ca^’*’ concentration could lead to direct intercellular 

signalling between adjacent cells (Charles et al., 1991). Propagated changes in Câ "̂  

concentration, which are suggestive of gap junctional communication, have been 

observed in several types of cells (Charles et al., 1992). In each of these cell systems, 

an increase in Ca^^ concentration in a single cell leads to an increase of Ca^^ 

concentration in the surrounding cells. These increases are often observed to propagate 

as a wave across a cell and between cells. The time course and spatial pattern of 

propagation of these Ca^^ waves suggests that these are communicated through gap 

junctions. In order to investigate the role of gap junctions in intercellular Ca^^ 

signalling, Charles et al., (1992) used mechanical stimulation to induce Câ "*" waves in 

C6 glioma cells, which are known to express very low levels of Cx 43. Their results 

showed that mechanical stimulation of a non-transfected C6 glioma cell induced a wave 

of Ca^^ concentration that showed little or no communication with adjacent cells. In 

contrast, a single cell in cultures of C6 clones transfected with Cx 43 cDNA induced a

43



wave that was communicated to multiple surrounding cells. These results provide 

direct evidence that intercellular Câ "̂  signalling occurs through gap junctions.

A plausible model suggests that rise of cytoplasmic Câ "̂  stimulates 

phospholipase C to break down inositol lipid. Inositol 1,3,5-trisphosphate (IP3), a lipid 

metabolite, is capable of releasing Câ '*’ from an internal store and, thereby, 

perpetuating the wave of phospholipase C activity (Harootunian et al., 1991; Meyer and 

Stryer, 1991). The role of IP3 in Câ "̂  was shown by Saez et al (1989). These authors 

demonstrated that gap junctions are permeated by Câ '*’ and IP3 by testing for Câ "̂  

response to micro injections of IP3, a second messenger. It was shown that the injected 

IP3 diffused through gap junctions and released intracellular Câ "̂ . This has been later 

confirmed by the prevention of Ca^^ waves with IP3 receptor antagonists (Boitano et 

al., 1992; Sneydetal., 1994).

1.3.12 Gap Junctions in Pathological Conditions

Alterations in the expression, distribution and function of gap junctions have 

been identified in a number of pathological conditions. Of these conditions, Charcot- 

Marie-Tooth-Disease-X linked (CMTX) and Viscero Atrial Heterotaxia syndrome 

(VAH) are two inherited human disorders. GMT is a disease of motor and sensory 

nerve functions of peripheral nerves, involving abnormalities of peripheral myelin 

protein 22. It is the most common hereditary peripheral neuropathy, occurring in the 

population with an incidence of about 1:2500 individuals (Chance and Pleasure, 1993; 

Chance and Fischbeck, 1994; Spray and Dermietzel, 1995). Another form of this 

disease, CMTX, is linked to a variety of mutations within the Cx 32 locus of 

chromosome X (Bergoffen et al., 1993; Fairweather et al., 1994; lonasescu et al., 1994; 

Orth et al 1994; Spray and Dermietzel, 1995). Of the identified mutations, 3 mutant Cx
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32 coding regions have been amplified, from genomic DNA of the CMTX patients 

using PGR and have been expressed in the Xenopus oocytes (Bruzzone et al., 1994). 

None of these mutants formed functional gap junctions between paired oocytes, 

supporting the notion that such mutations of Cx 32 resulting in CMTX involves loss of 

junctional communication. However, it would appear that some of the Cx 32 mutations 

would be less disruptive to channel function than others, a possible explanation for the 

varying degrees of severity seen among CMTX patients (Spray and Dermietzel, 1995).

In the VAH inherited disorder, which manifests from mild to lethal forms of 

severity, appears to arise by fundamental perturbations in the left-right patterning during 

cardiac development (Britz-Cunningham et al., 1995). It has been shown that in patients 

with VAH, point mutations are present in phosphorylation sites of Cx 43 expressed in 

heart (Britz-Cunningham et al., 1995). Further analysis of transfected cells with one of 

the mutant Cx 43 genes showed abnormal regulation of protein kinases.

Reduced gap junctional coupling has been associated with the loss of tumour 

growth control (Loewenstein, 1979). However, in the brain, preliminary studies have 

shown that astrocytomas and oligodendrogliomas express Cxs 43 and 32, respectively 

(Dermietzel et al., 1995). Moreover, the abundance of Cx 43 is not correlated with the 

severity of astrocytoma, with higher levels of this connexin expressed even in the most 

severe form (Spray and Dermietzel, 1995). Using a different approach, Eghbali and 

colleagues (1993) demonstrated that in communication-deficient hepatoma cells 

(SKHepl) transfected with Cx 32 cDNA, the growth rate was not affected in vitro, but 

in nude mice it showed a decrease compared to the parental population. Further, acute 

and chronic cardiac muscle infarctions are known to result in the loss or re-organization 

of gap junctions (Green and Severs, 1993; Saffitz et al., 1993; Spray and Dermietzel,
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1995). Similar response has been noted in the expression of astroglial Cx 43 in 

ipsilateral facial nucleus following facial nerve lesions (Rohlmann et al., 1994).

It was suggested more than a decade ago that electrical coupling is strengthened 

between hyper-excitable neurons with electrotonic connections synchronizing neuronal 

activity in regions that were proned to epileptogenesis (Dudek et al., 1983, 1986). This 

has been supported by the recent findings of synchronized spontaneous neuronal 

activity (Baimbridge et al., 1991). Further evidence that coupling strength might 

increase in hyper-excitable brain regions comes from the study in which epileptic foci 

exhibited marked increase in the expression of Cx 43 mRNA in epileptic cortices 

compared with nonepileptic controls (Naus et al., 1991). Furthermore, several reports 

have provided evidence that anti-epileptic drugs block gap junction channels (Spray and 

Dermietzel, 1995).

1. 4. Gap Junction Mediated Communication in the Nervous System

In the developing nervous system, gap junctional communication may occur at 

the time of neural induction, regional differentiation, migration and axon guidance 

(Fulton, 1995). Structural gap junctions and electrical coupling have been observed 

among ectodermal cells prior to neurulation and even after neural induction among cells 

of the neural plate (Fulton, 1995). Injection of antibodies against gap junctional proteins 

into xenopus embryos during early development resulted in grossly abnormal 

development of the brain (Warner et al., 1984). This evidence suggests that gap 

junctional communication may be involved in neural-inducing signals, planar signalling, 

anterior-posterior (AP) axis defining, and dorsoventral (DV) patterning during early 

development of the CNS.
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The use of cellular and molecular approaches has made it possible to investigate 

where particular connexins are expressed in the CNS. It is now known that Cxs 26, 32 

and 43 are the major gap junctional proteins that are expressed in the CNS (Dermietzel 

and Spray, 1993). Connexin 43 is expressed in undifferentiated ectodermal cells and 

subsequently in both neural and lateral ectodermal cells. As the brain vesicles become 

established and with the closure of neural tube, both Cxs 26 and 43 are expressed in 

abundance (Dermietzel et al., 1989; Ruangvoravat and Lo, 1992; Yancy et al., 1992). 

In situ immunolabelling and primary cultures of neuronal and non-neuronal cells have 

shown that in the adult brain, Cx 43 is expressed in astrocytes, leptomeninges, 

ependyma and endothelial cells (Dermietzel et al., 1989, 1991; Micevych and Abelson, 

1991; Yamamoto et al., 1989, 1990). The expression of Cx 32 has been shown in 

oligodendrocytes, and among neuronal subpopulations in the brainstem, mesencephalon, 

cerebral cortex, basal ganglia (Nagy et al., 1988; Dermietzel et al., 1989 ; Micevych 

and Abelson 1991). Connexin 26, expressed during development of the brain is later 

confined to non-neuronal tissues such as the ependyma and leptomeninges (Dermietzel 

et al., 1989). Dermietzel et al. (1989) also showed that the amount and pattern of 

connexin expression changes during development. These findings strongly suggest that 

the developing brain requires a particular complement of connexins and the functional 

properties may be important for the epigenetic events that determine the fate of the 

neuroepithelial derivatives (Dermietzel and Spray, 1993).

The earliest physiological evidence for electrotonic coupling in the mammalian 

brain was obtained from studies in mesencephalic trigeminal nucleus (Baker and 

Llinas, 1971). Gap junctions in the CNS have been traditionally visualized by either 

thin-section electron microscopy or freeze fracture techniques. These approaches have 

provided information regarding the cell types involved in gap junction formation
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and details of junctional morphology. Gap junctions have been described between 

neurons of the mouse / trigeminal nucleus (Hinnrichsen and Larramendi, 1968), basket 

cells of the rat cerebellar cortex (Sotelo and Llinas, 1972), dendritic appendages/ of 

cerebellar glomeruli (Sotelo, 1975) and between axon terminals and neuronal j  perikarya 

in the retina (Dowling and Boycott, 1966). Ultrastructural analysis has shown the 

occurrence of gap junctions between glial cells involving astrocytes and 

oligodendrocytes (Massa and Mugnaini, 1982). However, no experimental evidence is 

yet available to illustrate heterologousfoupling between these two cell types. In vitro 

studies have shown the presence of weak electrical coupling in the absence of dye 

passage between oligodendrocytes and astrocytes (Ransom and Kettenman, 1990). There 

is also increasing physiological evidence that suggests glial cells are capable of extensive 

cell-cell communication including glial to glial and bi-directional glial to neuronal 

signalling (Charles, 1994). Neuro-glial electrical coupling has been previously 

demonstrated in vitro by Walker et al (1969), and recently direct Ca^^ signalling from 

astrocytes to neurons has been suggested to occur through gap junctions ( Nedergaard 

1994). More recently, Nedergaard et al., (1995) have shown that gap junctions are 

required for the propagation of spreading depression (SD) and suggested that Câ '*’ 

waves in vitro share the same features of SD in vivo.

Using the grid-mapped freeze fracture technique. Rash et al (1996) have 

identified gap junctions in the spinal cord of adult rats, constituting the “mixed 

synapses” (chemical and electrical synapses present together). According to this study, 

the “mixed synapses” form approximately 35% of all synapses on the somata and 

proximal dendrites of spinal neurons, possibly providing pathways of bi-directional 

communication between neurons.
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In the adult retina, gap junctions are present between amacrine cells and 

ganglion cells in a highly ordered manner. They have been identified with tracer 

studies, and electron microscopical approaches (Fujisawa et al., 1976; Penn et al.,

1994) in the vertical pathway from photoreceptors to ganglion cells, and linking specific 

cell types in mosaic arrays (Mobbs et al., 1988; Vaney et al., 1991; Vaney, 1994; Cook 

and Becker, 1995).

1.5. Gap Junctions in the Neocortex

During early corticogenesis, the neuroepithelial cells of the ventricular zone are 

coupled into clusters by Lucifer yellow permeable gap junctions, which may be 

analogous to ‘proliferative units’ observed in primate neocortex. The number of cells 

within the coupled clusters decrease with differentiation of precursor cells and neuronal 

migration (Lo Turco and Kreigstein, 1991). As gap junction channels have a unitary 

conductance of 100 ps, it follows that approximately 13 such channels connect one cell 

to another in a cluster. Finally these investigators have concluded that many, if not all 

the cells of a cluster, are neuroblasts. Although, the gap junction proteins within these 

clusters have not yet been identified, the most probable candidates are Cxs 26 and 43 

(Dermietzel et al., 1989, 1993).

In early cortical development, when the number of synapses is low and the 

synaptic activity sparse, a gap junction-mediated intercellular communication could 

enable the developing neurons to interact by a direct, non-synaptic mechanism. This 

notion has been supported by the physiological evidence of Lucifer yellow coupling 

between rat neonatal cortical neurons (Connors et al., 1983). According to this study, 

single intracellular injections of Lucifer yellow resulted in dye coupling between 70% of 

neurons in the first four days of postnatal life. Thereafter, neuronal dye coupling
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decreased to 40% by 18 days and to 20% in the adult cortex. In a previous study by 

Gutnick and Prince (1981), 44% of the adult guinea pig cortical neurons coupled by 

Lucifer yellow, were confined to superficial layers. Similarly, injection of Lucifer 

yellow into physiologically identified glial cells resulted in coupling of surrounding glial 

cells (Gutnick et al., 1981).

Peinado et al. (1993b) using Neurobiotin, a low molecular weight intracellular 

tracer, have demonstrated that dye coupling occurs primarily through dendrosomatic 

and dendrodendritic contacts. These investigators, with the aid of gap junction blockers, 

demonstrated that Neurobiotmcoupling to surrounding neurons is mediated through gap 

junctions. Further, their study also showed that cortical cells exhibits a cell-type 

selectivity in coupling. Thus, injections of neurons failed to label cells that were 

morphologically identified as glia and vice-versa. Among neurons too, injection of 

smooth stellate cells resulted in clusters containing only nonpyramidal cells (Peinado et 

al., 1993b).

Optical recordings of brain slices labelled with fura-2, a fluorescent calcium 

indicator, revealed that the neonatal rat cortex was partitioned into distinct ‘domains’ of 

spontaneously coactive neurons (Yuste et al., 1992, 1995). The persistence of these 

domains in the presence of Na'*’ channel inhibitor (TTX), but abolished by gap 

junctional blocker (halothane), suggests that cells within a domain may be coupled by 

gap junctions. The spatial similarities between the Neurobiotin clusters (Peinado et al., 

1993b) and the optically recorded domains strongly suggest that both methods reveal the 

same organization of low-resistance pathways mediated by gap junctions between 

neocortical neurons. Further, it has been postulated that a neuronal domain results from 

the spontaneous excitation of one or fewer trigger neurons which subsequently activate
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through gap junctions the rest of the cells either electrically or biochemically, (Kandler 

and Katz, 1995).

Gap junctional coupling in the adult neocortex has been speculated to be 

involved in the mediation of subthreshold oscillations responsible for synchronizing 

neuronal firing. Weak coupling between adult cortical neurons may be necessary to 

orchestrate collective behaviour in neuronal assemblies to ensure that the influence of no 

single neuron predominates (Peinado et al., 1993a). Gap junctions, the morphological 

correlates of dye transfer and electrical coupling, have been sighted in the motor and 

sensory areas of the adult primate neocortex (Sloper and Powell, 1972) and rat frontal 

cortex (Peters, 1981). However, neuronal gap junctions have not yet been described 

with electron microscopy in immature neocortex. It is possible that functional coupling 

can sometimes persist without organized gap junctions due to low spatial density 

(Connors et al, 1983).

1.6. Aims of the this Study

It is generally thought that two types of determinants might contribute to the 

development of the distinct cellular identities of the cerebral cortex. They are the 

intrinsic information regulated by cell lineage, and environmental determinants in the 

form of cell-cell interactions, temporally present growth factors, neurotrophins (Ghosh 

and Greenberg, 1995) and neurotransmitters (McConnell, 1992). The cell-cell 

interactions during neural development may be mediated by cell adhesion molecules as 

well as by gap junctions (Edelman, 1984; Rutishauser and Jessell, 1988; Takeichi, 

1988; Lander, 1989; Hynes and Lander, 1992; Fulton, 1995). Although the putative 

roles of cell adhesion molecules have been studied in the developing cerebral cortex
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(Hatten and Mason, 1990; Fishell and Hatten, 1991; Roberts et al., 1993), no evidence 

has yet been documented relating gap junction mediated interaction between the 

neuroepithelial progenitors to corticogenesis. In this context, the Cx 43 gene knocked- 

out mice which showed high levels of Cx 40 labelling in the brain, suggests that the role 

of gap junction mediated intercellular communication is essential for the normal 

development of the brain.

As a first step in a long term investigation of gap junction mediated interaction 

and their modulatory effects in the developing and mature cerebral cortex, the present 

study was designed to examine the major connexins (Cxs 26, 32 and 43) expressed in 

the cerebral cortex, with respect to their time of expression, distribution and abundance. 

Although the existence of low resistance pathways mediated by gap junctions have been 

demonstrated in the developing cortex, gap junctions or their constituent connexins 

mediating such pathways have not been characterized. Thus, using quantitative 

immunocytochemistry in frozen sections, the expression, pattern and density distribution 

of Cxs 26, 32 and 43 were examined in the brains of embryonic (embryonic days 12, 

14, 16 and 19) and postnatal (postnatal days 0, 3, 7, 14, 21, 28 and 60) rats. In the 

adult rats, these analyses were performed in cytoarchitectonically and functionally 

distinct cortical areas to ascertain possible differences in the expression of connexins 

which may reflect the intrinsic variation of the respective cortical areas.

To confirm the pattern of connexin immunoreactivity observed in sections, 

biochemical analyses were performed. The developmental profiles and differential 

expression of all the three connexins in postnatally developing cortices were examined 

in Western blots. Further, to investigate whether the observed profile of the three 

connexins is reflected in the expression of their respective mRNA, molecular studies 

were carried out using Northern blot techniques.
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To characterize the cortical cells expressing the constituent connexins and to 

investigate multiple connexin expression, double immunolabelling of sections and acute 

preparations of dissociated cortices were performed using antibodies directed against 

cell specific markers and connexins. In addition, to characterize and assess the potential 

of the developing neuroepithelial cells expressing connexins, in vitro studies were 

conducted using a dissociated cell culture system.

To investigate whether the expression and distribution of connexins examined 

with quantitative immunocytochemistry is reflected in gap junctions, conventional and 

freeze fracture electron microscopy were employed to identify these junctions and 

characterize the cortical cells involved in their formation. Furthermore, estimations 

were made of the frequency of these junctions in functionally distinct areas of the adult 

cerebral cortex.
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REGIONAL DIFFERENCES IN THE DISTRIBUTION AND CELLULAR 
EXPRESSION OF CONNEXINS IN THE ADULT CEREBRAL CORTEX

2.1. Introduction

It is widely believed that intercellular communication between cortical neurons 

takes place through chemical synapses. Although recent studies have provided 

evidence of developing cortical neurons being extensively tracer coupled, similar 

studies have shown that adult neurons are coupled to a lesser degree (see 1.4). 

However, the demonstration of connexins in different regions of the adult brain, 

including neocortex, is suggestive of a non-synaptic mode of communication mediated 

by gap junctions in the mature brain (Yamamoto et al., 1990; Micevych and Abelson, 

1991).

The mammalian cerebral cortex is subdivided into areas characterized by unique

cytoarchitectonie features and functions. The visual cortex of the rat, consisting of 3

distinct cytoarchitectonie areas, is located in the occipital region of the cerebral

hemispheres. Area 17, the primary visual cortex, bordered by area 18 and 18a is

approximately 1.5 mm thickness (Krieg, 1946). The primary somatosensory cortex,

area 3, is the largest sensory area occupying most of the lateral and dorsolateral

cortical walls above the gustatory area (Bayer and Altman, 1991). This region has

received considerable attention in rodents due to discrete cortical representation in

layer IV of individual facial vibrissae, the ‘barrels’ (Woolsey and | Van der Loos

1970). The motor cortex, area 6, located near the frontal pole, is the primary source 
the

of corticospinal tract (Bayer and Altman, 1991). The present study examines the
A'

density and pattern of distribution of Cxs 32 and 43 in these three functionally and 

cytoarchitectonically distinct cortical areas and characterizes the cells that express 

these gap junction proteins.
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2.2. Materials

Animals'. 20 adult Sprague Dawley albino rats weighing between 250 - 300 g were 

used in this study.

Chemicals’. 0.1 M phosphate buffered saline (PBS) - 1 tablet/100 ml of distilled water. 

4% paraformaldehyde in 0.1 M PBS - a stock solution of 8% paraformaldehyde was 

made by dissolving 8 g in 100 ml of distilled water at 65° C to which 5-6 drops of 0.1 

M NaOH was added until the solution became clear. This solution was then diluted to 

4% with 0.2 M PBS.

liquid nitrogen, anaesthetic ether, isopentane, sucrose, OCT, L-lysine, methanol, 

citiflor, poly-L-lysine, laminin.

