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Abstract

Bm-3a, Bm-3b and Bm-3c, are closely related members of the Bm-3 sub-family of 

POU domain transcription factors. The expression of this family has been examined in 

the developing and adult sensory ganglia by non-isotopic in situ hybridization. These 

studies show that Bm-3a expression can be seen in the majority of neurons in the 

dorsal root ganglia (DRG) and trigeminal ganglion throughout development, while 

expression of Bm-3b is not detected until post-natal stages. Furthermore, the apparent 

expression of Bm-3 a in the mouse at embryonic day 9.5 (E9.5), suggests that it 

precedes expression of Bm-3b and Bm-3c. As observed for Bm-3 a, the expression of 

Bm-3c can be seen in the majority of cells in the DRG and trigeminal ganglion at 

E l2.5, although at lower levels. However, a progressive restriction of the expression 

of Bm-3c to a subset of neurons is observed during development. In the adult DRG, 

Bm-3c expression can be seen in 20% of neurons, corresponding mainly to neurons of 

intermediate diameter and showing no correlation to any one particular marker of 

previously identified neuronal populations. The expression of the Bm-3 family in the 

adult DRG shows no significant response to peripheral nerve section. In contrast, Oct- 

2, a member of the POU II subclass, was shown to be up-regulated, suggesting a 

potential role in the response of sensory neurons to peripheral damage.

Studies of the reciprocal effects of Bm-3 a and Bm-3b by domain interchange between 

the proteins have previously shown that although the POU domain can activate artificial 

promoters, activation of the a-intemexin gene promoter requires the N-terminal region 

of Bm-3a. Results presented in this report of experiments using different domains of 

the proteins fused to the GAL4 DNA-binding domain, show that the N-terminal region 

can act as an independent activation domain, although distance and position of the 

binding site relative to the transcriptional start point appear to affect this ability. In 

contrast, the POU domain of each factor is unable to modulate transcription unless in 

contact with DNA, suggesting that DNA binding may induce a conformational change 

allowing interaction with other factors which are required for transcriptional activation.
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General Introduction
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1.1 Sensory neurons

The sensory nervous system conveys information from the periphery to the central 

nervous system. The cell bodies of primary neurons which react to sensory stimuli are 

localized within discrete ganglia: the cranial ganglia of the head, and the dorsal root 

ganglia (DRG) adjacent to the spinal cord in the trunk. The DRG neurons have a single 

branching fibre, one end of which enters the spinal cord forming synapses with 

interconnecting neurons, while the other end is the peripheral branch which may 

terminate in a specialized sensory structure (Martin and Jessell, 1991).

Together with the sympathetic and parasympathetic systems, the sensory system is a 

part of the peripheral nervous sytem. The highly heterogeneous populations of neurons 

and glia within this system share a common developmental origin arising from the 

neural crest (Le Douarin, 1982).

1.2 Developmental origins of sensory neurons

The neural crest is a population of migratory cells which arise from the dorsal region at 

the point where the neural folds join (reviewed Bronner-Fraser, 1995).The neural crest 

cells emigrate from the neural tube following the separation of the tube from the 

overlying ectoderm. Emigration of these cells occurs over a 24 hour period, and they 

migrate following complex pathways to various locations throughout the embryo 

(reviewed Bronner-Fraser, 1994). The cells subsequently differentiate to a phenotype 

characteristic of their terminal location. The neural crest cells are precursors for a wide 

range of cellular phenotypes giving rise to the adrenomedullary cells responsible for 

adrenaline production in the adrenal gland, and melanocytes of the skin, in addition to 

the neurons and glia of the sensory, sympathetic and parasympathetic systems. The 

cranial neural crest can also generate skeletal and connective tissue components of the 

head (LeDouarin, 1982; Le Douarin etaL, 1993).
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1.2.1 Developmental potential of the neural crest

Cell lineage analysis of the avian premigratory neural crest by vital dye injection, or 

retroviral infection has shown that it is a homogeneous population of multi potent 

precursor cells (Frank and Sanes, 1991; Fraser and Bronner-Fraser, 1991). The use of 

monoclonal antibodies has suggested that the definition of heterogeneous sub

populations within the neural crest begins during the transition between premigatory 

and migratory stages (Heath etaL, 1992). The differentiation of multiple derivatives 

from a multi potent precursor has led to the comparison of neural crest development 

with haemopoiesis (Anderson, 1989; Anderson, 1993b). By this analogy, a multipotent 

stem cell would, in addition to self-renewal, generate progeny which were precursors 

capable of further differentiation to terminal phenotypes when provided with the correct 

signal. Neural crest stem cells have been described following the isolation from the 

mammalian neural crest of cells which were capable of self-renewal, in addition to 

producing clonal progeny with more restricted developmental potential in in vitro clonal 

analysis (Stemple and Anderson, 1992).

Clonal analysis has shown that multipotent neural crest cells exist during migration and 

on arrival at their final location in both avian and mammal systems (reviewed 

LeDouarin etaL, 1993). However, precursors have also been identified in both mouse 

and avian systems, which generate a more restricted spectrum of derivatives, in 

addition to non-dividing cells committed to one cell fate (Sieber-Blum, 1989; Sextier- 

Sainte Claire De ville era/., 1992; Ito etaL, 1993). Analysis of the avian peripheral 

ganglia has shown that with increasing embryonic age, the range of phenotypes 

generated by piuripotent progenitor cells decreases with a concommitant increase in 

cells committed to one cell lineage (Duff etaL, 1991 ; Sextier-Sainte Claire Deville et 

al., 1992).
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Heterotropic grafting experiments in which neural crest from one axial region of the

trunk was replaced with that from a different region, have shown that the neural crest

cells migrate and differentiate according to their new location as opposed to their origin

(reviewed in LeDouarin, 1982; LeDouarin era/., 1993; Selleck era/., 1993). This
In

suggests that the observed phenotypes can be influenced by envir^ental cues found 

on both the migratory pathways and at migratory end points. This may be a result either 

of signals acting on pluiipotent cells, or the selective survival of cells to produce the 

observed derivatives in the final location.

1.2.2 Signals that control lineage restriction

1.2.2 a) In vitro studies
n

Many studies to identify envir^ental cues which may be reponsible for the 

commitment of neural crest cells to a specific lineage, have involved in vitro 

investigation of the effect of specific factors on target cells (reviewed Stemple and 

Anderson, 1993).

In this way it has been shown that glial growth factor (GGF) can promote the 

differentiation of glial cells from multipotent stem cells (Shah etaL, 1994). Similarly,

OL-melanocyte-stimulating factor (ocMSH) has been shown to cause the differentiation 

of proliferating avian melanoblasts to melanocytes, although it is not known whether it 

can promote melanogenic differentiation of the stem cells (Satoh and Ide, 1987; Hirobe, 

1992).

In the development of sympathetic neurons, precursors have been identified which are 

also able to give rise to the chromaffin cells of the adrenal medulla. These cells are 

referred to as sympathoadrenal (SA) progenitors and have been detected in the 

embryonic rat adrenal gland and sympathetic ganglia (Anderson and Axel, 1986; 

Anderson etal., 1991; reviewed Anderson, 1993a). In vitro analysis has shown that 

glucocorticoids at a low concentration inhibit neuronal commitment, while higher
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concentrations promote the differentiation of these precursors to chromaffin cells 

(Michelsohn and Anderson, 1992). Studies of a SA progenitor cell line have shown 

that basic fibroblast growth factor (bFGF) is required for initial neuronal 

differentiation, while nerve growth factor (NGF) supports the survival of the newly 

differentiated neurons (Birren and Anderson, 1990). Interestingly, bone morphogenic 

protein 2 (BMP2), a member of the transforming growth factor p (TGFp) family has 

recently been shown to increase neuronal numbers, and induce the expression of the 

autonomic lineage-specific transcription factor MASH-1, suggesting that it has an 

instructive effect on cell fate rather than selectively supporting the survival of lineage 

committed progenitors (Shah et al., 1996).

1.2.2 b) In vivo studies

Neural crest cells of both mouse and avian systems migrating in the trunk essentially 

follow one of two routes: dorsolaterally between the epidermis and the surface of the 

dermamyotome, or ventrally through the rostral portion of the somites (Serbedzija et 

d., 1990; reviewed Bronner-Fraser, 1994). The dorsolateral pathway is populated by 

cells which give rise to melanocytes. The neural crest cells migrating along the ventral 

pathway either migrate to the level of the dorsal aorta where they condense to form the 

sympathetic ganglia, or remain near the neural tube where they aggregate to form the 

DRG (see figure 1.1). In vivo studies such as lineage analysis and transplantation have 

suggested the importance of the migratory pathways on the commitment of the 

multipotent precursors to their fate (reviewed Selleck era/., 1993). Here, only those 

experiments pertinent to sensory neuronal development will be described.

A number of in vivo studies have suggested that sensory neuronal development 

requires signals from the neural tube (reviewed LeDouarin, 1992). Thus, separation of 

the newly-formed DRG from the neural tube by interposing an impermeable silastic 

membrane resulted in the death of the neural crest cells (Kalcheim and LeDouarin, 

1986). This correlated with earlier back-transplantion experiments which had shown

19



A)
Dorsolateral pathway

Ventral pathway 
Dorsal root ganglia

Sympathetic ganglia

B)

Neural crest Derivatives

Trunk PNS Neurons sensory
sympathetic
parasympathetic

Neuroglia 
Schwann cells

Adrenal
medulla Chromaffin cells

Epidermis Melanocytes

Cranial Cranial
ganglia

Neurons 
Glial cells

Mesenchymal
derivatives

Cartilage and bone 
Connective tissue

Figure 1.1 A) Schematic representation indicating the pathways and destinations of 

migrating neural crest cells in the trunk. See text for details, da: doral aorta; n: 

notochord; nt: neural tube; s: somite (after Bronner-Fraser, 1994; Serebdizaet al., 1990)

B ) Summary of neural crest derivatives
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that in contrast to DRG which contain SA precursors, sympathetic ganglia which 

develop away from the neural tube display no sensory neuronal progenitors (see 

LeDouarin, 1992). Interestingly, in the separation experiments, pre-treatment of the 

silastic membrane with brain-derived neurotrophic factor (BDNF) resulted in the rescue 

of a significant portion of the neural crest cells (Kalcheim etaL, 1987), suggesting a 

role for neurotrophic factors at an earlier stage in sensory neuronal development than 

had previously been described.

1.3 Neurotrophic factors

Although mechanisms by which sensory neurons are generated from neural crest cells 

are still largely undefined, many studies have described roles for neurotrophic factors in 

early sensory neuron development (reviewed Lewin and Barde, 1996; Davies, 1994).

The most extensively characterized neurotrophic factors are the neurotrophins which 

consitute a family of peptides related to the prototypic nerve growth factor (NGF). 

Members of the neurotrophin family include; Brain-derived neurotropic factor (BDNF), 

neurotophin-3 (NT-3), neurotrophin-4/5 (NT-4/5) (Leibrock etal., 1989; Maisonpierre 

etal., 1990b; Berkemeier gfa/., 1991; Ip etal., 1992). Neurotrophins have been 

shown to act through tyrosine kinase receptors (trk) which exhibit binding specificity 

for the different neurotrophins although some overlap is observed. Thus, NGF acts 

through binding to trkA, while BNDF and NT-4/5 act mainly through trkB, and NT-3 

through trkC. For reviews on the interaction of neurotrophins with their receptors see 

Barbacid, 1994; and Bothwell, 1995. Another family of neurotrophic factors has also 

been identified, which are related to ciliary neurotrophic factor (CNTF), and include 

leukemia inhibitory factor (LIF), oncostatin M (OSM) and interleukin-6 (lL-6) 

(reviewed. Ip and Yanacopoulos, 1996).

The role of neurotrophins was originally thought to be related to neuronal survival 

during target field innervation (see section 1.3.3), however, following the identification
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of BDNF and NT-3 expression in the early embryo (Maisonpierre etal., 1990a) 

additional roles have been suggested at earlier stages of neuronal development.

1.4 Neurotrophic factors in the development of sensory 

neurons

1.4.1 The proliferation and differentiation of neuronal precursors

The expression of NT-3 and trkC has been described in the neural tube and migrating 

neural crest cells of both mouse (Tessarollo etal., 1993) and avian systems (Pinco et 

al., 1994; Henion etal., 1995). In vitro studies have shown that NT-3 exerts a 

mitogenic effect on newly migrated neural crest cells (Kalcheim etal., 1992; Pinco et 

a l, 1994) and increases the number of neurons that differentiate in early DRG cultures 

(Wright etal., 1992). Furthermore, substantial neuronal loss has been observed at a 

stage prior to target field innervation following deprivation of NT-3 in quail embryos 

using a blocking antibody (Gease etal., 1994). These findings suggest that NT-3 may 

promote the proliferation and/ or differentiation of sensory neuron precursors.

Paradoxically, the treatment of quail embryos with NT-3 during the period of sensory 

neurogenesis has also been shown to decrease the number of neurons in the DRG, 

reducing cell proliferation (Ockel etal., 1996). Ockel and colleagues suggest that these 

findings may reflect the actions of NT-3 observed in sympathetic neurons. Thus in 

cultured sympathetic neurons, low levels of NT-3 support dividing cells while at higher 

concentrations NT-3 acts as a mitogenic stop signal (DiCicco-Bloom etal., 1993; Verdi 

and Anderson, 1994). The loss of sensory neurons following NT-3 deprivation may 

also be related to the survival effects observed prior to target field innervation (see 

section 1.3.3a).

Unlike NT-3, BDNF does not promote the differentiation of neuronal precursors in 

early DRG cultures (Wright etal., 1992). However, BDNF has been shown to rescue 

developing DRG cells in vivo following their separation from the neural tube by an
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impermeable membrane suggesting a role in the survival of sensory precursors 

(Kalcheim etal., 1987). In vitro studies have also suggested that BDNF is able to 

promote the differentiation of sensory neurons from migrating neural crest cells 

(Kalcheim and Gendreau, 1988; Sieber-Blum, 1989), in addition to biasing 

commitment towards the sensory neuronal lineage (Sieber-Blum, 1991).

The generation of sensory neurons in vitro from non-dividing precursors in the mouse 

neural crest and early DRG has been shown to be stimulated by LIF (Murphy etal. , 

1991; 1993). This capacity to stimulate sensory neuronal development has been shown 

to be shared by two factors related to LIF: CNTF and OSM (Murphy etal., 1994). 

Interestingly, these studies have also indicated a role for basic FGF in the proliferation 

of neural crest cells, and suggested that pre-treatment with basic FGF increases the 

induction of sensory neurons by LIF (Murphy etal., 1994).

1.4.2 Early neuronal maturation

In vitro studies of early DRG neurons have shown that they undergo a distinct 

morphological change within the first 24 hours in culture (Wright etal., 1992). 

Initially, the neurons have small, spindle-shaped, phase-dark cell bodies with short 

neurites and subsequently develop spherical phase-bright bodies, and extend long 

processes. This change occurs in the absence of neurotrophins, yet has been shown to 

be accelerated by both NT-3 and BDNF (Wright etal., 1992).

1.4.3 Neuronal survival

1.4.3 a) Early neurotrophic requirements

Following this early morphological change, neurons extend axons towards their 

peripheral and central targets. Studies of cultured early trigeminal neurons have shown 

that initially during this period, the neurons can survive independently of 

neurotrophins, becoming dependent on a supply of target-derived neurotrophic factor 

when their axons come into proximity with the target field (Buchman etal., \993). In
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vitro studies of sensory neurons from different cranial ganglia, have suggested that the 

duration of this period of independent survival and the onset of neurotrophin 

dependence are controlled by an intrinsic mechanism. Thus, vestibular neurons which 

have a nearby target field, survive for less time in culture before becoming neurotrophin 

dependent, than nodose neurons with more distant targets (Vogel and Davies, 1991).

In vitro studies of the embryonic mouse trigeminal ganglion have shown that as the 

axons reach the field, there is a brief period of dependence on BDNF, NT-3, or NT-4/5 

which precedes the onset of NGF dependence for survival (Buchman and Davies,

1993; Davies etal, 1993). Unlike the accquisition of neurotrophin dependence which 

occurs by an intrinsic mechanism, the switch in neurotrophic requirement has been 

shown to depend on extrinsic signals that the neurons receive in vivo after ElO (Paul 

and Davies, 1995).

This period of BDNF and NT-3 dependence has been suggested to delay the onset of 

neuronal death in the ganglion until most of the neurons have reached the target field, 

thereby ensuring that the majority of the neurons are able to compete for the supply of 

NGF (see below). The switch in neurotrophic requirement has also been demonstrated 

for other NGF-dependent neurons of the cranial ganglia, yet is not observed in 

populations which are not dependent on NGF such as the NT-3 responsive neurons of 

the nodose ganglion (Buj-Bello etal., 1994).

1.4.3 b) Period of naturally occurring neuronal death

Shortly after the arrival of the axons at the target field, a substantial number of neurons 

in the ganglia are eliminated by apoptosis (Oppenheim, 1991; Johnson and Deckworth, 

1993; Davies, 1995). The survival of neurons during this period is dependent on a 

limited supply of neurotrophic factors in the target field. The limited availabity of these 

factors has been suggested to restrict the numbers of the innervating neurons to the 

requirements of the target (Barde, 1989). Although the majority of neurons in the DRG
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and trigeminal ganglia are dependent on NGF for survival during this period, separate 

populations of neurons have been shown to depend on BDNF, or NT-3 for survival 

(Davies, 1994). In keeping with these differences in neurotrophic requirements, the 

neurotrophin receptors show distinct patterns of expression in the developing DRG 

(Mu etal., 1993). These patterns are thought to reflect functional diversity in the mature 

neurons.

1.4.4 Neurotrophins and sensory ohenotype
heterogeneous

The neurons of the DRG constitute a nctcroiogous population of neurons serving

distinct sensory functions. These neurons can be broadly characterized into large light, 

or small dark neurons on the basis of cellular morphology, and can be further 

characterized by expression of biochemical markers (see Chapter 4). In situ 

hybridization and immunolocalization studies have shown that trkA in the DRG is 

expressed predominantly by the 'small dark' neuronal population (Verge etal., 1992a; 

Mu etal., 1993; Averill etal., 1995). These neurons are charaterized by expression of 

the neuropeptides substance P and calcitonin gene-related peptide (CGRP), and 

innervate mainly nociceptors and thermoreceptors (see Perl, 1992). Studies both by 

antibody depletion (Johnson etal., 1980; Ruit etal., 1992), and gene disruption 

(Crowley etal., 1994) have shown that in the absence of NGF there is a 70% reduction 

in neuronal numbers in the DRG. This reduction has been shown to correspond to the 

loss of the small peptidergic neurons involved with nociception (reviewed, Snider, 

1994). Similar results have been observed following disruption of the high affinity 

NGF receptor (trkA) gene (Smeyne etal., 1994). These findings suggest that during 

the period of naturally occurring cell death, NGF supports a neuronal population which 

mediates nociception. In the adult animal, NGF is no longer required for neuronal 

survival in vitro (Lindsay, 1988), yet is thought to play an integral role in the 

processing of noxious stimuli (Lewin and Mendell, 1993). NGF has also been shown 

to regulate the expression of substance P and CGRP in vitro (Lindsay and Harmer, 

1989; Lindsay etal., 1989), and has been implicated in the regulation of the immediate
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early genes (Sheng and Greenberg, 1990; Segal and Greenberg, 1996; see also Chapter 

5).

The roles of BDNF and NT-3 in adult sensory neurons are less well understood, but 

the charaterization of phenotypes observed in null mutant mice suggest that they 

support populations of neurons that mediate specific sensory responses (reviewed, 

Snider, 1994). In situ hybridization has shown the localization of trkB expression to 

the intermediate size neurons of the DRG (Mu etal., 1993). The disruption of either the 

BDNF or trkB genes has been shown to lead to the loss of 35% of neurons in the DRG 

(Klein etal., 1993; Jones etal., 1994). Although there is no obvious loss of target 

organs in these mutations, it has been suggested that these neurons may correspond to 

mechanoreceptors.

The disruption of the trkC gene has been shown to lead to a 19% reduction in DRG 

neurons (Klein etal., 1994) which corresponds to the proportion previously 

demonstrated to express the receptor (Mu etal., 1993). Disruption of the NT-3 gene 

however, has been shown to result in greater neuronal losses, which may reflect the 

role of NT-3 earlier in development (Emfors etal., 1994). The expression pattern, and 

effects observed in the null mutant mice have indicated a role for NT-3 in the survival 

of proprioceptive neurons.

Thus, the neural crest gives rise to a diverse range of phenotypes including different 

populations of sensory neurons which serve specific functions. This requires precise 

spatial and temporal patterns of gene expression which may be regulated at the level of 

transcription. It has been suggested that this may occur through the action of 

enviromental signals which initiate of cascades of regulatory genes many of which may 

be transcription factors (Anderson, 1994).
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1.5 The regulation of transcription

The regulation of transcription is coordinated by the interplay of trans acting regulatory 

proteins (transcription factors) with cis-acting DNA elements. Differential regulation 

may be accomplished at a number of levels: 1 ) the recognition of specific DNA 

elements by transcription factors, 2) interaction of these proteins with each other in 

addition to components of the basal transcription machinery, 3) the cell-type specific 

control of transcription factors (He and Rosenfeld, 1991; Struhl, 1991).

1.5.1 Recognition of DNA binding sites.

Transcription of protein-encoding genes by RNA polymerase II occurs from core 

promoters which typically contain a TATA box and other sequence elements recognised 

by ubiquitously expressed transcription factors (such as the GC region bound by Spl). 

In addition to this core region required for basal transcription, the promoter may contain 

DNA elements proximal to the initiation site which are recognized by sequence specific 

regulatory proteins that mediate transcriptional activity in response to a specific signal 

(reviewed, Latchman, 1995). Multiple copies of these elements may be combined to 

form enhancer/silencer elements which are able to function at a distance and may be 

located either upstream or downstream of the promoter. The modular organization of 

elements within the enhancer are specific to each gene and are recognized by 

combinations of regulatory proteins (reviewed in Maniaitis etal., 1987; Mitchell and 

Tijan, 1989; Latchman, 1990; Latchman, 1995). The combination and organization of 

the cis-elements not only determines which transcription factors bind to the enhancer, 

but also which proteins may interact due to the juxtaposition of binding sites with 

synergistic or antagonistic effects on transcription. Thus, the enhancer ensures efficient 

transcription only in the correct cellular conditions and provides a means by which 

different genes can differentially respond to the same signals.

In addition to gene activation, cis-elements may confer repression through silencers. 

This mechanism is favoured in the regulation of a number of neural specific genes
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which contain a neural-restrictive silencer element (NRSE) in the enhancer region 

(reviewed Mandel and McKinnon, 1993). The NRSE represses expression of neural 

specific genes in non-neuronal cells. The element was first identified in the gene 

encoding SCGIO, a neural-specific protein associated with membranous organelles that 

accumulate in the growth cone, but has since been identified in other genes such as the 

type II sodium channel (Mori etal., 1990; Kraner etal., 1992). The neuron-restrictive 

factor (NRSE) which binds to the NRSE has been identified and shown to be 

expressed in most non-neuronal tissues (Schoenherr and Anderson, 1995). Thus, 

either activation or repression may confer cell-type specific gene expression.

Recognition of the core promoter in transcriptionally inactive genes is precluded by the 

binding of hi stones with DNA. Initiation of transcription therefore requires the 

disruption of the chromatin structure leading to the increased accessibilty of the core 

promoter. The unwinding of the chromatin structure and displacement of nucleosomes 

is facilitated by the enhancer bound regulatory proteins (Felsenfeld, 1992; Adams and 

Workman, 1993; Wolffe, 1994). Thus, alleviation of nucleosomal repression is one 

function of transcriptional activators, although termed anti-repression as opposed to 

activation as resultant transcription is little above basal levels. The second, inductive 

process requires the interaction of transcription factors bound to the enhancer elements 

with the general transcription factors which constitute the basal transcription machinery.

1.5.2 Interaction with basal transcription machinery

The ordered assembly of the basal transcription complex is generally thought to occur 

through the sequential binding of general transcription factors (GTE) to the core 

promoter, although recent studies have described the presence of a 'holo' pre-initiation 

complex (PIC) assembled prior to promoter binding (Koleske and Young, 1994; 

Ossipow etal., 1995; for review see Pugh, 1996).

The initial step in sequential recruitment is the binding of TEIID, a multisubunit
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complex composed of the TATA-box binding protein (TBP) and several tightly bound 

TBP-associated factors (TAPS) to an A/T rich region (the TATA box) just upstream of 

the initiation site (White and Jackson, 1992). This rate limiting step is increased by 

interaction between TBP and enhancer-bound activators (Chatteiji and Struhl, 1995; 

Klages and Strubin, 1995). TFIIA joins the complex with TFIID, yet although it has 

been shown to interact with TBP, the role it plays in the regulation of transcription is 

unclear (Pugh, 1996). The subsequent recruitment of TFIIB through interaction with 

the TBP is also accelerated by the presence of an activator (Lin and Green, 1991 ; Choy 

and Green, 1993; Nikolov etal., 1995). The resulting complex acts as a nucléation site 

for the entry of the remaining general transcription factors (TFIIE, F, H, and J) and 

RNA polymerase II (Drapkin etal., 1993; Buratowski, 1994). TFIIE is thought to 

modulate the kinase activity of TFIIH which phosphorylates the carboxy-terminal 

domain of the RNA polymerase II in a step essential for enhancer driven transcription 

(Gerber a/., 1995).

The enhancer bound regulatory proteins may, therefore, affect the rate of transcription 

by increasing the recruitment of GTE or by stabilizing interactions within the PIC. A 

coactivator model has been put forward which suggests that TAPS mediate the 

sequence specific activation of genes linking transcriptional activation domains to the 

basal complex (Goodrich and Tijan, 1994; Tijan and Maniatis, 1994; Zawel and 

Reinberg, 1995). These contacts provide a further means of differential regulation of 

gene expression (reviewed Goodrich etal., 1996). For example, a TFIID activity 

enriched in brain, but not liver extracts has been shown to mediate in vitro transcription 

from the core promoters of the murine neuronal specific myelin basic protein and 

neurofllament genes (Tamura etal., 1990). This suggests that substoichiometric 

amounts, or cell-type specific TAPS could play a role in differential gene expression. 

Similarly, interactions with different GTF in the basal transcription complex have been 

shown to be responsible for the differential regulatory activités of the Drosophila gap 

gene, Kruppel (Sauer etal., 1995).
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TAPS are also thought to play a role in the recognition of the basal promoter elements 

the arrangement of which can influence the response of the promoter to different 

activators (Das etal., 1995), as proposed for the developmental switch of promoter 

usage for transcription of the Drosophilamelanogaster alcohol dehydrogenase gene 

(Adh) (Hansen and Tijan, 1995).

1.5.3 Cell-type specific control of transcription

The regulation of cell-type specific gene expression may be determined in part by the 

complement of specific transcription factors within the cell. This may be regulated by 

limiting the abundance of a transcription factor in the cell either at the level of 

transcription or translation, or by using alternative splicing to generate isoforms with 

different activities (for review see Latchman, 1995).

More rapid regulation may be brought about by the modulation of transcription factor 

activity (reviewed in He and Rosenfeld, 1991; Latchman, 1995). The covalent 

modification of transcription factors, reversible phosphorylation in particular, provides 

a mechanism by which transcription can be regulated in response to extra cellular 

signals (Hunter and Karin, 1992; Hill and Treisman, 1995). These modifications may 

act at many levels, such as affecting interactions with DNA, as observed in the case of 

Pit-1, the pituitary-specific POU domain protein, in which the phosphorylation of a site 

within the DNA binding domain alters its affinity for DNA (Kapiloff etal., 1991). 

Phosphorylation may also result in the disruption of inhibitory protein-protein 

interactions, as demonstrated by NFkB which is retained in the cytoplasm by an 

inhibitory protein, IkB. The phosphorylation of IkB leads to the release of NFkB 

which is then able to enter the nucleus and exert its effect on transcription (Ghosh and 

Baltimore, 1990). A similar mechanism has been shown to involved in the generation 

of the dorsoventral axis specified by dorsal during Drosophila development (Roth et 

al., 1989). Phosphorylation may also lead to positive protein-protein interactions by 

increasing transcription factor dimerization (Shuai 1994), or by increasing
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interactions with the basal machinery or co-activators (Kwok etal., 1994).

Similarly, activity may be determined by protein-protein interactions, which may mask 

activation domains, or inhibit DNA binding, as seen in the interaction of I-POU with 

cf-la (see section 1.7). Protein-protein interactions can also inhibit DNA binding by 

restricting the access of the transcription factor to the nucleus, as described above for 

NFkB. Protein-protein interactions may also lead to activation as exemplified by the 

interaction of Oct-1, which alone is a weak activator, with the herpes simplex virus co

activator, VP 16 to give strong activation (Stem etal., 1989).

1.5.4 Families of transcription factors

Transcription factors consist of at least two functional domains, one involved in the 

recognition and binding of specific DNA elements, and another involved in the 

activation or repression of transcription (Ptashne, 1988; Mitchell and Tijan, 1989; 

Latchman, 1995). Activation domains show little structural homology, yet tend to be 

characterized by a large number of specific amino acids. Thus, acidic activation 

domains contain a high proportion of negatively charged amino acids, while other 

domains may be glutamine or proline rich (Latchman, 1995). In contrast, analysis of 

the DNA binding domain has shown that transcription factors can be classified into 

families on the basis of highly conserved DNA binding motifs which include: the zinc 

finger; the basic helix-loop-helix (bHLH); and the helix-tum-helix (Johnson and 

McKnight, 1989; Pabo and Sauer, 1992).

The achete-scute family of bHLH genes have been shown to be necessary for neuronal 

determination in Drosophila (reviewed Campuzano and Modolell, 1992). A mammalian 

achete-scute homologue (MASH) has been identified (Johnson etal., 1990), which has 

been implicated in the development of the autonomic lineage from the neural crest (Lo et 

al., 1991, Guillemot and Joyner, 1993, Guillemot etal., 1993; Anderson, 1994). An 

avian zinc finger transcription factor. Slug, has also been identified which is expressed
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exclusively in neural crest cells (Nieto etal., 1994). Furthermore, disruption of this 

expression has been shown to preclude neural crest cell emigration from the neural 

tube.

The helix-tum-helix motif, related to the DNA binding domain of prokaryotic 

repressors, is found in the homeodomain of many regulatory genes involved in the 

specification of anterior-posterior axis during the development of a wide range of 

organisms (McGinnis and Krumlauf, 1992). The Bm-3 proteins belong to a subclass 

of these proteins which will be discussed below.

1.6 Homeodomain transcription factors

The homeobox gene family plays a fundamental role in the genetic control of 

development in Drosophilamelanogaster, being required for the specification of the 

identity and spatial arrangement of body segments during pattern formation (reviewed: 

Gehring, 1987; Gehring etal., 1994a). These homeobox genes share a highly 

conserved region of 183bp encoding a DNA binding domain of 61 amino acids, 

referred to as the homeodomain (Scott et al., 1989). Stmctural analysis of the 

homeodomain has shown that it folds into three a-helices, with the third helix acting as 

the recognition helix of a helix-tum-helix motif (Kissenger etal., 1990; Otting etal.,

1990). The interaction of this helix with bases in the major groove enables the 

homeodomain to mediate the recognition and binding of specific A/T rich elements 

(Gehring era/., 1994b).

Homeobox gene products have also been isolated from mammals, showing a high 

degree of homology, not only in protein sequence, but in their chromosomal 

organization (McGinnis and Krumlauf, 1992; Krumlauf, 1994). In the mouse, most are 

similar to the Drosophila antennapedia gene, and are organized into four Box gene 

clusters located on different chromosomes. The Box genes have been shown to be 

involved in anterior-posterior patterning in the hindbrain (Kmmlauf, 1993; Wilkinson,
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Figure 1.2: Diagramatic representation of the anterior expression boundaries of 

homeobox gene subclasses in the murine neuroectoderm. Each box represents the 

expression of all members of the family. Notice that the POU domain genes exhibit the 

most anterior limit of expression. Hox: hox genes; Evx: evenskipped; En: engrailed; 

Pax: paired-box genes; POU: POU domain genes. (Adapted from Kessel and Gruss, 1990; 

Treacy and Rosenfeld, 1992)
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1993). Furthermore, neural crest cells migrating from the hindbrain have been shown 

to express a Hox gene code specified by their origin, and to carry it to the end point of 

migration (Hunt gfa/., 1991).

Comparison of amino acid similarities within the homeodomain and flanking sequences 

has enabled the division of the homeobox genes into various classes, and shown that 

several have more divergent sequences within the homeodomain such as the Drosophila 

engrailed (murine: En-1 and En-2) and evenskipped (murine: Evx-1 and Evx-2) genes 

(for reviews see: Kessel and Gruss, 1990; McGinnis and Krumlauf, 1992). Further 

subclasses of homeobox genes have been identified which contain composite DNA 

binding domains which contain a distinct DNA binding domain, in association with the 

homeodomain. The murine Pax gene family, which contain a paired box similar to that 

found in the Drosophila paired gene in addition to a homeodomain, have been shown to 

play a role in dorso-vental patterning in the neural tube (Gruss and Walther, 1992; Liem 

etal., 1995). Pax3 in particular, has been associated with the development of neural 

crest derivatives (Goulding etal., 1991; Tremblay etal., 1995).

The POU domain subclass of genes, which contain a POU-specific subdomain in 

addition to the homeodomain, is of particular interest as several POU domain proteins 

have been identified at earlier stages of development and exhibit a more anterior limit of 

expression within the developing forebrain compared to that of classic homeodomain 

genes (see figure 1.2 and reviews by Kessel and Gruss, 1990; Treacy and Rosenfeld,

1992).

1.7 POU domain transcription factors

The POU domain family of transcription factors was originally identified following the 

isolation of three mammalian transcription factors: the pituitary specific Pit-1, the B cell 

specific Oct-2 and the ubiquitously expressed Oct-1 ; and the C. elegans developmental 

regulator: unc-86. These proteins were shown to share a conserved region referred to
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Figure 1.3: Comparison of the amino acid sequence across the POU domain 

showing the sub-division of the POU domain family into classes I-V. Sequence 

homology is indicated by black highlighting, and the consensus sequence for 

both the POU specific and POU homeo domains shown (CONS). Comparison 

with the Antennapedia (Antp) homeodomain is also shown, with the positions 

of the three helical domains indicated as HI, H2, and H3. Species from which 

factors were cloned are rat (r), C. elegans (n), mouse (m), human (h), and 

Drosophila (d). (Taken from Treacy and Rosenfeld, 1992).
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Table 1.1: Summary of the members of the main classes of POU domain 

proteins. The alternative names by which the mammalian factors may be 

referred are shown, as are their non-mammalian homologues. The expression 

patterns of the factors are shown during development and in adult tissues. [ES: 

embryonic stem cell; EC: embryonic carcinoma cell]. (Taken from Wegner et al., 

1993).



