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Abstract 

Connexin (Cx) proteins are important in coordinating neural progenitor cell 

behaviour. Here, we show hippocampal-derived neural progenitor cells (NPCs) 

express a wide and novel repertoire of Cxs when cultured in vitro. This repertoire 

can be modulated by exposure to the extracellular matrix component laminin which 

translates into functional changes in Cx-mediated signaling within hippocampal 

NPCs and their progeny. Novel localization of Cx29 to NPC-derived 

oligodendrocyte progenitor cells (OPCs) in these cultures prompted us to 

investigate what role Cx29 may have in maintenance, proliferation and specification 

of OPCs to oligodendrocytes in the hippocampus. Using a loss-of-function 

approach, we show loss of Cx29 results in reduced OPC and oligodendrocyte 

numbers with a concomitant increase in astrocyte number. However, investigation 

of Cx29 in vivo, which also shows localization to OPCs and oligodendrocytes, 

reveals the role of Cx29 in oligodendrocyte specification may be overridden by the 

additional cues present in the microenvironment as an increase in NG2+ OPC 

proliferation is observed. However, the effect on astrocyte proliferation is likely cell 

intrinsic because increased astrocyte proliferation is maintained in vivo. Closer 

examination of the hippocampal OPC population further indicates Cx32 but not 

Cx47 is expressed by subsets of OPCs while Cx47 is restricted to mature 

oligodendrocytes. Similar to the loss of Cx29, the loss of Cx32 in vivo results in 

increased proliferation of NG2+ OPCs. These data can be reconciled by the novel 

finding that Cx29 and Cx32 likely have complementary roles in the regulation of 

OPC proliferation and specification and can mutually compensate for the loss of the 

other connexin in the OPC subpopulations of null-mutant mice. Modulation of 

these Cxs may thus result in new therapeutic approaches to the treatment of 

diseases where oligodendrocytes are primarily affected such as multiple sclerosis 

and where augmenting progenitor cell specification is a viable treatment option. 
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Chapter 1: General Introduction 

1.1. Preface 

The importance of gap junctions and their component "hemichannels" in the 

regulation of progenitor* cell proliferation, specification and migration has now 

entered mainstream scientific thought (reviewed in (1, 2)) however the underlying 

mechanisms have only begun to be elucidated. It is clear the microenvironment 

(niche) in which progenitor cells reside plays a crucial role in maintaining and 

directing progenitor cell behaviour and, furthermore, likely influences expression 

and function of gap junction proteins. This is especially true in the brain where 

progenitor cells that are restricted to glial fates within their niche demonstrate the 

ability to generate neurons once removed and cultured in vitro (3). 

With these observations in mind, I sought to investigate how 

microenvironment-gap junction crosstalk might influence neural progenitor cell 

(NPC) fate, specifically how altering expression of gap junction proteins might 

restrict NPC specification to a glial cell lineage. I first used a simplified model of 

central nervous system (CNS) development to investigate which connexins (Cxs) are 

expressed by neural progenitor cells (NPCs) and how the extracellular matrix 

influences Cx expression and functionality (Chapter 2). One of the novel findings in 

this study was the expression of Cx29 by oligodendrocyte progenitor cells (OPCs) -

prior to this thesis it was assumed Cx29 expression was restricted to mature 

oligodendrocytes. I then delved deeper into the localization and function of Cx29 in 

these progenitor cells using an in vitro loss-of-function approach (Chapter 3). To 

expand my findings in vivo, I also looked at the localization and role of the 

"oligodendrocyte" Cxs (Cx29, Cx32, and Cx47) in the progenitor cell niche of the 

dentate gyrus using genetic dissection: a combination of single, double and triple 

null-mutant mice to identify novel roles of these three proteins in NPC proliferation 

and specification (Chapter 4). To place the genesis of these studies in context, I will 

The term "progenitor cell" will be used to refer to stem cells and progenitor cells throughout this 
thesis 
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discuss, as part of this general introduction, the connexin protein family and the 

current understanding of the role of the specific connexins examined herein, the cell 

lineage affected by connexin loss in this thesis (oligodendrocytes and 

oligodendrocyte progenitor cells), and finally our current knowledge about the role 

of connexin proteins in development of the nervous system and the regulation of 

NPCs. 

1.2 Connexin proteins 

2.2.2 Structure, Assembly and Nomenclature 

Connexins are a protein superfamily comprised of 20 members in mice and 

21 members in humans (4). Cxs are found within every tissue of the body except red 

blood cells, spermatozoa, and skeletal muscle, although the respective progenitor 

cell populations giving rise to these tissues have been shown to possess gap 

junctions (5). Furthermore, the expression patterns of Cxs show tissue and cell-type 

specificity (5, 6). Defining features of Cxs are intracellular N- and C-termini, 4 

transmembrane-spanning domains (TM1-TM4), one intracellular (CL) and two 

extracellular loops (El and E2) each of which contains three conserved cysteine 

residues that form disulfide bridges between El and E2 (7) (Figure 1.1a). The C-

terminal tail and the CL loop exhibit the most diversity and define individual Cx 

family members although all members of the family are highly homologous 

showing ~50% amino acid homology (8). 

Historically, Cxs were divided into alpha, beta, gamma and epsilon 

subgroups based on the length of their CL and their overall homology to each other 

(9,10); gamma and epsilon Cxs are the most divergent of the groups. Although 

nomenclature has been a controversial issue in the field, the current registration 

with the Human Genome Organisation Gene Nomenclature Committee (HGNC) 

separates Cx genes into five groups with new gene designations for some of these 

Cxs, while the protein nomenclature still relies on predicted molecular weight, e.g. 

Cx29, introduced earlier, has a predicted molecular weight of 29 kDa. As some Cxs 

have different predicted weights in mice and humans, a table (Table 1.1) has been 

2 



Figure 1.1 Connexins and connexin-mediated signalling. A) Structure and salient 
features of a connexin protein. Note the disulfide bridges formed by the conserved 
cysteine residues of the two extracellular loops. TM - transmembrane domain, E -
extracellular loop, CL - intracellular loop. B) Six connexins hexamerize to form a 
connexon or "hemichannel" that can be composed of the same Cxs in which case the 
connexon is homomeric or different connexins in which case the connexon is 
heteromeric C) Connexons present at junctional membranes between adjacent cells 
form an intercellular channel allowing the passage of ions and small metabolites. D) 
A connexon ("hemichannel") in a non-junctional membrane allows the passage of 
ions and small metabolites to and from the cytosol to the extracellular fluid. E) 
Connexons can form protein-protein interactions via the C-terminal tails of the 
composing connexins especially through interactions of PDZ domains. F) Adhesion 
domains formed by gap junction plaques allow the migration of cells, eg. of a 
neuroblast (green cell) along the process of a radial glial cell (purple cell). 
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Table 1.1 Human and mouse connexin genes and proteins 

Gene 
name 

GJA1 
GJA3 
GJA4 
GJA5 
GJA6 
GJA8 
GJA9 
GJA10 
GJB1 
GJB2 
GJB3 
GJB4 
GJB5 
GJB6 
GJB7 
GJC1 
GJC2 
GJC3 
GJD2 
GJD3 
GJD4 
GJE1 

Human 
Connexin 

Cx43 
Cx46 
Cx37 
Cx40 
— 

Cx50 
Cx59 
Cx62 
Cx32 
Cx26 
Cx31 
Cx30.3 
Cx31.1 
Cx30 
Cx25 
Cx45 
Cx47 
Cx31.3a 

Cx36 
Cx31.9 
Cx40.1 
Cx23 

Previous 
Human Gene 

name 
nc 
nc 
nc 
nc 
— 

nc 
GJA10 
— 

nc 
nc 
nc 
nc 
nc 
nc 
nc 
GJA7 
GJA12 
GJE1 
GJA9 
GJC1, GJA11 
— 

— 

Mouse 
Connexin 

Cx43 
Cx46 
Cx37 
Cx40 
Cx33 
Cx50 
— 

Cx57 
Cx32 
Cx26 
Cx31 
Cx30.3 
Cx31.1 
Cx30 
— 

Cx45 
Cx47 
Cx29 
Cx36 
Cx30.2 
Cx39 
Cx23 

Previous 
Mouse Gene 

name 
nc 
nc 
nc 
nc 
nc 
nc 
— 

nc 
nc 
nc 
nc 
nc 
nc 
nc 
— 

GJA7 
GJA12 
GJE1 
GJA9 
GJC1, GJA11 
— 

— 

nc - no change 
a This human ortholog of mCx29 was first entered into GenBank and thus HGNC by 
Sohl et al. (45) as hCx30.2. However work from Altevogt et al. (46) and Sargiannidou 
et al. (54) have shown the functional form found in human brain to be hCx31.3 and 
will be referred to as such here. 
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included to provide clarity when discussing these proteins and to highlight 

differences and similarities between mouse and human Cxs. It should be noted that 

adoption of this new gene naming system is not widespread. Therefore, to simplify 

matters for the reader, the molecular weight nomenclature will be used throughout 

this thesis to refer to both the gene and protein. 

Six connexins hexamerize to form one connexon or hemichannel (Figure 

1.1b). Homomeric connexons are composed of the same Cx proteins while 

heteromeric connexons are formed by different Cxs. Information on the site of 

assembly of the hemichannels is not available for all Cx family members. However, 

work from Musil and Goodenough (11) and from Koval et al. (12) indicates Cx43 

and Cx46 hexamerize in the trans-Golgi while Diez et al. (13) have demonstrated 

assembly of heteromeric Cx26/Cx32 connexons in the ER/Golgi intermediate 

compartment. Further experiments using various Cx constructs suggest the site of 

oligomerization may be different for each Cx (14) and some propose this mechanism 

to occur in a progressive fashion beginning in the ER, moving through the ER/Golgi 

intermediate compartment and ending up with stable connexons in the late Golgi 

compartments (15). It is these stable complexes that are then transported to the cell 

surface (16-18) and inserted into the plasma membrane to form hemichannels in 

non-junctional membranes or, when aligned with compatible connexons present at 

the plasma membrane of adjacent cells, gap junction intercellular channels. 

In vivo and cell culture studies have shown Cxs to have half-lives of a few 

hours (l-5h) (19-24). In order to reconcile many studies on the degradation of Cxs, 

two modes of degradation have been proposed as reviewed in Laird (15): plasma 

membrane Cxs are recycled through the lysosomal pathway, with reports Cx43 is 

mono-ubiquitinated (Ub) for internalization, whereas other signals, possibly poly-

Ub, would target Cxs for ER-associated degradation via the proteasome. However, 

as stated in the Laird review, this reconciliatory model remains to be concretely 

tested for Cx43 and whether it applies globally to the Cx superfamily is unknown. 
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1.2.2 General function and signalling 

Connexins can mediate signalling in four main ways (Figure l.lc-f). The best 

known function is gap junctional intercellular communication (GJIC). This occurs 

when a pair of neighbouring cells each contribute one connexon to form an 

intercellular channel (Figure 1.1c). Docking of the connexons from adjacent cells is 

achieved through the interaction of the extracellular loops (25). Many channels 

assembled together in one area are called a gap junction plaque (Figure 1.1c). 

However, only certain connexon combinations yield functional intercellular 

channels - this is likely due to the inability of the amino acids of each connexon, 

especially those found in E2, to form the proper non-covalent bonds required for 

association with the connexon from the adjacent membrane (26,27). Such selectivity 

confers a rich diversity as well as a tight regulation to Cx-mediated GJIC. Small 

molecules and metabolites such as Ca2+ (28), cAMP (29) and ATP (30) (< 1-1.2 kDa 

(31,32)) typically pass through the channels although there have been reports of 

larger molecules such as shRNAs (33,34) being transferred from one cell to another 

via GJIC. It is generally thought Cx channels are non-selective although different 

permeabilities to certain substrates have been reported (35-37). 

When a connexon is inserted into a non-junctional membrane, passage of 

metabolites to and from the extracellular milieu is facilitated. In this case, 

communication is said to occur via "hemichannels", as mentioned above (Figure 

l . ld) . Both intercellular channels (reviewed in Saez et ah (6)) and hemichannels 

(reviewed in Saez et al. (38)) are voltage-sensitive and can be regulated by 

extracellular Ca2+ concentration and intracellular pH. 

Channel-independent functions of Cxs include protein-protein interactions 

and the formation of adhesion domains. Certain members of the Cx family possess 

protein-protein interaction domains, mostly in the region of the C-terminus (Figure 

l.le). Many have been found to interact through PDZ domains with ZO-1 (39, 40) 

which can lead to downstream participation in gene transcription and cytoskeletal 

regulation (41). Perhaps, the most novel channel-independent function of Cxs 

identified to date is the formation of adhesion domains via the gap junction plaques 
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present on the cell surface. In a series of elegant experiments, Elias et al. (42) 

demonstrated the migration of neuroblasts along the processes of radial glia in the 

developing brain was mediated by the adhesion of Cx26 and Cx43-containing 

connexons expressed by adjacent cells and not by their channel function. It also 

appears there is no segregation of a particular Cx to either neuroblasts or radial glia 

but rather that expression is developmentally regulated (or perhaps regulated by 

components of the microenvironment such as the extracellular matrix) 

demonstrating the heterogeneity of expression of Cxs within and across various 

(neural) cell types during different developmental windows. For example, while 

Cx26 and Cx43 are found in the developing brain, along with other Cxs outlined 

below, the general consensus for mature cell types in the adult brain is that neurons 

contain Cx36 and Cx45; astrocytes express Cx43, Cx30, and some Cx26; while 

oligodendrocytes express Cx29, Cx32 and Cx47 (43) (Figure 1.2). I argue that this 

diversity in Cx cell-type expression and functional association plays an important 

role during development and in the maintenance of proper brain homeostasis, 

notably during postnatal neurogenesis and gliogenesis. To this end, I focussed on 

understanding whether altering Cx29, Cx32, and Cx47 would influence 

oligodendrogenesis. 

1.2.3 The "' oligodendrocyte" connexins: Cx29, Cx32, and Cx47 

First described in an abstract by Altevogt (44) and further characterized by 

Sohl et al. (45), when this thesis research was initiated, it was well known Cx29 was 

expressed by oligodendrocytes and Schwann cells in both the central and peripheral 

nervous systems (46-48) and was the most divergent of all Cx family members (46). 

Null-mice for Cx29 have been generated by two groups (49,50) with both inserting a 

lacZ reporter gene coding for p-galactosidase in place of the Cx29 gene and under 

control of the Cx29 promoter. Both strains show no overt phenotype with respect to 

myelination although the Altevogt mouse eventually develops deafness (51) while 

the Eiberger mouse does not (50). The former strain was used in the experiments of 

this thesis. 
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Figure 1.2. Connexins are expressed by the major cell types of the brain. Schematic 
diagram demonstrating known connexin protein expression, at the time of this 
thesis, in the major cell types of the mature brain including Type 1 nestin+GFAP+ 

neural progenitor cells (NPCs), Type 2 nestin+GFAP- NPCs, Type 3 doublecortin 
(DCX)+ neuroblasts, neurons, astrocytes, oligodendrocyte progenitor cells (OPCs) 
and oligodendrocytes. 
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Interestingly, the function of Cx29 remains unknown. Cx29 connexons likely 

do not form functional intercellular channels (46, 52). Due to its localization to the 

adaxonal membrane of oligodendrocytes and Schwann cells, it has been frequently 

postulated Cx29-mediated hemichannels (i.e., single membrane channels) 

participate in K+ buffering (46, 53) but this hypothesis has never been concretely 

tested. Indeed, hemichannel activity has also not been rigorously investigated. 

Certainly, dye transfer to and from the extracellular milieu from HeLa cells 

transfected with hCx31.3 (human Cx29) has been shown but this group was unable 

to record a current from these cells (54) leaving whether or not Cx29 truly forms 

hemichannels and what ion or metabolite normally passes through the channel 

undetermined. A recent study confirmed the Altevogt mouse phenotype 

demonstrating mutations in hCx31.3 are genetic determinants of non-syndromic 

deafness (55). Although this group has produced point mutants and found retention 

of these mutants in the ER (56) - they have not further explored why the lack of 

Cx29 trafficking to the plasma membrane results in hearing loss. 

Following earlier ambiguities about the localization of Cx32 in the nervous 

system, it is now agreed the main cell types expressing Cx32 are oligodendrocytes of 

the CNS and Schwann cells of the peripheral nervous system (PNS). Our lab has 

further demonstrated expression of Cx32 in oligodendrocyte precursor cells (OPCs) 

of the adult dentate gyrus, specifically in OPCs expressing the neuron/glia antigen 2 

(NG2) (57) chondroitin sulphate proteoglycan and in platelet-derived growth factor 

receptor alpha+ (PDGFaR) cells (58). Unlike Cx29, Cx32 forms both intercellular 

channels and hemichannels. In oligodendrocytes, Cx32 is found on the soma and in 

the paranodal region. It has been shown to form 'reflexive' gap junctions within 

compact myelin, which is believed to provide a shunt for ions to be removed from 

the adaxonal space. It is apposed to Cx30 containing channels on astrocytes and 

mediates, in part, astrocyte-oligodendrocyte (A:0) GJIC (49,59). Mutations of Cx32 

in humans lead to a peripheral neuropathy, X-linked Charcot-Marie-Tooth Disease, 

which has been replicated in Cx32 null-mutant mice (60, 61). 
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Cx47 was first identified by Teubner et al. (62) in 2001. Northern blot analysis 

revealed a peak in transcript at P14, which coincides with peak myelination (62). 

Cx47 is localized to oligodendrocyte soma and proximal processes. Again, two 

groups have generated null-mutant mice. Odermatt et al. (63) inserted a GFP 

reporter in place of the Cx47 gene inserted in-frame after the seventh codon of the 

Cx47 gene and removing some of the 3'UTR. Menichella et al. (64) used a neo-

cassette insert to remove most of the 5'UTR, the N-terminus and the four 

transmembrane domain sequences leaving only a small portion of the C-terminus 

intact however no mRNA or protein was observed in knock-out (KO) spinal cord. 

While the Menichella mouse shows no overt phenotype and no defects in myelin 

using semithin sections, the Odermatt mouse develops vacuolized myelin in the 

CNS of some but not all Cx47V- mice examined. In animals with no vacuoles, there 

is no difference in the state of the myelin when compared to wild-type controls. 

When crossed with Cx32 KO, both Cx47-/- null-mouse lines produce double KOs 

which develop tremor, tonic seizures, and sporadic convulsions that generally lead 

to death during the 6th postnatal week. In addition to thin myelin sheath and 

presence of vacuoles, Menichella observed macrophages containing myelin debris 

and apoptotic oligodendrocytes. Odermatt et al. also show myelination was 

developmentally delayed in Cx47-/- mice versus WT. Although the demyelination 

phenotype is mild in Cx47 - / - mice, point mutations of Cx47 in humans result in a 

rather devastating leukodystrophy, Pelizaeus-Merzbacher-like disease (PMLD)(65). 

Reasons for these drastic differences may be linked to ER retention of certain point 

mutants combined with a more pronounced effect of loss of Cx47/Cx43 A:0 GJIC in 

humans than in mice (66). In the single and double KOs, PNS myelin was unaffected 

which is consistent with Cx47 not being expressed by Schwann cells of the PNS. 

Together, these three Cxs form the oligodendrocyte component of the glial 

syncytium (Figure 1.3). A recent review from Rash (53) nicely highlights the role of 

the glial syncytium in K+ buffering and clearance in the brain. Propagation of action 

potentials along axons causes local increases in K+ that are cleared through the 

action of the syncytium. As suggested above, it is proposed Cx29 might be involved 
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Figure 1.3. The glial syncytium plays a major role in K+ buffering. Schematic 
diagram of how the glial syncytium uptakes and buffers K+. Following neuronal 
activity, K+ is taken up by oligodendrocytes (OL) which transfers the K+ to 
astrocytes (A) via gap junctional intercellular communication mediated mainly by 
Cx47:Cx43 and Cx32:Cx30 channels. K+ then flows through the astrocytic network 
to be extruded into the blood stream or cerebral spinal fluid via astrocytic endfeet. 
BV - blood vessel, ECM - extracellular matrix. 
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in the initial K+ uptake from the adaxonal space, although, again, this hypothesis 

has yet to be empirically tested. Once inside the oligodendrocyte, K+ flows through 

reflexive gap junctions formed of Cx32 to the outer myelin wrap and finally to the 

soma where the majority of Cx47 and Cx32 gap junctions are found. Cx47 forms 

intercellular channels with Cx43 on astrocytes and is the main mediator of A:0 GJIC 

(48,49, 59,67). K+ would thus flow from the oligodendrocyte to the astrocyte via 

GJIC. Astrocytes are highly coupled to each other by gap junctions, this would 

permit the distribution of K+ throughout the astrocyte system and eventual release 

of K+ (and accompanying osmotic water) from astrocytic endfeet into blood vessels 

or into the cerebral spinal fluid. Interestingly, Cx30/Cx43 double-null mutant mice, 

where Cx30 is constitutively deleted and Cx43 selectively deleted from astrocytes, 

show a similar albeit milder demyelinating phenotype as Cx32/47 double-null 

mutant mice (68) thus stressing the importance of proper functioning of the glial 

syncytium in maintaining oligodendrocyte number. 