Cell culture media’. Hanks balanced salt solution (HBSS-Sigma), trypsin, EDTA, 

DNAse (Boehringer), Dulbecco’s modified Eagle’s medium (Sigma), foetal calf serum 

(Gibco).

Immunochemicals and reagents’, normal goat serum (Sigma), pre-immune rabbit 

serum (Sigma), bovine serum albumin, anti-connexin antibodies (donated by Prof. 

W.H.Evans, University Wales College of Medicine, Cardiff), anti-MAP-2 

monoclonal antibody (Boheringer), anti-GFAP monoclonal antibody (Sigma), 

biotinylated- goat anti-mouse and goat anti-rabbit secondary antibodies (Vector), goat 

anti-rabbit-conjugated to FITC (Sigma), streptavidin Texas red and streptavidin 

fluorescene (Amersham).

Equipment: Cryostat, desk top centrifuge, Leica TCS 4D laser-scanning confocal 

microscope.
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2. 3. Methods

2.3.1. Methods of Fixation and Processing of Tissue for Connexin 

Immunocytochemistry

Three different Cx 32 (gap 9, des 1 and des 5) and Cx 43 (gap 13, 14 and 15) 

antibodies, each raised against different sequence of amino acids (Table 2.1, Figs.

2.1, 2.2 ), were tested in sections of brain as well as in liver and heart tissue . 

Sections of tissue fixed and processed as described in table 2.2, were stained for one 

of the three Cx 32 or Cx 43 antibodies to determine which of the three from each 

group showed optimal immunoreactivity, and to obtain a suitable protocol that would 

provide consistent labelling for quantitative immunocytochemistry. Comparison of 

Cx 32 immunoreactivity in sections of different preparations, showed that des 5 

provides robust labelling in brain and liver tissue when fixed as described in method 

G of table 2.2 (cryostat-cut sections from rapidly frozen tissue, fixed with methanol 

for 10 minutes at 4°C). Similarly, of the three Cx 43 antibodies, gap 15 was preferred 

as consistent labelling was observed in sections of brain and heart when fixed and 

processed as described in F of table 2.2. The amino acid sequences of oligopeptides 

synthesized to raise des 5 and gap 15 antibodies are located on the cytoplasmic side of 

the second transmembranal domain of the parent protein molecule. Since the C- 

terminus and cytoplasmic sides are the most structurally diverse regions of the 

connexin molecule, cross immunoreactivity was not observed between these two 

antibodies.
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Table 2.1. Amino acid sequences of oligopeptides synthesized to raise different Cx 32 

(des 1, des 5, gap 9) and Cx 43 (gap 13, gap 14 and gap 15) antibodies and their

positions in the parent proteins

Antibodies Aminoacids Position

des 1 102-112 + 116-124 cytoplasmic loop

des 5 108-119 cytoplasmic loop

gap 9 264-283 carboxy tail

gap 13 123-136 cytoplasmic loop

gap 14 314-325 carboxy tail

gap 15 131-142 cytoplasmic loop
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Fig. 2.1. Localization of the different Cx 43 (gap 13, 14, and 15) oligopeptides in the 

parent connexin molecule. Note that these epitopes are located in the cytoplasmic 

domain and the carboxy tail, the least conserved regions, of the connexin molecule.

/
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Fig. 2.2. Localization of the different Cx 32 (gap 9, des 1 and des 5) oligopeptides in 

the parent connexin molecule. Note that these epitopes are located in the cytoplasmic 

domain and the carboxy tail, the least conserved regions, of the connexin molecule.
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Table 2.2. A study conducted to test the efficiency of different anti Cxs 32 and 43 

antibodies and to optimize tissue fixation for quantitative immunocytochemistry

Method of fixation and processing Observations
A Unfixed and rapidly frozen tissue good labelling
B Perfused with 2% or 4% 

paraformaldehyde in 0.1 M PBS (pH 
7.1-7.2) and embedded in paraffin 
wax

No immunoreactivity

C Perfused as in B, cryoprotected in 
12% sucrose solution and frozen for 
cryosectioning

Non-specific labelling of 
nuclei with Cxs 32 and 43 
antibodies

D Perfused with Bouins fixative 
(containing glacial acetic acid, 
formaldehyde and picric acid in a 
ratio of 5:25; 75) and processed for 
wax embedding

No immunoreactivity

E Tissue fixed by immersing in 2% or 
4% paraformaldehyde for a period 
varying from 10 to 30 minutes and 
frozen for cryosectioning

Good labelling with Cx 43 
and 32 antibodies

F Cryostat-cut sections from rapidly 
frozen tissue were fixed for 10 
minutes in 2% or 4 % 
paraformaldehyde

Strong labelling with gap 
15, while gap 13,14 and 
Cx 32 antibodies, gave 
reasonable staining

G Cryostat cut sections from rapidly 
frozen tissue were fixed by 
immersing in methanol for 10 
minutes at room temperature or at 
4°C

Strong labelling with Cx 
32 antibodies while Cx 43 
antibodies gave reasonable 
staining

H Fixed with a mixture containing 
acetone and methanol (1:1)

non-specific 
immunoreactivity was 
observed as precipitate
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2.3.2. Characterization of Anti Connexins 32 and 43 Antibodies

Oligopeptides consisting of short sequences of amino acids coupled to 

hemocyanin were synthesized by FMOC polyamide solid phase chemistry and used to 

generate polyclonal antibodies in rabbits. These antibodies were characterized by 

immunoblotting and immunocytochemistry in tissues where the expression of 

connexins is well documented. For example, the immunoreactivity of Cx 32 was 

tested in rat liver, as gap junctions between hepatocytes are known to be composed 

predominantly (90%) of Cx 32 (Paul, 1986). Similarly, contractile cardiac tissue was 

chosen to demonstrate Cx 43 immunoreactivity as gap junctions between intercalated 

discs are known to be composed of Cx 43 (Gourdie et al., 1991). The gap 15 

antibody, raised against the rodent Cx 43, has been used to study the expression of 

this protein by immunocytochemistry in mouse breast and heart (Monaghan et al., 

1994, 1996; Becker et al., 1995), and by Western blotting in rodent heart (Becker et 

al., 1995). In addition, it has been shown to recognize Cx 43 in porcine endothelial 

cells, heart and lung tissues of pig, rat and guinea pig, using immunocytochemistry 

and Western blotting (Carter et al., 1996). The des 5 antibody has been similarly 

studied by Western blotting in rodent liver (Rahman and Evans, 1991; Rahman et al., 

1993).

2.3.3. Connexin Immunocytochemistry Using Immunofluorescence

Cerebral hemispheres rapidly removed from heavily anaesthetised animals 

were cut into coronal or saggital slices of 2 mm thickness and frozen in isopentane, 

chilled in liquid nitrogen. Frozen slices were embedded in OCT and allowed to warm 

in the cryostat for 30 minutes before sectioning at -15° C. Sections of 10 fim
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thickness, collected on poly-L-lysine coated glass slides* were fixed with 4% 

paraformaldehyde for Cx 43 immunoreactivity, while, those used for Cx 32 labelling 

were treated with methanol. After fixation, all sections were rinsed in 0.1 M PBS for 5 

minutes and blocked for non-specific labelling with a solution containing O.IM lysine 

and 0.1% bovine serum albumin followed by treatment with 5% normal goat serum in 

O.IM PBS, each for 20 minutes. All sections were incubated with one of the connexin 

antibodies overnight at 4°C in a humid chamber. Preliminary studies carried out with 

varying dilutions (1:50, 1:100, 1:150, 1:200, 1:250 and 1:500) of antibody solutions 

showed optimal connexin labelling at 1:100 dilution. Incubations with primary 

antibodies were followed by second and third layers of biotinylated goat anti-rabbit 

(diluted 1:100) and streptavidin fluorescein (diluted to 1:100) each for 2 hour at room 

temperature, with two 10 minutes washes in between using 0.1 M PBS. All sections 

were mounted with citiflour, a water based antifade medium, and analysed using a 

laser-scanning confocal microscope.

* Preparation of poly-L-Lysine coated glass slides: glass microscopic slides were 

immersed in concentrated chromic acid overnight, followed by thorough washing in 

running tap water (3-4 hour) and distilled water. Cleaned slides were then immersed 

in poly-L-lysine solution, diluted to 1:10, for at least 10 minutes and dried at 37°C.

2. 3. 4. Control Experiments

Positive and negative controls as well as peptide competition tests were 

performed to ascertain the specificity of connexin antibodies used in this study. Rat 

liver and heart were used as positive controls for Cx 32 and Cx 43 respectively, based 

on their abundant expression in these tissues (Paul, 1986; Gourdie et al., 1991).
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Peptide competition tests: oligopeptides of gap 15 and des 5 were added to 

aliquots of corresponding antisera (diluted to 1:100) to make a series of dilutions with 

final concentrations as 20, 40, 60, 80 and 100 pg/ml (w/v). The solutions were well 

mixed using a vortex and allowed to stand for 30 minutes at room temperature before 

applying to sections.

Negative controls were performed on sections of brain, liver and heart tissue 

with pre-immune serum (10% in 0.1 M PBS) or by processing for 

immunocytochemistry in the absence of primary antibodies.

2. 3. 5. Quantitative Analyses

A total of 20 serial sections, 10 pm thick, cut saggitally from the midline of 

each of 5 animals were used for quantitative analysis of Cxs 32 and 43 

immunoreactivity. Alternate sections were used to analyze each connexin expression 

and for every section analyzed, from three cytoarchitectonically distinct areas of the 

cortex (visual, somatosensory, and motor cortex) (Fig. 2.3), a sequential series of 

non-overlapping images together spanning the entire thickness of the cortex were 

collected. Analysis of density distribution and size of immunoreactive particles was 

carried out according to the method described by Gourdie et al. (1991), using the PC- 

Image image analysis package. Briefly, a 3 x 3 median filter was passed over the 

whole image to remove background noise and single pixels. The pixel intensity 

threshold was then adjusted to a range from 70-140 on the 0-255 level grey scale, 

such that all the brightly labelled particles were demarcated in an overlying binary 

image. The number of particles and their total area in the binary image was measured 

by the software, which led to the determination of average size of immunoreactive 

particles per image. The same procedure was repeated for a pixel intensity threshold
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ranging from 141-255 in order to measure the brighter particles. This was carried out

in all images collected from 10 sections from each of 5 animals per connexin.

Images collected through the cortical thickness of the three areas were

photographed using TMX-100 film. Light micrographs, printed at x 2.5 enlargement,
I the

were assembled into cortical strips extending from the pial surface to^white matter in 

the same sequence of order as the images were collected. The punctate 

immunolabelling was then copied on to tracing paper overlaid on the cortical strips.

*

A preliminary study was carried out with 30 images selected from sections labelled 

with varying levels of Cx 32 and Cx 43 immunoreactivity. Analyses of this trial study 

showed that at a minimal threshold of 70 in the 0-256 grey scale level, almost all the 

labelled particles were demarcated in the binary image.

2. 3. 6. Statistical Analyses

Average levels of connexin immunoreactivity for each cortical area was

determined by summing up the labelled puncta in all the images spanning the cortical 

thickness. Differences in the expression of a connexin in the three cortical areas were 

examined using one way - analysis of variance (ANOVA) test on the data collected 

from 5 animals (n=5). To examine for size difference between the immunoreactive 

particles of the two connexins unpaired, two tailed. Students t-test was used.

2.3.7. Characterization of Cells Expressing Connexins

To characterize the cortical cells expressing the constitutive connexins, the 

caudal portions of cerebral hemispheres, rapidly removed from 5 adult rats, were cut 

coronally into slices of 3-4 mm thickness and fixed by immersing in 2% 

paraformaldehyde/ 0.1 M PBS (pH 7.1) for 20 minutes. Fixed slices were rinsed well

65



in 0.1 M PBS and cryoprotected in 12% sucrose solution for cryo-sectioning. Sections 

of 10 fim thickness collected on poly-L-lysine coated glass slides were processed for 

double immunofluorescence labelling with one of the connexin antibodies as well as 

for a cell specific marker (see 2.3.8).

To better characterize and confirm the double immunolabelling observations 

made in sections, acute preparations of dissociated cells were obtained from cerebral 

cortices of 2 adult rat brains. The cortices were dissected free from meninges and 

incubated in Hank’s balanced salt solution (HESS) containing 0.1% trypsin and 

0.01% DNAse at 37°C for 30 minutes. Tissue pieces were incubated for further 10 

min with 0.02% EDTA and 0.01% trypsin in HESS at 37°C. Heat inactivated foetal 

calf serum was added to inactivate trypsin at the end of incubation. After mechanical 

dissociation, the supernatant containing the dissociated single cells was collected, 

centrifuged at 500 g for 3 minutes, and the cells resuspended in 1 ml of Dulbecco’s 

modified Eagle’s medium. Cells were plated on poly-L-lysine/laminin coated glass 

coverslips* and after 20 minutes were fixed with 2% paraformaldehyde for 10 minutes 

or with methanol (5 minutes at 4°C), and processed for connexin immunoreactivity as 

well as for one of the various cell-specific markers.

Preparation of poly-L-lysine/Laminin coated glass cover slips: glass cover slips 

washed in sulphuric acid, 70% ethanol and distilled water, were immersed in a 

solution containing 10 pg/ml o f poly-L-lysine and 5 pg/ml of laminin for overnight at 

4^C. The coated coverslips were then rinsed in distilled water and dried under UV.
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2.3.8. Double Immunofluorescence

Neuron specific anti-microtubule associated protein (MAP-2), and anti- glial 

fibrillary acidic protein (GFAP), specific for astrocytes, were used as the cell specific 

markers at a dilution of 1:100 Sections, after being blocked for non

specific binding as described in 2.3.2, were incubated with a connexin antibody and 

one of the cell specific markers overnight at 4°C. Biotinylated goat anti-mouse 

(1:100) applied for 2 hour at room temperature, was the secondary antibody for 

indirect labelling of the monoclonal cell specific markers. This was followed by à 

further 2 hour incubation with goat anti-rabbit conjugated to FITC (dilution 1:100), 

together with streptavidin Texas red (dilution 1:100), to label the connexin 

polyclonals in a direct step (FITC) and the monoclonal markers in two steps (Texas 

red). Between incubations, two 10 minute washes were performed with 0.1 M PBS 

to remove excess antibodies. Sections were mounted in citifluor and analyzed using a 

laser-scanning confocal microscope equipped with dual channels (FITC/Rodamine 

filters).
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2. 4. Results

2. 4. 1. Specificity of Connexin Antibodies

The specificity of the Cx 32 and Cx 43 antibodies used in this study is shown 

by their characteristic immunoreactivity in sections of heart and liver. In sections of 

heart, Cx 43 staining was observed in intercalated disks (Gourdie et al., 1991) (Fig. 

2 Ja). As described previously (Paul, 1986), Cx 32 labelling was localized between 

hepatic cells (Fig. 2.5d). Furthermore, treatment of sections with pre-immune serum 

or in the absence of primary antibodies did not show any immunoreactivity. Peptide 

competition tests illustrated that antibodies preadsorbed with 20 /zg/ml of the 

corresponding peptides showed much reduced immunoreactivity in sections of heart, 

liver, and brain tissues (Fig. 2.3b, e, g, h), while complete blockage of staining was 

observed with 80 /xg/ml peptides (Fig. 2.3c, f, j). This suggests that the antibodies are 

specific in their binding to the oligopeptides from which they were raised.

2.4.2. Distribution of Connexin Immunoreactivity in the Cerebral Cortex

Connexins 43 and 32 antigens were detected as immunostained particles of 

different sizes distributed in all layers of the cortex (Figs. 2.5, 2.6, 2.7). Both 

connexins showed a rostro-caudal variation in their distribution, with most Cx 32 

immunoreactive puncta located in the infragranular layers of the occipital cortex, 

whereas in the more rostral areas they were distributed fairly evenly throughout the 

cortical thickness (Fig. 2.8). In contrast, the pattern of staining for the Cx 43 antigen 

showed higher levels in the supragranular layers of the frontal and parietal cortex 

whereas, in the more caudal regions the labelling was concentrated in the 

infragranular layers (Fig. 2.8). However, no significant variation was noted in the
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distribution of both connexins medio-laterally within a depth of 200 fim from the 

midline.

The average levels of Cxs 32 and 43 immunoreactive particles also showed a 

striking regional difference. Specifically, Cx 32 immunoreactivity was most abundant 

in the occipital cortex compared to the parietal and frontal cortical areas, while the 

density of Cx 43 labelled particles was highest in the frontal cortex (one way 

ANOVA: Cx 32; F-ratio 12.5, p  <0.005, Cx 43; F-ratio 9.9, p  <0.005) (Fig. 2.9). 

The size of immunoreactive particles varied between antigens (Fig. 2.10); the Cx 32 

particles (mean size 0.95 pm ± 0.31) were significantly larger than Cx 43 particles 

(mean size 0.40 pmi ± 0.16; t test, p < 0.001).

2.4.3. Cell Type Specificity of Connexins

Double-labelling experiments with cell-specific markers, both in tissue sections 

and in acutely dissociated cortical cell preparations, showed that most neurons 

positive for MAP-2 expressed Cx 32, whereas astrocytes, labelled with GFAP, 

expressed Cx 43 (Figs. 2.10a, b, e, f; 2.11c, d). In tissue sections, most blood vessels 

ensheathed by end feet of astrocytic processes were also brightly labelled with Cx 43 

antibody. However, there were examples both in tissue sections and in dissociated 

cortical cells of Cx 43 expression in some neuronal cell bodies and processes labelled 

with MAP-2 (Figs. 2.10c, d; 2.11a, b). In tissue sections, these double-labelled 

neurons showed varying levels of intensity of Cx 43 staining with some cells replete 

with Cx 43 reaction product in the perinuclear cytoplasm and proximal dendrites. 

These neurons were predominantly present in layers II, III and V and often showed 

features of pyramidal neurons ( e.g., triangular cell bodies and single prominent
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dendrites oriented towards the pial surface). However, examples of cells double

labelled for the astrocyte marker GFAP and Cx 32 were not encountered.
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Fig. 2.3. Connexins 32 and 43 inununoreactivities in liver and heart tissues:

(a) Cx 43 labelling at intercalated disks between cardiac myocytes; (b) reduced 

labelling following treatment of sections with Cx 43 antibody preadsorbed with 20 

jLig/ml of peptide and (c) complete blockade of staining with 80 fjig peptide/ml. (d) 

Immunolabelling of Cx 32 between hepatic cells; (e, f) reduced labelling and absence 

of staining following treatment of sections with Cx 32 antibody preadsorbed with 20 

and 80 pig/ml of peptide, respectively, (g, h) Sections of frontal and visual cortices 

treated with Cxs 43 and 32 antibodies preadsorbed with relevant 20 /xg peptide/ml 

respectively; (i, j) absence of staining in cortical sections treated with Cxs 43 and 32 

antibodies preadsorbed with corresponding 80 fxg peptide/ml, respectively; pial 

surface is uppermost in all the micrographs. Compare the paucity of staining here to 

corresponding sections stained with Cxs 43 and 32 antibodies shown in Fig.3. Scale 

bar: 60 /xm.





Fig. 2.4. Distribution of Cxs 32 and 43 immunoreactivities in visual cortex.

(a, b) illustrate the disposition of Cx 32- and of the Cx 43-immunoreactive puncta 

throughout the cortical thickness plotted from a sequential series of images collected 

radially between the pial and subcortical white matter by a laser-scanning confocal 

microscope. The laminar distribution of the immunoreactive particles, quantified wit 

the aid of the image analysis software, is illustrated in the corresponding histograms. 

Scale bar; 200 /xm.
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Fig. 2.5. Distribution of Cxs 32 and 43 immunoreactivities in parietal cortex.

(a,b) Illustrate the disposition of Cx 32 of the Cx 43-immunoreactive puncta 

throughout the cortical thickness plotted from a sequential series of images collected 

radially between the pial and subcortical white matter by a laser-scanning confocal 

microscope. The laminar distribution of the immunoreactive particles, quantified with 

the aid of the image analysis software, is illustrated in the corresponding histograms. 