Class
Mammalian
POU

Chromosomal
location

Expression 
Embr\'o Adult

Ncmi-
mammalian
homologue

I Pit-1 mouse chr 16 neural tube, 
pituitary

pituitary pit-1
(salmon)

n Oct-1
(OTF-1: NF- 
A l: NHII: 
OBPlOO)

Oct-2
(OTF-2: NF- 
A2)

Skn-la/i
(Oct-11)

mouse chr 1 
human chr 1

mouse chr 7  
human chr 19

mouse chr 9

ubiquitous

neural tube,
entire brain
except
encephalon
developing
epidermis

ubiquitous

lymphoid cells, 
nervous system  
intestine, 
testis, kidney 
epidermis

dOct-l/(pdm-
l:dPO U -19)
dOct-2/(pdm-
2: dPOU28)
{Drosophila)
Oct-1
{Xenopus)
(chicken)

m Bm -l

Bm-2
(N-OcG; N- 
Oct5)

mouse chr 1 

mouse chr 4

developing 
nervous system

developing 
nervous system

CNS,
kidney

CNS
(hypothalamus)
glioblastoma,
neuroblastoma

zf-POU-1 
(zebrafish) 
XLPOU-1 : -2 
(Xenopus) 
C f-la
(Drosophila)
Ceh-6
(C. elegans)

Bm-4 
(RHS2: N- 
Oct-4)

mouse chr X neural tube CNS
(forebrain)

Tst-1
(SCIP: Oct-6)

mouse chr 4 blastocyst. 
ES/ EC cells  
brain

Nervous system  
(neurons, mye
linating glia) 
testis

IV Bm-3a
(Bm-3.0:
RDC-1)

mouse chr 14 
human chr 13

developing 
nervous system  
(brainstem, 
spinal cord, 
sensory ganglia 
retina)

CNS, sensory 
ganglia, retina 
neuro
epitheliomas 
Ewing's 
sarcoma

unc-86
(C. elegans)
1-POU
tl-POU
(Drosophila)

Bm-3b
(Bm-3.2)

mouse chr X developing 
nervous system  
(brain, sensoiy  
ganglia, retina)

sensory ganglia 
retina
uterus, cervix, 
testis

Bm-3c
(Bm-3.1)

mouse chr 18 sensoiy ganglia sensory ganglia

V Oct-3/4 
(Oct5: NF-A3)

mouse chr 17 primordial germ 
cells,
embryonic 
ectoderm, 
testis and o\ arv 
ES/ EC cells '

oocytes Oct-60
Oct-25
Oct-91
(Xenopus)

VI Emb
(Bm-5)

mouse chr 15 developing
brain

brain, kidney- 
skeletal muscle 
testis

pou(c)
(zebrafish)
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as the POU domain (Herr etal, 1988). Subsequent investigations utilizing the highly 

conserved nature of the POU domain have led to the identification of numerous novel 

members of the family which display specific patterns of expression, suggesting 

potential roles in the regulation of tissue-specific gene regulation and development (He 

etal, 1989; reviewed in Rosenfeld, 1991; Ruvkun and Finney, 1991; Wegner e ta l , 

1993).

The POU domain spans a contiguous stretch of 150-160 amino acids, consisting of two 

highly conserved regions: the 75-82 amino acid POU-specific domain, and the 60 

amino acid POU-homeo domain. These domains are separated by a hypervariable linker 

region which may vary in length from between 15-24 amino acids (reviewed by Herr 

and Cleary, 1995; see figure 1.4). Comparison of sequence homologies across the 

POU domain, provides a basis for the subdivision of members of the POU domain 

family into classes: I-VI (see figure 1.3 and table 1.1).

1.7.1 DNA binding by POU domain proteins

The POU domain confers the sequence specific, high affinity DNA binding of this 

family of proteins (Sturm and Herr, 1988). In contrast to classic homeobox proteins, 

POU domain proteins have been shown to recognize longer DNA sequences, such as 

the octamer motif bound by Oct-1 and Oct-2 (Muller eta l, 1988; Sturm eta l, 1988). 

Other more divergent, octamer-related motifs have been identified which are also bound 

by members of the POU domain family (see figure 1.5). Analysis has shown that the 

specificity of binding is conferred by the inter dependent actions of the two subdomains 

acting as two autonomous DNA binding structures joined by a flexible linker (Sturm 

and Herr, 1988; Verrijzer etal, 1992a; Aurora and Herr, 1992; reviewed Herr and 

Cleary, 1995).

1.7.1 a) POU-homeo domain

The POU-homeo domain is unambiguously related to the classic homeobox first
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cooperative interaction
high affinity, site specific binding

r
POU-Specific Domain

75-82 amino acids 
High affinity DNA binding 
Site specificity 
Protein-protein interactions

POU-Homeo Domain

60 amino acids 
Low affinity DNA binding 
Relaxed specificity 
Protein-protein interactions

H-l H-2 H-3 H-4
I---------------------------------------1

H-I H-2 H-3

++-t-
I I

♦
Linker region

variable number of amino acids 
flexible covalent tether 
between the sub-domains

Figure 1.4: Schematic representation of the POU domain, indicating the predicted 

helical domains (H), and the basic regions (+++) in the POU specific and POU homeo 

domains. The putative functions of the different regions are also indicated. (Adapted from 

Rosenfeld, 1991 ; Wegner et al., 1993)
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A)
POU homeodomain

POU-specific domain

B)

POU protein

CLASS I Pit-1 

CLASS II 

CLASS III

DNA binding element

5’ATGNATA(AAr)4-5^' 

O ct-1/Oct-2 5-ATGCAAA(ACr)3'

Bm-2

CLASS IV Bm-3

5'GCATTAAT3'

5'GCAT(N)2TAAT3'

5'GCAT(N)3TAAT3'

5'ATGCAATT3'

5'GCAT(N)3TAAT3'

Figure 1.5: A) Schematic representation of the O ct-1 POU domain bound to DNA. 

The cylinders indicate the position of the helices, while the flexible linker region is 

indicated by the dotted line. The POU specific domain interacts with the ATGC of the 

octamer motif, while the POU homeo domain recognizes the TAAT. (Taken from Klemm 

et al., 1994)

B ) Examples of DNA sequences recognized by POU domain transcription factors
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described in Drosophila (see previous section; Scott etal., 1989) and, like the 

homeobox, folds into three a  -helices with a helix-tum-helix structure formed by the 

second and third helices (Klemm etal., 1994). The third helix, which is highly 

conserved among POU proteins (see figure 1.3) is responsible for DNA recognition, 

lying in the major groove in contact with the 3' AAAT of the octamer sequence (see 

figure 1.5; Klemm etal., 1994). Interaction is also seen between the N-terminal region 

of the POU-homeo domain and the minor groove of the DNA (see figure 1.5; Klemm et 

al., 1994). The importance of this interaction is demonstrated by the Drosophila protein 

I-POU. This protein which lacks two basic residues at the N-terminus of the POU- 

homeo domain, is unable to bind DNA (Treacy etal., 1991). Replacement of these two 

residues in the alternatively spliced form, twin of I-POU, restores the DNA binding 

ability (Treacy ^/a/., 1992).

Although the POU-homeo domain has been shown to be sufficient for low-affinity, 

relaxed specificity binding (Ingraham etal., 1990), the POU-specific domain is 

required to direct the high affinity binding of the POU proteins to target sites (Sturm 

and Herr, 1988; Ingraham etal., 1990; Verrijzer gra/., 1990).

1.7.1 b) POU-specific domain

The POU-specific domain has also been shown to capable of independent DNA 

binding, displaying high sequence specificity, but low affinity binding (Verrijzer etal., 

1992a). Studies of the solution stucture of the POU-specific domain have shown that it 

consists of four a-helices, with the second and third forming a helix-tum-helix motif 

similar to that seen in prokaryotic DNA binding domains, such as that of the 

bacteriophage ̂ .-repressor (Assa-Munt e?a/., 1993; Dekker gf a/., 1993). The third 

helix acts as the recognition helix, lying in the major groove of the DNA making its 

primary contacts through the 5' ATGC of the octamer sequence. Additional contacts 

also occur between the other helices and the phosphate backbone of the DNA (Klemm 

etal., 1994). Interestingly, contacts made by the POU-specific domain of the Oct-1
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POU domain have also been shown to induce bending of the DNA (Verrijzer etal. ,

1991).

Thus, the two subdomains interact with the major groove on opposite sides of the 

double helix: the POU-specific domain binding the 5' ATGC of the octamer motif, 

while the POU-homeo domain bind to the 3' AAAT (see figure 1.5). The cooperativity 

observed in the binding is not understood, as no protein-protein interactions occur 

between the two subdomains. However, they may interact indirectly through subtle 

alterations in the structure or flexibilty of the DNA. In addition, the covalent connection 

between the two subdomains provided by the presence of the linker region, ensures that 

the binding of one domain enhances and stabilizes the binding of the other.

The linker region has previously been shown to be highly variable (see figure 1.3), and 

is readily accessible to proteases during proteolysis of the POU domain both in solution 

and bound to DNA (Aurora and Herr, 1992; Botfield etal., 1992). Furthermore, the 

linker region is not visible in electron density maps, suggesting that it is a flexible and 

unstructured part of the protein (Klemm etal., 1994). The flexibilty of the linker region 

appears to enable the diverse arrangement of the POU-specific and POU-homeo 

domains in binding to their subsites on the DNA, as studies have shown that the 

orientation and spacing between these core motifs can enable discrimination between 

target genes by different POU domain proteins (Li et al., 1993).

1.7.1 c) Binding to bipartite DNA recognition elements

In binding to octamer, and octamer-related DNA sequences, the Class I (Pit-1) and 

Class II (Oct-land Oct-2) POU proteins bind to bipartite DNA recognition elements 

which are fundamentally similar, containing subsites for the homeo domain (ATAT/ 

AAAT), and the POU specific domain (ATGA/ ATGC) (see figure 1.5; Herr and 

Cleary, 1995). The neuron-specific POU domain proteins of Class III (Bm-2) and 

Class IV (Bm-3), however, have been shown to bind to a bipartite sequence in the
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promoter of the corticotrophin-releasing hormone (CRH) gene in which the element 

binding the POU-specific domain lies in the opposite orientation to its direction in the 

Class I and II recognition elements (see figure 1.5; Li etaL, 1993). Thus, in the CRH 

binding site POU-specific domain binds to CAT, whereas in the octamer motif it 

recognizes ATG. Interestingly, the POU-specific domain of Bm-2 can switch 

orientation to recognize and bind Pit-1 recognition elements. Thus, the organization of 

the Bm-2 binding site appears analogous to the bipartite sites bound by retinoid X 

receptor (RXR), and retinoic acid receptor (RAR) dimers which recognize sites 

containing core binding sites are in direct repeat orientation, but will also bind to sites in 

which the core motifs are in inverted palindrome orientation (Naar etal., 1991 ; 

Kurokawa etal., 1993).

In addition to its abihty to reverse the orientation of subdomain binding, Bm-2 has been 

shown to bind effectively to the sequence within the CRH promoter whether the core 

motifs are separated by 0 ,2  or 3 nucleotides (Li etal., 1993). In contrast the Class IV 

protein, Bm-3 exhibits high affinity binding only when the core motifs are separated by 

3 nucleotides. The ability to distinguish between the different spacings has been shown 

to lie in the basic region at the amino terminus and the second helix of the POU-homeo 

domain (Li etal., 1993). Interestingly, this region of the POU-homeo domain has also 

been shown to be required for protein: protein interactions observed between the 

Drosophila I-POU and cfl-a proteins (Treacy etal., 1992).

1.7.2 Protein interaction of POU domain proteins

In addition to conferring DNA binding ability, the POU domain mediates functionally 

important interactions between POU domain proteins and other proteins. POU domain 

proteins interact with each other to form dimers, in addition to co-operative association 

with other cellular transcription factors, co-activators, and components of the basal 

transcription complex (for review see Herr and Cleary, 1995). These interactions will 

be discussed briefly, as they describe mechanisms by which POU proteins may activate
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transcription and mediate cell-type specific expression.

1.7.2 a) POU domain protein dimer formation

The promoter of the prolactin gene regulated by Pit-1 contains four Pit-1 recognition 

elements within the promoter, and an additional four in the enhancer region (Nelson et 

a l, 1988). The cooperative binding of Pit-1 to these multiple binding sites leads to the 

formation of homodimers which function synergistically to activate transcription 

(Crenshaw etal., 1989). Deletion analysis has shown that this interaction of Pit-1 

proteins is dependent on the presence of the POU-specific domain (Ingraham etal. , 

1990). Pit-1 has also been shown to form a heterodimeric complex with Oct-1 on a Pit- 

1 binding site in the prolactin gene promoter (Voss etal., 1991). The activity of this 

complex is higher than with either protein alone, suggesting functional synergy 

between the two proteins.

In comparison to Pit-1, Oct-1 and Oct-2 are both able to bind effectively as monomers 

to their cis-regulatory elements. However, analysis of the immunoglobulin heavy chain 

gene promoter has shown that it contains, adjacent to the octamer site, a heptamer site 

which mediates low affinity binding of the Oct proteins. Interaction with the protein 

bound to the octamer site facilitates heptamer binding, resulting in the formation of 

homo or heterodimers and greatly increasing the transcriptional activity of the promoter 

(Kemler gf a/., 1989; Poellinger etal., 1989). The entire POU domain (both POU- 

specific and POU-homeo domains) has been shown to be both necessary and sufficient 

for this cooperative interaction (Verrijzer g/aZ., 1992b). Oct-1 has also recently been 

shown to interact with Oct-3/4, a POU protein present at the earliest stages of 

development (see table 1.1; Scholer gra/., 1990; Vigano and Staudt, 1996). The 

interaction occurs through the respective POU-specific domains of Oct3/4 and Oct-1 

bound to an octamer site (Vigano and Staudt, 1996).

The formation of heterodimers may also provide a means of negative regulation. Thus,
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the Drosophila I-POU which has been shown to be incapable of DNA binding (see 

section 1.7.1), forms a stable heterodimer with a co-expressed POU protein, cfl-a 

(Johnson and Hirsch, 1990; Treacy etal., 1991). This heterodimerization inhibits cfl-a 

from binding to DNA recognition sequences thus preventing expression of the dopa 

decarboxylase gene. Site-directed mutagenesis has demonstrated that the first and 

second helices of the POU-homeo domains are essential for this interaction (Treacy et 

al., 1992).

1.7.2 b) Interaction with heterologous proteins

The considerable versatility of POU domain proteins is also displayed in their 

interactions with a range of heterologous non-POU proteins. Probably the best 

characterized of these interactions is the association of Oct-1 with the herpes simplex 

virus (HSV) transactivating protein VP16 (see below).

In isolation, Oct-1 is capable of binding to octamer motifs, yet is a weak activator of 

transcription of promoters that contain a TATA box. In contrast, VP16 which contains 

an activation domain, is unable to bind DNA. The formation of a complex by VP 16 

with Oct-1 bound to an octamer-related motif in HSV immediate early genes, has been 

shown to alter the transcriptional activity of the ubiquitously expressed POU protein, 

converting it to a strong activator (Stem etal., 1989). The selective nature of this 

association, with VP16 able to discriminate between Oct-1 and Oct-2 has shown that 

the interaction is dependent on a single amino acid at the C terminus of the first a-helix 

of the POU-homeo domain (Lai etal., 1992; Pomerantz etal., 1992).

Much in the way that VP 16 reprogrammes the transcriptional activity of Oct-1, a cell- 

type specific coactivator has been identifed which enables Oct-1 to activate expression 

of the immunoglobulin genes in B-cells (Gstaiger etal., 1995; Luo and Roeder, 1995; 

Strubin etal., 1995). This factor is termed variously OCA-B, Bob-1 and OBF-1, but 

will be referred to here as OCA-B. OCA-B has no intrinsic DNA binding ability yet can
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associate with the POU domains of both Oct-1 and Oct-2 to stimulate octamer driven 

gene expression. In contrast to VP16, interaction has been shown to require residues 

within the POU specific domain (Gstaiger etaL, 1996) Interestingly, the formation of 

the OCA-B ternary complex has been shown to be highly selective, occurring only at a 

subset of Oct-1 and Oct-2 recognition sequences (Gstaiger etal., 1996). This selectivity 

has also been described in the | differential recognition of Oct-1 by distinct forms of 

VP16 only when bound to specific sequences (Misra etal., 1994). Thus, association 

with these co-factors increases the selectivity of the POU domain proteins, conferring 

transactivation preferentially to specific octamer sites.

Although the mechanism by which the POU domain proteins activate transcription is 

not understood, in vitro analysis has shown that both Oct-1 and Oct-2 are able to 

interact in solution with the TATA box binding protein (TBP) (Zwilling etal., 1994). 

The interaction has been shown to be mediated by the POU homeodomain (Zwilling et 

al., 1994).This is of interest as previous studies have demonstrated that in artificial 

promoters containing the octamer motif in close proximity to the TATA box, the POU 

domain of Oct-2 is sufficient to confer transactivation (Muller-Immergluck etal. ,

1990). Similarly, it has been suggested that Oct-2 stimulates transcription by 

supporting an early step in the formation of the initiation complex (Annweiler eta l., 

1993)., and is required at the promoter for multiple rounds of transcription (Amosti et 

al., 1993). These findings imply the interaction of Oct-2 with components of the basal 

transcription complex.

1.7.3 Domains outside the POU domain

Studies to investigate the activation of transcription by Oct-2 have demonstrated a 

requirement for glutamine rich domains located outside the POU domain, despite 

interaction between the POU domain and TBP (Gerster etal., 1990). These regions 

may function through additional interactions with components of the basal transcription 

complex, or via recruitment of additional cellular factors which may stabilize the
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complex. The presence or absence of these regions may contribute to the different 

effects transcriptional activity displayed by the various isoforms of Oct-2 generated by 

alternative splicing (Wirth etal., 1991). This is illustrated by the ability of B-cell 

predominant isoform, Oct-2.1 to function as an activator, while the neuronal isoforms 

Oct-2.4 and 2.5 act as repressors (Dent etal., 1991; Lillycrop and Latchman, 1992). 

The neuronal isoforms lack the strong C-terminal activation domain present in Oct-2.1 

(Wirth etal., 1991; Lillycrop and Latchman, 1992). In the absence of this domain the 

activity of an inhibitory domain within the N-terminal region is predominant (Lillycrop 

etal., 1994; Lillycrop and Latchman, 1995). Interestingly, the activating ability of the 

different isoforms has been shown to be dependent on the sequence of the octamer, and 

its context within the promoter (Annweiler etal., 1992) indicating different 

requirements by specific promoters for interactions mediated by different domains.

Similar activation domains have been identified in all POU domain proteins in regions 

which share little homology, yet are rich in specific amino acid residues as seen in the 

serine/ threonine rich domains of Pit-1 (Ingraham etal., 1990; Theill etal., 1992); the 

alanine/ glycine rich regions of Oct-6/ Tst-1 (Meijer etal., 1992); and the proline rich 

domains of Oct3/ 4 (Imagawa etal., 1991).

1.7.4 The function of POU domain proteins

Critical roles for POU domain proteins have been suggested in the regulation of cell- 

type specific gene expression in addition to the determination of cellular identity and 

development regulation. In keeping with these roles, many members of the family 

display tissue specific distribution (see table 1.1), and mutations which affect the 

functioning of the protein result in developmental defects within these tissues, as will 

be described briefly below.

1.7.4 a) Oct-2

Oct-2 is most prominently expressed in cells of lymphoid lineage, where it has been
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shown to be responsible for the B-cell specific activation of immunoglobulin gene 

expression (Clerc etal., 1988). Experiments using null mutant mice have shown that 

Oct-2 is not required at the early stages of B cell development, yet is crucial for the later 

stages of maturation (Corcoran etal., 1993). It has been suggested, however, that the 

lack of effect observed at early stages may be due to compensation by Oct-1, as the 

ubiquitously expressed protein which had previously been shown to activate histone 

and snRNA genes (Sturm etal., 1988), has also recently been shown to be capable of 

B cell specific activation through interactions with a cell-type specific factor, such as 

OCA-B (Feldhaus etal., 1993).

Expression of Oct-2 has also been described in the nervous system (He etal., 1989), 

with some isoforms being more prominently expressed than others (Lillycrop and 

Latchman, 1992; Stoykova etal., 1992). Although the precise function of Oct-2 within 

the nervous system is not known, studies in the ND7 sensory neuronal cell line have 

shown that Oct-2 represses tyrosine hydroxylase expression, yet activates the 

expression of neuronal nitric oxide synthase (Deans etal., 1995).

1.7.4 b) Pit-1

Like Oct-2, expression of Pit-1 has also been detected in the nervous system in early 

embryos, although a role for Pit-1 in neuronal development has not been described (He 

etal., 1989; Treacy and Rosenfeld, 1992). In the adult, expression of Pit-1 is 

predominantly restricted to the anterior pituitary, where it has been shown to 

transactivate both prolactin and growth hormone gene promoters (Mangalam etal. ,

1989). Pit-1 expression has been observed in three out of the five cell-types in the 

pituitary: thyrotrophs which express thyroid stimulating hormone (TSH); lactotrophs, 

which express prolactin (Prl); and somatotrophs which express growth hormone (GH). 

Expression of Pit-1 in lactotrophs and somatotrophs precedes that of Prl and GH 

coinciding with the initiation of terminal differentiation events in these cells, while in 

thyrotophs it is observed after the onset of TSH expression (Simmons etal., 1990).
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The elucidation of a roIejPit-1 in the development of these cell types comes from strains 

of mice in which mutation results in dwarfism. Jackson dwarf mice have been shown 

to contain a chromosomal rearrangement which results in the loss of Pit-1, while in 

Snell dwarf mice an amino acid conversion in the third helix of the POU homeo domain 

generates a mutant protein which is unable to bind to its recognition element (Li etal. ,

1990). In these mutant mice, the pituitary shows no expression of TSH, Prl or GH and 

contains a reduced number of somatotrophs, lactotrophs, and thyrotrophs, suggesting a 

reqiurement by these cells for Pit-1 in their specification and maintenance. Thus, Pit-1 

has been shown to be important in the determination of cell type (Andersen and 

Rosenfeld, 1995), yet has also been shown to be required for the proliferation and 

survival of cells within the developing anterior pituitary by regulation of the expression 

of specific growth factor receptors (Lin etaL, 1992).

1.7.4 c) Brn-2

A similar role to that of Pit-1 has been described for Bm-2 in the development of the 

endocrine hypothalamus and posterior pituitary (Nakai etal., 1995; Schonemann etal. , 

1995). Bm-2 is a member of the neuronal-specific Class III POU protein subfamily 

(see table 1.1) which have been shown to exhibit distinct, yet overlapping patterns of 

expression in the developing and mature murine central nervous system (He etal. ,

1989; Alvarez-Bolado etal., 1995).

Within the hypothajmus, Bm-2 expression has been detected in the paraventricular 

hypothdjmus nucleus (PVH), and supra^ic nuclei (SO). These regions contain the 

magnocellular neurons which synthesize the peptide hormones oxytocin (OT) or 

arginine vasopressin (AVP), and the parvocellular neurons which synthesize high 

levels of corticoreleasing hormone (CRH) (Schoneman e/a/., 1995). Bm-2 has 

previously been shown to transactivate the CRH promoter, as described in section

1.3.2 (Li etal., 1993). Analysis of mice in which the Bm-2 gene was deleted, has 

shown the developmental loss of these stmctures, and the loss of CRH, OT and A VP
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expression (Nakai etal., 1995; Schonemann etal., 1995). This suggests that like Pit-1, 

Bm-2 is required for the activation of terminal target genes, and cellular survival.

Interestingly, in the case of another Class III protein, Bm-4 which exhibits overlapping 

expression with Bm-2, human mutations of this gene have been linked to deafness (de 

Kok etal., 1995). This suggests functional redundancy of this gene in hypothalamic 

neuronal development.

1.7.4 c) Unc-86

Unc-86 was identified following the analysis of a series of C. elegans mutants, as a 

factor responsible for the determination of the developmental fate of specific neuronal 

cells (Finney etal., 1988; Chalfie and Au, 1989). Unc-86 has been shown by genetic 

analysis to be required not only for the cell-fate commitment of several neuroblast 

lineages, but also for the terminal differentiation, and mature function of neurons such 

as the touch receptor neurons (Finney and Ruvkun, 1990). It has subsequently been 

shown that unc-86 affects terminal differentiation of the touch cell precursors by 

regulating the expression of a LIM-homeodomain protein, mec-3 (Chalfie and Au,

1989; Xue etal., 1992). Co-operative interactions have been described between unc-86 

and mec-3 forming heterodimers which regulate mec-3 expression (Xue etal., 1993). 

Thus, while unc-86 is required for the generation of touch receptor precursors, both 

unc-86 and mec-3 are required for the differentiation and maintenance of these 

mechanosensory neurons.

Given this role of unc-86 in sensory neuronal development, it is of particular interest 

that the Bm-3 family which are the most closely related mammalian factors to unc-86, 

have been shown to be expressed in mammalian sensory neurons, suggesting a putative 

parallel role (see next section and Chapters 3 and 4).
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1.8 The Brn-3 sub-family of POU domain transcription 

factors

The establisment of the roles of Pit-1 and unc-86 as developmental regulators involved 

in the determination of specific cell types, raised the possibilty that novel POU domain 

proteins displaying distinct patterns of expression within the developing nervous 

system, may play similar roles in the specification of neuronal phentotype. This 

possibility was investigated by He and colleagues using a cloning strategy based on the 

conserved nature of the POU domain (He etal., 1989). Thus, degenerate 

oligonucleotide primers corresponding to two highly conserved regions within the POU 

domain were used to PCR amplify cDNA produced from mRNA extracted from human 

and rat brain. A number of novel genes were identified, including the POU domain of 

Bm-3 (subsequently referred to as Bm-3a) (He etal., 1989; reviewed by Treacy and 

Rosenfeld, 1992).

Analysis of the distribution of the novel genes in the adult rat nervous system by in situ 

hybridization, showed that they were expressed throughout the central nervous system 

(CNS). The expression of Bm-3, however, was shown to be much more limited within 

the CNS, and was the only novel clone to show strong expression in the sensory 

ganglia of the peripheral nervous system (see section 1.8.4; Chapters 3 and 4; He eta l., 

1989). This was of interest as comparison of the predicted amino acid sequence reveals 

a high degree of homology between Bm-3a and unc-86, the gene responsible for the 

sensory neuron development in C. elegans. These genes share 79% amino acid identity 

across the POU domain (see figure 1.3), suggesting a high level of evolutionary 

conservation.

Subsequent investigations in our laboratory to identify POU domain proteins expressed 

in a sensory neuron derived cell line (ND7) led to the isolation of a novel POU domain 

protein highly related to, but distinct from the original Bm-3 (Lillycrop etal., 1992). 

This factor is referred to as Bm-3b (also Bm-3.2: Tumer et al., 1994) to distinguish it
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from Bm-3a (also Bm-3.0: Gerrero etal., 1993). A third member of the Bm-3 sub

family, Bm-3c (also Bm-3.1: Gerrero etal., 1993) was identified as a result of the 

screening of a neonatal rat DRG library (Ninkina etal., 1993). Bm-3 proteins have 

subsequently been identified in mouse (Goldsborough etal., 1990; Theil etal., 1993), 

and human (RDC-1: Collum etal., 1992; Ring and Latchman, 1993; Xiang eta l., 

1995).

The Bm-3 proteins have been classified as Class IV POU domain transcription factors, 

as the POU domains show 79% homolgy to unc-86, and 83% homology to I-POU, a 

POU IV protein identified in the Drosophila nervous system (see figure 1.3; Treacy and 

Rosenfeld, 1992). The Bm-3 proteins show almost complete amino acid identity within 

the POU domain, varying at only 12 out of 160 residues (see figure 1.6a). The third a- 

helices responsible for DNA recognition in both the POU specific and POU homeo 

domains (see section 1.7.1) are entirely conserved, with the majority of the changes 

occuring within the flexible linker region. Interestingly, substitution of a valine in Bm- 

3a for an isoleucine in Bm-3b is seen at the C-terminal r^due of helix 1 (Theil eta l., 

1993), at a position which has been shown to determine the ability of Oct-1, but not 

Oct-2 to interact with VP16 (see section 1.7.3; Lai etal., 1992; Pomerantz etal. ,

1992).

Analysis of complete cDNA clones for these genes has shown that in addition to the 

POU domain located at the C-terminus of the protein, there is a second region of 

homology within the N-terminus (see figure 1.6b; Gerrero etal., 1993; Theil eta l.,

1993). This region of 40 amino acids is shared with all the other POU IV proteins, and 

is referred to as the POU IV box. The POU IV box is similar to a domain conserved in 

all members of the c-myc family responsible for conferring microtubule-associated 

protein 2 kinase-dependent transactivation (vanBeneden era/., 1986; Gerrero etal.,

1993). The role of the POU IV box in the Bm-3 proteins is not known, but functional 

significance is suggested by effects observed with the different isoforms and chimeric
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Figure 1,6: A) Alignment of the POU domain amino acid sequence for the Bm-3 

sub-family. The helical regions within the POU specific anf POU homeo domains are 

indicated (H). Amino acid sustitutions are highlighted in bold.The arrow head indicates 

the C terminus of the helix 1 of the POU homeodomain which corresponds to the 

position through which VP16 interacts with Oct-1. (Taken from Theil et al., 1993)

B) Comparison of amino acid sequence at the amino terminal of members of the Bm-3 

sub-family and tl-POU. This region is not present in Bm-3a(s)
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proteins which differ at the N-terminus as discussed below and in Chapter 6.

1.8.1 Chromosomal location

Southern blot analysis of genomic DNA has shown that the members of the Bm-3 sub

family are encoded by separate genes (Ninkina etal., 1993; Theil etal., 1993). 

However, unlike other gene families in which members are clustered at a single locus, 

the Bm-3 genes are located on separate chromosomes. Thus, in the mouse Bm-3 a has 

been mapped to chromosome position 14E1-3; while Bm-3b is located at XFl-5 and 

Bm-3c at 18B3-E1 (Xia etal., 1993; Theil etal., 1994). The human homologue of 

Bm-3a (RDC-1) has been mapped to chromosomal position 13q 14-22 (Collum eta l.,

1992), while Bm-3b and Bm-3c have been shown to reside on the human 

chromosomes 4 and 5 respectively (Xiang etal., 1993; Xiang etal., 1995).

1.8.2 Isoforms of the Brn-3 proteins

Analysis of cDNA clones has identified two transcripts of both Bm-3a and Bm-3b, 

which can be translated to produce long (1) and short (s) variants of the proteins which 

differ at the N terminus (see figure 1.7). Comparison of the genomic sequence with that 

of the cDNA clones has shown the presence of an exon and intron at the 5' end of the 

genes (see figure 1.8) (Theil etal., 1993; Theil etal., 1994).

In the transcription of the Bm-3a gene, the incorporation of this additional exon 

produces the Bm-3a(l) transcript which encodes a protein of 421 amino acids with a 

predicted molecular weight of 43 kDa (see figure 1.8). The Bm-3a(s) transcript is 

entirely colinear with the genomic sequence, encoding a protein of337 amino acids, 

with a predicted molecular weight of 33.5 kDa (Theil etal., 1993; Theil etal., 1994). 

Consequently, these isoforms differ by 84 amino acids at the amino terminus, 

corresponding to most of the N terminal domain (see figure 1.7).

Similarly, the Bm-3b(l) transcript encodes a protein of 411 amino acids with a
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Figure 1.7: A schematic representation of the different Brn-3 proteins and their homology 

domains. The regions of high homology are indicated by the same pattern. The numbers represent 

the positions of amino acids delineating the borders of the sub-domains. (Taken from Theil eta l., 1994)
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Figure 1.8: A) Schematic representation of the transcripts of the Bm-3 sub-family, 

indicating the exons and intron in the 5' region (Adapted from Theil et ai., 1993; 1995).

B) Summary of the predicted length and molecular weight of the proteins.
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predicted molecular weight of 42 kDa (Xiang etal., 1993; Tumer etal., 1994). The 

Bm-3b(s) transcript which lacks the exon encodes a protein of 322 amino acids, 35 

kDa (Theil etal., 1995). Unlike Bm-3a(s), however which is a tmncated version of 

Bm-3a(l), the use of a different translational start site means that Bm-3b(s) has an 

additional nine amino terminal residues which it does not share with Bm-3b(l) (see 

figure 1.7).

At present only one transcript has been identified for Bm-3c, which encodes a protein 

of 338 amino acids with a molecular weight of 35 kDa (Theil etal., 1993; Theil etal., 

1994). Analysis has shown that the coding region of the gene is interrupted by an 

intron at the same position as that in Bra-3a(l) (see figure 1.8).

1.8.3 Properties of the Brn-3 proteins

1.8.3 a) Transforming ability

Following the identification of human Bm-3 a in cell lines representative of a subset of 

neuronal tumors derived from neuroectodermal tissue (Collum etal., 1992), the 

oncogenic potential of the Bm-3 family has been examined. Bm-3a(l) has been shown 

to be able to transform primary rat fibroblasts in the presence of activated Ha-ras (Theil 

etal., 1993). Furthermore, these transformed cells were capable of anchorage 

independent growth and gave rise to tumors in nude mice. Interestingly, neither Bm- 

3a(s) or Bm-3b(s) display such oncogenic activity (Theil etal., 1993). As both of these 

isoforms are tmncated at the amino terminus it suggests that this region may confer the 

transforming ability observed with Bm-3a(l). The functional significance of this N- 

terminal domain will be discussed further in Chapter 6.

In addition to lacking its own oncogenic activity, Bm-3b(s) has been shown to be able 

to inhibit the oncogenic activity of Bm-3a(l) (Theil etal., 1993). It has been suggested 

that Bm-3b(s), which binds weakly to octamer related motifs, interacts with Bm-3a(l)
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resulting in the formation of heterodimeric complexes which are inactive due to reduced 

DNA binding (Theil etal., 1995).

1.8.3 b) DNA binding

The Bm-3 proteins have been shown to be able to recognize DNA elements both 

closely or more distantly related to the octamer motif. Electro-mobility shift assays 

(EMSA) have demonstrated binding of the POU domains of all three proteins to the 

octamer motif of the IgG octamer/ heptamer site (Theil etal., 1993). Similar studies 

have indicated high affinity binding by both Bm-3a(l), and Bm-3b(l) to the site in the 

CRH promoter previously shown to be recognized by Bm-2 (Gerrero etal., 1993; Li et 

al, 1993; Tumer etal, 1994). Bm-3 a has also been shown to bind a similar element in 

the pro opiomelanocortin promoter (Gerrero etal., 1993).

