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ABSTRACT

Pathophysiological activation of NMDA receptors in the rat striatum in vivo 
leads to the rapid molecular induction of immediate early gene (lEG) transcription 
factors which may regulate the expression of downstream genes important for neuronal 

survival. Fos and Jun family proteins which make up the AP-1 transcription factor 
complex are amongst the earliest genes induced in the quinolinic acid (QA) lesioned rat 

striatum. This study characterizes the complete temporal pattern of Fos family protein 

expression between two and 30 hour following striatum QA lesion using Western blot 
analysis with antibodies specific to each protein. c-Fos expression is rapid and transient 
followed by the sequential expression of FosB and AFosB for more prolonged periods. 
This study demonstrates for the first time the expression of AFosB after striatal QA 
lesion, and localizes by immunocytochemistry both FosB and AFosB proteins 
concurrently present in the same neurons. Examination of lesion-induced mRNA by RT- 
PCR proves that AfosB is derived from the alternative splicing of the fosB gene. There 
is constitutive expression of Fra-1, Fra-2, and three additional Fos-related proteins which 
have not previously been described. Electrophoretic mobility shift assays (EMSA) show 
that Fos family proteins expressed after striatal lesion are involved in binding to the AP-1 
consensus sequence within the first intron of the nerve growth factor gene, which may 
have important consequences for neuronal survival. The binding pattern of lesion- 
induced proteins to the NGF promoter element is compared to various related DNA 
promoter regulatory elements. The interactions of AP-1 with other transcription factors 
such as the activated glucocorticoid receptor, ATF-2, and CREB are investigated by 
EMS A supershift studies, and the functional importance of these transcription factor 
interactions are discussed in respect to the control of the nerve growth factor gene 

following striatal injury.
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CHAPTER 1 

THE HISTORY OF AP-1 PROTEINS 

Section 1.1: Introduction

The discovery of the AP-1 proteins as well as many genes involved in basic 

cellular functions has come about through the investigation of oncogenic retrovirus 

genes. A retrovirus incorporates DNA from a cellular gene into its own genome by 

recombination. Although the viral oncogene (v-onc) is derived from a nonnal cellular 

gene (c-onc), the virus is able to induce abnormal cellular proliferation and neoplasia in 

an infected cell by either expression of a mutant form of c-onc or by inappropriate 

expression of the gene under the control of the viral transcriptional machinery (Bishop 

and Varmus, 1982).

This Chapter describes the initial discoveries of the AP-1 proteins and the 

elucidation of their role in gene regulation. Following Chapters will examine AP-1 

proteins in more detail; including the structural characteristics that enable dimerization 

and DNA binding (Chapter 2), the functional domains necessary for activation and 

inhibition of transcription (Chapter 3), the induction of AP-1 expression in neurons 

(Chapter 5), and their interactions with other transcription factors (Chapters 7 and 8). 

The experimental animal model of excitotoxicity by NMDA lesion of the striatum used in 

this thesis is introduced in Chapter 4, and the role of the neurotrophin nerve growth 

factor in these striatal lesions is presented in Chapter 6.

Section 1.2: The discovery of c-Fos, c-Jun, and the AP-1 transcription factor 

complex

The v-fos^ gene was isolated from the Finkel-Biskis-Jinkins murine osteosarcoma 

virus (FBJ-MSV) (Curran and Teich, 1982a), which induces spontaneous bone tumors in 

a C Fl mouse (Finkel, 1966). v-Fos was subsequently also found to be the oncogenic 

agent in the FBR-MSV bone tumor (Curran and Verma, 1984; Van Beveren, 1984) 

which can be experimentally induced by the chicken sarcoma virus NK24 (Nishizawa, 

1987) and experimentally by radiation treatments (Finkel and Biskis, 1968). Sera from 

mice infected with FBJ-MSV was used to purify the 55 kilodalton (kDa) v-Fos 

phosphoprotein (Curran and Teich, 1982a). A 39 kDa protein also co-precipitated with

’ The conventional nomenclature for oncogenes denotes the viral genes as v-fos and v-jun and their 
cellular counterparts are c-fos and c-jun. Genes and mRNA transcripts are written in the lowercase (c- 
fos and c-jun) and their corresponding protein products are uppercase (c-Fos and c-Jun). In this thesis, 
all members of the collective gene or protein families are implied by fos (Fos) or jun (Jun).
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v-fos, but at that time the identity of p39 was unknown (Curran and Teich, 1982a, 

1982b; Curran, 1985). v-Fos purified from FBR-MSV was of a larger size than FBJ- 

MSV v-Fos due to the inclusion of a viral transforming gene, but the two proteins 

included identical coding sequences (Curran and Verma, 1984). The v-fos gene and its 

cellular counterpart, c-fos, differed in their carboxy-termini due to an out of frame 

deletion of 104 nucleotides in the viral oncogene (Van Beveren, 1983; Curran, 1984), 

but despite this difference c-fos was able to transform cells as effectively v-fos (Miller, 

1984).

The oncogene v-jun is responsible for the formation of fibrosarcomas in chickens 

by the avian sarcoma virus ASV-17 (Maki, 1987). The name jun  comes from the word 

“ju-nana” which means “17” in Japanese. The carboxy-terminus of the c-Jun protein 

showed close homology to the carboxy-terminus and DNA binding domain of the yeast 

transcription factor GCN4 (Vogt, 1987), which regulates genes involved in amino acid 

biosynthesis (Hope and Struhl, 1985). In addition, the homologous domains of the two 

proteins could functionally replace each other in transfection assays in yeast (Struhl, 

1987). It was noticed that the GCN4 DNA binding domain recognizes a core consensus 

sequence (5’-TGA(C/G)TCA-3’) which was similar to the sequence that was known to 

bind another transcription factors known as activator protein 1 (AP-1) (Bos, 1988). AP- 

1 was first described as a transcriptional activator of SV40 and human metallothionein 

IIA genes (Lee, 1987a). Due to the known ability of AP-1 to activate a variety of genes 

after induction by phorbol ester tumor promoters such as 12-0-tetradecanoyl-phorbol- 

13-acetate (TPA), the DNA sequence to which AP-1 binds was referred to as the TPA- 

responsive element (TRE)^ (Angel, 1987; Lee, 1987b; Chiu, 1987). When the AP-1 

factor was first isolated from Hela cells it was found to be a mixture of different proteins 

(Piette and Yaniv, 1987). In studies to determine whether there was a relationship 

between c-Jun and AP-1, antisera against two different regions of the c-Jun protein 

cross-reacted with the 40 kDa AP-1 protein, and c-Jun and AP-1 were found to be 

functionally identical in their binding and activation of consensus DNA sequences 

(Bohmann, 1987; Angel, 1988a). The sequence of the 40 kDa protein component of 

AP-1 proved to be identical to c-Jun.

În recent literature, the term “AP-1 site” is often used to denote the DNA consensus sequence to which 
the protein complex binds. For reasons of clarity, in this thesis I will use the term “AP-1” to refer only 
to the transcription factor protein complex, and “TRE” for the DNA consensus sequence that binds AP- 
1 .
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The discovery that c-Fos was also a component of the AP-1 complex was found 

by an independent route. It had initially been shown that c-Fos was a DNA binding 

protein (Sambucetti and Curran, 1986). The link between AP-1 and c-Fos was made 

with the discovery that the AP-1 protein complex regulating the expression of the 

adipocyte gene included c-Fos (Distel, 1987), and subsequently c-Fos and Fos-related 

antigens were found to be present in the AP-1 mixture (Franza, 1988; Rauscher, 1988a). 

Other investigators independently discovered that c-Fos was involved in the recognition 

and activation of the collegenase TRE (Lucibello, 19881; Schonthal, 1988). With the 

knowledge that c-Fos and c-Jun were both components of AP-1, it was quickly verified 

that the p39 protein that co-precipitated and bound to c-Fos was indeed c-Jun (Chiu, 

1988; Rauscher, 1988b; Sassone-Corsi, 1988a)

Section 1.3: The discovery of the Fos and Jun family proteins: Fra-1, Fra-2, FosB, 

Jun-B, and Jun-D

Early experiments with c-Fos indicated that additional related proteins may exist. 

It had been noted that the rapid upregulation of c-Fos in serum stimulated fibroblasts and 

nerve growth factor treated PC 12 cells was followed by the expression of additional 

proteins of 46, 35, and 30 kDa which were detected by antisera raised against the c-Fos 

protein (Muller, 1984; Curran, 1985; Franza 1987). Other features that these proteins 

had in common with c-Fos were nuclear localization and DNA binding. The first c-Fos- 

related gene, called r-fos, was obtained from a serum stimulated mouse cDNA library 

(Cochran, 1984). When partially sequenced, r-fos showed homologies to the third exon 

of c-fos, however this clone was lost and further characterization was not possible. The 

first fully characterized Fos-related antigen (Fra-1) was obtained by screening a serum- 

stimulated fibroblast cDNA library with an antibody against the c-Fos “M peptide” 

(amino acids 127-152) which corresponds to the c-Fos DNA binding domain (Cohen and 

Curran, 1988). Fra-1, a 46 kDa protein, shared considerable homology (77% similar 

amino acids) to c-Fos within the M peptide segment and the adjacent sequence, and 

homology within the DNA binding region and the contiguous “leucine zipper” domain 

emerged as a common characteristic amongst all Fos and Jun family proteins (see 

Chapter 2).

The next Fos family protein to be cloned, FosB, was discovered in growth 

stimulated mouse fibroblasts (Zerial 1989). FosB was shown to also bind to TREs and 

form heterodimers with Jun proteins. A third Fos-related antigen (Fra-2) was purified 

from serum stimulated chicken embryo fibroblasts (Nishina, 1990). This 46 kDa protein

16



shares homology with the regions of c-Fos and Fra-1. Shortly after the discovery Fra-2 

in avian tissue, the human Fra-2 protein was described (Matsui, 1990).

More recently, the AFosB protein was found to be fomied from an alternatively 

spliced transcript of the fosB gene (Dobrzanski, 1991; Mumberg, 1991; Nakabeppu and 

Nathans, 1991 ; Yen, 1991). The sphcing event results in a frame shift that creates a stop 

codon, and AFosB protein is thus missing the last 101 amino acids of the FosB carboxy- 

terminus. Other than the carboxy-terminal truncation, AFosB is identical to FosB in all 

other respects. The functional differences between FosB and AFosB are still being 

explored (see Section 3.2).

The search for Jun-related proteins was also underway in the late 1980s. Jun-B 

(Ryder, 1988) and Jun-D (Ryder, 1989; Hirai, 1989) were isolated from growth factor 

stimulated mouse 3T3 cells, and both are similar to the DNA binding region of the other 

AP-1 proteins. The human cDNAs for jun-B and jun-D were isolated by Nomura et al 

(1990).

There have been recent reports of additional AP-1 proteins which have not yet 

been fully characterized. A unique 34-37 kDa protein immunoreactive with an antibody 

against the amino-terminus of v-Jun appears to be distinct from c-Jun because it has a 

different molecular weight and expression pattern, and thus was named a Jun-related 

antigen (Jra) (Harlan and Garcia, 1995). Several more Fos-related proteins have been 

detected on Western blots in stimulated central nervous system (CNS) tissue 

(Sonnenberg 1989a, 1989b). A set of “chronic Fras” were induced in the striatum after 

long-term dopaminergic stimuli and remain elevated for prolonged periods (Bronstein, 

1994, Hope, 1994a; Pennypacker, 1994; Rosen, 1994). In particular, a 35 kDa protein 

has often been reported in the CNS after stimulation. Although both AFosB and Fra-2 

are 35 kDa proteins, these reports do not confirm or disprove whether the 35 kDa 

protein they detect is one of these known proteins. Some authors have described new 

proteins that are similar but not identical to AFosB (Hope 1994a; Chen, 1995; Doucet, 

1996). The characteristics of the FosB and AFosB-related proteins will be discussed in 

further detail in Sections 5.3, 15.2, and 15.3.

Section 1.4: Immediate early gene classitication of AP-1 proteins

Immediate early genes (lEG), which include the proteins of the AP-1 family, are 

classified according to a set of defined criteria. The characteristics of lEG are i.) low or 

undetectable expression in resting cells; ii.) rapid and transient expression within minutes
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of stimulation without prior protein synthesis, and iii.) turn-off of expression requiring 

protein synthesis. c-Fos was one of the first identified lEG due to its control of the entry 

of Go cells into the cell cycle after growth factor stimulation (Greenberg and Ziff, 1984). 

Most lEGs are transcription factors that regulate the induction or repression of 

downstream “late response genes” responsible for the more precise and unique response 

to a stimulus (Sheng and Greenberg, 1990). In must be noted that in some cases these 

genes display delayed and prolonged expression, and to resolve this discrepancy with the 

nomenclature of “immediate early gene” the label “inducible transcription factors” has 

recently been coined (Dragunow and Preston, 1995). The historical tenu lEG will be 

used in this thesis.
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CHAPTER 2

THE FORMATION OF THE AP-l/DNA COMPLEX 

Section 2.1: Introduction

The ability of the AP-1 proteins to form a functional complex is critically 

dependent on the dimerization of the proteins and the interaction of the AP-1 complex 

with particular DNA sequence elements. Dimerization between the AP-1 proteins occurs 

at their leucine zippers. Intrinsic to this union is the ability of the dimer to come into 

contact with a consensus DNA binding sequence. In this chapter, the structures of the 

leucine zipper and DNA binding domain will be detailed. The remaining carboxy- and 

amino-terminal regions of each AP-1 protein which are important for gene activation and 

repression will be examined in Chapter 3.

Section 2.2: The leucine zipper

The leucine zipper, which is found in many proteins capable of dimerization, was 

first described in the liver-specific transcription factor C/EBP. A leucine zipper is 

formed by an array of four or five leucines spaced seven residues apart over a distance 

of eight a-helical turns (Landschulz, 1988). The leucines protrude at right angles on the 

same side of the hehx (Fig. 2.1). Insertions and deletions which disrupt the spacing of 

the seven amino acids between leucines destroy the leucine zipper structure 

(Schuermann, 1989). Heterodimers can still form when the leucines are replaced with 

other hydrophobic amino acid such as phenylalanine, however other amino acid 

substitutions such as prohne can interfere with dimerization (Smeal, 1989). The helix is 

stabilized by the juxtaposition of acidic and basic ion pairs which form salt bridges 

between the two strands. The leucines associate with hydrophobic amino acids on the 

opposing protein found in regular 3-4 amino acid intervals (O’Shea, 1989). The 

remaining amino acids are hydrophilic, but their specific identities do not appear to be 

important for dimerization (Schuermann, 1989; Turner and Tjian, 1989).

Examination of the amino acid sequences of c-Fos and c-Jun suggested they may 

belong to the family of proteins containing the bZIP motif, which consists of a leucine 

zipper with an attached basic DNA binding domain (Landschulz, 1988). The bZIP 

domain is found in the carboxy-terminal end of the c-Jun protein and in the middle of the 

c-Fos protein. The presence of the leucine zipper in c-Fos and c-Jun was confirmed 

experimentally with mutagenesis studies (Kouzarides and Ziff, 1988; Gentz, 1989; 

Schuermann, 1989; Turner and Tjian, 1989) and by experiments in which antibodies 

against the leucine zipper prevented dimerization (Adamkiewicz, 1990). Leucine zipper

19



proteins dimerize into a “coiled coil” which can be in either the parallel or antiparallel 

configuration (Gentz, 1989). In the case of Fos and Jun, the proteins are in the parallel 

orientation with Jun wrapping around the straighter Fos strand and the DNA binding 

regions of both proteins emerging from the same side of the helix (Glover and Harrison, 

1995). The effect of particular mutations within the leucine zipper appears to be unique 

to each protein. For example, the mutation of two consecutive leucines in Jun has no 

effect on hetero- or homodimerization, however the same mutation in Fos completely 

eliminates its ability to form heterodimers (Ransone, 1989). Deletion of the amino- 

terminal basic domain does not interfere with dimerization, however in both proteins a 

histidine residue located seven residues to the carboxy-terminus of the last leucine is 

critical for the zipper formation (Cohen and Curran, 1990).

Although the leucine zipper is necessary for dimerization, the presence of a 

leucine zipper does not necessarily indicate that a particular protein can dimerize with 

another leucine zipper protein. The differences between Fos and Jun leucine zippers is 

illustrated by the fact that Jun proteins can form both homodimers and heterodimers, 

however Fos protein cannot form homodimers or bind to any other member of the Fos 

family. The unique features of the Fos zipper domain was illustrated by experiments in 

which substitution of the Jun zipper domain (Neuberg, 1989) or the GNC4 zipper 

domain (Sellers and Struhl, 1989) into the Fos protein enables the substituted Fos to 

form homodimers which are capable of TRE binding (Kouzarides and Ziff, 1989). 

Experiments studying dimerization at different pH values have shown that each protein 

has uniquely placed charged residues in the leucine zipper motif which determine 

specificity of dimerization (O’Shea, 1992). The inability of Fos proteins to form 

homodimers is due to negatively charged acidic residues in locations between the 

repeated leucines which create ionic repulsion between Fos proteins at neutral pH. 

Substitution of individual amino acids is sufficient to allow c-Fos homodimer 

formation, as seen with the glutamic acid residue located in the second heptad leucine 

(Nicklin and Casari, 1990). Interestingly, c-Fos and its Drosophila homolog, dFos, differ 

in two residues in the leucine zipper region, and the resulting greater hydrophobicity of 

dFos may be the reason why it is able to form a homodimer (Perkins, 1990). The c-Jun 

protein has an overall shghtly positive charge which is more spread out along the leucine 

zipper than the negative charges of c-Fos, thus facilitating its homodimerization and 

creating the strong affinity of c-Jun towards the oppositely charged Fos protein by 

allowing the formation of additional salt bridges.
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The c-Jun protein has a greater repertoire for protein binding compared to c-Fos, 

and can form both homodimers and heterodimers with Jun and Fos proteins, but there is 

a 1000-fold greater preference for forming heterodimers with c-Fos (O’Shea, 1989). c- 

Jun proteins can also form heterodimers with proteins of the CREB/ATF family and 

these complexes can bind to both the TRE and CRE DNA consensus elements, which 

greatly expands the role of c-Jun in gene regulation (see Chapter 8).

Section 2.3: The DNA Binding Domain

The hypothesis that the highly basic region located immediately to the amino 

terminus of the leucine zipper was the DNA binding domain of AP-1 proteins 

(Landschulz, 1988) was confirmed by cross-linking and site-directed mutagenesis studies 

(Halazonetis, 1988; Gentz, 1989; Neuberg, 1989; Turner and Tjian, 1989; Ransone, 

1990). The crystalhzed AP-l/DNA structure shows that these basic domains have a 

forceps-like grip on the DNA, binding by hydrogen bonds and van der Waals contacts 

(Fig. 2.1) (Glover and Harrison, 1995). A short invariant hinge segment linking the 

leucine zipper and the basic region creates the exact spacing between the two domains 

necessary for the proper alignment to allow the AP-1 complex to bind DNA (Smeal, 

1989, Glover and Harrison, 1995).

The AP-1 proteins have a high number of conserved amino acids in the DNA 

binding domain. The model of “gripped” DNA binding is dependent on basic amino 

acids which come into contact with the negatively charged phosphodiester DNA 

backbone and a highly conserved asparagine located 18 amino acids to the amino- 

terminal side of the leucine zipper in all bZIP proteins (Vinson, 1989). A region rich in 

pro lines and glutamines (amino acids 190 to 224) immediately to the amino-terminus the 

basic region of c-Jun may also contribute to DNA binding as an “ancillary DNA 

binding domain” (Fig. 3.2) (Neuberg, 1989; Cohen and Curran, 1990; Abate, 1991). 

DNA méthylation studies indicate that these residues outside the basic domain do not 

come in direct contact with DNA and thus stabilize the complex indirectly (Abate, 1991).

Cellular signalling pathways leading to oxidation and reduction of transcription 

factors may be a mechanism controlling DNA binding. The redox state of a conserved 

cysteine in both Fos and Jun (residue 154 of c-Fos and residue 272 of c-Jun) was shown 

to influence DNA binding (Abate, 1990a). AP-1 binds to DNA in the presence of 

reducing agents but not in conditions when the cysteine is oxidized. The replacement of 

the cysteine with a serine, as is the case in v-Jun, renders AP-1 insensitive to the effects 

of oxidation in vivo and enhances cellular transformation (Okuno, 1993). Early
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experiments indicated the presence of a cellular factor which promotes AP-1 DNA 

binding by affecting the oxidation state of the proteins (Abate, 1990b). In these 

experiments, recombinant AP-1 proteins expressed in E. coli can fonu heterodimers but 

require an additional proteinaceous factor from cell extracts for DNA binding. It was 

determined that this component is not a kinase or phosphatase, and it could be replaced 

by the reducing agent DTT. This cellular redox factor was discovered to be the protein 

Ref-1, a DNA repair enzyme also named AP endonuclease, which reduces cyseines and 

induces DNA binding for a number of transcription factors complexes including Fos/Jun, 

Jun/Jun, NF-KB, and some proteins of the CREB/ATF family (Xanthoudakis and 

Curran, 1992; Xanthoudakis, 1992). The mechanism of this activation has not yet been 

discovered, but it is known that the cysteines do not form disulfide bonds, and Ref-1 

does not directly bind to either the AP-1 complex or the TRE. The Ref-1 protein may 

itself also be under redox control in a intracellular signalling cascade. Other rrani-acting 

proteins and postranslational modifications which regulate the activity of the A P-1 

complex are discussed in Sections 3.4 and 3.5.

Jun/Fos heterodimers have an affinity for DNA between eight and 30 times 

greater than that for Jun/Jun homodimers, but initial reports conflicted concerning the 

relative DNA binding stabilities of various other Fos and Jun heterodimers (Halazonetis, 

1988; Kouzarides and Ziff, 1988; Nakabeppu, 1988; Rauscher, 1988c; Neuberg, 1989; 

Zerial, 1989). A more thorough study to resolve these differences demonstrated that the 

DNA binding affinities of the combinations of proteins differ significantly (Ryseck and 

Bravo, 1991). The c-Jun protein has the highest affinity for DNA followed by JunD and 

JunB. The order of DNA binding affinity of Fos family proteins with all other Jun 

proteins is FosB > Fra-1 > c- Fos. Even between c-Jun and v-Jun, there are qualitative 

and quantitative differences in their recognition of TRE sequences, and this difference in 

gene specificity may possibly be responsible for oncogenic cellular transformation 

(Hadman, 1993).

Section 2.4: The TRE

The DNA consensus sequence (5’-TGA(C/G)TCA-3’) is accepted as the AP-1 

binding site (see Section 1.2). However, it is important to note that the TRE does have 

many variations, and nucleotides flanking either end of the TRE site can influence protein 

binding (Nakabeppu, 1988; Ryseck and Bravo, 1991; Benbrook and Jones, 1994). In 

many genes such as prodynorphin several TRE sequences are present in the promoter, 

but only one may be functional (Naranjo, 1991). Additionally, Jun can recognize the
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CRE site when complexed with members of the CREB/ATF families which is similar to 

the TRE except for an additional central base (5’-TGACGTCA-3’) (described in detail in 

Chapter 8).

In the AP-1 consensus sequence the “TGA” half-sites are arranged as an inverted 

pair with dyad symmetry. There is some dispute as to the orientation in which AP-1 

binds to DNA. In UV cross-linking studies, mutations of equivalent half-site bases have 

different effects on binding, indicating that Fos may preferentially bind to one half and 

Jun the other (Risse, 1989). More recent affinity cleaving experiments indicate that the 

AP-1 heterodimer binds in two orientations, however interactions with other 

transcription factors such as NE AT (see Section 8.1) force AP-1 into a single 

orientation (Chen, 1995).