Scale bar; 200 fxm.
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Fig. 2.6. Distribution of Cxs 32 and 43 immunoreactivities in frontal cortex.

(a,b) Illustrate the disposition of Cx 32- and of the Cx 43-immunoreactive puncta 

throughout the cortical thickness plotted from a sequential series of images collected 

radially between the pial and subcortical white matter by a laser-scanning confocal 

microscope. The laminar distribution of the immunoreactive particles, quantified with 

the aid of the image analysis software, is illustrated in the corresponding histograms. 

Scale bar: 200 îm.
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Fig. 2.7. Examples of Cxs 32 and 43 immunolabelling in three areas of cerebral 

cortex: visual (VC, a, a )̂, parietal (PC, b, b j  and frontal (PC, c, c j  are examples of 

images taken from sections stained for Cx 32; a, b, c represents staining in layer II 

and ai, b ,̂ ĉ  in layer V. Likewise, images d, dj, e, ê  and f, fj are examples of Cx 

43 immunoreactivity in the three cortical areas analyzed. Note differences between the 

two connexins with regard to particle density and pattern of expression in the cortex. 

Scale bar: 40 jitm.
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Fig. 2.8. Average levels of Cxs 32 and 43 immunoreactivities from sections of visual 

(vc), parietal (pc) and frontal (fc) cortices of 5 animals (n=5). Error bars represent 

S.E.M
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Fig. 2.9. Size distribution of Cxs 32 and 43 immunoreactive puncta in the cerebral 

cortex.
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Fig. 2.10. Confocal microscope images of double-labelled tissue sections with Cxs 32 

or 43 antibodies (stained green) and cell-specific markers (MAP-2, neurons; GFAP, 

astrocytes) (stained red). Co-localization appears yellow. (a,b) Cx 32 staining is co

localized with MAP-2 immunoreactivity in a number of neuronal cell bodies (arrows) 

and processes, (c, d) Cx 43 labelling appears to be co-localized with MAP-2 

immunoreactivity in neurons of layer II of the visual cortex (arrows), (e, f) Cx 43 

immunoreactive particles appear scattered throughout the cortical grey matter or co

localized with GFAP in astrocytes. Arrows point to labelled particles located in the 

cell body and processes of a single cortical astrocyte. Scale bar: a, b, c, d, e, f, 8 ^m.
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Fig. 2.11. Confocal microscope images of acutely dissociated cortical cells double

labelled with Cxs 32 or 43 antibodies (stained green) and neuronal marker (MAP-2) 

(stained red). Co-localization appears yellow. (a,b) Connexin 43-labelled particles 

(arrows) located predominantly in the proximal processes of a MAP-2-positive neuron 

30 minutes after plating. (c,d) Connexin 32-immunoreactive particles (arrows) are 

located in the cytoplasm and processes of a MAP-2-positive cell 30 minutes after 

plating Scale bar: a, b, c, d; 5 ptm.





2. 5. Discussion

The results presented here clearly show that gap junction proteins Cxs 32 and 

43 are abundantly present throughout the adult cerebral cortex. Their distribution 

shows laminar and regional specificity which may reflect differences in the 

morphological and functional organization of different areas of the cortex. The 

regional difference observed in the expression of Cx 43 within the adult neocortex is 

noteworthy since the same protein shows heterogeneous distribution in other regions 

o f the brain (Yamamoto et al., 1990). The coupling strength of cultured astrocytes 

from different regions of the brain and spinal cord has been assessed using 

fluorescence recovery as one of the quantitative indicators (Lee et al., 1994). Thus, 

astrocytes derived from various regions of the central nervous system were ranked 

according to their coupling strength in the following order: spinal co rd <  cerebral 

cortex <  hypothalamus <  hippocampus =  optic nerve =  cerebellum. In contrast to 

the observations made in the present study, Yamamoto et al. (1990) using qualitative 

immunocytochemistr^ reported that the expression of Cx 43 ! is hom ogeneous^all 

cortical areas.

As for the expression of Cx 32, there are not many reports available to 

illustrate the immunocytochemical localization of this connexin in the adult brain. 

Although Dermietzel and collègues (1989) in their earlier work reported the 

differential expression of Cx 32 in populations of cortical neurons, distribution 

patterns of this connexin has not been examined in detail immunocytochemically. 

Micevych and Abelson (1991), using in situ hybridization, revealed the heterogeneous 

distribution of Cx 32 mRNA in different regions of the adult CNS. The present study 

clearly shows that gap junctional proteins are expressed in higher levels in the adult 

neocortex than had been anticipated from earlier ultrastructural studies (Sloper and
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Powell, 1978; Peters, 1981). Although it cannot be concluded that localization of high 

levels of connexins and their transcripts implies the presence of functional junctions, 

it is generally acknowledged that cells expressing connexins are likely to be 

functionally coupled. In support of this notion are extensive studies in which connexin 

mRNA injected into Xenopus oocytes resulted in increased coupling due to the 

formation of new gap junctions (Dahl et al., 1987; Swenson et al., 1989; Werner et 

al., 1989).

Earlier studies in the brain have shown that Cx 32 is expressed in neurons and 

oligodendrocytes, while Cx 43 is selectively localized in astrocytes (Dermietzel et al., 

1989; Micevych and Abelson, 1991). The results of the present study are mostly in 

agreement with earlier smdies concerning characterization of cells expressing 

connexins, but differ from these reports in that they strongly suggest that Cx 43 is not 

only present in astrocytes but is also expressed in cortical neurons. Although such 

labelling, visualized at the light microscope level, could have been due to staining of 

gap junctions between thin astrocytic processes surrounding neuronal cell bodies, its 

localization throughout neuronal somata makes this possibility rather unlikely. Recent 

in situ hybridization studies (Simbiirger et al., 1996), demonstrating the presence of 

Cx 43 mRNA in cortical pyramidal neurons, strongly support the present finding of 

Cx 43 immunoreactivity in this neuronal cell type. Furthermore, the expression of Cx 

43 observed in cortical neurons during postnatal development (see chap. 3) suggests 

that neurons expressing this connexin do not comprise a transient population but 

persist in the adult cerebral cortex. However, it is not known whether Cxs 32 and 43 

are co-expressed in the same neuronal population. Further, it is also unclear at the 

moment whether the neuronal expression of connexins is confined to pyramidal cells 

or to a more broad range of neuronal cell types. Although, examples of Cx 32
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labelling in astrocytes were not encountered in this study, Shiosaka et al. (1989) 

reported astrocytic gap junctions in the rat hippocampus with a polyclonal antibody 

' raised against Cx 32, suggesting that a subpopulation of astrocytes may express 

Cx 32 alone or in addition to Cx 43 (Yamamoto et al., 1990).
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DIFFERENTIAL EXPRESSION OF CONNEXINS DURING 
NEOCORTICAL DEVELOPMENT

3.1. Introduction

Although the development of the vertebrate nervous system begins with 

neurulation, gap junctions have been identified in the mouse embryo as early as the 8- 

cell blastomere stage (Ducibella et al., 1975; Magnuson et al., 1977).

In the developing neocortex, cell-cell interactions are considered essential for 

the acquisition of neuronal identity as well as for specifications of laminar fates 

(McConnell, 1995). Although the molecular mechanisms involved in such cell-cell 

interactions have not been identified, dil injections made in the CP of embryos 

showed developing axons and growth cones of immature cortical neurons in the VZ. 

These axons and growth cones were found to travel directly along the ventricular 

surface, just above the region where the cell bodies of multipotent cortical progenitors 

are found (Kim et al., 1991; Bicknese et al., 1994; McConnell et al., 1994). It is 

possible that these axons deliver a feedback signal from neurons in the CP to the 

progenitors below, although the molecules that are released from the axonal growth 

cones and the means of communication by which the signal could be conveyed to the 

progenitors needs to be elucidated. On the whole, it is clear that the layered patterning 

of cerebral cortex arises through specification of cell types affected by environmental 

cues in the form of temporally present growth factors, neurotrophins and 

neurotransmitters (McConnell, 1995).

Recent studies have highlighted the putative roles of cell-cell interactions 

mediated by cell adhesion molecules during cortical development (Hatten and Mason, 

1990; Fishell and Hatten, 1991; Roberts et al., 1993). However, information
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pertaining to gap junction-mediated interactions during corticogenesis remains less 

known, despite some reports of connexin labelling and low-resistance pathways in the 

VZ during neurogenesis (Dermietzel et al., 1989; Lo Turco and Kriegstein, 1991). 

The channel properties of gap junctions taken together with their ability to form 

complexes with other membranal molecules such as CAMS (Saez et al., 1993) make 

them suitable candidates for mediating and, perhaps, synchronising developmental 

signals between neighbouring cells.

More recent functional studies employing tracer-coupling and optical recording 

techniques (see 1.4) have demonstrated that immature cortical neurons communicate 

through gap junctions, as an alternative means of communication when synapses are 

sparse and synaptic activity low. Further, these studies have shown that coupling 

between cortical neurons as well as between astrocytes is developmentally regulated 

(Connors et al., 1983; Binmôller and Müller, 1992; Peinado et al., 1993a).The 

current study hypothesizes that the developmental regulation of functional coupling 

between neurons is matched by changes in connexin expression.

Using immunocytochemical methods, this study demonstrates the differential 

expression and cellular localization of Cxs 26, 32 and 43 in the developing cerebral 

cortex from early embryonic life to maturity, at stages when cortical neuroepithelial 

cells are involved in proliferation, migration and, later, during neuronal circuit 

formation.

3.2. MATERIALS

Animals: see text.

Chemicals: see chapter 2.2 as well as 30% hydrogen peroxide and 3,3’-diamino 

benzidene.
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O.IM Tris/HCl buffer, pH 7.4 - 13.22g Tris HCl and 1.94g Tris base in 1000 ml 

distilled water.

Toluidine blue - 0.2% in 1% aqueous di-sodium tetraborate.

Immunochemicals and reagents: see chapter 2.2. In addition reagents for avidin biotin 

complex (A, B reagents; Vector) conjugated to horseradish peroxidase 

Equipment: the same as those listed in chapter 2.2

3.3. METHODS

3.3.1 . Fixation of Tissue for Connexin Immunocytochemistry

Prenatal animals: a pilot study was performed on the cortices of embryonic (E) day 

16 brains to optimize fixation for connexin immunocytochemistry. The brains were 

fixed and processed as described in table 2.2 of chapter 2, but fixed by immersion for 

3-4 hours in methods B - D instead of cardiac perfusion. This was carried out to 

obtain a protocol that would provide optimal immunoreactivity with Cxs 26 and 43 

antibodies for quantitative immunocytochemistry. Comparison of immunoreactivity in 

sections processed as described previously (see table 2.2, chap. 2) showed that tissue 

fixed by immersing in 2% paraformaldehyde/0.1 M PBS (pH 7.2-7.4) for 15-20 

minutes and frozen for cryosectioning (method E in table 2.2), provided optimal 

labelling for Cxs 26 and 43.

Postnatal animals: strong labelling of Cxs 26 and 43 immunoreactivities was 

observed in cryostat-cut sections of rapidly frozen tissue fixed with 4% 

paraformaldehyde/0.1 M PBS (pH 7.2-7.4) for 10 minutes. Consistent staining was 

obtained with Cx 32 antibody, in sections fixed with methanol at 4°C for 10 minutes.
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Fig. 3.1. Localization of Cx 26 oligopeptide (des 3) in the parent connexin.

Note that the epitope is located in the cytoplasmic domain, the least conserved region 

of the connexin molecule.

87



ç^ ^ cc
membrane

cytoplasm

COOH



3.3.2. Characterization of Anti Connexin 26 antibody

For details on characterization studies of anti connexins 32 and 43 antibodies, 

see 2.3.2.

The Cx 26 antibody used in the current study was generated in rabbits by 

synthesizing oligopeptides consisting of short sequences of aminoacids coupled to 

hemocyanin, using FMOC polyamide solid phase chemistry. This antibody, raised

against the amino acid sequence 106-119 of rodent Cx 26 (located in the intracellular 

loop) (Fig. 3.1), was characterized by immunocytochemistry and Western blotting in 

a variety of rodent and human tissues (Monaghan et al., 1994, 1996).

3.3.3. Connexin Immunocytochemistry

Twelve embryos obtained from 4 pregnant rats each at 12, 14, 16 and 19 days 

of gestation were used in this study. Embryos rapidly removed from heavily 

anaesthetised pregnant rats were collected in Hanks balanced salt solution and their 

heads were decapitated. The brains, which were immediately dissected free from the 

meninges, were immersed in fixative solution; the whole cerebral hemispheres were 

fixed for E12-E14 brains, while those of E16-E19 brains were coronally sectioned 

into two halves to enable better penetration of fixative. After fixation, the tissue 

pieces were rinsed in 0.1 M PBS for 10-15 minutes and cryoprotected in 12% sucrose 

solution overnight for cryosectioning.

Analysis of connexin expression during postnatal life was carried out in 5 

Sprague Dawley albino rats each at postnatal day (?) 0, 3, 7, 14, 21 and 28. Brains 

were rapidly removed from heavily anaesthetised animals and frozen in isopentane 

chilled in liquid nitrogen. They were sectioned with a cryostat at 10 iim  in the saggital 

plane, starting at the midline, and collected on poly-L-lysine coated glass slides.
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Sections used for Cx 32 immunoreactivity were fixed in methanol, whereas those used 

for Cxs 26 and 43 staining were fixed with 4% paraformaldehyde/0.1 M PBS.

For connexin immunofluorescence labelling see 2.3.2.

3. 3. 3. Control Experiments

Positive, negative and peptide competition controls were performed to 

ascertain the specificity of connexin antibodies used in this study. Rat liver was 

chosen as positive control for the Cxs 26 antibody since 10% of gap junctions formed 

by hepatocytes are composed of this protein (Nicholson et al., 1987). Sections cut 

from heart and liver tissues of 1 week old rats were used as positive controls for Cxs 

43 and 32 antibodies, respectively.

Peptide competition tests: oligopeptide of Cx 26 was added to aliquots of this 

antiserum (diluted to 1:100) to make a series of dilutions with final concentrations as 

20, 40, 60, 80 and 100 pg/ml (w/v). The solutions were well mixed using a vortex 

and allowed to stand for 30 minutes at room temperature before applying to sections.

Negative controls for all the three antibodies were performed on sections of 

brain, liver and heart tissues with pre-immune . serum (5% serum/0.1 M PBS) or by 

processing for immunocytochemistry in the absence of primary antibodies.

3. 3. 4. Quantitative Analyses

A total of twenty serial sections, 10 /xm thick, cut from the anterior 

telencephalic vesicles of each embryo were used to analyze the density and 

distribution of Cxs 26 and 43 immunoreactivities. Alternate sections were used for 

each antigen and, for every section analyzed, a sequential series of images together 

spanning the entire thickness of the developing dorsal telecephalic wall was collected.
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Similarly, for quantitative analysis of the three connexins in postnatal ages, sequential 

series of images spanning the thickness of the visual cortex were collected from 30 

serial sections cut saggitally from the midline of each animal. Analysis of density 

distribution of immunoreactive particles was carried out as described previously (see 

2.3.4) using the PC-Image image analysis package. However, for analyses of images 

collected from prenatal brains, the pixel intensity threshold was adjusted to a range 

from 100 - 255 on the 0-255 level grey scale, while, for those images collected from 

postnatal cortices, a range of 70-255 was used. The percent immunoreactivity of the 

proliferative zones was determined by measuring the total area of these zones and the 

area of immunoreactivity within each image.

3. 3. 5. Statistical Analyses

The percent immunoreactivity of each connexin, quantified in the proliferative 

zones of E12-E19 brains was analyzed using Student t-test (unpaired, two-tailed) to 

examine for differences in the connexin expression between ages. In the postnatal 

brains, counts o f immunoreactive puncta, made in each image collected through the 

thickness of visual cortex, were summed up to determine the average levels of 

connexin immunoreactivity for each age analyzed. Students t-test (unpaired and two- 

tailed) or one way - analysis of variance (ANOVA) test was performed to assess 

significant difference in the levels of expression of connexins within ages.

3.3 .6 . Characterization of Cells Expressing Connexins in Tissue Sections and 

Acutely Dissociated Cells

To characterize the cortical cells expressing the constitutive connexins, the 

caudal portions of cerebral hemispheres, rapidly removed from 3 rats at each of PO,
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7, 14 and 21 were cut coronally into slices of 3-4 mm thickness and fixed by 

immersing in 2% paraformaldehyde/ 0.1 M PBS (pH 7.1) for 20 minutes. Fixed slices 

were rinsed well in 0.1 M PBS and cryoprotected in 12% sucrose solution for cryo

sectioning. Sections of 12 ^m  thickness collected on poly-L-lysine coated glass slides 

were processed for double immunofluorescence labelling with one of the connexin 

antibodies as well as for one of the cell specific markers. Double-immunolabelling 

experiments were performed in acutely dissociated cell preparations obtained from the 

cerebral cortices of 2 neonatal rats. For methodology see. 2.3.7.

3.3.7. Dissociated Cell Culture Preparation

To assess the potential of differentiating cortical neuroepithelial cells to 

express connexins, an in vitro model was used. Three experiments were performed 

with 30 embryos obtained from 3 pregnant rats at 16 days of gestation. The cerebral 

cortices of E16 brains were dissected, cleared of meninges and enzymatically 

dissociated by incubation in Dullbecco’s modified Eagle’s medium (DMEM; ICN), 

containing 0.1% trypsin (ICN) and 0.001% DNAase I (Boehringer), for 30 minutes at 

?>T C. After washing in Ca^"^/Mg^"^-free HBSS, treatment was continued with 0.05% 

trypsin, 0.002% DNAase I, and 0.5mM EDTA (Sigma) in HBSS for 12 minutes. 

Inactivation of trypsin was carried out by the addition of 10% active fetal calf serum 

(FCS; Gibco) and the tissue pieces were dissociated by gentle trituation using a 

pipette. The resulting cell suspension was centrifuged and resuspended in DM EM /F12 

(Sigma). Cells were plated on poly-L-lysine / laminin coated coverslips at 2 x 10^ 

cells/coverslip. Culture plates were kept in a humidified 95% air/5 % CO2 incubator at 

37°C, and cells allowed to attach in this medium for 30 minutes after which they were 

maintained in DM EM/F12 containing 10% FCS (FCS), 2mM L-glutamine (ICN), and
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penicillin/streptomycin mixture (PS; ICN) for 24 hours. After this stabilization 

period, cultures were washed in DMEM and placed in N-2 defined medium (Gibco) 

supplemented with 1% heat inactivated FCS, PS, and 2 mM glutamine in DM EM /F12 

for up to 7 days. Media and reagents were partially replaced every 2-3 days. Cells 

were fixed as mentioned previously and processed for immunocytochemistry for one 

of the connexins and cell-specific markers.

3.3.8. Double Immunofluorescence

Microtubule associated protein (MAP-2) and glial fibrillary acidic protein 

(GFAP) were used as neuronal and astrocytic markers. In addition, an anti-nestin 

antibody, a rabbit polyclonal that labels the intermediate filaments of neuroectodermal 

cells, was used as a cell specific marker of undifferentiated neuroepithelial cells at a 

concentration of 1:500 dilution.