Although the full length Bm-3b(l) is able to bind the CRH motif, the isolated POU 

domain has been shown to have a reduced binding affinity. This suggests the 

requirement of regions outside of the POU domain for high affinity binding (Xiang et 

al., 1995). This is of particular interest as recent studies have shown that the short 

isoform of Bm-3b also displays weak DNA binding affinity (Theil etal., 1995).

Recent analysis of the binding of Bm-3 proteins to a region in the promoter of the a - 

intemexin gene which contains a sequence distantly related to the octamer motif, has 

shown that the highest affinity binding is observed to the anti-sense single strand of 

DNA (Budhram-Mahadeo etal., 1996). These studies show strong binding by both 

Bm-3 a and Bm-3b to single stranded DNA of both the a-intemexin sequence, and a 

sequence more closely related to the octamer motif.

1.8.3 c) Transactivation

Studies carried out in our laboratory have demonstrated that Bm-3a and Bm-3b have 

opposite and antagonistic effects on transcription from a number of cellular target gene
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promoters such as a-intemexin (Budhram-Mahadeo <2/., 1995b; 1996) and SNAP-25 

(Lakin etal., 1995) in addition to synthetic promoters containing octamer related motifs 

(Budhram-Mahadeo era/., 1994; Morris etal., 1994). These studies have focussed 

primarily on Bm-3a(l) and Bm-3b(s).

Experiments carried out with the synthetic octamer-related motif containing promoters 

have shown that both Bm-3a(l) and Bm-3a(s) are capable of stimulating promoter 

activity, as is Bm-3c (Budhram-Mahadeo etal., 1994; Morris etal., 1994). In contrast 

basal transcription activity is repressed by Bm-3b which, furthermore, has been shown 

to inhibit activation by Bm-3a. In the case of this synthetic promoter, the POU domains 

of these proteins have been shown to be both sufficient and necessary to convey these 

functional differences (Morris etal., 1994). It has subsequently been shown that the 

observed effects are dependent on a single amino acid residue: a valine located at 

position 22 of the POU homeodomain in Bm-3 a which is substituted for an isoleucine 

at the same position in Bm-3b (Dawson etal., 1996). As described previously, this 

corresponds to the position essential for the ability of VP16 to distinguish between Oct- 

1, and Oct-2 (Lai etal., 1992; Pomerantz etal., 1992), suggesting a potential site for 

the interaction of the Bm-3 proteins with different co-factors.

These opposite and antagonistic effects of Bm-3a and Bm-3b have also been described 

in the trans-activation of the a-intemexin gene promoter (Budhram-Mahadeo etal. , 

1995b). The use of chimeric proteins containing domains swapped between the two 

proteins has shown that, unlike the synthetic promoter described above, the activation 

of this promoter is dependent on the N-terminal domain of Bm-3a(l). This suggests the 

presence of a second activation domain in the amino terminal region. Recent studies 

have also suggested that the use of the different activation domains is dependent on the 

context of the binding site within the promoter (Budhram-Mahadeo etal., 1996). The 

different functional domains will be discussed further in Chapter 6.
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Although these experiments describe an inhibitory role for Bm-3b, both Bm-3 a and 

Bm-3b(l) have been shown to be able to trans activate minimal promoters containing 

multiple copies of the CRH motif (Gerrero etal., 1993; Li etal, 1993; Tumer eta l., 

1994). Similarly, Bm-3b(s) has been shown to activate transcription of the neuronal 

nicotinic acetylcholine receptor a2  subunit gene promoter, while Bm-3 a and Bm-3c 

repress (Milton etal., 1995). Studies have shown that this activation is dependent on 

regions outside the POU domain. Interestingly, all six octamer related motifs in the 

promoter have been shown to be required for activation by Bm-3b, while constmcts 

containing one, two or four copies of the motif are preferentially activated by Bm-3c 

again suggesting the importance of the context of the binding site (Milton etal., 1995). 

The a2  subunit shows a highly specific pattem of expression, being restricted to the 

interpedunclear nucleus of the rat midbrain (Wadae/a/., 1988). Interestingly, high 

levels of Bm-3b expression, but not Bm-3 a or Bm-3c, have also been detected in this 

stmcture (Xiang etal., 1993; Xiang etal., 1995).

1.8.4 Expression of the Brn-3 family

Initial studies of Bm-3 expression indicated that it was one of few POU proteins 

detected in the sensory ganglia of the peripheral nervous system, and that its expression 

was more limited within the CNS, although the probe used in this study would have 

recognized all members of the Bm-3 family (He etal., 1989). Subsequent analysis by a 

number of groups, has shown overlapping, yet distinct pattems of expression for the 

Bm-3 sub-family within the CNS and other tissues. Results of these studies will be 

described below, and are summarized in table 1.2. Results of studies to investigate the 

expression of the individual Bm-3 genes in the developing and adult sensory ganglia 

are described in Chapters 3 and 4.

1.8.4 a) Brn-3a

Bm-3 a expression has been examined during murine development by a number of 

groups using ribonuclease protection and Northem hybridization analysis. These
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studies have shown that Bm-3 a transcripts are detectable in total embryonal mRNA 

from embryonic day 9.5 (E9). At E12.5, mRNA is detected in both embryonal head 

and body, but by E17.5, transcripts are located predominantly in the head region 

(Gerrero era/., 1993; Theil e?a/., 1993; Tumer era/., 1994). //% i/ra hybridization 

studies have enabled the localization of Bm-3a mRNA to specific stmctures.

In the developing rat nervous system, Bm-3a transcripts are detected at ElO at low 

levels in the neural tube (He etal., 1989). Early expression of Bm-3 a has also been 

described by immunostaining in the mouse embryo at E9.5, showing localization to the 

CNS and sensory ganglia (Fedstova and Tumer, 1995). By E l2.5 higher levels of 

expression are seen in the brainstem, spinal cord and sensory ganglia. In the spinal 

cord, this expression is initially uniform, but later (E15.5) becomes restricted to the 

dorsal grey area (Tumer etal., 1994).

In the rat brain at E15.5 there is intense hybridization to the inferior olivary complex of 

the hindbrain, and the outer layer of post-mitotic cells of the mesencephalon tectum. 

Weaker hybridization is also observed in the superior and inferior colliculi, and a region 

of midbrain tegxhientum corresponding to the developing red nucleus (Ninkina et a l., 

1993; Tumer etal., 1994). A low level of expression has also been described in the 

diencephalon in the region of the habenula, a stmcture in which Bm-3a is expressed 

alone at later stages of development (Tumer etal., 1994). The expression of Bm-3a in 

the medial habenula defines a more anterior limit of expression in the brain for Bm-3a 

than Bm-3b (see table 1.2).

In the adult brain, high levels of Bm-3a expression are seen in the medial habenula of 

the diencephalon, and nucleus ambiguus and inferior olive of the hindbrain, while more 

moderate levels are observed in regions of the midbrain such as the red nucleus, 

superior colliculus and mesencephalic nucleus of the trigeminal ganglion (Tumer etal., 

1994).
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In the developing rat retina, expression of Bm-3a has been described in the innermost 

cells of retinal neuroblastic layer at E15 when the ganglion cells begin to differentiate 

and initiate axon outgrowth (Gerrero eta l, 1993). However, Bm-3a mRNA is not 

detectable in the undifferentiated neuroblasts at E13. Hybridization has been shown to 

be restricted to the post-mitotic ganglion cell layer at later developmental stages 

(E17.5), and immuno staining of mouse retina has indicated the further restriction of 

Bm-3a expression to a subset of these ganglion cells in the adult (Xiang etal., 1995).

The absence of Bm-3 a transcripts from non-neuronal tissues such as liver, kidney, 

lung, heart, and spleen (Ninkina etal., 1993) suggests that Bm-3a expression may be 

characteristic of neuronal cells. However, recent studies have shown that Bm-3a is also 

expressed at low levels in the ovary and testis (Budhram-Mahadeo, 1995).

1.8.4 b) Brn-3b

Bm-3a and Bm-3b have been shown to exhibit overlapping spatial pattems of 

expression. However, ribonuclease protection assays have shown that the onset of 

Bm-3b expression occurs later than Bm-3a, being observed first in the embryonic head 

and body at El 1.5 (Tumer etal., 1994). In the CNS, levels of Bm-3b at E15 have 

been shown to be 2-fold below those observed for Bm-3a, while in the trigeminal 

ganglion the difference is 7- to 13-fold (Tumer et al., 1994).

In situ hybridization studies of the developing rat CNS have shown that Bm-3b 

expression is first observed in the spinal cord at E12.5. Like Bm-3 a, this expression 

becomes restricted at E l5.5, although localization of mRNA is to the intermediate grey 

area. From E13.5, expression of Bm-3b within the spinal cord is continuous with the 

caudal medulla, with expression in the hindbrain also observed in the inferior olivary 

complex. The expression pattem of Bm-3b within the midbrain is similar to that 

described for Bm-3a. However, no Bm-3b expression is observed in the red nucleus, 

or medial habenula, while after E17.5 Bm-3b is uniquely expressed in the
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interpeduncular nucleus (Xiang a/., 1993; Turner era/., 1994). Immunostaining of 

the mouse adult brain has confirmed in situ analysis with staining observed in the 

interpeduncular nucleus, the deep layers of superior colliculus, and the adjacent 

periaquaductal grey, in addition to some cells at the dorsal region of the brainstem, and 

near the area postrema in the medulla (Xiang et al., 1993 ; Tumer etal., 1994).

In the developing retina, the expression levels of Bm-3b are higher than those 

described in the brain and sensory ganglia, while remaining two fold lower than those 

of Bm-3 a (Tumer etal., 1994). The spatial pattem of Bm-3b expression is similar to 

that of Bm-3a, yet transcripts have been detected earlier (E13.5). Levels of Bm-3b 

expression peak at El 5.5 when most of the retinal ganglion cells have been generated 

(Erkman etal., 1996). Antibody staining has shown that in the adult retina Bm-3b is 

restricted to a subset of retinal ganglion cells (Xiang etal., 1993; 1995). Interestingly, 

two recent reports have described the loss of retinal ganglion cells, corresponding to 

greater numbers than the adult subset, in mice in which the Bm-3b gene has been 

dismpted (Erkman etal., 1996; Gan etal., 1996). This suggests a role for Bm-3b in 

the development and differentiation of these ganglion cells.

As for Bm-3 a, localization of Bm-3b was previously been thought to be restricted to 

neuronal cells, yet recent studies in our laboratory have shown high levels of Bm-3b 

expression in the utems, cervix, ovary and testis (Budhram-Mahadeo, 1995).

1.8.4 c) Brn-3c

The expression of Bm-3c is more restricted than Bm-3a, and Bm-3b, being observed 

mainly within the sensory ganglia of the peripheral nervous system as discussed in 

Chapter 4. However, recent immunohistochemical investigations have described its 

localization in discrete regions of adult mouse midbrain (Xiang et al., 1995). These 

Bm-3c expressing cells correspond to a weakly labelled, sparsely distributed 

population within the deep layers of the superior colliculus, with a more strongly
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Brn-3a Brn-3b Brn-3c
T issue E15.5 Adult E15.5 Adult Adult

Brain inferior olive 4-4-4- 4-4-4- 4-4-4- - -
nucleus ambiguus 4-4- - - -
medulla - - 4-4- 4- -
superior colliculus 4-4- +!- 4-4-4- 4-4-4- 4-
periaqueductal grey 4-4- 4-4- 4-
red nucleus 4-4- 4-4- - - -
mesencephalic n. 4-4- 4-4- - - -
interpeduncular n. - - 4-4-4- 4-4-4- -
medial habenula 4-4- 4-4-4- - - -

Spinal cord 4-4- 4-4- 4-4- 4- -

Retina 4-4- -f-4- 4-4- 4- 4-

Sensory ganglia 4-4-4- 4-4-4- 4- 4-4- 4-4-

N on-
neuronal liver - - - - -

heart - - - - -
kidney - - - - -
uterus nd - nd 4-4-4- nd
cervix nd - nd 4-4-4- nd
testis nd +!- nd 4-4-4- nd
ovary nd +1- nd 4-4- nd

Table 1.2: Summary of the expression pattems of Bra-3a, Bra-3b and Bm-3c in

tissues of the E15.5 embryo and adult rat. Bm-3c expression is described in the 

adult as in the E l5.5 embryo it is restricted to the sensory ganglia.

- indicates no detectable expression; +/- equivocal signal; + weak signal; 4-4- 

moderate signal; 4-4-4- strong signal; nd, not determined n. indicates nucleus 

(adapted from Turner et al., 1994 with additional data from Ninkina et al., 1993; Gerrero et al., 

1993; Xiang et al., 1993; 1995; Budhram-Mahadeo, 1995)
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stained, diffuse group of cells observed in the adjacent |periaqueductal grey. A wedge

like cluster of stained cells has also been described in the recess of the inferior 

colliculus (Xiang etal., 1995). The superior colliculus receives afferent fibres from the 

visual, auditory and somatosensory systems (Xiang etal., 1993), therefore Bm-3c 

positive cells may correspond to those receiving sensory input from neurons expressing 

Bm-3c in the peripheral nervous system. Interestingly, the disruption of the Bm-3c 

gene has recently been shown to result in defects in the auditory system with the failure 

of the cochlear and vestibular hair cells of the inner ear to differentiate (Erkman eta l., 

1996)

Bm-3c expression has also been described in the adult retina, where like Bm-3 a and 

Bm-3b, it is restricted to the post-mitotic layer of ganglion cells. Immuno staining has 

shown that the expression of Bm-3c is restricted to a far smaller subset of retinal 

ganglion cells than that of Bm-3a and Bra-3b (Xiang etal., 1995).

1.8.5 The expression and regulation of the Brn-3 sub-family 

in cell lines

Studies have been carried out in cell lines to investigate the potential roles of the Bm-3 

sub-family and elucidate the mechanisms through which they function. The results of 

these studies will be described below, and are summarized in Table 1.3.

1.8.5 a) Non-neuronal cells

Low levels of Bm-3a expression have been described in the pituitary gland by Gerrero 

and colleagues (Gerrero etal., 1993), who have also reported expression in the 

corticotrophic cell line (AtT-20). In this cell line, Bm-3a was shown to be the major 

protein binding to the CE2 element of the POMC promoter (Gerrero eta l, 1993). Bm- 

3a was not detected in cell lines derived from other pituitary cell types such as 

somatotrophs (GC), lactotrophs (235, MMQ) or thyrotrophs (TtT-97).
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Measurable levels of Bm-3a expression have also been described in a B-cell line 

(BCLi), a T-cell line (EL-4), and adult spleenic B cells, although it has not been 

detected in adult thymocytes or the macrophage-like cell line (P388Di) (Gerrero etal. , 

1993). The Bm-3 a mRNA levels in EL-4 cells were shown to decrease transiently 1 

hour after treatment with phorbol 12-myristate 13-acetate (PMA). This contrasts with 

studies by Bhargava and colleagues who have described the expression of Bm-3 a 

(termed Oct-Tl) and Bm-3b (termed Oct-T2) in human JurkatT cells (Bhargava etal. , 

1993). They report a stimulation of Bm-3a expression at 8 hours after PMA treatment 

which peaks at 36 hours, with elevated levels detectable at 62 hours. This may indicate 

a bi-phasic response of these cells to PMA treatment whereby a transient decrease is 

followed by stimulation to the observed levels. Bm-3b expression, which was detected 

at very low levels in resting cells, was shown to remain at low constant levels for up to 

62 hours after PMA treatment (Bhargava etal., 1993).

Interestingly, although Bm-3a has previously been show to activate transcription from 

the CRH promoter (Gerrero etal., 1993), and promoters containing octamer-related 

sequences (Budhram-Mahadeo et al., 1994) in other cell lines, Bhargava and colleagues 

report the repression of the interleukin-2 (IL-2) promoter activity following co

transfection with Bm-3a into activated Jurkat cells (Bhargava et al., 1993). This may 

indicate a cell-type specificity of Bm-3a activity, which may reflect interactions of Bm- 

3a with other cellular factors.

1.8.5 b) Neuronal cells

Following the observation that the expression of Bm-3 a is largely restricted to 

neurogenic tissue, Collum and colleagues investigated the expression of the human 

Bm-3a (RDC-1) in a number of tumor samples. Bm-3a expression was readily detected 

in the neuroepithelioma cell line (CHPlOO), with lower levels observed in a small cell 

lung tumor line (H510) and a macrophage line (U937) (Collum etal., 1992). Both 

CHPlOO and H510 are from tissues which are thought to arise from the neural crest.
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suggesting that Bm-3 a expression may be related to a common developmental lineage. 

Subsequent analysis of tumors of the peripheral nervous system has shown that Bm-3 a 

is expressed at lower levels in neuroblastomas than in neuroepitheliomas (Collum etal. , 

1992). These tumors differ in neurotransmitter production, neuroepitheliomas being 

cholinergic while neuroblastomas are adrenergic, suggesting a potential link between 

the expression of Bm-3 a and the production of a specific neuronal phenotype. 

Interestingly, the POU IV protein, I-POU has also been implicated in determining 

neuronal neurotransmitter production by interacting with cfl -a to regulate the dopa 

carboxylase gene expression in Drosophila (Treacy etal., 1991).

The regulation of Bm-3 a and Bm-3b expression by retinoic acid has been studied in the 
o

F9 terajcarcinoma cells and N18 neuroblastoma cells (Tumer etal., 1994). The 

expression of Bm-3b, but not Bm-3a has been detected in F9 cells. Studies show that 

following the addition of retinoic acid to F9 cells, the levels of Bm-3b mRNA are 

reduced significantly within 2 hours, suggesting a direct transcriptional effect. Bm-3b 

expression was shown to be virtually undetectable 96 hours after treatment. This effect 

could be reversed by substitution with retinoic acid free media, which also reversed 

observed morphological changes. The treatment of N18 cells, which express both Bm- 

3a and Bm-3b, with retinoic acid was also shown to decrease Bm-3b expression, but 

not to the low levels observed in treated F9 cells. However, no effect was observed on 

Bm-3a expression, which also showed no response in retinoic acid treated AtT-20 

cells. This differential regulation of expression of the two factors by the same molecule 

in the same cells may represent intrinsic control differences which are dependent on 

regulatory elements within the promoter/ enhancer rather than cellular factors. This 

would provide a potential mechanism for their differential regulation during 

development.
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Cell line Brn-3a Brn-3b

ND7 undifferentiated + 4-4-4-
differentiated +++ 4-

PC12 undifferentiated + 4-
differentiated + 4-

N18 untreated 4-4- 4-4-
+ retinoic acid (lO^M) 4-4- 4-

F9 untreated - 4-4-
+ retinoic acid (lO^M) - -

E L ^ / untreated 4-4- 4-
Jurkat + PMA (50ng) 1 hour 4- 4-

8 hours 4-4-4- 4-

NE 4-4-4- nd

NB 4-/- nd

AtT-20 4-4- nd

BCLi 4- nd

Table 1.3: Summary of the expression and regulation of Bm-3a and Bm-3b in ceil 

lines. - indicates no detectable expression; +/- equivocal signal; + weak signal; 

++ moderate signal; +++ strong signal; nd, not determined.

NE: neuroepithelioma, NB: neuroblastoma, PMA: phorbol 12-myristate 13- 

acetate
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1.8.5 c) ND7 cells

ND7 cells represent a sensory neuronal cell line produced by the fusion of neonatal rat 

DRG neurons with C1300 mouse neuroblastoma cells (Wood etal., 1990). These cells 

proliferate when cultured in media containing serum, yet following serum removal, or 

treatment with cyclic AMP (cAMP), they cease to divide and differentiate to a mature 

neuronal phenotype, retaining many characteristics of mature sensory neurons (Wood 

etal., 1990; Subruro gf a/., 1992).

Both Bm-3 a and Bm-3b have been shown to be expressed in the proliferating cells, 

although the observed levels of Bm-3b are much higher than those of Bm-3a. 

Differentiation of the cells by treatment with ImM dibutyryl cAMP in reduced serum, 

or reduced serum alone has been shown to accompanied by a decrease in Bm-3b levels 

with a concomitant increase in Bm-3 a expression (Lillycrop etal., 1992). Similar 

effects are observed following the treatment of proliferating ND7 cells with ImM 

dibutryryl cAMP in full serum growth medium (Budhram-Mahadeo etal., 1994).

Such an increase in Bm-3a and decrease in Bm-3b expression has also been described 

upon the differentiation of neuroblastoma cell lines (Smith and Latchman, submitted).

Studies carried out in our laboratory to investigate the effect of serum removal have 

shown that the up-regulation of Bm-3a expression can be abolished by the addition of a 

mixture of acid and basic fibroblast growth factor (FGF), and insulin like growth factor 

(ILF) I and II to cells in semm free media (Budhram-Mahadeo etal., 1995a). This 

combination could also reverse the decrease in Bm-3b expression and raise levels 

above those observed in full growth media. However, while the individual factors were 

capable of reducing the up-regulation of Bm-3 a expression, they were unable to 

reproduce the effect observed with Bm-3b. The different requirements of these 

transcription factors suggests mechanisms by which they may be differentially 

regulated during development.

68



1.8.6 Target genes of Brn-3

1.8.6 (i) Neurite outgrowth associated proteins

The up-regulation of Bm-3a expression in ND7 cells has been shown to correlate to the 

arrest of cellular proliferation and the extension of neuronal processes (Budhram- 

Mahadeo etal., 1995a). Axonal elongation during neuronal development, occurs 

through the fusion of vesicles with the target membrane which is thought to be 

regulated by the same mechanisms as control the exocytosis of synaptic vesicles in the 

adult animal (Catsicas etal., 1995; Futerman and Banker, 1996). In accordance with 

this theory, SNAP-25 (synaptosomal-associated protein of 25kDa), a pre-synaptic 

nerve terminal protein required for fusion of the synaptic vesicle with the target 

membrane, has also been shown to be essential for process elongation both in vitro and 

in vivo (Osen-Sand etal., 1993).

The extension of neurites and redistribution of components of synaptic vesicles to the 

tips of the processes are characteristics described for ND7 cells upon transition from the 

proliferating to differentiated phenotype (Subruro etal., 1992; Wheatley etal., 1992) 

Bm-3 a expression, which is elevated in the differentiated ND7 phenotype, has been 

shown to affect neurite outgrowth (Lakin etal., 1995; Smith etal., submitted). Thus, 

over-expression of Bm-3 a results in process outgrowth from undifferentiated ND7 

cells (Smith etal., submitted), while inhibition of Bm-3a synthesis by anti-sense 

constmcts leads to the reduction of neurite outgrowth from differentiated ND7 cells 

{hakinetal., 1995).

The expression of genes encoding proteins involved in the synaptic vesicle cycle:
t o

SNAP-25, synapsin, synaptophysin and synapjtcngamin (Sudhof, 1995) have also been 

shown to be affected at both mRNA and protein levels in these Bm-3a under- or over

expressing cell lines (Lakin etal., 1995; Smith etal., submitted). Co-transfection 

assays have suggested regulation of these genes to be a direct effect of Bm-3 

expression as Bm-3a can activate the SNAP-25 gene promoter (Lakin etal., 1995). In
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contrast to Bm-3a, Bm-3b has been shown to be incapable of promoting neurite 

outgrowth from proliferating ND7 cells and represses the outgrowth observed in 

response to a differentiation inducing stimulus (Smith etal., submitted). In those cell 

lines over-expressing Bm-3b no increase is seen in levels of the synaptic vesicle 

proteins, with the exception of synapsin I (Smith etal, submitted).

1.8.6 (::) a-Internexin

Co-transfection studies have shown that the Bm-3 proteins are able to regulate activity 

of the a-intemexin gene promoter (Budhram-Mahadeo etal., 1995b), however no 

evidence has yet shown that this corresponds to the cellular regulation of the gene. 

a-Intemexin is a neuronal-specific intermediate filament found in both the central and 

peripheral nervous systems, whose expression within regions of the CNS precedes that 

of other neurofilaments (Hiegnere/a/., 1990; Kaplan etal., 1990). Studies of the 

developmental expression of a-intemexin have shown that it can be detected first at 

ElO and is subsequently observed in those regions of the brain undergoing 

neurogenesis, leading to the suggestion that a-intemexin expression coincides with the 

onset of neuronal differentiation (Fliegner <2/., 1994). By E16, a-intemexin is 

abundant throughout most of the brain in addition to the retina, spinal cord and sensory 

and sympathetic ganglia. The levels of a-intemexin expression in the adult CNS are 

lower than those described during development, but within the PNS, expression has 

been shown to be restricted to neuronal subsets within the ganglia (Vickers etal.,

1992).

1.9 Aims of project

The expression of the Bm-3 sub-family of POU domain proteins in the sensory ganglia 

together with their homology to unc-86, suggests a potential role for this family in 

sensory neuronal development. Previous studies in our laboratory have focused on the 

actions of these proteins in the ND7 sensory neuronal cell line. We wanted to extend 

these studies to sensory neurons.
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Therefore, the aims of this project were:

1) to study the expression of Bm-3a, Bm-3b and Bm-3c in the developing sensory 

ganglia, and attempt to correlate observed expression with specific points in neuronal 

development.

2) following observations from (1) that Bm-3c is restricted to a subset of sensory 

neurons, to correlate expression of Bm-3c to a specific neuronal subtype which may 

facilitate the identification of target genes for this factor.

3) to examine the expression of POU domain transcription factors in the sensory 

ganglia in response to peripheral nerve section.

4) to examine the independent activity of the functional domains of Bm-3a as these 

domains may play a role in the differential of target gene promoters.

71



Chapter 2

Materials and Methods
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2.1 Materials

2.1.1 Buffers and solutions

Solutions were generally made up in double distilled, deionized water (ddH20), and 

sterilized by autoclaving, or filtration through a micropore filter. These following 

solutions were routinely used:

SSC 20x 175g NaCl; 88g sodium citrate; ddH20 up to 1 litre.

Adjust to pH7.0 with NaOH.

TBE lOx 108g Tris.Cl; 55g boric acid; 40ml 0.5M EDTA; ddH20

up to 1 litre.

TAE 50x 242g Tris.Cl; 100ml 0.5M EDTA; 57.1ml glacial acetic

acid; ddH20 up to 1 litre.

PBS lOx 80g NaCl; 2g KCl; 2g KH2PO4 ; 14.4g Na2HP0 4 .2 H2 0

ddH20 up to 1 litre.

TE Ix lOmMTris.Cl; ImM EDTA (pH7.5).

o
Denhardt's solution lOOx 2%(w/v) polyvinyl pyrrolid^e, 2% (w/v) BSA,

2% (w/v) Ficoll. This solution was stored in 

aliquots at 20°C following filter sterilization.

LB medium 11 lOg Bacto-tryptone; 5g Bacto-yeast extract; lOg NaCl.

Agar plates were produced from this medium by the 

addition of 1.5% (w/v) Bacto-agar.

Chemicals were generally purchased from Sigma, or BDH, components of bacterial 

media from DIFCO laboratories, and components of cell culture media from Gibco 

BRL.
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2.1.2 Enzymes

Restriction endonucleases were generally purchased from Promega, Gibco BRL or 

New England Biolabs. The RNA polymerases: T3, T7 and Sp6 ( 10-20 U///1), RNAse 

Inhibitor (40 U///1), Dnasel used in in vitro transcription were obtained from Promega, 

as was Tag DNA polymerase (5 U//d), Klenow fragment of DNA polymerase (7 U//ri), 

and T4 DNA ligase (3 \J/pi\). MoMuLV reverse transcriptase (200 U///1) was obtained 

from Gibco BRL, and calf intestinal phosphatase (CIP), Proteinase K, and RNAse A 

from Boehringer Mannheim

2.1.3 Other materials and reagents

Ikb DNA ladder - Gibco BRL

DIG-rUTP, anti-digoxygenin alkaline phosphtase-conjugated Fab fragments, 

levamisoJC NBT and X-phosphate - Boehringer Mannheim 

Nitrocellulose filters: Hybond N, N+ - Amersham International, UK.

Polaroid 667 film - Polaroid, UK.

Ribonucleotides (lOmM) and deoxyribonucleotides (lOOmM) - Promega 

Radiochemicals - [a-^^pj dCTP 3000C1/ mmol - Amersham

[a-^^S] dATP 800-1500 Ci/ mmol - Amersham 

1'^-chloramphenicol 0.25 /(Ci/ /d - Dupont 

Random hexamers - Pharmacia

Sequenase kit - United States Biochemical Corporation (Cambridge Biosciences, UK) 

Sequagel concentrate and Sequagel dilutent - National Diagnotstics, UK.

Slide film - E64-T - Kodak, UK.

Thin layer chromatography plates - Camlab, UK. 

transfer RNA and poly A+RNA - Boehringer Mannheim 

X-ray film: X-omat AR fast film - Kodak, UK.

2.1.4 Equipment

PCR machine - Hybaid Omni gene Thermal Reactor
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Densitometer and phosphoimager - BioRad GS-250 Molecular Imager 

Spectrophotometer - GeneQuant RNA/DNA calculator (Pharmacia)

2.1.5 Plasmids

2.1.5 a) Riboprobe constructs

The vectors pGem-T, pGem-5zf (Promega) and pBluescript (pBS: Stratagene) contain 

multicloning sites flanked by promoters recognized by specific RNA polymerases (T3, 

T7, or Sp6) enabling the in vitro transcription of DNA inserts to produce riboprobes. 

The anti-sense riboprobe was generated by transcription with a RNA polymerase with a 

promoter site at the 3'end of the insert, while the sense control used one at the 5'end.

The Bm-3a riboprobe construct, obtained from Dr.N.Ninkina, contains a 400bp PCR 

fragment from the 3' untranslated region of the rat gene cloned into the Not-1/Sac-1 

sites of pGEM-5zf such that in vitro transcription of Notl linearized plasmid by Sp6 

RNA polymerase generated anti-sense transcripts, whereas transcription of S ad  

linearized plasmid by T7 RNA polymerase gave rise to sense transcripts. The 

equivalent region of the mouse gene was cloned into the EcoRI site of pBS such that in 

vitro transcription of Hindlll linearized plasmid by T7 RNA polymerase generated anti

sense transcripts, while transcription of BamHI linearized plasmid with T3 RNA 

polymerase gave rise to sense transcripts.

The Bm-3b riboprobe construct was produced by cloning a 200 bp PCR fragment of 

the coding region into pGEM-T. The insert is orientated such that in vitro transcription 

of Notl linearized plasmid by T7 RNA polymerase gave rise to anti-sense transcripts 

and transcription of Ncol linearized plasmid by Sp6 RNA polymerase generated sense 

transcripts.

The Bm-3c construct contains a 200bp fragment of the coding region cloned into the 

Xhol site of pBS. The insert is orientated such that in vitro transcription of Hindlll
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linearized plasmid by T3 RNA polymerase generated anti-sense transcripts, while sense 

transcripts were produced by transcription of Kpnl linearized plasmid by T7 RNA 

polymerase.

2.1.5 b) Eukaryotic expression vectors

Constructs containing the POU domains of Bm-3a and Bm-3b under the control of the 

Mo MuLV promoter in the mammalian expression vector pJ4 (Morgenstem and Land, 

1990) were produced by Dr.N.Lakin. I produced a construct for Bm-3c by cloning the 

POU domain, isolated by PCR, into the EcoRI/ Sail sites of pJ4.

The target promoter used with these constructs was pap3/4 which contains the octamer 

related motif ATGCAATT and adjacent NFl site derived from the human papilloma 

virus type 16 (HPV-16) promoter cloned into the BamHI site of BLCAT2 (Morris et 

al., 1994). This cloning site is upstream of the herpes simplex virus thymidine kinase 

(tk) promoter from -105 to +51 driving the expression of the chloramphenicol 

acetyltransferase (CAT) gene (Luckow and Schütz, 1987).

2.1.5 c) GAL4 constructs

To produce heterologous fusion proteins, the domains of Bm-3 were cloned 

downstream of the GAL4 DNA binding domain (1-147) in the vector pSG424 

(Sadowski and Ptashne, 1989).

The POU domain constructs of Bm-3a, Bm-3b and Bm-3c contain the POU domain 

cloned into the Kpnl/ Xbal sites of pSG424 in frame with the GAL4( 1-147), having 

been subcloned previously from pJ4 into the EcoRI/ Hindlll sites of pBS.

Two N-terminal domain constructs were used. The first contains a longer N-terminal 

fragment of both Bm-3a(l) and (s) subcloned from pGEM-T into the BamHI/ Sail sites 

of pSG424. This domain was isolated following PCR amplification from the full length
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clone of Bm-3a(l) in pBS which was provided by Dr.T.Theii (Universitat Marburg, 

Germany). The second N-terminal construct contains a shorter N-terminal fragment 

specific to Bm-3a(l), isolated by PCR amplification, subcloned from pGEM-T into the 

BamHI/ Sac! sites of pSG424.

The target plasmids used with these constructs contained GAL4 binding sites in 

addition to basal promoters driving expression of the CAT gene. The GAL-GST-CAT 

plasmid containing two GAL4 binding sites cloned at -94 upstream of the 

transcriptional start site of the glutathione-S-transferase Jt gene promoter (Cowell and 

Hurst, 1994), was kindly provided by Dr. H. Hurst. The GAL-tk-CAT plasmid with 

five GAL4 binding sites cloned at -105 upstream of tk promoter in pBLCAT 2 (Shi et 

al., 1991) was provided by Dr. T. Shenk. The plasmids GAL-tk-CAT-760 and GAL- 

tk-CAT+ioOO with five GAL4 binding sites at -760, and 4-1000 respectively relative to 

the tk promoter in pBLCAT2 (Madden etal., 1993) were provided by Dr. F. Rauscher

2.1.6 Oligonucleotides

Oligonucleotides were generally purchased from Genosys (Cambridge, UK), although 

some were synthesized using an Applied Biosystems 3 ISA DNA synthesizer (Applied 

Biosystems Inc.). 

a) Primers used for RT-PCR:

5 ' 3 '

Bm-3 POU GTGGCTCGGCGCTGGC (Dr.K.Lillycrop)

(common to Bm-3a and 3b)

Bm-3a specific CGGGGTTGTACGGCAAAA

Bm-3b specific CTTGGCTGGATGGCGAAAG

Bm-3c POU GTGGGCGCGGCTTTAGCCAAT

Bm-3c specific AGATGAAGGACGTGGCTGCAT
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Oct-2 POU GCAACGCCGCATCAAGCTG (Dr.G.Kendall)

Oct-2 homeo GAACCAGACGCGGATCACT

CyclophilinA TTGGGTCGCGTCTGCTTCGA

CyclophilinB GCCAGCACCTGTATGCTTCA

b) Primers used for cloning:

5 ’ 3'

Bm-3c POUl GTCGACATGGATGTGGAGTCAGACCCTCCTCGA

Bm-3c POU2 GAATTCCAATCAGTCCACAGCAAGTATTT

(from Dr.N.Lakin)

Bm-3a NF ATGGATCCAGATGATGTCCATGAACAGC

Bm-3aNl GAATTCCGCGAGCGACGGCGACGAGAT

(long and short isoforms)

Bm-3aN2 ATGAGCTCCATCGTGTGGTACGTGGC

(long isoform)

Bm-3b N1 GGAGGGCGAGCTGCTTGAGAGC

Bm-3b N2 GGTCTGCATCCACGTCGCTC

2.1.7 Antibodies

The mouse monoclonal antibody against the phosphorylated form of the 200kDa 

neurofilament subunit, RT97, was used at a dilution of 1:2000. The rabbit anti- 

peripherin antibody kindly provided by Dr. M. Portier was used at a dilution of 1:200. 