Studies performed to decipher the nature of interaction between the A P-1 

complex and the TRE by examining two dimensional structure have shown contradictory 

results. Data gained from conformationally sensitive gel electrophoresis suggested that 

DNA bends in opposite orientations when it binds the Fos-Jun heterodimers compared to 

the Jun-Jun homodimers (Kerppola and Curran, 1991a, 1991b). Two possible functions 

of this difference were suggested. The secondary structure of DNA may determine 

which AP-1 dimers the site is able to recognize and bind. Alternatively, the binding of 

the protein complex alters the DNA conformation, which may consequently influence the 

regulation of the gene. In contrast to results indicating multiple conformations, the 

crystallization of the bZlP region with the TRE showed only the strait B-DNA 

conformation (Glover and Harrison, 1995). Kerppola and Curran (1995) put forth two 

arguments to explain the differences between their data and that of Glover and Harrison 

(1995). Firstly, the process of crystallization may favour strait DNA. Secondly, only the 

bZlP region of the AP-1 proteins was used for crystallization, and the DNA bending 

created by many bZlP family proteins may be dependent on amino acids outside the basic 

domain (Cohen and Curran, 1990; Ransone, 1990). If the net charge of residues to the 

amino-terminus of the bZlP are positive, the DNA will bend towards the basic region; 

and if the charge is negative, the DNA will bend away.

Recently it has been shown that modification of DNA sometimes creates a TRE- 

like site (Tulchinsky, 1996). AP-1 will bind to the mts-1 gene promoter, but only when 

the binding site is methylated. Apparently, the likeness of a methylated cytosine to 

thymidine makes the sequence sufficiently similar to a consensus TRE to enable the AP- 

1 complex to bind to this site.

23



FIGURE 2.1: The leucine zipper and DNA binding domain
Above: The c-Fos and c-Jun leucine zipper domains are produced by an array of six 
leucines (L) which protrude at right angles to each other. The helix is stabilized by the 
juxtaposition of acidic and basic ion pairs which form salt bridges between the two 
strands (arrows). The leucines associate with hydrophobic amino acids on the opposing 
protein found in regular 3-4 amino acid intervals.

Below: The “forceps grip” binding of the AP-1 complex is shown with the basic amino 
acids immediately to the amino-terminus of the leucine zipper in contact with the 
negatively charged phosphodiester DNA backbone of the TRE (5’-TGA(C/G)TCA-3’). 
(Reproduced from Glover and Harrison, 1995).
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CHAPTER 3:

TRANSCRffTIONAL ACTIVATION AND INHIBITION BY AP I PROTEINS 

Section 3.1 : Introduction

The domains of the AP-1 proteins responsible for activation or inhibition of 

transcription are unique to each protein, and several domains within each protein can act 

in a cooperative manner, thus increasing the options for the AP-1 complex to perform 

different transcriptional programs. This Chapter will detail these transcriptional 

regulatory elements in each of the AP-1 proteins. Although our knowledge of the 

functional characteristics of each protein is not complete, much has been learned by the 

analysis of the actions of particular domains.

It should be noted that caution must be used when interpreting results obtained 

from both in vivo and in vitro experiments when studying the activation capacities of 

transcription factors. The actions of transcription factors are contingent on many 

different conditions such as intercellular environment, cooperating proteins, modifying 

enzymes, and the promoter structure of individual target genes. These and other 

variables must be considered when predicting the consequences of the presence of 

particular transcription factors in a cell, and when interpreting the sometimes 

contradictory data that exists in the literature for a given transcription factor. Whilst 

keeping in mind the limitations of deciphering the complexities of transcriptional 

regulation, this Chapter wül detail general results relating to the activation and inhibition 

of transcription by AP-1 proteins. Other chapters will address variables which are 

relevant to the in vivo experimental conditions used in this thesis, such as conditions 

regulating the temporal expression of AP-1 proteins in neurons (Chapter 5), the gene 

promoter structures of neurotrophins (Chapter 6), and interactions with the activated 

glucocorticoid receptor (Chapter 7) and CREB/ATF family transcription factors 

(Chapter 8).

Section 3.2: Transcriptional Activation and Inhibition by Eos proteins

I. c-Fos activational domains

A number of studies have pinpointed specific regions of the Fos proteins that are 

necessary for the induction of transcription. The domains of c-Fos discussed in this 

section are illustrated in Fig. 3.1. Two major segments of c-Fos activate transcription in 

a cooperative manner. The first is a region immediately amino-terminal to the DNA 

binding domain (amino acids 116 to 139) which is conserved amongst all Fos proteins 

and contains acidic residues that are characteristic of regulatory domains (Abate, 1991).
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A residue in this region at position 138 has specifically been identified as important for 

gene activation, and a point mutation from glutamine to valine at this location 

contributes to the oncogenic transformation potential of v-Fos (Jenuwein and Muller,

1987).

The second major activation domain in c-Fos lies in an acidic proline-rich area 

(amino acids 211 to 270) to the carboxy-terminus of the leucine zipper (Abate, 1991). 

This region has been demonstrated to directly interact with the TATA box binding 

protein (TBP), part of the TFTID multi-protein complex that mediates RNA polymerase 

II binding to the site of initiation of transcription (Ransone, 1993; Metz, 1994a). These 

results establish a mechanistic link between this domain of c-Fos, called the “TBP 

binding m otif’ (TBM), and transcriptional activation by RNA polymerase. A TBM 

domain is also seen in FosB, but not in Fra-1 or AFosB, which are generally not active 

regulators of transcription.

More recently, a unique set of activation domains have been discovered in c-Fos 

and c-Jun which cooperate between the two molecules. These a-helical “homology box” 

domains, HOBl and HOB2, are equally spaced in the two proteins (in c-Fos between 

amino acids 226-236 and 267-276 in the carboxy-terminus, and in c-Jun between amino 

acids 67-77 and 108-117 in the amino-terminus) (Sutherland, 1992). Another highly 

active HOBl domain (HOB 1 -N) has been found in the amino-tenninus of c-Fos (Jooss, 

1994; Brown, 1995). Domain swapping experiments demonstrate that these regions are 

inactive alone, but they induce transcription cooperatively when two pairs of HOB 

domains come together, such as when Fos and Jun dimerize. In total, four HOB 

domains, (two from each of the complexed proteins) are needed for transcriptional 

activation. Cooperation can occur with any combination of identical or distinct pairs of 

HOBl or HOB2 sequences, and activation is enhanced when certain residues within the 

HOB domains are phosphorylated (see sections 3.5). Additionally, the c-Fos HOBl and 

HOB2 domains can cooperate with the last 27 carboxy-terminal amino acids of c-Fos to 

activate transcription. The HOBl and H0B2 domains are also found in JunB and JunD, 

however they are not present in FosB or Fra-1.

II. c-Fos inhibitory domains

Besides being a strong transcriptional activator, c-Fos also has the capacity to 

inhibit transcription. An inhibitor domain (IDl) in the c-Fos amino-terminus (between 

residues 120 and 134) adds another level of complexity to the functions of the HOB
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motifs (Brown, 1995) (Fig. 3.1). This IDl motif silences the HOBl motifs when in cis 

without affecting other activational domains, including HOB2. There is some evidence 

that the inhibitory function of ID l may be regulated by the binding of another as-yet 

unknown protein in trans to the ID l site.

The c-Fos protein can inhibit expression of genes at the TRE sequences in their 

promoters, as well as auto-repress expression of its own gene promoter at the serum 

response element (SRE or CArG box) (Fig. 3.2) (Sassone-Corsi, 1988b; Schonthal,

1988; Wilson and Treisman, 1988; Konig, 1989; Lucibello, 1989; Gius, 1990). The 

repressive effect of c-Fos maps to a serine rich domain at the last 27 amino acids of the 

carboxy-terminus (Guis, 1990), and may involve serine phosphorylation (see Section 3.5) 

(Ofir, 1990). A frame shift deletion in v-Fos which alters the last 48 amino acids of the 

carboxy-terminus in comparison to c-Fos renders v-Fos unable to transrepress the c-fos 

gene. Various studies disagree on the molecular mechanism of c-Fos trans-repression. 

Early reports claimed the c-Fos/c-Jun heterodimer was necessary for inhibition (Konig, 

1989; Lucibello, 1989; Schonthal, 1989). However, subsequent studies demonstrated 

that c-Fos accomplishes this repression without directly binding to the DNA, since 

neither the bZIP region nor association with c-Jun is required (Guis, 1990; Rivera,

1990). Since the latter studies employ a more complete deletion analysis, the more 

conclusive evidence appears to point to the carboxy-terminus of c-Fos as the crucial 

trans-repression domain without the requirement of the bZIP region. Although this is a 

surprising result, one possible means by which c-Fos may perfonn this inhibition without 

DNA binding is through modification of transcription factors such as serum response 

factor (SRF), which binds the SRE.

Altogether, the activational and inhibitory domains of c-Fos encompass the entire 

c-Fos protein outside of the bZIP region, illustrating the complex functional nature of the 

c-Fos protein. This diversity of domains allows for a variety of possible actions 

depending on each unique circumstance, such as the particular structure of the promoter 

bound by AP-1.

III. FosB and AFosB reeulatorv domains

Of all the Fos proteins, FosB is the strongest transcriptional activator (Ryseck 

and Bravo, 1991; Schuermann, 1991). The activational domains of FosB are found in 

both the amino- and carboxy-termini (Wisdom, 1991; Wisdom and Verm a, 1993), and 

FosB contains several regulatory domains in common with c-Fos. These include: i.) a 

“TBP binding m otif’ (TBM) at the last 55 amino acids of its carboxy-terminus (Metz,
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1994b); ii.) an activational amino-terminal domain similar to the c-Fos HOB 1 -N (Jooss,

1994); and iii.) a domain allowing FosB to trans-repress the expression of the c-fos gene 

(Gius, 1990) (see descriptions above). FosB and c-Fos likewise downregulate 

expression of the fosB promoter at a SRE sequence (Lazo, 1992). It is interesting to 

note that FosB is the strongest activator amongst AP-1 proteins even though it is missing 

some activational domains present in other proteins, and thus the contributions of 

different combinations of activational and inhibitory domains discussed in previous 

sections to the overall efficiency of a particular molecule have yet to be established.

Alternative splicing of the FosB gene creates, the AFosB protein which lacks the 

101 amino acids of the FosB carboxy-terminus. The effect in vivo of this truncation of 

the highly active carboxy-terminal activation region of FosB remains unknown, and we 

can only speculate on the function of AFosB on the basis of the known actions of the 

FosB carboxy-terminal region and reported in vitro co-transfection assays. Amongst the 

carboxy-terminus amino acids truncated from AFosB are the residues which trans activate 

TRE and trans-repress the c-fos gene (see above).

III. Fra-1 and Fra-2 regulatory domains

Both Fra-1 and Fra-2 in combination with either c-Jun or JunB are unable to 

activate transcription, but they can trans activate more effectively when complexed with 

JunD (Suzuki, 1991). Fra-1 and Fra-2 can each suppress c-Jun/c-Fos mediated 

activation, apparently by binding to c-Jun and preventing c-Jun/c-Fos heterodimer 

formation, since Fra-1 and Fra-2 have a greater affinity for Jun proteins compared to c- 

Fos (see Section 2.3).

Fra-1 has the same ability as c-Fos to repress the SRE of the c-fos gene, probably 

due to the high degree of similarity in between Fra-1 and c-Fos in the carboxy-terminal 

region which is responsible for this function (Guis, 1990).

Section 3.3: Transcriptional Activation and Inhibition by Jun Proteins

I. c-Jun activation domains

Activational domains in c-Jun were first discovered when fusion proteins linked 

to the DNA binding domain of the GCN4 protein activated transcription in yeast (Struhl,

1988). The domains of c-Jun discussed in this section are illustrated in Fig. 3.1. The 

major activational region of c-Jun is the A1 domain, which maps to the amino-terminus 

(amino acids 90 to 186) in a segment rich in prolines and glycines (Abate, 1991 ; 

Bohmann and Tjian, 1989; Alani, 1991). Regions of c-Jun which make direct contact 

with subunits of the of the RNA polymerase holoenzyme have recently been identified
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(Franklin, 1995). The amino-terminus of the dimerized c-Jun complex interacts with two 

proteins necessary for RNA polymerase II binding, TBP and TFIIB. TBP also binds to 

the bZIP of c-Jun (Franklin, 1995; Ransone, 1993).

The carboxy-terminus of c-Jun contains the HOBl and H 0B2 domains which 

cooperatively activate transcription through interaction with sets of HOB domains on 

proteins such as c-Fos (see section 3.2) (Sutherland, 1992).

In contrast to c-Fos which trans-represses its promoter, c-Jun is also able to 

positively regulate expression of its own promoter using activation domains in the 

amino-terminus (see Fig. 3.2) (Angel, 1988b). This may be the means of maintaining a 

prolonged response to transient signal which is often seen with c-Jun (Brenner, 1989; 

Jenkins and Hunt, 1991, Jenkins, 1993b). The positive feedback loop is held in check by 

other transcription factors including JunB which downregulate expression at the c-jun 

promoter (see below).

II. c-Jun inhibitory domains

Two negative regulatory domains, called Ô (amino acids 40 and 66) and e (amino 

acids 110-137) lie to either side of the amino-terminal A1 activational domain in c-Jun 

(Baichwal and Tjian, 1990; Baichwal, 1992). The e domain cooperates with the 5 

domain to interact with a cell-type specific inhibitory protein which represses the A1 

activational domain (Fig. 3.3). This protein was first demonstrated to exist when it was 

titrated out by overexpression of the 5 region (Baichwal and Tjian, 1990). The inhibitor 

protein does not affect dimer stability, DNA binding, or nuclear localization; thus its 

binding to ô and e may instead act by masking constitutive activation by A l. 

Alternatively, the bound inhibitor may prevent phosphorylation on a residue of A l which 

is known to induce activation. Evidence for this theory was shown when deletion of the 

5 region prevents kinase binding and phosphorylation (Adler, 1992; Hibi, 1993). The 

major difference between c-Jun and the more transcriptionally active v-Jun protein is the 

deletion of the Ô region from v-Jun, which may be significant for oncogenesis.

III. JunB and JunD resulatorv domains

JunB and JunD function as either weak activators or as inhibitors of transcription 

(Chiu, 1989; Hirai, 1989). Transactivation is detected with the c-Fos/JunD and c- 

Fos/JunB complexes, possibly due to the activation domains of c-Fos. As is seen with 

the AFosB protein, JunB and JunD will not activate promoter constructs with a single
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TRE site, but it will activate artificial promoters containing three to five TRE sites in 

tandem as effectively as c-Jun (Chiu, 1989; Hirai, 1989).

Whilst c-Jun positively autoregulates transcription of its own gene, JunB inhibits 

c-jun promoter transcription at the TRE, which is attributed to the differences between 

the proteins in the amino-terminus activation domain (Chiu, 1989). JunD and JunB are 

both constitutively present at low levels in many tissues, and thus may serve as 

transcriptional repressors until the stimulus-induced upregulation of c-Fos or c-Jun.

As well as being a transcriptional inhibitor for many TRE containing promoters, 

JunB arrests c-Jun-mediated transcriptional activation when present in 4-fold excess over 

c-Jun, even in the presence of c-Fos (Chiu, 1989; Schutte, 1989; Angel and Karin, 1991; 

Ryseck and Bravo, 1991). A theory concerning the mechanism of this transcriptional 

depression by JunB is the increased levels of JunB may lead to the formation of inactive 

JunB/c-Jun or JunB/Fos complexes.

Section 3.4: 7>aw5-acting factors

There have been recent reports of rram'-acting factors which exert either 

inhibitory or activational influences on the AP-1 complex. An inhibitory protein which 

interacts with the c-Jun 5 and e activational domains has been described (see section 

3.3). The association of other proteins with AP-1 may regulate its DNA binding. In. 

vitro experiments indicate the presence of a trans-?iC\mg inhibitor protein (IP-1) which 

appears to associate with the leucine zipper of AP-1 proteins and prevent DNA binding 

in unstimulated cells (Fig. 3.3) (Auwerx and Sassone-Corsi, 1991). The identity and 

mode of action of this protein has not been fully characterized, but it appears that 

phosphorylation of IP-1 via the protein kinase A signal transduction pathway causes IP-1 

to release its inhibitory influence (Auwerx and Sassone-Corsi, 1992). The interaction of 

IP-1 with AP-1 proteins is specific and probably occurs before AP-1 associates with 

TRE.

Another protein controlling the activity of AP-1 specifically binds to the leucine 

zipper of c-Jun (Monteclaro and Vogt, 1993). This Jun interacting factor (Jif-1) does 

not itself contain a leucine zipper or DNA binding region, but it prevents DNA binding 

by complexing with c-Jun. Jif-1 can form multimers with itself, but it is not know 

whether it binds to Jun monomers or dimers, although it is more likely that it binds to 

monomers since the addition of c-Fos can displace Jif-1.

More recently, the Jun-activation-domain-binding protein 1 (JABl) has been 

isolated which binds to c-Jun and JunD, but not JunB or v-Jun, and positively enhances
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AP-1 activity by stabilizing the D N A  bound complex (Claret, 1996). Although JA B P  

does not form heterodimers with c-Jun, it binds to a region of c-Jun (amino acids 31- 

57) which is not present in v-Jun.

Section 3.5: Post-translational modifications of AP-1 proteins affecting 

transcriptional activation

O ne of the m ost ubiquitous methods of cellular signalling is through protein 

phosphorylation. There are a large num ber of pathways leading to each phosphorylation 

event on AP-1 proteins, and each stimulus induces a different level of phosphorylation. 

The signalling pathways involving phosphorylation which initiate the expression of AP-1 

genes and modulate their activity will be described in Chapter 5. This section will 

concentrate on the effects of phosphorylation of AP-1 proteins on their activity, which is 

an important characteristic of lEG because it is a means by which they may become 

transcriptionally active without prior protein synthesis.

The upregulation of expression of AP-1 proteins is widely studied, how ever it 

m ust be noted that the ongoing presence of the AP-1 proteins throughout time is 

l ikewise important. Therefore this section also considers m R N A  and protein stability, 

and the cellular compartmental localization of the proteins.

I. Phosph ory la t ion  o f  c -Fos

W hen c-Fos was first discovered, it was found to be extensively post- 

translationally modified; the unphosphorylated protein is 55 kDa, but it has been detected 

at weights  up to 72 kD a (Kruijer, 1984). A lthough the phosphorylation sites o f  the c- 

Fos protein have not been as thoroughly investigated as those of c-Jun, recently several 

im portant sites have been identified (see Figure 3.1). Activation by c-Fos is greatly 

enhanced by phosphorylation of Thr-232 (Bannister, 1994; Deng and Karin, 1994). This 

residue is in a homologous location as the phosphorylated Ser-73 in c-Jun which had 

been previously shown to he crucial for activation (see below), and both are within 

H O B l dom ains (see section 3.2 and 3.3). Phosphorylation may be an im portant 

regulatory feature of  HOB regions, since the carboxy-terminal domain o f  Fos that 

cooperates with H 0 B 2  to increase transcription activity can also be phosphorylated 

(Tratner, 1992).

The dom ain  of c-Fos which enables the protein to inhibit expression of its own 

gene (see section 3.2) requires phosphorylation for this trans-repression. W ithin this 

carboxy-terminus transcriptional inhibitory domain are three serine rich areas (residues 

362-364, 368-39, 371-374) (see Fig. 3.1). Substitutions of the serines in any of these
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clusters to alanines eliminates repression. However, the replacement of any one serine or 

the substitution of the serine groups with negatively charged amino acids has no effect on 

the repressive function of the region, indicating that the charge is the important factor 

(Ofir, 1990). The v-Fos protein has less post-translational modifications than c-Fos 

(Curran, 1984), which may be due to the truncation in v-Fos of the carboxy-terminal 48 

amino acids encompassing the highly phosphorylated c-Fos inhibitory domain (Barber 

and Verma, 1987).

II. Phosphorylation o f c-Jun

A  unique feature of the c-Jun protein is the phosphorylation-dependent control of 

DNA binding. When phosphorylated at Thr-239 , Ser-243, and Ser-249, c-Jun is unable 

to bind to DNA, and dephosphorylation allows DNA binding (Boyle, 1991) (see Fig.

3.1). It appears that in unstimulated cells c-Jun is in the phosphorylated state, and the 

signal-induced action of phosphatase allows DNA binding. Thus, the rapid response to 

stimulation can be initiated by dephosphorylation of pre-existing c-Jun prior to any 

increase in accumulation of AP-1 protein (Angel, 1987; Chiu, 1987). The relevant 

phosphorylation sites are located immediately outside the DNA binding domain, but 

phosphorylation may inhibit binding by either electrostatic repulsion between the protein 

and DNA, or by changing the conformation of the protein (Boyle, 1991). Yet another 

difference between c-Jun and v-Jun affecting the regulation of transcription is the 

phosphorylated site Ser-243 in c-Jun is replaced by a phenylalinine in the v-Jun protein.

The activity of the amino-terminal HOBl domain of c-Jun is initiated by 

phosphorylation of Ser-63 and Ser-73 in response to mitogenic stimulation (Binetruy, 

1991; Pulverer, 1991; Smeal; 1991). Studies substituting these serines with amino acids 

which cannot be phosphorylated show that when one serine is replaced c-Jun activity is 

downregulated, and when both are replaced the ability of c-Jun to respond to stimulus- 

induced activation is lost. The phosphorylation appears to stimulate transcription by 

changing the conformation of the activation domain rather than by the direct interaction 

of negative charged regions with the transcriptional machinery, since the introduction of 

negatively charged residues in place of the serines does not enhance transcription (Karin 

and Smeal, 1992). This idea was confirmed by experiments showing that 

phosphorylation does not affect binding to the TBP and TFIIB proteins of the RNA 

polymerase holoenzyme in vitro (Franklin, 1995). The phosphorylated residues of 

HOBl are also conserved in JunD, but not in JunB (Franklin, 1992; Sutherland, 1992).
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Yet another phosphorylation event on c-Jun which enhances transcriptional 

activation is phosphorylation of the Al domain in the amino-terminus (see Section 3.3). 

The trans-acting protein associated with the A l region may repress the c-Jun protein by 

binding to the nearby 5 and e regions, thereby masking the phosphorylation site (Adler, 

1992; Hibi, 1993). The phosphatase 2A inactivates the phosphorylated c-Jun protein by 

removing this residue (Black 1991).

III. AP-1 mRNA and Protein stability and mRNA translation

Another factor which affects the productivity of c-Fos is the rapid degradation of 

c-fos mRNA. In early studies, it was noted that a primary difference between the v-fos 

and c-fos which prevented c-fos from transforming cells was the relatively short life of 

the c-fos transcript (Miller, 1984). The c-fos mRNA turnover in some cell types, which 

can be as rapid as nine minutes compared to the average mRNA half-life of 24 hours, 

was attributed to a sequence in the 3’ untranslated region (UTR) (Meijlink, 1985, 

Treisman, 1985; Ramsdorf, 1987; Fort, 1987). This segment contains an AU-rich 

element (ARE) of 50 to 100 nucleotides in highly unstable mRNA (Shaw and Kamen, 

1986; Shyu, 1989). There are two steps in ARE-mediated c-fos mRNA decay: first the 

removal of half of the poly (A) tail, followed by endonucleolytic cleavage of the body of 

the transcript. The first step requires the entire ARE sequence, including a 20 nucleotide 

U-rich stretch at the 3’ end of ARE which binds four proteins to fonn three different 

specific complexes (You, 1992; Vakalopoulou, 1991). The second step of transcript 

body degradation is primarily attributed to the presence of three “AUUUA” motifs in the 

5’ end of the ARE (Chen, 1994). Some ARE-containing mRNAs are more stable than 

others, which may be due to slight differences in the ratio of A and U bases which have 

been shown to affect binding of the rran^'-acting proteins. A purine-rich area within the 

coding region also influences c-fos RNA stability (Kabnick and Housman 1988; Shyu,

1991), and two protein factors specifically bind this region (Chen, 1992). In addition, a 

sequence at the 5’ UTR acts in conjunction with 3’ ARE to enhance degradation (Roy,

1992).

Besides determining stability, the 3’ UTR may negatively regulate the rate of 

gene translation, as was demonstrated in two experiments by Kruys et. al. (1989).