Following blocking for non-specific binding as described in 2.3.2, sections 

were incubated with a connexin antibody and one of the cell specific markers 

overnight at 4°C. Biotinylated goat anti-mouse (1:100) applied for 2 hour at room 

temperature, was the secondary antibody for indirect labelling of the monoclonal cell 

specific markers. This was followed by a further 2 hour of treatment with streptavidin 

Texas red (dilution 1:100), the third layer. Goat anti-rabbit conjugated to FITC 

(dilution 1:100) labelled the connexin polyclonals in a single step. Between 

incubations, two 10 minute washes were performed with 0.1 M PBS to remove excess 

antibodies. Finally, sections were mounted in citifluor and analyzed using a laser- 

scanning confocal microscope equipped with dual channels (FITC/Rodamine filters).
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3.3 .9 . Immunocytochemistry Using Immunoperoxidase

To estimate the percentage of neurons immunolabelled for Cx 26, coronal 

sections cut through the visual cortex of each of 3 brains at P3, P7 and P14 were 

examined. Five sections from each brain, 12 /xm in thickness and spaced 60 /xm apart, 

were collected and labelled for Cx 26 immunoreactivity using the ABC method with 

3 ,3 '-idiaminobenzidine (DAB) as a chromogen. Briefly, sections fixed as described 

earlier were treated with 0.01% hydrogen peroxide in PBS for 20-30 minutes to 

prevent endogenous peroxidase labelling with diaminobenzidine. This was followed 

by blocking for non-specific labelling and overnight incubations with Cx 26 antibody 

at 4° C. Biotinylated goat anti-rabbit (1:100) applied for 2 hour at room temperature, 

was the secondary antibody. Sections were then incubated for a further 2 hour at 

room  temperature with avidin-biotin complex (ABC) conjugated to horse-radish 

peroxidase (1:100), made at least 30 minutes before application. Following this 

treatment, sections were rinsed with Tris/HCl, pH 7.4, and incubated in a solution 

containing 50 mg of DAB in 100 ml of Tris/HCl buffer for 5 minutes. After the pre

treatment, sections were incubated in a fresh solution of DAB containing 0.01 % 

hydrogen peroxide for 2-3 minutes. Labelled sections were rinsed in Tris buffer, 

counterstained with toluidine blue, dehydrated and mounted with glycerol. Connexin 

26 labelled neurons as well as unlabelled cells were counted in strips o f cortex 

between the pia and the subcortical white matter, and frequencies of Cx 26 labelled 

neurons established.

3.3 .10 . Pre-embedding Immunocytochemistry

Pre-embedding immunocytochemistry for nestin labelling was carried out in 

coronally-cut slices of two E19 rat cerebral hemispheres. Slices, 75 /xm thick, were
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cut with a vibratome from brains fixed with 4% paraformaldehyde/0.1 M phosphate 

buffer for 30 minutes, and processed for nestin immunocytochemistry using the ABC 

immunoperoxidase method (see above). Labelled slices were then processed for 

electron microscopy and embedded in Araldite from which thin-sections were cut and 

collected on carbon coated grids (see chapter 5).

3.4. RESULTS

3.4 .1 . Specificity of the Connexin Antibodies

The specificity of the Cxs 32 and 43 antibodies used in this study has been 

described in 2.4.1. The specificity of the Cx 26 antibody used in this study is 

illustrated by the pattern of immunoreactivity characteristic of connexin labelling 

between hepatocytes in sections of liver (Nicholson et al., 1987)(Fig. 3.2a). In 

addition, reduced immunoreactivity was observed in sections of liver and brain treated 

with antibody preadsorbed with 20 /xg/ml of the peptide (Fig. 3.2b,d), while complete 

blockage of staining was obtained at a peptide concentration of 80 Atg/ml (Fig. 3.2 

c,e).

3 .4 .2 . Connexin Expression During Prenatal Development

3 .4 .2 .1 . In the Developing Telencephalic Vesicle

Examination of labelled sections through the dorsal telencephalic vesicles 

showed a differential expression of Cxs 26 and 43 between E12 and E19 (Fig. 3.3). 

However, Cx 32 labelling was not observed in the prenatal brains between 12-19 days 

o f gestation. At E12, Cx 26 immunoreactivity was present throughout the embryonic 

cortex but more intense in a band along the ventricular surface (Fig. 3.4a), whereas 

Cx 43 appeared as punctate labelling mostly between neuroepithelial cells lining the
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lateral ventricles (Fig. 3.4b). At the onset of cortical neurogenesis at E14, intense 

labelling for both proteins was present throughout the VZ (Fig. 3.5). Connexin 26 

labelling was especially intense in the perikaryal cytoplasm of cells, suggesting that 

most cortical progenitors synthesize this protein at this stage of development (Fig. 

3.5a). With the radial expansion of the cortex in the subsequent few days, both 

proteins were present not only in the proliferative zones but throughout the thickness 

of the telencephalic wall (Figs. 3.6, 3.7). At E19, immunolabelling appeared 

considerably different, with Cx 26 more concentrated in the proliferative zones than 

in the cortical plate (Fig. 3.7a). Quantitative analysis of levels of immunoreactivities 

in the proliferative zone (initially comprising only the VZ and later including the 

SVZ), showed that Cx 26 labelling was higher than Cx 43 at all ages examined (Fig.

3.8). The levels of Cx 26, corrected accordingly to take into account the radial 

expansion of the telencephalic vesicle (Bayer and Altman, 1991), were notably higher 

at E16 of all the prenatal ages analyzed. However, Cx 43 levels, although appeared 

higher at E16, did not show significant difference when compared to the levels at E14 

(t-test, two tailed, /?<  0.08).

To investigate the possible involvement of Cx 43 in cortical neuronal migration, 

its expression was examined in radial glia, the cells that guide migrating neurons to 

their destinations in the cortical plate (Rakic, 1972). This was carried out by double- 

immunolabelling sections of brains taken from E l9 rat embryos for nestin, a marker 

o f radial glial cells (Cameron and Rakic, 1991), together with Cx 43. Examination of 

these sections showed that nestin and Cx 43 antigens were frequently co-expressed in 

radially oriented processes spanning the thickness of the telencephalic wall (Fig.

3 .9).These labelled radial glial processes were often in contact with immature neurons 

as they migrated towards the cortical plate. However, because of an incompatibility
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between antibody labelling and fixation protocols, it was not possible to unequivocally 

localize Cx 43 in gap junctions between migrating neurons and radial glial fibers. 

Electron microscopical examination confirmed the light microscopical findings by 

clearly demonstrating the presence of nestin-positive processes, oriented radially in 

the cortical plate and intimately apposed by migrating neuronal soma (Fig. 3.10a). 

Moreover, it was fairly common to encounter gap junctions between nestin-positive 

and nestin-negative processes at the ventricular surface (Fig. 3.10b). Gap junctions 

showing typical heptalaminar structure were also detected between processes with 

electrolucent cytoplasmic matrix containing 9-10 nm glial intermediate filaments, 

characteristic of cells of the astroglial lineage (Rakic, 1972) (Fig. 3.10c).

3 4.2.2 Expression of Connexins In Vitro,

To characterize the neuroepithelial cells expressing the constituent connexins 

during corticogenesis, double-immunolabelling experiments were performed in 

cortical cell cultures prepared from F16 rat brains. Cultures maintained for 3 days in 

a medium containing low serum, included a population of cells that co-expressed Cx 

43 and nestin (Fig.3.11a,b). After 5-7 days in vitro, with most cells already 

differentiated into astrocytes or neurons, Cx 43 labelling was localized in the majority 

of cells, some of which were positive for GFAP (Fig. 3.11c,d). Connexin 26 labelling 

was localized in most cells that had differentiated into neurons, as indicated by the 

presence of MAP-2 immunoreactivity, although some punctate labelling was visible in 

cells negative for this neuronal marker (Fig. 3.11e,f). The results of these culture 

experiments indicated that; (i) early in culture, Cx 43 is expressed by undifferentiated 

neuroepithelial cells and/or radial glia; (ii) somewhat later, Cx 43 is expressed in 

astrocytes and, possibly, in neurons; and (iii) Cx 26 is expressed in cortical neurons.

96



These findings are consistent with results of the cellular localization of connexins in 

tissue sections.

3.4.3. Expression of Connexins in Postnatal Development

Examination of the postnatal development of connexin expression was restricted to the 

visual cortex (presumptive area 17; Krieg, 1946). Each of the three connexins 

studied, showed a unique pattern of postnatal development (Fig. 3.12). At birth, Cxs 

26 and 43 were detected as immunoreactive puncta distributed throughout the cortical 

thickness, and were concentrated in the lower cortical layers (Fig. 3.13a,e). The 

average levels of immunoreactivity for both connexins, determined by summing up all 

the labelled puncta in sections (10 sections from each of 5 animals), showed an 

increase between PO and P7, with Cx 26 levels significantly higher than Cx 43 (Figs. 

3.12; 3.13a,b,e,f; 3.14a, c) (Cx 26: two tailed t-test /?<0.001; Cx 43: two tailed t- 

test p<  0.001). The level of Cx 26 did not change appreciably during the second 

postnatal week (Fig. 3.12) after which it began to diminish (Figs. 3.12; 3.13d) and 

was no longer detectable at P28. However, the expression of Cx 43 showed a 

continuous increase to P28 (Figs. 3.12; 3.13e-h). Punctate labelling of Cx 32, which 

was sparse until P14, became pronounced in the subsequent weeks, particularly in the 

lower layers of the cortex (Figs. 3.12; 3.13i-k). In fact, as shown with connexin 

labelling in adult animals (see 2.4.2), both Cxs 32 and 43 immunoreactive puncta 

were located predominantly in the infragranular layers of the cortex at P28, with Cx 

43 being the more abundant of the two proteins (Figs. 3.12; 3.13h,k). Double

labelling experiments with cell specific markers in tissue sections of P3-P14 cortices 

showed that all cells labelled with Cx 26 antibody were also positive for MAP-2 (Fig. 

3.15a,b), suggesting that this antigen is expressed in neurons; some of these neurons
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showed features of pyramidal cells (triangular somata and apical dendrites). Further 

experiments using the glial markers GFAP or S-100 showed no co-localization with 

Cx 26 (Fig. 3.15c).

Quantification of Cx 26 immunolabelled neurons showed that at P3, these 

neurons constituted on average 35% (SEM +4.2) of the cortical cell population; this 

increased to 48% at P7 (SEM ± 5 .5 ) and reached 44% (SEM ± 4 .8 ) at P14. It was 

noted during the first two weeks of life, that a number of MAP-2 positive neurons, 

located predominantly in layers II/III and V, also expressed Cx 43 (Fig. 3.16a,b). The 

pattern of staining of this antigen was very similar to that of Cx 26 showing intensely 

labelled somata and dendrites of neurons. The co-expression of Cxs 26 and 43 in 

MAP-2 positive neurons was confirmed in acutely dissociated cortical cell 

preparations (Figs. 3.15d,e; 3.16d,e). In addition, in agreement with earlier reports 

(Dermietzel et al., 1989), Cx 43 immunoreactivity was co-localized with S-100 or 

GFAP in a number of astrocytes scattered throughout the cortex (Fig. 3.16c).
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Fig. 3.2, Connexin 26 immunoreactivity in liver and brain: (a) Labelling localiz 

between hepatic cells in liver sections, (b, c) Reduced labelling and absence 

staining following treatment of sections with Cx 26 antibody preadsorbed with 20 ( 

and 80 /xg/ml (c) of peptide, respectively, (d, e) Sections through the visual cortex 

P7 rats treated with Cx 26 antibody preadsorbed with 20 (d) and 80 /xg/ml (e) 

peptide, respectively. Note the meningeal labelling (top of section); staining is mu 

reduced in (d) and is completely blocked in (e). Scale bar: 60 /un.





Fig. 3.3. Expression of connexins in the developing dorsal telencephalic wall of rat 

embryonic brains. Schematic representation of the pattern of distribution of Cxs 26 

and 43 immunoreactivities at various stages of corticogenesis. At E12, Cx 26 was 

expressed throughout the neuroepithelium, whereas Cx 43 was localized 

predominantly between cells bordering the ventricle. At E14-E16, both connexins 

showed increased expression throughout the telencephalic wall. At E19, Cx 26 was 

more concentrated in the proliferative zones (VZ and SVZ), whereas Cx 43 showed a 

more homogeneous expression through the thickness of the expanding telencephalic 

wall. VZ-ventricular zone, MZ-marginal zone; CP-cortical plate; SVZ- subventricular 

zone; IZ- intermediate zone; SP- subplate. Measurements of immunoreactivity were 

performed in the VZ at E12-E16, and in both the VZ and SVZ at E19; dotted lines 

indicate the upper limits of the areas measured. Scale bar: 80 fxm.
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Fig. 3.4. Connexins 26 (a) and 43 (b) immunolabelling in the dorsomedial 

telencephalic wall of E12 rat brains. LV, lateral ventricle. P- pial surface Scale bar: 

32 jum.
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Fig. 3.5. Connexins 26 (a) and 43 (b) immunolabelling in the dorsomedii 

telencephalic wall of E14 rat brains. LV, lateral ventricle. Scale bar: 32 fxm.





Fig. 3.6. Connexins 26 (a) and 43 (b) immunolabelling in the dorsomedial 

telencephalic wall of E16 rat brains. LV, lateral ventricle. Scale bar: 32 iim.





Fig. 3.7. Coimexins 26 (a) and 43 (b) immunolabelling in the dorsal telencephalic 

wall of a E19 rat brain. The upper portion of each figure illustrates the distribution of 

connexin immunoreactivity in the marginal zone and part of the cortical plate (CP), 

whereas the lower portion of each figure illustrates coimexin immunoreactivity in the 

proliferative zones (VZ and SVZ). Pial surface is at the top; LV, lateral ventricle. 

Scale bars: 32 jLim
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Fig. 3.8. Levels of immunoreactivity (%) of Cxs 26 and 43 measured in the 

proliferative zones of 12 embryonic brains at each age. The measured levels were 

corrected taking into account the radial expansion of the developing cortex. Error 

bars represent S.E.M.
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Fig. 3.9. (a) Nestin labelling (green) of radial glial processes in the VZ at E19, and in 

(b) together with punctate Cx 43 labelling (red); points of co-localization of the two 

antigens appear yellow. An example of one such double-labelled radial glial process is 

contained within a rectangle and shown at higher magnification in (c,d,e). At this 

higher magnification, the outline of a presumptive migrating cell (arrow) adjacent to 

the radial glial process can be recognized. (LV, lateral ventricle) Scale bars: a, b 40 

jum; c,d,e 10 ^m.
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Fig. 3.10. Electron microscopic analysis revealed migrating neurons with leading and 

trailing processes intimately apposed to radially oriented nestin positive processes (b). 

Within the VZ, gap junctions (arrow) were observed between nestin positive and 

negative processes (a), (c) Gap junctions (large arrow) were also noted between 

cellular processes that contained bundles of intermediate filaments (~  10 mn; small 

arrows), indicative of astrocytes. Scale bars: a, 50 nm; b, 780 nm; c, 90 run.
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Fig. 3.11. Double-immimolabelled confocal microscope images of dissociated cell 

cultures labelled with Cxs 26 or 43 antibodies (stained green) and cell-specific 

markers (stained red). Connexin 43 labelling was observed in nestin positive cells 

(a,b); note that the Cx 43 staining was restricted to the cell membrane, whereas nestin 

was localized intracellularly. Connexin 43 labelling co-localized (arrows) with GFAP 

in astrocytes present in cortical cell cultures prepared from E16 rats and maintained in 

vitro for three days (c, d). In similar cultures, cytoplasmic labelling of Cx 26 (arrows) 

in MAP-2 positive neurons in cortical cell cultures prepared from E16 rats and 

maintained in vitro for three days (e, f); note the green punctate labelling of Cx 26 in 

cells unlabelled for MAP-2. Scale bar: 40 jicm.
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Fig. 3.12. Expression of connexins in the rat cerebral cortex during postnatal 

development. Schematic representation of the pattern of distribution of Cxs 26, 32 

and 43 in the visual cortex between birth and P28. Scale bar; 200/xm.
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Fig. 3.13. Examples of Cxs 26 (a-d), 43 (e-h) and 32 (i-k) immunolabelling in the 

lower layers of the visual cortex during postnatal development (P0-P21). Note the 

differences between the three connexins with regard to particle density and particle 

size in the developing cortex. Scale bar: 40/im.
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Fig. 3.14. Average levels of Cxs 26, 32 and 43 immunoreactivities measured from 

sections of visual cortex of 5 rats at each of the ages shown. The levels were 

corrected according to Bayer and Altman (1991) to take into account the expansion of 

the cortex during postnatal development. Error bars represent S.E.M.
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Fig. 3.15. Double-immimoiabelled confocal microscope images of tissue sections and 

acute preparations of cortical cells labelled with Cxs 26 (stained green) and cell- 

specific markers (stained red); co-localization appears yellow. (a,b) Cx 26 staining is 

co-localized with MAP-2 immunoreactivity in a number of neuronal somata and 

proximal dendrites. Some of these neurons were pyramidal cells with apical dendrites 

(arrows) oriented towards the pia. (c) Absence of co-localization of Cx 26 and GFAP 

in astrocytic processes. (d,e) Connexin 26 labelling (arrows) in the cytoplasm of 

MAP-2 positive neurons in acutely dissociated preparations, 30 min. after plating. 

Scale bar: a,b, c 50 fim; d,e, 30 fxm..
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Fig. 3.16. Double-immunolabelled confocal microscope images of tissue sections and 

acute preparations of cortical cells labelled with Cx 43 antibodies (stained green) and 

cell-specific markers (stained red); co-localization appears yellow. (a,b) Connexin 43 

labelling in neurons positive for MAP-2 immunoreactivity. (c) Connexin 43 

immunoreactivity (surface labelling) on astrocytes stained with S-100. (d, e) Connexin 

Cx 43 labelling (arrows) in the cytoplasm of MAP-2 positive neurons in acutely 

dissociated preparations, 30 min. after plating. Scale bar: a, b, c, d 50 /im; e, f 30 

jim.
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3.5. Discussion

The major findings to emerge from this investigation are: 1) Expression of Cx 

26 is exclusively localized in cortical neurons during postnatal development of the 

neocortex. 2) Connexin 43 labelling is also localized in a population of cortical 

neurons that persists into adulthood. 3) Connexins 26, 32 and 43, the major gap 

junctional proteins, are abundantly and differentially expressed during neocortical 

development. The presence of Cx 43 in radially oriented fibres suggests a possible 

cell-cell interaction between migrating neurons and radial glial fibres.

Cortical neurogenesis in rats takes place between E13-E21 of 22 days of 

gestation. Before the onset of neurogenesis at E12, when the telencephalic vesicles 

first appear, the primordial cortical neuroepithelium, a pseudostratified germinal 

matrix (Sauer, 1935), contains stem cells that divide at a fast rate (Davis and Temple, 

1994). However, between E14-E21 the dorsal telencephalic neuroepithelium that 

gives rise to the future cerebral cortex is transformed into a stratified matrix (VZ) 

where neuronal precursors are generated in addition to Cajal-Retzius cells of layer I 

and neurons of the subplate (Luskin and Shatz, 1985b). In the middle stages of 

neurogenesis (E16-E17), a relatively small SVZ and IZ are also visible in addition to 

the VZ. During this period of development, neurons of layers VI and V are generated 

with fewer neuronal and more glial precursors (Bayer and Altman, 1991). In the late 

stages, with the reduction in the volume of the VZ neurons destined for layers n/ni 

and glial cells are generated (Bayer and Altman, 1991; Ignacio et al., 1995).

The present demonstration of labelling for Cx 26 in the cortical 

neuroepithelium during the period of intense cell proliferation suggests that this gap 

junction protein may be involved in the control of cell generation. These findings 

show that Cx 26 is expressed not only as membranal but also as perikaryal staining in
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most neuroepithelial cells between E12-E16, suggesting that most VZ cells synthesize

this protein in abundance which may be stored in the cytoplasmic pool to be

transnorted to the cell surface when the need for functional coupling arises. It is 
that

notable Cx 26 labelling reaches highest levels at the peak of neurogenesis (E14-E16) 

and diminishes considerably towards the end of gestation, a period when proliferation 

declines. Evidence that gap junctions are permeant to mitogens and morphogens 

(Caveney, 1985; Guthrie and Gilula, 1989) also supports the notion that gap junctions 

may play a role in cell proliferation (Lowenstein, 1981). Although the mechanism for 

such function is presently unknown, gap junctions may provide the pathway for 

relaying signals that arise from biochemical pathways triggered by diffusible factors 

or cell-matrix interactions in the VZ. The presence of Cxs 26 and 43 in the 

proliferative zones of the developing cortex suggests that these proteins may also be 

involved in other developmental events such as laminar specification (McConnell and 

Kaznowski, 1991) and cell phenotype determination (Luskin et al., 1993; Mione et 

al., 1994).