1.3 Oligodendrocytes 

2.3.2 Origins of oligodendrocytes 

In general, neurogenesis, the birth of neurons, occurs early in the embryonic 

stage while gliogenesis, the birth of astrocytes and oligodendrocytes, occurs in the 

late embryonic/early postnatal period (69). However, OPCs are born early in 

development in the embryonic forebrain and mainly express the marker PDGFaR, a 

receptor tyrosine kinase. Originating in the medial ganglionic eminence (MGE) at 

embryonic day 12.5 (E12.5), these OPCs migrate radially and dorsally to populate all 

areas of the cerebrum and activate at later developmental time frames to generate 

oligodendrocytes (70, 71). Cells bearing the OPC marker NG2 (also known as CSPG-

4) appear a few days after the first PDGFaR+ cells. It seems most PDGFaR+ cells 

during this embryonic stage co-express NG2 although a few scattered cells do not. 

At E18, these initial OPCs are supplemented by OPCs from the lateral and/or 

caudal ganglionic eminences (LGE and CGE, respectively) whereas a third wave of 

cortical-derived OPCs contributes to oligodendrocyte production postnatally (72). 
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At the end of the embryonic stage, all PDGFccR+ cells express NG2 except for the 

PDGFaR+ Type B cells (stem cells) along the SVZ (73). Interestingly, an OPC 

intrinsic* differentiation mechanism seems to exist whereby OPCs in culture will 

initiate a specification program after a certain amount of cell divisions and days in 

vitro (DIV) (74-76). This program is, however, readily overridden by extrinsic cues 

including co-culture with neurons (77). Interestingly, the initial OPCs from the MGE 

are almost completely eliminated in the forebrain postnatally (72). Upon deletion of 

the OPC populations from the MGE or LGE/CGE, the OPCs born at different 

developmental stages expand their territories to compensate for the missing 

populations, suggesting functional equality of these OPC subtypes, despite 

morphological and biochemical differences in the final OL population (78-80). This 

expansion occurs because OPCs seemingly compete for space - with a limiting 

amount of growth factor available the OPCs will migrate toward remaining sources 

of growth factor. However, they stop migrating upon encountering other OPCs 

likely due to contact inhibition (72,81). Furthermore, interaction of OPCs with the 

extracellular matrix component laminin can augment the effects of growth factor 

signalling because of reciprocal synergism between integrin- (laminin receptors) and 

growth factor-mediated signalling pathways (82). This synergy therefore promotes 

the survival and specification of OPCs that have migrated to their proper targets 

and highlights the importance of extracellular matrix components in proper brain 

development, a focus of this thesis. 

2.3.2 Postnatal oligodendrogenesis 

In the adult, the Type B GFAP+/nestin+/PDGFaR+ stem cells which line the 

SVZ, generate oligodendrocytes, neurons (83) and non-myelinating NG2+ cells (84). 

A small proportion of Type B cells express 01ig2, a transcription factor required for 

NG2 cell specification (85) also expressed by both OPCs and oligodendrocytes (86). 

* 
The term "intrinsic" will be used to denote the complement of proteins, transcriptions factors, 

epigenetic changes, etc. found within a progenitor cell that affect its proliferation and specification as 
nicely demonstrated in a review by Suh et al. (87) 
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However, in OHg2 fate mapping studies in the adult, cells expressing the target 

reporter gene were found to be NG2 cells, oligodendrocytes or grey matter 

astrocytes but not neurons, although only cortical regions were examined (88). No 

link was made specifically to the Type B cells of the SVZ making it difficult to 

establish the origin of these 01ig2+ cells. In a separate study, NG2+ OPCs were found 

to yield a small population of grey matter astrocytes (89). This highlights the 

continuing debates over whether OPCs are, in fact, multipotential (i.e., can produce 

not only oligodendrocytes but also other glia and, even more controversially 

neurons (90, 91)) in vivo and whether different OPC populations exist (i.e., those 

born embryonically, those generated from multipotential Type B neural stem cells in 

adult tissue and those generated by self-renewal of existing NG2+ cells in adults). 

NG2+ cells are mainly thought to be OPCs and indeed continue to give rise to new 

oligodendrocytes throughout the lifespan of the animal. OPCs are therefore the 

major cycling cell population in the adult brain (92) (Figure 1.4a). A subpopulation 

of NG2 glia do not divide in uninjured brain and likely "monitor" neuronal activity 

given that some NG2 glia possess AMPA receptors and are responsive to glutamate 

(93,94) thus making them sensitive to neuronal activity. This hypothesis is further 

supported by the finding that NG2 glia can also be responsive to GAB A (via the 

G A B A A receptor) which leads to activation of sodium channels followed by changes 

in intracellular calcium levels and stimulation of migration (95). 

Using OHg2 and NG2 reporter mice where marker genes are placed under the 

control of these respective promoters, it has been found the rate of adult generation 

of oligodendrocytes is higher in white matter than in grey matter (88, 96). Often, 

OPCs express both PDGFaR and NG2 with reports that 75% of NG2+ cells are also 

PDGFaR+ (97) in the adult. These data yet again demonstrate heterogeneity in the 

OPC population with functional impact having yet to be investigated. Furthermore, 

morphological and electrophysiological differences between grey and white matter 

NG2+ cells have been observed. Grey matter NG2+ cells show activity resembling 

immature action potentials following depolarization (98). Subpopulations of white 

matter NG2 cells have been shown to generate action potentials while the other 
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Figure 1.4. The process of oligodendrogenesis. A) Embryonic origins of 
oligodendrocytes and progeny of oligodendrocyte progenitor cells with indicated 
cell-type specific protein markers and transcription factors. B) Oligodendrogenesis 
which occurs in vitro in hippocampal-derived neural progenitor cells cultures 
derived from single nestin+GFAP+ putative stem cells. 
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white matter population is non-excitable (99,100). In the hippocampus, the focus of 

this study, NG2+ cells show heterogeneity based upon their electrophysiological 

properties (101) and response to growth factors (102). Again, this functional 

heterogeneity has yet to be reconciled with lineage heterogeneity. However, 

generally, the use of reporter mice clearly demonstrates all oligodendrocytes are 

derived from cells having expressed NG2 at one time or another over the course of 

embryonic or postnatal development. 

1.3.3 Dysfunction and death of oligodendrocytes: psychiatric and demyelinating disorders 

While many in the neurosciences first concentrated on the role of neurons in 

the brain, followed by a focus on astrocytes, less attention has been given to the role 

of non-myelinating and myelinating oligodendrocytes eventhough defects in these 

cells underlie multiple neurodegenerative diseases. Multiple sclerosis (MS) is a 

prime example of a devastating demyelinating disorder. Demyelination of axons 

eventually leads to the degeneration of axons and results in both motor and 

behavioural deficits, some linked to cognition. Hippocampal oligodendrocyte loss, a 

grey matter pathology, for example, is thought to be responsible for some of the 

cognitive deficits seen in MS patients (103,104). Remyelination does occur in MS but 

eventually fails resulting in exacerbation of axonal loss. Remyelination failure is 

thought to be due to three possible factors: eventual deficiency in OPC availability 

(105,106), failure of OPC recruitment to the lesion site (especially observed in older 

animals), and/or failure of OPCs to specify to oligodendrocytes (107). Thus, two 

therapeutic approaches seem plausible - augmenting endogenous progenitor pools 

and promoting their specification to mature oligodendrocytes. Recently, Jessberger 

et al. (108) demonstrated multipotential NPCs from the subgranular zone (SGZ) of 

the dentate gyrus of the hippocampus, which normally become granule neurons, 

can be reprogrammed by overexpression of Ascll (Mashl) to become 

oligodendrocytes, providing further support for such strategies. Moreover, 

postmortem studies have shown abnormalities in white matter tracts of 

schizophrenia patients further linking defects in oligodendrocyte homeostasis to 
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psychiatric disorders (109,110). Many oligodendrocyte genes have been determined 

as risk factors for development of schizophrenia - in fact, almost half of the risk 

alleles lie within genes determining oligodendrocyte function, survival and 

specification (111). Resulting changes in transcript are often found without 

accompanying deficits in neuronal genes demonstrating a primary role of 

oligodendrocyte dysfunction in disease manifestation. 

Taken together, these studies highlight the importance of understanding the 

intrinsic and extrinsic (niche) factors regulating OPC proliferation and specification 

as well as oligodendrocyte survival. This understanding is certainly required to 

identify possible new avenues of therapy for both demyelinating and cognitive 

disorders. 

1.4 Role of connexins in neurodevelopment 

1.4.1 Embryonic neurodevelopment 

Multiple Cxs begin to be expressed during the embryonic phase of neural 

development. Cx26 and Cx43 are known to be expressed by radial glia and NPCs 

found within the ventricular zone (VZ) of the developing brain (112-114). Seminal 

studies by LoTurco and Kriegstein have shown VZ progenitors to be coupled by gap 

junctions (114,115). It is hypothesized this coupling helps synchronize entry (or exit) 

into (out of) different phases of the cell cycle as coupling increases the chance a cell 

will enter S phase. Indeed, coupled clusters are composed of radial glial cells and 

cycling precursors but not migrating or post-mitotic neurons (114). A subsequent 

study found Cx26 and Cx43 protein expression to be regulated reciprocally over the 

course of the cell cycle. Cx26 levels increase during S phase until cell entry into Gl 

while Cx43 levels decrease during this same time suggesting coupling is mediated 

by different Cxs in NPCs at different cell cycle phases (113). Certainly, Fushiki et al. 

(116) have shown loss of Cx43 results in decreased coupling between cells and in 

mislamination of cortical neurons. They surmised this was possibly due to 

"disrupted interactions between migrating neurons and radial glial fibers" perhaps 

mediated by the above mentioned mechanism elucidated by Elias and Kriegstein 
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(42). Another mechanism by which this may occur could be related to Ca2+ wave 

propagation, which is linked to cell migration and proliferation with changes in 

intracellular Ca2+ known to occur in VZ cells (117). ATP release through 

hemichannels can stimulate purinergic receptors (P2YRs) that leads to PLC-IP3 

signalling and release of Ca2+ from intracellular stores (118). In fact, Cina et al. (119) 

have proposed, based on work from Scemes et al. (120) that expression of P2Y1R 

might be linked to Cx43 because diminished expression of these receptors is seen in 

NPCs from Cx43 null-mice and that these two proteins are part of a signalling 

pathway controlling neuronal migration. 

Early studies also showed extensive coupling between neurons in the 

postnatal cortex with a majority of dye-injected neurons being coupled to upwards 

of 80 neurons. This coupling showed a drastic decline after the first two postnatal 

weeks, likely upon maturation of the chemical synapses within cortical networks 

(121,122). Work by Cina et al. (119) has looked at cortical Cx expression at the 

transcript and protein level within the developing embryonic neocortex to identify 

Cxs responsible for functional GJIC. They found transcript and protein expression of 

Cx26, Cx36, Cx37, Cx43 and Cx45 at all stages examined (E14, E16, and E18) while 

Cx40 transcript was only expressed at low levels at E14. Cx43 and Cx45 were the 

most abundant, with Cx43 showing increased expression at later developmental 

timepoints. Cx36 and Cx26 immunoreactivity was associated with the neuronal 

marker (MAP-2) indicative of expression in immature neurons. Cx26 was also found 

associated with nestin positive fibers in the cortical plate along with Cx43, 

suggesting expression in undifferentiated NPCs. In adult brain, only Cx36 

expression was retained. The authors thus conclude Cx36 plays a role in coupling 

neuroepithelial cells in the VZ during early neurogenesis followed by coupling of 

migrating neurons of the cortical plate during corticogenesis. As for Cx43, a wealth 

of evidence from this study and others (112,113,123-125) implicate Cx43 in cell 

cycle regulation of progenitors, neurogenesis and neuronal migration. In other CNS 

regions, Leung et al. (126) investigated expression of Cx26, Cx32, Cx43 and Cx45 in 

the developing rat midbrain floor which gives rise to dopaminergic neurons of the 
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substantia nigra. All four Cxs were expressed throughout embryonic and postnatal 

development both in neuronal and non-neuronal cells. The authors hypothesize 

these Cxs play a role in the coordinated migration of dopaminergic neurons from 

the VZ to the substantia nigra and ventral tegmental area. In vitro, Rozental et al. 

(127) found a similar expression pattern focusing on the immortalized hippocampal 

neuronal progenitor cell line MK31. In untreated neuroblasts, Cx43 and Cx45 mRNA 

was detected. Upon stimulation of differentiation with IL-7, additional expression of 

Cx26, Cx33, Cx36 and Cx40 was observed (similar results were obtained for 

hippocampal primary cultures kept for 14 days in vitro (DIV)). Cx43 mRNA levels 

drop, Cx40 is not detected, and Cx36 form functional intercellular channels by the 

time these cells exhibit neuritic extensions, having additionally been treated with 

TGFcx. 

Together, these studies point to general roles of Cxs in proliferation, 

specification and migration of neural cells during development. To date, focus has 

been placed on the study of Cxs in embryonic development because these proteins 

are thought to metabolically and electronically (before the establishment of chemical 

synapses) couple new networks of cells that will be functionally connected in the 

adult. Less has been done to determine the role of Cxs in metabolic and electronic 

coupling of progenitor cells in the neurogenic and gliogenic areas of the adult brain. 

The role of Cx expression in regulating postnatal progenitor cell fate, specifically in 

the neurogenic and gliogenic niche of the hippocampal formation, will be the focus 

of this thesis. 

L4.2 Adult neurogenesis and gliogenesis 

In adult brain, radial glial-like cells of the SGZ are coupled through gap 

junctions and express Cx43 and Cx30. Removal of these connexins results in 

uncoupling and reduced proliferation of the radial glial-like cells which leads to a 

decreased numbers of granule neurons (128). Furthermore, ablation of Cx30 alone is 

sufficient to reduce the number of proliferating neuroblasts in this region (129). Loss 

of Cx32 in NG2+ cells of the SGZ causes overproliferation of these NG2+ cells that 
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are then promptly deleted via apoptosis, presumably because no new 

oligodendrocytes are required. Otherwise, studies investigating whether postnatal 

neural progenitor cells, glial progenitors or neuroblasts express connexins, the role 

these connexins might play in the process of neurogenesis and gliogenesis, and 

whether Cxs influence proliferation, specification, migration and /o r integration of 

these cells into functional networks are few and far between. 

1.5 Hypothesis and objectives 

The overarching hypothesis of my work is therefore that the repertoire of Cxs 

expressed by neural progenitor cells in the SGZ directs, in part, their capacity to respond to 

competing neurogenic and gliogenic factors found within the microenvironment. To test 

this hypothesis, I first looked at which Cxs were expressed in hippocampal-derived 

NPCs using an in vitro model (Figure 1.4b). Taking advantage of this model, I next 

investigated whether the ECM component within this niche regulated the 

expression and function of Cx proteins in vitro. In this model, novel localization of 

Cx29 to OPCs led me to further explore the role of this Cx on OPC proliferation and 

specification. Finally, to move these in vitro findings in vivo, I used a genetic loss of 

function approach to investigate whether Cx29 and the other 'oligodendrocytic' Cxs 

(Cx32 and Cx47) regulate adult progenitor cell proliferation, specification, and cell 

replacement in the SGZ. 
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Chapter 2: Neural progenitor cells express a wide repertoire of connexins that is 

modifiable by the extracellular matrix component laminin* 

2.1 Objectives of this study 

1) Determine which connexins are expressed by hippocampal-derived neural 

progenitor cells 

2) Determine the cell types in which each connexin is expressed 

3) Examine the effect of laminin on connexin protein expression and function 

2.2 Statement of author contributions 

SI and LGG performed the majority of the experimental work. SI, LGG, and 

SALB conceived and designed the experiments, analyzed the data, interpreted the 

results, and prepared the figures. CDS and RD carried out and interpreted the 

quantification of the lineage analysis with SI. CDS performed the immunogenic 

analyses on Cx36-/- neurospheres. LM participated in and interpreted the 

functional communication assays. AP performed the Cx45 RT-PCR and the 

comparison of different matrices on Cx43 expression. HDT participated in the Cx30 

immunoassays and performed all of the flow cytometry experiments. ASM, KN, 

DLP, and AMS created and provided key study material and assisted in data 

analysis. DLP and AMS helped draft the manuscript. SI and SALB wrote the 

manuscript. SALB coordinated the study and provided financial support. 

* A version of this chapter has been published in BMC Neuroscience: 
Imbeault S*, Gauvin LG*, Toeg HD, Pettit A, Sorbara CD, Migahed L, DesRoches R, 
Menzies AS, Nishii K, Paul DL, Simon AM and Bennett SAL. (2009) The 
extracellular matrix controls gap junction protein expression and function in 
postnatal hippocampal progenitor cells. BMC Neuroscience. 10(1):13. 
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2.4 Summary 

Background: Gap junction protein and extracellular matrix signalling 

systems act in concert to influence developmental specification of neural stem and 

progenitor cells. It is not known how these two signalling systems interact. Here, 

we examined the role of ECM components in regulating connexin expression and 

function in postnatal hippocampal progenitor cells. Results: We found that Cx26, 

Cx29, Cx30, Cx37, Cx40, Cx43, Cx45 and Cx47 mRNA and protein but only Cx32 

and Cx36 mRNA are detected in distinct neural progenitor cell populations cultured 

in the absence of exogenous ECM. Multipotential Type 1 cells express Cx26, Cx30, 

and Cx43 protein. Their Type 2a progeny but not Type 2b and 3 neuronally 

committed progenitor cells additionally express Cx37, Cx40, and Cx45. Cx29 and 

Cx47 protein is detected in early oligodendrocyte progenitors and mature 

oligodendrocytes respectively. Engagement with a laminin substrate markedly 

increases Cx26 protein expression, decreases Cx40, Cx43, Cx45, and Cx47 protein 

expression, and alters subcellular localization of Cx30. These changes are associated 

with decreased neurogenesis. Further, laminin elicits the appearance of Cx32 

protein in early oligodendrocyte progenitors and Cx36 protein in immature 

neurons. These changes impact upon functional connexin-mediated hemichannel 

activity but not gap junctional intercellular communication. Conclusions: Together, 

these findings demonstrate a new role for extracellular matrix-cell interaction, 

specifically laminin, in the regulation of intrinsic connexin expression and function 

in postnatal neural progenitor cells. 
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2.5 Introduction 

Juxtacrine signalling mechanisms, specifically cell-extracellular matrix (ECM) 

interactions and gap junctional intercellular communication (GJIC), act in concert to 

influence developmental specification of neural stem and progenitor cells (NPCs). 

The interaction of laminins with integrin receptors segregates proliferating units in 

the embryonic ventricular zone from migrating units in the overlying cortex (1) 

while GJIC within these ECM-defined boundaries ensures synchronous cellular 

activity between cells destined to become functional domains (2-4). Similarly, the 

interaction of laminin with receptors containing (31 integrin directs radial migration 

of proliferating neuroblasts from the embryonic ventricular zone and along the 

adult rostral migratory pathway (1,5) while the presence of gap junction connexin 

proteins facilitates migration of neuroblasts along the axial processes of their radial 

glial guides during cortical lamination (6-8). Thus, available data suggest that ECM 

and connexin-mediated signalling systems act in concert to direct NPC 

specialization and migration. 

Gap junction communication occurs through intercellular channels formed 

by connexins (9). Oligomerization of six connexins forms a hemichannel (connexon) 

when inserted into non-junctional plasma membranes (10). Connexons allow for the 

regulated passage of ions and small molecules (<, 1 kDa) between the cytoplasm and 

the extracellular space (10). Alignment and docking of two connexons in adjacent 

cells creates an intercellular channel enabling direct cell-cell communication and 

possibly adhesion. Clusters of intercellular channels make up the morphologically 

defined gap junction (9). There are 20 different connexin proteins in mouse; 21 in 

humans (11). Fourteen (Cx26, Cx29, Cx30, Cx30.2,0x31.1, Cx31.9, Cx32, Cx36, Cx37, 

Cx40, Cx43, Cx45, Cx47, Cx57) are detected in embryonic and /or adult central 

nervous system (12-15) but only select connexin combinations are capable of 

oligomerization, adhesion, and functional communication. 

The impact of ECM components upon connexin expression in NPCs has not 

been tested. This is an important issue because NPCs are routinely expanded as 

neurospheres in the absence of exogenous ECM while functional assessment of cell-
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cell signalling pathways often involves replating on adhesive substrates. 

Understanding the changes in NPC phenotype in 2D and 3D culture systems is 

necessary if we are to rigorously test and validate potential strategies involving 

NPC expansion and specification in vitro (16). It has already been demonstrated, in 

other cell types, that connexin expression and intercellular communication is 

strongly influenced by laminin-integrin interactions (17-19). In this study, we 

sought to identify the connexins intrinsically expressed by postnatal NPC 

populations and determine whether exposure to laminin or simple adhesion alters 

connexin expression and connexin-mediated GJIC and/or hemichannel activity. We 

show that subsets of NPCs exhibit a unique connexin profile and that this profile is 

altered by laminin but not poly-L-lysine impacting upon functional channel activity. 