Firstly, unstable transcripts become stable when placed in the Zenopus oocyte where 

translation does not occur, and this effect is directly dependent on the number of ARE 

sequences and their A-U content. Secondly, when the c-fos 3’ UTR is placed on a 

different transcript, translational efficiency is dramatically reduced due to the ARE.
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Although it is not clear whether these effects would be seen in somatic cells, such 

translational inefficiency may explain the observations in early studies which showed that 

c-fos message is sometimes present for several hours without protein expression 

(Mitchell, 1986), and after glutamate induced excitotoxicity in the brain there is c-fos 

message expressed but not translated protein in vulnerable cells in the hippocampus 

(Kiessling, 1993).

The c-jun mRNA is also an unstable message, although it has a significantly 

longer half-hfe (20 minutes) than c-fos mRNA (Shaw, 1986; Hattori, 1988). It is of 

interest that one of the major features contributing to the oncogenic potential of v-jun is 

its lack of the 3’ untranslated region found in c-jun which is responsible for message 

instability, and thus the viral counterpart is more highly expressed.

All of the AP-1 proteins, with the exception of JunD, are highly unstable. The 

half-lives of FosB, JunB, and c-Jun are 60, 90, and 120 minutes, respectively. The 5 

domain of c-Jun may play a role in its degradation (Treier, 1994). c-Fos has a bi-phasic 

decay curve with an initial half-life of 45 minutes followed by increased stabihty with a 

ti/2 of 120 minutes. The association of c-Fos with c-Jun may prevent its degradation by 

proteolytic enzymes and create this improved stability over time (Kovary and Bravo,

1992).

IV. AP-1 nuclear transport

AP-1 proteins in the cytoplasmic compartment can obviously not function as 

transcriptional regulators, so transport of these proteins from the cytoplasm into the 

nucleus is an important step in the initiation of transcription. This movement occurs as a 

result of extracellular simuh and depends on nuclear localization signal (NLS) domains 

within the proteins. A NLS domain in c-Fos is found within the DNA binding region, 

however nuclear transport can still occur without this domain, indicating there are other 

unknown NLS domains in c-Fos (Tratner and Verma, 1991). Nuclear transport may also 

depend on ARE sequences in the 3’ UTR (see above) (Muller, 1992).

The molecular characterization of the AP-1 proteins undertaken in the past ten 

years has uncovered the diversity of their functional domains, yet clearly there are many 

features of these proteins still to be discovered.
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FIGURE 3.1
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FIGURE 3.1: The functional domains of c-Fos and c-Jun
T he dom ains of the c-Fos and c-Jun proteins discussed in the text are indicated.
T he striped lines indicate the leucine zipper and the solid region is the basic D N A  binding 
domain.
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FIGURE 3.2: Regulation of Jun. Fos. and CREB gene expression

The Fos and Jun genes are regulated by their own products. The AP-1 complex 
positively regulates c-jun expression, and positively or negatively regulates c-fos 
expression at the TRE. In addition, c-fos expression is controlled at the SRE, and the 
SRF complex can be influenced by c-Jun binding. CREB positively regulates c-fos at the 
CRE. The CREB gene also contains a CRE, and thus can be positively regulated by its 
product. (This figure only shows selected promoter elements from these genes for 
illustrative purposes; for the proper sequence order of all the promoter elements in the c- 
fos gene, see Figure 5.2.) (Reproduced from Meyer and Habener, 1993).
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FIGURE 3.3: Possible methods of inhibition of AP-1 by two /r^/?,y-acting 
inhibitory proteins
Above: The trans-2iCimg inhibitor protein IP-1 associates with the leucine zipper of AP- 
1 proteins and prevents DNA binding. The initiation of activation of AP-1 by the protein 
kinase C (PKC) signal transduction pathway involves phosphorylation of IP-1 via protein 
kinase A (PKA) which causes IP-1 to release its inhibitory influence. (Reproduced from 
Auwerx and Sassone-Corsi, 1991)

Below: The e and ô domains of c-Jun interact with a cell-type specific rm/?j-acting 
inhibitory protein which represses c-Jun by masking the A l activational domain. 
(Reproduced from Baichwal, 1992)
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CHAPTER 4

NEURONAL EXCITOTOXICITY IN THE STRIATUM AND ITS ROLE IN 

NEURODEGENERATIVE DISEASE

Section 4.1 : Introduction

The toxic effects of excitation of glutamate receptors in neurons was first realized 

in the early 1970’s, when the term “excitotoxicity” was coined (Olney, 1971, 1974). 

Subsequent research has determined that there are several subtypes of glutamate 

receptors, including kainate, N- methy 1-D - asp artate (NMD A), AMPA, and metabotropic 

receptors. Excess NMDA receptor activation has been implicated in several pathological 

conditions such as hypoglycemia (Weiloch, 1985), ischemia (Simon, 1984), epilepsy 

(reviewed in Clark, 1994), and neurodegeneration (reviewed in Garthwaite, 1994). The 

effects of NMDA receptor mediated excitotoxicity in the rodent striatum has therefore 

been examined for the possibility of its relevance as a model for the major human 

neurodegenerative conditions affecting this nucleus, Huntington’s disease. Since an 

experimental animal model of NMDA- receptor mediated excitotoxicity of the striatum 

was used for the studies reported in this thesis, this chapter will examine striatal 

anatomy, the neurotoxicity created by NMDA-receptor activation, and its relationship to 

Huntington’s disease.

Section 4.2 Anatomy of the striatum

I. Gross striatal anatomy

The principal nuclei that constitute the basal ganglia are the striatum (consisting 

of the caudate, putamen and nucleus accumbens), the subthalamic nucleus, the substantia 

nigra (subdivided into the dorsal pars compacta and ventral pars reticulata), and the 

globus pallidus (which in rodents is comprised of the globus pallidus and entopeduncular 

nucleus, and in primates is divided into the external and internal segments of the globus 

palhdus^). The striatum is a telecephalic nucleus located beneath and medial to the 

cerebral cortex and the underlying corpus collosum and bordered medially by the lateral 

ventricle. In primates, the fibres of the internal capsule divide the striatal nucleus into the 

caudate and putamen. In the rat, however, discrete bundles of myelinated axons of the 

internal capsule are distributed evenly throughout the striatum (for review see Albin,

1995).

^The rodent terms globus pallidus and endopeduncular nucleus will be used in tliis tliesis due to the use 
of the rat in these experiments.
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IL Striatal afferent and efferent pathways and compartmentalization

The major afférents to the striatum consists of glutaminergic fibres projecting 

from the neocortex and the hippocampus (Divac, 1977; Fonnum, 1981), which retain 

topographical organization in their projections to the striatum and in subsequent 

projections through the basal gangha (Kemp and Powell, 1971; Smith and Parent, 1986). 

An excitatory glutamatergic pathway also arrives in the striatum from the intralaminar 

nuclei of the thalamus (Fonnum, 1981). Neurons from the pars compacta of the 

substantia nigra project a dopaminergic input into the striatum. The dorsal raphe nucleus 

and locus coeruleus are the origins of the ascending serotonergic and noradrenergic 

pathways to the striatum (McGreer, 1987).

In the rodent, the efferent pathways from the striatum to the globus pallidus, 

endopeduncular nucleus, and the substantia nigra pars reticulata contain the inhibitory 

neurotransmitter gamma-amino butyric acid (GABA) (Fonnum, 1978). Neurons 

projecting to the endopeduncular nucleus and substantia nigra express the neuropeptides 

substance P and dynorphin and the D1 dopamine receptor (Jessel, 1978; Gerfen and 

Young, 1990; Gerfen, 1990). The projections to the globus pallidus are immunoreactive 

for enkephalin, and these cells contain the D2 dopamine receptor (Del Fiacco, 1982; 

Beckstead and Kersey, 1985; Gerfen and Young, 1990; Gerfen, 1990).

Whereas neurons of each cell type (see below) are distributed evenly throughout 

the striatum, there is a level of compartmentalization concerning some afferent and 

efferent connections. These areas are delineated according to different levels of calbindin 

immunoreactivity in the rat (Gerfen, 1985) and acetylcholinesterase activity in the cat 

(Graybiel and Ragsdale, 1978). Calbindin immunoreactive regions (AChE-poor areas in 

the cat) called the matrix receive projections from the supragranular cortical neurons and 

send fibres to the GABAergic neurons in the substantia nigra pars reticulata. Islands in 

the matrix which do not stain for calbindin (acetylcholinesterase-rich zones in the cat) 

called “patches” or “striosomes” receive the majority of the pathways from the thalamus 

as well as the cortical supragranular layers, and project to dopaminergic neurons of the 

substantia nigra. There are two types of dopaminergic neurons arriving from the 

substantia nigra which irmervate either the patch or matrix.

/. Striatal cell types

The striatum has several distinct cell types classified according to their 

morphological phenotype and expression of a unique set of neurotransmitters and 

neuropeptides (for review see Parent and Hazrati, 1995). The majority of the striatal
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neurons (90-95%) are medium-sized with densely spiny dendrites with no indentations of 

the nuclear membrane. These GABA-containing projection neurons are immunoreactive 

for the 65 kDa isoform of glutamic acid decarboxylase (GAD) and send efferents to the 

substantia nigra endopeduncular nucleus and the globus pallidus. The remaining neurons 

in the striatum are intemeurons. These include the medium-sized aspiny neurons (3% of 

total striatal neurons) which are of two discrete types: either the GABAergic neurons 

which are immunoreactive for parvalbumin and GAD-67, or neurons which stain with 

nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d) and contain 

somatostatin and the enzyme neuropeptide Y (NPY) (Vincent, 1983). The second 

interneuron type is the large aspiny cholinergic neuron (1% of total striatal neurons). A 

very small number of aspiny intemeurons (< 1 %) have a small cell body and are 

immunoreactive for vasoactive intestinal peptide and peptide histidine isoleucine 

(Vincent and Reiner, 1988).

Section 4.3: NMDA-receptor mediated excitotoxicity in the striatum as a possible 

model for Huntington’s disease

I. Huntington’s Disease

The human neurodegenerative condition Huntington’s Disease (HD) specifically 

affects selective cell types within the striatum. The autosomal dominant disorder has a 

late onset in the fourth or fifth decade of life and progressive course characterized by 

hyperkinetic choreiform movements, abnormal eye movements, cognitive impairment, 

and eventual death after a course of 10 to 20 years. At a histological level, striatal 

atrophy is due to loss of the medium-sized spiny projection neurons expressing GAB A, 

however there is a relative sparing of large and medium-sized aspiny neurons (Ferrante, 

1985, 1987a, 1987b; Vonsattel, 1985), as evidenced by the presence of the markers 

NADPH-d, NPY, and somatostatin (Aronin, 1985, Dawbam, 1985, Marshall, 1985).

The genetic defect was localized to the tip of the short arm of chromosome 4 by 

chromosomal linkage studies (Gusella, 1983), and subsequent positional cloning isolated 

an aberrant expanded trinucleotide repeat (CAG)„ within the coding region of the 

protein IT-15 (interesting transcript 15) (Huntington’s Disease Collaborative Research 

Group, 1993). The number of trinucleotide repeats within this “huntingtin” protein is 

unstable and may increase with transmission through successive generations, especially 

with paternal inheritance. The disease displays “anticipation”, with a younger age of 

onset when there is a greater number of repeats in the patient’s huntingtin gene 

(Huntington’s Disease Collaborative, Research Group, 1993; Duyao, 1993; Snell, 1993).
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Since the function of huntingtin is still unknown and its widespread distribution in CNS 

and peripheral neurons does not correspond to the pathology of HD (Hoogeveen, 1993; 

Li, 1993; Strong, 1993; Landwehrmeyer, 1995; Sharp, 1995), the mechanisms of 

neuronal death in HD have yet to be! elucidated.

II. Possible NMDA- receptor mediated excitotoxic models fo r  Huntington's

disease

In early studies attempting to produce an animal model for HD, intrastriatal 

injections of the kainate/AMPA receptor agonist kainic acid (KA) produced a similar 

histological pattern to HD, namely degeneration of cell bodies with sparing of the axons 

coursing throughout the region (Coyle and Schwarcz, 1976; McGreer and McGreer, 

1976). Whilst the KA lesion is similar to HD in the sparing of large cholinergic neurons, 

the loss of NADPH-d neurons with the lesion ehminated KA as an adequate model for 

HD (Krammer, 1979, Kohler and Schwarcz, 1983).

The NMDA receptor agonist quinolinic acid (QA) subsequently emerged as a 

possible model for HD when it was discovered that axons and large neurons were spared 

in QA lesion of the striatum (Schwarcz, 1983, Schwarcz and Kohler, 1983). QA is 

tryptophan metabohte which is endogenously present in the CNS in micromolar amounts, 

however endogenous injection of millimolar amounts of QA into the striatum produces 

varying degrees of excitotoxicity depending on exposure (Vezzani, 1990). Beal et. al. 

(1986, 1989) further claimed the apparent similarity of QA lesion with HD when they 

reported the sparing of medium aspiny intemeurons based on counts of NADPH-d 

immunoreactive neurons and biochemical radioimmunoassays of somatostatin and NPY, 

whilst the GAB A and substance P markers for medium spiny projection neurons were 

reduced. In addition to sparing of NADPH-d neurons, another report by Beal et. al. 

(1991) showed increase in somatostatin and NPY levels at six months and one year after 

QA lesion, corresponding to the increased levels of these neuropeptides in the HD brain 

throughout the long course of the disease. However, overwhelming evidence from 

several other laboratories disagreed with the reports of Beal et. al. (1986, 1991) when 

the neurodegeneration specifically within the lesion core was examined. While 

chohnergic neurons were relatively spared (26% loss), there was a large decrease in 

NADPH-d neurons (82% loss) as seen by several methods including NADPH-d staining 

(Davies and Roberts, 1987, 1988) and somatostatin and NPY staining (Boegman, 1987; 

Boegman and Parent, 1988a, 1988b). Striatal infusion of QA over extended periods also 

showed sparing of NADPH-d neurons (Susel, 1991; Forloni, 1992; Bazzett, 1993). The
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discrepancy of the work by Beal et. al. (1986, 1989, 1991) can be resolved with other 

reports when data is evaluated in relation to the lesion core versus outer lying areas of 

the striatum (Roberts, 1993). When the cell counts of NADPH-d immunoreactive 

neurons within the lesion core are examined, the selective loss of NADPH-d neurons 

becomes apparent. The constant levels of somatostatin and NPY reported by Beal et. al. 

(1986, 1989) in biochemical assays of the whole striatum can be explained in light of the 

results of other authors showing increase in staining intensity of these neuropeptides 

within the medium aspiny neurons around the periphery of the lesion as well as 

hypertrophied dendritic varicosities on these neurons which would compensate for the 

loss of medium aspiny neurons in the lesion core (Boegman, 1987; Boegman and Parent, 

1988a, 1988b).

There is also disagreement between the work of Beal et. al. (1986) and that of 

other authors (Boegman, 1987; Boegman and Parent, 1988a, 1988b; Davies and 

Roberts, 1987, 1988) concerning the survival of cholinergic neurons, with the fonner 

reporting much greater loss than the latter. This discrepancy can be attributed to the 

high dose of QA (240 nmol) used by the Beal et. al. (1986) compared to the lower dose 

(60 nmol) used by others. Recent work by Perez-Navarro (1994) has shown that QA 

neurotoxicity of striatal cholinergic intemeurons begins at 68 nmol and increases in a 

dose-dependent manner.

The currently accepted opinion is that, similar to KA, QA does not represent a 

satisfactory animal model for HD. However, the neurodegeneration created in the 

striatum with the dose of 60 nmol QA does prove to be a valuable and widely used 

paradigm for studying selective neuronal death.
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CHAPTER 5

NMDA RECEPTOR-MEDIATED REGULATION OF AP-1 

Section 5.1 : Introduction

Pathophysiological activation of N-methyl-D-aspartate (NMDA) receptors in the 

rat striatum in vivo leads to the rapid molecular induction of lEG which may be the first 

step in the pathway taken to ensure neuronal survival. AP-1 proteins have been shown 

to play an important role in the earliest response to neuronal injury (reviewed in 

Pennypacker, 1994a). These lEG transcription factors act as the link between the 

cytoplasmic signalling pathways induced by the stimulus-activated receptor and the 

transcriptional regulation of “late response genes” that may be responsible for long-tenn 

phenotypic alterations. Previous studies from this laboratory have demonstrated a rapid 

induction of AP-1 protein expression in neurons in the QA lesioned rat striatum with a 

unique temporal and spatial distribution (Purkiss, 1993a, 1993b). This thesis includes a 

more thorough investigation of the temporal pattern of expression of all known members 

of the Fos family in the QA-lesioned striatum. This chapter reviews previous reports of 

AP-1 protein induction created by NMDA receptor stimulation in the striatum, the signal 

transduction pathways leading to the transcription of AP-1 genes, and the molecular 

activation of the AP-1 protein products.

Section 5.2: NMDA receptor-mediated induction of AP-1 protein expression

I. AP-1 protein expression in the CNS

Dragunow et. al. (1987) were the first to report the presence of c-Fos in the 

brain, and these authors subsequently showed that c-Fos can be upregulated as a result of 

neuronal stimulation (Dragunow and Robertson, 1987). Expression of AP-1 proteins has 

since been shown to be induced throughout the CNS by a variety of stimuli of both an 

acute and chronic nature (reviewed in Sheng and Greenberg, 1990; Morgan and Curran, 

1991; Pennypacker, 1994, 1995). The expression of AP-1 proteins varies with stimulus 

and cell type, and the proteins are implicated in a variety of actions as diverse as 

prohferation and transformation (reviewed in Angel and Karin, 1991), learning (reviewed 

in Kaczmarek, 1993), development (reviewed in Pennypacker, 1994b), neuronal 

regeneration in the peripheral nervous system (Jenkins and Hunt, 1991; Leah, 1991; 

Jenkins, 1993a, 1993b), excitotoxic cell death (reviewed in Morgan and Curran, 1991), 

and programmed cell death and apoptosis (reviewed in Dragunow and Preston, 1995). 

Studies have shown increased NMDA receptor-mediated AP-1 protein expression in 

vivo in the cerebral cortex (Sharp, 1990; Herrera and Robertson, 1990; Kohmura, 1995;
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Gass, 1993; Kaminska, 1994), hippocampus (Cole 1989; Sonnenberg, 1989a; Gass,

1993; Massieu, 1992; Bading 1995; Kaminska, 1994), and cerebellar granular cell 

cultures (Dave, 1994). Use of NMDA-receptor antagonists such as MK-801, ketamine, 

M g^ , or phencyclidine have demonstrated that the NMDA receptor is directly 

responsible for the AP-1 response (Hisanga, 1992; Sonnenberg et al., 1989, Herrera and 

Robertson, 1990, Kohmura, 1995, Dragunow, 1990, Hisanga, 1992; Gass, 1993; Aronin, 

1991; Bakker and Foster, 1991; Berretta, 1992). Since the number of studies 

documenting AP-1 protein expression in the CNS are too numerous to detail here, this 

chapter will concentrate only on NMDA-mediated induction of AP-1 proteins in the 

striatum. In addition, the recent reports of expression of AFosB and AFosB-like proteins 

in a broader set of experimental conditions is examined in Section 5.3 due to its 

relevance in this thesis study.

II. NMDA-receptor mediated AP-1 protein expression in the striatum

Of particular note to this thesis is the upregulation of AP-1 protein in the striatum 

caused by direct activation of NMDA receptors. A recent study by Konradi et. al.

(1996) has demonstrated that c-Fos induction in striatal neurons can occur as a direct 

result of stimulated Ca-n- entry through NMDA receptors. The results of a previous 

study from our laboratory documenting the spatial expression patterns of AP-1 protein 

and mRNA following striatal QA lesion, by Purkiss et. al. (1993a; 1993b) merits a close 

analysis here due to the fact that the lesions were performed with the identical 

experimental conditions used in this thesis. Purkiss et. al. (1993a) found c-Fos protein 

and mRNA highly expressed in striatal neurons from 30 minutes to two hours post-lesion 

(Fig. 5.1 A). c-Fos striatal immunoreactivity was located medially along the lateral 

ventricle and along the ventral margin of the striatum, particularly encircling the anterior 

commissure, with extension along the lateral edge of the striatum by the corpus 

collosum. In the ipsilateral cortex, c-Fos was found in the cingulate and piriform 

corteces and in the superficial layer of the parietal cortex.

c-Jun protein expression began at 18 hours and peaked at 24 hours post-lesion 

with the most intense staining in the central lesion core of the striatum (Fig. 5. IB) 

(Purkiss, 1993a, 1993b). Cortical staining resembled that of c-Fos at two hours, but 

with less intensity. c-Jun immunoreactivity in both the striatum and cortex corresponded 

to lesioned areas with poor Nissl staining.

The expression of junB mRNA spatially and temporally matched c-fos transcript 

induction with the most intense upregulation along the margins of the striatum.
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Transcript for fosB and junD coincide with the presence of c-jim mRNA. FosB protein 

was primarily present in neurons in the periphery of the striatum, however staining was 

also found immediately adjacent to the lesion needle tract (C. A. Walker, personal 

communication).

Data from both Purkiss et. al. (1993a) and Berretta et. al.(1992) agreed on the 

cellular distribution of c-Fos in the QA-lesioned striatum. c-Fos was found in 86% of the 

medium spiny neurons and 11% of the medium aspiny NADPH-diaphorase intemeurons, 

with a few large acetylcholinesterase intemeurons also expressing c-Fos. The 

distribution of cell types expressing c-Jun is the same as c-Fos.

A similar study of QA lesion of the rat striatum by Aronin et. al. (1991) largely 

agreed with the work of Purkiss et. al. (1993a). Immunocytochemical and in situ 

hybridization data showed c-Fos protein and mRNA upregulated at two hours post

lesion, predominantly in medium-sized spiny neurons in all areas but the central lesion 

core. Aronin et. al. (1991) identified increased expression of proteins of 60-66 kDa, 46- 

50 kDa, and 26 kDa by Western blot analysis. All of these proteins are immunoreactive 

with the c-Fos DNA binding domain, however their exact identities were not determined 

in this study.

When a larger dose of QA (240 nmol) was injected into the striatum. Walker and 

Carlock (1993) also found mRNA for c-fos and junB to be increased between 30 minutes 

and 2 hours post lesion. However, in contrast to Purkiss et. al (1993a) these authors 

document a “second phase” of c-fos and junB induction which continues through 24 

hours and includes c-jun. This report depends only on Northern blot experiments and 

does not include cellular localization, so it is not known if the transcript elicited by these 

high levels of QA corresponds to increased protein levels.

Caini et. al. (1994) did not find expression of the c-Fos protein when high levels 

of NMDA were injected into the striatum. The purpose of this study was to determine 

the spread of degeneration to areas distant from the site of neurotoxin injection as a 

measure of circuit activation. The high concentration of NMDA (250 nmol) created 

neuronal degeneration throughout the entire striatum. In previous studies using 

comparatively lower concentrations of QA (60 nmol: Purkiss 1993a; 30 nmol: Aronin, 

1991), neuronal death was limited to the central core of the striatum with spared regions 

in the striatal periphery and cortex which demonstrated c-Fos immunoreactivity. The 

dose given by Ciani et. al. (1994) was similar to the amounts of QA administered by 

Walker and Carlock (1993) who detect c-fos and c-jun mRNA. It has been suggested
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that translation of lEG message into protein depends on the type of cell death occurring; 

the expression of mRNA but not protein with toxic treatments is a feature of necrosis, 

and the translation of message into protein occurs with programmed cell death resulting 

from milder stimuli (Dragunow and Preston, 1995). This theory would explain why 

Aronin et. al. (1991) and Purkiss et. al. (1993a) both see transcript but not protein 

expression within the area of highest QA concentration in the lesion core, while protein 

is expressed in outer regions of less excitotoxicity. Similarly, in studies using higher 

concentrations of QA (250 nmol) there is message expression (Walker and Carlock,

1993) but no corresponding protein (Ciani, 1994).

Section 5.3: Expression of AFosB and AFosB-like proteins in the CNS

Since the first description of AFosB in 1991 (see Section 1.4), more recent 

studies have investigated the nature of AFosB expression. Whilst the earliest reports of 

FosB expression used the amino-terminal antibody which does not distinguish between 

FosB and its related proteins, the discovery of the difference between FosB and AFosB 

in the carboxy-terminus have allowed these proteins to be separately characterized.