Radial glia, the first glial cells to appear during development (Levitt and 

Rakic, 1980), have their cell bodies located in the proliferative zones with processes 

extending towards the ventricular surface and the pia. The observed localization of Cx 

43 in radial glial fibers during the period of neuronal migration suggests that neurons 

establish contact and communication with the scaffolding they use as they migrate to 

the cortical plate. As neuronal migration declines, radial glial cells are transformed 

into fibrillary and protoplasmic astrocytes (Choi and Lapham, 1978; Schmechel and 

Rakic, 1979) and are added to the existing population of astrocytes known to form 

networks connected by gap junctions in the cortex (Bennett and Goodenough, 1978; 

Massa and Mugnaini, 1982; Yamamoto et al., 1990). The localization of Cx 43 in
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radial glia indicates that these cells possess the necessary connexins to form gap 

junctions. This notion is supported by the finding that gap Junctions are located 

between cellular elements that show features of the astroglial phenotype at the time 

neuronal migration is known to take place. It is further supported by the 

demonstration of gap junctions between nestin-positive (presumptive radial glia) and 

nestin-negative cells in the ventricular surface at similar developmental stages.

The differential postnatal expression of Cxs 26, 32 and 43 now demonstrated 

suggests that the cortex may require a complement of these proteins during the 

different stages of its development. At birth, Cxs 26 and 43 are present at high 

density in the infragranular layers. With time, both connexins appear progressively in 

the more superficial layers following an “inside-out” pattern similar to that described 

for the generation and differentiation of the cortical cell types (Parnavelas and 

Lieberman, 1979; Miller, 1981, 1988; Dori and Parnavelas, 1996). However, while 

the localization and level of expression of Cx 43 mirrors the maturation of the cortex 

throughout postnatal development, the expression of Cx 26 is a transient event. 

Studies carried out in the neocortex of postnatally developing brains have shown the 

establishment of local neuronal circuits in the first two weeks of life and have 

demonstrated neuronal coupling through gap junctions during this period (Peinado et 

al., 1993a,b; Yuste et al., 1992; 1995). The immunocytochemical analysis of this 

study, which revealed that the levels of Cx 26 expression remains high in the cortex 

until the end of the second postnatal week and diminishes thereafter, matches the 

developmental profile of neuronal coupling. Further, the demonstration of intense 

labelling of Cx 26 in somata and dendrites of neurons in the present study is also 

consistent with the observation that most coupling sites between cortical neurons 

occur at dendrosomatic and dendrodendritic contacts (Peinado et al., 1993a).
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Connexin 32 was not detected until the end of the first week with higher levels of 

expression appearing later in development. However, since it appears in the cortex at 

later stages of development, at a time when physiological neuronal coupling has begun 

to cease, it is unlikely to be responsible for these coupling events. Alternatively, gap 

junctions constructed of Cx 32 may serve to mediate rhythmic subthreshold 

oscillations responsible for synchronized neuronal firing during the late stages of 

cortical development (Llinas et al., 1991; Peinado et al., 1993b).The increasing levels 

of Cx 43, generally associated with astrocytes (Dermietzel and Spray, 1993), during 

postnatal development correlates with the generation of astrocytes in the neocortex 

(Parnavelas et al., 1983). Taken together, the findings presented here indicate 

multiple roles for connexins in neocortical formation.
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BIOCHEMICAL ANALYSES OF CONNEXINS IN THE CEREBRAL
CORTEX

4.1. Introduction

In the central nervous system, the evidence for gap junctional communication 

has come from experiments using electrical or dye coupling techniques. Perturbation 

experiments in which gap junctions were blocked by specific antibodies or anti-sense 

RNA technology, has provided some evidence for possible roles of gap junctions 

during development (Warner et al., 1984; Lee et al., 1987). This was made feasible 

with the advent of new biochemical and molecular biological techniques, which 

facilitated the isolation of connexins and the determination of their topology. Isolation 

of connexins and cloning of their complimentary DNA (cDNA) have provided 

invaluable tools for the study of gap junctions. Thus, Cxs 26, 32 and 43 have been 

isolated from liver and heart tissues (Hertzberg and Skibbens, 1984; Nicholson et al., 

1987; Beyer et al., 1987, 1989) and their cDNAs sequenced (Kumar and Gilula, 

1986; Paul, 1986; Beyer et al., 1987; Zhang and Nicholson, 1989).

Utilizing these tools, investigators have examined the distribution of connexins 

and their genes in the central nervous system. Belliveau et al (1991) have shown that 

Cxs 32 and 43 and their respective mRNA are differentially expressed during 

neuronal development and show rostro-caudal variations in their pattern of 

expression. In another study, Naus et al (1990) examined the regional expression of 

Cxs 32 and 43 mRNA by Northern blot analysis and observed uniformal distribution 

of Cx 43 mRNA, whereas Cx 32 mRNA displayed variation in the expression 

suggesting its presence in neurons and oligodendrocytes with restricted distribution. 

In situ hybridisation studies carried out in the developing (Belliveau and Naus, 1995)
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and adult (Micevych and Abelson, 1991) central nervous system have shown the 

cellular localization of Cx 32 transcripts in neurons and oligodendrocytes, and Cx 43 

in astrocytes.

The present study, using Western and Northern blotting techniques, examines 

the expression of gap junction proteins Cxs 26, 32 and 43 and their respective mRNA 

in the developing (postnatal) and adult cerebral cortex to compliment the 

inununocytochemical findings discussed previously (see chapters 2 and 3).

4.2. Materials

Animals: see table 4.1.

Table 4.1: number of animals used for Western and Northern blotting studies.

Age Western blotting Northern blotting

PO 20 4

P7 20

P14 15 2

P21 15

P28 1

Adult 10 1

4.2.1. Western Blotting

Chemicals, reagents and other materials:

ImM NaHCOs buffer, pH  7.7 - a stock of 10 mM solution made with 0.84 g of 

NaHCOg in 1000 ml of distilled water, was diluted to 1 mM.
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Ix SDS gel-loading buffer, pH  6. S - 60.5 mg of Tris base (50 mM), 2 ml of 10% 

SDS (2%), 1 ml of glycerol (10%) and 1 ml of 1% bromophenol blue (0.1%) were 

made up to 10 ml and the pH adjusted to 6.8.

Tris-glycine electrophoresis buffer, pH  8.3 - a 5x stock was made by dissolving 

7.55 g of Tris base (25mM) and 47 g of glycine (250 mM) in 450 ml of distilled 

water. To this 25 ml of 10% SDS solution (0.1%) was added and the final volume 

adjusted to 500 ml. For each run 10 ml of the stock buffer was diluted to 500 ml with 

distilled water.

Transfer buffer, pH  8.3 - a 5x stock was made by dissolving 7.25 g of glycine (39 

mM), 14.5 g of Tris base (48 mM) and 0.925 g of SDS (0.037%) in distilled water. 

For each run, 100 ml of the stock solution was diluted to 500 ml, with 100 ml of 

methanol (20%).

Alkaline phosphatase buffer, pH  9.5 - 5.84 g of NaCl (100 mM), 1.06 g of MgCl2 

(5 mM) and 12.11g of Tris base (100 mM) were dissolved in 800 ml of distilled water 

and the pH adjusted. The final volume was then made up to 1000 ml.

10% Sodium dodecyl sulfate (SDS- electrophoresis grade)(w/v) - 10 g of SDS 

dissolved in 100 ml of distilled water.

30% acrylamide mixture, pH 7.0 - 29g of acrylamide and Ig of N,N’- 

methylenebisacrylamide were dissolved in 60 ml of distilled water by warming up to 

37°C. The final volume was adjusted to 100 ml and the solution filtered.

10% ammonium persulfate - 0.1 g was dissolved in 1 ml of distilled water.

100 mM Dithiothreitol (DTT), pH 5.2 - 309 mg was dissolved in 20 ml of 0.01 M 

sodium acetate.
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1.5 M Tris.Cl (pH 8.8) - 18.16 g Tris base dissolved in 70 ml of distilled water 

and the pH adjusted with concentrated HCl. The final volume was then made up to 

100 ml.

1.0 M Tris. Cl (pH 6.8) - 12.11 g Tris base was dissolved in 70 ml of distilled 

water and the pH adjusted with concentrated HCl. The final volume was then made up 

to 100 ml.

40 mM NaOH- 16 mg in 10 ml distilled water.

Nitro blue tétrazolium (NET) -50mg was made in 1ml of 70% dimethyIformamide.

5-bromo-4-chloro-3-indolyl phosphate (BCIP) - 50 mg was dissolved in 1 ml of 

100% dimethy Iformamide.

Phenyl methyl sulfonyl fluoride (PMSF) - a stock of 1.74 g (10 mM) was dissolved 

in 1 ml of isopropanol.

1 % of non-fat dairy milk - 1 g dissolved in 100 ml of 0. IM PBS.

N,N,N’,N’- tetramethylethylenediamine (TEMED), 10 /xg/ml of leupeptin, aprotenin 

and pepstatin A, Tween 20, PBS, Bio-Rad protein assay reagent, Amersham rainbow 

molecular weight markers (14-200kD), biotinylated goat anti rabbit secondary 

antibodies, reagents for avidin-biotin complex conjugated to alkaline phosphatase, 

Hybond nitrocellulose membrane, Whatman 3MM filter paper.

Equipment: Bio-rad Western blot gel apparatus equipped with a powerpack, high 

speed centrifuge fitted with swinging bucket rotor, desktop centrifuge , water bath, 

Hamilton microliter syringe.
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4.2.2. Northern Blotting

Chemicals, reagents and other materials:

Diethyl pyrocarbonate (DEPC) treated water - 1 ml of DEPC was added to 1 litre of 

distilled water (0.1%), followed by overnight incubation at 37°C and autoclaving.

All reagents were made in DEPC water. In addition, tips, eppendorfs and glass ware 

were cleaned in the same water.

5 X MOPS, pH 5.5 - 20.93 g of MOPS (O.IM), 2.05 g of sodium acetate (0.025 M) 

and 1.46 g of EDTA (0.005 M) were made to a 1000 ml in distilled water and the pH 

adjusted.

20xSSC, pH 7 - 175.3 g of sodium chloride and 99 g of sodium citrate were dissolved 

in 1 litre of distilled water and the pH adjusted.

37 % formaldehyde solution - stock solution from Sigma.

RNA loading buffer (1.5 ml) - 0.72 ml of formamide, 0.34 ml of 5x MOPS, 0.26 ml 

of 37% formaldehyde, 0.1 ml of 80% glycerol, 0.08 ml of bromophenol blue.

10% SDS - 10 g in 100 ml of distilled water.

DIG-buffer 1, pH 7.5 - 11.61 g of maleic acid (O.IM), 8.77 g of NaCl (0.15 M) 

made to 1 litre and the pH adjusted.

DIG-buffer 2 (stock solution) - 100 ml diluted in 900 ml of DIG-Buffer 1 (1:10), to 

make a litre.

DIG-buffer 3, pH 9.5 - 12.12 g of Tris-HCl (lOOmM), 5.84 g of NaCl (100 mM), 

2.38 g of MgCl2 (50 mM) made to 1 litre and the pH adjusted.

DIG-Hybridisation buffer - 500 ml of formamide (50% - v/v), 250 ml of 20x SSC (5x 

SSC), 200 ml of blocking solution (2% -w/v), 1 g of N-lauroyl sarcosine (0.1% - 

w/v) and 0.2 g of SDS (0.02% - w/v) were made to 1 litre.
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DIG-buffer 4, pH 8 - 1.212 g of Tris-HCl (10 mM) and 0.37 g of EDTA (1 mM) 

were made to 1 litre and the pH adjusted.

DIG-RNA labelling kit (SP6/T7) from Boehringer - contains SP6 RNA polymerase 

(for anti-sense RNA probes), T7 polymerase (for sense probes), restriction enzymes 

Hindlll and BamHl with their palatte buffers, NTP labelling mixture (lOx), lOx 

transcription buffer, RNase inhibitor, DNase 1.

DlG-detection system from Boehringer - polyclonal sheep anti DIG-Fab fragments 

conjugated with alkaline phosphatase, NBT/BCIP stock solution.

Ultraspec™ (Biotecx), RNAse away solution, chloroform, isopropanol, 75% ethanol, 

ethidium bromide, agarose, EDTA, 4M lithium chloride, 70 and 100% ethanol, nylon 

membrane.

Equipment - minigel apparatus, RNA gel apparatus, homogeniser, desktop 

centrifuger, water bath, oven.

4.3. METHODS

4.3.1. Western Blotting

Membrane Extraction.- Brains were rapidly removed and collected in chilled 1 mM 

NaHCO^ buffer from heavily anaesthetised animals, along with age-matched liver and 

heart tissues. Visual cortices were dissected from the brains of PO, 7, 14 and 21, 

whereas from the adult brains, in addition to visual cortex, frontal cortices and 

cerebellum were also dissected. The tissue pieces were chopped and homogenized, 

using a 50 ml homogenizer, in 1 mM NaHCOg buffer. All steps were carried out at 

4°C, and a cocktail of protease inhibitors (10 ^g/ml of leupeptin, aprotenin and 

pepstatin A) and freshly prepared PMSF (1 mM) were added at intervals throughout 

the membrane extraction procedure. Membrane fractions were prepared by repeated
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centrifugation of the homogenates. Briefly, the homogenates were initially centrifuged 

at 3000 rpm for 15 minutes at 4°C, and the supernatants were gently aspirated and 

kept. The pellets were resuspended in 1 mM NaHCOg buffer, fllledjup to half the 

initial volume, and the centrifugation repeated twice. Finally all the three pooled 

supernatants were spun at 10,000 rpm for 15 minutes at 4°C and the resultant pellet, 

the membrane fraction, was resuspended in 250 /xl of 1 mM NaHCOg buffer.

The membrane fractions were then subjected to alkali extraction to free the 

integral proteins of plasma membrane, as a soft pellet, from the rest of the fraction 

(Hertzberg, 1984). Thus, equal volumes of 40 mM NaOH solution, (final 

concentration is 20 mM) was added to the membrane fraction followed by mixing and 

centrifugation at 12,000 rpm for 15 minutes at 4°C. The obtained pellet was 

resuspended in ImM NaHCOg buffer and washed by spinning at 12,000 rpm for 

further 15 minutes. The protein content of the extract was analysed using the Bio-rad 

protein assay reagent (5 fi\ of the extract and 200 fi\ of the reagent made up to 1 ml). 

The intensity of the colour developed was read at 596 nm wave length, and was 

proportional to the protein concentration.

Separation of Proteins Using SDS-Polyacrylamide Gel Electrophoresis

Preparation of 15ml of 12% resolving gel - 4.9 ml of distilled water, 6 ml of 30% 

acrylamide mixture, 3.8 ml of 1.5M Tris (pH 8.8), 150 /xl of 10% SDS, 150 /xl of 

10% ammonium persulfate and 6 /xl of TEMED.

Preparation o f 5ml of 5 %o stacking gel - 3.4 ml of water, 830 /xl of 30% acrylamide 

mixture, 630 /xl of IM Tris (pH 6.8), 50 /xl of 10% SDS, 50 /xl of 10% ammonium 

persulfate and 5 /xl of TEMED.
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The glass plates of Western blot apparatus were assembled according to the 

manufacture’s instruction and the resolving gel mixture was poured into the gap 

between the glass plates, followed by an overlay of 1 ml of water. After 

polymerization (30 minutes), the overlaid water was discarded and the stacking gel 

was poured onto the polymerized resolving gel. This was immediately followed by the 

insertion of a Teflon comb into the stacking gel solution.

Preparation of samples: samples were made in gel-loading buffer, with the addition 

of DTT, to a final volume of 25 pi and boiled at 100°C for 3 minutes to denature the 

proteins.

The gels were initially run at 50V and voltage subsequently increased to 80V, after 

the samples cross in to the resolving gel.

Western Blotting

The resolved proteins in the gels were electrophoretically transferred onto a 

nitrocellulose membrane, sandwiched between Whatman 3MM paper, and soaked in 

the transfer buffer containing Tris, glycine, SDS and methanol. The transfer of 

proteins from the gel to the membrane was done at room temperature for 2 hr at an 

applied current of 0.25 mA.

Immunolabelling of Blots

Membranes, blocked with 1% dry skimmed milk in PBS containing 0.1% 

Tween 20 (BST) for 30 minutes, were incubated with connexin antibodies (1:500) 

overnight at 4°C. Incubation with biotinylated donkey anti rabbit (1:200) secondary 

antibody was followed by treatment with avidin-biotin complex conjugated to alkaline 

phosphatase (1:100) for 2 hour each at room temperature. Between incubations two 10
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minute washes were done with PBST. Antibody binding was visualized by reaction 

with NET and BCIP in alkaline phosphatase buffer.

4.3.2. Northern Blotting 

Isolation of Total RNA

Brain, liver and heart tissues were rapidly removed from heavily anaesthetised 

animals, and the visual cortices dissected. The tissue pieces homogenized with 

Ultraspec™ (100 mg of tissue in 1 ml of Ultraspec), were stored at 4°C for 5 minutes 

to permit the dissociation of nucleoprotein complexes, before the addition of 200 /xl of 

cold chloroform per 1 ml of Ultraspec. The samples were vigorously shaken for 15 

seconds and placed on ice for further 5 minutes. On centrifugation at 17,000 rpm for 

15 minutes at 4°C, the homogenates appeared in two phases; protein and DNA were 

in the lower phase, whereas, RNA was in the upper aqueous phase. The separated 

RNA was precipitated by the addition of an equal volume of cold isopropanol. The 

samples were then centrifuged at 12,000 g for 10 minutes, and the precipitated RNA 

pellet was washed twice with 75% cold ethanol and subsequently centrifuged at 9000 

rpm for 5 minutes. The obtained pellets were air dried and dissolved in 50 /xl of 

distilled water. The RNA concentration was determined by measuring the ratio of 

absorbance between 260/280 nm.

Separation of RNA Using Agarose-formaldehyde Gel Electrophoresis

Preparation of gel: 20 ml of 5 x MOPS, Ig agarose and 75 ml of distilled water were 

mixed well and warmed until the solution became clear. To this 5.4 ml of 37% 

formaldehyde and 2 /xl of ethidium bromide were added. The solution was swirled and 

poured into the apparatus and allowed to polymerise.
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Preparation of samples: 20 jug of total RNA was mixed with gel-loading buffer in a 

ratio of 1:3 and boiled at 99°C for 2 minutes and chilled on ice.

The polymerised gel, immersed in running buffer (Ix MOPS), and loaded with 

samples was run at 90v for 2 hour. After the completion of electrophoresis, the gels 

were washed twice in lOx SSC for 20 minutes each.

Northern Blotting

The resolved RNA from the gel were transferred onto a positively charged nylon 

membrane overnight by unidirectional capillary blotting in lOx SSC. The membranes 

were then air dried and the RNA fixed by UV cross linking.

Digoxigenin (DIG) Labelling of RNA and Detection.

A. Preparation of DNA template.

a. The appropriate connexin cDNA template (1 pg/pl) was linearised at a 

restriction enzyme site downstream of the cloned insert as follows:

2 pi pcDNA Neo 1 Cxs 26/32/43 

2 p[ of appropriate palatte buffer 

2 p[ of restriction enzyme Hindlll* or BamHI*

14 /xl of water

The contents were incubated for 2 hours at 37 °C.

* For Cxs 26/32, Hindlll was used as the restriction enzyme with the appropriate 

palatte buffer.

* For Cx 43, BamHI was the restriction enzyme with the corresponding palatte 

buffer.
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b.The linearised DNA was purified by phenol/chloroform extraction, followed by 

ethanol precipitation:

an equal volume of phenol/chloroform (20 /xl) was added to the DNA template 

mixture and spun at 1000 rpm for 2 minutes; the aqueous layer (20 /xl) was gently 

removed.