2.6 Methods 

2.6.1 Mice 

Breeding pairs of Cx29-/-, Cx36V-, Cx37V+, Cx40V-, Cx45F/F, and Cx477-

animals were generated by our laboratories as described (20-25). Cx32V- and Cx30V-

animals (26, 27) were kindly provided by Dr. Klaus Willecke (University of Bonn). 

Nestin-cre recombinase transgenics (28) were kindly provided by Dr. Ruth Slack 

(University of Ottawa). Each strain was backbred for 3-12 generations into a 

C57BL/6 lineage. All null-mutant mice were compared to congenic wild-type (WT) 

littermates. Mice were kept on a 12h light-dark cycle and allowed food and water ad 

libitum. Mice were genotyped using the primer pairs listed in Table 2.1. All 

experimental protocols were approved by the Animal Care Committee of the 

University of Ottawa according to guidelines set forth by the Canadian Council on 

Animal Care. 
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Table 2.1 Genotyping protocols 
Gene 

Cx29 

Cx30 

Cx32 

Cx36 

Cx3T° 

Reaction Conditions" 
Cx29F:5'-ATCTGTGCTGTGCTATTTGGAGT-3' 
Cx29R:5'-ACAGGTTGTGCTGCCAATAC-3' 
lacZF:5'-CCGACGGCACGCTGATTGAAG-3' 
lacZR:5'-ATGCGGTCGCGTTCGGTTGC-3' 
Primer concentrations: 10 ng/fiL each 
Volume of tail DNA: 5 juL 
Final reaction volume: 20 juL 
F:5'-GGTACCTCCTACTAATTAGCTTGG-3' 
lacZR:5'-AGCGAGTAACAACCCGTCGGATTC-3' 
WTR:5'-AGGTGGTACCCATTGTAGAGGAAG-3' 
Primer concentrations: 8 ng//iL each 
Volume of tail DNA: 1 juL 
Final reaction volume: 25 juL 

F:5'-ATACACCTTGCTCAGTGGCGTGAATCGGCA-3' 
R:5'-TCATTCTGCTTGTATTCAGGTGAGAGGCGG-3' 
Primer concentrations: 8 ng/juL each 
Volume of tail DNA: 2.5 juL 
Final reaction volume: 12.5 juL 

F:5'-TCTTACTCCACACAGGCATAGAGTGTCTGC-3' 
R:5'-TCATTCTGCTTGTATTCAGGTGAGAGGCGG-3' 
Primer concentrations: 8 ng/juL each 
Volume of tail DNA: 2.5 fiL 
Final reaction volume: 12.5 juL 

F: 5'-AGCGGAGGGAGCAAACGAGAAG-3' 
R: 5'-CTGCCGAAATTGGGAACACTGAC-3' 
Primer concentrations: 8 ng/fiL each 
Volume of tail DNA: 5 juL 
Final reaction volume: 25 juL 

PLAPF: 5'-GGTGAACCGCAACTGGTACT-3' 
PLAPR:5'-CCCACCTTGGCTGTAGTCAT-3' 
Primer concentrations: 0.5 juM each 
Volume of tail DNA: 5 juL 
Final reaction volume: 20 juL 

F: 5'-TGCTAGACCAGGTCCAGGAAC-3' 
neoR:5'-AGAGGCTATTCGGCTATGACT-3' 
WTR: 5'-GTCCCTTCGTGCCTTTATCTC-3' 

Primer concentrations: 125 nM each 
Volume of tail DNA: 1.5 juL 
Final reaction volume: 20 juL 

Cycling & Amplicon sizes 
95°C 5 m 

30 cycles: 
94°C 15 s 
66°C 15 s 
72°C 80 s 

(+allele=700bp) 
(- allele=1100 bp) 
94°C 5 m 

35 cycles: 
92°C 45 s 
60°C 45 s 
72°C 45 s 

72°C 10 m 
(+ allele=544 bp) 
(- allele=460 bp) 
95°C10m 

30 cycles: 
95°C 60 s 
67°C 60 s 
72°C 60 s 

(+ allele=750bp) 
95°C 10 m 

30 cycles: 
95°C 60 s 
67°C 60 s 
72°C 60 s 

(- allele=1300 bp) 
94°C 60s 

30 cycles: 
94°C 15 s 
69°C 15 s 
72°C45s 

(+ allele=533 bp) 
95°C 15m 

35 cycles: 
95°C 30s 
63°C 90s 
72°C 2m 

72°C 15m 

(-allele=187 bp) 
94°C 3 m 

30 cycles: 
94°C 30 s 
63°C 30 s 
72°C 90 s 

72°C5m 

(+allele=750bp) 
(- allele=1300 bp) 

38 



Table 2.1 
Cx40c 

Cx45d 

Cx47e 

continued) Genotyping protocols 
F: 5'-TGGAGCCACAGTTGCAATGGT-3' 
neoR:5'-GCACGAGACTAGTGAGACGTG-3' 
WTR: 5'-TCTCTGACTCCGAAAGGCAAG-3' 
Primer concentrations: 20 ng/juL each 
Volume of tail DNA: 2 juL 
Final reaction volume: 30 juL 

CreTK139F:5'-ATTTGCCTGCATTACCGGTC-3' 
CreTK141R:5'-ATCAACGTTTTGTTTTCGGA-3' 
Primer concentrations: 4 ng/juL each 
Volume of tail DNA: 2.5 juL 
Final reaction volume: 12.5 fiL 

Cx45F:5'-CTTGGCTTCCTTAATTACTTTA-3' 
Cx45R: 5'-CTTCCCTACAAATGTCGAATG-3' 
neoR: 5'-AGGGGACGAAGACAGTAT3' 
Primer concentrations: 0.8 jug/juL each 
Volume of tail DNA: 2.5 juL 
Final reaction volume: 12.5 juL 

F: 5'-AAGGCTGGTGCTGCTGGAAT-3' 
R: 5'-TGACCACCGTCTTGCCATCA-3' 
Primer concentrations: 0.4 fiM each 
Volume of tail DNA: 5 fiL 
Final reaction volume: 25 fiL 

F: 5'-TCGCATTGTCTGAGTAGGTGTC-3' 
R: 5'-CAGAGTTCCTCTGCACAGAGAT-3' 
Primer concentrations: 10 ng/fiL each 
Volume of tail DNA: 5 fiL 
Final reaction volume: 20 juL 

94°C 3 m 
30 cycles: 
94°C30s 
64°C30s 
72°C 30 s 

72°C 4 m 
(+allele=270bp) 
(- allele=470 bp) 
94°C 5m 

30 cycles: 
94°C 30 s 
56°C 30 s 
72"C 60 s 

(Cre transgene=300 bp) 
94°C 5m 

30 cycles: 
94°C30s 
56°C30s 
72°C 60 s 

(+ allele=570 bp) 
(Fix allele=610 bp 
(- allele=820 bp) 
95°C 5 m 

35 cycles: 
95»C 15 s 
67°C 15 s 
72°C 3 m 

(+ allele=1100 bp) 
95°C 15 m 

35 cycles: 
95°C 30 s 
64°C 90 s 
72"C 2 m 

72°C 15m 
(- allele=2200 bp) 

"Unless otherwise stated, PCR reactions contain IX Advantage 2 PCR buffer, 0.8 mM dNTPs and 0.4 juL of 
Advantage 2 Taq polymerase (Clontech) 
bFinal concentration of dNTPs is 0.2 mM. 
cFinal concentration of dNTPs is 0.2 mM. Reaction uses Titanium Taq Polymerase in IX Titanium PCR 
Buffer 
dReactions use Titanium Taq Polymerase in IX Titanium PCR Buffer. 
eFor the + allele, final Advantage 2 PCR buffer concentration is 0.8X. 
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2.6.2 Neurosphere suspension culture 

All chemical reagents were obtained from Sigma-Aldrich (St.-Louis, MO, 

USA) and all cell culture reagents were obtained from Invitrogen (Burlington, ON, 

Canada) unless otherwise stated. NPCs were cultured as described in (29) with 

some modifications. Briefly, cells were isolated from the hippocampi of postnatal 

day 0 - 2 (P0-P2) mouse pups. Animals were sacrificed by lethal injection with 

Euthansol (Schering-Plough Canada Inc., Pointe-Claire, QC, Canada) and 500 ixm 

sections between Bregma -1.7 mm and -2.2 mm were prepared on a VT1000S 

vibratome (Leica Microsystems Inc.) in ice-cold artificial cerebral spinal fluid (26 

mM NaHCOs, 124 mM NaCl, 5 mM KC1,2 mM CaCh, 1.3 mM MgCb, 10 mM D-

glucose, 100 U/ml penicillin and 100 ng/ml streptomycin). Hippocampi from n=2-6 

pups were pooled for each culture. Under a Leica MZ6 dissecting microscope, 

hippocampi were removed and dissected free of blood vessels and choroid plexus. 

Hippocampi were minced with a scalpel and enzymatically dissociated in: 26 mM 

NaHCOs, 124 mM NaCl, 5 mM KC1,0.1 mM CaCl2,3.2 mM MgCl2,10 mM D-

glucose, 1% penicillin/streptomycin, 0.1 % neural protease, 0.01 % papain, and 

0.01% DNase I for 45 minutes at 37°C. Single cells were resuspended in expansion 

media (Dulbecco's modified Eagle's medium F12 (DMEM/F12), 2 mM L-glutamine, 

100 U /ml penicillin, 100 ng/ml streptomycin, IX B27 supplement, 20 ng /ml human 

recombinant epidermal growth factor (EGF) and 10 ng /ml basic fibroblast growth 

factor (FGF-2)) in 60 mm Petri dishes (Fisher Scientific, Nepean, ON, Canada). Cell 

viability was established by Trypan Blue hemacytometer counts and cells plated at a 

density of 2.5x105 viable cells/dish. This protocol typically yields 200 viable 

neurospheres/60 mm dish cultured in suspension. Cultures were maintained at 

37°C in a 5% CO2 atmosphere with fresh EGF and FGF-2 added every two days for 8 

days in vitro (DIV). 

2.6.3 Laminin, Matrigel, and Poly-L-Lysine Treatment 

On DIV 8, neurospheres were plated in 10 cm tissue culture dishes containing 

laminin (15 (j.g/mL), Matrigel (Invitrogen), or poly-L-lysine (100 (ag/ml)-coated 
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glass coverslips (Corning, NY, USA) and cultured in expansion media 

supplemented with EGF and FGF-2 or in differentiation media: DMEM/F12, 2 mM 

L-glutamine, 1 mM sodium pyruvate, 200 mM D-glucose, 100 U /ml penicillin, 100 

ug/ml streptomycin, and IX N2 supplement containing EGF and FGF-2 or 0.5 uM 

retinoic acid and 0.5% fetal bovine serum. The latter condition promotes astroglial 

specification (30). Cells were not dissociated to maintain the 3D topography of the 

cultures. Neurospheres adhered to each substrate and began to grow as monolayer 

colonies within 24 h of transfer. To maintain NPC proliferation, half the volume of 

media was removed and replenished every 2 days with fresh addition of EGF and 

FGF-2 to final concentrations of 10 and 20 ng /ml for 6 DIV (total 14 DIV). Some 

cultures were pulsed with 20 ug/mL 5'-bromo-2-deoxyuridine (BrdU, Roche 

Diagnostics, Laval, QC) 24 h prior to plating on laminin to determine the percentage 

of actively dividing cells in suspension that generated mature progeny. Cultures 

exposed to exogenous matrix or adhesive substrate were compared to cultures 

maintained in suspension in the same media supplemented with EGF and FGF-2. 

All immunocytochemistry and western analysis were performed on DIV 14. 

2.6.4 Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was isolated from WT, Cx29-/-, Cx30-/-, and Cx45V- neurospheres 

and from adult and/P2 WT, Cx32-/-, Cx36V-, Cx37-/-, Cx40-/-, and Cx47-/- mouse 

brain using Trizol Reagent (Invitrogen). RNA was collected from one dish per 

experiment. Each assessment was confirmed in duplicate or triplicate. Total RNA 

was treated with DNasel (Promega, Madison, WI, USA). First-strand synthesis was 

performed using pdN6 (Promega) random primers and Superscript II RT (BD 

Biosciences, San Jose, CA, USA) according to manufacturer's recommendations. 

PCR was performed using the primers and conditions listed in Table 2.2. The PCR 

reaction contained, in a final volume of 25 ul: IX PCR buffer, 0.8 mM dNTPs, IX 

Advantage 2 Polymerase (Clontech, Cambridge, ON, Canada). All reactions were 

carried out using the following cycling parameters: 94°C for 5 min, 35 cycles of 94°C 

for 25 sec, 59°C for 50 sec, and 72°C for 1 min 45 sec, and a final step at 72°C for 7 
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Table 2.2 RT-PCR protocols3 

Gene 

Cx26 
(GJB2) 
Cx29 
(GJC3) 
Cx30 
(GJB6) 
Cx32 
(GJBl)b 
Cx36 
(GJD2) 
Cx37 
(GJA4) 
Cx40 
(GJA5) 
Cx43 
(GJA1) 
Cx45 
(GJCl)b 
Cx47 
(GJC2) 
GAPDHb 

Primer Sequence 

F: 5'-GGATGTGGCAGTCAGTATCA 
R: 5'-TCTTGGCAGGAAGAAGTGTC 
F: 5'-GGTTTTCGGCAATGAT 
R: 5'-AGAAGCTTGAGGCTTTTAGC 
F: 5'-GCCAGGGTGCAAGAACGTCTGC 
R: 5'-GGCATGGTTGGGTGGTTTCTC 
F: 5'-GTGGCGTGAATCGGCACTCTAC 
R: 5'-CTCCGCCACGTTGAGGATAATG 
F: 5'-AGCGGAGGGAGCAAACGAGAAG 
R: 5'-CTGCCGAAATTGGGAACACTGAC 
F: 5'-AGAGCGGTTGCGGCAGAAAGAGG 
R: 5'-TGGATGAGAGCCCGTTGTAGGTG 
F: 5'-TTTGGCCAAGTCACGGCAGGG 
R: 5'-TTGTCACTGTGGTAGCCCTGAGG 
F: 5'-CCTGCCGCAATTACAACAAG 
R: 5'-AAGGTCGCTGATCCACGATA 
F: 5'-GAGGTGGGCTTTCTAATAGGGCAG 
R: 5'-ATGGGGGTTGTTTTGGTGATGG 
F: 5'-GCTGGAGGAGATCCACAATCATTC 
R: 5'-GTGTGGAGATGACCACTATCTGGA 
F: 5'-TGGTGCTGAGTATGTCGTGGAGT 
R: 5'-AGTCTTCTGAGTGGCAGTGATGG 

Primer 
Concentration 

0.5 uM 

4 n g / u L 

lOng/uL 

10 ng /uL 

10ng/nL 

lOng/uL 

4 n g / u L 

lOng/uL 

10 ng /uL 

10 ng /uL 

0.2 nM 

Amplicon 
length 

368 bp 

278 bp 

535 bp 

593 bp 

533 bp 

551 bp 

311 bp 

201 bp 

528 bp 

233 bp 

292 bp 

aAll reactions contained 1 uL of RT product, 0.8 mM dNTPs, IX PCR Buffer, IX Advantage 2 Taq 
Polymerase in a reaction volume of 25 uL except Cx32 and GAPDH reactions. 
blX Titanium Taq Polymerase was used. 
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min in a Whatman Biometra T-Gradient thermocycler (Montreal-Biotech Inc., 

Kirkland, QC, Canada). 

2.6.5 Western blot analysis 

Neurospheres were washed in PBS (10 mM PBS: 0.154 M NaCl, 0.0028 M 

NaH2P04 / 0.0072 M Na2HP04 / pH 7.2), pelleted, and resuspended in RIPA buffer 

(1% Nonidet P-40,0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 

1 mM sodium fluoride, 1 mM sodium orthovanadate, 50 ug/ml aprotinin, and 1 

mg/mL phenylmethylsulphonylfluoride in PBS). Where western blot analysis of 

cultures grown on laminin substrate is indicated, adherent cultures were washed 

with PBS and RIPA buffer added directly to plates. Cells were collected using a cell 

scraper (Fisher), incubated on ice for 30 min, then centrifuged at 13 400 x g for 30 

min. Protein was isolated from mouse brain homogenized in RIPA buffer using a 

Tissue Tearor (Biospec Products Inc., Bartlesville, OK, USA). Protein concentration 

was determined using the Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA, 

USA) according to manufacturer's protocol. Protein samples of 30 ug were 

separated by SDS-polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membranes (Fisher). Membranes were blocked at room 

temperature for 1 h with 1 % casein in PBS. Primary and secondary antibodies are 

listed in Table 2.3. Immunoreactivity was visualized using the SuperSignal West 

Pico Chemilunescent Substrate kit (Pierce Biotechnology Inc., Rockford, IL, USA). 

All assessments were performed in duplicate. 

2.6.6 Immunocytochemistry 

Neurospheres expanded in suspension or grown on laminin were fixed in 

3.7% formaldehyde solution in PBS for 20 min. Following extensive washes in PBS, 

neurospheres were cryoprotected for 24 h with 15% sucrose in PBS + 0.001% NaN3, 

flash-frozen, and serially sectioned (10 urn thickness) using a cryostat (Leica 

CM1900). Immunocytochemistry was carried out as previously described (31). 

Antibodies are listed in Table 2.3 and were diluted in 3% bovine serum 
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Table 2.3. Primary and secondary antibodies used in this study 
Antibody Type Species Source Dilution 

Immuno 
Dilution 
Western 

Dilution 
Flow 

Cx26 
Cx29 
Cx30 
Cx30 
Cx32 
Cx36 
Cx37 
Cx40 
Cx43 
Cx43 
Cx45 
Cx47 
Actin 
B-galactosidase 
BrdU 
DCX 
GFAP 
GFAP 

GFAP 
Nestin 
NCAM 
NG2 
NeuN 
PDGFctR 
RIP 
Tujl (BIII-
tubulin) 
Mouse IgG 

Rabbit IgG 

Mouse IgG 

Rabbit IgG 

Rat IgG 

Mouse IgG 

Rabbit IgG 

Mouse IgG 

Rat IgG 

Rabbit IgG 

Mouse IgG 

Polyclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Polyclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Polyclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Polyclonal 
Cy-3 
conjugated 
Monoclonal 
Monoclonal 
Monoclonal 
Polyclonal 
Monoclonal 
Monoclonal 
Monoclonal 
Monoclonal 

Cy3-
conjugated 
Cy3-
conjugated 
FITC-
conjugated 
FITC-
conjugated 
FITC-
conjugated 
HRP-
conjugated 
HRP-
conjugated 
Cy5-
conjugated 
RPE-
conjugated 
AMCA-
conjugated 
AMCA-
conjugated 

Rabbit 
Rabbit 
Mouse 
Rabbit 
Mouse 
Rabbit 
Rabbit 
Rabbit 
Mouse 
Rabbit 
Rabbit 
Rabbit 
Mouse 
Rabbit 
Mouse 
Guinea Pig 
Rabbit 
Mouse 

Rat 
Mouse 
Mouse 
Rabbit 
Mouse 
Rat 
Mouse 
Mouse 

Donkey 

Donkey 

Donkey 

Donkey 

Donkey 

Donkey 

Donkey 

Goat 

Goat 

Goat 

Donkey 

Zymed 
Dr .David Paul 
Zymed 
Zymed 
Zymed 
Zymed 
Dr. Alex Simon 
Zymed 
Chemicon 
Zymed 
Chemicon 
Dr. David Paul 
Sigma 
Chemicon 
Roche 
Chemicon 
Sigma 
Sigma 

Zymed 
Chemicon 
Sigma 
Chemicon 
Chemicon 
BD 
Chemicon 
Research 
Diagnostics 
Jackson 

Jackson 

Jackson 

Jackson 

Jackson 

Jackson 

Jackson 

Invitrogen 

Serotec 

Jackson 

Jackson 

1:25 
1:20 
1:50 
— 
1 ug/mL 
5 ug/mL 
1:200 
1:50 
1:100 
1:100 
1:1000 
1:250 
— 
1:1500 
6 ug/mL 
1:4000 
1:100 
1:800 

1:40 
1:50 
1:400 
1:200 
1:100 
1:300 
1:1000 
1:250 

1:800 

1:600 

1:100 

1:100 

1:80 

1:100 

1:100 

1:100 
— 
— 
— 
1:250 
1:100 
— 
— 
— 
— 
— 
— 
1:1000 
— 
— 
— 
— 
— 

— 
— 
— 
— 
— 

— 
— 

— 

— 

— 

— 

1:2000 

1:5000 

_ 

— 
— 
1:25 
1:25 
— 
— 
— 
— 
1:1000 
— 
— 
— 
— 
— 
— 
— 
— 
— 

1:25 
1:50 
— 
— 
— 

— 
— 

— 

— 

1:50 

1:50 

1:10 
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albumin + 0.3% Triton X-100 in PBS. Hoechst 33258 (1 ug/mL) was used as a 

nuclear counterstain. For suspension cells, the number of connexin+ cells was 

expressed as the percentage of Hoechst+ nuclei counted in serial sections of 10-50 

neurospheres. For cultures plated on laminin, immunocytochemistry was 

performed directly on laminin-coated glass-coverslips. Connexin+ cells/Hoechst+ 

nuclei were established in five fields per neurosphere calculated for 5-10 

neurospheres per connexin (n=25-50 fields per condition). Because cell density in 

the sphere core was such that individual cells could not be quantified or verified to 

be in contact with the laminin substrate, cell counts were performed over five 

defined peripheral cell fields shot at 40X magnification. All cell images were taken 

with a Leica DMXRA2 epifluorescence microscope and analyzed using Openlab 

software v5.05 (Improvision, Lexington, MA, USA). 