These experiments have also suggested the possibility of various different proteins 

related to AFosB. This section will explore these recent reports characterizing AFosB 

and AFosB-like proteins in different experimental paradigms.

Several studies have investigated the effects of acute and chronic dopamine 

denervation of the striatum and dopamine receptor agonists such as cocaine and 

amphetamine on the expression of FosB and related proteins. FosB and AFosB 

transcript and protein are both induced rapidly in the cerebral cortex by acute FCS and 

cocaine treatments (Hope, 1994a; Chen, 1995), with the induction of FosB protein being 

stronger than AFosB and lasting up to 24 hours. After acute and chronic FCS and 

chronic cocaine treatment, the “chronic Fra” proteins of 35 to 37 kDa are upregulated 

(Hope, 1994b; Chen, 1995). These proteins are AFosB-hke in that they lack 

immunoreactivity to the FosB carboxy-terminus, however in two-dimensional gel 

electrophoresis they are distinguished as four unique proteins different from AFosB. 

Cocaine treatment up regulates these chronic Fras in the parietal and frontal cortices, 

striatum, and nucleus accumbens; and FCS induces a slightly different set of the four 

chronic Fras in the cortex. A report from the same laboratory shows the chronic Fras of 

35 to 37 kDa were also upregulated for prolonged periods in the striatum and nucleus 

accumbens as a result of chronic morphine treatment (Nye, 1996). Morphine withdrawal
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induces acute Fos proteins, including FosB and AFosB, but the chronic Fras also persist 

beyond withdrawal. Although these studies emphasize the chronic nature of the 35 to 37 

kDa proteins, a more recent report by Moratalla et. al. (1996) find 32-37 kDa proteins 

increased with both acute and chronic cocaine treatment.

Another report of chronic Fras by Doucet et. al. (1996) may involve a different 

set of proteins. In experiments in which the rat striatum is depleted of dopamine 

terminals by 6-hydroxydompamine (6-OHDA) lesion of the nigrostriatal pathway, there 

is a delayed and prolonged upregulation of a 43/45 kDa doublet which also has AFosB- 

like immunoreactivity. This doublet is also seen with chronic treatment with the D2 

receptor agonist haloperidol. Chronic and acute treatments of the 6-OHDA deinnervated 

striatum with the D l-like receptor agonist CY 208-243 increased the 43/45 kDa doublet. 

This treatment also upregulates FosB and AFosB mRNA, however there is not increase 

in FosB or AFosB protein, as seen by the lack of immunoreactivity of the 43 or 45 kDa 

proteins with antibodies against the carboxy-terminus of FosB and the lack of a AFosB 

protein of 35 kDa. Doucet et. al. (1996) thus correlate the upregulation of AFosB 

mRNA with the increased levels of AFosB-like proteins of 43/45 kDa, but do not explain 

the relationship between the AFosB message, which codes for a 35 kDa protein, and the 

larger 43/45 kDa proteins. Another discrepancy in the study by Doucet et. al. (1996) is 

in the size of the 43/45 kDa doublet of AFosB-related proteins compared to the AFosB- 

like proteins of 35/37 found upregulated by dopamine receptor agonists in other studies 

(Hope, 1994a; Chen, 1995). It has not been shown whether this disagreement is due to 

difference in protein migration in the gel system of Doucet et. al. (1996) or whether the 

43 and 45 kDa doublet are in fact different from the 35/37 kDa proteins.

To date, no mRNAs corresponding to these putative AFosB-like proteins have 

been identified. It is interesting to note that in the fosB knockout mouse all FosB- 

immunoreactive proteins were eliminated, suggesting that is not another gene product 

which produces FosB-immunoreactive proteins (Brown, 1996). Thus, the identities of 

the AFosB-like proteins have yet to be clearly identified and characterized.

The stimulus-activated upregulation of 35 and 46 kDa proteins has been 

extensively reported. Induction of these proteins have been found in the following 

experiments: apomorphine treatment of the dopamine denervated striatum (Zhang, 1992; 

Bronstein, 1994); cocaine treatment of the striatum (Rosen, 1994b); kainate stimulation 

of the hippocampus (Pennypacker, 1994a, 1994b); electrical shock or metrozole seizures
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in the brain (Sonnenberg, 1989a, 1989b); and QA injection into the striatum (Aronin, 

1991). However, in these studies antibodies recognizing all Fos family proteins were 

used and thus the 45 kDa protein was not conclusively identified as FosB, and the 35 

kDa protein was not determined to be AFosB, Fra-1, or a AFosB-like protein, all of 

which are proteins of 35 kDa.

The localization of AFosB-like proteins correlates with the striatal neurons which 

are activated as a result of the various treatments affecting dopamine receptors (Doucet,

1996). Dopamine depletion of the striatum by 6-OHDA lesion of the nigrostriatal 

pathway relieves the dopaminergic inhibition of stiiatopallidal neurons, and AFosB-like 

immunoreactivity is found in these stiiatopallidal neurons which are chronically activated 

as a result of this treatment. Chronic treatment by the Dl-like receptor agonist CY 208- 

243 induces AFosB-like immunoreactivity in the activated striatonigral neurons ipsilateral 

to the 6-OHDA lesioned nigrostraital pathway. AFosB-like immunoreactivity has also 

been documented in the striatum as a result of treatment with chronic dopamine 

antagonists haloperidol and clozapine (Vahid-Ansari, 1996). The increase in Fos 

proteins by administration of haloperidol can be reversed by administration of the 

NMDA receptor antagonist MK-801, again illustrating that the release from disinhibition 

induces Fos expression due to the activation of the neurons by endogenous glutamate 

(Ziolkowska, 1993).

Section 5.4: Cytoplasmic signalling pathways leading to AP I protein expression

I. Structure oftheAP-1 gene promoters

Recent cloning of the 5’ promoter of the rat c-fos gene has shown its close 

identity in this region to the c-fos genes of the mouse (93%) and human (77%) (Wang 

and Howells, 1994). The primary promoter elements of c-fos responsible for its 

induction are a calcium/cAMP response element (CaRE or CRE) at -60 and a serum 

response element (SRE) at -300 (Fig. 5.2) (Treisman, 1985; Berkowitz, 1989). The 

promoter contains several other regulatory sequences, including the Sis-inducible 

element (SIE) activated by c-sis as a result of PDGF and EOF stimulation (Hayes, 1987; 

Wagner, 1990); a TRE (Frisch, 1989); and a putative glucocorticoid response element 

(GRE) binding the activated glucocorticoid receptor (GR) (Wang and Howells, 1994). 

Comparison of the c-fos gene with the promoters of the chicken Fra-2 gene and mouse 

fosB gene shows striking similarity in the order of regulatory sequences, suggesting that 

all fos genes were derived from common ancestors (Fig. 5.2). Notably, there is similar
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spacing between the SRE and TRE in the c-fos and fosB genes (Lazo, 1992), as well as 

the SRE and CRE sites in the c-fos and fra-2 genes (Yoshida, 1993). The fra-1 gene 

does not contain any CREs or SREs, and its regulation depends on three TREs in the 

first intron and an “immediate response box” motif (TTTTGTA) which is responsive to 

serum stimulation (Freter, 1992; Bergers, 1995)

The promoters of the Jun family genes vary markedly, which may be the reason 

for the differences in their response to stimuli (see below) (Bartel). The c-jun promoter 

contains many putative transcription elements; including two TREs; SPl, GTE, and 

serum-response element-like binding sites; and FP and nuclear factor-Jun (NF-JUN) sites 

which are protected by proteins in vivo (Angel, 1988b; Unlap, 1992; van Dam 1995 and 

references therein). Experiments attempting to determine the active regulatory elements 

in the junB promoter by transfection assays showed conflicting results (de Groot, 1991a; 

Apel, 1992; Kitabayashi, 1993; Perez-Albueme, 1993). Mapping of DNAase- 

hypersensitive regions clarified the locations of two SRE sequences , a TRE, and two 

CRE regions (Phinney, 1994), as well as an interleukin-6 response element (IRE) which 

binds the STAT (signal transducer and activator of transcription) transcription factor 

(Coffer, 1995). The constitutively expressed junD gene has several regulatory 

sequences, however the only active sites are a TRE and an octamer motif, which binds to 

POU domains of the Oct transcription factor family (de Groot, 1991b). Since Oct-1 is 

involved in constitutive expression of several genes, it may be the transcription factor 

responsible for the constitutive expression of junD, especially considering the other jun 

family promoters which are not constitutively expressed do not have a Oct motif.

II. Transcriptional activation at the CRE o f the c-fos promoter 

There are several different means by which intracellular signalling resulting in AP- 

1 gene induction can be initiated at the cellular membrane. The earliest reports of c-fos 

induction were described after the mitogenic stimulation of cells as a result of membrane 

depolarization through voltage-sensitive Ca-r+ channels (VSCC) (Morgan and Curran, 

1986). The results of these Ca++-mediated pathways was dramatically illustrated when a 

one minute transient elevation of cytosolic calcium increased c-fos mRNA within 30 

minutes. Transcriptional activation of the c-fos promoter can also be initiated via the 

cAMP pathway resulting from activation of a G protein ligand receptor binding 

neurotransmitters (Sassone-Corsi, 1988c). The induction of transcription of the c-fos 

gene by these various signalhng pathways will be described below.
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One of the two principle promoter elements of c-fos is the CRE sequence which 

constitutively binds to the transcription factor CREB (see also Section 8.2 and Fig. 3.3). 

Induction of the cAMP signalling pathway results in the activation of CREB by 

phosphorylation of the CREB serine-133 residue (Montminy and Bilezücjian, 1987). 

Phosphorylation of CREB changes its orientation with respect to the DNA and allows 

the attachment of a CREB-binding protein (CBP), which forms a bridge between the 

CREB complex and the RNA polymerase (Gonzalez, 1991; Chrivia, 1993; de Groot, 

1994 ). Transcription of c-fos is inactivated by inhibitory CREB proteins, and additional 

regulation of CREB activity arises from its interaction with members of the AP I and 

CREB/ATE family (see Chapter 8).

There are several intracellular signalling pathways beginning with different 

membrane receptors which ultimately lead to the phosphorylation of CREB. In one 

pathway (Fig. 5.3), the binding of neurotransmitters to G protein-coupled receptors 

activates adenylate cyclase which produces cAMP, leading to the activation of the 

cAMP-dependent protein kinase A (PKA) which phosphorylates CREB (Sassone-Corsi, 

1988c; Gonzalez and Montminy, 1989). A second pathway dependent on Ca++ entry 

via a voltage sensitive calcium channel (VSCC) also converges on the phosphorylation of 

CREB via Ca-i-+/calmodulin protein kinases (CaMK) (Sheng, 1991 ; Dash, 1991; Sun, 

1994). Additionally, growth factor receptor activation results in phosphorylation of 

CREB by a Ras-dependent protein kinase (Ginty, 1994).

III. Transcriptional activation at the SRE o f the c-fos promoter

Ca-t-4- -induced c-fos expression can be regulated independently from the CRE 

(Sheng, 1988) by binding of the serum response factor (SRE) to the SRE sequence 

(Treisman, 1986, 1987) as a result of a variety of stimuli including growth factors and 

phorbol ester stimulation. A 62 kDa protein which forms a complex with SRE contains a 

DNA binding domain similar to that of the ets transcription factor family (Treisman, 

1994) and binds immediately 5’ to the SRE. This protein is a member of the ternary 

complex factor (TCP) family of proteins which enhance the affinity of the SRE for the 

SRE and include Elk proteins (ets-like,), SRE accessory proteins (SAP), and p62/TCF. 

The constitutively bound SRF/Elk-1 complex is activated by phosphorylation of certain 

Elk-1 residues by mitogen-activated kinases (MAPKs) (Herrera, 1989; Janknecht, 1993, 

1994). Several signalling pathways converge on the activation of two MAPKs called 

ERKl and ERK2 which perform the phosphorylation of Elk-1 necessary for 

transcriptional activation (Fig. 5.4). In one pathway, growth factors bind to tyrosine
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kinase membrane receptors and causes them to dimerize and autophosphorylate, 

initiating a cascade involving the activation of the G protein Ras; the binding of Ras to 

the serine/threonine kinase Raf-1; the Raf-1-mediated phosphorylation of MAPK/ERK 

kinase (MEK), which finally phosphorylates MAPK (reviewed in Treisman, 1994). This 

pathway is also utilized by TP A pathways via the activation of PKC which directly 

phosphorylates Raf (reviewed in Janknecht, 1995), as well as Ca++ entry by VSCC 

which activates Ras (Rosen, 1994a). While the phosphorylation of TCP by various 

kinases is necessary for transcriptional activation (reviewed in Papavassiliou, 1994), the 

phosphorylation of SRE at serine 103 by CaMK enhances SRE binding but has not been 

proven to be sufficient to activate transcription (Rivera, 1993; Misra, 1994). The SRE 

of the c-fos gene is also the site of autorepression by the c-Fos protein which possibly 

interacts with the SRE complex (see Section 3.2)

IV. Intracellular sienallins pathways leading to Jun family expression 

Transcription of the each of the Jun family proteins is induced by differing stimuli 

(reviewed by Karin, 1990). The junB gene responds to both TP A and cAMP which 

activate the protein kinase C and protein kinase A pathways, respectively. TPA-induced 

transactivation of the c-jun gene requires an AP I complex containing the c-Jun protein. 

This apparently paradoxical situation may occur by post-translational activation of pre

existing c-Jun, or via c-Fos/JunB or c-Fos/JunD complexes. The c-jun gene is negatively 

regulated by the cAMP pathway, probably via the negative regulatory effects of JunB 

(see Section 3.3).

IV. Intracellular sim allins pathways differ according to method ofCa++ entry 

An important determinant of the intracellular pathways initiated is the receptor 

which mediates the influx of Ca-t-+ (Lerea, 1992). The means of Ca+-f- entry by NMDA 

and non-NMDA glutamate receptors differ; Ca+-i- flows directly through NMDA 

receptor channels, and Ca++ enters indirectly through VSCC after non-NMDA receptor 

activation. The first evidence which indicated that different signalling occurs depending 

on the mode of Ca+4- entry came from studies in which Ca++ influx through VSCC can 

induce c-fos via both the SRE and CRE, whereas NMDA receptors only induce c-fos 

transcription via the SRE (Fading, 1993). However, this data has recently been challenged in 

experiments in which induction of c-fos at the CRE by amphetamine requires a functional 

NMDA receptor and Ca+4- entry (Konradi, 1996). While the NMDA receptor and the 

VSCC both activate phosphorylation of SRE via the CaMK, the NMDA receptor- 

mediated activation also activates SRE through a second as yet unknown pathway (Lerea
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and McNamara, 1993). Ca++ entry through different receptors also leads to different 

regulation of downstream genes which may have consequences on the neuronal survival 

or death. For example, Ca++ influx through VSCC in embryonic cortical neurons 

increases expression of the neurotrophin BDNF and consequently neuronal survival is 

enhanced, however NMDA-mediated Ca++ entry does not have these effects (Ghosh, 

1994). There are possibly undiscovered pathways or transcription factors mediating 

cAMP or Ca++ signalhng, as is indicated by NMDA-induced expression of the c-jun 

gene which does not contain a CRE or SRE.

The VSCC and NMDA receptors have different localizations in the CNS, and 

their different positions may lead to the contrasting signalling pathways. The NMDA 

receptors are in the dendritic spines (Regehr and Tank, 1990; Benke, 1993; Siegel,

1994), while the VSCC are present on the proximal dendrites and cell bodies (Ahlijanian, 

1990; Westenbroek, 1990 ;).

5.5: Signalling pathways leading to post-translational activation of AP-1 proteins

As discussed in Section 3.5, the activation of the transcriptional capacity of AP-1 

proteins requires phosphorylation, which is dependent on cell type, stimulus, and 

dimerization state of the proteins. A through survey of the various signalling pathways 

and kinases involved in AP-1 protein phosphorylation is beyond the scope of this thesis, 

however a few kinases which have recently been found to specifically target c-Fos and c- 

Jun and influence their regulation merit brief review. Enzymes responsible for the 

phosphorylation of the HOB activational domains in both c-Jun and c-Fos (see Sections 

3.2 and 3.3) have been identified as Ras-dependent MAP kinases, which are related to 

the ERK family (see Section 5.4). These kinases called JNK/SAPKs (Jun n-terminal 

kinase in mammals and stress-activated protein kinase in rat) phosphorylates the c-Jun 

Ser-63 and Ser-73 residues (Hibi, 1993; Derijard, 1994; Kyriakis, 1994), and the Fos- 

regulating kinase (FRK) phosphorylate the c-Fos Thr-232 amino acid (Deng and Karin,

1994). Phosphorylation is also crucial for the regulation of the carboxy-tenninal domain 

of c-Fos which is involved in trans-repression of the c-fos promoter (see Section 3.2). 

The discrepancies amongst in vitro reports of the kinase responsible for this 

phosphorylation may indicate that there is cell type specific regulation (Tratner, 1992; 

Chen, 1993; Nel, 1994).
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FIGURE 5.1: The expression patterns of c-Fos and c-.Tun after QA lesion
Camera lucida drawing showing the distribution of immunocytochemical reactivity of c- 
Fos at two hours following striatal lesion with 60 nmol QA (A), and c-Jun at 24 hours 
following striatal QA lesion (B). Scale bar 1 mm. (From Purkiss, 1993b)

56



it



FIGURE 5.2: The promoters of the c-fos, fosB,and fra-2 genes
The fos family promoter elements are similar in the spacing between the SRE and the 
TRE in c-fos and fosB genes, and the SRE and CRE in c-fos and fra-2 genes. The fra-1 
gene (not shown) has three TRE sequences in the first intron, but no other promoter 
elements similar to the other fos family genes. (Data adapted from the following 
references: c-fos-Wang and Howells, 1994; fosB-Lazo, 1992; fra-2-Yoshida, 1993)
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FIGURE 5.3: Signalling pathways leading to CREB-mediated transcriptional
activation of the c-fos promoter

Two methods of initiating c-fos transcription by the activation of CREB are illustrated. 
The cAMP pathway involves neurotransmitter binding to the G-protein receptor and 
production of cAMP by adenylate cyclase, which induces the cAMP-dependent protein 
kinase A  (PKA) to phosphorylate the serine-133 residue of CREB. CREB can also be 
phosphorylated by a Ca-i-4-/calmodulin protein kinases (CaMK), which is induced by 
Ca+-i- entry through voltage sensitive calcium channels (VSCC). (Reproduced from 
Rosen, 1995a)
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FIGURE 5.4: Signalling pathways leading to SRF-mediated transcriptional
activation of the c-fos promoter

The activation of the SRF/TCF complex which is constitutively bound to the SRE of the 
c-fos promoter is shown. Transcriptional activation occurs after growth factor binding 
to a tyrosine kinase receptor which activates a Ras/Raf signalling cascade leading to 
phosphorylation of the p65 protein by mitogen-activated kinases (MAPKs). The binding 
of the complex to the SRE is enhanced by phosphorylation of the serine 103 residue of 
SRE by CaMK, which is induced by Ca+-t- entry through voltage sensitive Ca++ channels 
(VSCC). (Reproduced from Rosen, 1995a)
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CHAPTER 6

THE ACTIONS AND REGULATION OF NGF IN THE CNS 

Section 6.1 : Introduction

A central goal of transcription factor studies is the investigation of which 

downstream genes the transcription factors control. One of the primary aims of this 

thesis is determining whether the AP-1 proteins expressed following NMDA lesion of the 

striatum are the transcription factors which may be involved in controlling the expression 

of downstream genes pertinent for neuronal survival, in particular the neurotrophin nerve 

growth factor (NGF). This chapter discusses the role of NGF in neuronal survival 

following injury and explores the regulation of the NGF gene promoter by AP-1. The 

interplay of AP-1 with other transcription factors which may influence the transcription 

of NGF will be discussed in Chapters 7 and 8.

Section 6.2: The neurotrophic effects of NGF in the adult CNS

I. NGF in adult brain

The four known neurotrophins, NGF, brain derived neurotrophic factor (BDNF), 

neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5), support the survival of different 

but overlapping populations of neurons. Each neurotrophin binds to the low-affinity p75 

receptor as well as to a specific high-affinity tyrosine kinase: NGF binds TrkA, BDNF 

and NT-4/5 bind TrkB, and NT-3 binds TrkC. Neurotrophins play a crucial role in 

neuronal development and differentiation (reviewed in Barde, 1989), and NGF supports 

sensory and sympathetic neurons in the peripheral nervous system (Levi-Montalcini,

1966) and basal forebrain cholinergic neurons in the CNS. Mouse knockouts of the trkA 

gene results in animals with sensory and sympathetic neuropathies and a decrease in the 

cholinergic basal forebrain projections, and the mice die soon after birth (Smeyne, 1994).

The function of NGF in the mature CNS is still being elucidated. The neurons of 

the basal forebrain depend on NGF for their support, and they selectively take up the 

target-derived neurotrophin in their nerve terminals which end in the NGF-rich 

hippocampus and retrogradely transport NGF down the axon to the cell body (Schwab, 

1979). Some of the earliest discoveries of the effects of NGF in the injured CNS were 

its ability to rescue damaged cholinergic neurons of after fimbrial transection (Hefti,

1986; Wilhams, 1986; Kromer, 1987). Subsequent studies showed that NGF is 

upregulated in the hippocampus and cortex after a variety of injuries including 

mechanical trauma, ischemia, excess Ca++ depolarization and limbic seizures (reviewed 

in Lindvall, 1994). The expression of neurotrophins is cell and region specific; for
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example, after electrolytic seizure or QA lesion of the hippocampal dentate gyrus, 

granule cells produce NGF and BDNF, CA3 pyramidal neurons express NGF only, and 

CAl pyramidal neurons only increase expression of BDNF (Isackson, 1991; Rocomora, 

1994). There is also a difference in the time course of neurotrophin induction in 

regions which express both BDNF and NGF, with BDNF preceding NGF expression by 

18 hours (Lauterbom, 1994). Pharmacological studies show that the induction of NGF 

in the hippocampus can occur as a result of stimuli which activate several types of 

glutamate receptors. NGF is expressed after NMDA receptor activation by QA lesion 

(Rocamora, 1994) and via kainate and AMP A receptors with kainic acid lesions and 

kindling (Zafra, 1990; Emfors, 1991). With many types of stimuli, the expression of 

NGF generally peaks within six to 12 hours after lesion and lasts for up to 24 hours.

These results raise the possibility that the increase in expression of neurotrophin 

after injury promotes neuronal survival. Accordingly, the induction of NGF in different 

regions of the hippocampus after dentate hilar lesion correlates with survival: the dentate 

gyrus granule cells which express NGF are most resistant to injury and the CAl neurons 

which do not express NGF are the most vulnerable (Ballarin, 1991 ; Bengzon, 1992; 

Lindvall, 1992). In cell culture systems, NGF has been found to protect hippocampal, 

septal, and cortical neurons from treatments which would otherwise result in death 

(Cheng and Mattson, 1994; Kokaia, 1994; Zhang, 1993). However, it has been found 

that the delayed administration of NGF three days after striatal QA lesion does not result 

in rescue of cholinergic neurons (Davies and Beards all, 1992).

The mechanisms by which neurotrophins may provide neurotrophic protection 

are still being investigated. It has been found that BDNF, NT-3, and NT-4 increase the 

expression of calcium binding proteins which maintain cellular calcium homeostasis (Ip, 

1993; Collazo, 1992). BDNF may relieve oxidative stress by decreasing the levels of 

oxidized glutathione created by 6-OHDA and by increasing expression of the protective 

enzyme glutathione reductase, thus protecting dopaminergic neurons (Spina, 1992; 

Zhang, 1993). Additionally, NGF may promote dendritic sprouting and synaptic 

reorganization after injury, such as the sprouting of cerebellar dentate granuole mossy 

fibers after kainic acid treatment and kindling (Cavazos, 1991).