To this, half the volume of sodium acetate (10 /xl) and equal total volume of 

absolute alcohol (30 /xl) were added and mixed.

The mixture was cooled at -20°C for 1 hour and centrifuged at 17,000 rpm for 15 

minutes at 4°C.

The pellet was washed twice with 100/xl of cold 80% ethanol, air dried and 

resuspended in 10/xl of water (concentration ~  1 /xg/5/xl).

c. 1% agarose Tris EDTA (TE) gel electrophoresis - 1% agarose was dissolved in 

100 ml of TE buffer by warming until the solution became clear. When cooled 

sufficiently, 1 /xl of ethidium bromide was added, swirled and poured into the mini

gel apparatus. The polymerised gel, immersed in TE buffer, was loaded with 

samples of DNA template (1 /xl of DNA diluted with gel-loading buffer in 1:3 

ratio) and run at 100 v for 30 minutes.

B. Preparation of DIG labelled ribo probes

a. in vitro transcription of RNA and DIG labelling:

The reagents were added in the following sequence and quantity at 4°C 

linearised DNA template - 1 /xg (0.05 /xg/ml)

UTP labelling mixture (lOx) - 4 /xl (2x) 

lOx transcription buffer - 4 /xl (2x) 

water - to 16 /xl
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SP6 RNA polymerase - 4 /ni (4 units//>tl)

Total volume -20 /xl

To this, 1 /xl of RNAse inhibitor was added, gently mixed and incubated for 2 

hours at 37°C. This was followed by further incubation with 2 /xl of DNAse 1 for 

15 minutes at 37°C, after which, 2 /xl of EDTA was added to stop the reaction.

b. RNA precipitation with lithium chloride and ethanol:

The following were added to the reaction mixture 

lithium chloride (4M) - 2.5 /xl

Absolute ethanol, prechilled at -20°C - 75 /xl.

The contents were mixed well, stored at -70°C for 1 hr and centrifuged at 12,000 g 

for 15 minutes. The pellet was washed twice with 50 /xl of cold 70% ethanol, air 

dried and dissolved in 100 /xl of distilled water at 37°C, to which, 1 /xl of RNase 

inhibitor was added.

c. The synthesised RNA was analysed using 1 % agarose-TE gel electrophoresis and 

by measuring the absorbance at 260/280 nm.

C. RNA/RNA hybridisation of blots

a. prehybridization:

The blots pre-soaked in water and then in 20 x SSC, were prehybridised with 

at least 20 ml of DIG-hybridisation buffer for atleast 2 hours at 68°C.

b. Hybridisation:

The prehybridised solution was replaced with hybridisation buffer containing 

freshly heat denatured (at 99°C for 10 minutes) DIG-labelled ribo probes, at a 

concentration of 100 ng/ml. Hybridisation was carried out overnight at 68°C.
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c. Washes:

Two washes with 2x SSC/0.1 % SDS at room temperature for 5 minutes each; and 

four washes with 0.1 x SSC/0.1% SDS for 10 minutes each at 68°C.

D. Immunological detection:

The hybridised blots were briefly washed in a solution containing DIG-buffer I and 

0.3% Tween-20 (w/v), followed by 1 hour treatment with blocking solution.

Blots were then incubated for 1 hour with anti-DIG conjugated to alkaline 

phosphatase, diluted (1:5000) in blocking solution.

Excess antibody was removed by four washes, 10 minutes each, in DIG-buffer 1. 

After equilibration with DIG-buffer 3 (detection buffer) for 2 minutes, the blots 

were incubated with 10 ml of colour substrate solution containing NET and BCIP 

in the dark; the colour precipitate begins to appear within minutes.

D. Removal o f colour precipitate and stripping of probe

After detection of each connexin RNA, the colour precipitate was removed by the 

incubating the membranes with dimethy Iformamide, warmed to 50°C.

The probes were stripped off before using another anti-sense RNA probes by 

incubating the blots in hot 0.1% SDS for 10 minutes followed by washes in 

solution containing DIG-buffer 1 and 0.3% Tween 20.

4.3.3. Control Experiments

Control experiments were performed for Western blots by incubating the membranes 

with antibodies preadsorbed with corresponding peptides at a concentration of

1 3 1



40/xg/ml of the antibody solution. GAPDH anti-sense RNA was used as an internal 

control, while negative controls were performed with sense-RNA probes {in vitro 

transcription was performed with T7 RNA polymerase) in the hybridisation mixture.

4.3.4. Quantitative Analyses

A. Western blots: the membranes were scanned and the images were analysed using 

NIH-image analysis software. Briefly, a 3x3 median filter was passed over the images 

to remove background noise and single pixels. The minimum pixel intensity, in the 0- 

255 level grey scale, was set by thresholding in an unlabelled area within the 

membrane, such that the labelled bands were demarcated in the overlying binary 

image. The relative intensity of the bands measured, correspond to the protein content 

of the sample.

B. Northern blots: the blots were scanned and densitometric analyses were performed 

to determine the hybridization intensity of the bands, which was normalized to the 

intensity of the GAPDH band in the same lane.

4.4. Results

4.4.1. Western Blots

The specificity of the Cxs 26, 32 and 43 antibodies used here was shown by 

their binding to the parent connexins in Western blots prepared from brain, liver and 

heart samples; they detected bands corresponding to 22, 27 and 43 kDa proteins 

respectively (Fig. 4.1-4.3).

Analysis of samples of visual cortex of PO, P7, P14 and P21 rats showed the 

binding of the Cx 26 antibody to its parent protein (Fig. 4.1a). Similarly, Cxs 32 and 

43 antibodies also detected their corresponding parent proteins (Fig. 4.1b,c) The
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pattern of relative expression of connexins in Western blots mirrored closely the 

developmental profile of these antigens observed in immunolabelled sections from 

brains of corresponding ages. Connexin 26, present at low levels at PO, showed a 

dramatic increase in the next 2 weeks, an observation consistent with the 

immunocytochemical picture. Bands of 27 and 43 kDa, corresponding to Cxs 32 and 

43, were detected at low levels at P7 and thereafter showed higher levels of 

expression with development. In addition bands were not detected in blots incubated 

with preadsorbed antibodies.

Immunoblots of membrane-enriched fractions obtained from the adult 

cerebellum and frontal and visual cortices showed bands corresponding to Cxs 32 and 

43 (Figs. 4.2, 4.3). Densitometric analysis of these bands showed that the visual 

cortex had twice the amount of Cx 32 present in the frontal cortex, but the latter had 

50% more Cx 43. These results confirmed the regional differences in the distribution 

of connexin immunoreactivities observed in tissue sections.

4.4.2. Northern Blotting

Analysis of total RNA extracted from visual cortices at PO, 14, 28 and 42 rats 

by Northern blotting showed bands corresponding to transcripts of Cxs 26 (2.8 kb), 

32 (1.6 kb) and 43 (3 kb) (Fig. 4.4). Densitometric analysis (Fig. 4.5.) of these bands 

was in close agreement with the immunocytochemical and immunoblot results of the 

differential expression of the three connexins during postnatal development. Thus, Cx 

26 mRNA was abundant between birth and P14, whereas Cxs 32 and 43 mRNA were 

present from as early as PO and increased with age.
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Fig. 4.1. Localization of connexins in Western blots of control (liver or heart) and 

cortical tissues: Western blots of samples labelled for Cxs 26 (a), 32 (b) and 43 (c); 

lane 1 corresponds to samples of control tissues (liver, Cxs 26 and 32; heart, Cx 43), 

and lanes 2-5 correspond to samples of visual cortex of rats at PO, P7, P14 and P21. 

(a) Connexin 26 antibody detected bands corresponding to Mr 22 kDa protein in liver 

and visual cortex of PO, P7, P14 and P21 rats, with occasional faint labelling of bands 

at higher molecular weights. Note the increase in the intensity of signal between PO- 

P14 (lanes 2-4). (b) Connexin 32 antibody detected bands corresponding to Mr 27 

kDa in liver and visual cortex of P7, P14 and P21 animals. Note the absence of signal 

at PO (lane 2). (c) Connexin 43 antibody detected a prominent band at Mr 43 kDa in 

heart and brain samples, in addition to a band at Mr 66 kDa as reported by Beyer et 

al. (1989). The position of the molecular mass markers is given on the left.
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Fig. 4.2. Localization of Cx 32 in Western blots of samples of adult liver, 

cerebellum, visual and frontal cortices, (a) Connexin 32 antibody detected bands 

corresponding to 27 kDa protein in liver and brain samples, with occasional faint 

labelling of bands at higher molecular weight; (b) the same samples treated with 

preadsorbed antibody (40 /xg/ml of relevant peptide) showed no labelling at the 

expected positions. Note the relative abundance of connexins in visual and frontal 

cortices. Connexin 32 labelling was more abundant in visual cortex (a-lane 3). The 

position of molecular mass markers is given on the left. Lanes 1, 2, 3, 4 correspond 

to samples of cerebellum, frontal cortex, visual cortex and controls (liver) 

respectively.
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Fig. 4.3. Localization of Cx 43 in Western blots of samples of adult heart, 

cerebellum, visual and frontal cortices, (a) Connexin 43 antibody detected a 

prominent band at 43 kDa in heart and brain samples, in addition to a band at 66 kDa 

as reported by Beyer et al., 1989 and Green and Severs, 1993; (b) treatment of the 

same samples with preadsorbed Cx 43 antibody (40 jxg peptide/ml) blocked the 

labelling of bands at the expected positions. Note the relative abundance of connexins 

in visual and frontal cortices. Connexin 43 showed higher abundance in frontal cortex 

(a-lane 2). The position of molecular mass markers is given on the left. Lanes 1, 2, 3, 

4 correspond to samples of cerebellum, frontal cortex, visual cortex and controls 

(heart) respectively.
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Fig. 4.4. Northern blots of samples labelled for Cxs 26, 32, 43 and GAPDH 

transcripts; lane 1 corresponds to control tissues (liver or heart), and lanes 2-5

correspond to samples of visual cortex of rats at PO, P14, P28 and P42. (A) 

Connexin 26 antisense RNA probes detected a band corresponding to 2.8 kb in 

liver and brain samples. Note the abundance of Cx 26 mRNA between P0-P14. 

(B) Connexin 32 riboprobes detected a band corresponding to 1.6 kb in liver 

and brain samples. (C) Connexin 43 antisense probes detected a 3.0 kb band in 

heart and brain samples, (d) GAPDH antisense RNA probes were used as an 

internal control.
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Fig. 4.5. Histogram illustrating the differential expression and relative 

abundance of connexins mRNA in the visual cortex at four stages of postnatal 

development
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4. 5. Discussion

The results of the biochemical analysis described here, confirm the 

immunocytochemical results outlined for the adult and developing cortex. The 

Western blot analysis revealed that the level of Cx 26 expression remained high in the 

cortex until the end of the second postnatal week and diminished thereafter. The 

transcripts for this antigen also reached peak levels at the end of the second week and 

subsequently declined until they are hardly detected at the end of the fourth week, 

suggesting a downregulation in the production of Cx 26 in the third week of life. 

Connexin 32 was not detected until the end of the first week, in agreement with the 

immunocytochemical analysis, although the mRNA was detected in the cortex of 

newborn animals indicating that post-translational modifications, possibly 

developmentally regulated, could delay the expression of this protein.

The occasional faint bands at higher molecular weight with Cx 32 antibody 

were not visible when the same samples were treated with preadsorbed antibody (40 

pig/ml of peptide; Fig. 4.2b), suggesting that these bands are aggregates or dimers of 

Cx 32 (Paul, 1986). Connexin 43 antibody detected a second band at 66 kDa as 

reported by Beyer et al (1989) and Green and Severs (1993), and was not visible in 

blots treated with preadsorbed antibody. Interestingly, this 66 kDa band became 

increasingly visible with age (Figs. 4.1c; 4.3a) in brain and heart tissues.

139



CHAPTER FIVE 

List Of Contents

5.1. Introduction - 141

5.2. Materials - 142

5.2.1. Thin-section electron microscopy - 142

5.2.2. Freeze-fracture electron microscopy - 143

5.3. Methods - 143

5.3.1. Fixation of tissue - 143

5.3.2. Postfixation for thin-section electron microscopy - 145

5.3.3. Thin-sectioning - 145

5.3.4. Examination of thin-sections - 146

5.3.5. Quantitative analyses - 146

5.3.6. Freeze-fracture electron microscopy - 147

5.4. Results - 148

5.4.1. Ultrastructural analyses of the developing

telencephalic wall - 148

5.4.2. Ultrastructural analyses of postnatal cerebral cortex - 149

5.5. Discussion - 181

140



GAP JUNCTIONS IN THE DEVELOPING AND ADULT 
CEREBRAL CORTEX

5.1. Introduction

One of the main difficulties encountered by electron microscopists 

investigating the central nervous system, was fixation of tissue. Thus, the early 

ultrastructural studies on vertebrate electrical synapses correlated low-resistance 

pathways with pentalaminar junctions. With the advent of new staining techniques. 

Revel and Kamovsky (1967) differentiated ‘gap’ junctions from ‘tight’ junctions by 

distinguishing the central cleft of 2-3 nm between apposed plasma membranes. This 

central ‘gap’ can be visualized by ‘enbloc’ staining with aqueous uranyl acetate 

solution before dehydration and embedding (Kamovsky, 1967). It is now known that 

this ‘gap’ is not an empty space but a lamina consisting of hemichannels (connexons) 

aligned with the apposing hemichannels to form continuous communication between 

two cellular elements.

The technique of freeze-fracture, which splits the plasma membrane in 

between the bimolecular lipid layers forming two complimentary fracture faces (P and 

E), allows the morphological analysis of the internal stmcture of the membrane. 

Analyses of replicas have shown that gap junctions appear as 8-10 nm particles in the 

protoplasmic (?) face that remains attached to the cytoplasm, while in the exoplasmic 

(E) face, they appear as complimentary pits.

Although gap junctions have been described in different parts of the nervous 

system, the results of earlier investigations generated the impression that electrotonic 

neuronal transmission was exclusive to more primitive forms of phytogeny. However, 

their occurrence in the primate neocortex (Sloper and Powell, 1978), inferior olivery
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nucleus of the cat (Sotelo et al., 1974), and rat motor cortex (Peters et al., 1981) have 

suggested that gap junctions may be a general feature of the organization of the 

nervous system.

It is now known that intercellular communication during cortical neuronal 

circuit formation takes place through electrical coupling mediated by gap junctions 

(Connors et al., 1983; Peinado et al., 1993a; Yuste et al., 1995). Further, some of the 

connexins that may constitute these neuronal gap junctions have also been identified 

(see chapter 3). Although the pattern of connexin expression during early postnatal 

life is in agreement with the reported neuronal dye coupling, there is no evidence 

describing the abundance of neuronal gap junctions during cortical development. This 

lack of morphological evidence can be attributed to technical difficulties involved in 

the identification of small inter-neuronal gap junctions.

Using electron microscopy of thin-sections and freeze fracture replicas, the 

present study examines the developmental profile of gap junctions in the developing 

and adult cerebral cortex.

5.2. Materials

5.2.1. Thin-Section Electron Microscopy

a. Animals: Sprague-Dawley albino rats were used; for the number of animals, see

text. ___
Na

b. Chemicals: 0.2 M cacodylate buffer, pH 7.2-7.4: 4.28 g of cacodylate was 

dissolved in 100 ml of water and the pH was adjusted.

8% paraformaldehyde: - a stock solution of 8% paraformaldehyde was made by 

dissolving 8 g in 100 ml of distilled water at 65°C to which 5-6 drops of 0.1 M 

NaOH was added until the solution became clear.
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25% glutaraldehyde, calcium chloride, 4% osmium tetroxide solution, 0.1 M sodium 

acetate solution (0.82 g in 100 ml of distilled water), 0.5% uranyl acetate (w/v), 

graded ethanol (25%, 50%, 75%, 90% and absolute alcohol), propylene oxide, 

Araldite CY 212, dodecenyl succinic anhydride (DDSA), dibutyl phthalate 

(plasticizer), benzyl dimethyl amine (accelerator).

5.2.2. Freeze-Fracture Electron Microscopy

In addition to the chemicals used in the fixative, 50% glycerol, liquid nitrogen, freon, 

sodium hypochlorite and 2% triton solution were required.

5.3. METHODS

5.3.1. Fixation of Tissue

A pilot study, using 3 different fixatives, was performed using the brains of 

four 4-week old rats to obtain a suitable method of fixation which would provide 

optimal membrane preservation for identification of gap junctions. The results of this 

study showed that a two-stage fixation provides good membrane preservation for 

morphological identification of gap junctions.

1.4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer, 

pH  7.2 - 7.4: 8 g of paraformaldehyde dissolved in 98.4 ml of distilled water at 65°C 

was treated with 5-6 drops of 0.2 N sodium hydroxide solution. To this, 100 ml of 

0.2 M phosphate buffer (25 g di-sodium orthophosphate and 5.93 g sodium di

hydrogen orthophosphate in 1000 ml distilled water) was added, followed by 1.6 ml 

of 25 % glutaraldehyde solution.

1.1% paraformaldehyde and 1.25% glutaraldehyde in O.IM phosphate buffer, 

pH  7.2-7.4: 100 ml of 2% paraformaldehyde solution was diluted with 90 ml of 0.2M
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phosphate buffer. To this, 10 ml of 25% glutaraldehyde was added followed by 8 

drops of 5% calcium chloride.

3. Two-stage fixation with a mixture of aldehydes in cacodylate buffer:

Dilute fixative solution containing 1% paraformaldehyde and 1.25% 

glutaraldehyde in 0.08 M cacodylate buffer, pH 7.2-7.4 : 100 ml of 2% 

paraformaldehyde solution was diluted with 80 ml of 0.2 M cacodylate buffer and 10 

ml of distilled water. To this, 10 ml of 25% glutaraldehyde was added followed by 8 

drops of 5 % calcium chloride solution.

Concentrated fixative solution - 47o paraformaldehyde and 5% glutaraldehyde 

in 0.08 M cacodylate buffer, pH 7.2-7.4: 100 ml of 8% paraformaldehyde stock 

solution was diluted with 40 ml of 0.4M cacodylate buffer (8.56 g in 100 ml distilled 

water) and 20 ml of distilled water. To this, 40 ml of 25% glutaraldehyde was added, 

followed by 8 drops of calcium chloride solution.

Postnatal animals were heavily anaesthetised with ether and perfused through a 

hypodermic needle, inserted into the left cardiac ventricle. The calibre of the needles, 

the rates of flow and the volumes of fixative solutions were pre-determined and were 

increased progressively with age. The fixative solutions were delivered at room 

temperature by means of a flow inducer. Following the perfusion, the animals were 

left intact for several hours before removing their brains and placing them in 

concentrated fixative for 2 hours.

Brains from prenatal animals were fixed by immersion. Embryos rapidly 

removed from anaesthetised mothers were decapitated and their heads immersed in the 

fixative for 30 minutes. After the initial fixation, the brains were dissected and re

immersed in the same fixative for 4-5 hours at 4°C.
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5.3.2. Post Fixation for Thin-Section Electron Microscopy

Coronal slices of 200-300 pm, cut from the fixed brains were rinsed in 0.1 M 

cacodylate buffer (3 x 10 minutes). Postfixation was done in 2% osmium tetroxide in 

0.1 M cacodylate buffer for 2 hours followed by en bloc staining with aqueous 1% 

uranyl acetate for 1.5 hours. Following osmication and uranyl acetate staining, tissue 

slices were rinsed in cold 0.1 M sodium acetate solution ( 2 x 5  minutes). This was 

followed by dehydration in a series of graded ethanol; 2 minutes in 25%, 2 minutes 

50%, 16 minutes in 70% ( 2 x 8  minutes), 30 minutes in 90% (2 x 15 minutes) and 1 

hours in absolute alcohol (4 x 20 minutes). The slices were then rinsed briefly in 

propylene oxide for 5 minutes and placed overnight in a 1:1 mixmre of propylene 

oxide and Araldite*, before transferring into fresh resin. Following changes in fresh 

resin ( 2 x 3  hours), tissue slices were flat embedded in resin and allowed to 

polymerise at 70°C for 48 hours.