2.6.7 Flow Cytometry 

Cultures were expanded as neurospheres for 14 DIV before being suspended 

in 2% formaldehyde in 10 mM PBS and triturated to achieve a single cell suspension. 

Following two PBS washes and gentle centrifugation at 2000 rpm for 5 min, NPCs 

were suspended in PFN (2% fetal bovine serum, 0.1% NaN3,0.18% saponin in 10 

mM PBS). Cell suspensions were separated into 1.5 ml microfuge tubes at a 

concentration of 1 x 106 cells per tube. Primary or isotype control antibodies were 

added directly to cell suspensions at appropriate concentrations followed by 

incubation at room temperature for 30 min on a shaker. Each sample was washed 

twice by the addition of 0.8 ml of PFN and gentle centrifugation. Secondary 

antibodies were added to cell suspensions at appropriate concentrations followed 

by incubation at room temperature for 30 min on a shaker and washed as described 

above. Cells were resuspended in 0.5 ml of PFN and analyzed using a Beckman 

Coulter FC500 Flow Cytometer (Beckman Coulter Canada Inc., Mississauga, ON) 

and Beckman Coulter CXP software. 
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2.6.8 GJIC and hemichannel assay 

Dye uptake and dye transfer assays were assessed on 10 

neurospheres/ condition in two separate experiments per condition. For 

quantification, four fields were photographed per sphere. For dye coupling assays, 

photomicrographs represented two fields within the core of the neurosphere and 

two fields at the periphery where cells were in direct apposition and thus potentially 

coupled. To image cells within the core in direct contact with matrix, micrographs 

were obtained using a Leica DMIR epifluorescent inverted microscope equipped 

with a QICAM digital camera (Quorum Technologies, Guelph, ON, Canada) and 

captured using OpenLab software v5.05. For hemichannel assays, all four fields 

were shot along the periphery and were taken with a Leica DMXRA2 

epifluorescence microscope and analyzed using Openlab software (v5.05). Cultures 

expanded in suspension as neurospheres for 8 DIV were plated on coverslips in 

expansion media containing (a) EGF and FGF-2 for 1 DIV to assess function prior to 

laminin-induced changes in connexin expression, (b) EGF and FGF-2 for 6 DIV to 

assess connexin function after laminin-induced changes, and (c) in differentiation 

media for 6 DIV supplemented with RA (0.5 ^M) and FBS (0.5%) to promote glial 

differentiation. Hemichannel activity was assessed by comparing uptake of 

connexin channel-permeant Lucifer yellow (LY, 457 Da) and channel-impermeant 

rhodamine B isothiocyanate-dextran (RD, 10,000 Da) in the presence or absence of 

50 [xM flufenamic acid (FFA) or 100 ^M 4,4'-diisothiocyanatostilbene-2,2'-disulfonic 

acid (DIDS) as previously described (32). Mechanical stimulation with glass 

microbeads was used to trigger hemichannel opening (32,33). Cells positive for 

both LY and RD were excluded from the measurements to control for LY uptake 

resulting from loss of membrane integrity. For all assays, the number of LY+/RD-

cells is expressed as a percentage of the total number of cells per microscopic field ± 

standard error of the mean (SEM). Dye transfer between cells indicative of GJIC was 

assessed by scrape loading in the presence or absence of the intercellular channel 

blocker 18a-glycyrrhetinic acid (GRA, 100 JJM) or its inactive analog glycyrrhizic 

acid (GZA, 100 \xM) as previously described (32). Dye transfer was quantified by 
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counting the number of LY+/RD- cells emanating from a LY+/RD+ cell adjacent to 

the scrape line. Data are expressed as the mean number of LY+/RD- cells ± SEM. 

2.6.9 Statistics 

Data were analyzed by analysis of variance (ANOVA) followed by post hoc 

Tukey tests or Student's t test where appropriate. 

2.7 Results 

2.7.2 ECM effects on postnatal NPC culture 

To characterize neurosphere composition, we analysed marker expression in 

suspension and in cultures plated on a variety of adhesive substrates by 

immunofluorescence (Figure 2.1). Although each neurosphere is likely derived 

from a single NPC, progeny spontaneously adopt distinct developmental lineages in 

culture (Figure 2.2a). We found neurospheres cultured in the absence of exogenous 

ECM were primarily composed of nestin+ cells (Figure 2.2i). Cells co-expressing the 

Type 1 NPC markers GFAP and nestin localized to the periphery of neurospheres 

(Figure 2.2b). Type 2a cells expressing nestin only were found in the core of cultures 

(Figure 2.2b). DCX+, NCAM+, and Tujl+ neuroblasts and immature neurons were 

detected in clusters throughout the neurosphere structure (Figure 2.2c-e). NG2+ and 

PDGFaR+ oligodendrocyte progenitor cells (OPCs) and RIP+ oligodendrocytes were 

found at the periphery of neurospheres with rare cells detected in the core (Figure 

2.2f-h). When cultures were plated on laminin, we observed a significant increase in 

the percentage of cells that retained a nestin+ NPC identity and a significant 

decrease in the percentage of cells that specified to neuroblasts, immature neurons, 

and/or OPCs (Figure 2.2i). No change in the number of astrocytes was detected but 

a small increase in RIP+ oligodendrocytes was observed in laminin-plated cultures 

(Figure 2.2i). 
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Figure 2.1 Schematic representation of the neurosphere culture protocol and 
analysis. A graphic depiction of the protocol employed to culture and analyze 
neurospheres in the presence and absence of laminin. 
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Figure 2.2 Postnatal hippocampal-derived neurospheres are composed of 
subpopulations of progenitor and immature cell types. Schematic of spontaneous 
specification over the course of neurosphere expansion in vitro. Pertinent lineage 
markers are indicated (a). Representative digital micrographs depicting antigenic 
lineage analysis of NPC populations through the central sections of serial 
cryosections of neurospheres cultured in the absence of laminin are depicted in b-h. 
Scale bars, 50 \im, insets 25 (am. Type 1 NPCs expressing GFAP and nestin localized 
to the periphery of spheres (b, arrows and inset); Type 2a NPCs expressing nestin 
were found toward the centre of the core (b, arrowhead). Type 3 neuroblasts (c,d, 
arrows and inset) and immature neurons (d,e, arrows and inset) were found in 
clusters throughout serial sections. NG2+ (f, arrows and inset) and PDGFaR+ (g, 
arrows and inset) OPCs and RIP+ oligodendrocytes (h, arrows and inset) tended to 
be found along the neurosphere periphery. Culture on a laminin matrix increased 
the percentage of NPCs that retained a nestin+ NPC identity and decreased the 
percentage of cells that specified to neuroblasts, immature neurons, and OPCs (i). 
Data represent mean of 5-15 sections counted over n=5-10 cultures/condition + 
standard error of measurement (SEM). *p<0.05, **p<0.01, ANOVA, post-hoc Tukey 
test. 
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2.7.2 Intrinsic connexin mRNA expression 

To identify the connexins expressed by postnatal progenitor cells in the 

absence of exogenous ECM we performed RT-PCR. Fourteen connexins (Cx26, 

Cx29, Cx30, Cx30.2,031.1,0x31.9, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx47, 

Cx57) are expressed in the mammalian CNS (12-15). Transcripts for ten of these 

connexins (Cx26, Cx29, Cx30, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, and Cx47) were 

detected in neurosphere culture (Figure 2.3a-j). Cx29, Cx30, and Cx36 expression 

was further confirmed by analysis of the reporter gene products present in null-

mutant lines. In Cx29V- and Cx30-/- mice, the lacZ open reading frame replaces the 

connexin coding sequences (26,34) whereas a bicistronic reporter cassette 

containing lacZ, an internal ribosome entry site, and placental alkaline phosphatase 

replaces the connexin coding sequence in Cx36~/- mice (21). (3-galactosidase 

expression was readily detected in neurosphere cultures from these three null-

mutant lines (Figure 2.3b,c,e). 

2.7.3 Differential expression of connexins in subsets ofNPCs 

We used immunofluorescence to localize connexins to NPC subtypes grown 

in the absence of exogenous laminin (Figure 2.4-2.8). For all connexins except Cx26, 

cultures from null-mutant mice served as negative controls to ensure antibody 

specificity. For Cx26, where deletion is embryonic lethal (35), antibody specificity 

was determined by western blot (Figure 2.6a, inset). Four distinct connexin protein 

profiles were detected: 

(I) Cx30 (Figure 2.4a) and Cx43 (Figure 2.4d) were expressed by the majority 

of cells (>60%) throughout the structure of the sphere. Punctate membrane-

associated immunoreactivity characteristic of gap junction labelling was evident in 

nestin+ and GFAP+ cells (Figure 2.4b-f). We used flow cytometry to quantify Cx30 

expression in nestin+/GFAP+ Type 1 NPCs, nestin+ Type 2a NPCs, and 

GFAPVnestin- astrocytes (Figure 2.5). We found that all of the Type 1 NPCs 

(93+6%) and the vast majority of Type 2a NPCs (83+2%) expressed Cx30. 
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Figure 2.3 Connexin mRNA expression in postnatal hippocampal neurospheres 
cultured in the absence of exogenous ECM. RT-PCR analysis of Cx26 (a), Cx29 (b), 
Cx30 (c), Cx32 (d), Cx36 (e), Cx37 (f), Cx40 (g), Cx43 (h), Cx45 (i), and Cx47 (j) of 
random-primed RNA extracted from 100-150 pooled neurosphere cultures (+RT). 
GAPDH was amplified to confirm template integrity. Positive controls were: Total 
RNA isolated from adult and/or PI WT whole brain. Negative controls included 
RT-PCR reactions performed on total RNA from null-mutant neurospheres (Cx29-/-, 
Cx30-/-, and Cx45V-) or adult brain (Cx32-A, CX36V-, CX40"/-, CX37V-, and Cx47-/-), 
and reactions processed in the absence of template (NT). Potential contamination by 
genomic DNA was assessed by omitting the RT enzyme from the reactions (-RT). In 
a, c, and e, panels depict neurosphere cryosections derived from Cx29-/-, Cx30-/-, 
and Cx36~/- animals processed for p-galactosidase immunocytochemistry. The LacZ 
gene replaces the connexin coding sequence in each of these null-mutant animals. 
Insets are antibody controls demonstrating WT sections are negative for the f5-
galactosidase marker. Scale bars, 50 um. 
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Figure 2.4 Cx30 and Cx43 are expressed by Type 1 and Type 2a NPCs and are 
responsive to laminin. Cx30 and Cx43 was detected in the majority of cells within 
neurospheres (a,d, arrows) and localized to cells expressing nestin (b,e, insets) and 
GFAP (c,f, insets). Inset in (a) demonstrates lack of Cx30 immunostaining on null-
mutant neurospheres confirming antibody specificity. Adherence to laminin did not 
impact on the frequency of Cx30+ cells (g) although a change in subcellular 
localization was observed (compare punctate membrane staining (a, arrows) with 
diffuse cytoplasmic staining (i, arrows)). A decrease in the frequency of Cx43+ cells 
(arrows) was detected following culture on laminin (j). Cx43 was present at the 
plasma membrane between cells in direct apposition in the presence (a) or absence 
(b, small arrows) of laminin. Scale bars, 50 um, insets in a,b,c,f, 25 um, inset in e 10 
um. Data represent mean of 5-15 sections (- laminin) or field (+ laminin) counted 
over n=5-10 cultures/condition + SEM (g,j). **p<0.01 Student's Mest. 
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Figure 2.5 Cx30 is expressed by Type 1 and 2a NPCs. (a) Hippocampal NPCs 
cultured as neurospheres were dissociated on DIV14 and triple-labelled for Cx30, 
nestin, and GFAP. Two and three dimensional histograms from a representative 
flow cytometry analysis are presented for both isotype control (left panel) and 
experimental (right panel) reactions. The quadrant percentages represent the 
percentage of total cells expressing corresponding cell markers, (b) Quantitative 
analysis of Cx30 expression in Type 1 (GFAP+/nestin+) NPCs, Type 2a (GFAP-
/nestin+) NPCs, and committed astrocytes (GFAP+/nestin-). The percentage of 
cells co-expressing Cx30 was calculated divided by the total percentage of each cell 
type by the total percentage of cells within each cell type expressing Cx30 in triple-
labelling studies. Data are presented as mean+SEM and represent the average of 
three independent flow cytometric analyses/cultures. 
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Surprisingly, few if any committed GFAP+ /nestnr astrocytes were Cx30+ (<0.1%) 

(Figure 2.5) These results were further substantiated by triple-labelling for Cx30, 

Cx43, and GFAP (Figure 2.6). Cx43 but not Cx30 was detected in all GFAP+ cell 

types suggesting ubiquitous localization of Cx43 in GFAP+ NPCs and astroglia but a 

more restricted distribution of Cx30 to subsets of multipotential Type 1 GFAP+ 

NPCs. 

(II) Cx26 (Figure 2.7a), Cx29 (Figure 2.8a), Cx37 (Figure 2.8c), and Cx40 

(Figure 2.8e) were expressed in a minority of cells (~10%) localizing to both the 

sphere core and periphery in the absence of laminin. Cx26 and Cx29 exhibited 

membrane-associated staining but rarely in apposition with neighbouring cells 

expressing the same connexin (Figure 2.7a, 2.8a arrows, 2.7b, 2.8b inset). Cx26 

localized to nestin+ and GFAP+ Type 1 NPCs (Figure 2.7b,c) at the periphery of the 

sphere and nestin+ Type 2a NPCs within the core (Figure 2.7b) as well as 

GFAP+/nestin- astrocytes (Figure 2.7b,c). Cx29 localized to PDGFaR+ OPCs (Figure 

2.8b, inset). Cx37 and Cx40 labelling appeared to be largely intracellular (Figure 

2.8c, e, arrows) suggesting these connexins are not forming gap junction channels at 

the plasma membrane. Both Cx37 and Cx40 were expressed primarily by nestin+ 

Type 2a cells (Figure 2.8d, f, insets). 

(III) Cx45 (Figure 2.9a) and Cx47 (Figure 2.9c) were expressed by rare cells 

(<10%) restricted primarily to the periphery of neurospheres cultured in the absence 

of laminin. These connexins were often expressed in adjoining cells (Figure 2.9a,c, 

large arrows) where contiguous labelling was detected at the plasma membrane 

(Figure 2.9a,c, small arrows). Cx45 localized to nestin+ Type 2a NPCs (Figure 2.9b, 

inset) and was not detected in GFAP+ cells (data not shown). Cx47 expression was 

restricted to RIP+ oligodendrocytes (Figure 2.9d, inset). 

(IV) Both Cx32 and Cx36 were detected at the mRNA level (Figure 2.3d,e) but 

no immunodetection of protein was observed (Figure. 2.9k, o). Antibody efficacy 

was confirmed by western analysis (Figure 2.9k, o, insets). 
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Figure 2.6 Cx43 but not Cx30 is detected in all GFAP+ cell types. A10 um 
cyrosection through a neurosphere harvested on DIV14 triple-labelled for Cx30, 
Cx43, and GFAP is presented. Yellow arrow points to cells expressing 
GFAP/Cx30/ and Cx43. Purple arrow identifies cells expressing Cx43 and Cx30 but 
not GFAP. White arrows indicate cells expressing GFAP and Cx43 but not Cx30. 
Scale bar, 50 um. 
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Figure 2.7 Cx26 is expressed Type 1 and Type 2a NPCs and is responsive to 
laminin. Cx26 was expressed by a small population of cells within neurospheres (a, 
arrow) and localizes to both cells expressing nestin (b, inset and arrow) and GFAP 
(c, inset and arrow). Inset in (a) depicts western blotting on protein derived from 
adult, PI and neurospheres cultured in the absence of laminin to confirm antibody 
specificity. A marked increase in the frequency of Cx26+ cells was detected when 
cultured on laminin (d,e,f, arrows). Data represent mean of 5-15 sections (- laminin) 
or field (+ laminin) counted over n=5-10 cultures/condition + SEM. (d). Scale bars, 
50 um, insets, 25 um. **p<0.01 Student's Mest. 
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Figure 2.8 Cx29, Cx37, and Cx40 are expressed by discrete cell populations with 
only Cx40 responsive to laminin. Cx29 (a, arrow), Cx37 (c, arrow) and Cx40 (e, 
arrow) were found in a small number of cells within neurospheres. Insets depict 
immunostaining performed on null-mutant controls demonstrating antibody 
specificity. Cx29 was expressed by PDGFaR+ OPCs (b). Cx37 and Cx40 expression 
were detected in nestin+ Type 2a cells (d, f). Laminin did not alter the frequency of 
Cx29+ (g-I, arrows) or Cx37+ (j-1, arrows) cells but decreased the number of Cx40+ 

cells detected in culture (m-o, arrows). Data represent mean of 5-15 sections (-
laminin) or field (+ laminin) counted over n=5-10 cultures/condition ± SEM (g,j.m). 
Scale bars, 50 um. Inset in b, 10 um. Inset in d,f, 25 urn. * p<0.05 Student's Mest. 
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Figure 2.9 Cx32, Cx36, Cx45, and Cx47 are expressed by rare cells and are laminin-
responsive. Cx45 (a, arrows) and Cx47 (c, arrows) were expressed in rare 
populations of cells. Cx45 was detected in Type 2a nestin+ cells (b, inset). Cx47 was 
restricted to RIP+ oligodendrocytes (d, inset). Both connexins were downregulated 
when plated on a laminin substrate (Cx45 e-g, Cx47 h-j). Cx32 (k) and Cx36 (o) 
protein was not detected in the absence of laminin but was induced following 
adherence to substrate (Cx32 (1-n) and Cx36 (p-r)). To confirm the lack of Cx32 
protein in suspension cultures, western analysis was performed using adult WT 
brain as a positive control (k, inset). Similarly, western analysis was carried out to 
confirm Cx36 expression in the + laminin condition and to verify antibody 
specificity (p, inset). Adult WT and null-mutant (KO) brain served as positive and 
negative controls. Actin immunoblotting was performed as a loading control. Scale 
bars, 50 urn, Insets, 25 um. ** p<0.01 Student's f-test. 
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2.7 A Exposure to exogenous laminin substrate alters NPC expression of most connexins 

To assess the effect of ECM on connexin expression, NPCs were expanded for 

8 DIV in suspension before plating on laminin-coated glass coverslips (Figure. 2.1). 

Cultures exposed to laminin rapidly adhered to the ECM substrate. Cells at the 

periphery of the neurosphere migrated from the core as adherent monolayers over 6 

DIV. Fewer Cx43+ cells (Figure 2.4J-1) and Cx40+ cells (Figure 2.8m-o) and no Cx45+ 

(Figure 2.9e-g) or Cx47+ (Figure 2.9h-j) cells were observed when NPCs were 

cultured on laminin substrate. Laminin increased the number of Cx26+ cells (Figure 

2.7d-f) and induced Cx32 (Figure 2.91-n) and Cx36 (Figure 2.9p-r) protein. Cx32+ 

cells exhibited small nuclei (Figure 2.9m,n, arrow) and were immunopositive for the 

OPC marker NG2 (data not shown). Cx36 was expressed in refractile cells with 

neuritic extensions (Figure 2.9r,s, arrow) and were immunoreactive for the neuronal 

marker Tujl-|3III tubulin (data not shown). Although exposure to the ECM 

substrate did not alter the percentage of cells expressing Cx30 (Figure 2.4g), a 

change in subcellular localization was observed. Immunoreactivity was markedly 

less punctate (compare Figure 2.4a and i) with protein detected throughout the 

cytosol of laminin-treated cultures (Figure 2.4h,i, arrows). Contact with laminin did 

not change the number of cells expressing Cx29 (Figure 2.8g-i), Cx30 (Figure 2.4g-i), 

or Cx37 (Figure 2.8J-1). An alternative explanation for these changes lies in the 

mechanical impact of NPC plating to an adhesive substrate (16,36, 37). To test this, 

we plated neurospheres on poly-L-lysine, laminin, or a Matrigel mixture containing 

the following ECM components (56% laminin, 31% collagen IV, 8% entactin) and 

assessed Cx43 expression (Figure 2.10). The same reduction in Cx43-expressing cells 

was observed following engagement with Matrigel as plating on laminin alone. 