II. NGF in striatal lesions

Of particular relevance to this thesis is the observation of the increased 

expression of NGF as a result of striatal lesions. In the developing striatum, NGF serves 

as a neurotrophin for cholinergic neurons (Mobley, 1989), and in the adult striatum
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cholinergic neurons retain the ability to respond to NGF by the high expression of TrkA, 

particularly by these interneurons located in the lateral and ventrolateral striatum 

(Raivich and Kreutzberg, 1987; Riopelle, 1987; Altar, 1991). In contrast, the medium 

and small-sized striatal cells express TrkB and TrkC receptors (Merlio, 1992). NGF 

increases striatal ChAT and high affinity choline uptake in vitro and in vivo (Martinez, 

1985; Wilhams and Rylett, 1990) and cholinergic intemeuron size in vivo in unlesioned 

rats infused with NGF for periods of two weeks or more (Hagg, 1989).

As is the case with the hippocampus and cortex (see above), many types of 

lesions of the striatum induce NGF expression. Mechanical damage of the striatum was 

found to eliminate the normal NGF expression in neurons but greatly increased NGF 

immunoreactivity in ghal cells which peaked at three days and two weeks post-lesion 

(Altar, 1992). NGF expression is also induced in the striatum by the removal of 

corticostriatal glutaminergic input (Lorez, 1988), hypoxia by bilateral corotid ligation 

(Lorez, 1989), and QA lesion of the striatum (Purkiss, 1993b; Perez-Navarro, 1994). 

Mechanical damage to the striatum by the insertion of a needle induces the ectopic 

expression of p75 receptor (Gage, 1989) which may be due to increased expression of 

NGF which is known to induce p75 (Lindsay, 1990). NGF expression is found primarily 

in neurons in both unstimulated brain and after QA or KA lesions (Zafra, 1990, Gall, 

1993, Purkiss, 1993b; Nishio, 1994). The ability of NGF to rescue neurons is limited to 

the severity of injury, and at concentrations of QA above 68 nmol when ChAT levels 

declined in a dose-dependent manner, and proportional increase in NGF is unable to 

rescue cholinergic neurons (Perez-Navarro, 1994).

The findings that NGF is upregulated in the striatum following several types of 

injury led to the examination of whether exogenously added NGF could provide even 

further neuroprotection in a manner which may be clinically relevant. Exogenously 

added NGF was found to protect all cholinergic neurons from death after striatal QA 

lesion, as well as enhance the somal size of the cholinergic neurons (Davies and 

Beards all, 1992; Perez-Navarro, 1994). Prolonged infusion of NGF after mechanical 

lesion increased acetylcholinesterase (ChAT) activity without altering the amount of high 

affinity choline uptake into cholinergic nerve terminals (Altar, 1992). Besides the direct 

injection of NGF into the striatum employed by these studies (Altar, 1992; Davies and 

Beards all, 1992; Perez-Navarro, 1994), two other effective methods to deliver the 

neuroprotective effects of NGF from striatal QA lesion are the implantation of NGF- 

producing fibroblasts prior to lesion (Schumacker, 1991) or the coupling of NGF to the
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transferin receptor antibody and systemic administration of the complex for uptake 

through the blood-brain barrier (Kordower, 1994).

NGF clearly preserves cholinergic neurons from damage, however there are 

discrepancies in the reports of the effects of NGF on other striatal neuronal populations. 

Schumacher et. al. (1991) find that NADPH-diaphorase neurons also benefit from 

implants of fibroblasts expressing NGF, however Davies and Beards all (1992) and 

Kordower et. al. (1994) do not see any sparing of NADPH-d medium aspiny neurons as 

a result of NGF administration, which is consistent with the observation that medium

sized striatal cells express TrkB and TrkC but not TrkA (Merlio, 1992).

Section 6.3: The NGF gene promoter

The recently mapped regulatory elements in the NGF promoter give clues about 

the mechanisms of the control of its expression. The functional regions of the mouse 

NGF promoter were examined in experiments in which defined portions of the promoter 

were attached to a reporter gene and transfected into a fibroblast cell line, as well as 

DNA footprinting experiments to determine those sequences bound by proteins (D’Mello 

and Heinrich, 1991b). Two regions promoting activation of transcription (located from - 

43 to -64 and -105 to -119) both contain an identical sequence motif (GGAGGG), and 

competition experiments show that these motifs both bind the same transcription factors. 

Two suppressor regions are found further upstream (located from -163 to -189 and -269 

to -296), and the levels of suppression imposed by these elements correlates with the 

amount of protein binding to these regions. One of these elements contains an octomer 

motif, which in many genes binds to repressor proteins. A putative NF-KB sequence is 

also present at -719 in the NGF promoter (Jehan, 1993). In addition to these regulatory 

regions upstream of the transcriptional start site, a downstream TRE (located from +33 

to +50) is conserved in mouse, rat, and human species. DNA footprinting, EMSA 

experiments, and transfected promoter expression assays performed in fibroblast cell 

lines show that the TRE binds proteins which regulate basal and stimulated NGF gene 

expression, even in the presence of the upstream suppressor elements (Hengerer, 1990; 

D ’Mello and Heinrich, 1991a, 1991b).

Section 6.4: The NGF mRNAs

A unique feature of the mouse NGF gene is that it encodes four different mRNAs 

for NGF precursor proteins as a result of alternative splicing of noncoding 5’ sequences 

and the use of independent promoter elements (See Figure 6.1). The first mRNA 

(transcript A) which was isolated in the mouse submaxillary gland by Scott et. al. (1983)
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and in the human by Ullrich (1983) contains four exons upstream from the mature 

protein. A shorter but nearly identical mRNA (transcript B) lacks exon 2 and 

consequently contains a translation initiation site more 3’ than that of transcript A 

(Edwards, 1986). Two additional NGF transcripts have been identified in mouse by 

Selby et. al. (1987): i.) transcript C which has a beginning exon more 5’ than exon 1 of 

transcripts A and B, and this segment contains the ATG codon resulting in a protein that 

is 700 daltons larger than that of transcript A; and ii.) transcript D which is missing the 

first two 5’ exons found in transcripts A and B, but the translation start codon is still the 

same used for transcript B and therefore encodes an identical protein to transcript B.

The variations in the 5’ ends of the four transcripts result in preçus or proteins which 

have divergent amino-termini, however cleavage of the precursors gives identical NGF 

proteins since all transcripts contain the protein moiety encoded by exon 4. In all tissues 

except the submaxillary gland and placenta, transcript B is the predominant fonn with 

small amounts of transcript A and barely detectable amounts of transcripts C and D. The 

relative amounts of the transcripts does not change throughout development or by 

neonatal trauma (Selby, 1987).

The cloning of the 5’ promoter of the rat gene showed 95% similarity between 

mouse and rat sequences in exon 1 (Zheng and Heinrich, 1988). Greater than 99% of 

the transcripts in mouse and rat tissues contain exon 1 (present in transcripts A and B in 

the mouse). The rat gene does not express any mRNA similar to the mouse transcript C, 

and thus in the rat gene aU transcripts include exon 1. The rat gene has the unusual 

configuration of two closely spaced TATA boxes nearby the transcriptional initiation 

site.

Section 6.5: The control on NGF gene expression by AP-1

The regulation of the NGF and c-fos genes are uniquely intertwined. Whilst c-fos 

transcription is controlled by signalling pathways initiated by the binding of NGF protein 

to cell surface receptors (see Section 5.4), AP-1 proteins serve as transcription factors 

regulating NGF gene expression. This section will discuss the regulation of NGF with 

particular emphasis on transcriptional activation by AP-1 proteins.

Pharmacological studies have shown that NGF expression is induced by a variety 

of agents, including interleukin 1 (Lindholm, 1987, 1988), PMA (Wion, 1990), TP A 

(D’Mello and Heinrich, 1990). In studies attempting to determine the pathways leading 

to NGF expression, it was found that the blocking of G protein receptor by pertussis 

toxin decreases the levels of both c-fos and NGF (Wion, 1992). In contrast, several
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experiments have been performed which indicate that there is a regulatory pathway for 

NGF which does not involve c-Fos, since treatment with the steroid 1,25- 

dihydroxyvitamin D3 increases NGF mRNA without affecting c-fos mRNA levels (Wion, 

1991), and interleukin-1 induces NGF in fibroblasts without the coincident expression of 

c-fos (Lindholm, 1988). In an elegant study by D ’Mello and Heinrich (1991a), the 

interactions of various signalhng pathways leading to the expression of NGF were 

examined. Of particular note is the fact that the downregulation of NGF expression 

imposed when either corticosterone or cAMP is added with TP A treatments occurs by 

different mechanisms, because in each case different AP-1 proteins are expressed. The 

cortisterone hormone presumably eliminated the TPA-induced expression of NGF by the 

direct interaction of AP-1 and the activated hormone receptor (see Section 7.3). The 

prevention of NGF induction when cAMP was added with TP A may occur by post- 

translational modifications of AP-1 proteins initiated by cAMP resulting in decreased

transcriptional activity of AP-1 (see Section 3.5).
Studies investigating which AP-1 proteins bind in vivo to the TRE of the NGF

promoter give conflicting results. Jehan et. al. (1995) claim that increased expression 

of NGF in astrocyte cultures correlated with levels of c-jun mRNA, and no relationship , 

was seen to any of the other AP-1 proteins. However, this data is based purely on 

circumstantial evidence relating increases in c-jun mRNA levels with NGF expression, 

and transcripts for every other AP-1 protein were still present in these cells and could 

theoretically also be involved in transcription of NGF even though they are not 

coordinately upregulated before NGF. Other studies have made tenuous links between 

the temporal pattern of AP-1 expression prior to NGF expression following KA 

lesions, but these reports did not directly prove that AP-1 proteins are binding to the 

TRE of the NGF promoter (Ballarin, 1991). In EMSA supershift assays, D ’Mello and 

Heinrich (1991a) found binding to the NGF TRE of c-Fos and a Jun-related protein in 

a fibroblast cell line. In experiments by Hengerer et. al. (1990) in which the c-fos gene 

and the NGF promoter were transfected into skin fibroblast cultures, the experimental 

induction of c-fos expression related to a consequent increase in NGF expression, and 

since c-jun increased in a pattern similar to c-fos, these authors imply that both 

regulate the NGF gene. However, Jehan et. al. (1993) suggest that c-Fos does not 

necessarily regulate the NGF gene, since their results show a simultaneous rather than 

sequential induction of NGF and c-fos mRNA with forskolin treatment, rather than c- 

fos transcript preceding NGF transcription as would be expected if c-Fos was 

controlling NGF expression.
6 8



Therefore, there is still a debate as to which AP-1 proteins, if any, induce NGF gene 

transcription, and the characterization of such putative NGF transcriptional control in 

different cell types and stimuli conditions has not yet been thoroughly investigated.
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FIGURE 6.1: Structure of NGF mRNAs
The exon structure of the four alternatively spliced NGF mRNA species are illustrated. 
Transcript A contains four exons upstream from the mature protein; transcript B lacks 
exon 2 and consequently contains a translation initiation site more 3’ than that of 
transcript A; transcript C has a beginning exon and transcription initiation site more 5’ 
than exon 1 ; transcript D is missing the first two 5’ exons, but the translation start codon 
is still the same used for transcript B and therefore encodes an identical protein to 
transcript B. The cleavage of the precursors gives identical NGF proteins since all 
transcripts contain the protein moiety encoded by exon 4. (Reproduced from Selby, 
1987).
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CHAPTER 7

INTERACTIONS BETWEEN AP-1 AND THE GLUCOCORTICOID

RECEPTOR

Section 7.1 : Introduction

Recent studies have highlighted the potential of “cross-talk” between 

transcription factor families, thus providing additional diversity in the cell’s ability to 

respond to stimuli. With the Fos and Jun proteins, there are 22 possible combinations for 

AP-1 complexes, which may function as either positive or negative regulators of 

transcription, and this number obviously increases when other transcription factors 

combine with AP-1 proteins. Considering the variety of regulatory elements on each 

promoter, there is great opportunity for specificity and flexibility for the control of each 

gene. This chapter will concentrate on the regulation of gene expression by the activated 

glucocorticoid receptor and its interactions with AP-1. Protein-protein interactions 

between A P-1 and other transcription factors and co-factors which are relevant to the 

results of this thesis will be presented in Chapter S .

Section 7.2: The glucocorticoid receptor

The steroids are a widespread class of signalhng molecules targeting both 

neurons and glia throughout the brain, including in the striatum (McGimsey, 1991). The 

levels of steroids circulating in an organism is controUed by a finely tuned cascade of 

releasing hormones in response to both stress and the regular circadian cycle, and 

generally glucocorticoids have an inhibitory effect on cell proliferation, inflammation, and 

immune responses. Unlike the signalling pathways initiated by receptors at the cell 

membrane (see Section 5.4), the method of signalling for steroid molecules involves 

binding to a steroid-specific intracellular receptor which acts directly as a transcription 

factor by binding to a recognized DNA consensus element (for reviews see Dahlman- 

Wright, 1992; Truss and Beato, 1993; Ryder, 1994; Bamberger, 1995). All steroid 

receptors have “zinc finger” motifs composed of a tetrahedral array of cystines or 

histidines which share the binding to a central zinc cation. The two pairs of zinc binding 

residues are separated by a segment of amino acids which become looped into a “finger” 

when the structure is formed. When inactive, the glucocorticoid receptor (GR) is bound 

to a macromolecule of heat shock proteins (including two hsp90 molecules, hsp 70, and 

hsp 56) which retain GR in its inactive state. Upon binding a glucocorticoid molecule"^.

In the rodent, the glucocoritcoids are cortisol or corticostrone, but the name glucocorticoid will be used 
in this thesis.
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the activated receptor undergoes a conformational change which results in disassociation 

with the hsp complex, hyperphosphorylation, nuclear translocation, and DNA binding to 

a glucocorticoid response element (GRE). Steroid receptors can bind as monomers, 

homodimers, or heterodimers, but GR exclusively forms homodimers. Binding of GR to 

the GRE promotes transcriptional activation, whereas GR binding to a “negative GRE” 

element (nGRE) inhibits the transcription which is normally actively regulated at this site 

by an unknown transcription factor. All hormone receptors share highly conserved 

functional domains, especially in the DNA binding domain, and the receptors for 

progesterone, mineralcorticoid and androgen can each bind to the GRE motif as well as 

to motifs specifically recognized by these receptors.

There are two types of corticosteroid receptors, type I and type II, which have 

different binding affinities for glucocorticoids or mineralcorticoids. The type I receptor 

has equal affinity for corticalsterone and aldosterone, and the type II receptor binds 

primarily glucocorticoids and has minimal affinity for aldosterone and corticosterone 

(Reul and De Kloet, 1985). The distribution of the two types of receptors varies 

throughout the brain. In the striatum, 70% of the neurons express type I receptor 

(Ahima, 1991), and 90% express the type II receptor (Ahima and Harlan, 1990), both 

predominantly in medium sized neurons. In addition, there are two alternatively spliced 

isoforms, G R a which is functionally active and GRP which cannot bind glucocorticoids 

and is inactive, and each species has a unique cell-type distribution (Bamberger, 1995). 

Section 7.3: Models of interactions between AP-1 and GR

The surprising discovery that GR inhibits expression of genes whose promoters

do not contain either a GRE or nGRE suggested that GR was involved in cross-talk with

another transcriptional activation pathway. It was first found that GR interferes with

AP-1-mediated transcription by the repression of both induced and basal gene expression 

at TREs in the proliferin and collagenase promoter (Mordacq and Linzer, 1989; Jonat,

1990; Yang-Yen, 1990). While the most common effect of AP-l/GR interactions is 

transcriptional inhibition, they can also act synergistically to activate transcription 

(Harrison, 1995). The four different scenarios in which the GR and AP-1 cooperate to 

modulate their transcriptional response are detailed below (see Fig. 7.1).

I. The “composite GRE”

Diamond et. al. (1990) found that GR binds to the proliferin promoter at a site 

that contains an embedded AP-1-like sequence, and such DNA elements which bind both 

types of transcription factors were named a “composite GRE”. The binding of the
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composite GRE to various combinations of proteins from different transcription factor 

families has results unique to each combination. The cooperative actions of AP I and 

OR are seen in experiments in which the composite ORE is attached to a reporter gene 

and co-transfected into cell lines with different transcription factors. When the activated 

OR binds alone to the composite ORE it is inactive, however when c-Jun binds to the 

site with OR there is transcriptional activation, and this activation is lost upon addition of 

excess c-Fos. Co-transfection experiments by Pearce and Yamamoto (1993) show that 

the response at a composite ORE is highly specific, since the activated OR can block AP

I-induced transcription at a composite ORE, however the activated mineralcorticoid 

receptor (MR), which also has a high affinity for glucocorticoid binding and recognizes 

the ORE motif, does not inhibit AP-1-mediated transcription at the same composite ORE 

site. Therefore, the transcriptional outcome is dependent on the cell-type specific 

expression of OR and MR and on the accessory factors which interact with the different 

hormone receptors. The effects of AP-1 and OR binding to a composite GRE is unique 

to each gene, and the a-fetoprotein promoter differs from the proliferin gene described 

above in that binding of GR alone activates a composite GRE and addition of AP-1 with 

GR inhibits gene transcription (Zhang, 1991).

In another model similar to the composite GRE, individual GRE and TRE 

sequences may lie so closely on the promoter that one complex “bumps” the other out of 

place, depending on the relative concentrations of each transcription factor (Mordacq 

and Linzer, 1989; Zacharchuk and Ashwell, 1992).

II. AP-l-G R protein binding

The discovery of direct protein-protein interactions between GR and AP-1 

uncovered different mechanisms for their mutual transrepression. Such interactions were 

suggested on the evidence that in the absence of a composite GRE the transcription 

factors can clearly repress each other, however AP-1 does not bind to the GRE, and the 

GR does not bind to the TRE. Additional evidence for direct protein-protein interaction 

came from the realization that DNA binding is not necessary for mutual transrepression, 

since amino acid deletion and mutation experiments showed that the DNA binding 

domains of c-Jun and c-Fos are not involved in inhibition of GR (Lucibello, 1990;

Schule, 1990; Kerppola, 1993). Despite of the fact that the repressive function of GR 

maps to its DNA binding domain, DNA binding by GR is not required for cross-talk with 

the A P-1 complex, so the domain is probably multifunctional and has independent 

domains for DNA binding and interactions with AP-1 (Jonat, 1990; Lucibello, 1990;
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Schule, 1990; Yang-Yen, 1990; Touray, 1991; Kerppola, 1993). Although not all 

studies have been able to demonstrate the binding of GR to AP-1 (Lucibello, 1990; 

Schule, 1990; Touray, 1991; Kerppola, 1993), some in vitro cross-linking and co- 

immunoprecipitation experiments have shown direct interaction (Diamond, 1990; Jonat, 

1990; Yang-Yen, 1990). The regions of c-Jun and c-Fos which interact with GR are 

located outside the leucine zipper, so the binding of GR to AP-1 does not disrupt the 

AP-1 complex (Kerppola, 1993). The protein-protein interactions can inhibit 

transcription by two mechanisms: i.) the prevention of binding of either transcription 

factor to DNA (Yang-Yen, 1990); or ii.) the binding of one transcription factor in the 

complex to the DNA consensus sequence to which it normally binds while the other 

transcription factor prevents transcriptional activation while being “piggy-backed” to the 

first (see Fig. 7.1) (Jonat, 1990). Yang-Yen et. al. (1990) found evidence for the first 

scenario when co-incubation of activated GR with c-Jun proteins reduced the level of 

TRE binding on EMSA assays. Footprinting studies by Konig et. al. (1992) suggested 

the second mechanism due to the fact that the TPA-induced occupation of the TRE by 

the Fos/Jun complex in skin fibroblasts is not altered by activation of GR, indicating that 

GR interferes with transcription by attaching to AP-1 without abolishing the AP-1 

binding of the TRE. Interestingly, GR has been found to differentially affect the binding 

of Jun homodimers and c-Jun/c-Fos heterodimers to the TRE, thus adding another level 

of gene control depending on the composition of the transcription factors complex 

(Konig, 1992; Kerppola, 1993).

III. Squelchine

It has recently been recognized that an important transcriptional regulatory 

mechanism is “squelching”: the competition between transcription factors for limiting 

binding partners or accessory proteins. A transcriptional intermediary factor (TIE) 

protein which binds to an activation domain in all steroid receptors is a obvious target for 

squelching, and evidence indicates that the activational efficiency of GR is reduced by the 

squelching out of TIF by either the estrogen receptor, progesterone receptor, or c-Fos 

(Meyer, 1989; Shemshedini, 1991). Squelching may also be the mechanism of the 

enhancement of AP-1 activation by the estrogen receptor (Gaub, 1990) which may be 

titrating out the trans-acting c-Jun inhibitory protein IP-1 (see Section 3.4). In this case, 

AP-1 can bind the estrogen response element (ERE) of the ovalbumin gene, but the 

activated estrogen receptor enhances transcription without binding to either AP-1 or the 

ERE DNA.
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IV. DNA conformational change

In yet another model explaining the relationship between the functions of GR and 

A P-1, the binding of one factor may change the chromatin conformation of the DNA and 

make it more accessible for the binding of other transcription factors. When activated 

GR is present in combination with particular intracellular signalling pathways, some 

genes which are normally in the protected closed conformation which occlude 

transcription factor binding undergo a conformational change which opens the chromatin 

structure and allows access to transcription factors (Pennie, 1995). Both GR and AP-1 

binding are known to bend DNA (Kerppola and Curran, 1991a, 1991b; Reik, 1991), 

however a critical element for the feasibility of this model is the particular structure of 

the promoter, including the distance between transcription factor binding sites.

V. Specificity o f AP-l-G R interactions

The effect that GR has on AP-1-mediated transcription is highly dependent on the 

composition of the AP-1 complex. GR inhibits transcription activation by Fos/Jun 

complexes more efficiently than Jun homodimers, thus the presence of GR may shift 

TRE binding towards Jun/Jun homodimers which are less transcriptionally active 

(Kerppola, 1993). The differential binding of various members of the AP-1 family may 

be due to divergence in the domain which interact with GR. The proteins JunD, FosB, 

and Fra-1 all lack homology to the c-Jun and c-Fos domains which bind GR. There is 

evidence that these divergences in sequence have functional consequences since the 

estrogen receptor does not interact with JunD, and GR does not influence FosB 

transactivation (Lucibello, 1990, Kerppola, 1993).

Section 7.4: The control of AP-1 gene expression by glucocorticoids

As well as affecting the capacity of the AP-1 complex to activate transcription, 

circulating steroids are signals which can directly control the transcription of AP-1 genes. 

Depending on the cell type, glucocorticoids either induce or repress AP-1 gene 

expression. Activated GR downregulates c-fos gene transcription by binding at the SRE 

in the c-fos promoter, possibly by inhibiting the function of SRF and TCF which would 

otherwise act at the same site (Karagianni and Tsawdaroglou, 1994) (see section 5.4). 

Nuclear run-on assays and Northern blot experiments show that the steady state as well 

as TPA-induced c-jun and c-fos mRNA levels are decreased by DEX administration in 

monocytes and 3T3 cells (Hass, 1991; Lee, 1991). Since the TRE in the c-jun promoter 

is autoregulated by the c-Jun protein, GR may be affecting c-jun gene expression by
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interaction with the c-Jun protein at this site. Conversely, c-fos and c-jun expression is 

induced in cultured osteoblast-like cells by activated GR (Subramaniam, 1992).

Section 7.5: The effect of AP-l-GR interactions in vivo

The in vitro experiments showing the antagonistic effects of GR on AP-1 were 

confirmed in vivo by experiments by Unlap and Jope (1994) in which kainate-induced 

binding of AP-1 to TRE sequences in the rat cortex can be reduced by injection of DEX. 

In these experiments, the administration of DEX did not alter the levels of AP-1 proteins, 

so glucocorticoids most likely influence DNA binding via direct interaction with AP-1.

In a subsequent study by Unlap and Jope (1995), the physiological amounts of 

circulating glucocorticoids during the apex and nadir of the circadian cycle was also 

found to influence the KA-induced binding of AP-1 to the TRE in the same manner seen 

in the previous study, and adrenalectomy removes this dependence on the diurnal 

fluctuations. The inhibition of AP-1 by GR in this case is most likely due to direct 

protein-protein binding, since GR does not change the amount of AP-1 proteins in the 

cell. The sensitivity of the transcriptional response to glucocorticoids in these 

experiments depends on the region of the brain; levels of glucocorticoids affect the AP-1 

binding to the TRE (but not the CRE) more in the cortex in relation to the hippocampus. 