* The composition of Araldite resin for 100 g, is as follow: 53 g o f Araldite CY 212, 

47 g of DDSA and 1.5 ml of dibutyl phthalate were mixed well for 2X least 5 minutes, 

before the addition of 1 ml of benzyl dimethyl amine. The contents were mixed well 

before use.

5.3.3. Thin-Sectioning

Blocks of tissue cut from resin embedded tissue slices were re-mounted on 

Araldite stubbs using epoxy resin mixture. After the initial trimming of blocks, 

semithin sections of 0.5 pm were cut with glass knives using an Ultracut microtome, 

and stained with toluidine blue to select the region for ultra thin-sectioning. Ribbons 

of ultrathin sections of silver-gold interference colour (~80 nm), were then cut and
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collected on carbon coated grids of 200-mesh. Sections were then counter stained with 

3% aqueous uranyl acetate and Reynolds lead citrate, each for 30 minutes, to enhance 

the contrast, and examined with a JEOL 1010 electron microscope.

5.3.4. Examination of Thin-Sections

Ultrathin sections were cut from the dorsal telencephalic wall of the anterior 

cerebral hemispheres of E12, 14, 16 and 19 rats; three embryos were analysed for 

each gestation day. In postnatal brains, gap junctions were counted in sections cut 

through the visual cortex of 3 rats each at PO, 7, 14, and 21. For estimations of gap 

junctions in adult animals, brains of 4 rats, 3 months of age, were used and sections 

were cut through layer V of the frontal (area 6), parietal (area 3) and occipital (area 

17) cortices. Quantitative characterisation of cellular elements that formed these 

junctions was restricted to layer V of the visual cortex of adult animals.

5.3.5. Quantitative Analyses

For quantitative analysis of gap junctions in the adult cerebral cortex, layer V 

of each cortical area (occipital, parietal, frontal) was identified in 0.5 pm semithin 

sections cut in the coronal plane using the large pyramidal neurons, a characteristic 

feature of this layer (Krieg, 1946), as a guide. Series of 10 consecutive ultrathin 

sections, spaced 50 pm apart, were collected and scanned with the electron 

microscope at a magnification of x40,000. It was essential to use such high 

magnification to detect both small and larger gap junctions as they varied considerably 

in size (from about 50 nm for interneuronal junctions to approximately 1 pm for some 

junctions involving glial cells). Gap junctional profiles displaying the characteristic 

seven-layer structure (Brightman and Reese, 1969) were counted and the cell types
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involved in their formation were identified in the middle of layer V. Analysis was 

made in 3 adjacent grid squares selected from the middle of every 4th section of each 

series of 10 consecutive sections. This was done in sections collected on 2 grids from 

each cortical area of each of 4 animals. Density of gap junctional profiles was 

calculated as number of junctions/1000 pm^ of neuropil. The area of neuropil was that 

of the area of a grid square (100x100 pm) from which the total area taken up by cell 

nuclei and blood vessels in that grid square was subtracted. All area measurements 

were made with the aid of the computer software of the microscope.

Although stereological methods (e.g., the physical disector method) are 

preferred as they provide unbiased estimates of profiles more efficiently (Coggeshall 

and Lekan, 1996), they were not used here for the following reasons. Stereological 

methods based on the disector principle involve comparison of serial sections. At the 

high magnification (x40,000) used to detect gap junctions, it was not possible to move 

between consecutive sections to match every profile while counting. Furthermore, 

matching junctional profiles in consecutive sections proved difficult, as most of those 

that showed the seven layer appearance in the first section did not in the subsequent 

section. It would also have been extremely laborious to make photographic montages 

of entire grid squares at this magnification in order to match profiles in different 

sections.

5.3.6. Freeze-Fracture Electron Microscopy

For freeze-fracture electron microscopy, postnatal brains were fixed by 

intracardiac perfusion using the two-stage fixation method as described in 5.3.1. The 

embryonic brains were fixed by immersing in a solution containing 4% 

paraformaldehyde and 2.5% glutaraldehyde in 0.08 M cacodylate buffer for 4-5
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hours. Following rinses in 0.1 M cacodylate buffer, the fixed brains were cut into 3 x 

1 mm stripes of tissue and equilibrated with 12.5% and 25% glycerol in 0.1 M 

cacodylate buffer for 2 hours, each at room temperature. The tissue pieces placed into 

the sleeves of copper holders were then rapidly frozen in liquid freon, prechilled in 

liquid nitrogen, and stored in the same until ready for fracturing. Fracturing and 

replication were done in a Cressington CFE 50 freeze-fracture apparatus at -140°C. 

The replicas were coated using carbon and platinum electrodes at a thickness of 10-12 

nm and 2-4 nm respectively, at a fixed angle of 45°; carbon was shadowed 

unidirectionally, whilst, platinum was coated by rotary shadowing. The replicas 

cleaned by floating on sodium hypochlorite, triton and distilled water, overnight, were 

collected on copper grids of 300-mesh and examined with the electron microscope.

5.4. RESULTS

5.4.1. Ultrastructural Analyses of the Developing Telencephalic Wall

Examination of the developing ventricular zone between El 2-El 6 showed 

rounded mitotic cells bordering the ventricle (Fig.5.la).The processes lining the 

ventricle were linked by specialized junctional complexes at the ventricular surface, 

(arrows) composed of gap junctions, tight junctions and zonula occuludents (Figs. 

5.1a; 5.3a). Gap junctions with characteristic heptalaminar structure were located 

between the ventricular processes at all stages analyzed (Figs 5.1b,c; 5.3b, c). Further 

away from the ventricular surface, membrane specializations were observed between 

cellular processes of this zone (Fig. 5.2). However, at late stages of neurogenesis 

(E l9), when mitotic activity was on the decline, gap junctions located away from the 

VZ were observed for the first time (Fig. 5.4). Some of the gap junctions observed in
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IZ appeared to involve astroglial cell processes. These processes contained bundles of 

glial intermediate filaments (Fig. 5.4a).

Freeze-fracture analysis performed on E l9 brains also revealed plaques of gap 

junctions away from the ventricular suface. Some of these plaques, appearing as 

amorphous particles on the P-face, were located on large sheets of membranal 

surface, possibly belonging to those of radial glial processes (Figs. 5.5a,b; 5.6a). 

There were also examples of small gap junction plaques on processes (arrows), 

appearing as E-face pits (Fig. 5.6b, c). These junctions, possibly neuronal in origin, 

were often composed of 20-25 connexons. On average, the size of these plaques 

varied from 60 to 150 nm.

5.4.2. Ultrastructural Analyses of Postnatal Cerebral Cortex

At birth, small gap junctions were located (arrows) between neurons and 

cellular processes in the subplate (Fig. 5.7), and continued to appear between the 

ependymal cells that have now replaced the neuroepithelial cells at the ventricular 

surface (Fig. 5.8). Freeze-fracture analysis carried out early postnatal (P4) visual 

cortex revealed clusters composed of 6-20 intramembranous particles (arrows) of 8-9 

nm in size (Fig. 5.9). These clusters of intramembranous particles, presumably on 

neuronal membranes, were noted until the second postnatal week (Fig. 5.10), after 

which they disappeared. Neuronal gap junctions, often noted between apical dendrites 

and small dendritic profiles (arrows; Fig. 5.11) in thin-sections of early postnatal 

visual cortices, showed a pronounced increase between P7-P14. This was in 

agreement with the observed clusters of connexons-like intramembranous particles in 

the replicas of cortices of corresponding ages. Astrocytic gap junctions also showed 

an increase from P14 onwards. Freeze-fracture analyses at P14 showed large plaques
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of astrocytic gap junctions (Fig. 5.12a, b). Often these gap junctional plaques showed 

orthogonal arrays of intramembranous particles, appearing as complementary 

depressions on the E-face (arrows).

Examination of the visual cortex during the third postnatal week showed the 

appearance of gap junctions between oligodendrocytes and astrocytic processes. Novel 

‘reflexive gap junctions’ were also noted (arrows) between sheets of compact myelin 

in freeze-fracture preparations (Fig. 5.13). Similar ‘reflexive’ gap junctions were also 

observed linking processes of the same astrocytes (see Fig. 5.14c).

Observation of ultrathin sections from the adult cerebral cortex revealed an 

abundance of gap junctions throughout the thickness of the three cortical areas. 

Counts of gap junctions made in the middle of layer V of visual, parietal and frontal 

cortices showed on average 33.4 junctional profiles per grid square of a 200-mesh 

grid (3.2±0.72/1000 pm^ of neuropil), 11.7 junctions (1.0+0.2/1000 pm^), and 13 

(1.2+0.3/1000 pm^) in the three areas respectively.

Using well-established ultrastructural criteria (Parnavelas et al., 1983, 1989; 

Peters et al., 1991), the identity of the cortical cell types involved in the formation of 

gap junctions were characterised in the visual cortex. The two main types of neurons, 

the pyramidal and nonpyramidal cells, can be recognized readily by their nuclear and 

cytoplasmic features, and unique synaptic organization. Pyramidal cells typically 

show triangular somata, rounded or ovoid nuclei, and symmetrical axo-somatic 

synapses, whereas nonpyramidal neurons have characteristically irregular or indented 

nuclei and a complement of symmetrical and asymmetrical axo-somatic synapse types. 

Astrocytes can be distinguished on the basis of a number of features, most 

characteristic being the presence of glial intermediate filaments in a typically 

electronlucent cytoplasm. Astrocytic processes, which contain few or no organelles,
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are characteristically irregular closely moulded to adjacent neuropil elements, often 

giving rise to fmger-like extensions (Fig. 5.15a, c). Oligodendrocytes are classified as 

dark and a few as medium types in the adult cerebral cortex (Parnavelas et al., 1983). 

Their nuclei contain much heterochromatin, with large clumps aggregated beneath the 

nuclear envelope. The darkness of the cytoplasm is due to a high concentration of 

ribosomes and polysome aggregates, and in part to a finely granular ground substance 

between the organelles (Fig. 5.14a). Quantitative analysis revealed that both neuronal 

and glial cell types are involved in the formation of junctions. Of the junctional 

profiles observed, 72.5% were between astrocytic processes (Fig. 5.14b) and 5% of 

these were between processes of the same astrocyte in the same section (Fig. 5.14c). 

Also, 17.5% were between an astrocytic and a neuronal process (Fig. 5.15), and

6.5% between an astrocyte and an oligodendrocyte (Fig. 5.14a, al). Of the remaining 

3.5%, approximately 2% were between neuronal elements (Fig. 5.16), whereas in the 

other 1.5% the origin of one or both processes involved in the formation of gap 

junctions could not be identified with certainty.

Inter-neuronal junctions were small, typically 70-80 nm, and involved 

predominantly dendrites although some neuronal somata were also observed (Fig. 

5.16). In neuron-astrocyte junctions, nearly all neuronal elements were dendritic 

profiles often forming asymmetrical synapses in the vicinity of the junction (Fig. 

5.15a,b). Another type of junctional complex involving neuronal elements were the 

axo-glial specializations in the paranodes of myelinated axons (Fig. 5.14d). In these 

junctions, the cell membranes of the oligodendroglial process ensheathing the axon 

and the axolemma were intimately apposed, with an extracellular space of 3 nm, 

giving the appearance of a belted junction around the axon. Although these axo-glial 

specializations were observed frequently in the layer analysed (approximately 3-5 such
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junctions per grid square), they were not considered in the quantitative analysis 

because they did not resemble typical gap junctions in the CNS, and there is no 

evidence that the cellular elements forming these junctions are coupled anywhere in 

the brain. No junctions were identified between oligodendrocytes, and those involving 

both types of macroglia were predominantly between an astrocytic process and an 

oligodendrocyte cell body (Fig. 5.14a). It should be mentioned that although the 

quantitative analysis of cell types involved in the formation of gap junctions was 

restricted to the visual cortical area, the types of junctions described in this region 

were also encountered in the parietal and frontal cortex.

The frequent presence of gap junctions in the visual, parietal and motor 

cortices was confirmed in freeze-fracture preparations taken from cortical layers V 

and VI. Examination of replicas in these preparations revealed junctional plaques of 

varying sizes with different arrangements of intramembranous particles. Most plaques 

had a discrete hexagonal arrangement of particles and complementary pits with small 

particle-free isles (Figs. 5.17; 5.18; 5.19) as observed in cardiac gap junctions (see 

Fig. 5.24a), while some showed a homogeneous arrangement, especially on the E 

face; however, these did not have any noticeable particle-free isles in their membrane 

matrix (Fig. 5.20). There was also a third type of plaque that showed a closely packed 

arrangement of particles, but without any particle-free isles in the membrane matrix 

(Figs. 5.21; 5.22) resembling the P-face particle arrangement as viewed in liver gap 

junctions (see Fig. 5.24b). Most of such plaques were associated with 

oligodendroglial membranes (Fig. 5.21) as identified by their membranal features 

described by Massa and Mugnaini (1982). However, on very few occasions, small 

junctional plaques were noted with uniformal arrangement of P-face particles, typical 

of liver gap junctions (Fig. 5.22). Gap junction plaques with similar appearance have
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been described between spinal motor neurons (Rash et ah, 1996) and amacrine cells 

of the retina (Vaney, 1994). The last type of plaque encountered showed a highly 

crystalline array of pits, resembling a ‘honeycomb’ organization on the E-face (Fig. 

5.23).

Tight junctions, probably associated with endothelial cells of fractured blood 

vessels, and orthogonally arrayed particles in the perivascular astrocytic endfeet 

processes (Landis and Reese, 1974; Nico et al., 1994) were some of the other features 

observed (Fig. 5.25). Further, gap Junctions in the process of being internalised were 

occasionally viewed as ‘annular’ profiles in astroglial elements (Fig. 5. 26). In 

addition, gap junctions were also located between astrocytic endfeet ensheathing blood 

vessels, and in the glial limitants (Fig. 5. 27).
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Fig. 5.1. Developing cortical ventricular zone at early stages of neurogenesis 

(E14).(a) Note the mitotic cells and processes that are linked by specialized junctional 

complexes (arrows) bordering the ventricular surface, (b, c) A gap junction (arrow in 

b) located between two ventricular processes at this stage of cortical development. 

LV- lateral ventricle. Scale bar: a, 400 nm; b, 200 nm; c, 50 nm.
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Fig. 5.2. Membrane specializations (arrows) between closely apposed ventricular 

zone cells and processes of an E14 brain. Scale bar: 200 nm.
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Fig. 5.3. Developing cortical ventricular zone during mid stages of neurogenesis 

(El6). (a) The ventricular processes and cells are still connected by junctional 

complexes (arrows), (b, c) A gap junction located between ventricular processes 

(arrows in b). Note the heptalaminar structure and the central ‘gap’ of this junction, in

c. Most of these junctions show an electron dense fuzziness associated with the 

cytoplasmic leaflet of the membranes, presumably corresponding to the long carboxy 

tail of connexins. LV- lateral ventricle. Scale bar: a, 400 nm; b, 200 nm; c, 50 nm.
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Fig. 5.4. Gap junctions located between cellular processes (large arrows in a, b) in 

the intermediate zone during late neurogeneis (El9). Note the bundles of glial 

intermediary filaments (small arrows) in one of the processes involved in the 

formation of gap junction in a. Scale bar: a, b, 200 nm.
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Fig. 5.5. Freeze fracture analysis of dorsal telencephalic wall at E l9 showed well 

defined gap junction plaques with P-face particles on large sheets of membrane (arrow 

in a). Scale bar: a, 400 nm; b, 100 nm.
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Fig. 5.6. More examples of gap junction plaques in freeze fracture replicas of E19 

brain, (a) Plaques (arrows) located on the membrane of a cell soma . The fracture 

plane has crossed through the soma thus revealing parts of the nuclear membrane (n) 

and cytoplasm (c). (b, c) Example of a small E-face gap junction plaque on a neuronal 

membrane (arrows) which shows fewer particles. Scale bar: a, b: 400 nm; c, 100 nm.
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Fig. 5.7. A gap junction located between a neuronal soma and a cellular process 

(arrows) in the subplate at birth. N-nucleus of a neuron. Scale bar: a, 200 nm; b, 67 

nm.
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Fig. 5.8. Arrows point to a gap junction between ependymal cells bordering the 

ventricle at birth. Scale bar: 1000 nm.
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Fig. 5.9. Freeze-fracture analysis of neonatal visual cortex revealed small clusters of 

intramembranous particles similar in size (8-10 nm) and packing arrangement to 

connexons (arrows). Scale bar: 80 nm.
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Fig. 5.10. Examination of replicas of P7 cortices showed small clusters of connexons 

on the P-face (arrows). Scale bar: 80 nm.
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Fig. 5.11. A neuronal gap junction located between an apical dendrite (D) and a 

dendritic process (arrows in a,b) in the visual cortex of a P7 brain. Scale bar: a, 500 

nm; b, 67 nm.
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Fig. 5.12. Freeze-fracture analysis of P14 showed astrocytic gap junction plaques, 

with characteristic orthogonal arrays of particles (arrows in a, b) on the E-face. E- 

exoplasmic face, P- protoplasmic face. Scale bar: a, b, 100 nm.
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Fig. 5.13. A ‘reflexive’ gap junction plaque (arrows in a, b) between sheets of myelin 

ensheathing an axon at P21. A-axon, M- myelin. Scale bar: a, 400 nm; b, 100 nm.
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Fig. 5.14. Gap junctions between glial cell types in the adult visual cortex: (a, â ) gap 

junction (arrows) between an oligodendrocyte (O) and a small astrocytic process (A), 

(b) a long junction (arrows) between two astrocytic processes (A), (c) a reflexive gap 

junction (arrow) between different parts of the same astrocytic process (A), (d) gap 

junction-like structure (arrows) between a myelinated axon (Ax) and an ensheathing 

oligodendrocyte process (0). Scale bars: a, 1 fxm; â , b, c, d, 100 nm
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Fig. 5.15. Illustrations of neuronal-astroglial gap junctions in the visual cortex of 

adult brain: (a, b) arrows point to a gap junction between a dendritic profile, probably 

a spine (D), receiving a synapse (arrowhead) and an adjacent astrocytic process (A), 

(c, d, e, f) examples of gap junctions (arrows) between dendritic profiles (D) and 

astrocytic processes (A). Note the irregular morphology and the paucity of 

cytoplasmic organelles that are typical of astrocytes (see text for details). Seale bars: 

a, c, e, 200 nm; b, d, f, 100 nm.

168



:4V-

€?.
i

g #

&

4f



Fig. 5.16. A small inter-neuronal gap junction (arrow) between the soma of a 

pyramidal neuron (N) and a dendritic element in the adult visual cortex. Scale bar: a, 

1 ^m; b, 50 nm.
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Fig. 5.17. A gap junction plaque in freeze-fracture preparations from layers V and VI 

of adult visual cortex showing discrete clusters of connexons in E and P faces (arrows 

in a, b). The connexons, although in discrete clusters, show a dispersed distribution 

on the membrane surface. Scale bar: a, 200 nm; b, 400 nm.
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Fig. 5.18. Another example of a plaque in the adult cortex displaying discrete clusters 

of connexons in E and P faces (arrows in a), possibly involving an astrocytic 

membrane on the P face (arrows in b point to square array of particles, characteristic 

of astrocytes). Note the dispersed distribution of connexons on the membrane surface. 

Scale bar: a, 200 nm; b, 400 nm
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Fig. 5.19. Gap junction plaques (large arrows in a), possibly of astrocytes, consisting 

of discrete clusters of connexons with small particle-free isles. The spatial 

organization of connexons on the E-face is comparable to cardiac gap junctions. Small 

arrows in a, point to globular shaped particles characteristic of astroglial membrane. 