Plating on poly-L-lysine had no effect on Cx43 expression. Taken together, these 

data provide converging evidence for a laminin-specific regulation of connexin 

expression as compared to a physico-mechanical influence of culture condition. 
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Figure 2.10 Laminin and laminin-ECM mixtures but not poly-L-lysine alter the 
expression of Cx43. The number of Cx43 expressing cells was reduced when NPCs 
were plated on laminin or a Matrigel matrix composed of laminin/ collagen/ 
entactin but not when cultures were plated on poly-L-lysine. * p<0.05, ANOVA, 
post-hoc Dunnett's Mest compared to neurospheres cultured in the absence of 
matrix. 
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2.7.5 Impact of laminin-induced changes in connexin expression on cell-cell and 

hemichannel communication 

Transmembrane flux of the low molecular mass fluorescent dye, LY, was used to 

assess hemichannel activity in neurosphere cultures. RD was used to control for 

uptake resulting from plasma membrane damage. Hemichannel opening was 

induced by mechanical stimulation with glass microbeads as previously described 

(32). Cultures were expanded in suspension for 8 DIV, then plated and analyzed 

immediately after adherence (Figure 2.11a, DIV 1) prior to any detectable change in 

connexin protein expression (data not shown) or after 6 DIV in contact with laminin 

(Figure 2.11a, DIV 6) following the observed changes in connexin expression (Figure 

2.4-2.8). Mechanical stimulation elicited a significant increase in dye uptake on DIV 

1 (Figure 2.11a, DIV 1) that was largely inhibited by the dual-specificity chloride 

channel and connexin/pannexin-channel blocker FFA (33,38) but not the chloride 

channel inhibitor DIDS (Figure 2.11a, DIV 1). Hemichannel activity was lost when 

NPCs were cultured on laminin for 6 DIV (Figure 2.11a, DIV 6). We cannot, 

however, rule out that these changes are due to an effect of ECM on pannexin 

channel formation as we have determined that NPCs cultured in suspension express 

both pannexin 1 and 2 mRNA (data not shown) yet we have not investigated impact 

of laminin on this expression at the protein level. Biochemical coupling indicative of 

GJIC was assessed by scrape loading. Little to no dye transfer was observed on DIV 

1 or DIV 6 (Figure 2.11b, Proliferative conditions, DIV 1 and DIV 6,). These data 

were surprising given the ubiquitous Cx30 and Cx43 expression detected in the 

majority of cells prior to laminin engagement. As a positive control, we 

differentiated NPCs to a predominantly nestin-/GFAP+ astrocytic lineage (Figure 

2.12). Robust GJIC was detected in these cultures and was inhibited by gap junction 

channel blocker GRA but not its inactive analog GZA (Figure 2.11b). To provide 

mechanistic insight into the lack of LY transfer in NPC cultures, we assessed Cx43 

phosphorylation status and found, in neurospheres cultured without laminin, that 

the P2, P3, and hyperphosphorylated forms of Cx43 predominated (Figure 2.13). 

Previous studies have indicated that the degree of LY dye coupling is 
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Figure 2.11 Laminin engagement alters functional hemichannel but not GJIC 
activity. Functional hemichannel activity was assessed by anionic LY dye uptake (a) 
of cultures exposed to laminin for 1 DIV (prior to any changes in connexin 
expression) or 6 DIV (following changes in connexin expression). Spontaneous LY 
uptake was observed at low levels after 1 and 6 DIV. Open hemichannel activity 
could be induced by mechanical stimulation with glass microbeads within 1 DIV but 
not 6 DIV. Dye uptake was inhibited by the hemichannel/chloride channel 
inhibitor FFA but not the chloride channel blocker DIDS. LY+/RD- cells is expressed 
as a percentage of the total number of cells per microscopic field ± standard error of 
the mean (SEM) counted in n=5 fields per experiment conducted in triplicate 
experiments. GJIC was assayed using the scrape-loading method (b). Significant 
LY+/RD- dye transfer was not observed after 1 or 6 DIV when NPCs were cultured 
in the presence of mitogens (proliferative conditions). As a positive control, we 
performed the same experiment in a condition known to promote glial cell 
differentiation and obtained robust GJIC which was significantly inhibited by the 
gap junction blocker GRA but not the inactive analog GZA (glial differentiation). In 
GJIC assays, the number of LY+/RD-cells along the scrape line was established in 
serial photographs taken along the entire length of the scrape (9-14 
photos/coverslip) over triplicate cultures. Two coverslips were assessed per culture 
for a total of n=54-84 measurements per condition. Data are expressed as the mean 
number of LY+/RD- cells + SEM. *p<0.05, **p<0.01, ANOVA, post-hoc Tukey test. 
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Figure 2.12 Culture composition following mitogen or glial differentiating 
conditions. Cultures were pulsed with BrdU 24 h prior to plating on a laminin 
substrate in the presence of EGF and FGF-2 (proliferative conditions) or RA and FBS 
(glial differentiation). Data are expressed as the percentage of cells actively 
proliferating at the time of plating that retained a Typel/2a NPC identity or 
specified to astrocytes, oligodendrocytes, or neurons. *p<0.05, **p<0.01, ANOVA, 
post-hoc Tukey test. 
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Figure 2.13 Phosphorylation status of Cx43 in NPCs cultured as neurospheres. 
Protein lysates were prepared from neurosphere cultures on DIV14. Two 
predominant phosphoisoforms were detected corresponding to the P2 and P3 
phosphovariants as well as hyperphosphorylated forms. Very low levels of the 
faster migrating unphosphorylated (NP) and little to no of the PI phosphoisoform 
was detected. Data are representative of two independent cultures. 
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inversely correlated with phosphorylation state (39) suggesting that post-translation 

modification of Cx43 in NPC cultures may account for this lack of dye transfer. 

Taken together, these data indicate that postnatal NPC cultures do not establish gap 

junctions permeable to LY, but do exhibit hemichannel activity that is suppressed 

upon exposure to laminin. 

2.8 Discussion 

Our data indicate hippocampal-derived postnatal progenitor cells express a 

broad array of connexin genes and that connexin expression, intracellular 

distribution, and channel activity are regulated by ECM-cell interactions. When 

cultured as neurospheres in the absence of exogenous ECM, postnatal NPCs express 

Cx26, Cx29, Cx30, Cx37, Cx40, Cx43, Cx45, and /or Cx47 mRNA and protein as well 

as Cx32 and/or Cx36 mRNA. Exposure to a laminin substrate markedly increases 

the number of Cx26+ cells present in culture and elicits the appearance of Cx32 and 

Cx36 protein. Conversely, laminin treatment decreases the frequency of Cx40+, 

Cx43+, and Cx45+ cells without impacting on the number of Cx29+, Cx30+, or Cx37+ 

NPCs. Surprisingly, we found that, while postnatal NPC cultures exhibit 

hemichannel activity, they do not transfer LY, a well-established hallmark of 

junctional communication, until differentiated to a mature astroglial lineage. The 

lack of dye transfer is likely the result of post-translational modification of the 

connexin proteins, specifically Cx43. Further, hemichannel activity is suppressed by 

plating on laminin. Together, these findings suggest a new role for ECM-cell 

interaction, specifically laminin, in the regulation of intrinsic connexin expression 

and function in postnatal NPC cultures. This regulation may predispose postnatal 

NPCs toward channel-independent connexin communication as recently 

demonstrated in the developing CNS wherein channel-independent connexin 

adhesion influences the migration of newly born neurons along radial glia (7). 
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2.8.1 Localization ofconnexins to discrete subsets of postnatal hippocampal progenitor cells 

The repertoire of connexins identified here is much larger than that reported 

by Worsdofer et al., (40) who demonstrated expression of seven connexin transcripts 

but protein for only Cx31, Cx43, and Cx45. However, these studies used ECM 

components and not suspension-grown neurospheres. Furthermore, they used 

embryonic stem (ES) cells rather than postnatal NPCs. Thus, the differences in 

connexin expression patterns likely reflect the unique connexin signature of the 

different stem and progenitor cell populations present in these cultures as well as 

the impact of ECM adhesion on connexin expression. Here, we show that Type 1 

and Type 2a multipotential NPCs express Cx26, Cx30, and Cx43. Cx26 and Cx43 

have been previously observed in embryonic NPC populations (41,42) but this is 

the first demonstration that Cx30, exclusively expressed postnatally (8,43), is also 

expressed by multipotential Type 1 NPCs. We found that progression to a Type 2a 

lineage is associated with de novo Cx37, Cx40, and Cx45 protein expression. Further 

commitment to an oligodendrocyte lineage is accompanied by the loss of all of the 

connexins identified in multipotential NPCs and de novo expression of connexins 

associated with mature oligodendrocytes (Cx29, Cx32, Cx47) (22). Surprisingly, 

Cx32 transcript but not protein was detected in OPCs and oligodendroglia in the 

absence of laminin. The presence of Cx32 transcript but not protein is also observed 

in ES cells (40) with unknown consequence on cell fate. Taken together, these data 

provide evidence of intrinsic connexin signatures expressed by progenitor cell 

subsets over the course of commitment in vitro. 

2.8.2 Effect of laminin on connexin expression and function 

Exposure of NPCs to a laminin substrate altered connexin protein expression 

and/or stability, intracellular distribution, and functional channel activity. The 

simplest explanation for these changes is that this profile mirrors the effect of 

laminin on the differentiation of NPCs. Plating of NPCs on ECM is known to alter 

the rate of spontaneous specification and survival of embryonic stem cell cultures 

(44-46). Indeed, we found more cells retained a multipotential Type 1/2 phenotype 
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in laminin-treated cultures than those expanded in the absence of laminin. An 

alternative explanation is a direct effect of laminin/integrin signalling on the 

regulation of connexin protein expression or stability in NPCs. Certainly, laminin 

has been shown to alter connexin expression and function in other cell types (17-19). 

The consequence of these changes have only begun to be appreciated. In CNS, the 

recent finding that gap junctional plaques formed by Cx26 or Cx43 are required for 

migration of neuronal progenitors along radial glial cells during cortical 

development in the mouse (7) suggests that ECM regulation of connexin expression 

is involved in cortical lamination and thus is likely to influence postnatal NPC 

migration. This hypothesis represents an unexplored role for ECM-connexin 

interactions in vivo. 

The changes in connexin profile detected in the presence of laminin are not 

restricted to NPCs. OPC and neuronal profiles are also altered. Cx32 and Cx36 

protein, not observed in the absence of exogenous ECM, are present following 

laminin engagement. Cx32 null-mutation has previously been shown to delay 

terminal differentiation of NG2+ OPCs in adult hippocampus (31). Here, we find 

that the induction of Cx32 protein in NG2+ OPCs by laminin is associated with a 

moderate increase in the frequency of RIP+ oligodendrocytes suggesting enhanced 

oligodendrogenesis. Surprisingly, these new oligodendrocytes did not express Cx47 

in the presence of laminin suggesting that perhaps different functional subset of 

cells are generated. Recent studies indicate that Cx32 and Cx47 do not oligomerize 

and do not form the same heterotypic intercellular channels taken as evidence for 

functional differences between these connexins and perhaps between subsets of 

oligodendrocytes (47,48). Finally, the induction of Cx36 protein in Tujl+ neurons in 

the face of reduced neurogenesis was equally surprising. This observation may 

recapitulate the changes observed between early and late phases of embryonic 

neurogenesis. Cx36 mRNA is initially detected in multipotential neural stem cells 

during early but not late neurogenesis where expression is restricted to their 

neuronal progeny (8, 49). It may be that the functional changes in channel activity 
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observed following engagement of neurosphere cultures with laminin regulate NPC 

and OPC commitment. 

At no point did we detect cell-cell coupling with respect to the passage of the 

anionic dye LY. While surprising given that embryonic progenitor populations are 

coupled during early neurogenesis (50-52) our data agree with the findings of Duval 

et al. who demonstrated GJIC in astrocytes but not in other NPC-derived cells (53). 

Here, we show passage of LY only when NPC cultures are induced to differentiate 

towards a primarily astroglial lineage and likely corresponds with a shift in the 

phosphorylation status of Cx43. Conversely, robust transmembrane dye flux 

indicative of functional hemichannel activity is evident prior to ECM-induced 

changes in connexin protein profiles. Laminin engagement suppresses this activity. 

It is tempting to speculate that connexin (or pannexin)-mediated hemichannel 

activity promotes specification whereas channel-independent adhesion supports the 

migration through ECM-defined domains in postnatal hippocampus. However, 

care must be taken in directly extrapolating our results to the in vivo situation given 

the complex three dimensional character of the developing hippocampus where 

many different matrices and cellular scaffolds are present given evidence of 

different cell phenotypes within 2D and 3D culture systems (16). Clearly, it will be 

important to establish the impact of ECM control of connexin protein expression on 

postnatal NPC proliferation, migration, and specification in vivo. 

We have identified the repertoire of connexins expressed by postnatal 

hippocampal NPCs over the course of commitment in vivo. We have demonstrated 

that ECM engagement, more specifically laminin, can alter not only the fate of 

cultured postnatal hippocampal NPCs, but also their connexin expression profile 

and related channel function. Taken together, these data suggest that ECM control 

of connexin expression and signalling may play a role in the direction of 

multipotential NPCs towards a neuronal or glial lineage. 
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Chapter 3: Connexin 29 regulates oligodendrogenesis in postnatal hippocampal 

culture* 

3.1 Objective of study 

Determine the localization and role of Cx29 in proliferation and specification 

of neural progenitor cells using a loss-of-function (Cx29 null-mutant mice) approach 

in hippocampal-derived postnatal neural progenitor cell primary culture. 

3.2 Statement of author contributions 

SI and SALB wrote the manuscript and prepared the figures. SI, LGG, and 

SALB conceived and designed the experiments. SI performed all the experimental 

work except: immunocytochemistry from Figure 2b,e and the data from Figure 4c-e, 

which were done by LGG. SALB also helped to quantify the data appearing in 

Figure 4c-e. 

A version of this chapter has been submitted to the Journal of Neuroscience 
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3.4 Summary 

Cognitive dysfunction in multiple demyelinating and neuropsychiatry 

disorders is attributed, in part, to hippocampal oligodendrocyte loss precipitated by 

the failure of resident oligodendrocyte progenitor cells (OPCs) to restore 

oligodendrocyte number. Enhancing this capacity would be of substantive benefit. 

The neural progenitor cells (NPCs) present in the subgranular zone of the dentate 

gyrus of the hippocampus represent an alternative source of oligodendrocytes; 

however these cells are intrinsically directed towards an oligodendrocyte lineage 

and away from an astrocyte or neuronal lineage, the capacity of which remains 

unclear. We found the loss of a single connexin protein, connexin29, was sufficient 

to impair NPC oligodendrogenesis in neurosphere culture and to redirect the OPC-

like progeny towards an astrocytic lineage without changing NPC proliferation, 

clonal expansion, or survival. Together, these data identify a new oligodendrogenic 

fate determinant in multipotential NPCs that directs glial specification in vitro. 
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3.5 Introduction 

In the postnatal brain, oligodendrocyte number is primarily maintained by 

resident oligodendrocyte progenitor cells (OPCs). These cells are born 

embryonically, migrate throughout the developing central nervous system (CNS), 

and activate postnatally (1, 2). In fact, platelet-derived growth factor a receptor 

(PDGFaR) and chondroitin sulphate proteoglycan NG2-expressing OPCs comprise 

the majority of cycling cells in the CNS (3). Following white matter injury, these 

cells are able to repopulate affected areas (4). However, in demyelinating conditions 

such as multiple sclerosis (MS), failure to remyelinate occurs once the regenerative 

capacity of resident OPCs is exhausted (5). Enhancing oligodendrogenesis by 

mobilizing alternate progenitor pools represents a novel therapeutic strategy for MS 

and neuropsychiatric disorders where cognitive deficits are attributed, in part, to 

hippocampal oligodendrocyte loss (5-8). Validation will require a comprehensive 

understanding of how NPC oligodendrogenic fate is determined in vitro and in vivo. 

Multipotential postnatal neural stem/progenitor cells (NPCs) represent an 

alternative source of hippocampal oligodendrocytes. NPCs can be directed towards 

an oligodendrocyte lineage by ectopic expression of Ascll and by direct cell-cell 

contact with hippocampal neurons (9,10). Furthermore, the loss of the gap junction 

protein connexin 32 (Cx32) in adult mouse hippocampus leads to an increase in 

NG2+ OPCs (11). Connexins (Cxs) have also been implicated in the control of NPC 

cell cycle, specification (11-13) and in the migration of immature neuroblasts (14). 

Signaling involves both gap junction-dependent and -independent mechanisms. Cx 

hexamerization forms voltage and pH-gated single membrane channels 

("connexons") enabling communication with the extracellular milieu. The 

alignment of two connexons at junctional cell membranes creates a functional 

channel, enabling the passage of ions and small metabolites < 1 kDa between cells. 

Channel-independent signaling occurs through protein-protein interactions (15) or 

the formation of "adhesion domains" between NPCs and neighbouring instructive 

cells (14). Signal specificity is dictated by the repertoire of Cxs expressed. Only 

select combinations are capable of oligomerization, docking, or adhesion. 
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Of the 20 murine Cx proteins, three are detected in oligodendrocytes (Cx29, 

Cx32, Cx47) (16) but only two (Cx29 and Cx32) are expressed by NPC-derived OPCs 

(17). Cx32 has already been implicated in the control of hippocampal NG2+ 

proliferation and specification (11). Here, we asked whether Cx29 expression alters 

hippocampal NPC fate. Using neurospheres as a simple model of hippocampal 

development, we show the loss of Cx29 is sufficient to inhibit NPC specification to a 

PDGFaR+ OPC and RIP+ oligodendrocyte lineage by promoting astrocytic 

commitment without altering proliferative or apoptotic indices. Together, these 

data identify a new target through which NPC oligodendrogenesis can be controlled 

in vitro. 

3.6 Methods 

3.6.2 Mice 

Breeding pairs of Cx29-/- mice mice (16) were provided by Dr David Paul 

(Harvard Medical School). Mice were backbred for six generations (N6) to a 

C57B1/6 background and compared to congenic N6 Cx29+/+ mice. Genotyping was 

carried out as described in Imbeault et al. (17). All animal procedures were 

approved by the University of Ottawa Animal Care Committee in accordance with 

guidelines set forth by the Canadian Council on Animal Care. 

3.6.2 Neurosphere cultures 

Primary neurosphere suspension cultures were prepared from single 

hippocampal NPCs isolated on postnatal day 0-3 as described in Imbeault et al. (17) 

in expansion medium for 14 days in vitro (DIV) with addition of fresh epidermal 

growth factor (EGF: 20 ng/ml) and fibroblast growth factor-2 (FGF2:10 ng/ml) 

every two days. To label proliferating NPCs, cultures were pulsed with 5'-bromo-2-

deoxyuridine (BrdU; 20 ug/mL, Roche) on DIV 7 or DIV 13 for 24 h as indicated. 

NPCs were induced to differentiate by plating on laminin on DIV 8 in DMEM/F12 
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containing 1 mM sodium pyruvate, 200 mM D-glucose, 1% penicillin/ streptomycin, 

2% N2 supplement, retinoic acid (RA; 0.5 ^M), and fetal bovine serum (FBS; 0.5%). 

Control cultures were grown in the same media containing EGF and FGF2 in place 

of RA and FBS. 

3.6.3 Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was isolated using Trizol (Invitrogen, Burlington, ON) from 100-

150 neurospheres pooled on DIV14 or adult mouse cerebrum (positive control). 

Samples were treated with RQ1 DNAse (Promega, Madison, WI). Total RNA (2 ug) 

was subjected to random hexamer (pdN6, Promega) primed-reverse transcription 

(RT) using Superscript IIRT (BD Biosciences, Burlington, ON). Polymerase chain 

reaction was performed in a final volume of 25 ul containing: IX PCR buffer, 0.8 mM 

dNTPs, IX Advantage 2 Polymerase (Clontech, Cambridge, ON), 4 ng/piL Cx29 

primers (F: 5'-GGTTTTCGGCAATGAT, R: 5'-GGCATGGTTGGGTGGTTTCTC, 

amplicon length 278 bp) or 0.2 uM GAPDH primers (F: 5'-

TGGTGCTGAGTATGTCGTGGAGT, R: 5'-AGTCTTCTGAGTGGCAGTGATGG, 

amplicon length 292 bp). Cycling parameters were: 94°C for 5 min, 35 cycles of 94°C 

for 25 sec, 59°C for 50 sec, and 72°C for 1 min 45 sec, and a final step at 72°C for 7 

min in a Whatman Biometra T-Gradient thermocycler (Montreal-Biotech Inc., 

Kirkland, QC). 