Section 7.6: The effect of glucocorticoids on cell death and NGF expression

The levels of circulating hormones intricately affects the vitality of individual 

cells, and it appears that both high and low levels of glucocorticoids cause dendritic 

atrophy and neuronal death. Many studies have shown that an increase in 

glucocorticoids compromises the cell, whereas other reports have shown the necessity of 

a certain level of glucocorticoids for cell survival. The complete lack of glucocorticoids 

has an adverse affect, as evidenced when adrenalectomy resulted in apoptosis of 

hippocampal granule and dentate gyrus cells, and these cells were rescued by 

corticosterone treatment (Gould, 1990; Conrad and Roy, 1993; Sloviter, 1993). 

However, prolonged glucocorticoid exposure by experimental addition of the synthetic 

glucocorticoids in vivo also results in hippocampal neuronal death. The same effect is 

seen as a result of the natural increase in glucocorticoids during aging which leads to 

morphological damage to hippocampal neurons and behavioral abnonnalities (Landfield, 

1981; Sapolsky, 1985, 1990). High levels of glucocorticoids are not in themselves toxic, 

however increased amounts of glucocorticoids reduce the cell’s ability to survive 

excitotoxic stimuli and thus attenuate cell damage (Sapolsky, 1988). Some experimental 

evidence indicates that the activated GR may exacerbate damage by acting through the
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NMDA receptor to impair glucose uptake, since NMDA receptor antagonists eliminated 

the damage caused by non-NMDA receptor agonists in combination with GR (Armanini, 

1990). Additionally, GR may enhance glutamatergic signals by inducing glial glutamine 

synthetase to produce glutamine, a precursor of glutamate (Horner, 1990).

A possible mechanism for the actions of glucocorticoids may be by affecting the 

expression of neurotrophins which would otherwise support the cell from harmful 

conditions.^ Both low and high level of glucocorticoids may reduce NGF expression, as 

is seen by the decrease in NGF in the hippocampus after adrenalectomy (Aloe, 1989) as 

well as after exogenous addition of DEX in cultured rat sciatic fibroblasts (Lindholm,

1990). Lindholm et. al. (1992) have suggested that the effects of glucocorticoids may 

also be cell-type specific, with increased NGF expression in neurons and decreased NGF 

expression in astrocytes, and additional evidence for this was seen in cultures of 

hippocampal neurons when the addition of DEX increases NGF expression (Scully and 

Otten, 1995). Enhanced glucocorticoid levels may also act by affecting the ability of 

cells to respond to NGF by decreasing both the constitutive and NGF-induced expression 

of p75 and NGF binding (Tocco, 1988; Yakolev, 1990; Foreman, 1992). In animals 

lacking circulating glucocorticoids due to adrenalectomy, the kainic acid-induced 

expression of NGF is enhanced (Barbany and Persson, 1993). Additionally, the 

induction of NGF by TP A in fibroblast cultures can be completely blocked by the 

addition of glucocorticoids without altering the usual upregulation of c-fos and junB 

(D’Mello and Heinrich, 1991).

Since the primary regulatory element of the NGF gene is a TRE (see Section 

5.3), the interaction of GR with AP-1 proteins is most likely involved in the regulation of 

this gene. The results displaying both upregulation and decrease of NGF as a result of 

the enhanced presence of glucocorticoids may be due to the wide variety in experimental 

conditions in regards to cell type, stimulus, the combinations of AP-1 proteins within the 

cell, and the mode of interaction between AP-1 and glucocorticoids (see Section 7.3). 

Section 7.7: Interactions of GR with other transcription factors

Both positive and negative interactions of GR with numerous other transcription 

factors have been documented (for review see Truss and Beato, 1993; Bamberger,

1996). Of note is GR inhibition of members of the ATF/CREB family and NF-KB. In 

the phosphoenol pyruvate carboxykinase gene, GR co-immunoprecipitates with CREB

^The literature documenting the change in expression of all neurotrophins witli various steroids is 
extensive, however only the effect of glucocorticoids on NGF will be discussed here.
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and enhances expression at both the CRE and GRE, even though the two DNA elements 

are located a large distance apart (Imai, 1993). GR inhibits the CREB-mediated 

expression of genes encoding the a  subunit of the gonadotrophin hormones which have a 

promoter structure with the GRE overlapping the CRE in a configuration analogous to 

the composite GRE (see Section 7.3) (Akerblom, 1988). Additionally, GR inhibits the 

activation of NF-KB by increasing the TNF-a-induced expression of the IKB subunit 

which sequesters the NF-KB in its inactive state (Auphan, 1995; Scheinman, 1995; 

Wieland, 1995). GR can also influence the transcription factors which bind to the 

octomer motif; the ubiquitiously expressed octomer transcription factor-1 (OTF-1; also 

known as Oct-1, NFII, GBP 100, or NF-Al) and the lymphoid-cell specific OTF-2 are 

repressed by direct physical interaction with GR (Wieland, 1991; Kutoh, 1992), and 

OFF-1 binding is cooperatively enhanced by GR binding to the GRE in cis 

(Bruggemeier, 1991). The cross-talk between various transcription factors emphasizes 

the need to consider all possible protein-protein interactions within a cell in regards to 

gene transcription to gain an accurate picture of transcriptional mechanisms.
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FIGURE 7,1: Models of AP-1 / GR interactions

Five models for the cross-talk between the AP-1 and GR transcription factors are 
illustrated. In the first two scenarios, AP-1 and GR directly interact to prevent the 
binding of either to the GRE or TRE promoter sequences, or to prevent transcription 
activation by either bound complex. In the third model, the GRE and TRE sequences 
overlap at a “composite GRE” which influences the transcriptional outcome of AP-1 and 
GR binding. Alternatively, the relative amounts of each transcription factor or shared 
co-factors may determine which complex is active. In the final model, the binding of one 
transcription factor to the promoter creates a DNA conformational change which 
prevents the binding of the other transcription factor. (Reproduced from Zacharchuk 
and Ashwell, 1992).
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CHAPTER 8

INTERACTIONS OF AP-1 WITH CREB AND ATF PROTEINS 

Section 8.1: Introduction

As illustrated in Chapter 7 with the interactions between glucocorticoid receptors 

and the AP-1 proteins, it has been shown that the AP-1 proteins can form heterodimers 

with a variety of other transcription factors which bind as functional complexes to 

promoter elements with various affinities. The interactions of AP-1 proteins with 

members of the CREB and ATF proteins will be reviewed in this chapter, however, it 

must be noted that the interactions of AP-1 proteins extends to a variety of other 

transcription factors as well. For example, c-Fos and c-Jun can combine with the bZIP 

domain of the p65 subunit of NF-KB to form a complex which binds to both the TRE 

and the NF-KB response element (Stein, 1993). In addition, the c-Fos protein can 

heterodimerize with the small bZIP Maf proteins (MafF, MafG, and MafK) of the 

erythroid cell-specific transcription factor, NF-E2, and bind to the NF-E2 consensus 

sequence (Kataoka, 1995). c-Fos and c-Jun can each combine with c-Maf, v-Maf, and 

the related Nrl protein and bind to the TRE with differing affinities (Kerppola and 

Curran, 1994). Another diverse complex is formed between c-Jun homodimers or c- 

Fos/c-Jun heterodimers and the nuclear factor of activated T cells (NF-AT) to initiate 

transcription of the interleukin-2 gene (Jain, 1993). AP-1 forms inhibitory complexes 

with other transcription factors, and the binding of c-Fos and c-Jun with the nuclear 

factor-interleukin-6 (NF-IL6) decreases affinity for the NF-IL6 site compared to the NF- 

IL6 homodimers (Hsu, 1994). Similarly, the bZIP regions of c-Jun, JunB, and c-Fos can 

bind to the helix-loop-helix motif of the MyoD and myogenin proteins, and this complex 

inhibits transcription at both the TRE and the muscle specific myogenic “E box” 

regulatory element (Bengal, 1992; Li, 1992). As these examples illustrate, there is a 

great diversity of transcription factor combinations with AP-1.

Section 8.2: The CREB/ATF family proteins

One of the major intercellular signalling pathways is the cAMP-inducible pathway 

converging on the transcriptional regulation of genes like c-fos containing the cAMP- 

responsive element (CRE) consensus sequence (5’-TGACGTCA-3’) in their promoters 

(Comb, 1986; Montminy, 1986; Sassone-Corsi, 1988c) (see Section 5.4). Several 

phosphoproteins have been found which bind specifically to the CRE, including members 

of the CRE-binding protein (CREB) family and the activating transcription factor (ATF) 

family (see Table 8.1 and descriptions below).
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I. CREB

The 43 kDa CREB protein first purified from PC I2 cells and rat brain contains a 

carboxy-terminal bZIP motif and a kinase inducible domain (KID), which include 

phosphorylation sites for cAMP-inducible protein kinase A (PKA) (Montminy and 

Bilezikjian, 1987; Yamamoto, 1988, Gonzalez, 1989). The activation of CREB is 

initiated by the phosphorylation of the serine-133 residue by PKA (Gonzalez and 

Montminy, 1989), and transcription appears to be terminated by dephosphorylation by 

the PP-1 ser/thr phosphatase (Hagiwara, 1992). Phosphorylation of Ser-133 does not 

alter the levels of DNA binding or homodimerization of CREB (Yamamoto, 1988), but 

upon phosphorylation the orientation of the protein with respect to the DNA is changed 

in such a way that exposes a glutamine-rich amino-terminal activation domain (the Q 

domain) which initiates transcription (Gonzalez, 1991; de Groot, 1994). Although the 

phosphorylation of Ser-133 appears to be the most critical step necessary for CREB 

activation, phosphorylation of other residues in the KID region by a variety of protein 

kinases results in modest changes in transcriptional activation (Lee, 1990, Gonzalez,

1991). Additionally, CREB can be activated by cAMP- independent pathways through 

phosphorylation by calmodulin-dependent kinases after membrane depolarization and the 

Ras-dependent protein kinase induced by growth factors (see Section 5.4).

Alternative splicing of the 10 coding exons of the CREB gene has been shown to 

give rise to a number of different mRNA species. The ACREB protein (Hoeffler, 1988; 

Yamamoto, 1990) can bind with full length CREB proteins, however the deletion of the 

“a “ segment between the Q and KID domains may disrupt the spacing in such a way that 

prevents interaction between these domains and results in a non-functional complex 

(Gonzalez, 1991). Five additional mRNA isoforms of CREB (y, ay, £2, Y, and CREB- 

W) each containing premature stop codons which eliminate the DNA binding domain, 

and thus would not be expected to encode functional proteins (Ruppert, 1992). Some of 

these mRNA species are only present during spermatogenesis.

II. CREMproteins

The CRE modulator (CREM) proteins include several proteins derived from 

alternative splicing which are expressed in a cell- and developmentally- specific pattern. 

These proteins contain the bZIP motif, and each can heterodimerize with each other and 

with CREB to produce either activators or repressors of cAMP-induced transcription 

(Foulkes, 1991a). Interestingly, the CREM gene has regions encoding two different
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DNA binding domains, and the differential splicing of these regions creates varying 

isoforms with different DNA binding specificities. Thus, the expression of the various 

species of modulator proteins within individual cells have an important influence on 

transcription by interacting with the ubiquitiously expressed CREB protein.

The transcriptionally active isoforms of CREM (t, t 1, t2, and Ta) contain the 

activational Q domain and a KID phosphorylation domain which is highly homologous to 

that in CREB (Foulkes, 1991b; Laoide, 1993). The phosphorylation of the CREM 

serine-117 by PKA has the identical activational effect as phosphorylation of the 

serine-133 of CREB (de Groot, 1993).

The antagonists of the cAMP response are CREMa, p, and y, each of which 

contain the bZIP motif and phosphorylation domains but lack the Q activational domain 

(Foulkes, 1991b). Several lines of evidence including mutation of the bZIP domain and 

concentration experiments indicate that these proteins do not inhibit transcription by 

competing with CREB or CREMx proteins for PKA phosphorylation sites. Instead they 

exert their inhibitory effect by squelching out CREB and CREMx proteins by forming 

inactive heterodimers (Laoide, 1993). Another mode of action for the inhibitory CREM 

proteins is the occupation of the CRE site as homodimers which prevents binding of 

active transcription factors, as has been documented in the repression of c-Jun mediated 

activation (Masquilier and Sassone-Corsi, 1992).

Another CRE repressor, S-CREM, is produced by transcriptional initiation at an 

internal start site in the CREM gene, creating a protein which is lacking a portion of the 

amino-terminus (Dehnas, 1992). Although S-CREM contains the activational Q 

domains, the absence of the KID phosphorylation domain prevents its activation.

Another repressor CREM protein, inducible cAMP early regulator-CREM or 

ICER-CREM, is generated from an alternative intronic promoter in the CREM gene 

(Stehle, 1993). This isoform, which contains only the bZIP domain, is expressed in the 

pineal gland during the night phase of the circadian cycle.

I l l  CBP

The CREB binding protein (CBP) is recruited upon CREB Ser-133 

phosphorylation to serve as the bridge between CREB and the TFIIB subunit of the 

RNA polymerase (Chrivia, 1993; Arias, 1994, Kwok, 1994). Mutation of a single copy 

of the gene encoding CBP has been tentatively hnked with the human genetic disease
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Rubinstein-Taybi syndrome, which causes physical deformities and mental handicaps 

(Petrij, 1995).

IV. The ATF proteins

The activating transcription factor (ATF) proteins were identified by their binding 

to gene promoters inducible by the adenovirus E l A protein (Hurst and Jones, 1987; Lee, 

1987c; Lee and Green, 1987). E lA  activates the ATF complex by linking to ATF 

indirectly via the CBP-like protein p300. The similarities of the ATF proteins with 

CREB were noticed when it was discovered that some ATF proteins are also inducible 

by cAMP, and CRE sites can likewise be activated by adenovirus E lA  protein via ATF 

(Jones and Jones, 1989; Lin and Green, 1988). In fact, ATF proteins can bind to the 

CRE because it is identical to the ATF consensus sequence in adenovirus inducible genes 

(Lee, 1989). The bZIP ATF proteins are now categorized as members of the 

CREB/ATF superfamily. There have been many related ATF proteins cloned (Hai,

1988, 1989), including ATF-1, ATF-2 (also called CRE-BP and mXBP/BP-2), ATF-3, 

ATF-4, ATFa proteins, ATFaO (a splice variant of ATFa), and B ATE (see Table 8.1 and 

references therein). Whilst all proteins of the CREB/ATF family are homologous in the 

bZIP region, only proteins within subgroups share extensive homology. The CREB and 

CREM proteins can form homodimers and heterodimers, and CREB also binds to ATF-1 

to form a transcriptionally inactive complex (Hurst, 1991; Ellis, 1995) and with ATF-2 to 

form a complex which cannot bind DNA (Abdel-Malek, 1992). The ATF-2 protein can 

also heterodimerize with ATF-3 (Hai, 1989). Most ATF proteins are able to form 

heterodimers with selective members of the AP-1 family (see Section 8.3). Additionally, 

each has a unique inducibihty pattern and can be activated by cAMP and/or viral proteins 

such as E lA  and HTLV-1 Tax proteins (Flint and Jones, 1991). The ATF-1, ATF-3, 

and the CREB proteins are activated by the cAMP pathway, whereas the other ATF 

proteins are primarily activated by viral proteins.
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TABLE 8.1: CREB/ATF FAMILY OF PROTEINS

SUBFAMILY PROTEINS REFERENCE INDUC-
IBILITY

CREB CREB Montminy and Bilezikjian, 
1987

cAMP
E lA

ACREB Hoeffler, 1988; 
Yamamoto, 1990

cAMP

CREM proteins (a , (3, and y, 
X, x \ ,  t2, x a ,  S-CREM, and 
ICER-CREM)

Foulkes, 1991b; 
Laoide, 1993; 
Stehle, 1993

cAMP

ATF-1 (ATF-43, TREB36) Hai, 1989;
Hurst and Jones, 1989; 
Hurst, 1991

cAMP

ATF-2
ATF-2 (CRE-BP1;HB16; 
mXBP/BP2)

Maekawa, 1989;
Liu and Green, 1990; 
Kara, 1990;
Ivashkiv, 1990

E lA

CRE-BPa Nomura, 1993
ATFal, ATFa2, ATFa3, 
ATFaO

Gaire, 1990; 
Pescini, 1994

E lA
HTLV-1

ATF-3 ATF-3 (LRF-1) Hai, 1989 TPA
cAMP

B-ATF Dorsey, 1995 EBV
ATF-4 ATF-4 Hai, 1989 cAMP

Section 8.3: Interactions between AP-1 proteins and members of the CREB/ATF 

family

The proteins of the CREB/ATF family form homodimers (Hai, 1989) as well as 

selective heterodimers with a wide range of proteins, both within the CREB/ATF family 

and with the AP-1 family proteins, particularly c-Jun. The ability of various complexes 

(AP-l/AP-1, CREB/CREB, ATF/ATF, AP-l/ATF) to bind to both the CRE and the 

TRE greatly expands the gene regulatory activities of these transcription factors. With 

this wide range of combinatorial binding between famihes acting at several different 

consensus sequences, the ratio and content of transcription factors within the cell is an 

important determinant for gene transcription. In this section, the combinations between 

AP-1 and CREB/ATF proteins will be described. The DNA binding properties of these 

the various complexes will be examined more thoroughly in light of the results of this 

thesis in the Discussion.

I. AP-1 and CREB protein interactions

Although AP-1 and CREB proteins do not form heterodimers (Benbrook and 

Jones, 1990), their similarities create some interplay between the two complexes in
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transcriptional regulation. The common binding of AP-1 and CREB to TRE and CRE 

consensus sequences produces competition between the complexes which influences 

gene transcription.

The inhibitory CREM proteins are able to block transcriptional activation 

mediated by c-Jun, JunB, and JunD without physically associating with the AP-1 

complex (Masquilier and Sassone-Corsi, 1992). Since only the DNA binding domain of 

CREM proteins is essential for this repression, the CREM proteins prevent AP-1 

activation by competing with AP-1 to occupy the CRE site.

Since the CBP protein is a co-factor to several different transcription factors 

complexes, including CREB, AP-1, and hormone receptors, one possible mechanism of 

antagonism between these transcription factors is the competition for the physiologically 

limiting amounts of CBP (Kamei, 1996). The CBP-like protein p300 may also play a 

role in AP-1-mediated transactivation. The E lA  protein can interfere with DNA binding 

of c-Jun to the TRE, and due to the necessity of the region of E l A which binds to p300 

for this inhibition, the influence of E lA  over c-Jun may occur through the interaction of 

c-Jun with the p300 protein (Hagmeyer, 1993).

It is also of note that the CRE can be bound by the activated glucocorticoid 

receptor, and thus GR can inhibit cAMP-responsive of genes such as the human 

glycoprotein hormone a-subunit gene (see Section 7.7) (Akerblom, 1988).

II. AP-1 and ATF-2 protein interactions

The interactions of the ATF-2 protein with AP-1 is of particular interest to this 

thesis due to the preferential expression of ATF-2 in all areas of the fetal human brain 

(Maekawa, 1989; Kara, 1990; Nomura, 1993) and the mature monkey brain (Takeda, 

1991), including the cerebellum, hippocampus, cortex, thalamus, and midbrain. ATF-2 

knockout mice have deficient CNS development, particularly a lack of cerebellar 

Purkinje cells (Reimold, 1996). The ATF-2 protein has been found to heterodimerize 

with c-Jun, but not with JunB or c-Fos, to form a complex which binds to both the CRE 

and TRE (Macgregor, 1990).

The binding and transcriptional activation capacity of the ATF-2/c-Jun complex is 

dependent on the individual promoter DNA sequence. Generally, all the ATF/AP-1 

heterodimers will bind to the CRE, and some will also bind to TRE sequences, although 

with lesser affinity than the binding to the CRE (Macgregor, 1990; Hai and Curran,

1991). Whilst ATF-2/c-Jun complexes often bind both CRE and TRE with the same 

affinity as the ATF-2 homodimer (Benbrook and Jones, 1990; Ivashkiv, 1990), the
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affinity of the heterodimer for a consensus sequence does not always match the binding 

affinity of the individual components of the complex when each is present as a 

homodimer. The binding of the ATF-2/c-Jun complex to TRE sequences is variable 

depending on the promoter (Ivashkiv, 1990; van Dam, 1993; De Ces are, 1995).

The capacity of the ATF-2/c-Jun heterodimer to activate transcription is likewise 

dependent on the promoter site; the complex did not activate transcription from either a 

fibronectin CRE site or SV40 TRE in F9 cells (Benbrook and Jones, 1990) or a 

collegenase CRE in Hela cells (De Cesare, 1995). However, EMSA supershift and UV- 

crosslinking studies show that the ATF-2/c-Jun complex binds and activates one of the 

TRE sites in the c-jun promoter in 3T3 cells (van Dam, 1993) and the urokinase TRE 

transfected into Hela cells (De Cesare, 1995). Interestingly, in the case of the TRE of 

the urokinase promoter, c-Fos competed with ATF-2 for binding to c-Jun, highlighting 

the influence of the relative amounts of different proteins which form complexes with c- 

Jun in determining gene transcription.

An important pathway for transcription factor activation converges on the 

activation of the JNK kinase which is responsible for phosphorylating the Serine-63 and - 

73 of c-Jun (see Section 3.5). The JNK/SAPK class of protein kinases also 

phosphorylate ATF-2 on the threonine residues 69 and 71 in its amino-terminal 

activation domain (Abdel-Hafiz, 1992; Gupta, 1995; Livingston, 1995; van Dam, 1995; 

Wilhelm, 1995). Although signals such as UV irradiation can lead to the 

phosphorylation and activation of both c-Jun and ATF-2, there is evidence that the 

signalling pathways and ultimate JNK/SAPK protein kinase which phosphorylates each 

protein is different (van Dam, 1995). Due to the interactions between c-Jun and ATF-2, 

two different signalling pathways can converge on the regulation of individual genes.

III. AP-1 interactions with other ATF proteins

Several other ATF proteins are known to form complexes with AP-1 proteins. 

The CRE-BPa protein, which is highly homologous to ATF-2, forms heterodimers with 

both c-Jun and ATF-2, and these complexes bind preferentially to the TRE (Nomura,

1993). The ATF-3 protein, which is normally a transcriptional repressor, can activate 

transcription when bound to c-Jun (Hsu, 1992), and induces expression of the 

proenkephalin promoter in a neuroblastoma cell line in combination with JunD (Chu,

1994). ATF-3 was independently isolated in liver cells as the LRF-1 protein, where it 

was found to also bind JunB (Hsu, 1992). ATF-4 is the only CREB/ATF protein which 

has thus far been found to heterodimerize with Fra-1, and this complex binds to both the



CRE and TRE. ATF-4 also combines with c-Jun and c-Fos to bind to the CRE (Hai and 

Curran, 1991). The three transcriptionally active ATFa proteins can bind to both Jun 

and Fos proteins (Chatton, 1994). Whilst heterodimers with each of the ATFa proteins 

with c-Jun, JunB, or JunD are transcriptionally active at both the CRE and TRE in vitro, 

however ATFa heterodimers with c-Fos are not active. The B-ATF transcription factor 

complexes with c-Jun, JunB, and JunD and binds only to the TRE (Dorsey, 1995).