The mouse anti-a-intemexin monoclonal antibody was kindly provided by Dr. R. Liem 

and used at a dilution of 1:10. Secondary fluorescein-conjugated anti-mouse, and anti

rabbit antibodies were purchased from Dako Ltd., and were used at a dilution of 1:200.
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2.2 Methods

2.2.1 Plasmid DNA extraction

2.2.1 i) Large scale plasmid extraction PEG purification

Bacterial cultures were grown in 400ml LB medium containing ampicillin (50[ig/ml) at 

37°C, 200 rpm overnight. The bacteria were harvested by centrifugation at 5000 rpm 

for 15 minutes at 4°C in a Beckman centrifuge. The pellet was resuspended in 1 volume 

solution I (50mM glucose, 25mM Tris pH 8.0, lOmM EDTA pH 8.0), and the cells 

lysed by the addition of 2 volumes freshly prepared solution II (0.2M NaOH/ 1%SDS) 

on ice for 5 minutes. 1.5 volumes of solution III (potassium acetate: 3M potassium, 5M 

acetate) were added and after mixing, left on ice for 20 minutes. Following 

centrifugation at 8000 rpm for 30 minutes, nucleic acid was precipitated from the 

supernatant by the addition of 0.6 volumes of isopropanol for 5 minutes at room 

temperature. The nucleic acid was pelleted by centrifugation at 15000 rpm for 15 

minutes, and washed with 70% ethanol. The dry pellet was resuspended in 1 volume of 

ddH20 and the RNA precipitated by the addition of 2 volumes of ammonium acetate 

(7.5M) for 30 minutes at -20°C. Following centrifugation for 15 minutes at 15000 rpm, 

DNA was precipitated from the supernatant by the addition of 0.6 volumes of 

isopropanol for 30 minutes at -20°C. The DNA was pelleted by centrifugation at 15000 

rpm for 15 minutes, and the pellet washed with 70% ethanol. The DNA was 

resuspended in 1 volume of ddH20 and purified by the addition of 1 volume of PEG 

solution (12% w/v PEG 6000,0.7M NaCl) for the 30 minutes on ice. Following 

centrifugation at high speed for 10 minutes in a microcentrifuge at 4°C, a further 

volume of PEG solution was added to the supernatant. After 30 minutes incubation on 

ice, the DNA was pelleted by centrifugation for 10 minutes in a microfuge at 4°C. The 

pellet was washed with 70% ethanol and resuspended in ddH20 to the appropriate 

concentration. DNA concentration was calculated by measuring the optical density (OD) 

at 260 nm using a double beam spectrophotometer. An OD260 of 1 indicated 50 mg/ml 

of double stranded DNA. Measurement of the OD at 280nm gave an estimation of the 

amount of protein contaminants present in the sample since the ratio of OD2 6 O/ OD2 8 O
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should be 1.8 for pure DNA (Sambrook etaL, 1989).

2.2.1 ii) Small scale alkaline lysis plasmid preparation

For small scale preparations bacterial cultures were grown in 5ml LB medium with 

ampicillin (50 pg/ml) at 37°C, 200 rpm overnight. Bacteria from 3ml of culture were 

pelleted by centrifugation for 5 minutes in a microfuge. The cells were resuspended in 1 

volume solution I, and lysed with freshly prepared solution II. 1.5 volumes of solution 

III were added and left for 10 minutes on ice after mixing. The solutions used are those 

used for the large scale preparation. Following 10 minute centrifugation in a microfuge, 

the DNA was purified by extraction of the supernatant with an equal volume of phenol: 

chloroform: isoamyl alcohol (24: 24: 1). The DNA was precipitated by addition of 2 

volumes of ethanol, for 5 minutes at room temperature. The DNA was pelleted by 

centrifugation for 10 minutes, and the pellet washed with 70% ethanol. The dried pellet 

was resuspended in 40 pi TE containing 25pg/ml DNAse free RNAse and incubated 

for 30 minutes at 37°C to remove contaminating RNA.

2.2.2 Plasmid DNA analysis

2.2.2 i) Restriction endonuclease digestion

Ipg plasmid DNA was incubated with 2U restriction enzyme in 20pl total volume 

containing the buffer supplied by the manufacturer. Incubation was usually 1-2 hours at 

37°C unless specified otherwise by the manufacturer.

2.2.2 ii) Gel electrophoresis

DNA fragments were separated by horizontal gel electrophoresis. Gels were preparaed 

using electrophoresis grade agarose in Ix TBE. The concentration of agarose ranged 

according to the size of fragment to be separated, from 1% (w/v) for large fragments, to 

2.5% (w/v) for fragments of less than 400bp. When DNA fragments were to be 

excised and used for cloning, gels were prepared using low melting point agarose to 

1% (w/v) in Ix TAE . Ethidium bromide was added to the agarose, before pouring, to a
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final concentration of Ijig/ml. O.IV of 6 x sample buffer (0.25% bromophenol blue, 

15% Ficoll) was added to DNA samples prior to loading. The gels were run at 80V 

(40V if low melting point) in the buffer used for their preparation. The DNA fragments 

were visualized on a ultraviolet transilluminator (wavelength, 254nm).

2.2.3 Southern blot and hybridization

2.2.3 i) Southern blotting

In order to identify specific fragments, DNA was transferred from agarose gel to 

Hybond-N nitrocellulose membrane by Southern blot. The method was essentially that 

described by Sambrook etal., 1989, with slight modification. The DNA was denatured 

by gently shaking the gel in 1.5M NaCl, 0.5M NaOH for 45 minutes at room 

temperature. The gel was subsequently washed in ddH20 prior to neutralization in 

1.5M NaCl, IM Tris. HCl (pH7.5) for 45 minutes. The gel was placed on four sheets 

of Whatmann 3MM paper saturated with 2x SSC on a large tray. A nitrocellulose 

membrane soaked in 2x SSC, was placed upon the gel ensuring that no air bubbles 

were present. The edges of the membrane were surrounded by clingfilm to ensure that 

the 2x SSC only moved through the membrane. Several sheets of WhatmanX 3MM 

paper were placed on top of the membrane, followed by an even pile of paper towels. A 

second flat tray on top of the towels was used to support an evenly distributed weight, 

and transfer allowed to proceed overnight. On completion of transfer, the DNA was 

fixed to the membrane by UV cross-linking in a UV Stratalinker (Biorad). The 

membrane could then be stored dry at room temperature until hybridization.

2.2.3 (ii) Probe preparation

The DNA fragment to be used as a probe in hybridization was generated either by 

restriction digest or by PCR and excised from a low melting point agarose gel 

following electrophoresis. ddH20 was added to the resultant gel slice at a final volume 

of 3ml/g and the DNA denatured by heating to 100°C for 5 minutes. The probe- 

labelling reaction mix contained 26.5//1 of the denatured DNA with 2/d each of dATP,
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dGTP, and dTTP (lOmM); 3.5pi\ random hexamers (90U/ml); lOpil of 5 x buffer (IM 

HEPES pH6.6; 5mM 2-mercaptoethanol; 25mM MgCl2; 250mM Tris pH8.0); 3/d of 

a^^P dCTP; and IjA Klenow (7\J/pi\), and was incubated at 37°C for 1-2 hours. The 

reaction was stopped by the addition of 25mM EDTA pH8.0 and the labelled probe was 

separated from unincorporated nucleotides by centrifugation through a Sephadex G-50 

column. Prior to addition to 10ml pre-warmed hybridization buffer (see below), the 

probe was mixed with lOOjxl denatured herring sperm DNA (lOmg/ml), heated to 

100°C for 5 minutes and placed on ice.

2.2.3 (iii) Hybridization

Southern blots were pre-hybridized in hybridization buffer (6x SSC, 10% dextran 

sulphate, 0.5% SDS, 5x Denhardts) for 3 hours at 65°C prior to the addition of the 

hybridization buffer containing the heat-denatured probe and herring sperm DNA (final 

concentration: lOOpg/ml). Hybridization was carried out in Hybaid bottles rotated in a 

Hybaid oven at 65°C overnight. Multiple filters were interleaved with nylon meshes to 

separate them during hybridization. Following hybridization, the filters were initially 

washed at low stringency with a solution of 2x SSC/ 0.1% SDS at 65°C for 20 

minutes. The stringency of the washes was increased by decreasing the concentration 

of the SSC so that a high stringency wash would be 0.1 x SSC/ 0.1% SDS. The 

number of washes carried out and the stringency of wash solution was determined by 

measuring the counts on the filter with a Geiger-Muller counter. Washes were stopped 

once the background counts had been reduced. The damp filters were then wrapped in 

Saran wrap in order to prevent drying, which would lead to irreversible probe binding. 

In order to visualize the signal, the filters were either exposed to Kodak film at -70°C, 

or to screens for analysis using a Biorad Phosphoimager.

A filter could be stripped for rehybridization with a different probe by washing in 0.1% 

SDS at 95°C for 30 minutes, or until no further counts were detected.
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2.2.4 Genomic DNA

2.2.4 i) Genomic DNA isolation

Genomic DNA was isolated from adult rat kidney. The tissue (2.88g) was macerated in 

10 ml of buffer 1 (50mM Tris pH7.5; lOOmM EDTA pH8.0; lOOmM NaCl) in a hand

held Potter homogenizer. SDS was subsequently added to 1% and the solution mixed 

by gently inversion to prevent shearing of the DNA. In order to remove cellular 

proteins from the DNA, the mixture was incubated overnight at 55°C with proteinase K 

(0.5mg/ml). The mixture was then treated with RNAse A (10/^g/ml) at 37°C for 1.5 

hours to remove contaminating RNA. The DNA was purified by phenol: chloroform 

extraction. Thus, an equal volume of phenol: chloroform: isoamyl alcohol (24: 24: 1) 

was added and mixed by gentle inversion. The layers were separated by centrifugation 

at room temperature at SOOOrpm for 15 minutes, and the top aqueous layer and 

interphase taken to a fresh tube using Gilson tips from which the tip had been removed 

to prevent shearing of the DNA, This step was repeated three times, and subsequently 

repeated a further three times taking only the aqueous layer and leaving the interphase. 

Once the aqueous phase was clear, it was extracted with an equal volume of 

chloroform: isoamyl alcohol (49: 1) to remove excess phenol. The DNA was 

precipitated from the aqueous layer with 1/10 volume 3M sodium acetate; 2 volumes of 

EtOH at room temperature. The DNA was hooked out using a Pasteur pipette, washed 

in 70%EtOH, and air dried before being allowed to dissolve slowly in 1ml TE pH8.0 at 

room temperature, and stored at 4°C. The concentration of the DNA was determined by 

measuring the OD260

2.2.4 ii) Genomic DNA restriction endonuclease digestion

Restriction endonuclease digestion of genomic DNA was carried out as described for 

plasmid DNA, but using 15/<g DNA, and 40U of enzyme in a large reaction volume 

(100/d). The reaction was allowed to proceed overnight at 37°C. lOpil of the reaction 

mix was run out to determine whether the digestion was complete, and the remaining 

sample separated on a 1% gel in TAE run overnight at 50V.
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2.2.4 iii) Genomic Southern blot

The transfer of the genomic DNA digests from the gel to Hybond-N by Southern blot 

was essentially as described in section 2.23. However, to facilitate the transfer of the 

larger DNA fragments, the gel was treated with 0.2M HCl for 10 minutes at room 

temperature prior to denaturing, to depurinate the DNA. 20x SSC was used as the 

transfer buffer in place of 2x SSC, again because of the larger size of the fragments.

Following pre-hybridization at 65°C for 3 hours, the blots were hybridized overnight at 

65°C with radiolabelled probes prepared as described in section 2.2.3 in 5ml of 

hybridization mix (4x SSC; 5x Denhardts; 5mM EDTA pHS.O; 0.2% SDS and 100/^g 

ssDNA). The blots were subsequently washed in changes of reducing SSC 

concentration down to 2x SSC; 0.1% SDS at 65°C, and put down to film (Kodak 

XAR-5) overnight at -70°C.

2.2.5 Cloning

2.2.5 1) Gel purifîcation of inserts

Fragments of DNA to be used as inserts for cloning were generated either by restriction 

endonuclease digestion, or by PCR. The fragments to be cloned were separated by 

electrophoresis in 1% low melting point agarose (w/v) in Ix TAE. The required 

fragment was excised from the gel, and 400pl 20mM Tris, ImM EDTA (pHS.O) 

added. The agarose was melted by incubation at 65°C for 5 minutes. The DNA was 

subsequently purified from the agarose by phenol extraction. An equal volume of 

phenol was added and vortexed briefly. Following centrifugation the aqueous phase 

was taken and an equal volume of phenol: chloroform: isoamyl alcohol (24: 24: 1) 

added. Again the aqueous phase was taken following centrifugation and any remaining 

phenol removed by the addition of chloroform: isoamyl alcohol (49: 1). The DNA was 

precipitated by the addition of 1/20V 3M NaAc, 2.5V EtOH at -70°C for 30 minutes. 

The resulting pellet was washed with 70% EtOH and resuspended in ddH%0 to the 

required concentration.
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2.2.5 ii) Vector preparation

Plasmids for cloning were subject to digestion with restriction enzymes to generate sites 

compatible with the ends of the insert DNA. To prevent religation, the linearized 

plasmids were dephosphory 1 ated using calf intestinal phosphatase (CIP). Typically, the 

reaction was carried out in buffer supplied by the manufacturer using lU of CIP and 

incubated at 37°C for 30 minutes. The DNA was then purified by phenol: chloroform: 

isoamyl alcohol extraction and ethanol precipitated at -10°C for 30 minutes. The 

resulting pellet was washed with 70% EtOH and resuspended in ddH20 to the 

appropriate concentration.

2.2.5 iii) Ligation

To clone the fragment of interest into the prepared plasmid, vector and insert were 

mixed at a 5:1 molar ratio such that the total mass of DNA did not exceed 200ng in the 

final reaction volume of lOpl. The reaction was carried out in reaction buffer supplied 

by the manufacturer, using 3U of T4 ligase. The reaction was allowed to proceed either 

at room temperature for 6 hrs, or overnight at 15°C.

In order to clone PCR products, the pGEM-T vector (promega) which contains a single 

dT 3'overhang, compatible with the dA 3' overhang often produced by Taq DNA 

polymerase, was used as directed by the manufacturers.

2.2.6 Bacterial transformation

2.2.6 i) Preparation of competent cells

E.coli strain DH5a were used as competent cells for the transformation of ligation 

products. For the preparation of these competent cells, a single colony was grown as an 

overnight culture, and subsequently used to seed a 1:100 dilution in 50ml fresh LB 

media grown at 37°C, 200rpm in a sterile flask until the OD5 3 0  reached between 0.4 

and 0.6 ( 1.5 to 2 hours). The bacteria were pelleted by centrifugation at 3000 rpm at 

4°C for 5 minutes, and the pellet resuspended in 20ml ice cold O.IM MgCl2- After 10
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minutes on ice, the suspension was centrifuged as before, and the pellet resuspended in 

4ml ice cold 0. IM CaCl2. The cells were then kept on ice for at least 30 minutes prior 

to transformation.

2.2.6 ii) Calcium chloride transformation of competent cells

Transformation of the competent E. coli relied on the ability of calcium chloride and 

heat shock to render the cell membranes permeable. The ligation reaction, or 10-20ng 

of DNA was added to 100|xl competent cells on ice and mixed gently. After 45 minutes 

on ice, the cells were heat shocked by placing them at 42°C for 45 seconds. Following 

a further 2 minutes on ice, lOOpl LB was added and the cell suspension incubated at 

37°C for 1 hour allowing the cells to recover and begin expression of the antibiotic 

resistance selection gene. The transformation mix was plated out on LB agar plates 

containing ampicillin (50mg/ml) and incubated overnight at37°C.

2.2.7 Library screening

A neonatal Sprague Dawley rat DRG oligo-dT primed cDNA in lamda zap II 

(Stratagene) was provided by Dr. N. Ninkina. The library was plated at 5 x 10"̂  p.f.u. 

per plate using E. coli strain BB4, such that 5 x 10^ plaques were screened. The library 

was grown overnight at 37°C before being transferred to two replica Hybond-N filters. 

The filters were denatured for 10 minutes in 0.5MNaOH, 1.5M NaCl, rinsed for 1 

minute in 0.5M Tris pH7.6, and then neutralized for 15 minutes in 0.5M Tris pH7.6, 

1.5M NaCl. In order to fix the DNA to the membranes, they were air dried and UV- 

irradiated prior to hybridization. The filters were pre-hybridized for 5 hours at 68°C in 

hybridization buffer (4x SSC, 5x Denhardt's, 100/^g/ml ssDNA, 5mM EDTA, 0.2% 

SDS) and hybridized overnight overnight in the same solution containing a denatured 

oligo-labelled Bm-3 a POU domain probe.

Following hybridization, the filters were washed for 20 minutes at room temperature in 

2x SSC, then three times at 68°C for 30 minutes in 2x SSC, 0.2% SDS, and finally for
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20 minutes at 68°C in 0.2x SSC, 0.2% SDS. Positive clones identified by 

autoradiography were plaque purified for a further two rounds of screening. Following 

the tertiary screen, isolated positive clones were plasmid rescued from l a n ^  zap II into 

the pBS vector, following the Stratagene instructions. The clones were then subject to 

restriction endonuclease digestion, and Southern blot hybridization using probes 

specific for each Bm-3 gene to determine the identity of each clone. Clones of interest 

were grown up for large scale plasmid preparation, and dideoxynucleotide sequencing.

2.2.8 DNA sequencing

Sequencing of double-stranded plasmid DNA was carried out by dideoxynucleotide 

chain termination using a Sequenase kit (U.S.B.) which utilizes modified T7 

polymerase (Sequenase Version 2.0). Routinely 3 pg of PEG purified maxi prep 

plasmid, or 5pl miniprep DNA in a final volume of 20pl, was denatured by incubation 

at room temperature for at least 10 minutes following the addition of 0.2M NaOH. The 

reaction mix was neutralized by the addition of 2M ammonium acetate, and the DNA 

precipitated in 4 volumes of EtOH at -70°C for 30 minutes. The DNA pellet was 

subsequently washed in 70% EtOH, and allowed to dry before being resuspended in 

7pl ddH20 for use with the Sequenase kit following the protocol supplied by the 

manufacturers. The primers used in the sequencing reaction corresponded to either the 

T7 or T3 promoter regions for constructs in pBS, or the Sp6 or T7 promoter regions 

for those in pGEMT. In other plasmid constructs, such as those in pSG424, primers 

corresponding to regions within the inserted sequence were used.

The products of the sequencing reactions were separated by electrophoresis through 

denaturing 6% polyacrylamide gels. The gels were prepared using pre-made Sequagel 

acrylamide solutions in TBE buffer (33ml Sequagel dilutent, 12ml Sequagel concentrate 

with 5ml lOx TBE, polymerized with 320pl 10% ammonium persulphate (APS) and 

15p,l N,N,N',N'-tetramethylethylene diamine (TEMED)). Electrophoresis was carried 

out at ~1500V, 40W for 2 to 4 hours depending upon the distance of the sequence of
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interest from the primer. Following electrophoresis, the gel was carefully lifted off one 

of the glass plates using 3MM Whatmann paper, and dried on a heated vacuum drier. 

The dried gels were exposed to Kodak XAR-5 film overnight at room temperature. 

Analysis of the resulting sequence was carried out using the EMBL database.

2.2.9 Isolation of RNA

2.2.9 1) Total RNA preparation

Total cellular RNA was isolated from tissues by acid-phenol extraction (Chomcynski 

and Sacchi, 1987). The tissue, typically DRG, was placed immediately after dissection 

into 250//1 denaturing solution (4M guanidinium thiocyanate, 25mM sodium citrate pH 

7, O.IM 2-mercaptoethanol, 0.5% N-laurylsarcosine), and macerated by passing it 

repeatedly through a pipette. An equal volume of water-saturated phenol was added 

following 50/<l 2M sodium acetate, and lOOpil chloroform and gently mixed by 

inversion. After 15 minutes on ice, the aqueous portion was separated by centrifugation 

at 13000rpm for 20 minutes at 4°C. The RNA was precipitated from the aqueous layer 

by the addition of SOOpil isopropanol at -20°C for 30 minutes, followed by 

centrifugation at 13000rpm for 10 minutes at 4°C, and the resulting pellet was washed 

with 70% EtOH. The RNA was purified by resuspending the pellet in a further 300//1 

of guanadinium solution (4M guanadinium isothiocyanate, 20mM sodium acetate 

pH5.2,0.lmM dithiothreitol, 0.5% N-laurylsarcosine) and storing at -20°C for 30 

minutes. The RNA was precipitated with one volume of isopropanol, the resulting 

pellet washed in several changes of 70% EtOH and resuspended in 50//1 ddH20. Any 

contaminating genomic DNA was subsequently removed by DNAse 1 digestion. The 

RNA was incubated for 15 minutes at 37°C in a 100/d reaction mix containing IjA 

RNAse-free DNAse I, IjA RNAse inhibitor, and reaction buffer supplied by the 

manufacturer. The DNAse 1 was removed from the sample by repeated 

phenol:chloroform extraction, and the RNA precipitated with 1/20V 3M sodium acetate, 

2.5V ethanol at -20°C. The RNA pellet was washed with 70% EtOH and resuspended 

in 50pi\ ddH%0.



2.2.9 ii) Calculation of RNA concentration by slot-blot analysis

The concentration of RNA obtained from DRG was too low to be determined by 

spectrophotometric methods and was, therefore, calculated by slot-blot hybridization. 

Thus, 5pi\ of the RNA was mixed with 25jÂ denaturing solution (20mM MOPS, 2mM 

sodium acetate, ImM EDTA pH7.0 with 50% formamide and 7% formaldehyde), 

heated for 15 minutes at 65°C, and slot-blotted onto Hybond-N-k nylon membrane. The 

slot-blot was subsequently hybridized with an invariant ribosomal RNA probe, R123 

(Kemp etal., 1986). The radiolabelled probe prepared as described in section 2.2.3, 

but hybridization was carried out in a solution containing 50% formamide; 5x SSC; Ix 

Denhardts; 0.1% SDS at 42°C overnight. The concentration of the RNA samples was 

determined following phosphimager analysis of the blots, by comparison with a 

standard curve generated by simultaneous hybridization of RNA of known 

concentrations.

2.2.10 RT-PCR

RT-PCR was carried out with primers which are routinely used in our laboratory to 

assay the expression levels of the Bm-3 family and of Oct-2 (Budhram-Mahadeo etal. , 

1994; Kendall etal., 1995). Calculation of the RNA concentration as described above 

allowed an equal amount of RNA from each sample to be used for the generation of 

cDNA. Initially the amount of cDNA used was varied to ensure reaction conditions in 

which the PCR product signal was quantitatively related to the input RNA and 

subsequently samples were taken after a different number of cycles of PCR to locate the 

exponential phase of the reaction. Each sample was assayed in duplicate, and control 

reactions carried out in the absence of cDNA to demonstrate the absence of 

contamination.

2.2.10 i) cDNA synthesis

Routinely, 150ng of RNA was mixed with IjA random hexanucleotide primers (9 

U/ml) in a final volume of 26.4/d in sterile ddH20. This mixture was heated at 65°C
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for 3 minutes and placed immediately on ice prior to use, to ensure the RNA was in a 

single stranded conformation. The reaction was carried out in a final volume of AOpil 

containing the RNA mixture in addition to 2mM of each dNTP, lOmM DTT, 1/d 

RNAse inhibitor, 1/d Reverse transcriptase (MoMuLV), and the buffer supplied by the 

manufacturers. Following gentle mixing, the reaction was allowed to proceed for 90 

minutes at 37°C. The cDNA could be used immediately or stored at -20°C.

2.2.10 ii) PCR

For comparative PCR, reactions were carried out in a 100//1 mix containing 10/̂ 1 of lOx 

PCR buffer (without MgCl2: Promega), 1.5 mM MgCl2, 2mM of each dNTP, 0.1//M 

of each primer, and 2.5U of Taq DNA polymerase, to which 2/d of cDNA was added. 

As a large number of samples were tested, a master mix was prepared for each set of 

primers and aliquoted before the addition of the cDNA. Prior to thermal cycling, the 

reaction mix was overlaid with mineral oil to prevent evaporation. The thermal profile 

of the reaction depended on the nucleotide composition of the primer and the length of 

the sequence to be amplified (see below for specific profiles). The number of cycles 

carried out was dependent on the abundance of the mRNA, and samples were taken at 

different cycles to ensure that the results were from the exponential phase of the 

reaction. For each sample, PCR was also carried out for cyclophilin mRNA which has 

been shown to be invariant and can therefore be used to equalize results for variations 

in the amount of cDNA (Cavicchioli etal., 1991). Following PCR, the products were 

resolved on 2% agarose gels, transferred to membrane filters by Southern blotting, and 

hybridized with a radiolabelled probe. Quantification of the differences between 

samples, and normalization by comparison with cyclophilin was carried out by 

phosphoimager analysis of the resultant blots.

When used for cloning, the PCR reaction mix was as described above, although lOOng 

of plasmid DNA was used in place of cDNA for sub-cloning. As many of the primers 

used for PCR cloning had restriction endonuclease sites at the 5' end, the conditions

90



were optimized by varying the annealing temperature of the reaction, and the 

concentration of MgCl2 in the mix.

2.2.10 iii) Thermal profiles

a) Comparative PCR

For comparative RT-PCR the steps involved were:

Denature at 94°C for 30 seconds

Primer annealing at the Ta for the specific primer for 30 seconds,

Extension for 30 seconds at 72°C.

The annealing temperatures for the specific primers were:

Cyclophilin; Oct-2; Bm-3a POU; 56°C.

Bm-3b POU: 58°C.

Bm-3c POU: 60°C.

In the first cycle of each PCR, the denature step was 4 minutes to ensure that the DNA 

was in a single stranded form. The extension step of the last cycle was allowed to 

proceed for 2 minutes so that synthesis of all of the strands would be complete. As 

cyclophilin mRNA was abundant, samples were taken at 20, 25,30, and 35 cycles; 

while Oct-2, Bm-3 a and Bm-3b were sampled at 23,28,33 and 40 cycles; and Bm-3c 

was sampled at 28,33, and 40 cycles.

b) Cloning of Brn-3c POU domain

The Bm-3c POU domain was cloned from the full length mouse cDNA clone in pLTR 

provided by Dr. T. Moroy.

Five cycles of: Denature at 94°C for 30 seconds

Anneal at 40°C for 30 seconds 

Extend at 72°C for 45 seconds 

Thirty-five cycles of: Denature at 94°C for 30 seconds

Anneal at 58°C for 30 seconds 

Extend at 72°C for 30 seconds
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c) Cloning of Brn-3b region 5' of POU domain

The fragment corresponding to the region immediately upstream of the POU domain 

was cloned by PCR using cDNA produced from total cellular RNA from differentiated 

PC 12 cells.

Thirty-five cycles of: Denature at 94°C for 30 seconds 

Anneal at 58° C for 45 seconds 

Extend at 72°C for 30 seconds

d) Cloning of Brn-3a N-terminal domain

The N-terminal domain of both the long and short forms of Bm-3a was cloned from the 

Bm-3a(l) cDNA clone in pBS provided by T. Moroy.

One cycle of: Denature at 94°C for 4 minutes

Anneal at 50°C for 30 seconds 

Extend at 72° C for 45 seconds 

Thirty-five cycles of: Denature at 94°C for 30 seconds

Anneal at 58°C for 30 seconds 

Extend at 72° C for 45 seconds

The region of the N-terminal domain found only in the long form of Bm-3 a was cloned 

from the above construct in pSG424 following the same thermal profile.

2.2.11 RACE PCR

The rapid amplification of cDNA ends (RACE) is a method of PCR devised by Martin 

and colleagues which can be used to identify the 5' or 3' of mRNA (Froham etal. ,

1988). Here, RACE PCR was carried out to isolate the 5' end of Bm-3c.

The cDNA tailed at the 5' end with poly G used as a template in the reaction had been 

prepared previously by Dr. N. Ninkina. To produce the cDNA, RNA was extracted 

from neonatal rat DRG, the polyA-t- mRNA isolated by means of an oligo dT column
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and reverse transcribed using random hexamer primers. The resultant single stranded 

cDNA was purified using Quiagen columns to remove all unincorporated nucleotides, 

and a polyG tail added at the 5' end by incubation with terminal deoxynucleotide 

transferase and dGTP for 15 minutes at 37° C.

Two Bm-3c specific primers were selected, one near the Xhol site at the 5' end of the 

existing Bm-3c clone [^ TAGAGCTCCTCTGCTTGAAGCGCTCG^ '], and the other 

approximately 200bp downstream TAGAGCTCCGACAGGGTAAGAGACT 

CG^ ']. These primers included Sad recognition sites at their 5' end to facilitate cloning 

of the PCR product. The primer complementary to the oligo-dG tail included a 

recognition site for Not I at the 5’ end 'AGCGGCCGCGAATTCCCCCCCCCC 

CC^ ']. These primers were used in 35 cycles of PCR where one cycle consisted of : 45 

seconds at 95°C for dénaturation; 30 seconds at the annealing temperature for the 

specific primer; and 1 minute at 72°C for synthesis.

After phenol: chloroform extraction, the PCR products were digested with the 

restriction enzymes Not I and Sad, and separated by electrophoresis on a 1% low 

melting point agarose gel. A region of between 0.5-Ikb was excised from the resultant 

smear, and the DNA isolated from the gel by phenol-extraction. The DNA was purified 

using a nick column (Pharmacia) and redigested with Not I and Sad. Following 

phenol: chloroform extraction, the DNA was cloned into the Not 1/ Sad sites of the 

pGEM 5ZF vector by ligation. The cloned products were transformed into E. coli strain 

XLl-blue as described previously. The products were subsequently analysed by 

restriction endonuclease digestion, and dideoxynucleotide sequencing.

2.2.12 In situ hybridization

To avoid RNAse contamination, all of the glassware used for in situ hybridization was 

washed thoroughly, rinsed in ddH20, and baked overnight at 180°C. The solutions 

used were autoclaved, or filter sterilized and dedicated to RNA work only.
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2.2.12 i) Digoxygenin-labelled riboprobe synthesis

Digoxygenin-labelled riboprobes were generated by the in vitro transcription of DNA 

cloned into plasmids downstream of promoter sequences for a specific RNA 

polymerase. The templates were linearized prior to transcription using a restriction 

enzyme which recognized a site at the 5'end for the anti-sense, and at the 3'end of the 

insert for the sense control. Following the restriction digest, \jÂ of the linearized 

plasmid was run out on a gel to ensure complete digestion, while the remainder of the 

reaction was precipitated by the addition of 1/10 volumes of sodium acetate, and 3 

volumes of EtOH at -20°C. After centrifugation, the DNA was washed with 70%

EtOH, and resuspended in sterile ddH20 to a concentration of IjiglpiX for use in the in 

vitro transcription reaction.

Prior to the in vitro transcription reaction, all of the reagents, save the enzymes, were 

warmed to room temperature to prevent precipitation of the DNA. The reaction mix 

contained 5/̂ 1 of lOx transcription buffer (400mM Tris pH7.5; 60mM MgCl2; 20mM 

spermidine.HCl; 50mM NaCl); 2.5/d DTT (lOOmM); 2jû each of rATP, rGTP, and 

rCTP; 1.3/d of rUTP; 0.7/d of DIG-11-rUTP; 0.5/d RNAse inhibitor (40 units//d);

1 pig of linearized DNA template; and 1 /d of the appropriate RNA polymerase, in a final 

volume of 25/d. The reaction was allowed to proceed for 1 hour at 37°C after which 

time a further 1/d of RNA polymerase was added and the incubation continued for 1 

hour. Following the reaction, \pi\ of the mix was removed and the remainder subject to 

DNAse digestion to remove the template by the addition of 1/d RNAse-free DNAse 1, 

and 10/^g of tRNA as a carrier. After 15 minutes at 37°C, \pi\ of the reaction mix was 

removed for analysis by gel electrophoresis along with the sample removed prior to 

digestion. The riboprobe was precipitated with 0.4M Li Cl, and 2.5 volumes of EtOH at 

-70°C for 30 minutes. The RNA pellet was washed with 70% EtOH, and dried briefly 

in a freeze-drier, before being resuspended in 50 jA of TE pH 7.5, aliquoted and stored 

at -20°C for immediate use, or -70°C for longer storage.

94



The concentration of the riboprobes was determined by dot blot analysis in which serial 

dilutions of the probe were dotted onto Hybond-N along with digoxygenin-labelled 

RNA of known concentrations. The blot was then washed several times in Buffer 1 

(for the composition of all buffers used see section 2.2.12iv), before blocking for 30 

minutes in Buffer 2. Anti-digoxygenin antibody was then added at 1: 5000 in Buffer 2, 

and incubated for 30 minutes at room temperature. The blot was subsequently washed 

in three changes of Buffer I, and one time in Buffer 3, before the colour reaction was 

carried out by the addition of Buffer 4. Comparison of the riboprobe signal with that 

produced by the standards allowed calculation of the concentration.

2.2.12 ii) Tissue preparation

Rat tissues were provided by Ms E. Ensor, mouse embryos by Dr. S.Wyatt, and 

axotomy samples by Dr. P. Anderson. The tissues were obtained immediately after 

sacrifice of the animal, and mounted in OCT embedding compound (Tissue tec - Miles 

Inc. Diagnostics, USA). They were frozen by slowly lowering the sample into 

isopenthane cooled in a flask of liquid nitrogen, until the OCT was completely frozen. 

The tissues could then be stored at -70°C until required for sectioning.

Fresh-frozen sessions were obtained using a cryostat at -20°C and were between 5 to 

10 pim depending on the tissue. The glass slides used for collection of the sections were 

baked overnight at 180°C, and coated in TESPA (3-amino-propyl-triethoxysaline) by 

dipping in a 2% solution of TESPA in acetone for 5 minutes followed by two washes 

in acetone, and air dried after two further washes in ddH20. The sections were allowed 

to air dry for no more than 2 hours before sealing in a box containing silica gel, and 

storing at -70°C until required for hybridization. Once the slides were frozen, the box 

had to be warmed to room temperature before opening to prevent condensation onto the 

sections.
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2.2.12 iii) In situ hybridization method 1

The first method of in situ hybridization used for the axotomy samples and embryos 

was based on a method described by Dorries etal., 1993.

a) Fixation and permeabilization of tissue

The sections were fixed for 30 minutes in freshly prepared 4% paraformaldehyde at 

4°C, and then washed in three changes of Ix PBS. They were then placed in 70%

EtOH for 5 minutes and washed in two changes of ddH20. The sections were 

permeabilized by treatment with O.IM HCl for 10 minutes at room temperature, 

followed by two washes in Ix PBS. The sections were then acetylated by placing them 

for 20 minutes in 200ml O.IM triethanolamine pHS.O containing 0.5ml acetic anhydride 

added immediately before use. The sections were subsequently washed in two changes 

of Ix PBS, and dehydrated in an ascending series of alcohol (70%, 80%, 95% EtOH). 