3.6.4 Immunocytochemistry 

On DIV 14, cells were fixed at room temperature in 3.7% formaldehyde 

solution in 10 mM phosphate buffered saline (PBS, 0.154 M NaCl, 0.0028 M 

NaH2P04 , 0.0072 M Na2HP04 , pH 7.2) for 20 min as described in Irnbeault et al. (17) 

and immunocytochemistry performed as described in Melanson-Drapeau et al. (11). 

All antibodies (Table 3.1) were diluted in Antibody (Ab) buffer (3% BSA + 0.3% 

Triton-X 100 in PBS). Hoechst 33258 (0.5 ug/mL) or immunolabelling for histones 

was performed as a nuclear counterstain. For BrdU staining, slides were incubated 

with 2 N HC1 at 37°C for 30 min, rinsed 2 x 5 min with 0.1 M Borate Buffer, and 3 x 4 
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min with PBS prior to primary antibody incubation. In fate-tracking experiments, 

immunocytochemistry was performed on neurospheres expanded for 8 DIV before 

plating on laminin-coated coverslips and cultured for 6 further DIV in 

differentiation or maintenance media. 

3.6.5 Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labelling 

(TUNEL) 

Neurosphere sections were hydrated in PBS for 5 min prior to 

permeabilization with 0.1% Triton X-100 and 0.1% sodium citrate for 5 min on ice. 

Sections were washed 2 min with PBS and incubated for 1 h at 37°C with FITC-

dUTP in TdT buffer (140 mM sodium cacodylate, 1 mM cobalt chloride in 30 mM 

Tris-HCl pH 7.2) and TdT enzyme according to manufacturer's protocol (Roche). 

3.6.6 Flow cytometry 

On DIV 14, neurospheres were collected, centrifuged 5 min at 300 x g, and 

resuspended in versene (Invitrogen). Cells were gently triturated using a series of 

pipettes with decreasing tip apertures until a single-cell suspension was obtained 

(verified by hemacytometer counts). Formaldehyde was added to the versene 

suspension to a final concentration of 2% and incubated on ice for 20 min. Fixed 

single cell suspensions were washed twice in 2% FBS in PBS (PBS/FBS) followed by 

resuspension in 0.18% saponin in PBS/FBS (sapPBS/FBS). Approximately 2-5 x 105 

cells/200 uL of sapPBS/FBS were used per condition. Cells were sequentially 

incubated with primary and secondary antibodies (including isotype controls) as 

specified in Table 3.1 for 30 min with shaking. Between incubations, cells were 

washed with PBS/FBS and centrifuged at 300 x g. Cells were resuspended in 600 uL 

of PBS/FBS prior to analysis on a Beckman Coulter FC500 Flow Cytometer using 

CXP software (Beckman Coulter Canada Inc., Mississauga, ON). A blank (PBS/FBS) 

followed by a 'cells alone' control provided the initial gate for the cellular 

population of each condition. Detector sensitivity was determined using positive 

controls for each antigen-antibody combination. Parameters (initial gating, detector 
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Table 3.1 Primary 
flow cytometry 

Antibody 

Cx29 

Cx29 
(3-galactosidase 
BrdU 
GFAP 
Histones 
Nestin 
NG2 
NG2 

PDGFaR 
Phospho-histone H3 
RIP 
Tujl (pill-tubulin) 
Mouse IgG 

Rabbit IgG 

Guinea Pig IgG 

Mouse IgG 

Rabbit IgG 

Rat IgG 

Rat IgG 

and secondary antibodies used for immunocytochemistry and 

Type 

Polyclonal 

Polyclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Monoclonal 
Monoclonal 
Polyclonal 
Polyclonal 

Monoclonal 
Polyclonal 
Monoclonal 
Monoclonal 
Cy3-
conjugated 
Cy3-
conjugated 
Cy3-
conjugated 
FITC-
conjugated 
FITC-
conjugated 
FITC-
conjugated 
RPE-
conjugated 

Species 

Guinea 
Pig 
Rabbit 
Rabbit 
Rat 
Rabbit 
Mouse 
Mouse 
Rabbit 
Guinea 
Pig 
Rat 
Rabbit 
Mouse 
Mouse 
Donkey 

Donkey 

Donkey 

Donkey 

Donkey 

Donkey 

Goat 

Source 

Dr. David Paul 

Dr.David Paul 
Chemicon 
BD 
Sigma 
Chemicon 
Chemicon 
Chemicon 
Dr. William Stallcup 

BD Pharmingen 
BD Pharmingen 
Chemicon 
Research Diagnostics 
Jackson 

Jackson 

Jackson 

Jackson 

Jackson 

Jackson 

Serotec 

Dilution 
Immuno 
1:20 

1:20 
1:1500 
1:50 
1:100 
1:500 
1:50 
1:200 
1:200 

1:300 
1:1000 
1:1000 
1:250 
1:800 

1:600 

1:1000 

1:100 

1:100 

1:80 

Dilution 
Flow 

— 

1:20 
— 
— 
— 
— 
— 
1:200 

1:200 
— 
1:800 
— 
— 

— 

1:100 

1:100 

1:100 



voltage, and signal gain) were kept constant throughout all conditions. Data from 3-

4 independent experiments (litters) per genotype were averaged and compared. All 

data were corrected for background fluorescence signal. 

3.6.7 Quantification and statistical analyses 

For immunocytochemical assessments, each parameter was assessed n=10-50 

individual neurospheres prepared over n=2-4 experiments. Data represent the 

number of positive cells for a specified antigen expressed as a percentage of the total 

number of Hoechst 33258+ or anti-histone+ nuclei per section. For non-nuclear 

antigens, only cells having over 50% of the nucleus surrounded by specific 

immunoreactivity were counted. Neurosphere volumes were calculated according 

to the formula V=4/3(7ir3). Cell density/per section was calculated as the average 

number of Hoechst 33258+ or anti-histone+ nuclei per section. Average cell area was 

determined by dividing the section area by the total number of nuclei therein. All 

measurements were made using the Advanced Measurement module of OpenLab 

software (v.5.05, Improvision, Perkin-Elmer, Waltham, MA). Data represent 

averages ± standard error of the mean (SEM) also expressed, in some cases, as fold 

change relative to wild-type. Statistics were Student's f-tests, Mann-Whitney U tests 

(where n>5 (n=3-4)), or ANOVA followed by post-hoc Tukey test using Instat (v3.0, 

GraphPad, Lajolla, CA). 

3.7 Results 

3.7.1 Cx29 is expressed by early OPCs 

Both Cx29 mRNA (Figure 3.1a) and protein (Figure 3.1b) were detected in 

primary postnatal hippocampal NPC neurosphere cultures after 14 DIV. In wild-

type cultures, Cx29 protein was expressed by approximately 4% of cells as 

determined by immunolabelling of cryosections (Figure. 3.1c) and flow cytometry of 

dissociated cultures (Figure. 3.Id). Specificity was confirmed by immunolabelling 

for (3-galactosidase (P-gal) in Cx29 null-mutant cultures wherein the lacZ gene 

replaces the Cx29 coding sequence (Figure. 3.1b, inset). 
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Figure 3.1 Cx29 is expressed by a subset of cells in postnatal hippocampal-derived 
neurospheres. (A) RT-PCR was performed on total RNA from 100-150 pooled 
neurosphere cultures or mouse cerebrum in the presence (+) or absence (-) of reverse 
transcriptase or template (NT). M, molecular size marker. (B) Immunostaining for 
Cx29 in a 10 urn section through the equatorial region of a neurosphere culture. 
Scale bar, 50 urn. Upper inset depicts higher magnification of the Cx29+ cell 
indicated by arrows. Scale bar, 10 urn. Lower inset depicts P-gal immunostaining in 
a Cx29V- neurosphere. Scale bar, 50 um. Quantification of Cx29+ cells was 
performed by (C) immunostaining (n=9 neurospheres) and (D) flow cytometry of 
n=100-150 neurospheres per analysis conducted in replicate. Isotype controls are 
shown in grey. The specific Cx29 signal quantified is indicated in light green. 
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Although each neurosphere is derived from a single nestin+ NPC (Figure 3.2a), 

daughter cells spontaneously adopt distinct lineages in culture recapitulating many 

of the neurogenic and gliogenic stages observed in the postnatal hippocampus 

(Figure 3.2a). Cx29+ cells were identified by double-immunostaining for the 

antigenic lineage markers listed in Figure 3.2a and either Cx29 or P-gal in wild-type 

and null-mutant cultures respectively. Expression was not detected in nestin+ NPCs 

(Figure 3.2b, arrowhead) but was evident in subsets of daughter cells expressing the 

OPC-like lineage markers NG2+ (Figure 3.2c, arrow) and PDGF<xR+ (Figure 3.2d, 

arrow and insets) as well as in their progeny, RIP+ oligodendrocytes (Figure 3.2e). 

Cx29+/NG2+ cells localized primarily to polar sections of neurosphere cultures 

(Figure 3.2c). Cx29+/PDGFaR+ OPC-like cells were present throughout polar and 

equatorial regions of the neurosphere cultures. This localization was confirmed by 

P-gal and PDGFaR immunostaining in Cx29~/- cultures (Figure 3.2d). 

3.7.2 Cx29 does not regulate proliferation or survival of NPCs or their progeny 

To assess the functional consequences of Cx29 expression over the course of 

NPC oligodendrogenesis, we compared proliferative, apoptotic, and specification 

indices in congenic wild-type and null-mutant cultures. Loss of Cx29 did not affect 

the ability of Type 1 NPCs to clonally expand as neurospheres. No difference in 

neurosphere volume (+/+ 0.014 ± 0.003 mm3 and - / - 0.013 ± 0.002 mm3), cell density 

(+/+ 493 ± 55 cells/section and - / - 474 ± 44 cells/section), or average cell size (area) 

per section (+/+ 82 ± 3 \im2/cell and - / - 78 ± 6 um2/cell) was observed between 

genotypes (Figure 3.3a-eJ. Furthermore, Cx29 null-mutation did not alter cell 

proliferative indices as assessed by BrdU-labelling of cells in S-phase (+/+ 9 ± 3% 

and - / - 7 ± 2% cells/section) or phospho-histone H3 (pHH3) immunolabelling of 

cells in M-phase (+/+ 0.4 ± 0.1% and - / - 0.3 ± 0.1% cells/section) (Figure 3.3c-e). 

Finally, no difference in the basal apoptotic index was detected in wild-type and 

null-mutant cultures indicating that loss of Cx29 did not significantly impact upon 

the survival of NPCs or their progeny (Figure 3.3f). 
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Figure 3.2 Cx29 is expressed by early OPC-like cells. (A) Schematic of NPC 
oligodendrogenesis in postnatal hippocampal neurosphere culture indicating the 
antigenic lineage markers used to distinguish progenitor populations. (B) Cx29 
protein (arrowhead) was not detected in nestin+ NPCs (arrow). Inset depicts these 
cells at higher magnification. (C) Cx29 was also present in a subset of NG2+ OPC-
like cells (arrow). A section through the polar region of neurosphere is shown. 
Inset depicts these cells at higher magnification. (D) Cx29 was expressed by a 
subset of PDGFaR+ cells (arrow and upper inset) confirmed by the co-expression of 
the PDGFctR and (3-gal reporter in Cx29V- cultures (D, lower inset). (E) Co-
expression of Cx29 and the oligodendrocyte marker RIP is observed at DIV14 
(arrow and inset). Scale bars, 50 um. Upper inset scale bars, 10 um. Lower inset 
scale bars, 5 um. 
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Figure 3.3 Loss of Cx29 does not affect cell number, cell size, or cell proliferation 
of NPC neurosphere cultures. (A,B) Representative phase contrast images of 
neurospheres derived from Cx29+/+ and Cx29-/- mice. Scale bars, 50 p i ; insets,10 
(xm. (C,D) Representative immunocytochemistry for BrdU in the same cultures 
presented in (A,B) labelled for 24 h with BrdU on DIV13 and processed on DIV14. 
Immunostaining using a pan-histones antibody was used to assess total cell number. 
Insets show phosphohistone H3 (pHH3)+ cells, a marker of cells in M-phase 
assessed in separate cultures. (E) Quantitation of neurosphere volume, cell density, 
average cell size, and % of cells in S-phase and M-phase. All data are expressed as 
fold change relative to Cx29+/+ cultures. No statistically significant change was 
observed in any parameter as a result of Cx29 null-mutation (Student's Mest). 
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3.7.3 Cx29 directs progenitor cells towards an oligodendrocyte lineage 

Although survival of progenitors and their progeny was not altered, 

spontaneous oligodendrocyte differentiation was reduced by 55% in Cx29~/- cultures 

with a concomitant 33% reduction in NPC-derived early OPCs (Figure 3.4a,b). 

Closer examination revealed the impairment in NPC oligodendrogenesis lay in the 

transition of NG2+ OPCs to a PDGFaR+ lineage (Figure 3.4b). No difference was 

found in the number of nestin+ NPCs (Figure 3.4b). Further, no difference was 

found in the ability of Type 1 NPCs to specify to an NG2+ OPC-like lineage assessed 

by both immunocytochemistry (+/+ 7 ± 1% and - / - 8 ± 1% NG2+ cells/section, n=15 

neurospheres, Figure 3.4b) and flow cytometry (+/+ 45 ± 3% and - / - 33 ± 6% NG2+ 

cells/culture, n=4 and 3 cultures of ~250 neurospheres/culture per genotype). A 

significant decrease was evident in the number of early OPCs expressing PDGFaR 

(+/+ 9 ± 1% and - / - 3.1 ± 0.3% cells/section, Figure 3.4b). Placed in context with 

evidence of comparable clonal expansion (Figure 3.3a-e), proliferation (Figure 3.3a-

e), and survival (Figure 3.3f), these data suggested that the NG2+ progeny of Type 1 

NPCs adopt a non-oligodendrocytic fate in the absence of Cx29. 

To test this hypothesis directly, we asked whether loss of Cx29 was sufficient 

to prevent NPCs and their progeny from specifying to oligodendrocytes even in the 

presence of differentiating factors. NPCs were expanded as neurospheres for 8 DIV, 

pulsed for 24 h with BrdU to label actively proliferating cells, plated on laminin-

coated coverslips, and cultured in media containing either FGF2 and EGF to 

maintain BrdU-labelled cells in an undifferentiated state or RA and FBS to promote 

differentiation. The fate of labelled cells was established after a further 6 DIV by 

immunocytochemistry. Consistent with our previous data (Figure 3.3f), loss of Cx29 

did not affect the survival of BrdU-labelled cells whether cultured in NPC 

maintenance media or differentiating media (Figure 3.4c). Oligodendrogenic 

specification was significantly reduced in Cx29-/- cultures to half that of control 

cultures (Figure 3.4d). These data are in keeping with our observation that Cx29 is 

expressed by a subpopulation of OPCs (Figures 3.1 and 3.2) and thus loss of 

function does not completely block NPC oligodendrogenesis. In the absence of 
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Figure 3.4 Loss of Cx29 redirects NG2+ OPCs to adopt an astrocytic fate. (A) Loss 
of Cx29 resulted in a significant reduction in the percentage of cells expressing the 
early OPC lineage markers NG2 and/or PDGFaR and the mature oligodendrocyte 
marker RIP as assessed by flow cytometry (n=3-4 independent experiments 
assessing 100-150 pooled neurosphere cultures per experiment). * p<0.05, **p<0.01, 
Mann Whitney U. (B) Closer examination by immunocytochemistry revealed that 
the PDGFaR+ early OPCs and the RIP+ mature oligodendrocyte populations but not 
the NG2+ early OPC or nestin+ NPC populations were affected. *p<0.05, ***p<0.001, 
Student's f-test. Scale bars, 50 p i . Scale bars in inset, 8 um. (C) Fate tracking of 
BrdU labelled cells was performed by labelling neurospheres on DIV 7 plating on 
laminin-coated coverslips, and assessing survival and fate on DIV 14. No difference 
in the survival of BrdU-labelled cells was detected between genotypes whether cells 
were cultured in media that maintained NPCs in their undifferentiated state 
(EGF+FGF2) or promoted terminal differentiation (RA+FBS). (D) 
Oligodendrogenesis was significantly inhibited under both spontaneous 
differentiating conditions (EGF-FGF2) and directed differentiation (RA+FBS) in 
Cx29V-cultures (ANOVA, post-hoc Tukey, * p<0.05, **p<0.01). (E) Loss of Cx29 
redirected BrdU-labelled cells to adopt an astrocyte fate at the expense of 
oligodendrogenesis in cultures exposed to differentiated media. Neurogenesis was 
not affected. (Student's t test, * p<0.05). 
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Cx29, more BrdU-labelled cells adopted an astrocytic fate at the expense of 

oligodendrocytes (Figure 3.4e). No difference in neurogenesis was detected 

between genotypes (Figure 3.4e). Taken together, these data provide strong 

evidence that Cx29 expression directs a subset of OPCs to adopt an oligodendrocytic 

fate whereas in the absence of Cx29 these cells specify to astrocytes. 

3.8 Discussion 

Here, we show the gap junction protein Cx29 is an intrinsic regulator of 

hippocampal NPC oligodendrogenesis. Our data indicate that a subset of NG2+ and 

PDGFciR+ early OPC-like progeny of Type 1 hippocampal NPCs express Cx29. 

Using a loss of function approach, we found this expression is required for 

approximately half of these NPC-derived NG2+cells in primary neurosphere culture 

to specify to a PDGFaR+ early OPC-like lineage. This impairment in 

oligodendrogenesis was independent of any defect in postnatal hippocampal NPC 

self-renewal, clonal expansion, proliferation, or survival. Rather, Cx29 expression 

was apparently sufficient to direct OPC-like cells to adopt an oligodendrocytic fate 

whereas, in the absence of Cx29, more NPC progeny differentiated into astrocytes. 

Previous reports have demonstrated Cx29 expression in myelinating fibers 

within the CNS and peripheral nervous system (18-20). While mRNA expression is 

detected by P7 in the mouse brain (21), immunofluorescence studies show Cx29 is 

restricted to mature CNPase+ cells in the corpus callosum by P8 (22). However, most 

studies restricted their investigations to post-mitotic oligodendrocyte markers. 

Recently, Li et al. used a P-gal reporter mouse to show Cx29 expression as early as 

E12.5 in the spinal cord (23). They further demonstrated, using primary cultures 

from both wild-type and knock-out reporter mice, Cx29 expression during the 

transition from multipotential neural crest cells to Schwann cell progenitors. In 

contrast to our data, loss of Cx29 did not alter the specification of Schwann cells 

precursors to more mature cell types (23). The authors thus present Cx29 as a novel 

marker of the Schwann cell progenitor stage but do not explore what function Cx29 

may have in these precursors. Here, we show a similar dynamic expression during 
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the transition of multipotential nestin+ hippocampal NPCs to an NG2+ cell lineage 

and further demonstrate that, in hippocampal cultures, loss of Cx29 is sufficient to 

alter the transition of OPCs to a more mature cell fate thereby affecting the balance 

of NPC gliogenesis. 

While our data clearly show that, in the absence of Cx29, oligodendrogenesis 

is impaired in over half the NPC-derived NG2+ glial progenitors, it is also important 

to note that not all NG2+ NPC-progeny require Cx29 for oligodendrogenesis. While 

we have yet to define the underlying molecular mechanisms by which Cx29 directs 

NG2+ cells away from an astrocytic fate, our data underline the plasticity of 

hippocampal NPCs and the potential of these cells to serve as an alternative source 

of oligodendrocytes. One possible mechanism involves the formation of 

hemichannels. In mature myelinating cells of the CNS, Cx29 is associated with the 

juxtaparanodal region and the inner mesaxon (18). Due to this localization in non­

functional membranes, and to experiments showing Cx29 cannot form gap junction 

channels (18, 24), it is likely that Cx29 forms hemichannels. Furthermore, in the 

peripheral nervous system, Cx29 is intriguingly located across from Kvl.2 channels 

on axons where it is thought to help sequester K+ from the periaxonal space 

although this possibility has yet to be directly tested (18, 25). On the other hand, Li 

et al. (23) hinted at a possible structural role for Cx29 in neuronal/glial interactions 

involving protein-protein interactions. Our data fit with both these hypothesized 

roles. If Cx29 indeed forms hemichannels, loss of channel activity may lead to an 

inability to respond to trophic messengers from neighbouring cells, notably 

neurons, given evidence that NPC-neuron co-cultures promote oligodendrogenesis 

(10). Alternatively, Cx29 may help localize other proteins, such as PDGFaR, to the 

cell surface. Loss of Cx29 would thus lead to loss of PDGFaR signaling and of 

responses normally associated with this receptor. Certainly, both hypotheses will 

require further empirical testing. Our data, however, clearly demonstrate the 

potential of transiently altering the connexin profile of NPCs in order to overcome 

or induce fate restrictions in vitro. This approach could be exploited to increase 
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oligodendrocyte specification and supplement or enhance oligodendrocyte number, 

which has important implications for in vivo remyelination strategies in MS. 
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Chapter 4: Glial connexins partly regulate oligodendrocyte progenitor cell fate in 

the postnatal dentate gyrus 

4.1 Objectives of the study 

1) Determine the in vivo cell-type localization of Cx29, Cx32 and Cx47 within 

the dentate gyrus of the hippocampus 

2) Using single-, double-, and triple-null mutations in Cx29, Cx32, and, Cx47, 

determine the role these proteins play in progenitor cell proliferation and 

specification in the hippocampal niche. 