Due to the discovery that members of the AP-1, CREB, and ATF families form 

heterodimers acting on both the TRE and CRE sites, Hai and Curran (1991) suggest that 

it may be more sensible to group all of these proteins into one superfamily of 

transcription factors. The current differences in nomenclature between these proteins are 

due to the independent routes of discovery, however their ability to form heterodimers 

which act on common DNA consensus sites have made their common functions 

increasingly obvious. With the discoveries of the various interactions, it has emerged 

that a large number of transcription factor combinations are possible, each of which may 

potentially result in a unique transcriptional response and thus multiply the possibilities 

for gene expression.
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BACKGROUND AND AIMS OF STUDY

The experiments in this thesis were performed in the QA lesioned striatum, 

which is often used as an experimental system to examine selective cell death 

amongst a heterogeneous population of neurons. This lesion is similar to 

Huntington’s disease (HD) in that the medium-sized spiny projection neurons 

degenerate while the large cholinergic intemeurons are relatively spared (see 

Section 4.3). However, QA lesion of the striatum also destroys the medium-sized 

aspiny intemeurons containing somatostatin, neuropeptide Y, and the enzyme 

NADPH-diaphorase (NADPH-d), and in HD this population is preserved. The 

extent of intemeuron death caused as a result of QA lesion of the striatum has been 

extensively examined by Purkiss (1993b). The majority of cell death occurs within 

the central lesion core, with 92.3 +/-0.7% of the neurons in this area degenerating 

after QA injection. Of the entire population of striatal intemeurons, 56.3 +!- 3.8% 

of all the NADPH-d neurons are lost, while only 17.44-/-2.0% of the cholinergic 

population is lost. Whilst the NADPH-d neurons are more severely affected, 

shrinkage of the somal size of the cholinergic neurons (21.2+7-2.1%) is also seen. 

Degeneration of cells in the cortex does not occur as a result of the striatal lesion. 

The excitotoxic degeneration caused as a result of QA injection is brought about by 

NMDA receptor activation and can be prevented when the non-competitive NMDA 

receptor antagonist MK-801 is either co-injected with QA or administered several 

hours following QA (Foster, 1988). Studies examining the distribution of the 

various NMDA receptor subunits find that the striatal intemeurons express each of 

the NMDA receptor subtypes in relatively low abundance compared to the 

projection neurons which express NMDA receptors in higher levels, which may 

account for the greater vulnerability of the latter to NMDA receptor agonists 

(Landwehrmeyer, 1995). In addition, there is differential expression of the NMDA 

receptor subtypes between the striatal neuron populations, notably that the 

NMDAR-2D is expressed exclusively on intemeurons. Recent functional studies 

have found that each of the NMDA receptor subunits are similar in their gating and 

ion sensitivity, and the neurons that are more susceptible to excitotoxicity express 

receptors with the slowest gating (Gotz, T. et. al. J. NeuroscL 17: 1997, p. 204- 

215). Of the AMPA receptors, the medium spiny projection neurons express 

GluRl and GluR2/3 subunits; the cholinergic intemeurons express GluRl and 

GluR4; and on the NADPH-d neurons the expression of AMPA subunits was
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undetectable (Bernard, V. et. al. J. Neurosci. 17:1997, p. 819-833). The increase in 

intracellular Ca++ that occurs as a result of NMDA receptor stimulation is believed 

to be responsible for initiation of the toxic pathway following QA injection (Choi, 

1988).

High levels of glucocorticoids have been shown to adversely affect the 

ability of CNS neurons to survive excitotoxic insult (see Section 7.6). The co

injection of the synthetic glucocorticoid dexamethasone (DEX) with QA into the 

striatum severely affects cholinergic neurons within the lesion area by increasing 

their death to 36.5+/-3.1% without significantly affecting the amount of death or 

somal size of NADPH-d neurons as compared to QA injected alone. In contrast, 

the glucocorticoid receptor antagonist RU486 does not affect the rate of striatal 

intemeuron cell loss caused by QA, but rather the co-injection of RU486 with QA 

preserves cholinergic cell size that was found to otherwise be reduced with QA 

injection alone.

QA lesion of the striatum induces a massive upregulation of NGF mRNA at 

nine hours post-lesion in the regions of the striatum which ultimately survive the 

excitotoxic insult (Purkiss, 1993b). The cells expressing the highest levels of NGF 

are located at the border of the area of degeneration. The ratio of NGF mRNA 

expression in the lesioned striatum compared to the contralateral striatum was

1.3+/-0.02 at nine hours post-lesion and rapidly increased to 3.92+/-0.24 at 24 

hours. NGF protein expression in the lesioned striatum increased 260-h/-29% over 

the unlesioned striatum and surprisingly appears to be localized more diffusely 

throughout the straitum than the NGF mRNA. Expression of NGF within layers I- 

IV of the frontal and parietal cortices ipsilateral to the lesion was weak and not 

seen in every animal, however NGF expression within layer VI was more intense 

and consistently seen, particularly in the parietal cortex. NGF was not expressed in 

the contralateral unlesioned striatum or cortex, and after saline injection into the 

striatum NGF is only found immediately adjacent to the needle tract. The 

expression of NGF mRNA in both the striatum and cortex appears to be 

predominantly localized in neurons as identified by nuclei size, with some glia 

cells immediately adjacent to the needle tract expression NGF, presumably as a 

reaction to the mechanical trauma. The phenotype of the neurons expressing NGF 

after QA lesion has not been established.
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It has been shown that the exogenous administration of NGF in the QA 

lesioned striatum prevents any degeneration or morphological changes that would 

otherwise be seen in cholinergic neurons (see Section 6.2). These cholinergic 

neurons express the high-affinity NGF receptor TrkA which enables them to 

respond to NGF. The addition of DEX with QA lowered the levels of NGF mRNA 

and protein expression in the lesioned striatum, whereas the pretreatment of the 

animal with metyrapone, which inhibits increases in circulating glucocorticoids, 

brought the peak in NGF mRNA and protein expression forward in time compared 

to the injection of QA alone. Considering the adverse affects of glucocorticoids on 

cholinergic cell survival, it is interesting to speculate whether the levels of NGF 

which are modulated by glucocorticoids are responsible for these observations. In 

light of the role played by NGF in cholinergic cell survival after the QA lesion, the 

primary focus of this thesis was to establish the means of the regulation of this 

gene in the striatum. It has previously been suggested that the AP-1 transcription 

factor complex regulates the NGF gene (see Sections 6.3 and 6.5). However, it has 

not been proven that A P-1 regulates NGF gene expression in the striatum, and thus 

this thesis examines whether there is a connection between the increased 

expression of AP-1 proteins found in the QA lesioned striatum (see Section 5.2 and 

below) and the regulation of NGF. Another question addressed here was whether 

the activated glucocorticoid receptor interacts with the AP-1 complex in the 

regulation of NGF, as has been shown in vitro with the control of other TRE sites 

(see Sections 7.3 and 7.4).

The progression of expression of AP-1 proteins following striatal QA lesion 

has not yet been completely established, however past data suggests that some AP- 

1 proteins are temporally and spatially expressed in a coincident pattern with NGF 

(see Section 5.2). In the periphery of the striatum where NGF mRNA expression is 

seen between nine and 48 hours post-lesion, large amounts of c-Fos is expressed at 

two hours post-lesion in both medium and large aspiny intemeurons. At later times 

post-lesion, FosB (or FosB-related) mRNA and proteins are expressed in this same 

region. In contrast, c-Jun mRNA and protein is expressed in the central core of the 

lesion at 24 hours after QA injection. In the cortex, c-Fos is highly expressed in 

the cingulate and piriform corteces and in the parietal cortex in a band below layer

V. Message for c-jun and fosB is expressed in regions of the cortex directly 

overlying the striatum in layer VI of the parietal cortex, which is the same region in
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which NGF mRNA is highly upregulated. This expression pattern suggests a 

relationship between NGF and AP-1 proteins, particularly FosB proteins which are 

co-localized with NGF in both the striatum and cortex. No AP-1 proteins are 

expressed in the contralateral cortex or in areas of the cortex paralleling the lesion 

tract.

The Western blot analysis performed in this thesis complements and 

extends this in situ hybridization and immunocytochemical data to give a more 

complete picture of the temporal pattern of expression of AP-1 proteins. Recently, 

Gwag et. al. {Neuroscience 77:1997, p. 393-401) suggest that even the cell death 

occurring at later stages subsequent to NMDA receptor mediated excitotoxicity 

occurs by necrosis, and that cellular apoptosis may have been previously 

incorrectly assessed by DNA fragmentation that has been found to also occur with 

necrosis. Therefore, the nature of cell death in the QA lesioned striatum may 

preclude the conclusion that AP-1 proteins are involved in apoptosis in this 

situation. However, the data gained from the binding patterns of striatal nuclear 

proteins to a functional promoter element in the NGF promoter in this study may 

give new insight into the lesion-induced regulation of this gene, which is a critical 

player in maintaining cellular vitality.
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CHAPTER 9: EXPERIMENTAL PROCEDURES 

Section 9.1: Animals and Surgery^

Striatal lesions were performed on adult male Sprague-Dawley rats weighing 

between 200 and 300 grams. Rats were with anaesthetised with 0.003ml/10g hypnorm 

(fentaynyl citrate and fluanisone) and 0.005 ml/lOg hypnovel (midazolam) prior to 

surgery. The animals were positioned in a David-Kopf small animal stereotaxic frame in 

the flat skull position. A blunt-tipped 30 guage Hamilton syringe needle was inserted 

through a needle-sized hole in the skull and into the right striatum at Bregma 

coordinates AP +0.03, ML -0.3, DV -4.9 (Paxinos and Watson, 1986). A volume of 1 ul 

o f quinolinic acid (2,3 pyridine dicarboxylic acid. Sigma) in a concentration o f 60 

nmol/ul dissolved in phosphate buffered saline pH 7.0 was injected over a period of 5 

minutes. For some experiments, 200 uM dexamethasone (21-phosphate disodium salt. 

Sigma) or 100 uM mifepristone (RU38486, Roussel-Uclaf) was co-injected with 

quinolinic acid.

Section 9.2 Preparation of tissue

For tissue to be used for Western blots, electrophoretic mobility shift assay, 

(EMSA), and reverse transcriptase-polymerase chain reaction (RT-PCR) experiments, 

both adult and 10 day old rats were deeply anaesthetised with sodium pentobarbitone 

(Sagatal, 100 mg/kg i.p.) at specified times following lesion and sacrificed by cervical 

dislocation. The striatum and cortex from left and right sides of adult rats and the left 

and right hemispheres of the 10 day old rat were dissected on ice. Only the left and 

right sides o f the brain were taken from neonatal 10 day old rats. Tissue was 

immediately processed for protein or mRNA purification (see below).

For immunocytochemistry experiments, anaesthetised animals were 

transcardially perfused with 100 ml of 0.9% saline followed by 500 ml of a fixitive • 

made up of paraformaldehyde (2%), lysine (0.1%), and sodium periodate (0.2%).

Brains were removed intact and post-fixed for 4 hours, then cyroprotected in 30% 

sucrose/0.1 M phosphate buffer for 72 hours at 4° C and processed for 

immunocytochemistry (see below)

Section 9.3 Antibodies

The following antibodies were used in these experiments:

’The procedures of this section were kindly performed by Dr. Stephen Davies, Department o f Anatomy 
and Developmental Biology, UCL
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1. pan-c-Fos antibody (Santa Cruz Biotechnology) : polyclonal antibody raised against 

amino acids 128 to 152 within the DNA binding domain (“M” peptide) of c-Fos p65 

and used at a concentration of 1/2500.

2. c-Fos antibody (gift of David Hancock, ICRF, London): polyclonal antibody raised 

to a peptide at the N-terminus of c-Fos and used at a concentration of 1/2500.

3. FosB antibody (produced by Dr. Fran Ebbling, Cambridge University; gift o f David 

Hancock, ICRF, London): polyclonal antibody raised against a peptide at the amino- 

terminus of FosB and used at a concentration of 1/5000.

4. FosB(N) antibody (gift of Yusaka Nakabeppu, Kuyshu University, Japan): 

polyclonal anibody raised against a peptide at the amino-terminus of FosB (amino 

acids 79-131) and used at a concentration 1/500.

5. FosB(C) antibody (gift of Yusaka Nakabeppu, Kuyshu Universit)% Japan): 

polyclonal antibody raised against a peptide at the carboxy-terminus of FosB (amino 

acids 245-315) and used at a concentration of 1/500.

6. FRA-1 antibody (produced by Dr. Fran Ebling, Cambridge University; gift o f David 

Hancock, ICRF, London): polyclonal antibody raised to a peptide at the amino- 

terminus of FRA-1 and used at a concentration of 1/2500.

' 7. FRA-1 antibody (produced by Dr. Fran Ebling, Cambridge University; gift o f David 

Hancock, ICRF, London): polyclonal antibody raised to a peptide at the amino- 

terminus of FRA-2 and used at a concentration of 1/2500.

8. c-Jun antibody (Santa Cruz Biotechnology): polyclonal antibody raised to a a 

peptide from amino acids 247 to 263 of the DNA binding domain of c-Jun p39 and 

used at a concentration of 1/2500.

9. c-Jun antibody (produced by Helen Hurst, gift of Dr. Stephen Hunt, MRC- 

Cambridge) polyclonal antibody raised against the carboxy-terminus of c-Jun.

10. c-Jun antibody (gift o f Dr. Jonathan Ham, EISAI-London) which recognizes the 

phosphorylated serine 62 epitope of c-Jun.

11. ATF-2 antibody (gift of Dr. Nic Jones, ICRF London) which was raised against the 

amino-terminus of ATF-2 (amino acids 85-97).

Section 9.4; Protein purification

Nuclear binding proteins were purified according to the method of Andrews and

Faller (1991). The entire procedure was performed at 4° C, and all solutions contained a

coctail o f  protease inhibitors with a final concentration o f 100 uM leupeptin, 2 ug/ml

pepstatin, ImM phenylmethanesulphonyl floride, 9 ug/ml aprotinin, and 5 mM
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dithiothreitol. Freshly harvested tissue was homogenized with a dounce homoginizer in 

a buffer containing lOmM HEPES-KOH pH 7.9, 1.5 mM MgCl2 , and 10 mM KCl, and 

incubated for 10 minutes at 4° C. Samples were centrifuged at 7000g for 2 minutes, and 

the pellet was resuspended in 20 mM HEPES-KOH pH 7.9, 420 mM NaCl, 1.5 mM 

MgCl2 , 0.2 mM EDTA, and 25% glycerol. Samples were incubated for 20 minutes at 

4°C, and centrifuged for 2 minutes at 7000g. The supematent was denatured with 

Laemmli sample buffer (final concentration of 2% SDS, 10% 2-mercaptoethanol, 125 

mM Tris pH 6.8, and 0.1% bromophenol blue) and stored at -20°C. The nuclear protein 

samples were shown to be free of contamination from the cytoplasmic compartment by 

Western blots using an antibody against the cytoplasmic protein I-kB (Michael Gilder, 

personal communication), and total protein concentration was measured by Lowry assay 

(Bio-Rad).

Section 9.5: Western blots

Protein totaling 50 to 100 ug was electrophoresed on a 10% SDS- 

polyacrylamide gel and transferred to Immobilon-P membranes (Millipore). Membrane 

were pre-incubated for 30 minutes in Ix TBS, 2% lowfat milkfat (Marvel), and 0.5% 

Tween 20. This buffer was used at room temperature for all subsequent incubations. 

Filters were incubated in primary antibody for 2 hours, washed 3 times, incubated in 

1/2500 concentration horseradish peroxidase linked anti-rabbit IgG (Amersbam) for 2 

hours, washed 3 times, and finally rinsed in Ix TBS. The Western blot was detected by 

the ECL technique (Amersbam), and exposed to Kodak BioMax-MR audioradiograpb 

film at varying exposures. Control experiments to determine the specificity of the 

protein bands were performed by pre-incubation of the primary antibody with the 

immunogen to which it was raised for 30 minutes.

Section 9.6: Electrophoretic mobility shift assays (EMSA)

EMSA assays were based upon the method of Lukasiuk and Kaczmarek (1994). 

Oligonucleotides used in these experiments include the TRE (shown in bold) from the 

first intron of the NGF gene (5’-GCATCGGTGAGTCAGGCTGCG-3’), a mutated 

form o f this NGF TRE sequence (5’-GCATCGGATAGTCAGGCTGCG-3’), the distal 

TRE oligonucleotide found in the c-Jun promoter (5’-

GATCGGGATGAGGTAATGCT-3’) (Promega), and CRE consensus oligonucleotide 

(5’-AGAGATTGCCTGACGTCA GAGAGCTAG-3’) (Promega). Oligonucleotides 

were end-labelled with terminal transferase enzyme (Boebringer Mannheim) using ^^P
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dCTP (DuPont-NEN) to 100,000 to 200,000 cpm/ul. Undenatured protein preparations 

described above were used for the EMSA assays. The binding buffer consisted of 10 

mM HEPES-KOH, 25 mM K Cl, 0.5 mM EDTA, 0.125 mg/ml Bovine serum albumin,

2 uM dithiothreitol, 40% glycerol, and 10 ug/ml poly[d(I-C)] (Boehringer Mannheim). 

Labelled oligonucleotide amounting to approximately 0.08 pmol (200,000 to 400,000 

cpm) was incubated with 2.5 ug total protein at room temperature for 30 minutes. 

Bromophenol blue was added to a concentration of 0.01%. Samples were loaded on a 

pre-run non-denaturing 4% polyacrylamide gel and run at 4°C with a buffer of 6.7 mM 

Tris, 3.3 mM sodium acetate, 1 mM EDTA, pH 7.5. After electrophoresis, gels were 

dried under vacuum and exposed overnight to Kodak BioMax-MR film.

For control experiments, unlabelled oligonucleotide cooresponding to the 

radioactive-labelled oligonucleotide was added to the above reaction in 5 to 50-fold 

excess to compete out binding. For “supershift” EMSAs, antibody was incubated with 

protein in binding buffer for two hours at 4°C prior to the oligonucleotide binding 

reaction.

Section 9.7: Reverse transcriptase-polymerase chain reaction (RT-PCRf

RNA was purified according to the method of Chomczynski and Sacchi (1987). 

RNase- free reagents and supplies (treated with diethyl pyrocarbonate and autoclaved) 

were used throughout. Tissue was frozen in liquid nitrogen immediately after dissection 

and homogenized in liquid nitrogen with a morter and pestai. Immediately upon 

evaporation of liquid nitrogen, a denaturing solution of 4 M guanidinium thiocyanate 

(BDH), 225 mM sodium citrate pH 7, 0.5% sodium N-lauroylsarcosine, and 0.1 M 2- 

mercaptoethanol was added at 10 ml/gram tissue and incubated for 10 minutes at 4 C. 

The following solutions were added in sequence: 2M sodium acetate pH 4.0 to 10% 

volume o f denaturing solution, equal volume H2 0 -saturated phenol, and 

chloroform/isoamyl alcohol (24:1) to 20% of denaturing solution volume. Samples 

were incubated for 20 minutes at 4 C and centrifuged at 10,000g for 20 minutes. The 

aqueous layer was removed, and RNA was precipitated with an equal volume of 

isoamyl alcohol at -20 C for at least 12 hours. The precipitated RNA was centrifuged 

at 10,000g for 20 minutes, washed with 70% ethanol, and resuspended in sterile H2 O. 

mRNA was purified with oligo-dT linked magnetic beads (Dynabeads, Dynal).

cDNA was transcribed from mRNA with AMV reverse transcriptase using 

random primers (Promega). PCR was performed with Taq enzyme using primers at
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either end of the AFos-B splice site in exon 5 (5’-AAGGCAGAGCTGGAGTC and 3’-

ACCTCCGGGCAGGTGAG) (primer sites shown in F ig . ). For PGR, an annealing

temperature of 60°C was used for 35 cycles. The PGR products were electrophoresed 

on a 1% agarose gel containing ethidium bromide.

Section 9.8: DNA Sequencing^

The product of the PGR reaction (see above) was eluted from a low melting 

point agarose gel and purifed using the sodium hydroxide/sodium acetate method 

(Quinex, Quiagen). This DNA was subcloned into pGRII vector (Invitrogen) with T4 

DNA ligase incubated overnight at 12-16°G. After transformation of the vector into 

XL 1 blue bacteria, colonies were grown on agarose petri dishes and the yeild showed 

greater than 50 transformants. DNA from selected colonies was purified and restriction 

digested with EcoRI to determine the presence and size of the cDNA clone. DNA from 

individual clones was purified and sequenced from a M l3 reverse primer using 

Sequenase II and ^^S-dATP. Samples were electrophoresed on a 6% Urea/PAGE gel 

and exposed to Kodak BioMax X-ray film. The sequences were analysed by the Human 

Genome Mapping Project database (Gambridge, UK) and the National Genter for 

Biotechnology Information (USA) database for comparison to known nucleotide 

sequences.

Section 9.9: Southern Blotting

DNA from the above RT-PGR reaction was electrophoresed on a 1% agarose gel 

with 0.5 ug/ul ethidium bromide. The DNA was transferred to Hybond-N (Amersham) 

nylon filters by overnight capillary action and DNA was immobilized on the filter by 

UV irradiation. The filter was pre-hybridized for two hours at 42 G in 6x SSG, 5x 

Denhards, 0.5% SDS, 50% formamide, and 100 ug/ml sheared and denatured salmon 

sperm DNA. Hybridization was performed overnight at 42°G with radiolabelled probe 

in 6X SSG. The filter was exposed to Kodak BioMax-MR film at -70°G overnight.

After exposure and development of film, probe was removed by boiling the filter in O.Ix 

SSG and 0.5% SDS in three washes of 5-10 minutes. The filter was exposed to film 

overnight to confirm the elimination of radiolabelled probe.

The oligonucleotide probes were labelled to at least 100,000 cpm by nick 

translation (Promega) with the incorporation of a-^^P dGTP. The FosB oligonucleotide 

probe was a 45-mer from bases 1913-1957 (Zerial, 1989) covering nucleotides which

^The procedures of this section were kindly performed by Dr. Georg Zoidl, Department o f Anatomy and 
Developmental Biology, UCL
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spliced in the formation of AFosB. The AFosB oligonucleotide was also a 45-mer 

covering FosB bases 1904-1912 and 2053-2088 (Zerial, 1989) which covers the joined 

splice site, including the nine nucleotides on the 5’ end of the splice site and the 36 

nucleotides 3’ to the splice site.

Section 9.10: Immunocvtochemistrv

Frozen brain sections through the striatum were cut at 40 pm on a sliding 

microtome. Sections were incubated in primary antibody at 4°C for 72 hours. The 

incubation was stopped by thorough washing in PBS, and sections were then processed 

according to the avidin-biotin complex method using the commercially available ABC kit 

(Vector Laboratories). Secondary antibody detection was with 3,3’ diaminobenzadine 

(DAB, Sigma 25 mg/100 ml) and 0.01% hydrogen peroxide. Sections were mounted 

onto gelatinised slides, dehydrated through a graded sereies of alcohols, and defatted in 

Histoclear. Slides were coverslipped with DPX mountant.
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CHAPTER 10

EXPRESSION OF AP I PROTEINS FOLLOWING STRIATAL OA LESION 

Section 10.1: c-Fos and Fra protein expression

I. c-Fos

Western blot analysis was used to confirm and explore in more detail 

immunocytochemical data obtained in this laboratory concerning the expression of the 

Fos family proteins following striatal QA lesion (see Fig. 5.1). The rapid and transient 

increase in expression of c-Fos was seen in Western blots from two to four hours 

following QA lesion in the ipsilateral striatum and cortex*. The c-Fos protein was 

detected at a size between 55 and 65 kDa with Western blot analysis using an antibody 

raised against an synthetic peptide corresponding to the amino-terminus of the rat c-Fos 

protein (Fig. 10.1). At its height, c-Fos expression was 186% +/-0.20 above the 

amounts on the contralateral control side. The c-Fos protein did not reappear at any 

other time tested up until 30 hours post-lesion. A second c-Fos immunoreactive band of 

25 kDa was present in equal amounts in both the lesioned and unlesioned striata at all 

times examined from two to 30 hours post-lesion. The signal at 25 kDa sometimes 

appeared as a doublet on Western blots (Fig. 10.3). Both c-Fos and the 25 kDa protein 

were confirmed to be specifically immunoreactive with this amino-terminal c-Fos 

antibody when pre-adsorption of the antibody with the peptide abolished these bands 

(Fig. 10.1).

The early peak of c-Fos expression at two hours following QA injection was 

confirmed with another antibody raised against the c-Fos DNA binding region, known as 

the “M peptide”, which is highly conserved in all Fos family proteins (Fig. 10.2). With 

this antibody, it was verified that c-Fos expression was increased from two to four hours 

post-lesion, and the 25 kDa immunoreactive protein was again detected in approximately 

equal amounts bilaterally at all times (Fig. 10.2). As a positive confirmation that the 

antibody recognized c-Fos, the antibody detected a band of the same size which was 

highly expressed in serum stimulated Hela cells compared to serum starved Hela cells 

(Fig. 10.3).