After air drying, the sections could be stored at -70°C until required.

b) Hybridization

The sections were circled on the slide with a grease pen, and placed in an incubation 

chamber containing filter paper soaked with formamide/ PBS 1:1. 150/d of formamide/ 

prehybridization mix 1:1 was layered across the sections, and incubated in the sealed 

chamber at 37°C for at least 3 hours.

During prehybridization, 200//1 per slide of hybridization mix was prepared (50% 

deionized formamide; Ix hybridization buffer; 0.33M NaCl; O.IM DTT ; 10% dextran 

sulphate) containing approximately 200ng of the desired riboprobe. The pre

hybridization mix was removed from the slide by blotting gently with a tissue, and the 

probe mix, which was heated to 80°C for 2 minutes immediately before use, was 

applied to the sections. The sections were covered with Parafllm, and hybridized in the 

sealed incubation chamber overnight at 55°C.
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c) Post-hybridization washes

The hybridization mix was removed by blotting gently with a tissue, and the slides 

washed in pre-warmed 0.2x SSC at 55°C for 30 minutes. They were subsequently 

washed in three changes of O.lx SSC/ 50% formamide at 55°C for 60 minutes each, 

and rinsed in 0.2x SSC at room temperature.

d) Incubation with anti-DIG antibody

The sections were equilibrated in Buffer 1 for 10 minutes, and then blocked in Buffer 2 

for at least 30 minutes. The slides were then placed in an incubation chamber containing 

filter paper soaked in Buffer 1, and 200//1 of the anti-DIG antibody at 1: 500 in Buffer 

2 added. The sections were incubated with the antibody overnight at 4°C. The sections 

were then washed twice in Buffer 1 for 15 minutes, and equilibrated for 2 minutes in 

Buffer 3. Buffer 4 was then added to the slides, and the colour development carried out 

at room temperature in the dark. Once the signal had reached a suitable level, the colour 

reaction was stopped by placing the slides in TE pHS.O. The sections were then rinsed 

in ddH20, mounted in 90% glycerol/ 10% PBS and could be viewed and photographed 

using a light microscope.

e) Solutions for in situ hybridization 

Buffer 1 Buffer 2

lOOmM Tris pH 7.5 500ml Buffer 1

150mM NaCl 5g blocking reagent (Boehringer Mannheim)

2.5g BSA fraction V (Sigma)

prepared by dissolving at 60°C and stored at -20°C

Buffer 3

O.IM Tris pH9.5 

O.IM NaCl 

0.05M MgCl2

Buffer 4 (Colour detection buffer)

2ml Buffer 3 containing 2pi\ IM levamisole.

9/d 4-nitro-blue tétrazolium (NBT)

7/d 5' Bromo-4 chloro-3'indodyl phosphate (BCIP)
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Pre-hybridization solution 10 x Hybridization buffer

30.5 ml sterile ddH20 2.8ml sterile ddH20

5ml 50x Denhardt's 2ml IM Tris pH 7.5

5ml 0.5M EDTA 200pi\ 0.5M EDTA

5ml IM Tris pH 7.6 2ml 5x Denhardt's

2.5ml tRNA (lOmg/ml) 2ml tRNA (25mg/ml)

2ml IM NaCl 1ml polyA RNA ( lOmg/ml)

These pre-hybridization and hybridization solutions were stored in aliquots at -20°C.

2.2.12 iv) In situ hybridization method 2

The method described previously was found to be inadequate for double-labelling 

experiments, therefore, a second method of in situ hybridization was used in 

combination with immunohistochemistry. This protocol was based on that described by 

Scharen-Wiemers and Gerfm-Moser, 1993.

a) Tissue preparation

The sections were fixed in freshly prepared 4% paraformaldehyde at 4°C for 10 

minutes, and the washed three times for 5 minutes in Ix PBS. The sections were 

acetylated by placing the slides in a solution of 295ml H20; 4ml triethanolamine;

0.525ml HCl; 0.75ml acetic anhydride for 10 minutes at room temperature. The 

acétylation step was followed by three 5 minute washes in Ix PBS.

b) Hybridization

The sections were encircled with a grease pen and the slides placed in an incubation 

chamber humidified with 5x SSC. Pre-hybridization was carried out for at least 4 hours 

at room temperature with 200//1 hybridization mix applied to cover the sections. The 

pre-hybridization solution was replaced with 200/d of hybridization buffer containing 

100-200ng of probe, which had previously been heated to 80°C for 5 minutes and
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placed on ice. The sections were covered with coverslips, and hybridization carried out 

overnight at 70°C in a sealed incubation chamber containing filter paper soaked in 5x 

SSC: 50% formamide.

c) Post-hybridization washes

The coverslips were removed by submerging the slides in pre-warmed 5x SSC at 70°C, 

and the sections subsequently washed twice for 30 minutes in 0.2x SSC at 70°C. The 

slides were placed in 0.2x SSC for 5 minutes at room temperature, and then then 

transferred to Buffer 1 for five minutes (the composition of the buffers used in this 

method was the same as those described in the previous protocol). Following 

equilibration, the sections were blocked in Buffer 2 for 1 hour at room temperature.

The blocking buffer was replaced with 200/d anti-DIG antibody at 1: 500 in Buffer 2, 

and the sections incubated for between three hours at room temperature to overnight at 

4°C in a chamber humidified with Buffer 1. When double-labelling was required, the 

second antibody was added at this stage, diluted to the appropriate concentration with 

the anti-DIG antibody in Buffer 2.

The antibody solution was removed by gentle blotting with a tissue, and the sections 

washed three times for 5 minutes in Buffer 1. The sections were equilibrated for 2 

minutes in Buffer 3, and then covered with Buffer 4 in a humidified chamber. The 

colour reaction was allowed to proceed in the dark at room temperature until the signal 

had reached the desired intensity, at which point it was stopped by transfer of the slides 

to TE pH 8.0. The slides were then washed in ddH20, and mounted in 90% glycerol, 

10% PBS. If immunofluorescent staining was required for double-labelling, the slides 

were washed in three changes of Ix PBS, equilibrated in Buffer 1 and the secondary 

antibody added as described in section 2.2.12 v).

d) Solutions

With the exception of the hybridization solution, the solutions used in this protocol
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were as described in section 2.2.12 iii).

Hybridization solution

50% formamide 

5x SSC 

5x Denhardts 

250//g yeast RNA 

500//g ssDNA

2.2.12 v) Immunohistochemistry

The detection of specific cellular proteins by the use of antibodies was carried out both 

on its own and combined with in situ hybridization in double labelling experiments. For 

the latter experiments, as described in section 2.2.12 iv), the sections were processed 

for in situ hybridization with the specific antibody added along with the anti-DIG 

antibody. Sections for immunohistochemistry alone were fixed in freshly prepared 4% 

paraformaldehyde for 10 minutes at 4°C, and then washed three times for 5 minutes in 

Ix PBS. After 5 minutes equilibration in Buffer 1, the sections were blocked with 

Buffer 2 for 30 minutes at room temperature. The primary antibody was diluted to the 

appropriate concentration in Buffer 2, and 200//1 added to sections encircled on the 

slide with a grease pen. Incubation was carried out in a chamber humidified with Buffer 

1 from between one hour at room temperature, to overnight at 4°C. The antibody 

solution was removed by gentle blotting with a tissue, and the section washed in at least 

three changes of Ix PBS, each for 5 minutes. The secondary, fluorescein-conjugated 

antibody was used at a 1: 200 dilution in Buffer 2 in both the double and single 

labelling experiments, and was applied to the sections after a 5 minute wash in Buffer

1. Incubation with the secondary antibody was carried out for no more than one hour at 

room temperature, after which the sections were washed three times for 5 minutes in Ix 

PBS. The sections were mounted in fluorescence-mounting medium, and could be 

stored in the dark at 4°C although as the fluorescence faded with time, the results were 

better if viewed and photographed immediately.
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2.2.12 vi) Wholemount in situ hybridization

Wholemount in situ hybridization was carried out on mouse embryos from the early 

stages of neuronal development (embryonic day 8 to 11). The embryos were obtained 

from Dr. S. Wyatt immediately after dissection and placed in Ix PBS in 2ml cryotubes 

on ice. In all of the washes, a drop of liquid was left around the embryo to avoid 

physical damage, and also to prevent them from drying which would result in a high 

background.

a) Pretreatment of embryos

After dissection, the embryos were washed in three changes of Ix PBS on ice, and 

fixed in freshly prepared 4% paraformaldehyde overnight at 4°C. They were then 

washed twice for 5 minutes in Ix PB ST (PBS with 0.1% Tween-20) on ice, and 

dehydrated by 10 minute washes on ice through a graded series of methanol diluted in 

PB ST (25%, 50%, 75%, 100%). Once the embryos were in 100% methanol, they 

could be stored at -20®C until required, however before use they had to be rehydrated 

by 10 minute washes on ice through the reverse gradient of methanol into Ix PBST. If 

the embryos were to be hybridized immediately, the dehydration step was ommitted. 

After washing in Ix PBST, the embryos were treated with proteinase K (lO^g/ml in 

PBST) for 15 minutes at room temperature. The concentration of enzyme used and the 

length of incubation at this step is dependent on the stage of the embryo, as this step 

permeabilizes the tissue to allow the probe access, the above conditions were found to 

be suitable for E9.5. The embryos were subsequently washed in two changes of Ix 

PBST on ice, and refixed in 4% paraformaldehyde for 20 minutes at 4°C, before 

washing twice for 5 minutes in Ix PBST on ice.

b) Hybridization

Hybridization mix preheated to 60°C without the probe, was used for pre-hybridization 

of the embryos. Initially, 0.5ml of pre-hybridization mix was added for 10 minutes at 

60°C, which was then replaced with a further 0.5ml and incubation carried out for
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approximately 4 hours at 60°C. The riboprobe, at 500ng/ml in hybridization mix, was 

heated to 80°C for 5 minutes and put on ice. The embryos were hybridized in 0.5ml of

this mix overnight at 60°C.

c) Post-hybridization washes

Following hybridization, the embryos were washed in 2x SSC/ 0.1% CHAPS at 60°C 

with one quick wash, then one of 30 minutes which was repeated. They were then 

washed with 0.2x SSC/ 0.1% CHAPS at 60°C, again consisting of one quick wash 

followed by two of 30 minutes. The embryos were then washed twice in Ix TEST at 

room temperature, before blocking for 1.5 hour at 4°C in IxTBST containing 20% heat 

inactivated sheep serum (HISS). The anti-DIG antibody was diluted to 1: 2000 in a 

solution of 5ml Buffer 2, 1ml HISS, 4ml Ix TEST and also blocked for 1.5 hours at 

4°C. The embryos were incubated overnight at 4°C with SOOjA of this antibody mix. 

After removal of the antibody solution, the embryos were washed six times in Ix 

TEST, carrying out one quick change before each 30 minute wash. The TEST wash 

was continued overnight at 4°C, and the embryos subsequently rinsed in NTMT 

containing 2mM levamisol for 15 minutes. Colour detection was carried out in the dark 

in glass embryo dishes in 10ml NTMT containing 45fi\ NET, 35pi\ ECIP, and lOpil IM 

levamisol. The colour reaction was allowed to develop for 3 hours, and stopped in TE 

pHB.O with 0.1% Tween-20. The embryos were washed in several changes of Ix PES 

and refixed in 4% paraformaldehyde before photography. For further analysis the 

embryos were processed to wax and lOpim sections cut using a microtome.

d) Solutions for wholemount in situ hybridization 

Hybridization mix

formamide 25ml 10% Tween-20 1ml

20x SSC pH4.5 3.25ml 10% CHAPS 2.5ml

0.5MEDTA 0.5ml heparin (50mg/ml) 0.1ml

yeast RNA (20mg/ml) 0.125ml sterile H2 O 17.5ml
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lO x  TEST NTMT

NaCl 8g 5MNaCl 1ml

KCl 0.2g 2M Tris pH9.5 2.5ml

IM Tris pH7.5 25ml 2M MgCl2 1.25ml

add sterile ddH20 to 100ml 10% Tween-20 5ml

dilute to Ix for use and add Tween-20 to 1% sterile ddH20 40.75ml

2.2.13 Transient transfections 

2.2.12 i) Conditions for cell culture

The hamster fibroblast BHK cells were grown in DMEM medium supplemented with 

10% foetal calf serum (PCS). The ND7 cells were grown in L15 medium supplemented 

with 10% PCS, 0.3% D-glucose, 0.37% sodium bicarbonate, 0.2mM L-glutamine and 

1 % pen^illin/ streptomycin (10000 units/ml).

2.2.13 ii) Transfections

Transfections were carried out following the calcium phosphate method described by 

Gorman, 1985. Thus, on the day prior to transfection, the cells were plated out at a 

density of 5 x 10^ in petri dishes. On the day of transfection, the L15 medium was 

removed from ND7 cells, the cells washed with serum-free DMEM and then incubated 

with 5ml DMEM plus 10% PCS for 1 hour. The calcium phosphate precipitate was 

prepared as follows: 10//g of each plasmid DNA (reporter plasmid and expression 

vector) was added to 3 1//12M CaCl2, and made up to a final volume of 250/d with 

sterile ddH20. This solution was added dropwise to 250/d of freshly prepared 2x HBS 

(1.64% (w/v) NaCl, 1.19% (w/v) PIEPES, 0.04% (w/v) Na2P04 adjusted to pH7.12 

with IM NaOH) and added inunediately to the cells. The cells were incubated with the 

DNA precipitate for between 3 to 6 hours, after which time the cells were washed with 

serum free medium, and transferred to fresh growth medium. After 48 hours, the cells 

were washed with Ix PBS, harvested, and pelleted by low speed centrifugation. The 

cells were resuspended in lOOjA 0.25M Tris pH7.8, and cell extracts obtained by three

103



cycles of freeze-thawing by transfer between liquid nitrogen and a 37°C water bath.

The cell debris was removed by low speed centrifugation and the supernatant stored at 

-20°C until required.

2.2.13 iii) Plasmid uptake assay

The DNA uptake was measured following a method described by Abken and 

Reifenrath, 1992. Thus, 20pi\ of the cell extract was treated with RNAse A (100/ig/ml), 

followed by proteinase K (lOO/^g/ml) both at 37°C for 30 minutes. Two volumes of 

20x SSC were added and the samples heated to 100°C for 10 minutes, before transfer 

to Hybond-N by slot blotting. The blot was hybridized with a probe derived from the 

ampicillin resistance gene (Seal/ Bgl II fragment) present only in the plasmid DNA, 

which allowed the amount of plasmid per sample to be determined. These values were 

then used to normalize results obtained in the CAT assays.

2.2.13 iv) CAT assay

The promoter activity of the transfected reporter construct was measured by 

determining the activity of the chloramphenicol acetlytransferase (CAT) enzyme gene 

product which catalyses the transfer of an acetyl group from acetyl co-enzyme A to 

labelled chloramphenicol. Assays of this activity were carried out according to the 

method described by Gorman, 1985.

In a typical reaction xpd of cell extract (volume determined by DNA uptake) was made 

up to 90j^\ with 0.25M Tris pH7.8. This was added to 20/il 4mM acetyl co-enzyme A, 

4]Â chloramphenicol (50 Ci/mmol), and 35/d ddH20, and incubated at 37°C for 

60-90 minutes. The chloramphenicol was subsequently extracted by the addition of 1ml 

ethyl acetate and vortexing for 30 seconds. The layers were separated by centrifugation 

at high speed for 5 minutes, the upper organic layer taken into a fresh tube and dried 

down in a vacuum drier. The samples were resuspended in 12/d ethyl acetate and 

applied to silica gel thin layer chromatography plates. The different forms of
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chloramphenicol: unconverted in addition to the mono-acetate and di-acetate 

chloramphenicol products of the CAT enzyme conversion were resolved by ascending 

chromatography in a 95:5 mixture of chloroform: methanol, until the solvent reached 

the top of the plates. After air drying, the percentage of conversion could be determined 

by phosphoimager analysis of the TLC plates. The ability of the expression vector 

containing the factor of interest to activate the reporter construct was determined as a 

percentage of the activation observed with the empty expression vector.
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Chapter 3

Results

The developmental expression of Brn-3a and Brn-3b
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3.1 Introduction

The members of the Bm-3 family, Bm-3a and Bm-3b were isolated following 

degenerate oligonucleotide PCR to identify novel POU domain proteins with a putative 

role in neuronal development (He etal., 1989; Lillycrop etal.^ 1992). The Bm-3 

proteins show a high degree of homology to unc-86, a regulatory gene of C. elegans 

required for sensory neuron development (Finney and Ruvkun, 1990). The possibility 

of an equivalent role for members of the Bm-3 family in the development of 

mammalian sensory neurons is of particular interest as they show a high level of 

expression in the sensory ganglia of the PNS, in addition to regions of the CNS (He et 

a l, 1989; see Chapter 1).

Due to the non-dividing nature of primary sensory neurons in culture, much of the 

initial work to determine the role of Bm-3 has focused on the use of the sensory 

neuronal ND7 cell line (see Chapter 1). A potential role for the Bm-3 family in neuronal 

development has previously been described in ND7 cells, as expression of Bm-3a is 

upregulated following the transition from proliferating to differentiated phenotype, with 

a concomitant down-regulation of Bm-3b (Lillycrop a/., 1992). Furthermore, the 

upregulation of Bm-3a has been shown to correlate with the arrest of cellular 

proliferation, and the extension of neuronal processes (Budhram-Mahadeo et al., 

1995a). Thus, in vitro, Bm-3 a expression appears to coincide with the acquisition of a 

neuronal phenotype. This chapter reports results of studies carried out to investigate the 

role of Bm-3a in vivo by examining its expression during development.

With the exception of neuronal populations within the cranial ganglia which have 

cranial placode origins, the sensory neurons of the PNS are derived from neural crest 

cells which migrate from the neural tube and aggregate to form discrete ganglia 

(LeDouarin, 1982; see Chapter 1). Migrating neural crest cells in the trunk of the
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embryo give rise to the DRG, and consitute a functionally highly heterogeneous 

population of neurons (Perl, 1992; see Chapter 4). Those in the cephalic region give 

rise to a the cranial sensory ganglia. The neurons contributing to the separate cranial 

ganglia are segregated into distinct functional populations with distinct neurotrophic 

requirements (Buj-Bello etaL, 1994). Of these, the trigeminal ganglion has been the 

most extensively studied as both the ganglion and its peripheral target fields can be 

dissected from the earliest stages of development.

3.1.1 Development of the trigeminal ganglion

The trigeminal ganglion mainly innervates mechanoreceptors, thermoreceptors, and 

nociceptors of the face and oral and nasal cavities. Its central processes terminate on 

groups of neurons in the brainstem, which project to the somatosensory cortex via 

relays in the thalamus (Davies, 1988). During development, the trigeminal ganglion has 

three anatomically discrete peripheral target fields, the maxillary and mandibular 

processes and the ophthalmic innervation territory. Of these, the most highly innervated 

is the maxillary process which is innervated by 60% of trigeminal neurons, while the 

mandibular process is innervated by 27% and the ophthalmic target field by 13% 

(Davies and Lumsden, 1984).

In the mouse, the trigeminal ganglion first becomes visible at embryonic day 9 (E9), 

and the first fibres emerge at E9.5 (Davies, 1988). These fibres grow towards the 

periphery, and reach the epithelium of their target fields by ElO in the mandibular 

process and El 1 in the maxillary process. The last fibres leave the ganglion at E13 and 

arrive at their target fields by E15. Studies of explanted trigeminal ganglia have shown 

that neurite outgrowth during the period that the axons are growing towards their 

peripheral targets in vivo, is independent of neurotrophins (Davies and Lumsden, 

1984).
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Once the axons have reached the target fields, there follows a period of naturally 

occurring cell death (Oppenheim, 1991). During this period, the majority of trigeminal 

neurons are dependent on NGF for survival, while a small number are dependent on 

either BDNF, or NT-3 (Buchman and Davies, 1993; Davies, 1994). The limiting 

quantities of neurotrophins available in each target field is thought to match the number 

of neurons to that required for target field innervation (Oppenheim, 1991).

3.1.2 Neuronal maturation

Following target innervation there is a period of neuronal maturation, during which 

there is an increase and refinement of electrophysiological activity (reviewed, Fitzgerald 

and Fulton, 1992), together with the arborization of neurites and expression of 

neuropeptides, neurotransmitters and their receptors. The increased arborization occurs 

following collateral sprouting from axonal outgrowth during development (reviewed. 

Diamond e /(2/., 1992). This process is enhanced by NGF, which has been shown to 

affect the expression of several genes encoding growth related and structural proteins 

such as neurofilament (Verge etal., 1990). NGF has also been shown to play an 

ongoing role in the regulation of expression of the neuropeptides: calcitonin gene- 

related peptide (CGRP), and substance P in adult sensory neurons (Lindsay etal. ,

1989). Thus, following the stabilization of neuronal numbers, neurotrophins play a 

further role in the maturation and the maintenance of the mature neuronal phenotype in 

the adult (reviewed, Lindsay, 1992).

3.1.3 Expression of Brn-3a and Brn-3b in the developing trigeminal 

ganglion

The work described in this chapter was carried out in conjunction with Dr. Sean Wyatt 

who carried out competitive PCR analysis on cDNA produced from trigeminal ganglia 

isolated at different stages of development. In the early stages of development (ElO), 

the levels of Bm-3a expression were high, but decreased almost 5-fold between ElO 

and E14. Following E14, there was a gradual increase in Bm-3a expression until
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Figure 3.1 : Expression of Brn-3a and Bm-3b at different stages of development as determined by 

competitive RT-PCR carried out on mRNA extracted from mouse trigeminal ganglia (reproduced with 

permission of Dr.S.Wyatt)



postnatal day 1 (PI), after which point the level remained constant (see figure 3.1). In 

contrast the levels of Bm-3b expression were much lower, even at the point of 

maximum expression only reaching the levels of Bm-3a at minimum expression. The 

expression of Bm-3b increased in two gradual stages, the first between E14 and E17, 

while a second increase was observed after PI (see figure 3.1). We were interested to 

see how these expression patterns were reflected at a cellular level within the trigeminal 

ganglion.
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3*2,0 Results

As described previously, PCR data has shown that Bm-3 a exhibits a biphasic pattern of 

expression in the trigeminal ganglion during development. This suggests potential roles 

for Bm-3a both in the early stages of neuronal development and in subsequent 

maturation. The results here describe in situ hybridization carried out to compare the 

expression pattern of Bm-3a and Bm-3b at a cellular level during development of the 

trigeminal ganglion.

3.2.1 Production of probes speciOc for individual members of the Brn-3 

subfamily

The isolation of Bm-3a and Bm-3b from ND7 cells by degenerate oligonucleotide PCR 

resulted in the cloning of the POU domain alone (Lillycrop etal., 1992). Similarly, the 

isolation of Bm-3c, along with Bm-3a, from a neonatal rat DRG cDNA library 

produced clones which contained the 3' untranslated region (3'UTR) and part of the 

POU domain, but were not full length (Ninkina etal., 1993). We, therefore, wanted to 

isolate full length clones which would allow the identification of non-homologous 

regions outside of the POU domain to produce probes able to distinguish specific 

members of the Bm-3 subfamily.

In order to isolate full length clones, a neonatal rat DRG cDNA library (Ninkina eta l., 

1993) was screened using a mouse Bm-3a POU domain probe (Goldsborough eta l., 

1990) at medium stringency. The identity of positive clones was determined by 

hybridization with probes from the 3'UTR, the sequence of which is non-identical in 

Bm-3 a and Bm-3c. In this way it was shown that of the 21 positive clones obtained 

from 6x10^ plaques screened, ten were Bm-3a, and eleven were Bm-3c, while no Bm- 

3b clones were identified. This is consistent with the low level of Bm-3b expression 

observed in the neonatal DRG (see section 3.2.2).
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Sequence analysis, showed that although the clones were not full length, they extended 

beyond the previous clones and the new sequence was used to design primers for 

5'RACE-PCR. This RACE-PCR resulted the isolation of the region of the rat Bm-3c 

gene immediately 5' of the POU domain. Sequence data of full length clones of the 

mouse genes (Theil et al., 1993) show that there is little homology between the 

members of the Bm-3 family in this region, therefore, a 200bp fragment of the RACE- 

PCR clone was subcloned to produce the Bm-3c specific probe.

The Bm-3b specific probe encodes the analogous 200bp region of the rat Bm-3b gene. 

This region was cloned by PCR carried out using primers designed from the mouse 

sequence on cDNA from PCI2 cells differentiated with NGF which have previously 

been shown to express Bm-3b (V. Budhram-Mahadeo, personal communication). 

Although both Bm-3b and Bm-3c probes were isolated from rat cDNA, they showed 

sufficient homology to the mouse gene to be used for in situ analysis of tissue from 

both species. To compensate for base changes in the sequence when using mouse 

tissue, the temperature of hybridization was reduced from 55°C to 50°C, and the 

stringency of the post-hybridization wash was reduced from 0.1 x SSC to 0.2 x SSC.

The highly G/C rich nature of the coding region of Bm-3a outside of the POU domain 

makes it unsuitable as a probe, therefore, the probe specific for Bm-3a encodes a 

400bp fragment of the 3' untranslated region of the rat gene cloned by PCR by 

Dr.N.Ninkina. Unfortunately, the rat Bm-3a probe was unable to recognize Bm-3a in 

mouse, therefore, the corresponding region of the mouse gene was cloned to produce a 

probe suitable for in situ hybridization of mouse tissue.

The ability of the probes to distinguish between the different members of the Bm-3 

family was determined by Southern analysis of rat genomic DNA. Hybridization with a 

general POU domain probe identified a number of bands in the digested genomic
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B rn -3 b : GGA GGC GAG CTG CTT GAG GAG GTA AGG GGG GGG 

B rn -3 c: G -  -  CTT ACT  GGA GGA C -T  - T -  GGG -  GG -  TG AGG

GTG GGG GTG GGA GGT ATG GGG GGC GGG GAG GGG AGG GTG 

G - -  AGG G C - TAG -G G  GGG G  AG -  A -  TG - -T G  -  T -  GG-

GTG TCG ACT GGG GGT GAG GGA GGA GAG ATG GGG AGG ATG  

- G -  GAG -TG -  A -  G-G -  -  T GAT C T - G G - GGC ATG G G - GAG

AGG GGG ATG GAG GAA GGA GGC CTG AGG ATG GGG GAG GGA 

TT -  GAT GA -  G G - ATG -  GG ATG AGT G A - GG- GAT G G - -T  -

CAT GGG CTG GGG TGG GAG ATG GGC TGG ATG AGG GAG GTG 

GGA GGT -A C  AGT G-G ATG GGT -G G  - - T G - C ------------T --------

GAT GGA GAG G 

- - G  T------------------

Figure 3.2: Alignment of the DNA sequence from the mouse Bm-3b and Bm-3c 

genes, showing the region 5' to the POU domain. This region was cloned to produce 

riboprobes which would be able to distinguish Bm-3b and Bm-3c specifically. 

Conserved bases are indicated by (-).
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Figure 3.3: Results of Southern analysis of rat kidney genomic DNA digested with 

EcoRI (E), or BamHI (B) using a general Bm-3 POU domain probe (POU), and 

probes specific for Bm-3a (A), Bm-3b (B), or Bm-3c (C). Size markers (Ikb ladder) 

are shown on the left, and sizes of fragments shown at the centre of the panel
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DNA (figure 3.3). In contrast, hybridization with the non-POU domain probes 

identified specific bands within this general pattern (figure 3.3). Thus, the Bm-3a 

specific probe hybridized to a band at 20kb in EcoRI digested DNA, and lOkb in 

BamHI; while the Bm-3b probe identified a band at 9kb in EcoRI and 2.3kb in BamHI; 

and the Bm-3c probe hybridized to a band at 9kb in EcoRI and lOkb in BamHI.

Digoxygenin-labelled riboprobes were synthesized from linearized templates by in vitro 

transcription to produce either anti-sense probes which could detect mRNA transcripts, 

or sense control probes. The specificity of the probes was shown by the lack of 

significant hybridization to tissues such as liver and kidney which have previously been 

shown not to express Bm-3a, Bm-3b, or Bm-3c (Ninkina etal., 1993; Theil etal. , 

1993).

3.2.2 Developmental expression

3.2.2 (!) Embryonic day 12.5

This was the earliest stage analysed by in situ hybridization of fresh frozen sections. At 

this age high levels of Bm-3 a expression could be detected in both the CNS and PNS. 

By contrast, Bm-3b expression was barely detectable.

The regions seen to express Bm-3a within the CNS corresponded to those reported 

previously by other groups (Ninkina etal., 1993; Turner etal., 1994).Thus, 

expression was observed in the brain stem, and within a region of the mesencephalon 

corresponding to the superior colliculus (figure 3.4). Bm-3 a expression was also 

detected in the spinal cord, localized within the dorsal region.

Within the PNS, the strongest signal was observed in the DRG, suggesting a high level 

of Bm-3a expression. In the cranial region, Bm-3a expression could be seen in all of 

the sensory ganglia (figure 3.4). Interestingly, although they constitute populations of
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Figure 3.4 (i): Expression of Bm-3a in the E l2.5 mouse embryo. Fresh frozen 

sections (10//m) from different sagittal planes were hybridized in situ with Bm-3a 

antisense digoxygenin-labelled riboprobe. Staining can be seen in the CNS (a) in the 

superior colliculus (S) of the brain and the spinal cord (SC), and in the sensory ganglia 

(b). Note the strong hybridization signal in the DRG (D), and slightly weaker signal in 

the trigeminal ganglion (T).
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Figure 3.4 (ii): Fresh frozen section ( 10/<m) of mouse embryo at E12.5 hybridized 

in situ with the corresponding Bm-3a sense probe. No specific hybridization was 

observed with this probe.

118



Figure 3.5: Expression of Bm-3a within the trigeminal ganglion at E12.5. 

Higher magnification of in situ hybridization results shown in figure 3.4 (ii) 

show a high level of Bm-3a expression in the trigeminal ganglion compared to 

surrounding tissue and sense control. At x20 magnification (a) expression can 

also be seen in the facial ganglion and at a lower level in the brainstem. At x40 

magnification (b) it can be seen that the majority of cells in the trigeminal 

ganglion express Bm-3a. F: facial ganglion; T: trigeminal ganglion.



a) x20 magnification

b ) x40 magnification
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sensory neurons, the vestibular/ acoustic complex, and the geniculate, petrosal and 

nodose ganglia are derived from cells emigrating from the ectodermal placodes, as 

opposed to the neural crest (LeDouarin, 1982). We concentrated studies on the 

trigeminal ganglion which contains sensory neurons of both neural crest and ectodermal 

placode origin.

In situ hybridization shows a high level of Bm-3a expression in the majority of cells 

within the trigeminal ganglion at this point (figure 3.5). The vast majority of trigeminal 

neurons are bom in a period of neurogenesis which has been described in the mouse 

begining at ElO, achieving maximum neuronal numbers by E13 (Davies and Lumsden, 

1984; Stainer and Gilbert, 1991). By E l2.5, the trigeminal ganglion contains a high 

number of neurons compared to neuroblasts, or non-neuronal cells, and it is likely to be

these neurons which are expressing Bm-3a. This in situ data confirms PCR analysis
r

which has shown that during this early period levels of Bm-3a expression are relatively 

high (figure 3.1).

3.2.2 (ii) Embryonic day 15

Expression within the PNS at this stage remained confined to the sensory ganglia, in 

both the trunk and cranial regions. Expression within the CNS was not analysed. The 

level of Bm-3b expression, in contrast to that of Bm-3a, was still too low to be 

detected by in situ hybridization.

In the trigeminal ganglion, Bm-3a expression can be seen in the majority of neurons, 

although it appears to be at lower levels than at E12.5 [figure 3.6(i)]. At this stage 

during the period of naturally occurring cell death, there is a reduction in the number of 

neurons within the sensory ganglia. However, the in situ data suggest that the lower 

levels of Bm-3a, also shown by competitive PCR (figure 3.1), are due to a down- 

regulation of expression as opposed to loss of neurons expressing Bra-3a.
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Figure 3.6: Results of in situ hybridization carried out with Bra-3a anti sense 

probe on lO^m fresh frozen sections of mouse embryos at E l5. At this stage, 

competitive RT-PCR has shown that levels of Bm-3a expression are lower than 

at E12.5 (see figure 3.1). Comparison of Bm-3a expression in the trigeminal 

ganglion at x20, and x40 magnifcation (i), with histochemical staining of an 

equivalent section (ii) suggests that Bm-3a is expressed in a large number of 

cells (red), while the regions not hybridized by the Bm-3a probe may 

correspond to newly forming axonal fibre tracts (blue).

F: axonal fibre tracts ^

N: neuronal regions



a) x20 magnification

b) x40 magnification

Figure 3.6 (i): The expression of Bm-3a in the mouse trigeminal ganglion at E l5.
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Figure 3.6 (ii) : Hisioiogical staining (Mallory Triple Stain) of an equivalent section 

of mouse trigeminal ganglion at El 5.
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At this stage following target field innervation, those neurons that have successfully 

formed connections and survived the period of cell death, begin the process of 

maturation. Comparison with a histological section suggests that non-staining regions 

within the ganglion correspond to fibre tracts formed by the fasciculation of axons 

(figure 3.6).

3.2.2 (iii) Embryonic day 17.5

At E17.5 the pattern of expression for Bm-3a within the CNS and PNS was seen to be 

as described at earlier stages of development. Within the trigeminal ganglion, neurons 

are more distinct from supporting non-neuronal cells, having assumed a more mature 

phenotype (figure 3.7). The expression of Bm-3a was again confined to cells with the 

morphological appearance of neurons, although apparently at higher levels than those 

observed at E15 [figure 3.7 (iii)]. Again, non-staining fibre tracts could be seen within 

the ganglion [figure 3.7 (i) and (ii)]. At this stage the level of Bm-3b expression was 

still too low to be distinguished accurately in in situ hybridized sections. The 

expression of Bm-3b did not reach sufficient levels for comparison with Bm-3a 

expression by in situ hybridization until post-natal stages.