4.2 Statement of author contributions 

SI and SALB conceived and designed the experiments. SI performed all the 

experimental work and produced the figures. SI and SALB wrote the manuscript. 

CDS contributed wild-type tissue sections for the staining in Figures 4.1-4.3. 
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4.4 Summary 

Oligodendrocytes are crucial to proper cognitive function. Failure of 

oligodendrocyte progenitor cells (OPCs) to properly differentiate into 

oligodendrocytes is one of the reasons for sustained demyelination in multiple 

sclerosis. An alternative source of progenitors might prove useful for therapeutic 

applications, however we must first understand what factors influence OPC 

proliferation and specification. Previous work from our laboratory has shown a role 

for connexins in specification of OPCs, whereby loss of Cx32 in the adult dentate 

gyrus results in an increased pool of NG2+ OPCs. Aside from Cx32, hippocampal-

derived OPCs also express Cx29 in vitro and this connexin is important for 

specification of these OPCs to oligodendrocytes. Furthermore, oligodendrocytes 

express Cx29, Cx32 and Cx47 in vivo. Here we investigate the localization of Cx29, 

Cx32 and Cx47 within the dentate gyrus of the hippocampus and whether these 

connexins play a role in oligodendrocyte progenitor cell proliferation. We find the 

novel localization of Cx29 to NG2+ OPCs and to platelet-derived growth factor 

receptor alpha (PDGFctR)+ OPCs while Cx32 is expressed in NG2+PDGFaR- cells. 

Loss of this differential expression results in significantly increased proliferation of 

NG2+ cells and GFAP+ astrocytes in Cx29 null-mutant mice whereas loss of Cx32 

results in a very significant expansion of only the NG2+ cell population. Together 

these data implicate both Cx29 and Cx32 in the regulation of OPC type-specification 

and proliferation within the dentate gyrus. 
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4.5 Introduction 

The hippocampal formation is vital for learning and memory processes and 

thus for proper cognitive function. Loss of not only hippocampal neurons, but also 

of glia, as a result of injury or disease impairs function leading to cognitive deficits. 

Specifically, progressive loss of hippocampal oligodendrocytes in multiple sclerosis 

has been reported to underlie some of the cognitive impairments observed in 

patients (1). Cell replacement strategies to restore neurons but also 

oligodendrocytes therefore represent a novel therapeutic approach that, however, 

depends upon a comprehensive understanding of how new cells are born in the 

adult brain. 

The hippocampus is one of the regions that boasts a robust neurogenic and 

gliogenic niche in the adult brain - the subgranular zone (SGZ) of the dentate gyrus. 

The neural progenitor cells (NPCs) contained therein have been shown to be 

multipotential in vitro and have also demonstrated fate plasticity in vivo. Recently, 

Jessberger et ah (2) have succeeded in switching the in vivo fate of adult hippocampal 

neural progenitor cells (NPCs) from granule neurons to oligodendrocytes by viral 

overexpression of the transcription factor Ascll. In addtion to Ascll, previous work 

in our laboratory has also implicated connexin-mediated communication in the 

direction of NPCs towards specific glial lineages. We have shown in vitro that 

connexin 29 (Cx29), which is expressed in oligodendrocyte progenitor cells (OPCs) 

derived from multipotential hippocampal NPCs (3), plays a role in directing NPC 

progeny towards an oligodendrocytic lineage and away from an astrocytic lineage 

(4, manuscript submitted). Furthermore, we have shown in vivo and in vitro the 

specification of a subset of NG2+ OPCs in the hippocampus is impaired in Cx32 

null-mutant mice (5). 

Connexins are the building blocks of connexons or "hemichannels" which are 

the functional units of connexin-mediated signalling. A hemichannel allows the 

passage of ions and metabolites (< lkDa) from the cytosol to the extracellular 

environment and vice-versa. Two adjacent cells can each contribute a connexon to 

form an intercellular channel in traditional gap junctional intercellular coupling. 
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Channel-independent modes of Cx-mediated signalling include protein-protein 

interactions through the C-terminus and the formation of adhesion domains 

allowing cellular migration (6). Connexins are a protein superfamily comprising 20 

members in the mouse (7). In the central nervous system, fourteen Cxs are expressed 

(Cx26, Cx29, Cx30, Cx30.2,0x31.1,0x31.9,0x32,0x36,0x37, Cx40,0x45, and 

Cx47)(8-ll). It is generally agreed oligodendrocytes express three connexins: 0x29, 

0x32 and 0x47 (12). Within the dentate gyrus, it has been shown adult NG2+ OPCs 

express 0x32 (5). However, despite in vitro evidence, it has not been explored 

whether hippocampal OPCs express other Cxs. Here, we examined the expression 

of Cx29,0x32, and Cx47 in the oligodendrocyte cell lineage. Then, using a genetic 

dissection approach and taking advantage of single, double, and triple null-mutant 

mice, we investigated the role of these connexins in regulating hippocampal 

progenitor cell fate in vivo. 

4.6 Methods 

4.6.2 Mice 

Breeding pairs of 0x29 (13) and 0x47 (14) null-mutant mice were obtained 

from Dr. David Paul (Harvard Medical School). The Cx32 null-mutant line (15) was 

originally generated by Dr Klaus Willecke (University of Bonn) and backbred in our 

laboratory onto a C57B1/6 lineage. Double and triple null-mutant mice were 

generated through heterozygote marings. Animals were between generations N4-

N6 and were compared to congenic littermate-derived control mice in all 

experiments. Due to the postnatal lethal phenotype of Cx32-/YCx47V- (14) and 0x29-

/-Cx32"/Y Cx47-/- mice, all experiments were carried out on mice aged between 

postnatal day 27 and 34 (P27-34). All animals were provided with food and water ad 

libitum and kept under a 12h light-dark cycle. All animal protocols were approved 

by the University of Ottawa Animal Care Committee according to guidelines set 

forth by the Canadian Council on Animal Care. 
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4.6.2 5-bromo-2'-deoxyuridine (BrdU) treatment 

Mice were injected five times over 3 days with 5-bromo-2'-deoxyuridine (50 

mg/kg, Roche Diagnostics, Laval, QC) and sacrificed 24 h following the last 

injection. 

4.6.3 BrdUImmunostaining 

Chemical reagents were obtained from Sigma-Aldrich (St.-Louis, MO, USA) 

unless otherwise stated. Animals were injected with a lethal dose of Euthansol 

(Schering-Plough Canada Inc., Pointe-Claire, QC, Canada) and transcardially 

perfused with 10 mM PBS (PBS: 0.154 M NaCl, 0.0028 M NaH2P04, 0.0072 M 

Na2HP04, pH 7.2) followed by 3.7% formaldehyde solution in PBS. Brains were 

post-fixed overnight, cryoprotected in 20% sucrose in 10 mM PB + 0.001% NaN3, 

and 10 nm-thick sections were serially cut on a Leica CM1900 cryostat (Leica 

Microsystems Inc.). Sections were stored at -20°C until further use. Slides were 

thawed at room temperature (RT) for 10 min in PBS. For BrdU staining, sections 

were incubated in 2 N HC1 at 37°C for 1 h. Sections were then washed 2 x 5 min in 

0.1 M Borate Buffer pH 8.5 and 3 x 5 min in PBS, both at RT, prior to primary 

antibody incubation overnight at 4°C in a humid chamber. The following day (all 

steps performed at RT), sections were rinsed 3 x 5 min in PBS and incubated 1 h in a 

humid chamber with secondary antibody. Sections were again washed 3 x 5 min in 

PBS and mounted using antifade medium. The same procedure was followed for 

double labelling of BrdU with cell-type specific markers found in Table 4.1. All 

antibodies were diluted in Ab buffer (0.3% Triton X-100,3% BSA in PBS, pH 7.2). 

Images were acquired using a Leica DMXRA2 epifluorescence microscope and 

analyzed using Openlab software (version 5.0.2, Improvision, Lexington, MA, USA). 

4.6.4 Connexin imunostaining 

Tissue sections were treated with ice-cold methanol for 3 min followed by a 5 

min PBS wash at RT. Permeabilization was carried out using 0.2% Triton X-100 in 

PBS for 20 min at RT followed by a PBS wash. Blocking was done in 5% normal 
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Table 4.1 Primary and secondary antibodies used for immunostaining 
Antibody Type Species Source Dilution 

Immuno 
Cx29 
Cx32 
Cx47 
BrdU 
BrdU FITC-
conjugated 
P-galactosidase 
p-galactosidase 
GFAP 
Nestin 
Nestin 
NG2 
NG2 
PDGFaR 
PDGFctR 
RIP 
Guinea Pig IgG 
Mouse IgG 
Mouse IgG 

Rabbit IgG 

Rabbit IgG 

Rabbit IgG 
Rat IgG 

Rat IgG 

Polyclonal 
Monoclonal 
Polyclonal 
Monoclonal 
Monoclonal 

Monoclonal 
Polyclonal 
Polyclonal 
Monoclonal 
Polyclonal 
Polyclonal 
Polyclonal 
Monoclonal 
Monoclonal 
Monoclonal 
Cy3-conjugated 
Cy3-conjugated 
FITC-
conjugated 
Alexa488-
conjugated 
AMCA-
conjugated 
Cy3-conjugated 
FITC-
conjugated 
Cy3-conjugated 

Rabbit 
Mouse 
Rabbit 
Mouse 
Rat 

Mouse 
Rabbit 
Rabbit 
Mouse 
Rabbit 
Rabbit 
Guinea Pig 
Mouse 
Rat 
Mouse 
Donkey 
Donkey 
Donkey 

Goat 

Donkey 

Donkey 
Donkey 

Donkey 

Dr.David Paul 
Zymed (13-8200) 
Dr. David Paul 
Roche 
BD 

Promega 
Chemicon 
Sigma 
Chemicon 
Covance 
Chemicon 
Dr. William Stallcup 
Spring Bioscience 
BD Pharmingen 
Chemicon 
Jackson 
Jackson 
Jackson 

Invitrogen 

Jackson 

Jackson 
Jackson 

Jackson 

1:20 
1:250 
1:1000 
6 ug/mL 
1:50 

1:20 
1:1500 
1:400 
1:50 
1:500 
1:200 
1:200 
undiluted 
1:300 
1:1000 
1:1000 
1:800 
1:100 

1:400 

1:100 

1:600 
1:80 

1:800 



donkey serum in PBS for 10 min at RT followed by a PBS wash prior to primary 

antibody incubation (diluted in Ab buffer) for 1 h at RT in a humid chamber. 

Following 3 x 5 min washes in PBS, secondary antibody incubation was performed 

in the same fashion. Slides were again washed 3 x 5min in PBS and mounted in 

antifade medium. Hoechst 33258 (1 ug/mL) was included in the 2nd PBS wash 

following secondary antibody incubation as a nuclear counterstain. Imaging was 

performed using a Zeiss LSM 510 Meta (Carl Zeiss Canada Ltd., Toronto, ON) 

followed by processing using Zeiss AxioVision software (version 4.7.2) and Adobe 

Photoshop (version 11.0.1, Adobe Systems Inc. USA). A Gaussian blur with a radius 

of 0.4 pixels was applied to all images. 

4.6.5 In vivo cell proliferation and antigenic analysis 

A minimum of 5 animals per genotype were assessed per condition. Using 

OpenLab software, an area of interest was established that encompassed the dorsal 

dentate gyrus in each hemisphere (the first two inner cell layers of the superior and 

inferior blades of the granule cell layer as well as the polymorphic layer) per animal. 

Immunolabelling was quantified bilaterally over two adjacent 10 urn sections to 

yield four measurements per animal. Counts performed in each dentate gyrus were 

expressed as number of cells per 0.1 mm2. All sections analyzed were between 

Bregma -1.60 mm and -2.10 mm. The total number of BrdU+ cells and the number of 

BrdU+ cells expressing specific antigenic lineage markers were determined by 

investigators blinded to the genotypes of the animals. 

4.6.6 Immunoreactivity quantification 

Immunoreactivity for RIP, a marker of post-mitotic oligodendrocytes, was 

quantified and expressed as the percentage of the area of interest exhibiting 

immunoreactive signal above background using Image J software (version 1.41, 

National Institute of Health, USA). As above, to ensure accuracy, immunoreactivity 

was quantified bilaterally in two adjacent sections and these four measurements 

averaged to yield one measurement per animal. 
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4.6.7 Statistical analysis 

All data are presented as mean ± standard error of the mean (S.E.M.). Data 

were analysed using one-way analysis of variance (ANOVA) followed by a post-hoc 

Tukey test (GraphPad InStat version 3.0b, Lajolla, CA). 

4.7 Results 

4.7.2 OPCs express Cx32 and Cx29 but not Cx47 

Our previous studies indicate Cx29 and Cx32 but not Cx47 are dynamically 

expressed by OPCs in vitro (3). Here, we sought to expand these results in vivo using 

immunostaining and confocal microscopy to assess the cell-type specific expression 

of Cx32, Cx29, and Cx47 in the SGZ and in the polymorphic layer (PO) of the 

dentate gyrus of the hippocampus in mice aged P30 using the cell-type specific 

markers highlighted in Figure 4.1a. 

Cx32 immunoreactivity generally appeared uniform and was detected both 

intracellularly and at the plasma membrane of the soma and processes of cells. At 

higher magnification, Cx32+ puncta, characteristic of connexin labelling, were 

observed, notably along cell processes (Figure 4.1b,c, yellow arrows). Protein was 

clearly expressed by RIP+ oligodendrocytes as expected (16-18) but also in RIP-

negative cells with a stellate morphology reminiscent of OPCs. To further identify 

OPC populations expressing Cx32 in the hippocampus, we performed dual 

immunofluorescence for Cx32 and either PDGFaR or NG2, two markers of early 

OPCs (Figure 4.1b,c). Surprisingly, Cx32 immunolabelling was restricted to the 

NG2+ population and was not detected in PDGFaR+ OPCs (Figure 4.1b, 

arrowheads). Co-expression was most prominent in the processes of these cells 

(Figure 4.1c, arrows). Cx32 was not detected in nestin+ NPCs, however proximity of 

Cx32+ processes to nestin+ cells was frequently observed (Figure 4.1d, asterisks). 

Like Cx32, Cx29 immunoreactivity was detected on the cell soma and on both 

proximal and distal cellular processes (Figure 4.2a,c,e,g). Immunolabelling was 

often 
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Figure 4.1 Cx32 is expressed by NG2+ oligodendrocyte progenitor cells of the 
dentate gyrus. A) Schematic diagram of postnatal hippocampal generation of 
oligodendrocytes from nestin+/GFAP+ neural progenitor cells and relevant cell-type 
specific markers used to identify oligodendrocytes and their progenitor cells (OPCs) 
in this study. Orthogonal representations of confocal images for Cx32 staining and 
B) the OPC marker PDGFaR, C) the OPC marker NG2, and D) the neural progenitor 
cell marker nestin. No Cx32 immunoreactivity is seen in PDGFaR+ cells (B, 
arrowhead) although immunoreactivity along other cell processes is observed (B, C, 
yellow arrows). Double labelling of Cx32 and NG2+ cell fibers can be observed (C, 
arrows) while Cx32+ processes are found in proximity to nestin+ cells (D, asterisks). 
Scale bars -10 um. sg - granule cell layer, SGZ - subgranular zone. 
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Figure 4.2 Cx29 is expressed by cells of the oligodendrocyte lineage within the 
dentate gyrus. Orthogonal representations of confocal images of immunostaining 
for Cx29 or the (3-galactosidase reporter protein found in Cx29-/- mice and A, B) the 
oligodendrocyte marker RIP, C, D) the OPC marker PDGFaR, E, F) the OPC marker 
NG2, and G,H) the neural progenitor marker nestin, demonstrating expression of 
Cx29 (and Cx29 promoter activity) in oligodendrocytes and OPCs. Note the close 
proximity of Cx29+ processes and (3-gal+ cells to nestin+ Type 1 neural progenitor 
cells. Arrows indicate double-positive cells while arrowheads denote single-positive 
cells. Asterisks highlight proximity between the examined cell types. Scale bars - 10 
urn. sg - granule cell layer, SGZ - subgranular zone, po - polymorphic layer. 
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punctate at the cell soma (Figure 4.2a, inset, arrows) but appeared more uniform 

along processes (compare Figure 4.2a with the inset). The morphology of Cx29+ cells 

resembled that of cells immunoreactive for oligodendrocyte markers and double 

labelling of RIP+ oligodendrocytes for Cx29 was clearly detected (Figure 4.2a, 

arrows). This observation was confirmed using Cx29 null-mutant mice (Figure 4.2b, 

arrows) wherein p-galactosidase (|3-gal) engineered with a nuclear localization 

signal is expressed in place of Cx29 (13). Not all RIP+ oligodendrocytes expressed 

Cx29 in wild-type animals (Figure 4.2a, green fibers) or |3-gal in null-mutant animals 

(Figure 4.2b, arrowhead) suggesting Cx29 is expressed by only a subset of post­

mitotic oligodendrocytes. In null-mutant animals, the RIP-/(3-gal+ cells often 

exhibited less intense P-gal immunoreactivity than the double-labelled RIP+ cells. 

Furthermore, these cells often possessed oblong nuclei as opposed to the small, 

condensed nuclei of RIP+ oligodendrocytes (data not shown). Antigenic lineage 

assessment identified these cells as OPCs immunoreactive for either PDGFaR 

(Figure 4.2c, d) or NG2 (Figure 4.2e, f) but not NPCs immunoreactive for nestin 

(Figure 4.2g, h). As with Cx32+ cells, Cx29+ processes were consistently found in 

very close proximity to nestin+ cells and/or nestin+ processes (Figure 4.2g, 

asterisks), as were (3-gal+ cells (Figure 4.2h, asterisks). 

By contrast, Cx47 immunoreactivity displayed very large puncta surrounding 

the soma and along proximal processes of RIP+ oligodendrocytes of the SGZ and PO 

(Figure 4.3a, arrows) consistent with the immunostaining pattern of gap junction 

plaques (14). We did not observe Cx47 expression in progenitor cells of the 

oligodendrocyte lineage (Figure 4.3b-d, arrowheads), however, many Cx47+ cells 

were found in extremely close apposition to nestin+ or NG2+ cells (Figure 4.3 c,d, 

asterisks). Furthermore, Cx47+ cells, when in proximity to NG2+ cells, were often 

found grouped within clusters of NG2+ cells (data not shown). This pattern 

suggested to us expression following terminal differentiation within foci of OPCs 

actively undergoing oligodendrogenesis. 
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Figure 4.3 Cx47 is only expressed by oligodendrocytes of the dentate gyrus. 
Orthogonal representation of confocal imaging of immunostaining for Cx47 and A) 
the oligodendrocyte marker RIP, B) the OPC marker PDGFaR, C) the OPC marker 
NG2, and D) the neural progenitor marker nestin. RIP+ oligodendrocytes express 
Cx47 (A, arrows) while OPCs and Type 1 neural progenitor cells do not (B-D, 
arrowheads). However, Cx47+ cells and processes are observed in proximity to all 
these cells types, especially NG2+ and nestin+ cells (C and D, asterisks). Scale bars -
10 um. sg - granule cell layer, SGZ - subgranular zone, po - polymorphic layer. 
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4.7.2 Loss ofCx32, Cx29 and Cx47 differentially affects progenitor cell proliferation 

We used a null-mutant loss-of-function approach to assess the impact of Cx29 

and Cx32 expression on OPC phenotype in the postnatal hippocampus. In 

agreement with unpublished data from the Paul laboratory (Dr. D.L. Paul personal 

communication), we observed Cx29-/-Cx32-/^ Cx47-/- triple null-mutant mice were 

phenotypically similar to Cx32-/*Cx47-/- double null-mutants and showed no overt 

increase in severity or in premature onset of the symptoms described by Menichella 

et al. (14) for Cx32~/YCx47-/- null-mice (e.g., development of a coarse action tremor by 

the third postnatal week, followed by tonic seizures and death generally within six 

weeks following birth). As such, it is unlikely the loss of Cx29 affects survival of 

oligodendrocytes in the major fibre tracts, above and beyond the deficit conferred 

by the concomitant loss of Cx32 and Cx47. 

Using BrdU to label proliferating cells, we found a significant increase in the 

number of BrdU+ cells in the dentate gyrus of Cx29-/- single null-mutant mice 

compared to congenic wild-type mice (Figure 4.4, *p<0.05, ANOVA post-hoc Tukey). 