Scale bar: 100 nm.
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Fig. 5.20. Examples of gap junction plaques with homogeneously distributed pits on 

the E face (E) and fewer exposed P face particles. The spatial organization of 

connexons on the E-face is comparable to liver gap junctions (see Fig. 5.24b). Scale 

bar: a, b, c, 100 nm.
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Fig. 5.21. Replica of an oligodendrocytic process from the adult visual cortex 

showing several P face plaques (arrows).Scale bar: 200 nm.
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Fig. 5. 22. A small plaque (arrows), possibly neuronal, displaying a homogeneous 

distribution of connexons, is comparable to gap junctions of liver (see Fig. 5.24b), 

motor neurons of spinal cord and amacrine cells of the retina. Scale bar: 100 nm.
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Fig. 5.23. A gap junction plaque exhibiting a highly crystalline array of pits, 

resembling a ‘honeycomb’ organization on the E-face. Scale bar: 100 nm.
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Fig. 5.24. Examples of gap junction plaques from heart (a) and liver (b) tissues.

(a) The characteristic clusters of connexons with particle free isles are clearly visible, 

especially on the E-face, (b) Note the homogeneous distribution of connexons (as pits) 

on the E-face. Scale bar: a, 100 nm; b, 67 nm.
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Fig. 5.25. (a) Illustration of orthogonal arrays of intramembranous particles (arrows), 

a characteristic feature of perivascular astrocytic processes, (b). A chain of tight 

junctions (arrows) probably associated with endothelial cells of fractured blood 

vessels. Scale bar: a, b, 100 nm.
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Fig. 5.26. (a) A gap junction in the process of being internalised into an astroglial 

process, (b) An annular profile of an internalised gap Junction in an astroglial process 

(large arrows indicate the glial intermediary filaments). Note the cytoplasmic content 

indicated by small arrows in both figures. Scale bar; a, b, 67 nm.
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Fig. 5.27. (a) Gap junctions between processes of glial limitants (large arrows). Note 

the glial filaments indicated by small arrows, (b). A long gap junction (arrows) 

located between astrocytic end-feet ensheathing a blood vessel. BV - blood vessel. 

Scale bar: a, b, 100 nm.
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5.5. Discussion

The present electron microscopical analysis has confirmed the presence of 

inter-glial and inter-neuronal gap junctions in the developing and adult cerebral 

cortex. The localization of gap junctions in the embryonic cortex is in agreement with 

the observed connexin immunoreactivity. Further, the finding of gap junctions 

between elements resembling astroglial phenotype during late neurogenesis is also in 

agreement with the report of Yamamoto et al. (1992) which describes Cx 43 

immunoreactivity in radially elongated glial processes during early postnatal life. The 

clusters of intramembranous particles, resembling connexons, noted only during the 

first two postnatal weeks suggest these to be possible neuronal gap junctions which 

may be involved in inter-neuronal coupling (Peinado et al., 1993a). This is supported

by the finding in thin-sections of small gap junctions between neuronal elements during 

the first two postnatal weeks.

Counts of gap junctions in ultrathin sections of the adult cortex revealed that 

79% of the junctions involved inter-glial elements, of which 72.5% were between 

astrocytes while the remaining involved oligodendrocytes. Similar to the observations 

made here, studies based on 3-dimensional reconstruction of astrocytes has suggested 

that a substantial proportion of the astroglial junctions in the cortex are ‘reflexive’ gap

junctions (Wolff et al., 1996). Although the function of these reflexive junctions is % 

not clear, it is possible that these junctions connect distal astrocytic lamellae to more 

proximal parts in order to maintain the ionic balance within the cell.

In freeze-fracture replicas, most plaques showed a discrete hexagonal 

arrangement of 8-9 nm particles with small corridors of particle-free membrane 

matrix. This pattern was comparable to the gap junctions of the cardiac intercalated 

diŝ cs composed of Cx 43 (Green and Severs, 1984). However, there were also
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examples of plaques that exhibited a highly crystalline honeycomb appearance, 

particularly noticeable on the E face. According to Massa and Mugnaini (1982),
a

plaques with such ^description are homologous gap junctions between astrocytes. 

There were also examples of plaques that showed close packing of 8-9 nm particles 

but with neither crystalline nor hexagonal arrangements. Similar images were 

reported by Massa and Mugnaini (1982) to represent astro-oligodendrocytic gap 

junctions, although the possibility that some may represent astro-neuronal junctions 

cannot be excluded. However, it has been reported by Peracchia (1980) that the 

packing arrangement of connexons depends on their physiological state at the time of 

fixation. Accordingly, uncoupled channels with a higher resistance may have 

crystalline appearance, while channels that are coupled will have a low resistance and 

hence be packed in a disorderly manner appearing as amorphous plaques. Similar to 

the junctional plaque described in this study between sheets of myelin, gap junctions 

have been noted at Schimdt-Lantermann in compact myelin in the peripheral nervous 

system. These junctions have been speculated to “short-circuit” the tube of cytoplasm 

coimecting the Schwann cell body to its periaxonal cytoplasm, thus reducing the 

distance of the passage that nutrients need to traverse (Paul, 1995). However, such 

‘reflexive’ gap junctions between sheets of compact myelin have not been reported in 

the central nervous system.

Inter-neuronal gap junctions are present in many regions of the brain (Sotelo, 

1975), and have been sighted on few occasions in the cerebral cortex of the rat 

(Peters, 1981) and primate (Sloper and Powell, 1978). Although this type of junction 

accounted for 2% of the gap junctions in this study, they were considerably more 

frequent than reported previously, but were fewer in number than expected based on 

the abundance of the neuronal Cx 32 immunoreactivity throughout the cortex.
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Approximately 13 junctional channels are required to electrically connect one neuron 

to another within a cluster of coupled cells (LoTurco and Kriegstein, 1991), and it can 

be argued that to achieve electrical synchronization between neurons fewer channels 

would suffice. Since most of the inter-neuronal junctions observed in this study were 

small in size (70-80 nm compared to 0.3 pm for astroglial junctions on average), it 

may be assumed that the channel density of these structures is low. This may explain 

the reported low dye-coupling incidence detected among adult cortical neurons 

(Connors et ah, 1983; Peinado et ah, 1993b) and may account for the low percentage 

of inter-neuronal gap junctions.
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CHAPTER SIX 

GENERAL DISCUSSION

6.1. Gap Junctional Communication In the Adult Cerebral Cortex

Although the results of the current study have demonstrated that gap junctions 

and their constituent connexins are abundantly expressed in the adult neocortex, some 

observations may appear to counter existing evidence. One such concern is that 

neuronal-astrocytic coupling has not been visualized in dye-coupling studies 

performed in cortical slice preparations of developing and adult rats. It has been 

suggested that one important property of dye-coupling in cortex is its selectivity 

(Peinado et al., 1993b). Based on light microscopical identification, these authors 

have reported that nonpyramidal neurons in cortical slices of early postnatal rats 

couple only to other neurons of the same type. Similar studies in adult rodents showed 

dye transfer only between neurons or between astrocytes (Gutnick and Prince, 1981; 

Gutnick et al., 1981; Connors et al., 1983). During postnatal cortical development, 

when astroglial cells are still immature, it is possible that gap junctional 

communication may largely be restricted to neurons. In this context, it is interesting 

to note that neuronal-astroglial gap junctions were not observed during early postnatal 

development of the cortex.

However, in a more recent study in cortical slices of mature animals (Müller, 

1996), astrocytes injected with either Lucifer yellow or Neurobiotin showed dye- 

coupling with GFAP-negative cells, suggesting that astrocytes may also be coupled to 

neurons, oligodendrocytes and to astrocytes devoid of GFAP. It is also pertinent to 

note that if neuronal-astroglial gap junctions show unidirectional intercellular 

signalling pathway, as demonstrated between oligodendrocytes and astrocytes of the
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retina (Robinson et al., 1993), intracellular injections of cortical neurons may not 

result in coupling with astrocytes. Alternatively, fewer junctional channels may be 

present at the distal parts of dendrites. This can result in dye injected into a neuronal 

soma crossing into a ‘coupled’ astrocyte, but failing to reach detectable levels due to 

low channel density. It has been demonstrated that electrical coupling may exist 

between heterologous cells in the absence of dye-transfer between cultured cortical 

cells (Ransom and Kettenman, 1990). Low coupling ratio due to fewer channels has 

been suggested as a possible explanation for the lack of dye-transfer between these 

cells.

Calcium signalling between astrocytes and neurons may modulate the 

propagating changes in neuronal excitability as noted in injury and seizures (Charles,

1994). Two different mechanisms for Câ "*" signalling from astrocytes to neurons have 

been reported in the literature. Purpura et al. (1994) demonstrated a Câ '*' mediated 

release of glutamate from astrocytes which in turn might stimulate surrounding 

neurons. However, Nedergaard (1994), using primary forebrain cell-cultures, 

demonstrated gap junction-mediated unidirectional Câ "̂  signalling from astrocytes to 

neurons, thereby implying the existence of asymmetrical signalling pathways between 

such heterologous cell types. Other studies have provided further evidence in support 

of the observation that Ca^^ signalling from astrocytes to neurons may take place not 

only through the release of glutamate, but also by a more direct pathway mediated by 

gap junctions (Charles, 1994). More recently, Nedergaard et al. (1995) have 

demonstrated that gap junctions are required for the generation and propagation of 

spreading depression, and most likely involve neurons and astrocytes.

What is the nature of the connexin make up of such astroglial-neuronal gap 

junctions? Previous studies in a Xenopus oocyte system reported that Cxs 43 and 32
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form heterologous intercellular channels that display asymmetrical properties with 

regard to voltage sensitivity (Swenson et al., 1989; Werner et al., 1989). However, 

using the primary cell culture system, Nedergaard (1994) suggested that junctions 

composed of mixed Cx 43/Cx 32 channels mediate Ca^^ signalling from astrocytes to 

neurons. More recently. White and colleagues (1995), also using an oocyte model 

system, have reported that Cxs 43 and 32 are functionally incompatible, and 

suggested that the second extracellular domain controls the selection of compatible 

connexins.

All connexins contain highly conserved extracellular domains (Beyer et al., 

1990), and it is possible that heterologous gap junctions composed of Cxs 43 and 32 

do exist between cell types known to express these connexins (astrocytes-neurons; 

astrocytes-oligodendrocytes). Alternatively, as observed in this study, populations of 

neurons expressing Cx 43 may form junctional contacts with astrocytes. Although, it 

is conceivable that astrocytes in the neocortex synthesize Cx 32 (Shiosaka et al., 

1989) and form junctions with neurons expressing the same protein, there is now 

clear evidence that cortical astrocytes express neither Cx 32 nor their transcripts 

(Dermietzel et al., 1991). A further possibility is that a third connexin isoform present 

in either of the cell types may account for the astrocytic-neuronal gap junctions. Such 

multiple connexin expression in cortical neurons may enable selective propagation of 

different second messenger molecules between cells. Since the half-life of these 

molecules is short, a small difference in the permeability of different connexins could 

alter intercellular signal transduction (Paul, 1995).

Gap junctional channels between neurons, although fewer in number, may 

provide fast, low-resistance pathways as well as a mechanism for mediating 

subthreshold oscillations responsible for synchronized neuronal firing (Konig et al.,
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1995). A weak electrical coupling between adult cortical neurons may be necessary to 

ensure that the influence of no single neuron predominates (Peinado et al., 1993a).

The network of gap junctions between astrocytes may play an important role in 

neuromodulation by buffering the extracellular concentration around neurons or 

by causing the release of K'*’ from other glial cells, thereby changing the level of 

neuronal excitability (Dermietzel and Spray, 1993).

Does the abundance of gap junctions in the cortex involving neuronal and glial 

cell types lend support for the reticular theory envisaged by the opponents of the 

neuron doctrine in the last century? It is emerging that gap junctions are not 

indiscriminate corridors between cells, bur rather specialized communication channels 

in which the connexin make up influences the size and charge transfer of molecules 

between cells (Bennett et al., 1991). As argued by Peters et al. (1991), the 

individuality of cells is not compromised by the presence of such junctions.

6.2. Functional Implication of Gap Junctional Communication During 

corticogenesis

A major function frequently attributed to gap junctional communication in the 

nervous system is pattern formation (Warner et al., 1984; Caveney, 1985; Fulton,

1995). Furthermore, intercellular gap junctional communication has been implicated 

in facilitating the migration of neural crest and sclerotomal cells (Ruangvoravat and 

Lo, 1992). In neocortical development, according to the radial unit hypothesis of 

Rakic (1988), the VZ consists of proliferative units that provide a proto-map of 

prospective cytoarchitectonie areas. In such a model, the relative spatial positions 

between cohorts of cells in the VZ may be specified by the exchange of diffusible 

signals through gap junctions, thereby enabling migrating cells to maintain their 

spatial positions and contribute to the formation of areas in the cortex. These cohorts
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of cells migrate with the aid of radial glia to their destinations in the CP (Rakic, 

1972), and there is evidence (LoTurco and Kriegstein, 1991) that cells within 

individual radial units are coupled by gap junctions. A more recent study using timed 

BrdU (S-phase marker) labelling has demonstrated that cortical VZ cells show 

increased biocytin coupling during S and G1 phases (Lo Turco and Kreigstein, 1996), 

implicating a cell-cycle dependency.

One of the important observations made by these investigators pertaining to 

the columnar organization of coupled cells, was its similarity to radially arranged 

groups of clonally related cells in the chicken brain (Gray et al., 1988). Similar to 

their observations, in a more recent study where the developmental pattern of (3- 

galactosidase (P-gal) expression was analysed in the cerebral cortex of the p2nZ3’l 

transgenic mouse line, a subset of P-gal labelled cortical progenitors and their 

progeny were arranged in continuous narrow radial colunms from the VZ to the upper 

aspect of the CP (Soriano et al., 1995). Interestingly, in postnatal animals radial 

clusters of heavily labelled P-gal positive cells were discernible until PIO, similar to 

the radial columns of Neurobiotin coupled cells (Peinado et al., 1993). Although 

circumstantial evidence prompts one to speculate a relationship between clonality of 

the cortical neurons and their coupling patterns, direct experimental data is yet 

required to support this notion.

6.3. A Role for Gap Junctional Coupling in the Formation of Cortical Neuronal 

Circuits

Electrophysiological studies have recently suggested that local co-ordination in 

the developing cortex can be achieved, in part, without Na^-dependent action 

potentials and chemical synaptic transmission. Such co-ordination which can be
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visualised as spontaneous fluctuations of intracellular levels of Câ "̂  were not 

abolished by TTX, a Na'*’ channel blocker (Yuste et al., 1992). The specific signals 

responsible for the initiation and propagation of these intercellular Câ '*’ waves is 

unknown. However, prevention of these waves by IP3 receptor antagonists (Boitano et 

al., 1992) indicates that Câ '*’ waves initiated in one or several ‘trigger’ cells in the 

center of a coactive domain propagate through the regenerative intercellular diffusion 

of IP3, which then causes the release of Câ '*’ from intracellular stores (Kandler and 

Katz, 1995).

It has been assumed that the primary function of gap junctional coupling 

between excitable cells is to electrotonically couple them, that is to act as electrical 

synapses. Most postmigratory neurons show weak electrical coupling, although 

strongly dye coupled (coupling ratio 0.005-0.02). This, taken together with gap 

junctions being located in the dendrites (Peinado et al., 1993; Penn et al., 1994) that 

are electrotonically distant from the spike generating zones, will impede the 

electrotonic transmission of action potentials. Thus, it is unlikely that co-ordination of 

electrical activity by passive propagation through gap junctions is the primary 

function of coupling in developing neurons.

It is possible that in the early developing cortex, before the formation of large

number^ of chemical synapses, co-ordination of cells may be achieved by a

biochemical action potential mediated by second messenger molecules, such as IP3

(Kandler and Katz, 1995). Since small second messenger molecules such as Ca "̂̂ ,
a

cAMP and IP3, which are gap junctions permeable, are known to have profound 

influence on biochemical pathways, neuronal gap junctional coupling may not only 

control the co-ordination of electrical activity but also regulate electrical 

excitability, strength of synaptic transmission, neurite growth and gene expression
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(Kandler and katz, 1995; Bashir and Collingridge, 1992; Kater and Mills, 1991; 

Ghosh et al., 1994). Based on the size, shape and orientation of the developmental 

coactive domains taken together with the similarity of the spatial coupling patterns 

with those of chemical synaptic connections, it has been speculated that these domains 

may represent an early form of columnar organisation, present before the 

establishment of extensive synaptic organisation (Katz, 1993). However, evidence for 

this speculation remains circumstantial and awaits further experimental support.

The present study speculates that the expression of connexins postnatally is of 

physiological significance since it coincides with important events in cortical 

development. The two-week period after birth is critical in the development of the rat 

cerebral cortex. It is well established that the rates of morphological, neurochemical 

and functional differentiation are highest at this time (Armstrong-James and Fox, 

1988; Miller, 1988; Parnavelas et al., 1988; Uylings et al., 1990), as is the rate of 

synapse formation (Blue and Parnavelas, 1983). At the same time, studies have 

demonstrated the establishment of local neuronal circuits in the cortex, and there has 

been speculation about the involvement of neuronal coupling through gap junctions in 

this developmental process (Peinado et al., 1993b). Recent studies (Peinado et al., 

1993b) have hypothesised two possible scenarios for how gap junctions may play a 

role in the formation of patterns of connectivity between developing cortical neurons. 

Accordingly, gap junctional coupling may serve to guide chemical synapse formation

i  o f  1
by establishing postsynaptic domains consisting coactive neurons, in the first 

scenario, if axonal collaterals of a presynaptic neuron innervate two groups of neurons, the first 

group consisting cells that are electrically coupled to one another and the second group with cells 

that are uncoupled or less strongly coupled, in time, only those collaterals that are synapsing on to 

the coupled cells will be retained. In the second scenario, the extensive inter-neuronal coupling
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present during the early stages of cortical development will be pruned to a limited 

coupling between adult cortical neurons through a process involving selection, 

strengthening and weakening of gap junctions, similar to the developmental process of 

chemical synapses.

The presence of extensive coupling between neighbouring cells may provide a 

mechanism by which local groups of neurons can exchange developmentally important 

signals. The observation that such coupling disappeared after the third postnatal week 

(Connors et al., 1983; Peinado et al., 1993b), and that the expression of Cx 26 

matched closely the pattern of development of neuronal coupling, prompts one to 

speculate that this protein takes part in the establishment of functional coupling during 

the formation of neuronal circuits in the cortex.

6.4. Future Perturbation Experiments to Study the Role of Gap Junctional 

Communication in the Developing Neocortex

The findings of this investigation, taken together with the reported 

physiological evidence, strongly suggest that gap junctions are the major means of 

intercellular communication during neocortical development before the formation of 

neurotransmitter based chemical circuitry. Although, it is known that gap junctions 

are involved in diverse functions during development, it is unclear what their precise 

roles may be during cortical development and the purpose for multiple connexin 

expression. It would be possible to address some of these issues by perturbing 

intercellular communication in cortical slice preparations using some well 

characterised agents that are known to reduce or increase gap junctional coupling. 

Heptanol, octanol, ISp-glycyrrhetinic acid and oleamide are some of the agents that 

can be used to block or reduce coupling in vitro preparations. In addition, anti peptide
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antibodies specific for the conserved external domains of connexins, and antisense 

oligonucleotides for various gap junctions proteins can also be used to perturb 

connexins expression and coupling.

With molecular biological methods, it is possible to construct an interacting 

but non-functional connexin by selectively deleting or mutating highly conserved 

regions common to all connexins. Once developed, these dominant-negative 

connexins, under the control of tissue specific promoters, could be used to construct 

transgenic animals for functional studies where a given connexin is ablated in a 

specific tissue at a defined developmental time (Goodenough and Musil, 1993). 

Alternatively single-copy connexin genes could be ablated to create ‘knock-outs’ for a 

specific connexin. Such Cxs 43 and 32 knocked-out mice are now commercially 

available.
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