3.2.2 (iv) Post-natal day 5

At this stage, expression of both Bm-3a and Bm-3b can be seen in the trigeminal 

ganglion (figure 3.8). Expression for both genes is restricted to neuronal cells which at 

this age are easily identifiable by their characteristic morphology of large round cell 

bodies containing large nuclei. It is also possible to identify the smaller non-staining 

neuron-supporting glial cells, and axonal fibre tracts (figure 3.8). As can be seen from 

figure 3.8, the colour reaction for Bm-3a progresses more rapidly than that for Bm-3b, 

as equivalent probe concentrations were used, and the colour development was allowed 

to proceed for the same length of time for both sections. Although this cannot be 

quantified, it suggests that, as shown by competitive PCR (figure 3.1), the levels of 

Bm-3a are much higher than those of Bm-3b.
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Figure 3.7 : Fresh frozen sections ( 10//m) of an E17.5 mouse embryo were 

hybridized in situ with Bm-3a anti sense probe. Comparison of Brn-3a 

expression in the trigeminal ganglion at xlO, and x20 magnification (i), with 

histochemical staining of an equivalent section (ii) suggests that non-hybridized 

regions in (i) may represent fibre tracts formed by the fasiculation of axons (F). 

Analysis of the in situ hybridization results suggest that Bm-3a is expressed by 

the neuronal cells (N). This can be seen most clearly at at x40 magnification 

(iii) when the neuronal cells can be morphologically characterized by large 

nuclei within round cell bodies (indicated by arow heads).



a) xlO magnification

b) x20 magnification

Figure 3.7 (I): Expression of Bm-3a in the mouse trigeminal ganglion at E17.5.
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Figure 3.7 (ii) : Histochemical staining of mouse trigeminal ganglion at E17.5
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Figure 3.7 (iii): Expression of Bm-3a in the mouse trigeminal ganglion at E17.5, at 

x40 magnification
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Figure 3.8: Results of in situ hybridization carried out on \Opim sections of 

neonatal mouse trigeminal ganglion (P5) using an equal concentration of either

a) Bm-3a or b) Bm-3b anti sense probe. Comparison of the expression at x20 

magnification (i) shows stronger hybridization with Bm-3a than Bm-3b. The 

signal observed with the Bm-3b probe can be seen to be stronger in some 

neurons than others, examples of more highly stained neurons are indicated by 

arrow heads, and lower stained by arrows. At higher magnification (ii) 

positively staining neurons (N) can be clearly seen for both Bm-3a and Bm-3b 

probes, as can unstained non-neuronal cells (indicated by arrow heads), and 

axonal fibres.
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Figure 3.8 (:): Comparison of the expression of a) Bm-3a and b) Bra-3b in the 

neonatal mouse trigeminal ganglion (P5) at x20 magnification.
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Figure 3.8 (ii): Comparison of the expression of a) Bm-3a and b) Bm-3b in the 

neonatal mouse trigeminal ganglion at x40 magnification.
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Figure 3.9: Immunofluorescence showing the localization of a-intemexin 

in the mouse trigeminal ganglion at E12.5 (a) and E l7.5 (b). At E l2.5 the 

immunolabelling is high and wide spread (a). In contrast at E17.5 the staining is 

more restricted, localized in specific neurons within the ganglion, indicated by 

arrows (b), the identity of these neurons was not determined, (a) is at x40, and 

(b) at x20 magnification
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Although it was not possible to determine the levels of expression in individual neurons 

by this method, the intensity of staining appeared to be higher in some cells than others, 

suggesting a potential variation in expression levels of both Bm-3a and Bm-3b in the 

different neurons (figure 3.8). As described previously, Bm-3a and Bm-3b have been 

shown, in vitro, to have reciprocal effects on promoter activity (Morris etal., 1994; 

Budhram-Mahadeo et at., 1995b). Interestingly, one of the cellular target genes of Bm- 

3a, a-intemexin, also shows restriction during development (Vickers etaL, 1992; 

Fliegner 1994; see Chapter 1). Figure 3.9 shows immunohistochemical 

localization of a-intemexin in the majority of neurons within sensory ganglia at E12.5, 

but in fewer neurons at later stages of development. Unfortunately, as the combination 

of in situ hybridization with immunohistochemistry was problematic in this system, I 

was unable to determine whether cells with low levels of Bm-3b expression 

corresponded to those cells expressing a-intemexin .

Although this developmental expression pattem has been described for the trigeminal 

ganglion, it was also seen within other sensory ganglia, such as the DRG, which will 

be discussed in the following chapter. Taken together these results suggest that in 

sensory neurons Bm-3a may be required for the expression of genes associated with 

the acquisition of a general neuronal phenotype, which are then regulated in the mature 

neurons by the antagonistic effect of Bm-3b.

3.2.3 Early developmental expression of Brn-3a

In initial experiments to determine whether Bm-3a was expressed prior to, or as a result 

of neuronal differentiation, wholemount in situ hybridization was carried out on 

embryos from earlier stages of development. These were preliminary experiments, but 

the initial data presented here was confirmed in a recent paper which described 

localization of Bm-3a within the developing embyo by immunohistochemical methods 

(Fedstova and Tumer, 1995).
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In situ hybridization carried out on mouse embryos at E9.5, showed expression within 

the cranial region corresponding to areas of the developing brain, and cranial sensory 

ganglia (figure 3.10). Sections cut through the stained embryo were difficult to interpret 

due to the weak signal, however, the trigeminal ganglion could be identified (figure 

3.11). At this stage, the trigeminal ganglion contains dividing sensory precursors in 

addition to post-mitotic neurons (Altman and Bayer, 1982). Thus, the apparent Bm-3a 

expression throughout the trigeminal ganglion suggests that it may be expressed in 

progenitors as well as differentiated neurons. This has been confirmed in the PNS by 

Fedstova and Tumer, who used simultaneous immunostaining to show co-expression 

of Bra-3a and proliferating cell nuclear antigen (PCNA) in many neuronal progenitors 

within sensory ganglia at E l0.5. However, similar analysis showed that within the 

CNS Bra-3a expression was confined to post mitotic neurons (Fedstova and Tumer, 

1995).

Interestingly, in the E9.5 embryos, expression of Bm-3a was also detected in the 

branchial arches (figure 3.10). This was also reported by Fedstova and Tumer, who 

described Bm-3a immunoreactive cells within the first and second branchial arches at 

this age. Bm-3a expression has not been described in arch-derived structures at later 

stages of development. These regions of Bm-3a expression correspond to the target 

fields of the trigeminal ganglion, which have been shown to express high levels of 

BDNF and NT-3 from E9 until E14. This may be correlated to Bm-3a expression as 

PCR analysis has shown that treatment of cultured sensory neurons with NT-3 led to 

up regulation of Bm-3a, similarly Bm-3a levels were reduced in NT-3 knockout mice 

(S. Wyatt, personal communication).

In further experiments to determine the nature of the early Bm-3a expressing cells, in 

situ hybridization was carried out on dissociated cultures from early trigeminal ganglia. 

However, it was not possible to identify early progenitor cells from immature neurons 

morphologically. In order to distinguish between the proliferating precursors and the
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Figure 3.10: Results of wholemount in situ hybridization carried out using 

Bm-3a anti sense (i) and sense (ii) probes on mouse embryos at E9.5. Positive 

signals can be seen in regions which may correspond to the cranial sensory 

ganglia (S), branchial arches (BA); neural tube (NT). No signal was observed 

with the sense probe (ii).



(i) (ii)

Figure 3.10 (i): Expression of Bm-3a in the mouse embryo at E9.5

(ii): Mouse embryo at E9.5 hybridized with the corresponding Bm-3a sense probe.
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Figure 3.11: 1 Opim section of an E9.5 mouse embryo following wholemount in situ 

hybridization using a digoxygenin-labelled Bm-3a riboprobe. The signal was very 

weak in these preliminary experiments making interpretation difficult, however the 

trigeminal ganglion can be identified (T).
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post-mitotic neurons it would have been necessary to carry out double-labelling with 

either PCNA or NF-L, but as the combination of immunocytochemistry with in situ 

hybridization was problematic in this system, this was not possible.
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3.3 Discussion

Bm-3a expression precedes that of other members of the Bm-3 family, being detected 

by non-radioactive in situ hybridization in the trigeminal ganglion at E9.5 (figure 3.10; 

figure 3.11). At this stage of development the sensory ganglia contain both proliferating 

neuronal precursors, and post-mitotic immature neurons (Altman and Bayer, 1982). 

Thus, wide-spread expression of Bm-3 a in the E9.5 trigeminal ganglion suggests that it 

may expressed by sensory progenitors in addition to newly differentiated neurons. This 

has also been described by co-immunolocalization within the PNS of Bm-3a with 

PCNA, a marker for proliferating cells (Fedstova and Tumer, 1995). Fedstova and 

Tumer also describe the expression of Bm-3 a within the CNS at this early stage, but 

show that it is restricted to post mitotic neurons as opposed to progenitor cells 

(Fedstova and Tumer, 1995).

Neurons at this early stage of development are able to survive in the absence of 

neurotrophins, yet NT-3 and BDNF have been shown to accelerate the early 

morphological change from an immature phenotype to assume a more recognisible 

neuronal phenotype (Wright etaL, 1992). The acquisition of a more mature phenotype 

includes the alteration of the cell body such that it becomes spherical and phase-bright, 

and the extension of neurites. Previous studies have shown that Bm-3a is able to 

promote neurite extension in the sensory neuronal cell line ND7, through the up- 

regulation of genes encoding proteins required for process outgrowth (Lakin etal. , 

1995; Smith etaL, submitted). These studies have also shown that although Bm-3 a is 

up-regulated upon differentiation of ND7 cells to a mature phenotype (Lillycrop etal. , 

1992; Budhram-Mahadeo etal, 1995a), over-expression of Bm-3 a promotes neurite 

outgrowth, but does not induce significant growth arrest (Smith etal., submitted). This 

suggests that Bm-3 a plays a role in these cells in the acquisition of a neuronal 

phenotype as opposed to a causal role in neuronal differentiation.
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Interestingly, expression of Bm-3a has been shown to up-regulated in cultures of early 

(ElO) trigeminal cultures treated with NT-3 (S. Wyatt, personal communication). NT-3 

has previously been described by in vitro experiments to exert a mitogenic effect on 

newly migrated neural crest cells (Kalcheim etal., 1992), and to increase the number of 

cells that differentiate to a sensory neuronal phenotype in cultures derived from early 

DRG (Wright etal., 1992). However, more recent in vivo experiments have shown 

that the treatment of quail ganglia during the proliferative period with excess NT-3 leads 

to a reduction in the number of neurons (Ockel etal., 1996). This effect has been 

attributed to NT-3 taking cells out of the cell cycle prematurely (Ockel etal., 1996). A 

similar effect of NT-3 acting as a mitogenic stop signal has been described in 

sympathetic neuroblasts (Verdi and Anderson, 1994). If the ND7 cell data can be 

extended to sensory neurons, this may suggest that NT-3 may act as the growth arrest 

signal and induce the expression of Bm-3a, leading to process outgrowth and resulting 

in the acquisition of a differentiated neuronal phenotype.

Between E9.5 and E15 the neurons of the trigeminal ganglion extend axons towards 

their target fields, although the majority of process outgrowth occurs prior to the onset 

of neuronal cell death at E13 (Davies, 1988). During this period of initial neurite 

extension, Bm-3a has been shown to be expressed at high levels in all neurons (see 

figure 3.5). The level of expression falls following the onset of naturally occuring cell 

death at E14 (figure 3.1). Interestingly, this reduction of Bm-3 a expression at this stage 

corresponds to the time point at which NT-3 expression in the trigeminal target fields 

falls. NT-3 has been shown to be expressed at high levels in the mesenchyme of the 

maxillary and mandibular processes between E9 and E14 which corresponds to the 

period of their innervation by neurons of the trigeminal ganglion (Buchman and Davies, 

1993). These regions also correspond to the branchial arches where expression of Bm- 

3a was described at E9.5 (figure 3.10). Although no Bm-3a expression is seen in 

derivatives from this region at later stages, the cells expressing Bm-3 a are likely to
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originate from the neural crest. The identity of these cells, however, has not yet been 

determined.

Expression of Bm-3 a at E15 could be determined in all neurons, yet was lower than at 

other stages of development (figure 3.6). This may be because at this stage immediately 

after target field innervation, the emphasis within the neurons is focused on survival 

through the period of cell death.

The increased levels of Bm-3a expression observed in all neurons at E17.5 (figure 3.7) 

and P5 (figure 3.8) coincide with the second period of neuronal maturation which 

occurs following the initial onset of neuronal cell death prior to birth and continues 

post-natally (see section 3.1). During this period there is selective process outgrowth 

leading to axonal arborization and modification to refine patterns of neuronal 

connectivity that already exist (Skene, 1989). Therefore, the role for Bm-3 a in process 

elongation may be relevant at this later stage of development in addition to the initial 

neurite outgrowth. This second phase of Bm-3 a expression occurs after the down- 

regulation of NT-3 expression in the peripheral target fields, suggesting that the up- 

regulation of Bm-3 a after E15 is caused by a different neurotrophic factor. This is not 

surprising as following the period of cell death, NT-3 has an effect on a sub-population 

of neurons, whereas Bm-3 a is expressed in all of them (see figures 3.6; 3.7 and 3.8). 

Initial in vitro experiments using cultured neurons from E17 trigeminal ganglia to 

identify factors involved in the regulation of Bm-3 a have shown no response to a range 

of neurotrophins including NT-3, LIE and CNTF (S. Wyatt, personal communication). 

Other novel neurotrophic factors, such as neuregulin, could also be potential candidates 

for the regulation of Bm-3 a expression. Neuregulin is a member of the epidermal 

growth factor (EOF) family which has recently been shown to be essential for the 

neurogenic fate of neural crest cells (Gassmann etal., 1995; Lee etal. 1995, Meyer and 

Birchmeier, 1995).
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The increased expression of Bm-3b following E17.5 has been suggested by in vitro 

experiments to be dependent on a number of factors such as TGPp, FGF-2, and 

retinoic acid (S. Wyatt, personal communication). This up-regulation is of particular 

interest given the antagonistic effects of Bm-3b on the activation of gene transcription 

by Bm-3a (Morris etal., 1994). Non-radioactive in situ hybridization shows co

localization of Bm-3 a and Bm-3b within many neurons of the post-natal trigeminal 

ganglion (figure 3.8), and suggests that there may be varying levels of expression. This 

would provide a mechanism by which the expression pattem of Bm-3 a target genes 

could be refined during development. Interestingly, one cellular target gene of Bm-3a, 

a-intemexin, shows a restriction from being widely expressed within the ganglion at 

early stages, to selective expression in few cells post-natally (figure 3.9). Similarly, it 

has previously been suggested that the differentiation into a stable mature state can 

include the selective repression of genes required for axonal growth (Skene, 1989).

Thus in sensory neurons, Bm-3 a is expressed early in development although it has 

been suggested to play a role in the acquisition of neuronal morphology rather than a 

causal role in differentiation, and may be further required for the maturation of that 

phenotype. The detection of Bm-3b expression at later stages of development, together 

with the apparent variation in levels of expression within different neurons, and the 

opposite and antagonistic effects of Bm-3a and Bm-3b on promoter activity, suggest 

that Bm-3b may act to refine the effects of Bm-3a in the mature neurons. This shows a 

similarity to the autonomic nervous system where Anderson has described one pathway 

of transcriptional regulation necessary for the acquisition of general neuronal 

charateristics, while a second interacting pathway leads to the specification of particular 

neuronal phenotypes (Groves and Anderson, 1996). It is, therefore, of interest that the 

third member of the Bm-3 subfamily, Bm-3c, which activates promoters in the 

presence and absence of Bm-3a, is also restricted to a subset of neurons during 

development (see Chapter 4).
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Chapter 4

Results

The Expression of Brn-3c
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4.1 Introduction

Following the identification of Bm-3a and Bm-3b within the peripheral and central 

nervous systems, a novel member of the family, Bm-3c was isolated by homology 

screening of a rat neonatal DRG library (Ninkina etal., 1993). Bm-3c shows a more 

restricted pattem of expression than Bm-3 a or Bm-3b, having been shown to be 

expressed mainly within the sensory ganglia of the PNS (Ninkina etal., 1993). As 

described previously Bm-3a appears to play a role in sensory neurons in the acquisition 

of a general neuronal phenotype, while Bm-3b may refine the pattem of target gene 

expression in the mature neurons (see Chapter 3). We were interested to see how the 

expression pattems of Bm-3c compared to those of Bm-3 a and Bm-3b during 

development, as Bm-3c has been shown to have a similar effect on promoter activity as 

Bm-3 a. Thus, Bm-3c has been shown to trans-activate both an artifical promoter 

confining an octamer-related motif (Morris etal., 1994), and the a-intemexin gene 

promoter (Budhram-Mahadeo etal., 1995b). This was of particular interest as Bm-3c 

has been suggested to be expressed within a subset of neurons (Ninkina etal., 1993), 

and could, therefore, play a role in the definition of a specific neuronal phenotype. This 

chapter reports the results of studies to investigate the expression of Bm-3c during 

development of sensory neurons.

4.1.1 Expression of Brn-3c in the developing trigeminal ganglion

The initial work to investigate the expression of Bm-3c during development was carried 

out in conjunction with Dr. Sean Wyatt who used competitive PCR analysis to 

determine Bm-3c mRNA levels in the trigeminal ganglion. Results of this analysis 

showed that early in development, in the period preceding the onset of neuronal cell 

death, the expression of Bm-3c was relatively low when compared to that of Bm-3 a 

(see figure 4.1). However, between E14 and birth, an increase was seen in the levels of 

Bm-3c expression such that by PI they were equivalent to those observed for Bm-3a.
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Figure 4.1; Expression of Bm-3c at different stages of development as determined by competitive 

RT-PCR carried out on mRNA extracted from mouse trigeminal ganglia (reproduced with 

permission of Dr.S.Wyatt)



We were interested to see how this expression pattern was reflected at a cellular level 

within the trigeminal ganglion. Interestingly, Bm-3c expression showed a degree of 

restriction to a subset of neurons within the trigeminal ganglion (see section 4.2.2). 

This led us to investigate the expression of Bm-3c, in addition to Bm-3a and Bm-3b, 

during the development of the DRG in which the functionally diverse populations of 

sensory neurons have been studied (see below).

4.1.2 Heterogeneity of sensory neurons

Sensory neurons convey information regarding the state of the body from the periphery 

to the CNS and therefore must be able to respond to a number of different stimuli. The 

different functions of sensory neurons will be described briefly below, further details 

of the subject can be found reviewed by Perl, 1992, and references cited therein. The 

functional nature of neurons can be classified according to their response to changes in 

temperature, mechanical stimulation, or the chemical state of a tissue. Neurons that 

respond to innocuous levels of such stimuli are known as thermoreceptors, mechano- 

receptors, or proprioreceptors, while those that respond to noxious stimuli are termed 

nociceptors. These general designations are an over-simpldication of a broader 

spectrum of neurons, as some receptors show a functional overlap and neurons within 

the same classification may respond to different thresholds of stimulation. This is 

particularly true of nociceptors, of which some have been shown to respond to specific 

stimuli, while others termed poly modal nociceptors respond equally to tissue-damaging 

stimuli of any nature. The sensory neurons of the cranial ganglia have been shown to 

be segregated into functionally distinct populations such that the jugular ganglion 

contains small diameter cutaneous neurons, while proprioceptive neurons are found in 

the trigeminal mesencephalic nucleus and enteroceptive neurons within the nodose 

ganglion (Buj-Bello etal., 1994). The DRG, in contrast, contain a more highly 

heterogeneous neuronal population.

142



The neuronal populations within the DRG can be segregated by a number of means 

relating to their morphology, electrophysiological properties, and biochemical markers. 

The morphological separation of neurons has shown two main sub-types: large light 

(L) neurons, and small dark (SD) neurons (reviewed by Lawson, 1992). The L 

neurons are characterized by uneven staining of the cytoplasm, due to clumps of Nissl 

substance interspersed with regions of lightly staining cytoplasm containing 

microtubules and neurofilament. The cytoplasm of SD neurons, by contrast, is more 

darkly stained due to the even distribution of cellular organelles, and fewer 

neurofilaments. The analysis of cell size measurement has shown that while the cell 

body of SD neurons tends to have a small diameter, the L neurons tend to have cell 

bodies of large to intermediate diameter, but may also overlap with the smaller 

population, covering the entire size range of the DRG.

The conduction velocities of the axons also differ markedly and provide a further means 

of separating populations (reviewed by Koerber and Mendell, 1992). The large 

diameter, myelinated A fibres have rapid conductance velocity, and low response 

thresholds. This class can be further sub-divided into A a, Ap, and AÔ according to 

conductance velocity. The thinner, unmyelinated C fibres generally have a slower 

conductance velocity, and higher response thresholds. Although no exact correlation 

can be made between the conductance velocity of the fibre and neuronal function, some 

distinction can be made such that the most rapidly conducting A fibres are low- 

threshold mechanoreceptors, while C fibres tend to be nociceptors (Perl, 1992). 

Similarly, correlation can be made between the morphological cell types, and 

electrophysiological properties. Thus, L neurons have been shown to have a range of A 

fibres, whereas SD neurons have C fibres (Lawson and Waddell, 1991).

Sensory neurons belonging to different populations can also be characterized by 

biochemical markers such as neurofilaments, neuropeptides, and cell surface 

oligosaccharides (reviewed Lawson, 1992). The use of these markers to identify
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specific neuronal populations will be discussed briefly below.

Intermediate filaments associated with the PNS show restricted expression in DRG 

neurons, allowing them to be used as markers for specific neuronal subsets. As L 

neurons are neurofilament (NF) rich, they can be identified by the use of RT97, a 

monoclonal antibody which recognises the phosphorylated form of the 200 kOa NF 

subunit not present in SD neurons (Lawson and Waddell, 1991). Peripherin, a second 

intermediate filament, also shows restricted expression, exhibiting immunoreactivity in 

a population of neurons reciprocal to those labelled by RT97 (Troy etal., 1990).

The smaller-diameter neurons can be further subclassified based on the selective 

expression of neuropeptides, which show a complex pattern of coexistence (reviewed 

Lawson, 1992). Calcitonin gene-related peptide (CGRP), present in 30-50% of 

neurons in the rat lumbar DRG, is regarded as a general marker for peptidergic 

neurons, due to its coexpression with most other neuropeptides (Alvarez etal., 1991). 

50% of neurons that express CGRP also express substance P (SP), one of three 

products of the preprotachykin A gene (Lawson, 1992). SP is present in about 20% of 

neurons in the rat lumbar DRG showing localization to a few intermediate sized, but 

mainly small neurons (McCarthy and Lawson, 1989). Somatostatin (SOM), found in 

about 15% of rat lumbar DRG neurons is co-expressed with CGRP but shows no co

localization with SP (Lawson, 1992). Non-peptidergic small diameter neurons have 

been shown to contain fluoride-resistant acid phosphatase (FRAP), but can also be 

distinguished by use of an antibody (LA4) which recognizes a specific cell surface 

glycolipid (Alvarez et al., 1991). Antibodies against cell surface glycoconjugates have 

been shown to label distinct subsets of DRG neurons, including some subpopulations 

of L neurons (Dodd and Jessell, 1985).

Other potential markers of specific neuronal populations include the neurotrophin 

receptors: trkA, trkB and trkC (see chapter 1). The expression of trkA has been
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described in SD neurons, and has been shown to overlap with the expression of CGRP 

(Averill etal., 1995). In contrast, the expression of trkC has been shown to be 

restricted to the largest DRG neurons, while that of trkB is mainly in neurons of 

intermediate size (Mu etal., 1993). Localization of the neurotrophin receptors to 

specific neurons allows some correlation to the sensory function of the neurons, as 

specific neuronal populations have been shown to be deficient in null-mutant mice for 

each trk (Snider, 1994; see Chapter 1).

Due to the high degree of heterogeneity of neurons within the DRG, we wanted to 

investigate the restriction of Bm-3c expression to a subset of neurons as this may 

suggest that Bm-3c may play a role in the development of a specific neuronal 

population.
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4.2 Results

The studies described in this chapter examine the developmental expression of Bm-3c 

in sensory neurons focusing initially on the trigeminal ganglion, as the development of 

sensory neurons within this system have previously been extensively studied (see 

Chapter 3). This then enabled the comparison of the patterns of expression seen for 

Bm-3c with those previously observed for Bm-3a and Bm-3b (see Chapter 3), and 

subsequently in the DRG where different populations of sensory neurons have been 

described (see section 4.1.2).

4.2.1 Developmental expression

4.2.1 (!) Embryonic day 12.5

The production of a probe able to recognize Bm-3c mRNA specifically has been 

described in Chapter 3. The results of in situ hybridization carried out using this probe 

on fresh frozen sections of mouse embryo at E l2.5, showed that the level of Bm-3c 

expression was very low at this early stage (figure 4.2a). Expression of Bm-3c was 

undetectable in the CNS, yet signals could be seen within the sensory ganglia of the 

PNS, particularly the trigeminal ganglion and DRG (figure 4.2).

The level of Bm-3c expression (figure 4.2b) within the trigeminal ganglion appeared to 

be much lower than that described for Bm-3a in section 3.1.2 (figure 3.5). This was 

confirmed by PCR analysis, which has shown that during the early stages of trigeminal 

development, the levels of Bm-3a expression are two fold greater than those of Bm-3c 

(figure 4.1). Interestingly, although the levels were low, Bm-3c expression could be 

detected in the majority of cells in the trigeminal ganglion (figure 4.2b) which as E12.5 

is at the end of the period of neuronal differentiation, are likely to be immature neurons, 

as opposed to neuronal progenitors.
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Figure 4.2: Expression of Bm-3c in the mouse embryo at E l2.5. Fresh 

frozen sagittal sections (10/^m) were hybridized in situ with Bm-3c 

digoxygenin-labelled riboprobe. (!) At low magnification, the staining shows 

that the levels of Bm-3c expression are low (a). However, hybridization can be 

seen in the sensory ganglia, with strongest staining observed in the DRG (D), 

above the levels seen in the section hybridized with the sense control (b).

(ii) At higher magnification, x40, expression of Bm-3c in the trigeminal 

ganglion appears to be in all cells, and can be seen to be higher than in the 

surrounding tissue.



a) Bm-3c antisense probe

b) Bm-3c sense probe
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Figure 4.2 (il): Higher magnification (x40) of 4.2 (i), showing expression of 

Bm-3c in the trigeminal ganglion at E12.5
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Figure 4.3: Expression of Bm-3a (a), and Bm-3c (b) in DRG in the lumbar 

region of the El 2.5 mouse. The more intense staining observed with the Bm-3a 

probe suggests that the levels of Bm-3a expression may be higher than those of 

Bm-3c. At this magnification, x20, both Bm-3a and Bm-3c appear to be 

expressed in the majority of cells within the ganglia.
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Within the DRG, as in the trigeminal ganglion, the levels of Bm-3c at E l2.5 were low, 

compared to those of Bm-3a (figure 4.3). Bm-3c expression was, however, seen in the 

majority of cells within the DRG at this stage, as was Bm-3a (figure 4.3). The last cell 

division for neurons in the mouse DRG has been described between ElO and E13 

(Lawson and Biscoe, 1979). Thus at E12.5 the DRG will contain mainly neurons as 

opposed to non-neuronal cells, or neuronal precursor cells, suggesting that the cells 

expressing Bm-3c are neurons. As the majority of progenitor cells have differentiated at 

this point, it is not possible from this data to determine whether Bm-3c expression 

plays a role in neuronal differentiation.

4.2.1 (ii) Embryonic day 15

At this, and subsequent stages of development, the expression of Bm-3c was seen to 

be restricted to the sensory ganglia of the PNS. Therefore, the description of the 

cellular patterns of Bm-3c expression will concentrate on the trigeminal ganglion and 

the DRG.

As described in Chapter 3, El 5 corresponds to the end of the period of naturally 

occurring cell death, at which time the surviving neurons begin the process of 

maturation to a terminally differentiated phenotype. The expression of Bm-3c at this 

stage can still be seen in the majority of neurons in the trigeminal ganglion, although 

levels appear to be slightly higher in some neurons than others (figure 4.4). The overall 

level of expression is still low, yet appears to be slightly higher than that seen at El 2.5 

(see figures 4.4 and 4.2). Bm-3a expression at this stage of development was shown to 

be reduced, such that the levels of Bm-3a and Bm-3c are similar (see figures 3.6 and 

4.4). This was confirmed by data from PCR analysis which show that at this point the 

levels of Bm-3a and Bm-3c expression are equal (figure 4.1).
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Figure 4.4: Results of in situ hybridization of sections of mouse embryo at 

E15 with Bm-3c anti sense probe, showing expression in the trigeminal 

ganglion. At both x20 (a) and x40 (b) magnification, weak staining can be seen 

in the majority of cells within the ganglion, however the signal appears to be 

s inger in some cells than others (indicated by arrow heads).
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Figure 4.5: In situ results showing the DRG of the E15 mouse hybridized 

with Bm-3a (a) and Bm-3c (b) antisense probes. Comparison shows that the 

levels of Bm-3a expression appear to be much higher than those of Bm-3c. In 

contrast to the Bm-3a staining which appears to be high in the majority of 

neurons, the signal observed with the Bm-3c probe can be seen to be higher in 

specific cells (indicated by arrow heads).



a) Bm-3a antisense probe

b) Bm-3c anti sense probe
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In the DRG the expression of Bm-3c can be seen in the majority of neurons, although 

at lower levels than Bm-3a (figure 4.5). In contrast to expression in the trigeminal 

ganglion, the expression of Bm-3c in the DRG at this point can be seen to be clearly 

restricted to a number of neurons. Thus, Bm-3c can be seen to be more highly 

expressed in some cells, in comparison to the expression of Bm-3a which appears to be 

uniform throughout the neuronal population. The population of neurons within the 

DRG is functionally more heterogeneous than the trigeminal ganglion (see section

4.1.2). However, the identity of the neurons expressing higher levels of Bm-3c could 

not be determined, so it was not possible to say whether they are the first cells to begin 

the process of maturation following target field innervation, or whether they correspond 

to a specific population of sensory neurons.

4.2.1 (iii) Embryonic day 17.5

The expression of Bm-3c in the trigeminal ganglion has been shown by PCR analysis 

to increase between E14 and birth (figure 4.1). At E l7.5, in the middle of this period, 

in situ hybridization shows an increase in Bm-3c expression in the trigeminal neurons 

(figure 4.6). This time point is within the second period of neuronal maturation, when 

neurons are acquiring a more specialized neuronal phenotype. It is, therefore, of 

interest that at this stage the expression of Bm-3c is more clearly restricted to specific 

neurons within the trigeminal ganglion [figure 4.6(ii)J.

By E l7.5, the difference between the Bm-3a and Bm-3c expression patterns can 

clearly be seen in the DRG. Figure 4.7 shows that Bm-3a is highly expressed within all 

neurons of the DRG, while Bm-3c has a more restricted expression pattern, with 

higher levels in specific neurons. At higher magnification, the individual stained 

neurons can be distinguished from each other, and unstained supporting glial cells. 

Although further identification was not possible, the highest expression of Bm-3c 

appeared to be localized within the largest neurons |figure 4.7(ii)J.
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Figure 4.6: Results of in situ hybridization carried out with Bm-3c antisense 

probe on lOj^m fresh frozen sections of E l7.5 mouse embryo, showing 

expression in the trigeminal ganglion, (i) At xlO magnification [i(a)] it can be 

seen that expression is restriced to the neurons, while stronger staining in some 

cells than others seen at x20 magnification [i(b)| suggests that Bm-3c is more 

highly expressed by a subset of neurons (indicated by arrow heads), (ii) At 

x40 magnification stronger signals can be seen in the larger neurons (indicated 

by arrow heads).



a) xlO magnification

b ) x20 magnification

Figure 4.6 (I): Expression of Bm-3c in the trigeminal ganglion at E17.5
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b)

Figure 4.6 (ii): Expression of Bm-3c in the trigeminal ganglion at E17.5 at x40

magnification.
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Figure 4.7: Results of in situ hybridization showing the expression of Bm-3a 

(a) and Bm-3c (b) in the DRG of the E17.5 mouse embryo, (i) Comparison of 

the expression shows stronger staining with Bm-3a than Bm-3c. (ii) At higher 

magnification (x40), higher expression of Bm-3c can be seen in specific 

neurons (indicated by arrow heads), in contrast to Bm-3a which appears to 

label all neurons. The higher Bm-3c staining appears to be localized in the 

larger neurons



a) Bm-3a antisense probe
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b) Bm-3c antisense probe

Figure 4.7 (i): Expression of Bm-3a (a) and Bm-3c (b) in the DRG at El7.5

x20 magnification
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a) Bm-3a anti sense probe

b) Bm-3c anti sense probe

Figure 4.7 (ii): Expression of Bm-3a (a) and Bm-3c (b) in the DRG at El7.5

x40 magnification.
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Figure 4.8: Results of in situ hybridization of 10/<m sections of neonatal 

mouse (p5) probed with Bm-3c anti sense riboprobe, showing expression in the 

trigeminal ganglion, (b) At higher magnification (x40) it can be seen that the 

Bm-3c signal is stronger in some neurons than others (higher staining neurons 

indicated by arrow heads, while lower staining neurons indicated by arrows). 

The stronger expression of Bm-3c appears to be localized within larger 

neurons.



a) x20 magnification

b) x40 magnification
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4.2.1 (iv) Post natal day 5

In the neonatal trigeminal ganglion, levels of Bm-3c expression appeared to be higher 

than at earlier stages (figure 4.8). Data from PCR analysis suggests that at this stage the 

levels of Bm-3c expression are as high as those for Bm-3a (figure 4.1). In situ 

hybridization data however shows that while Bm-3a is widely expressed in the majority 

of neurons, Bm-3c expression is more restricted, as high levels can be seen in a subset 

of neurons (see figures 4.8 and 3.8).

The restriction of the expression of Bm-3c during development is of particular interest 

as it suggests that Bm-3c may play a role in the regulation of genes involved in the 

acquisition of a specific neuronal phenotype. Therefore, in order to determine whether 

the expression of Bm-3c was restricted to a previously described specific subset of 

sensory neurons, and attempt to identify a corresponding neuronal phenotype, 1 

examined the expression of the Bm-3 family in the adult DRG.

4.2.2 Expression of the Brn-3 family in the adult DRG

In situ hybridization analysis carried out using digoxygenin labelled riboprobes on 

fresh frozen sections of adult rat DRG, showed that the patterns of expression were as 

predicted from the later stages of development. Thus, Bm-3a can be seen to be highly 

expressed in all neurons within the ganglion (figure 4.9 and 4.1 la). The levels of Bm- 

3b expression are much lower than those observed for Bm-3a (4.11b). Bm-3b 

expression can be seen in the majority of neurons, although the levels appear to vary 

between neurons (figure 4.10 and 4.11b). In contrast the expression of Bm-3c can 

clearly be seen to be restricted to a subset of neurons (see figures 4.12 and 4.13).
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Figure 4.9: Results obtained following in situ hybridization of fresh frozen 

sections (7/<m) of adult rat DRG with Bm-3a antisense (a) or sense (b) probes. 