No significant changes in the number of BrdU+ cells were seen in the other 

genotypes (Cx32V*, Cx29-/-Cx32-A, Cx327* Cx477-, nor CX29-/-CX32-/YCX47-/-) 

compared to wild-type (Figure 4.4). To determine the identity of the proliferating 

populations we performed antigenic lineage analysis of the BrdU+ cells for markers 

of the oligodendrocyte lineage (Figure 4.5a). A significant increase in the number of 

actively proliferating NG2+ cells was apparent in Cx32~/Y, Cx29-/-, and Cx29~/-Cx32-

/YCx47-/- mice compared to wild-type controls (Figure 4.5b). Interestingly, we also 

detected an increase in the number of proliferating astrocytes (BrdU+/Nestin-

/GFAP+) in Cx29V- null-mutant mice consistent with our previous in vitro 

assessments (4). This phenotype was specific given no change was observed in the 

percentage of actively proliferating Type 1 neural progenitors 

(BrdU+/Nestin+/GFAP+), Type 2 neural progenitors (BrdU+/Nestin+/GFAP-), 

PDGFaR+ OPCs, or BrdU+/RIP+ newborn oligodendrocytes, in any of the genotypes 

tested (Figure 4.5b). In contrast to our in vitro data, we did not observe increased 

astrogenesis at the expense of oligodendrogenesis in the absence of Cx29. 
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Figure 4.4 Cx29 -I- mice show increased BrdU+ proliferating cells within the 
subgranular zone of the dentate gyrus. Animals received 50 mg/kg BrdU twice 
daily (4-5 h apart) for two consecutive days (postnatal days 27 and 28), once on 
postnatal day 29 followed by sacrifice on postnatal day 30,24 h after the last dose of 
BrdU. Representative immunostaining for BrdU within the dentate gyrus of the 
hippocampal formation of A) +/+, B) CX32-/Y, C) CX29V-, D) CX29-/-CX32-/Y, 
E) Cx29 V-CX32-/YCX47-/-, and F) Cx32-/YCx47V- animals are shown. G) 
Quantification of BrdU+ cells per 0.1mm2 of the dentate gyrus for the indicated 
genotypes where N represents the number of animals analyzed per group. Scale bar 
- 50 p i . * p<0.05, ANOVA and post-hoc Tukey. 
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Figure 4.5 Increased proliferation of NG2+ oligodendrocyte progenitor cells 
and/or GFAP+ cells account for the majority of BrdU+ cell numbers in 
Cx32A, Cx29-A, and Cx29V- Cx32/Y Cx47A null-mutant mice. A) Diagram of 
postnatal hippocampal gliogenesis arising from Type 1 nestin+/GFAP+ neural 
progenitor cells. B) Animals received 50 m g / k g BrdU twice daily (4-5 h apart) for 
two consecutive days and once on the third day followed by sacrifice on postnatal 
day 30, 24 h after the last dose. Immunostaining for BrdU and the indicated cell-type 
specific lineage markers was carried out on serial sections from the number of 
animals indicated. Shown is the quantification of the lineage analysis performed on 
BrdU+ cells of all indicated genotypes. Note the increase in the BrdU+/NG2+ fraction 
of proliferating cells in CX32-/Y, CX29V-, and Cx29V-Cx32 -/YCx47-/- mice. There is 
also a significant increase in the number of BrdU+/GFAP+ astrocytes in Cx29~/- mice. 
* p<0.05, ** p<0.01, *** p<0.001, ANOVA post-hoc Tukey. 
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Figure 4.6 RIP immunoreactivity is unaltered in all genotypes. A) Diagram of the 
region used to quantify RIP immunoreactivity within the dentate gyrus B) 
Representative immunostaining for RIP within this region. C) Quantification of RIP 
immunoreactivity across +/+, Cx32 -/*, Cx29 -/-, Cx29 -/-Cx32 -/*, Cx29 -/- Cx32 -/* 
Cx47 -/-, and Cx32 -/Y CX47 -/- mice where N is the number of animals analyzed per 
genotype. Scale bar - 50 um. sg - granule cell layer, SGZ - subgranular zone, po -
polymorphic layer. 
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Furthermore, despite the increase in the BrdU+/NG2+ progenitor pool, we did not 

observe an increase in total oligodendrocyte number based on quantification of RIP 

immunoreactivity within the dentate gyrus (Figure 4.6). 

4.8 Discussion 

Here we extend our in vitro observations to in vivo studies whereby Cx29 and 

Cx32 are expressed not only by oligodendrocytes but also by OPCs in the P30 mouse 

dentate gyrus. We further show these connexins are likely expressed by discrete 

populations of OPCs given detection of Cx29 in both NG2+ and PDGFaR+ OPCs but 

of Cx32 only in NG2+ OPCs. We find Cx47 is restricted to oligodendrocytes and is 

not detected earlier in the OPC lineage. Using a genetic loss of function approach, 

we show Cx29 null-mutation results in increased proliferation of NG2+ cells and 

astrocytes, whereas loss of Cx32 impacts only upon NG2+ cell proliferation. When 

placed in context with our previous studies, this finding lends further support to the 

idea Cxs intrinsically regulate OPC potential within the dentate gyrus. 

We have previously observed Cx32 immunoreactivity in NG2+ cells of the 

adult dentate gyrus and shown loss of Cx32 impairs OPC specification in the 

uninjured adult hippocampus in vivo. In this case, a subset of hyperproliferating 

NG2+ OPCs fails to progress towards an oligodendrocyte lineage and is deleted by 

an apoptotic-like mechanism (5). Here, we confirm Cx32 is expressed by NG2+ cells 

at an earlier developmental time, P30. Interestingly, we did not detect Cx32 in 

PDGFaR+ OPCs as previously reported. This may be because Cx32 is only expressed 

in the processes of PDGFctR+ OPCs where immunoreactivities fall below the level of 

detection of our current methodologies and not in the perinuclear region of 

PDGFcxR+ OPCs, which shows stronger antigenicity. However, it may also indicate 

Cx32 is not expressed in this cell type at this particular developmental age. 

For the first time in vivo, we have demonstrated the expression of Cx29 by 

both NG2+ and PDGFaR+ OPCs. This expression was confirmed using the Cx29 

null-mutant mouse, which expresses a (3-galactosidase reporter gene under the 

control of the Cx29 promoter (13). An increase in the number of total proliferating 

112 



(BrdU+) cells within the dentate gyrus of Cx29~/- mice was detected, which was 

restricted to the NG2+ OPC and GFAP+ astrocyte populations. However, Cx29 does 

not intrinsically regulate cell proliferation as when, in the absence of Cx29, 

hippocampal progenitor cells are removed from their niche and cultured in vitro, no 

significant change in proliferative or apoptotic indices is observed. Conversely, loss 

of Cx29 is sufficient to impair NPC oligodendrogenesis in neurosphere culture and, 

in addition, to redirect their OPC-like progeny towards an astrocytic lineage (4, 

manuscript submitted). Here, we show in vivo, that in Cx29 null-mutant mice, an 

increase in proliferating astrocytes accompanies the increase in NG2+ OPCs. 

Our data also provide evidence of genetic crosstalk between Cx29 and Cx32 

that may compensate for the loss of one or the other gene. Given the localization of 

Cx29 to NG2+ and PDGFaR+ OPCs found in this study, and the expression of Cx32 

by NG2+ cells, we hypothesize these may represent two different progenitor 

populations. Ergo, Cx32 is expressed by NG2+ cells (polydendrocytes, (19)) and 

Cx29 is expressed by NG2+/PDGFaR+ OPCs of the dentate gyrus. This possibility 

would not be unprecedented as NG2+ cells show heterogeneity, especially within 

the hippocampal formation (20). We suggest the failure of one population to specify 

to an oligodendrocyte lineage in single null-mutant animals likely triggers the 

compensatory proliferation of the other subset to overcome this block and maintain 

hippocampal oligodendrocyte number. Our current data support this hypothesis as 

the hyper-proliferation of these specific progenitor cell populations is abrogated in 

the Cx29"/-Cx32-/Y double-null mutant. Note however, it is also possible NG2+ cells 

express both Cx29 and Cx32. Certainly, this and the above hypothesis will require 

further validation, notably through examination of the expression levels of either 

connexin in the null-mutant animals to confirm compensatory activation of either 

Cx29+ cells in Cx32 null-mutant mice or of Cx32+ cells in Cx29-/- mice. 

Here, we also determined Cx47 expression is restricted to oligodendrocytes 

although Cx47+ cells/processes are found near NG2+ and nestin+ progenitor cells. 

Interestingly, Cx29+ and Cx32+ cells were also found in close proximity to nestin+ 

neural progenitor cells. This leads us to speculate about possible instructive roles for 
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oligodendrocytes and Cx proteins in progenitor cell proliferation and/or 

specification in addition to any cell intrinsic role they might also possess. 

Taken together, these data provide the first evidence that both Cx32 and Cx29 

play a regulatory role in directing OPC fate and that both connexins may 

compensate for the other's loss by promoting the expansion of different subsets of 

OPCs within the uninjured hippocampus. 
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Chapter 5: General Discussion 

5.1. General Summary 

In this thesis, I have presented data demonstrating multiple Cxs are 

expressed by hippocampal OPCs and their progeny both in vivo (Chapter 4) and 

when removed from their niche and cultured in vitro (Chapters 2 and 3); that the 

repertoire of Cx expression becomes increasingly restricted as NPCs adopt a given 

lineage (Chapter 2); and that this expression does not simply correlate with 

specification but plays a role in mediating both the expansion of intermediate 

progenitor populations and their ability to respond to extrinsic differentiation cues 

(Chapters 3 and 4). Furthermore, I show Cx expression can be specifically 

modulated by components present in the ECM resulting in functional changes in 

Cx-mediated communication (Chapter 2). Finally, focusing on one specific Cx-

family member, Cx29,1 have localized this protein to OPCs in vitro and in vivo 

(Chapters 2, 3,4) and have shown the loss of Cx29 is sufficient to redirect OPCs 

away from an oligodendrocyte lineage and towards an astrocytic lineage in vitro 

(Chapter 3). I have found progeny are blocked at the NG2+ OPC stage and fail to 

transition towards the PDGFctR+ OPC stage. This intrinsic impairment results in 

lower numbers of PDGFaR+ OPCs, thereby reducing the number of 

oligodendrocytes obtained (Chapter 3). Furthermore, NG2+ cells apparently adopt 

an astrocytic fate as a result of this block (Chapter 3). Taken together, this is the first 

demonstration Cx29, a Cx with as yet unknown function, participates in the 

regulation of OPC specification and more specifically the NPC-derived OPCs 

generated in hippocampal neurosphere cultures. 

I have found that, in vivo, the intrinsic control of Cx29 on OPC fate can be 

compensated for by the increased proliferation of NG2+ OPCs. I hypothesize this 

compensation is mediated by activation of a separate subset of NG2+ cells that 

express Cx32 (Chapter 4). It is interesting to note, as observed in vitro, that Cx29"/-

mice exhibit an increase in the number of activated (i.e., proliferating) astrocytes in 

vivo possibly indicative of increased specification of NG2+ cells to an astrocytic 
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lineage although we will need to directly fate map these cells to validate this 

interpretation. My data further confirm previous reports from our laboratory that 

loss of Cx32 results in a significant increase in the number of proliferating NG2+ 

OPCs in the hippocampus, which, I argue, likely represents reciprocal compensation 

of the Cx29-responsive population in Cx32 null-mutant mice. Finally, in support of 

both hypotheses, I show null-mutation of both Cx29 and Cx32 in the same animal 

abrogates this compensatory proliferative response (Chapter 4). It should be noted 

the results of this genetic dissection must be interpreted cautiously given I did not 

observe any significant reduction in oligodendrocyte number in vivo in any of the 

genotypes tested (Chapter 4) as was seen in vitro (Chapter 3). It is likely the intrinsic 

regulation of OPC fate by Cx29 and Cx32 is further modulated by other extrinsic 

signalling mechanisms that compensate for Cx loss in null-mutant mice in vivo but 

not in vitro. Together, the work presented in this thesis demonstrates Cxs, and more 

specifically, Cx29 and Cx32, and Cx-mediated communication help regulate neural 

progenitor cell proliferation and specification in the postnatal hippocampus where 

they likely contribute to the maintenance of proper progenitor and mature cell 

numbers. 

5.2 Niche cues - instructive cells and extracellular matrix modulation 

Although the underlying signalling mechanisms mediating these effects 

remain unclear, in Chapter 2, we observed changes in Cx expression following 

laminin engagement by hippocampal-derived NPCs that translated into a functional 

loss of hemichannel activity. Hemichannel activity has been shown to be important 

in stimulation of proliferation of retinal progenitor cells by the retinal pigment 

epithelium (1). Similarly, hemichannel activity in our cultures may help maintain 

the "sternness" of the hippocampal-derived NPCs when grown without laminin. 

Interestingly, data from Chapter 2 also shows Cx32 expression can be induced by 

laminin. This is likely through laminin-integrin signalling, an important pathway in 

the direction of OPCs towards a mature lineage (2). This demonstrates the 

interdependency of Cx signalling and niche cues whereby the niche and the EQVI 
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components present within can modulate Cxs in order to alter the signalling 

properties conferred to cells by the Cx proteins. Further underscoring the role of 

niche cues in vivo is the proximity of Cx29, Cx32, and Cx47+ cells to nestin+ NPCs 

and in the case of Cx47+ cells to NG2+ OPCs as demonstrated in Chapter 4. This 

might indicate an instructive role for these Cx-expressing cells in fate determination 

of NPC progeny as they respond to competing gliogenic and neurogenic stimuli. 

Although we cannot confirm whether some of these cells were OPCs, we can 

conclude the Cx47+ cells were oligodendrocytes. Perhaps oligodendrocytes provide 

additional feedback to NG2 cells within the hilus of the dentate gyrus in addition to 

the feedback provided by neurons (3-5). Thus, NG2 cells may serve to monitor the 

global health and number of oligodendrocytes above and beyond their role in 

monitoring neuronal activity and modulating the oligodendrocyte response to these 

neuronal inputs. 

5.3 Roles of Cx29 

The function of Cx29 in the CNS has, so far, only been hypothesized. 

Localized across from axonal Kvl.2 channels, it is thought Cx29 helps buffer K+ ions 

but this hypothesis has never been concretely tested (6, 7). The localization of Cx29 

to OPCs in this thesis is a novel finding. Loss of Cx29 in hippocampal-derived 

NPCs results in a profound reduction in the specification of NPC-like progenitors to 

oligodendrocytes in vitro, indicating a possible function of Cx29 in this process. 

Future work using heterologous and endogenous expression systems will address 

the specific way in which Cx29 affects OPC specification. It is possible Cx29 has 

more than one function, depending on the cell type in which it is expressed. Perhaps 

Cx29 indeed removes K+ from the periaxonal space into oligodendrocytes. The 

simplest explanation is Cx29 acts as a hemichannel allowing the passage of K+ ions 

from the periaxonal space into the cytosol. Alternatively, it may form intercellular 

channels with the Kvl.2 channels present on the axonal membrane although such 

heterologous coupling of a connexon with another channel-forming protein has, to 

our knowledge, never been reported. It is more likely Cx29 possess "typical" 

119 



hemichannel activity, and, like other channels, can uptake and release small 

molecules such as ATP. Indeed, ATP had been shown to promote specification of 

OPCs (8, 9) therefore loss of this cue would result in smaller numbers of 

oligodendrocytes being generated. 

Work performed in Chapters 3 and 4 demonstrate a novel role for Cx29 in 

specification of oligodendrocytes. As loss of Cx29 results in reduced 

oligodendrocyte numbers in free-floating neurospheres or in the presence of laminin 

but does not translate to an in vivo loss of function, it is possible the cues associated 

with Cx29 are overridden by extrinsic niche cues not present in our culture systems. 

It is also quite telling the effect on astrocytes is maintained between our in vitro and 

in vivo studies, pointing to an additional intrinsic effect of Cx29 on OPC plasticity. 

The origins, progeny, and plasticity (multipotency) of OPCs are the subject of much 

scrutiny in the field. Recently, it has been demonstrated the loss of OHg2 in NG2 

cells allows these cells to become astrocytes (10). Expression of OHg2 thus restricts 

OPCs to an oligodendroglial fate. Perhaps Cx29 is part of a signalling pathway with 

OHg2 (or maintains OHg2 transcription) and loss of Cx29 results in partial 

"recommitment" of a subset of NG2 cells to the astrocyte lineage. Studies 

investigating this possibility are underway. 

It is also interesting loss of Cx29 results in reduced numbers of PDGFaR 

expressing OPCs in vitro. Based on this effect and co-localization of Cx29 puncta 

with PDGFaR puncta in free-floating neurospheres, we are currently examining 

whether Cx29 and PDGFaR may interact as part of a signalling pathway. It is 

tempting to speculate the interaction of Cx29 with PDGFaR at the plasma 

membrane stabilizes receptor protein expression and thus enables ligand 

interactions that signal further population expansion (proliferation) and progression 

to an oligodendrocyte lineage. This hypothesis is also currently under investigation. 

5.4 Interplay between Cx29 and Cx32 in OPCs 

Because Cx29 is found in our in vitro system, while Cx32 seems to be 

expressed only upon exposure of NPCs to laminin, this suggests these Cxs are 

120 



differentially regulated and therefore may possess unique roles in the maintenance 

and specification of OPCs. Furthermore, in vivo localization implies Cx29 and Cx32 

might not be expressed in the same subsets of OPCs as we were not able to find 

Cx32 expression in PDGFaR+ cells. It is possible discrete Cx32 puncta may be found 

in PDGFaR+ OPC processes, which we were unable to detect, however, the idea 

Cx29 and Cx32 are found in different subpopulations of OPCs is conceptually 

attractive. Heterogeneity of NG2 cells in the hippocampus has been reported - these 

cells possess different electrophysiological properties and heterogeneous growth 

factor responsiveness (11). Furthermore, a subset of hippocampal NG2+ cells 

expresses glutamine synthetase (12) while another does not. It is not inconceivable 

these cells might show differential Cx expression. 

There is an added layer of complexity to the interplay between 

"oligodendrocyte connexins" revealed by our genetic dissection approach. Loss of 

both connexins separately results in increased proliferation of NG2+ cells while 

simultaneous loss of Cx29 and Cx32 in the double null-mutants reverses this 

phenotype. I hypothesize this reflects compensation by two different connexin-

responsive NG2+ cell populations. However, the combined loss of Cx29, Cx32, and 

Cx47 restores the increased proliferative NG2+ cell phenotype not observed in Cx32~ 

/YCx47V- double null-mutants. Certainly, Cx32 and Cx47 play a role in ensuring the 

survival of newly born oligodendrocytes that can be mutually compensated for in 

single but not double null-mutants (13,14). Because the same demyelinating 

phenotype is observed in Cx29-/-Cx32-/YCx47"/-and Cx327YCx47-/- null-mutant 

mice, we cannot argue the increased NG2+ cell proliferation seen in the triple null-

mutant is due to a higher demand for oligodendrocyte production as a result of the 

failure of mature cells to thrive. Without knowing the exact roles of Cx29 and Cx32 

in OPCs it is harder to reconcile the proliferation defects seen in double and triple 

null-mutant mice. Further dissection of the 1) intrinsic, 2) extrinsic, 3) signalling, 

and, 4) instructive roles, of Cx29 and Cx32 using single-null mutants must be 

performed before data from the double and triple null-mutants can be concretely 

collated. 
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5.5 Conclusions 

In summary, this thesis has shown the "oligodendrocytic" connexins play a 

bigger role than previously thought in maintenance of brain homeostasis, one that 

extends beyond their putative participation in K+ homeostasis in the glial syncytium. 

The implication hemichannel activity in OPCs is modulated by connexin null-

mutation rather points to a glial network formed of Cx29+ and Cx32+ OPCs and 

oligodendrocyte instructive cells that likely help regulate the proper number of 

progenitor and mature cell numbers in the postnatal brain (Figure 5.1). We thus 

conclude Cx29 and Cx32 likely restrict OPCs to the oligodendroglial lineage and 

that Cx29 helps to intrinsically regulate oligodendrocyte specification. It is also 

likely modulation of these connexins may be beneficial in modifying OPC 

proliferation and specification in the treatment of demyelinating disorders. 
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Figure 5.1. A glial connexin network regulates progenitor cell number and K+ 
homeostasis in the hippocampus. Schematic diagram of how oligodendrocytes, 
astrocytes and oligodendrocyte progenitor cells form a glial network which not only 
is responsible for buffering K+ following neuronal activity but is also responsible for 
monitoring and maintaining oligodendrocyte progenitor cells (OPC) cell number via 
hemichannel activity. Following neuronal activity, K+ is taken up by 
oligodendrocytes (OL) which transfers the K+ to astrocytes (A) via gap junctional 
intercellular communication mediated mainly by Cx47:Cx43 and Cx32:Cx30 
channels. K+ then flows through the astrocytic network to be extruded into the 
blood stream or cerebral spinal fluid via astrocytic endfeet. Based on the repertoire 
of connexins expressed by OPCs, possible interactions between OPCs and astrocytes 
may exist. Hemichannel activity via Cx29 and Cx32 on the OPCs is also possible and 
may regulate, along with cues from the ECM and ECM components (shown in 
black) the proliferation of OPCs within the dentate gyrus of the hippocampus. BV -
blood vessel, ECM - extracellular matrix. 
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