The anti sense probe shows staining in all neurons, while no significant signal 

can be seen with the sense control. Magnification: xlO.



a) Antisense probe

:r-'

b) Sense probe
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Figure 4.10: Results obtained following in situ hybridization of fresh frozen 

sections (7/<m) of adult rat DRG with Bm-3b anti sense (a) or sense (b) probes. 

Expression can be seen in the majority of neurons, although the intensity of the 

signal varies. In general the levels of Bm-3b expression appear to be low as can 

be seen by comparison with the sense control.



a) Antisense probe (xlO magnification)

b) Sense probe (x20 magnification)
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Figure 4.11: Comparison of the expression of Bm-3a (a) and Bm-3b (b) in 

the adult rat DRG at x20 magnification. The staining observed with the Bm-3a 

probe is much stronger than that of Bm-3b. The majority of neurons appear to 

be stained by both probes, although some variation in staining intensity between 

neurons can be seen (higher staining neurons indicated by arrow heads, and 

weaker staining neurons indicated by arrows).



a )  Bm-3a antisense probe

rw r

é

b) Bm-3b anti sense probe
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Figure 4.12: Results obtained following in situ hybridization of fresh frozen 

sections {Ipim) of adult rat DRG with Bm-3c antisense (a) or sense (b) probes. 

Expression can be seen to be higher in a number of neurons (indicated by arrow 

heads) compared to the background and sense control. The neurons expressing 

Bm-3c appear to be mainly those of intermediate to large soma diameter. 

Neurons can also be seen which show no Bm-3c staining (indicated by 

arrows). Magnification: xlO.



a) Antisense probe

J
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b) Sense probe
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Figure 4.13: Expression of Bm-3c in the adult rat DRG. At low 

magnification [i(a)] strong Bm-3c signals can be seen in a small percentage of 

the total neuronal population. At higher magnification [i(b) and ii] it appears as 

though the Bm-3c signal is localized mainly within neurons of intermediate 

diameter. Examples of neurons expressing Bm-3c are indicated by arrow 

heads.



a) xlO magnification

b) x20 magnification

Figure 4.13 (i): Expression of Bm-3c in the adult rat DRG
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Figure 4.13 (ii): Expression of Bm-3c in adult rat DRG seen at higher 

magnification (x40).
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Figure 4.14: Size distribution of Brn-3c positive neurons in 

the adult rat DRG. The cell diameter was measured of neurons 

in representative sections of DRG from the lumbar region taken 

from different animals. The results are expressed as a percentage 

of total neuronal population.
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In order to determine the percentage of neurons expressing Bm-3c, positively stained 

neurons were counted in representative sections of DRG isolated from the lumbar 

region of different rats. This analysis showed Bm-3c expression in 21.9 + 5.4% of 

neurons. The size of the neurons expressing Bm-3c was analysed by measuring the 

diameter of the cell bodies of both stained and unstained neurons in a number of 

representative sections. The results were expressed as a graph of cell number against 

cell diameter (see figure 4.14), and show that expression is mainly localized in neurons 

of intermediate to large diameter.

4.2.3 Restriction of Brn-3c to a subset of DRG neurons

Separate sensory neuronal populations in the DRG can be identified according to their 

expression of specific biochemical markers (see section 4.1). The restriction of Bm-3c 

expression to one subpopulation suggests a potential role for Bm-3c in the regulation of 

a specific neuronal phenotype. 1, therefore, utilized a combination of in situ 

hybridization with immunohistochemistry in an attempt to determine the identity of the 

neurons expressing Bm-3c.

This double labelling procedure proved to be problematic. Initially, 1 was unable to 

detect immunofluorescence when antibody labelling was carried out in conjunction with 

the in situ hybridization protocol used in the developmental studies. A different in situ 

hybridization protocol was, therefore, used for the double-labelling studies (see 

Methods section). However, immunofluorescence could only be clearly detected for a 

limited number of antibodies following this protocol. A further problem was that the 

combination of the two techniques led to a reduction of the in situ hybridization signal, 

which was already low for Bm-3c.
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The results of in situ hybridization with Bm-3c antisense riboprobe double labelled 

with an antibody against the intermediate filament, peripherin, can be seen in figure 

4.15. There was a degree of overlap between the two populations, such that Bm-3c 

expression can be seen in cells labelled with peripherin. However, peripherin is found 

in a larger percentage of DRG neurons than Bm-3c, and is localized mainly in neurons 

of smaller diameter (Lawson, 1992). Bm-3c expression was absent from some of these 

smaller peripherin-positive neurons, and was observed in some larger neurons which 

were negative for peripherin.

As discussed previously, the larger diameter neurons can be identified by use of the 

antibody RT97 against neurofilament (see section 4.1). Double labelling using Bm-3c 

and RT97 led to a dramatic reduction of Bm-3c signal seen in figure 4 .16a. Although 

the background staining in figure 4.16b is high, it was possible to distinguish neurons 

positive for RT97. Again there was a degree of overlap between the two populations, 

such that Bm-3c expression could be detected in both ^  large neurons that were 

positive for RT97, and smaller RT97-negative neurons.

Double labelling was also carried out using antibodies against CGRP, SP and trkA in a 

further attempt to identify the subpopulation of neurons to which expression of Bm-3c 

is restricted. However, these experiments proved to be inconclusive, due to the 

reduction of both in situ and immunofluorescence signals to almost background levels.

The restriction of Bm-3c expression to a subset of neurons both of the DRG and 

trigeminal ganglion has also recently been described by a separate group using 

immunohistochemical methods, although the subset of neurons was not described in 

terms of biochemical markers (Xiang etaL, 1995). The availability of an antibody 

against Bm-3c would make the double labelling to identify the neuronal subpopulation 

expressing Bm-3c more straightforward.
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Figure 4.15: Results of combined in situ hybridization using Bm-3c 

riboprobe (a), with immunolabelling using an anti-peripherin antibody (b), 

carried out on adult rat DRG. Cells are visible which are labelled by both Bm- 

3c and peripherin (numbers indicate pairs of double-labelled cells). Bm-3c 

single-labelled cells are indicated by closed arrows, while peripherin single

labelled cells are indicated by open arrows. Magnification: x40



a) Bm-3c antisense probe

b) Peripherin immunofluorescence
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Figure 4.16: Results of combined in situ hybridization using Bm-3c 

riboprobe (a), with immunolabelling using an anti-RT97 antibody (b), carried 

out on adult rat DRG. This combination reduced the Bm-3c signal, and the 

RT97 fluorescence making the results difficult to interpret. However, cells are 

visible which are labelled by both Bm-3c and RT97 (numbers indicate pairs of 

double-labelled cells). Bm-3c single-labelled cells are indicated by closed 

arrows, while RT97 single-labelled cells are indicated by open arrows. 

Magnification: x40



a) Bm-3c antisense probe

b) RT97 immunofluorescence
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Figure 4.17: Results of combined in situ hybridization using Brn-3c 

riboprobe (a), with immunolabelling using an anti-a-intemexin antibody (b), 

carried out on adult rat DRG. Cells are visible which are labelled by both Bm- 

3c and a-intemexin (numbers indicate pairs of double-labelled cells). Bm-3c 

single-labelled cells are indicated by closed arrows, while a-intemexin single

labelled cells are indicated by open arrows. Magnification: x40



a) Bm-3c antisense probe
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b) a-intemexin immunofluorescence
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As it was not possible to identify a specific neuronal population to which Bm-3c was 

restricted, the co-localization of Bm-3c expression and that of potential target genes 

was investigated. Bm-3c has been shown to activate the promoter of the a-intemexin 

gene which is also activated by Bm-3a (Budhram-Mahadeo etal., 1995b). As the 

restriction of a-intemexin expression has previously been described in the PNS 

(Vickers etal., 1992), its co-expression with Bm-3c was examined.

In the adult DRG a-intemexin was seen to be expressed in a higher proportion of cells 

than Bm-3c, being in approximately 34% of neurons. a-Intemexin expression was 

localized mainly within neurons of intermediate diameter (figure 4.17b). There was a 

degree of overlap between the two populations (figure 4.17a), however, there were 

also a number of cells expressing either Bm-3c or a-intemexin alone.
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4.3 Discussion

Bm-3c has previously been shown to have a more restricted pattern of expression than 

the other members of the Bm-3 family, being localized mainly within the sensory 

ganglia of the PNS (Ninkina etal., 1993). Analysis during development by non

radioactive in situ hybridization has shown that at E l2.5, the earliest stage examined, 

Bm-3c expression can be detected in the majority of cells within both the trigeminal 

ganglion and DRG (figures 4.2 and 4.3). This pattern of Bm-3c expression is 

comparable to that seen for Bm-3a, although the levels of expression seen are much 

lower. This has been confirmed by data from PCR analysis which show that in the 

early stages of development the levels of Bm-3 a expression in the trigeminal ganglion 

are two fold higher than those of Bm-3c (figure 4.1 ; S.Wyatt, personal 

communication).

The expression of Bm-3c has previously been shown to be maintained at a constant 

level following the transition of ND7 cells from the proliferating state to the 

differentiated neuronal phenotype (V. Budhram-Mahadeo, personal communication). 

This suggests that neuronal differentiation does not require, or cause, a change in Bm- 

3c expression. The expression of Bm-3c by neuronal progenitors could not be 

determined from the in situ hybridization data as by E l2.5 the majority of cells within 

both the DRG and trigeminal ganglion will be post mitotic neurons. However, the co

expression of Bm-3c may reinforce the effect of Bm-3 a, which has been suggested to 

play a role in sensory neurons in the acquisition of a neuronal phenotype (Smith etal. , 

submitted; see Chapter 3).

Following target field innervation, the level of Bm-3c in the trigeminal ganglion has 

been shown, by PCR analysis, to increase gradually, until it reaches levels equivalent
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to those observed for Bm-3a (figure 4.1). Interestingly, data from in situ analysis 

showXthat the expression of Bm-3c becomes restricted to a subset of neurons, in 

contrast to the increase in Bm-3 a expression which occurs in all neurons within the 

ganglion. The developmental restriction of Bm-3c expression is more defined in the 

neurons of the DRG than in those of the trigeminal ganglion. Thus, within the DRG 

distinct neurons expressing high levels of Bm-3c can be clearly detected by E15 (figure

4.5), while within the trigeminal ganglion they were more distinct by E17.5 (figure

4.6). The expression of Bm-3c appears to become progressively more restricted as can 

be seen by examining the pattern of expression within neonatal trigeminal and adult 

DRG (figures 4.8 and 4.12).

The factors involved in the regulation of Bm-3c expression are not known, yet 

preliminary in vitro studies have suggested a potential role for LIE. Thus, neurons 

cultured from dissociated trigeminal ganglia at early stages of development (E ll and 

E13) were shown to express elevated levels of Bm-3c, which could be reduced to in 

vivo levels by treatment with LIE or CNTF (S. Wyatt, personal communication). LIE 

is expressed in the DRG early in development (E13), and has been shown to stimulate 

the generation of sensory neurons from neuronal precursors (Murphy etal., 1991; 

Murphy etal., 1993; see Chapter 1). Interestingly, neurons within the DRG have been 

shown to become increasingly responsive to LIE during the period of neuronal 

maturation following target field innervation, such that there is an increase from 0% 

responsiveness following differentiation at E12 to 90% reponsiveness by birth 

(Murphy etal., 1993). This suggests that the neurons which express Bm-3c late in 

development may be those that are not responsive to LIE.

The increased levels of Bm-3c expression in a restricted neuronal population between 

E15 and birth, during the period of neuronal maturation, suggest a role for Bm-3c in 

the acquisition and maintainance of a specific neuronal phenotype. In an attempt to 

identify a specific phenotype which Bm-3c may define, the expression of Bm-3c was
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examined in the adult DRG (see figures 4.12 and 4.13). The localization of Bm-3c 

mRNA was shown to be restricted to neurons of intermediate to large diameter with a 

pattern of expression which overlapped to an extent with the patterns of both RT97 and 

peripherin (see figures 4.15 and 4.16).

In Chapter 3 it was suggested that Bm-3a expression played a role in sensory neurons 

in the acquisition of a general neuronal phenotype and subsequent maturation, while 

Bm-3b was required to refine the effects of Bm-3a in the mature neurons. As specific 

target genes of Bm-3c have not been identified, it cannot be said whether the restriction 

of Bm-3c expression plays an independent role in the development of a specific subset 

of neurons, or whether it is a mechanism to further refine the patterns of target gene 

expression produced by differential expression of Bm-3 a and Bm-3b. However, when 

co-expression of Bm-3c with a-intemexin, one of the cellular target genes of the Bm-3 

subfamily, was examined, only a partial overlap was seen (figure 4.20).
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Chapter 5

Results

The effects of axotomy on 

POU domain transcription factor expression

176



5.1 Introduction

Peripheral nerve damage causes dramatic changes within the cell body of primary 

sensory neurons, giving rise to an altered phenotype adapted for neuronal survival and 

axonal regeneration. As a potential role has been described for Bm-3a in neurite 

outgrowth (see Chapters 1 and 3), we wanted to examine the expression of the Bm-3 

family following peripheral nerve damage to determine whether they may also play a 

role in axonal growth during regeneration. We also compared their expression with that 

of Oct-2, a Class II POU domain protein expressed in sensory neurons (see below). 

The effects of peripheral nerve damage can be studied by examining the neuronal cell 

body following experimental nerve section or crush in a procedure known as axotomy.

5.1.1 The effects of axotomy

The neuronal response to axotomy, which has been extensively studied, has been 

suggested to involve adaptation of cellular peptide synthesis such that there is an 

increase in compounds which promote neuronal survival, with a concommitant 

decrease in those related to chemical transmission (for review see Aldskogius etal. , 

1992; Hokfelt etal., 1994). Thus, axotomy results in the up-regulated synthesis of the 

growth membrane-associated protein (GAP-43), in addition to cytoskeletal proteins: 

actin, tubulin and peripherin providing a basis for new axonal outgrowth (Oblinger and 

Lasek, 1988; Wong and Oblinger, 1990; Woolf etal., 1990). An increase has also been 

shown in the synthesis of neuropeptides which have a trophic effect, such as 

vasointestinal peptide (VIP: Shehab and Atkinson, 1986). The decreased synthesis of 

the neuropeptides, substance P and CGRP, is thought to be related to the attenuation of 

neuronal activity (Dumoulin etal., 1991; Villar etal., 1991). Many of these changes 

occur at the mRNA level and are, therefore, likely to be preceded by alterations in the 

level, or activity, of one or more cellular transcription factors.
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Immediate early genes (lEG) were originally defined as a class of genes, many of 

which encoded transcription factors, that were rapidly and transiently expressed in 

response to cellular growth factors yet were not dependent on de novo protein synthesis 

for their induction (Cochran era/., 1983). However, they have also, more recently, 

been implicated in the neuronal response to injury (deFelipe etal., 1993). Following 

sciatic nerve damage, the proto-oncogene c-jun (Angel etal., 1988), shows increased 

expression at both protein and mRNA levels in the bodies of DRG neurons (Jenkins 

and Hunt, 1991; Leah etal., 1991). In contrast to the usual kinetics of IFG expression 

which is rapid and short-lived, the induction of c-jun after axotomy is delayed, with 

high levels first being seen at 24 hours. These high levels are maintained until 

regeneration is complete (Jenkins and Hunt, 1991; Leah etal., 1991; Jenkins eta l., 

1993). Such induction of c-jun expression was also seen following the block of 

retrograde axonal transport by the application of colchicine (Leah etal., 1991), thus 

suggesting that the signal for c-jun induction involves the absence of factors 

retrogradely transported in the intact neuron. Thus, it was of interest that the removal of 

NGF from the target tissue led to the induction of c-jun in intact neurons, whereas 

infusion with NGF reduced the levels of c-jun seen in axotomized DRG neurons (Gold 

etal., 1993). These findings suggest that the loss of target-derived NGF may be the 

signal for axotomy-induced c-jun expression.

The induction of genes following axotomy may either be simply a reaction to nerve 

insult, or play a more important, long-term role in the regeneration of the axon. The c- 

jun response has been suggested to be associated with axonal regrowth, as opposed to 

being merely a response to axonal damage. This is due to the induction of c-jun 

observed in the adjacent, undamaged L3 ganglion neurons, whose afferents are part of 

the saphenous, as opposed to the sciatic nerve in addition to the axotomized L4 and L5 

DRG neurons (Jenkins e/a/., 1993). Studies have shown that collateral sprouting 

occurs from intact saphenous nerve afferents following sciatic nerve injury (Kinnman 

and Aldskogius, 1986).
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Although c-jun may play a key role, the neuronal response leading to axonal 

regeneration following peripheral nerve injury involves such wide-ranging effects on 

gene expression, that the involvment of other transcription factors may be implicated. 

Also, in contrast to the induction of c-jun which occurs in all DRG neuronal types, the 

effects of axotomy on neuropeptides has been shown to occur only in subsets of 

neurons. Thus, levels of neuropeptide-Y (NPY), for example, show a greater increase 

within the damaged DRG in neurons of a large diameter compared to those of smaller 

diameter (Wakisaka etal., 1991). Taken together these points suggest that c-jun cannot 

be acting alone to directly activate each downstream gene. However, studies have 

shown that the induction of c-jun in the DRG following axotomy is not accompanied by 

increased expression of any of the previously identified lEG (deFelipe etal., 1993). 

We, therefore, wished to investigate the possibility that there may be other genes 

displaying immediate early gene characteristics found specifically within sensory 

neurons, which could complement the c-jun effect. One such gene encodes the POU 

domain transcription factor, Oct-2.

5.1.2 Oct-2

The POU domain transcription factor Oct-2, originally isolated as a B cell-specific 

transcription factor responsible for the expression of immunoglobulin genes, has also 

been shown to be expressed in sensory neurons (Clerc etal., 1988; Lillycrop etal. , 

1991; see Chapter 1). In previous studies, neuronal Oct-2 has been shown to act as a 

repressor, in contrast to the role described for Oct-2 in B cells as an activator of gene 

expression. Thus, neuronal Oct-2 has been shown to inhibit the activity of both 

artificial promoters containing an octamer motifKand the promoter of the tyrosine 

hydroxylase gene (Dent etal., 1991; Dawson etal., 1994). The tissue-specific 

difference in activity can be explained in part by the finding that multiple isoforms of 

Oct-2 are generated by alternative splicing of the Oct-2 RNA (Wirth etal., 1991). This 

alternative splicing has been shown to be regulated in a tissue-specific manner so that 

different forms of the protein exist in B cells and neuronal cells (Lillycrop and
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Latchman, 1992). Thus, the splicing results in the production of neuronal isoforms 

which lack the C-terminal activation domain found in the predominant isoform in B 

cells (Wirth etal.^ 1991). Recent studies, however, have shown that anti-sense Oct-2 

cell lines display reduced levels of neuronal nitric oxide synthase (nNOS) protein 

(Deans etal., 1995), and have suggested that neuronal Oct-2 activates the promoter of 

the nNOS gene (Deans etal., submitted). Interestingly, levels of nNOS have been 

shown to be elevated following axotomy (Verge etal., 1992b).

The expression of Oct-2 in cultured rat DRG neurons has been shown to be elevated by 

NGF (Wood etal., 1992). Similar experiments have further shown that the induction 

of Oct-2 in response to NGF exhibits characteristics of lEG expression (Kendall etal., 

1995). Thus, we wished to study the expression of Oct-2 following axotomy as a 

potential candidate to complement c-jun in the neuronal response to peripheral nerve 

damage.
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5.2 Results

The data described in this chapter are the result of experiments to investigate the 

possible involvement of POU domain transcription factors in the neuronal response to 

injury. The in vivo axotomy operations were carried out by Dr. P. Anderson. In 

performing sciatic nerve section, the left sciatic nerve of Sprague-Dawley rats was cut 

(ipsilateral), while the right side remained intact (contralateral). For each set of 

experiments, animals were taken from the same litter, and were of approximately equal 

size and weight. In a control sham operation, the sciatic nerve was exposed, but not 

cut. At 2, 24 and 48 hours post operation, the animals were given an overdose of 

Halothane, ex sanguinated, and the L4 and L5 DRG removed in order to determine the 

mRNA levels.

5.2.1 E jects  of axotomy on Oct-2 expression

5.2.1 (i) Comparative RT-PCR

The expression of Oct-2 at each time point was determined by RT-PCR amplification of 

Oct-2 mRNA. The RT-PCR was carried out using cDNA produced from total cellular 

RNA extracted from the combined L4 and L5 DRG. The primers used in the 

amplification of Oct-2 mRNA lie within the POU domain region and are, therefore, 

capable of recognizing all isoforms of Oct-2 (Kendall etal., 1995). Initially the amount 

of cDNA used in the reaction was varied to identify conditions in which the PCR signal 

was linearly related to the input RNA, and subsequently samples were taken at various 

cycle numbers to ensure that the assay corresponded to the exponential phase of the 

reaction. In order to normalize the levels of Oct-2 expression, amplification of the 

invariant cyclophilin mRNA (Cavicchioli etal., 1991) was carried out on the same 

samples. The PCR amplification of Oct-2 gave a product of approximately 500bp as 

seen in figure 5.1a, which shows a typical Southern blot of products from the 

exponential phase of PCR amplification, while figure 5.1b shows the products of 

cyclophilin amplification from same samples.
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Figure 5.1: a) Southern analysis of oct-2 PCR products following amplification of a 

constant amount of cDNA from L4 and L5 DRG taken at 2 (lanes 3 ,4 ); 24 (lanes 5, 6) 

or 48 hours (lanes 7, 8) following axotomy. The L4 and L5 DRG were also taken 

following a sham operation (lanes 1,2). cDNA was produced from both the ipsilateral 

(lanes 2, 4, 6, 8) and contralateral (lanes 1, 3, 5, 7) DRG. b) Amplification of the 

invariant cyclophilin mRNA from the same cDNA allowed equalization for the level of 

total RNA in each reaction.
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a)

b)

Time after nerve section (hours)

sham 2 24 48

Ax 1 1.08 1.20 3.45 0.21

Ax 2 0.20 1.83 3.43 0.20

Ax 3 0.60 0.65 1.21 1.00

4 — I

o
0
1

0

time (hours)

Figure 5.2: a) Results showing Oct-2 mRNA levels at 2, 24 and 48 hours following 

sciatic nerve section. Results are of three separate axotomy experiments (Ax 1 ; Ax 2; 

and Ax 3). Results were obtained by RT-PCR, and equalized using the level of 

amplification of the invariant cyclophilin mRNA. Values are expressed as levels of Oct- 

2 in the ipsilateral DRG over that in the contralateral DRG.

b) Graph of Ax 1, showing typical induction of Oct-2 expression 24 hours following 

peripheral nerve section.
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Three independent experiments showed a consistent increase in levels of Oct-2 

expression at 24 hours, although differences could be seen between the absolute values 

in each set of experiments, which may reflect differences between animals (figure 

5.2a). The results were calculated as levels in the ipsilateral DRG over those in the 

contralateral DRG as this shows the increase of Oct-2 expression in response to 

axotomy in comparison to normal levels in the same animal. Figure 5.2b shows the 

pattern of Oct-2 expression seen following axotomy which was typical of data obtained 

from three independent experiments. Thus, the expression of Oct-2, like that of c-jun, 

shows a delayed response to axotomy with an increase in levels of over two fold at 24 

hours in the operated rat compared to the sham operated animal. This result was 

unexpected as the retrograde transport of NGF to DRG neuronal cell bodies declines 

dramatically following sciatic nerve injury (Raivich^/a/., 1991), and Oct-2 expression 

has previously been shown to be up-regulated by NGF (Wood etal., 1992). In contrast 

to the expression of c-jun, which remains elevated until regeneration is complete, the 

induction of Oct-2 expression is short-lived, the levels being reduced by 48 hours 

(figure 5.2).

5.2.1 (ii) In situ hybridization

We wished to investigate whether the induction of Oct-2 expression following axotomy 

was wide-spread or limited to a specific subset of sensory neurons. Therefore, the L5 

DRG was removed at 2, 24 and 48 hours post-axotomy from rats parallel to those used 

for PCR, and subjected to non-radioactive in situ hybridization.

The fragment used to produce the specific Oct-2 probe had previously been cloned by 

Dr. K. Lillycrop, and encoded a 500bp fragment of the POU domain able to identify all 

isoforms of Oct-2. In vitro transcription using T7 RNA polymerase of the Xbal 

linearized template gave the anti sense digoxygenin-labelled riboprobe for the dection of 

Oct-2 mRNA, while Xhol linearization followed by transcription with T3 RNA
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polymerase gave the sense control probes.

The examination of Oct-2 expression in the naive L5 DRG, showed that it was 

expressed by the majority of neurons (figure 5.3). However, it did appear as though 

the observed levels of expression varied between different subsets of neurons, such 

that the highest expression appeared to be within those of intermediate diameter [figure 

5.3 (ii)].

When the expression of Oct-2 was examined in the L5 DRG at 24 hours after axotomy, 

the expression of Oct-2 appeared to be the same in both the ipsilateral and contralateral 

DRG (figures 5.4). Similarly, no change was seen in the staining pattern previously 

observed within the DRG from the naive animal (see figures 5.3 and 5.4). This in situ 

data corresponds to the time point at which PCR analysis has shown an increase of 

over two fold in Oct-2 expression levels. The in situ data cannot be quantified, yet it 

suggests that the increase occurs as a reinforcement of expression within neurons 

already expressing Oct-2, rather than its de novo appearance in previously non

expressing neurons. The lack of difference in signal intensity between the operated and 

control ganglia indicates that in situ hybridization was insufficiently sensitive to detect 

the increase in Oct-2 expression observed by PCR.
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F ig u re  5.3: Results of in situ hybridization of sections (7//m) of naive adult 

rat L5 DRG with Oct-2 antisense (i) and sense (ii) probes. Staining can be seen 

in the majority of neurons, although at higher magnification it appears to be 

stronger in specific neurons, indicated by arrow heads [i (b)]. Low, non

specific staining is seen with the sense control (ii).
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Figure 5.3 (1): Expression of Oct-2 in adult rat DRG
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Figure 5.3 (ii) : Section of adult rat DRG hybridized with corresponding sense probe 

Magnification: xlO.
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F ig u re  5.4 : Results of in situ hybridization carried out with Oct-2 antisense probes 

on Ipim sections of ipsilateral and contralateral L5 DRG taken 24 hours following 

axotomy. Comparison of staining in the ipsilateral and contralateral ganglia shows no 

change in intensity, and similarly no change in distribution, a) Magnification of 

ipsilateral: xlO; of contralateral: x5. b) Higher magnification: x20.
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5.2.2 Effects of axotomy on Brn-3 expression

As described previously, Bm-3 a expressed early in neuronal development plays a role 

in neurite outgrowth (Lakin etal., 1995; Smith etal., submitted; see Chapters 1 and 3). 

We were, therefore, interested to examine the expression of each member of the Bm-3 

family following axotomy to observe whether they may also play a role in axonal 

regeneration.

Comparative RT-PCR was carried out as described for Oct-2 (see above) using primers 

within the POU domain which have previously been shown to distinguish between 

Bm-3 a, Bm-3b and Bm-3c (Lillycrop etal., 1992). Again data obtained from three 

independent experiments showed a degree of variation which may reflect differences 

between animals (figure 5.5). Unlike that of Oct-2, the expression of Bm-3 a showed 

no consistent induction at 24 hours, although there was a slight reduction in levels at 48 

hours after axotomy (figure 5.5a). This suggests that although Bm-3a expression may 

be required for the initial neurite outgrowth during development, it is not required for 

axon growth during neuronal regeneration. Neither Bm-3b and Bm-3c showed 

significant variation in expression at any of the time points examined (figure 5.5 b, c). 

This suggests that none of the members of the Bm-3 family play a role in the neuronal 

response to injury. It also suggests that the induction observed at 24 hours is specific to 

the expression of Oct-2
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a) Brn-3a

Time after nerve section (hours)

sham 2 24 48

Ax 1 1.17 1.18 1.31 0.11

Ax 2 0.85 0.87 0.90 0.40

Ax 3 1.00 0.62 1.25 0.73

'n-3b

Time after nerve section (hours)

sham 2 24 48

Ax 1 1.04 0.89 0.69 0.46

Ax 2 0.99 0.16 0.88 0.60

Ax 3 1.90 0.37 1.10 0.85

n-3c

Time after nerve section (hours)

sham 2 24 48

Ax 1 0.80 0.75 0.35 0.21

Ax 2 0.90 0.10 0.67 0.60

Ax 3 0.98 0.36 1.45 0.84

Figure 5.5: Results showing the mRNA levels of Bm-3 a (a); Bm-3b (b); and Bm-3c 

(c) at 2,24 and 48 hours following sciatic nerve section. Results are of three separate 

axotomy experiments (Ax 1; Ax 2; and Ax 3). Results were obtained by RT-PCR, and 

equalized using the level of amplification of the invariant cyclophilin mRNA. Values are 

expressed as levels of mRNA in the ipsilateral DRG over those in the contralateral DRG
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5.3 Discussion

Oct-2 has previously been shown to respond to the NGF treatment of culture DRG 

neurons with the kinetics of an lEG (Kendall etal., 1995). Studies of lEG expression 

following peripheral nerve damage have shown induction of c-jun alone within the 

DRG neuronal cell bodies (deFelipe etal., 1993). Analysis by comparative RT-PCR 

has shown that like c-jun, Oct-2 expression is induced following axotomy .Thus, at 24 

hours after axotomy, the levels of Oct-2 can be seen to be over two fold higher than 

those in the sham operated control (figure 5.2).

Peripheral nerve injury results in the reduction of axonal uptake and retrograde 

transport of NGF (Raivich etal., 1991). Thus, and as the result of other experiments, 

it was originally thought that the loss of target-derived NGF was the signal for the 

induction of c-jun in axotomized sensory neurons (Jenkins and Hunt, 1991; Leah eta l., 

1991; Gold etal., 1993). However, the induction of c-jun is observed in all neurons of 

the damaged DRG, whereas trkA is only expressed by a subset of neurons within the 

DRG (Mu etal., 1993). It has since been shown that NGF does not regulate the 

expression of c-jun in damaged neurons (deFelipe and Hunt, 1994).

This finding, in part, explains the observed induction of Oct-2 expression. If the loss of 

target-derived NGF were the signal, we would have expected a reduction in the levels 

of Oct-2 expression. Studies to examine the regulation of Oct-2 expression by other
VC

growth factors ha^shown induction with acidic fibroblast growth factor (aFGF) and 

epidermal growth factor (EGF) in cultured DRG neurons, but no response to other 

factors including BDNF (Kendall etal., 1995). The effect of axotomy on these factors 

is not known. It is of interest, however, to note that the retrograde axonal transport of 

CNTF, which is found in high concentrations in the sciatic nerve, is increased by 

peripheral nerve injury (Curtis etal., 1993). It would, therefore be of interest to 

examine the response of Oct-2 expression to treatment with CNTF. The nature of the
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signal for neuronal regeneration and the up-regulation of gene expression is not known, 

however, the axonal damage and inhibition of retrograde transport may result in the 

loss of unknown target-derived inhibitory factors. However, the loss of such inhibitory 

factors would not explain the subsequent decrease observed in the expression of Oct-2 

at 48 hours.

Many of the changes in gene expression associated with axonal regeneration following 

peripheral nerve damage are restricted to specific subsets of sensory neurons (as 

described in section 5.1.1). Data from in situ hybridization analysis shows that the 

cellular expression pattern of Oct-2 remains the same in the L5 DRG from axotomized 

animals as in naive specimens (see figures 5.3, 5.4). Thus, Oct-2 expression can be 

seen in the majority of neurons, but appears to be at higher levels in those neurons of 

intermediate diameter. This is of interest when compared to the observed induction of c- 

jun which occurs in all neurons. It also suggests that the increase in the levels of Oct-2 

expression seen at 24 hours, occurs as a result of reinforcement of expression , as 

opposed to de novo synthesis within those neurons which, prior to axotomy, show low 

Oct-2 levels.

The effect appears to be specific to Oct-2, as expression of the Bm-3 sub-family of 

POU domain transcription factors showed little variation following axotomy. The lack 

of Bm-3 response is of interest in itself, as Bm-3a which is expressed early in 

development has been shown to play a role in neurite outgrowth of ND7 cells (see 

Chapters land 3). That no change in Bm-3 a expression is observed during neuronal 

regeneration may suggest that the role of Bm-3a in the mature neuron is different from 

that played during development.

Thus, Oct-2 appears to respond to axotomy with a short-lived two to three fold increase 

in expression. As NGF has previously been shown to elevate the expression of Oct-2 

in sensory neurons (Wood etal., 1992; Kendall etal., 1995), this was an unexpected

192



result. However, it has been suggested that the signals other than the reduction of 

retrogradely transported NGF may trigger the neuronal response to axotomy (deFelippe 

and Hunt, 1994). It is of interest that expression of the nNOS gene, which has recently 

been shown to be activated by Oct-2, has also been shown to be elevated following 

axotomy (Verge etal., 1992b; Deans etal submitted.). This suggests that the observed 

induction of Oct-2 expression may play a role in the modulation of nNOS expression 

following axotomy.
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Chapter 6

Results

Analysis of functional domains within 

Brn-3a, Brn-3b and Brn-3c
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6.1 Introduction

6.1.1 Modular structure of transcription factors

The activation or repression of gene transcription involves the interaction of sequence-

specific transcription factors with components of the general transcription complex,

either by direct contact or via intermediary factors (for more details see Chapter 1). This

process requires two distinct functions: binding of specific DNA sequences, and

protein-protein interactions leading to activation. Many eukaryotic transcription factors

have been described as having a modular organization in which these functions occur

within the same protein, but localized in distinct domains (Ptashne, 1988; Frankel and

Kim, 1991). The restriction of specific functions to domains facilitates the production

of proteins which have opposing effects on transactivation, by alternative splicing from

the same gene (Foulkes and Sassone-Corsi, 1992). This is exemplified by the cell-type 
?

specific ^icing of Oct-2 mRNA which results in the generation of an isoform 

predominant in B cells capable of activating transcription, while neuronal specific 

isoforms which lack the C-terminal activation domain, act as repressors (Wirth etal. , 

1991; Lillycrop and Latchman, 1992)

The separable nature of transcription factor domains was first demonstrated by the 

replacement of the DNA-binding domain of GAL-4 (a yeast transcriptional activator) 

with that of the bacterial repressor LexA, resulting in a protein which was able to 

activate transcription from LexA promoter sites (Brent and Ptashne, 1985). This 

provides a mechanism by which the activity of putative activator or repressor domains 

can be assayed in the absence of their usual DNA binding domain. Thus, if the potential 

activation domain is fused to the GAL4 DNA-binding domain, the activity of a reporter 

construct bearing a promoter containing GAL4 binding sites can be assayed. This 

allows the determination of the independent nature of the domain, in addition to 

investigation of the effects of distance and position relative to the transcriptional start
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point on the activity of the activation domain, as the GAL4 sites can be cloned into the 

construct at different positions.

6.1.2 The modular structure of Brn-3

The Bm-3 proteins share with other members of the POU IV family, two regions of

homology: the POU domain, and the POU IV box in the N-terminal region (Gerrero et

d., 1993; Turner etal., 1994; Theil etal., 1995; see Chapter 1). Bm-3 a and Bm-3b

have both been shown to exist as two isoforms, one longer than the other, which differ

in the N-terminal region. Bm-3a(s) represents a tmncated version of Bm-3a(l), lacking

84 amino acids found at the N-terminus, which include the majority of the POU IV box
^ acids

(Theil etal., 1993). In contrast, Bm-3b(s) which lacks 88 amin^found in of Bm-3b(l), 

corresponding to the N-terminal portion of the POU IV box, has acquired, through the 

usage of an altemative translational start site, nine amino acid residues at the N- 

terminus which it does not share with Bm-3b(l) (Theil etal., 1995). The importance of 

the N-terminal region of Bm-3a has been implied by its requirement for the oncogenic 

potential of Bm-3a(l) in comparison to Bm-3a(s) (Theil etal., 1993). Similarly, Bm- 

3b(s) has been shown to repress the activity of artillcal promoters containing an 

octamer-related motif, while Bm-3b(l) has been shown to activate transcription of the 

CRH promoter which may reflect differences in the N-terminal region (Morris eta l., 

1994; Turner etal., 1994).

Studies to investigate the activity of Bm-3a(l) and Bm-3b(s) have shown that they have 

opposite and antagonistic effects on gene transcription (Morris etal., 1994; Budhram- 

Mahadeo etal., 1995b). Thus, Bm-3a has been shown to activate transcription from 

artificial promoters containing octamer-related motif s (Budhram-Mahadeo et al., 1994; 

Morris etal., 1994) in addition to naturally occurring promoters such as that of the a -  

intemexin gene (Budhram-Mahadeo etal., 1995b), while Bm-3b not only represses 

these promoters, but can interfere with their activaÇation by Bm-3a (Budhram-Mahadeo 

etal., 1994; 1995; Morris etal., 1994). Experiments using chimeric proteins containing
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(i)

A

B

EFFECT 

tk-oct intemexin

+ +

+

(ii)

N-terminal domain POU domain

Figure 6.1: (i) Schematic representation of chimeric proteins containing domains 

swapped between Bm-3a (A) and Bm-3b (B). The effect of the proteins on the activity 

of an artificial promoter (tk-oct), or the cellular a-intemexin promoter (intemexin) is 

summarized, showing activation (+) or repression (-). taf ter Budhram-Mahadeo é-ra/., 1995b] 

(ii) Indicates the regions of the proteins used in the production of GAL4 constucts.
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domains swapped between Bm-3a and Bm-3b (see figure 6.1 ) have shown that in the 

case of the artificial promoters, this effect was dependent on the POU domain (Morris 

etal., 1994). In contrast, the activation of the a-intem exin gene promoter was shown 

to require on the N-terminal domain of Bm-3a (Budhram-Mahadeo etal . ,  1995b). It 

has been suggested that these differences are at least partly due to the context of the 

binding site within the promoter as when the Bm-3 binding element within the a -  

intemexin promoter placed in the same position as the octamer-related motif in synthetic 

promoter constructs it becomes dependent on the POU domain as opposed to the N- 

terminal domain (Budhram-Mahadeo £?/a/., 1996). Thus, depending on the promoter, 

different domains of Bm-3a have been shown to be necessary for the activation of 

transcription. This chapter reports the results of studies carried out to investigate the 

independent activity of these individual domains using the GAL4 system described in 

the previous section.
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6.2 Results

The POU domain and N-terminal domain of Bm-3a have previously been shown to 

have different effects on the activation of transcription depending on the promoter used 

(Budhram-Mahadeo^/a/., 1995b; see section 6.1.2). We, therefore, wanted to 

investigate the activity of the different domains of the Bm-3 proteins out of the context 

of the native protein. This chapter reports the results of transient transfection 

experiments to investigate their ability to activate transcription when fused to the GAL4 

DNA-binding domain

6.2.1 Production of GAL-4 constructs containing regions of Brn-3

To investigate the activity of the separate domains of the Bm-3 proteins it was 

necessary to clone them, in the correct reading frame, downstream of the GAL4 DNA- 

binding domain in the vector pSG424 (Sadouski and Ptashne, 1989; see figure 6.2). 

Constmcts were produced containing the N-terminal domain of Bm-3 a corresponding 

to regions I and II of the chimeric proteins (figure 6.1); and the POU domains of each 

Bm-3 protein (see Chapter 2).

6.2.2 Comparison of the activity of the POU domain with that of the N- 

terminal domain

In order to compare the activity of the different domains, each of the GAD4 constmcts 

was separately transfected into a fibroblast cell line lacking endogenous Bm-3 (BHK- 

21: Macpherson and Stoker, 1987) with a reporter constmct bearing the glutathione-S- 

transferase Jt gene promoter driving expression of the chloramphenicol 

acetlytransferase (CAT) gene with two GAL4 binding sites cloned at -94 relative to the 

transcriptional start point (GAL-GST-CAT) (Cowell and Hurst, 1994). In this way it 

was shown that the N-terminal domain was able to massively up-regulate transcription 

to levels approximately 50-fold higher than those seen with the reporter constmct co-
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147

Bm-3
DNA

terminationpromoter

Amp

S V4C — GAL4 SV40

b)

2xG A L4 UAS

prom oter CAT gene polyA

-94

Figure 6.2: a) Schematic representation of expression vector used to produce 

heterologous proteins containing regions of the Bm-3 proteins fused to the GAL4 

DNA binding domain, b) Promoter region of the GAL-GST-CAT reporter construct, 

indicating the two GAL4 upstream activation sequences (UAS) at -94 relative to the 

start of transcription.
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transfected with pSG424 alone (see figure 6.3). Thus, the N-terminal domain 

represents an independent activation domain capable of activating transcription when 

fused to a heterologous DNA-binding domain.

As can be seen in figure 6.3, the POU domains have little effect on transcription, and 

actually appear to reduce levels of activity below those seen with pSG424 alone. This 

was unexpected as the isolated POU domain of Bm-3 a in pJ4 has previously been 

shown to be capable of activating transcription of the reporter construct pap3/4 which 

contains a binding site for Bm-3 (Morris etal., 1994; see section 6.1.2). To investigate 

the observed effect further, the GAL4 constmcts were co transfected into BHK-21 cells 

with the pap 3/4 reporter constmct (figure 6.4). Comparison of these results with those 

obtained using the isolated POU domains in pJ4 (figure 6.5) showed that the POU 

domains linked to the GAL4 DNA-binding domain exhibited the expected pattem of 

activity when using a reporter constmct containing a binding site for Bm-3. Thus, Bm- 

3a activated transcription, while the levels of activity observed with Bm-3b and Bm-3c 

were below those of pJ4 alone (figure 6.4). This suggests, that the POU domain has to 

bind to its DNA binding site in order to function as an activation domain. Thus, DNA 

binding may result in conformational changes within the POU domain which allow 

interaction with other factors leading to activation. Figure 6.4 also shows that when 

using a reporter constmct to which it cannot bind, the N-terminal domain linked to the 

GAL4 DNA-binding domain is unable to activate transcription.

As the Bm-3 genes are largely expressed within the nervous system, we investigated 

the activity of the GAL4 constmcts in the ND7 neuronal cell line. The observed activity 

was similar to that seen in the BHK cells, such that the N-terminal domain acted as a 

strong activator of transcription with levels approximately 15-fold higher than those 

seen with pSG424 alone (figure 6.6). Interestingly, the POU domain of Bm-3c which 

is expressed mainly in sensory neurons (see Chapter 4), shows slight activation above 

the levels of pSG424 in this system (figure 6.6).
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Figure 6.3: Results of CAT assays showing the activity of the 

GAL-GST-CAT construct co transfected into BHK-21 cells with 

constructs containing the POU domain of Bm-3 a (A POU), 

Bm-3b (B POU), Bm-3c (C POU) or N-terminal domain of 

Bm-3a (N terminus) fused to the GAL4 DNA binding domain, or 

the empty expression vector pSG424 (vector). The results were 

equalized for DNA uptake, and are expressed as a percentage of 

pSG424 alone. Values are the mean of three experiments, bars 

indicate standard error.
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Figure 6.4: Results of CAT assays showing the activity of the 

pap3/4 construct co-transfected into BHK-21 cells with 

constructs containing the POU domain of Bm-3 a (A POU), 

Bm-3b (B POU), Bm-3c (C POU) or N-terminal domain of 

Bm-3 a (N terminus) fused to the GAL4 DNA binding domain, 

or the empty expression vector pSG424 (vector). These results 

are typical of those seen in two separate experiments. The results 

were equalized for DNA uptake, and are expressed as a 

percentage of pSG424 alone.
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Figure 6.5: Results of CAT assays showing the activity of the 

pap3/4 construct co-transfected into BHK-21 cells with an 

expression vector containing the POU domain of Bm-3a (A 

POU), Bm-3b (B POU), Bm-3c (C PO U ), or the empty vector 

pJ4 (vector). The results were equalized for DNA uptake, and are 

expressed as a percentage of pJ4 alone. Values are the mean of 

three experiments, bars indicate standard error.
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Figure 6.6: Results of CAT assays showing the activity of the 

GAL-GST-CAT construct co-transfected into ND7 cells with 

constructs containing the POU domain of Bm-3 a (A POU), 

Bm-3b (B POU), Bm-3c (C POU) or N-terminal domain of 

Bm-3 a (N terminus) fused to the GAL4 DNA binding domain, or 

the empty expression vector pSG424 (vector). The results were 

equalized for DNA uptake, and are expressed as a percentage of 

pSG424 alone. Values are the mean of three experiments, bars 

indicate standard error.
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6.2.3 Effects of the POU domains

The reciprocal effects of Bm-3 a and Bm-3b on the activity of artificial promoters have 

been shown to be dependent on a variation of one amino acid residue at position 22 in 

the helix of the POU homeodomain (Morris etaL, 1994; Dawson etaL, 1996; see 

Chapter 1). Interestingly, the isoleucine residue at this position in Bra-3b, is also found 

in Bm-3c in contrast to the valine residue in Bm-3a. The activity of the POU domain of 

Bm-3c has not been examined as it had not previously been isolated. Therefore, the 

POU domain of each gene in the pJ4 vector was co-transfected into BHK-21 cells with 

the pap 3/4 reporter construct. The POU domains of Bm-3a and Bm-3b showed the 

expected effect on the promoter, such that Bm-3 a increased levels while Bm-3b 

decreased levels of activity (figure 6.5). Interestingly, the POU domain of Bm-3c 

which, due to sequence similarities, we would expect to have an effect comparable to 

that of Bm-3b, appeared to have little effect on transcription, showing only a slight 

reduction in level of activation compared to that seen with pJ4 alone (figure 6.5). The 

full length Bm-3c has been shown to activate transcription (Budhram-Mahadeo etal. , 

1995b), therefore, it would be of interest to examine the activity of regions of the gene 

outside the POU domain.

6.2.4 Effect of distance and position of the binding site in relation to

the transcriptional start site

Having shown that the effect of the N-terminal domain on promoter activity was the 

same in both non-neuronal and neuronal cells, we wanted to determine whether the 

promoter context was of importance. Therefore, we investigated the ability of the 

GAL4 constructs to activate reporter constmcts with the thymidine kinase promoter 

driving expression of the CAT gene with five GAL4 binding sites cloned at different 

distances and position with relation to the transcriptional start point. In the original 

construct (GAL-tk-CAT) the five GAL4 binding sites were located at -105 relative to 

the transcriptional start point (Shi etal., 1991). Constmcts were also used in which the 

five GAL4 sites were located upstream of the transcriptional start point at -760 (GAL-
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Figure 6.7 : a) Schematic representation of the promoter region of the GAL-tk-CAT 

reporter construct indicating the five GAL4 UAS at -105bp relative to the start of 

transcription, b) Diagrams represent constructs in which the five GAL4 UAS are 

located at -760bp (GAL-tk-CAT_760). or +1000 (GAL-tk-CAT+ioOO) relative to the 

start of transcription.
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Figure 6.8: Results of CAT assays showing the activity of the 

GAL-tk-CAT construct co-transfected into BHK-21 cells with 

constructs containing the POU domain of Bm-3 a (A POU), 

Bm-3b (B POU), Bm-3c (C POU) or N-terminal domain of 

Bm-3a (N terminus) fused to the GAL4 DNA binding domain, or 

the empty expression vector pSG424 (vector). The results were 

equalized for DNA uptake, and are expressed as a percentage of 

pSG424 alone. Values are the mean of three experiments, bars 

indicate standard error.
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Figure 6.9: Results of CAT assays showing the activity of the GAL-tk-CAT 

-760 (i) and GAL-tk-CAT+iooo (ii) plasmids co-transfected into BHK-21 cells 

with constructs containing the POU domain of Bm-3a (A POU), Bm-3b (B 

POU), Bm-3c (C POU) or N-terminal domain of Bm-3 a (N terminus) fused to 

the GAL4 DNA-binding domain, or the empty expression vector pSG424 

(vector). The results were equalized for DNA uptake, and are expressed as a 

percentage of pSG424 alone. Values are the mean of three experiments, bars 

indicate standard error.
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tk-CAT_760) and downstream at +1000 (GAL-tk-GAL+ioOO) (Madden eta l, 1993; 

see figure 6.7).

Figure 6.8 shows the results of co-transfection with GAL-tk-CAT. The pattem of 

activity was similar to that seen with GAL-GST-CAT, with activation by the N-terminal 

domain levels approximately 2-fold greater than those seen with pSG424 alone. This 

activation was lower than that previously observed with GAL-GST-CAT, although the 

GAL4 binding sites are at a similar distance from the start of transcription in both 

constructs. This may reflect a promoter specific effect as the composition of basal 

transcription factors assembled at different promoters has been shown to play a role in 

selectivity (see Chapter 1 and Verrijzer et al., 1995), and these different complexes may 

respond differently to Bm-3. However, there is also a higher level of background 

activity seen with GAL-tk-GST in comparison to GAL-GST-CAT, which may reduce 

the levels of induction observed. Activation of transcription by the N-terminal domain 

to levels approximately 4-fold greater than those of pSG424 alone was observed when 

the GAL4 constmcts were co-transfected with GAL-tk-CAT_760 (figure 6.3).

In contrast to the previous experiments in which the GAL4 binding sites were upstream 

of the start of transcription, co-transfection with GAL-tk-CAT+iooO in which the five 

GAL4 binding sites are located downstream, no activation was seen. Thus, although 

activation was greater with the N-terminal domain than the POU domains, the levels 

were not greater than those observed with pSG424 alone (figure 6.9). This indicates 

that the position of the binding site in relation to the start of transcription may determine 

the ability of Bm-3 a to activate transcription through the N-terminal domain.

6.2.5 Analysis of the Brn-3a N-terminal domain

As the N-terminal domain of Bm-3 a appeared to activate transcription in most of the 

experiments described previously, we wanted to determine whether there was a specific 

region within the domain responsible for this activation. Bm-3 a exists as two isoforms.
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(i)

Bm-3a(l)

III IV

268

Bm-3a(s)

(ii)

1 25 184

N-term (1 and s) 

N-term (I)

Figure 6.10: (i) Schematic representation of the two isoforms of Bm-3a. The 

separate domains previously studied using chimeric proteins are represented by roman 

numerals, while numbers represent the positions of amino acids delineating the borders 

of the sub-domains. The bars in (ii) indicate regions of the N-terminal domain cloned 

into GAL4 constructs.
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Figure 6.11: Results of CAT assays showing the activity of the GAL-GST- 

CAT (i) and GAL-tk-CAT (ii) plasmids co-transfected into BHK-21 cells with 

constructs containing the POU domain of Bm-3a (A POU), or regions of the N- 

terminal domain of Bm-3a [N term (1 and s); N term (1)] fused to the GAL4 

DNA-binding domain, or the empty expression vector pSG424 (vector). The 

results are typical of those seen in two separate experiments. The results were 

equalized for DNA uptake, and are expressed as a percentage of pSG424 alone.
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a long and a short form (Bm-3a(l) and Bm-3a(s) respectively), which differ by 84 

amino acids corresponding to most of die POU IV box at the N-terminus of the protein 

(Theii etal., 1993). This region has previously been shown to be important as it 

provides the oncogenic potential of Bm-3a(l) (see Chapter 1). A Gal4 construct was 

therefore, produced containing a fragment corresponding to this region unique to Bm- 

3a(l) (see figure 6.10). This allowed comparison between the activity of the entire N- 

terminal domain (1 and s), with that of the region found only in the long form (1).

Figure 6.11 shows the results of co-transfection of the two N-terminal constructs into 

BHK-21 cells with the GAL-GST-CAT. As can be seen in figure 6.11, the N-terminal 

(1) region retains the ability to activate transcription, but the levels of activity are 

reduced to approximately half of those seen for the N-terminal (1 and s) domain. Thus, 

N-terminal (1 and s) shows 7.5-fold increase in activity compared to pSG424 alone, in 

contrast to the 3-fold increase seen for N-terminal (1). Similar results were seen 

following co-transfection of the N-terminal constructs with GAL-tk-CAT, although the 

levels of activity were much lower than those observed with GAL-GST-CAT (figure 

6.11). The greater activity of the N-terminal (1 and s) suggests that the region within the 

short form of Bm-3 a may contain a separate domain required for the activation of 

transcription. Alternatively, it may be that the entire N-terminal domain is required. To 

investigate these possibilties, it would be necessary to produce a further construct 

containing the N-terminal (s) region alone to see whether it is capable of activating 

transcription to the levels seen with the intact N-terminal domain.
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6.3 Discussion

Previous studies have shown that Bm-3 a contains two distinct activation domains, the 

POU domain and a domain within the N-teminal region (see figure 6.1). Both of these 

domains have been shown to be capable of affecting gene transcription depending on 

the promoter used, such that the POU domain is responsible for the activation of 

artificial constructs containing Bm-3 binding sites linked to the tk-promoter, while the 

N-terminal domain is required for the activation of the naturally occuring a-intemexin 

promoter (Budhram-Mahadeo g/a/., 1995b; 1996).

Here, the N-terminal domain has been shown to be an independent activation domain, 

capable of activating the transcription of a reporter gene in a constmct containing GAL4 

binding sites, when fused to the GAL4 DNA-binding domain. This activation by the N 

terminal domain of Bm-3a was observed in both non-neuronal BHK cells (figure 6.3) 

and neuronal ND7 cells (figure 6.6). The levels of activity were lower in ND7 cells 

than in BHK cells, which may reflect a difference in transfection efficiency between the 

two cell lines.

Previous studies have established the importance of the entire N-terminal domain in the 

transforming ability of Bm-3a(l) compared to Bm-3a(s) (Theil etal., 1993; see section 

6.1.2). Interestingly, both isoforms have been shown to be capable of activating 

transcription (Morris etal., 1994) yet as these studies were carried out using synthetic 

promoters containing octamer-related motifs, the activation by both forms may reflect 

the effect of the POU domain. Here, initial experiments aimed at identifying regions 

within the N terminal domain responsible for activation, have shown that the entire N 

terminal domain gave higher levels of activity than tfeaa the Bm-3a(l) specific region 

alone (figure 6.11). This suggests that the entire N-terminal domain is required for 

efficient activation, either due to the two separate regions in the long and the short
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forms, or one region across the splice site which is lacking from the truncated N 

terminus. A potential region for the latter case is the POU IV box the C terminus of 

which is not present in the N-terminal (1) domain. It would, therefore, be of interest to 

investigate the activity of this region in isolation, in addition to that of the N-terminal 

region of Bm-3a(s).

Examination of the effect obtained when using different promoters has shown that the 

induction was greater in constructs containing the GST promoter driving the CAT gene 

(50-fold: see figure 6.3), than with the tk promoter (2-fold: see figure 6.8). As 

described in Chapter 1, promoter selectivity can be determined, in part, by the 

composition of the basal transcription complex at the TATA box, with different TATA- 

binding protein-associated factors assembled at different promoters (Verrijzer etal. , 

1995). The different responses of these complexes mean that differential promoter 

activity can, therefore, be attained in the presence of one sequence-specific 

transactivating protein.

Co-transfection of the N terminal domain linked to the GAL4 DNA-binding domain 

with a reporter construct in which the GAL4 binding sites were located at -760 with 

respect to the transcriptional start point resulted in slightly higher levels of activity 

compared to those observed when the GAL4 binding sites were located at -105 (figures 

6.8; 6.9). By contrast, no activation was observed above the level of the GAL4 DNA- 

binding domain alone, when the GAL4 binding sites were localized downstream of the 

transcriptional start point at 4-1000 (figure 6.9). This suggests that the ability of the N- 

terminal domain to act as an activation domain depends on the position of the binding 

site relative to the transcriptional start point. The observed lack of activation from the 

downstream binding sites may reflect a polarity in the N-terminal domain such that it 

has to bind upstream of the basal transcription complex to be able to interact with it. 

This could be investigated by reversing the orientation of the GAL4 binding sites 

localized downstream.
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Interaction of a transactivating factor with the transcriptional apparatus from a distance 

leading to the activation of transcription may occur directly through the looping out of 

intervening DNA, or indirectly through interactions with other proteins (Latchman, 

1995). Unfortunately, the data is difficult to interpet in terms of the context of the 

binding site in relation to other transcription factor binding sites as the reporter 

constructs with the GAL4 sites at different positions were produced by moving large 

restriction fragments of the promoter, as opposed to moving the binding sites alone 

(Madden etal., 1993). It would be of interest to examine the effects of altering the 

context of the binding site within the promoter as this may indicate interactions between 

the N-terminal domain and transcription factors bound at adjacent sites. Interestingly, 

the context of the Bm-3 binding site has recently been shown to affect the dependence 

on the different regions of Bm-3 a (Budhram-Mahadeo etal., 1996). In these studies, it 

has been shown that the Bm-3 binding element within the a-intemexin promoter 

requires the N terminal domain for activation in its usual context, yet becomes 

dependent on the POU domain when placed in the same position as the octamer-related 

motif in synthetic promoter constmcts.

In contrast to the N-terminal domain, no activation was seen of promoters containing 

binding sites for GAL4 using the POU domain of Bm-3a fused to the heterologous 

DNA binding domain (figure 6.3), although it has been shown to be able to function in 

isolation to activate transcription from artificial promoters containing octamer-related 

motifs (Morris etal., 1994; figure 6.5). Interestingly, the same POU domain-GAL4 

DNA-binding domain constmcts were able to activate transcription from a promoter 

containing binding sites for Bm-3 a (figure 6.4), suggesting that DNA binding by the 

POU domain is necessary for it to function as an activator. Thus, DNA binding may 

induce a conformational change within the POU domain to expose amino acid residues 

required for interaction with co-factors necessary for transcriptional activation. Such a 

conformational change has been described following the binding of Oct-1 to specific 

sites, enabling its recognition by VP16 (Walker etal., 1994). This is of particular
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interest as the different effects of the Bm-3 a and Bm-3b POU domains on 

transcriptional activity have been shown to be dependent on an amino acid subsitituion 

in the POU domain at a position equivalent to that in Oct-1 critical for recognition by 

VP16, which has, by analogy, been suggested to be involved in co-factor recognition 

by the Bm-3 proteins (Dawson etal., 1996). It has also been suggested that DNA 

binding by the POU domain may result in stmctural alterations of adjacent sequences 

facilitating the binding of other factors and thus leading to activation (Budhram- 

Mahadeo etal., 1996). In either of these cases, the POU domain would have to bind 

DNA to be able to function as an activator.

As described above, an amino acid substitution within the first helix of the POU 

homeo domain has been shown to be required for the opposite effects of the POU 

domains of Bm-3 a and Bm-3b on promoter activity (Morris etal., 1994; Dawson et 

al., 1996). Site-directed mutagenesis has shown that the replacement of the isoleucine 

in Bm-3b, with the valine residue of Bm-3 a, converts the Bm-3b POU domain from a 

repressor to an activator (Dawson etal., 1996). The POU domain of Bm-3c shares this 

substitution with Bm-3b (Ninkina etal., 1993), suggesting that, although the full 

length Bm-3c has been shown to activate (Budhram-Mahadeo etal., 1995b), in 

isolation the POU domain may function to repress transcription. However, the POU 

domain showed little effect on transcription (see figure 6.5), suggesting that other 

regions of the protein, such as the N terminal domain, may play a more important role 

in the regulation of gene expression by Bm-3c. Thus, it would be of interest to examine 

the activity of these regions in isolation.

Thus, the presence of two activation domains in Bm-3 a may provide a mechanism of 

differential regulation of gene expression on the basis of the different positioning of the 

binding site within the promoter. Furthermore, binding of DNA by the POU domain 

may induce conformational changes within the POU domain enabling recognition co

activators. Interestingly, the binding of Oct-1 to different specific sites has shown to
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induce changes in its conformation which enable recognition by distinct co-factors 

(Misra etaL, 1996). If the same is true of Bm-3a it would provide a further mechanism 

for differential regulation of transcription by this factor depending on the specific DNA 

element in the gene promoter.
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Chapter 7

General Discussion
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Bm-3 a, Bm-3b and Bm-3c constitute a sub-family of POU domain transcription 

factors the expression of which has been described mainly in the retina, spinal cord, 

regions of the brain and sensory ganglia (He etal., 1989; Lillycrop etal., 1992; 

Ninkina etal., 1993; Turner etal., 1994: Xiang etal., 1995). The identification and 

characterization of POU domain proteins in the nervous system is of interest as POU 

proteins have been shown to play important roles in establishing and maintaining 

specific cellular phenotypes in the tissues in which they are expressed.

We were interested in the putative role of the Bm-3 transcription factors in the 

development of sensory neurons, suggested by their homology to nematode regulatory 

gene, unc-86. This factor plays a critical role in the lineage determination and 

differentiation of some neuronal subtypes in C. elegans, such as the mechanosensory 

touch receptor neurons (Finney and Ruvkun, 1990). Previous studies in our laboratory 

using the sensory neuronal cell line ND7, have supported this potential role (Lillycrop 

etal., 1992; Budhram-Mahadeo etal., 1994). This study describes the expression 

pattems of the Bm-3 family in the neurons of the developing and adult sensory ganglia, 

and suggests distinct, yet overlapping spatial and temporal pattems of expression.

Comparison of the expression as determined by in situ hybridization of sections of 

mouse embryos taken at different stages during development, shows that although Bm- 

3a and Bm-3c can be observed in the sensory ganglia from E12.5, Bm-3b expression 

does not become apparent until post-natal stages. Interestingly, preliminary studies by 

wholemount in situ hybridization of mouse embryos at E9.5 suggest expression of 

Bm-3 a in the trigeminal ganglion at this early stage. This observed expression is in 

agreement with studies by Fedstova and Tumer, who have determined the localization 

of Bm-3 a in the E9.5 mouse by immunolabelling, and described co-localization of Bm- 

3a in the PNS with PCNA, a marker for proliferating cells (Fedstova and Tumer,

1995). The expression of Bm-3 a by neuronal progenitors in the sensory ganglia 

suggests that it may be an early marker of commitment to the sensory neuron lineage. It
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would, therefore, be of interest to determine whether the disruption of the Bm-3a gene 

in mice resulted in the loss of sensory neurons.

In the developing sensory ganglia, Bm-3a expression can be seen in the majority of 

neurons, although a biphasic pattem is observed in the levels of expression such that 

the high levels seen at E12.5, are reduced at E15, and subsequently elevated, being 

maintained in the post-natal and adult sensory ganglia. This suggests that in addition to 

its potential role early in sensory neuronal development, Bm-3a may be required for the 

maturation and maintenance of the neurons. Previous studies in our laboratory have 

shown that in the ND7 cell line, the expression of Bm-3a correlates with neurite 

outgrowth (Budhram-Mahadeo era/., 1995a; Lakin etal., 1995; Smith eta l, 

submitted). Thus, it may be possible to speculate that the initial expression of Bm-3a 

corresponds to the period of axonal growth towards the target field, while the second 

phase of expression may correspond to the period of modification and refinement of 

neuronal connections during neuronal maturation. However, the precise functions of 

Bm-3 a within sensory neurons remain to be established.

The co-expression of Bm-3a and Bm-3b in the sensory ganglia at later stages of 

development is of interest as these factors have been shown to have opposite and 

antagoniste effects on promoter activity (Budhram-Mahadeo etal., 1994; Morris etal., 

1994; Budhram-Mahadeo etal., 1995b). Comparison of expression suggests that both 

Bm-3 a and Bm-3b are expressed in the majority of neurons, although there appears to 

be some variation between neurons in the level of expression of both factors. Thus, the 

up-regulation of Bm-3b in the sensory ganglia may provide a mechanism of refining 

the pattem of expression of Bm-3a target genes in the mature neurons.

The levels of expression of Bm-3c in the early ganglia are low compared to those of 

Bm-3a, yet appear to be up-regulated in the period of neuronal maturation following the 

phase of naturally-occurring cell death. Interestingly, Bm-3c appears to be expressed
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by the majority of neurons in the early ganglia, yet shows progressive restriction to a 

subset of neurons, such that in the adult DRG it is expressed by approximately 20% of 

neurons. The observed restriction of Bm-3c to a subset of neurons in the adult sensory 

ganglia is in agreement with immunolocalization studies described by another group 

(Xiang graZ., 1995).

The DRG and, to a lesser extent, trigeminal ganglion are known to constitute a 

heterogeneous population of neurons with specific sensory functions (Perl, 1992). 

Thus, the up-regulation of Bm-3c expression during the period of neuronal maturation 

in a subset of neurons suggests that it may be required for the acquisition and 

maintenance of a specific neuronal phenotype. Studies have suggested that Bm-3c 

expression is localized in neurons of intermediate diameter, showing a degree of 

overlap with neuronal populations described by RT97 and peripherin, yet the precise 

identity of neurons expressing Bm-3c is not known. Although Bm-3c has been shown 

to activate heterologous promoters containing octamer-related motifs (Morris etal. , 

1994), and the a-intemexin gene promoter (Budhram-Mahadeo etal., 1995b), no 

specific target genes have been identified for Bm-3c. Therefore, it cannot be said 

whether the restriction of Bm-3c expression plays an independent role in the 

development of a specific neuronal subset, or whether it provides a mechanism to 

further refine the pattems of expression produced by differential expression of Bm-3a 

and Bm-3b. The targetted dismption of the Bm-3c gene which has recently been 

reported (Erkman etal., 1996) described no defects in the DRG, yet it may be that in 

the absence of Bm-3c, the neurons assume a different phenotype, and the lack of the 

Bm-3c specific subset has not been detected.

a
Interestingly, the targetted dismption of both Bm-3b and Bm-3c genes describ^critical 

role for the factors in the terminal differentiation of specific sensorineural cells, yet 

suggest that the individual members of the family may play different roles in different 

cell types (Erkman era/., 1996; Gan era/., 1996).
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In view of the potential role for Bm-3a in neurite outgrowth described in ND7 cells 

(Lakin etal., 1995; Smith etal., submitted), it is of interest that the Bm-3 family showi 

little response to axotomy, suggesting that these factors are not required for axonal 

regeneration following nerve injury. However, the Class 11POU domain protein, Oct-2 

which has also been described in sensory neurons (Lillycrop etaL, 1991), shows an 

increase of over two fold in expression at 24 hours after peripheral nerve section, 

returning to normal levels at 48 hours (Begbie etaL, 1996). Interestingly, Oct-2 has 

recently been shown to regulate expression of nNOS, levels of which have also been 

shown to increase following axotomy (Verge etaL, 1992b; Deans etaL, 1995; Deans et 

al,, submitted). Thus, Oct-2 may play a role in regulating aspects of gene expression 

observed in sensory neurons in response to peripheral nerve injury.

Previous studies have suggested that a domain in the N-terminal region of Bm-3a is 

required for the activation of the a-intemexin gene promoter (Budhram-Mahadeo etaL, 

1995b) although the POU domain of the protein is sufficient for activation of a 

synthetic promoter containing an octamer-related motif (Morris a/., 1994). This study 

has extended these findings, showing that the N-terminal region of Bm-3a constitutes 

an independent activation domain, capable of activating transcription when fused to the 

GAL4 DNA-binding domain. Furthermore, the entire N-terminal domain appears to 

activate transcription more effectively than the truncated Bm-3a(l) region of the N- 

terminal domain which lacks the C-terminal of the POU-IV box. This suggests that the 

POl-lV box may play a role in the activity of this domain. However, further studies, 

including analysis of the POU-IV box and Bm-3a(s) region in isolation, are required to 

characterize the nature of the activation domain within this region.

Interestingly the activity of N-terminal domain appears to be greater when acting from 

binding sites localized upstream of the transcriptional start point, rather than those 

localized downstream. This suggests a dependence on the position of the binding site 

with relation to the start of transcription for the activation ability of the N-terminal
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domain which is of interest as it has recently been shown that the context of the binding 

site within the promoter determines the differential utilization of the N-terminal or POU 

domains in trans-activation (Budhram-Mahadeo etaL, 1996).

A further observation from this study is that efficient transcriptional activation by the 

POU domain of the Bm-3 proteins appears to require direct contact between the POU 

domain and DNA. This suggests that conformational change induced by DNA binding 

may lead to the exposure of residues within the POU domain required for the 

recruitment of additional factors. Such an alteration in conformation has also been 

described following the binding of Oct-1 POU domain protein to specific sequences, 

enabling its recognition by VP16 (Walker etaL, 1994). Furthermore it has been shown 

that binding to specific sites induces distinct conformations of Oct-1 enabling selective 

interactions with distinct VP16 proteins (Misra etaL, 1996). This is particular interest 

as the opposite effects on transcriptional activity observed with the POU domain of 

Bm-3a and Bm-3b have been shown to depend on a valine to isoleucine amino acid 

substitution in a position equivalent to that in Oct-1 recognized by VP 16 (Dawson et 

aL, 1996). This may, therefore, suggest a mechanism by which the Bm-3 proteins 

could interact with distinct regulatory proteins on binding to different sites. Further 

studies are required to identify cofactors recruited by the Bm-3 proteins and to 

characterize their interactions on different sites, and is subject of ongoing work in our 

laboratory.

Thus, the members of the Bm-3 family have been shown to consist of independent 

functional domains which appear to have specific activities depending on contact with 

the DNA binding site and its position within the promoter. This suggests potential 

mechanisms of differential regulation of target gene transcription, which is of particular 

interest as the factors have been shown to exhibit overlapping pattems of expression. 

However, much work remains to be carried out in the identification of precise roles of 

these factors and the elucidation of the mechanisms of their action.
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