II. Fos-related antigens

^Examination of the tissue sections by immunocytochemical analysis showed the expression of c-Fos, c- 
Jun, and FosB proteins increased in the cortex ipsilateral to the striatal injection (see Fig. 5.1) (Purkiss, 
1993b), and thus the term “lesioned cortex” in the Western blots presented here refer to the cortical 
tissue ipsilateral to the striatal lesion.
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Four additional proteins specifically recognised by the M peptide antibody were 

found at 52, 43, 38, and 30 kDa, and each of these proteins was constitutively expressed 

and not increased following the injury (Fig. 10.2). The specificity of all immunoreactive 

bands was confirmed by preincubation of the antibody with the appropriate peptide (not 

shown). When this M peptide Fos antibody was removed from the filter and the blot was 

re-probed with a Fra-1 specific antibody, the protein of 30 kDa was labelled, and a Fra-2 

specific antibody labelled the band at 43 kDa. Results with the Fra-1 specific antibody 

(Fig. 10.4A) and the Fra-2 specific antibody (Fig. 10.4B) agree with the data from the M 

peptide antibody showing that these proteins are not upregulated in the lesioned striatum 

or cortex at any time up to 30 hours following NMDA-receptor induced injury. The Fra- 

2 specific antibody (Fig. 10.3B) detects two specific immunoreactive protein bands in 

contrast to the one band corresponding to Fra-2 seen with the M peptide antibody (Fig. 

10.2)

Section 10.2: Epitope recognition by c-Fos antibodies

It is of note that the M peptide Fos antibody raised against the conserved DNA 

binding region of the human c-Fos protein which would be expected to be 

immunoreactive with all Fos family proteins does not recognise the rat FosB proteins 

(Figs. 10.2, 10.3). In this study, FosB and AFosB were detected in the same protein 

preparations with three other antibodies that had been raised specifically against various 

rat FosB epitopes, and they were distinguished from the constitutively expressed proteins 

seen with the M peptide Fos antibody by their increased expression throughout time (see 

Chapter 11). However, other studies have demonstrated that another M peptide 

antibody does recognize FosB and AFosB (Hope, 1994a), so the altered specificity for 

the M peptide epitope may be unique to the antibody used in this study.

In this study, a disparity in the antigen recognition by several antibodies raised 

against identical peptide epitopes was found. Using the same amino-terminal c-Fos 

epitope, antibodies DCHO and DCHl were raised in different rabbits (gift of David C. 

Hancock, ICRF, London). The DCHO antibody detects c-Fos in the lesioned rat striatum 

and cortex (Fig. 10.1), however DCHl did not recognize c-Fos in striatal samples 

prepared two hours post-lesion (Fig. 10.5A). Surprisingly, DCHl was reactive with c- 

Fos in serum stimulated Hela cells as compared to serum starved Hela cells (Fig. 10.5A) 

as well as in immunocytochemistry experiments (Purkiss, 1993a). The c-Fos protein 

appears to be modified in such a way in the rat brain tissue as compared to Hela cells
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which prevents its recognition by the DCHl antibody, whilst the rat c-Fos protein is 

detected with the DCHO antibody which was raised against the same peptide epitope.

A similar difference in the immunoreactivity of two antibodies raised against 

identical epitopes was found with the M peptide c-Fos antibody (Santa Cruz 

Biotechnology). Two different batches of the antibody varied in the reactivity pattern for 

c-Fos, with the first detecting c-Fos as a single band (Fig. 10.2, 10.3) and the second 

antibody showing increase in a doublet of the size of c-Fos at two and four hous post

lesion (Fig. 10.5B).

Section 10.3: c-Jun and Jra protein expression

The expression of c-Jun protein was examined with Western blots using 

antibodies against the carboxy-terminus of c-Jun (produced by Helen Hurst) and the c- 

Jun DNA binding domain (Santa Cruz Biotechnology). Previous immunocytochemical 

data demonstrated that c-Jun immunoreactive nuclei were localized in the central core of 

the straital lesion at 24 hours following QA injection (see Fig. 5.1) (Purkiss, 1993b).

The specificity of the carboxy-terminal antibody was confirmed by its strong reactivity 

with one band of 42 kDa in Schwann cells transfected with c-Jun (produced by Stephen 

Hunt) (Fig. 10.6A). This antibody reacted with a protein of 39 kDa in rat tissue, which 

was consistantly seen in every sample and was not increased between six and 30 hours 

following QA lesion (Fig. 10.6A, 10.7A&B). A second immunoreactive band of 40 kDa 

was detected at all time points which appears to be slightly increased on the lesioned side 

at 12, 18, and 24 hours post-lesion. The upper band of the doublet is of the size 

expected for both JunB and JunD, however the antibody was raised against a peptide 

unique to c-Jun and would not be expected to detect JunB and JunD. 

Immunocytochemical data has shown that JunB is increased at two hours post-lesion, 

and JunD is increased at 24 hours following striatal QA lesion (Purkiss, 1993b)

An antibody raised against the DNA binding domain of c-Jun detected a 39 kDa 

protein after striatal lesion by kainic acid in the neonatal 10 day old rat but did not detect 

the c-Jun in adult rat striatum 24 hours after QA lesion (Fig. 10.6B). The inconsistant 

findings with both of the c-Jun antibodies suggests that c-Jun may be expressed in only 

very low levels and the sensitivity of the antibody against the c-Jun DNA binding domain 

does not allow detection of c-Jun after QA lesion of adult brain.

An antibody raised against a v-Jun epitope has recently been described to 

recognize a Jun-related protein (Jra) which has a unique expression pattern to c-Jun and 

is present exclusively in the striatum (Harlan and Garcia, 1995) (Jun antibody-2;
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Oncogene Science). This antibody detects three immunoreactive bands at 26, 50 and 55 

kDa, and the signal is increased in the striatum at 24 hours post-lesion (Fig. 10.8B). 

Section 10.4: ATF-2 protein expression

The amount of ATF-2 protein expressed following lesion of the striatum was 

constitutively expressed and did not alter throughout time in the lesioned or unlesioned 

cortices or striata as determined by Western blot analysis (Fig. 10.8A). However, 

immunocytochemical data showed a decrease in ATF-2 levels in the lesioned striatum as 

compared to the unlesioned side (Stephen Davies, personal communication).
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FIGURE 10.1: c-Fos protein expression two hours post-Iesion
Western blot using an antibody raised against the amino-terminus of c-Fos showing the 
increase of c-Fos protein (filled arrowhead) two hours following QA lesion of the right 
striatum. There is no c-Fos expression in the unlesioned left cortex (LC) and left 
striatum (LS), but a strong expression of c-Fos in the lesioned right cortex (RC) and 
right striatum (RS). A 25 kDa c-Fos-immunoreactive protein (open arrowhead) is 
constitutively expressed. The non-specific reactivity is shown in the control lane (C) in 
which the antibody was pre-incubated with the peptide to which it was raised before 
incubation on a lane from the same Western blot containing protein from the right 
striatum.
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FIGURE 10.2: Fos family protein expression two, six, and 24 hours post-lesion
Fos family protein expression at two, six, and 24 hours following QA lesion of the 
striatum. Proteins fro)m the unlesioned left striatum (LS) and lesioned right striatum 
(RS) were identified by Western blot using an antibody raised against the highly 
conserved DNA bindmg region of c-Fos proteins. c-Fos (A) was increased at two hours 
only. The antibody also specifically recognised proteins of 52 kDa (B), 43 kDa (C), 38 
kDa (D), 30 kDa (E)„ and 25 kDa (F) which are all constitutively expressed and not 
upregulated by injury. The proteins of 43 kDa and 30 kDa correspond to Fra-1 (C) and 
Fra-2 (E) when the same blot is re-probed with specific antibodies against these proteins. 
The apparent changes in the C and E protein bands on this gel were not seen on any 
other gels (see Figs. 10.3, 10.4) and were due to slightly unequal loading of protein in 
the lanes of this gel. The specificity of aU labeled bands was confirmed by preincubation 
of the antibody with the appropriate peptide (not shown).
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FIGURE 10.3: Fos family protein expression 12 hours post-lesion
Western blot using an antibody against the M peptide of c-Fos (also used in Fig. 10.2) 
which recognizes the c-Fos protein (arrow) increased in serum stimulated Hela cells (H-t-) 
as compared to serum starved Hela cells (H-). Samples from unlesioned left striatum 
(LS) and lesioned right striatum (RS) at 12 hours following QA lesion do not show 
expression of the c-Fos protein. The Fos-related proteins described in Fig. 10.2 can be 
seen constitutively expressed, including the 25 kDa protein at the bottom of the gel 
which resolves as a doublet.
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FIGURE 10.4: Fra-1 and Fra-2 protein expression two and 24 hours post-Iesion
(A) Western blot using an antibody against the amino-terminus of the Fra-1 protein 
which recognizes a specific band at 30 kDa (arrow) which is constitutively expressed in 
both the unlesioned left striatum (LS) and the lesioned right striatum (RS) at two and 24 
hours following QA lesion.

(B) Western blot using an antibody against the amino-terminus of the Fra-2 protein 
which detects two bands which are expressed in equal levels in both the unlesioned left 
cortex (LC) and striatum (LS) and the lesioned right cortex (RC) and striatum (RS) at 
two and 24 hours following QA lesion. This Fra-2 antibody is humunoreactive with two 
bands in contrast to the single Fra-2 band seen with the M peptide anibody (Fig. 10.2, 
10.3).

The labeled bands are eliminated upon pre-incubation of the antibody with the respective 
peptides to which they are raised (not shown).
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FIGURE 10.5: Differences in antigen recognition by antibodies raised against
identical epitopes

(A) Western blot using an antibody (DCHl) raised against the same amino-terminal c- 
Fos peptide as the antibody that was used in Fig. 10.1 (DCHO). DCHl recognizes c-Fos 
(arrow) in serum stimulated Hela cells (H+) as compared to serum starved Hela cells (H- 
). However, the increased c-Fos expression detected in the lesioned striatum at two 
hours following QA injection by the DCHO antibody (Fig. 10.1) as well as by 
immunocytochemistry with the DCHl antibody is not detected with DCHl in Western 
blots of the lesioned right striatum (RS) as compared to the unlesioned left striatum 
(LS). This suggests that the DCHl antibody has an altered epitope recognition in the 
case of the denatured c-Fos protein.

(B) Western blot using an antibody raised against the same c-Fos M peptide that was 
used in the production of the antibody shown in Figs. 10.2 and 10.3. The antibody 
shown here recognizes c-Fos protein (arrow) increased in the lesioned right striatum 
(RS) compared to the unlesioned left striatum (LS) at two to four hours post-lesion. 
Unlike the antibody used in the Figures 10.2 and 10.3, this antibody detects c-Fos as a 
doublet, again illustrating altered specificity of various batches of antibody.
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FIGURE 10.6: c-.Tun protein expression 24 hours post-lesion

(A) Western blot with antibody raised against the carboxy-termmus of c-Jun recognizes 
c-Jun protein at 42 kDa in Schwann cells transfected with c-Jun (H-t-). A protein of 39 
kDa is immunoreactive in unlesioned left cortex (LC) and left striatum (LS) and lesioned 
right cortex (RC) and right striatum (RS) at 24 hours post-lesion. A shght increase of a 
40 kDa protein is seen in the lesioned tissue.

(B) Western blot using an antibody raised against the DNA binding domain of c-Jun. 
An immunoreactive band at 39 kDa (arrow) is found in the neonatal 10 day-old rat brain 
in the kainic acid lesioned right cortex (RC) and right striatum (RS) as compared to the 
unlesioned left cortex (LC) and left striatum (LS). However, c-Jun protein is not 
detected in the adult rat brain at 24 hours following striatal QA lesion.
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FIGURE 10.7: c-.Tun protein expression six to 30 hours post-lesion

Western blots using the antibody raised against the carboxy-terminus of c-Jun shown in 
Fig. 10.13A. The 39 kDa band is constitutively expressed in the lesioned right cortex 
(RC) and right striatum (RS) and unlesioned left cortex (LC) and left striatum (LS) at 
six, 18, and 30 hours post-lesion. QA lesion creates a slight increase of the upper 40 
kDa band of the doublet in the striatum at 12 and 18 hours post-lesion.
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FIGURE 10.8: ATF-2 and Jra protein expression
(A) Western blot using an antibody against ATF-2. There is no change in expression of 
ATF-2 between the unlesioned left cortex (LC) or left striatum (LS) and the lesioned 
right cortex (RC) or right striatum (RS) between two and 24 hour after QA injection.

(B) Western blot using an antibody against a v-Jun epitope which recognizes a newly 
described Jun-related protein (Jra) expressed exclusively in the striatum. 
Immunoreactive bands of 26, 50 and 55 kDa are increased in the right striatum (RS) in 
comparision to the left striatum (LS) at 24 hours post-lesion.
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CHAPTER 11

FOSB AND AFOSB EXPRESSION FOLLOWING STRIATAL OA LESION 

Section 11.1: FosB and AFosB protein expression

Following the rapid and transient expression of c-Fos in the QA lesioned 

striatum, the most dynamic alterations in protein expression over time occurs with the 

overlapping and extended expression of the FosB and AFosB proteins, which may play a 

unique role in subsequent gene expression.

The 45 kDa FosB protein and truncated 35 kDa AFosB protein were detected 

using two separate antibodies (gifts of Fran Ebling and Yusaka Nakabeppu), each raised 

against a peptide at the amino-terminus of the rat FosB protein (Fig. 11.1). The protein 

bands increased in the lesioned cortex and striatum were detennined to be specific by 

pre-incubation of the antibody with the peptide to which it was raised. The AFos-B 

protein is derived from an alternatively sphced fosB mRNA transcript and lacks the last 

51 amino acids of the FosB carboxy-terminus (Fig. 11.4B). Accordingly, an antibody 

against the carboxy-terminus of FosB (gift of Yusaka Nakabeppu) recognised the larger 

FosB protein but not the truncated AFosB (Fig. 11.2). The expression of FosB and 

AFosB throughout time post-lesion is summarized in Fig. 11.4A. FosB protein was 

expressed from four to eight hours post-lesion, and the initial expression of AFosB was 

delayed until six hours and continued to be expressed past 30 hours (Figs. 11.1 to 11.3). 

The level of FosB present at six hours post-lesion was 129% 4-/-0.18 above the amounts 

expressed in the contralateral unlesioned striatum as determined by densitometiic 

analysis of the Western blot füms. The amount of AFosB in the lesioned tissue remained 

low from six until 18 hours post-lesion, and then at 24 hour post-lesion the expression of 

AFosB rose dramatically to 150% 4-/-0.18 above the bas ally expressed amounts.

Section 11.2: FosB and AFosB mRNA expression

To distinguish whether the two proteins immunoreactive with FosB antibodies 

were derived from different mRNA transcripts rather than the smaller protein being a 

degradation product of FosB, the mRNA from lesioned and unlesioned striata and 

cortices were reverse transcribed into cDNA and amplified by PCR using primers 

recognizing regions on either side of the sequence that is sphced in the formation of 

AfosB mRNA (primer sequences shown in Fig. 11.4B). Two amplified DNA fragments 

of the lengths expected for the full length and alternatively spliced mRNA forms were
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present in the lesioned rat striatum at four and 18 hours post-lesion (Fig. 11.5). The 

total amount of RT-PCR product corresponding to AfosB was less than fosB using 

mRNA from tissue four hours following lesion, but the amount of AfosB product was 

increased at 18 hours after lesion. The fosB and AfosB message found on the unlesioned 

left striata corresponded to the low levels of protein seen on the unlesion side (see 

Chapter 10). cDNAs for fosB and AfosB in plasmid vectors (produced by Yusaka 

Nakabeppu) were run in parallel in the PCR reaction as controls to test the accuracy of 

the amplification of the fosB transcripts. The amplified fragments from these fosB and 

AfosB clones migrated the same distances as the two products from the lesioned 

samples.

To further confirm that the RT-PCR products correspond to fosB and AfosB 

mRNA, Southern blot analysis of the RT-PCR samples was performed using the probe 

sequences shown in Fig. 11.4B. An 45-mer oligonucleotide probe covering the region 

which is sphced in the formation of AfosB hybridizes only to the larger of the two RT- 

PCR products and the cloned FosB fragment, confirming that this RT-PCR product 

corresponds to fosB (Fig. 11.6A). A second 45-mer oligonucleotide probe, which is a 

continuous sequence matching the regions immediately on either end of the splice sites 

but omitting the sphced region, hybridized to both RT-PCR products and clones 

corresponding to fosB and AfosB (Fig. 11.6B). The 45 bases of this probe strongly 

hybridizes to the identical continuous sequence in the AfosB mRNA, and hybridization to 

fosB also occurs, albeit more weakly, due to the fact that the probe covers 36 

nucleotides which are complimentary to a continuous sequence of fosB located 5’ to the 

splice site.

A third band was also present in the RT-PCR samples which was larger than the 

size of the products produced with the fosB and AfosB controls (Fig. 11.5). On a lower 

density agarose gel, this product was resolved into two closely spaced bands. In an 

attempt to identify these products, the fragments were subcloned into a pCRII vector and 

sequenced. Comparison of the first 125 bases of these subcloned fragments with genetic 

databases revealed that one product was identical to the FosB sequence and the other 

was an unknown sequence with the closest homology (27%) to the Danio rerio zinc 

finger transcription factor. Due to the fact that this RT-PCR product does not hybridize 

to either probe used for Southern blot analysis (Fig. 11.6), it probably does not include
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the region of FosB involved in alternative splicing and may be an aberrant product of the 

PCR reaction. Complete sequencing of the fragment may reveal its origin.

Section 11.3: Cellular distribution of FosB and AFosB protein expression

Immunocytocbemical analysis of the lesioned striatum was performed to 

determine the locabzation of cells expressing the FosB and AFosB proteins at two, four, 

six, 18, and 24 hours following NMD A receptor activation, including times when the 

Western blots show concurrent expression of both. The two FosB amino-terminal 

antibodies, which recognise both species of protein, were immunoreactive with neuronal 

nuclei around the ventral and medial margins of the striatum from four to 24 hours post

lesion (Fig. 11.7A). The FosB carboxy-terminal antibody, recognising only the FosB 

species, labelled the same distribution of neuronal nuclei as the amino-tenninal antibodies 

between four and six hour post-lesion (Fig. 11.7B). In the same region of the striatum 

on the contralateral unlesioned side there were only a few scattered nuclei 

immunoreactive with the carboxy-terminal antibody (Fig. 11.7C) and the amino-terminal 

antibodies. Since it was shown by Western blot analysis (see Fig. 11.3) that FosB and 

AFosB were co-expressed between six and eight hours, and during this time the same 

number of neurons in the striatum were immunoreactive with antibodies which recognize 

either FosB only or both FosB and AFosB, it can be concluded that both FosB and 

AFosB were expressed in some or all of the same cells. At 24 hours following QA 

lesion, there was no immunoreactivity with the carboxy-terminal antibody and less 

immunoreactivity with the amino-terminal antibodies than at earlier times, confirming the 

Western blot data that by 24 hours AFosB was the only species present.
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FIGURE 11.1: FosB and AFosB protein expression six hours post-lésion

Western blot with an antibody raised against the amino-terminus of FosB at six hours 
following QA lesion. AFosB (sohd arrowhead) is greatly increased in the lesioned right 
cortex (RC) and right striatum (RS) as compared to the unlesioned left cortex (LC) and 
left striatum (LS). FosB is expressed in the RC samples, and although in this Western 
blot FosB is not seen in the RS, the consensus of other gels (Fig. 10.2, 10.3) indicates 
that FosB is expressed in the RS at six hours post-lesion. The two protein bands 
indicated were determined to be specific in a control reaction by pre-incubation of the 
antibody with the peptide to which it was raised before reaction with a lane of RC sample 
on the same Western blot (C).
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FIGURE 11.2: AFosB protein expression at 24 hours post-lesion

Western blot using an an antibody raised against the carboxy-terminus of FosB at six 
hours following QA lesion of the striatum recognizes FosB (arrow) in the lesioned right 
cortex (RC) and right striatum (RS) but not the unlesioned left cortex (LC) or left 
striatum (LS). The AFosB protein which is expressed at six hours (see Fig. 11.1) is not 
recognized by this antibody since the carboxy-terminus of FosB is truncated.
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FIGURE 11.3: FosB and AFosB protein expression four to 30 hours post-lesion
Western blots of FosB (open arrowhead) and AFosB (solid arrowhead) using an 
antibody recognizing an amino-terminal epitope (shown also in Fig. 11.1). The four 
lanes of each gel are unlesioned cortex, lesioned cortex, unlesioned striatum, and 
lesioned striatum. Note that one band which was proven to be non-specdic in Fig. 11.1 
is located directly below the FosB protein. Subtraction of the signal produced at the 
level of the FosB protein in the unlesioned samples from the lesioned samples shows that 
FosB is increased from four to eight hours post-lesion, and AFosB is expressed from six 
hours to beyond 30 hours post-lesion. The results from this data are summarized in Fig. 
11.4.
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FIGURE 11.4 (A): Fos family protein expression

Following QA lesion of the striatum, c-Fos is expressed at high levels from two to four 
hours; FosB is expressed from four to eight hours, and AFosB expression remains 
constant from six to 18 hours post-lesion and then increases drastically and peaks at 24 
hours post-lesion. Fra-1, Fra-2, and ATF-2 are constitutively expressed.
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FIGURE 11.4 (B): FosB and AFosB structure, and sequences used in experiments 
to identify FosB and AFosB mRNA

The AfosB mRNA is derived from alternatively splicing of the fosB gene which 
eliminates 101 nucleotides. The primers shown (red) were used in a PCR reaction (see 
Fig. 11.5) to amplify cDNA obtained by reverse transcriptase of mRNA from striatal 
tissue following lesion.

The probes were used in Southern blot analysis (see Fig. 11.6) of the products 
from the RT-PCR reaction to identify the fosB and AfosB mRNA species. The 45-mer 
fosB probe (green) hybridizes to a region which is sphced in the formation of AfosB. 
The second probe is a 45-mer which bridges the sphced region (blue). This probe is 
identical to the AfosB mRNA sequence and matches 36 nucleotides of fosB mRNA on 
the 5’ side of the splice site.
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FIGURE 11.5: FosB and AfosB mRNA RT-PCR fragments at four and 18 hours 
post-lesion

Transcription of fosB (solid arrowhead) and AfosB (open arrowhead) mRNA following 
striatal QA lesion. RNA message was purified at 18 hours following QA lesion from left 
striatum (lane 2) and right striatum (lane 3), and at four hours following lesion in the left 
striatum (lane 4) and right striatum (lane 5). mRNA was reverse transcribed into cDNA, 
PCR amplifed using primers on either end of the fosB sphce site (shown in Fig. 11.4B), 
and electrophoresed on an agarose gel. Cloned cDNA from fosB (lane 6) and AfosB 
(lane 7) were used as positive controls in the PCR reaction and migrate to an identical 
distances as the products from the lesioned tissue. The third larger band (lanes 4 and 5) 
was subcloned and sequenced and shown to include the fosB sequence. DNA molecular 
weight markers are present in lanel.
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FIGURE 11.6: FosB and AfosB mRNA expression at four and 18 hours post-lesion

Southern blot of the RT-PCR products from the agarose gel shown in Fig. 11.5 
identified the bands as fosB (sohd arrowhead) and AfosB (open arrowhead) using the 
probes shown in Fig. 11.4B. The gel consists of DNA molecular weight markers (lane 
1), left striatum (lane 2) and right striatum (lane 3) at 18 hours following lesion; left 
striatum (lane 4) and right striatum (lane 5) at four hours foUowing lesion; and cDNA of 
fosB (lane 6) and AfosB (lane 7).

(A) An ohgonucleotide probe from the region sphced in the formation of AfosB 
hybridized only to the larger RT-PCR product and the fosB cDNA clone, thus 
conclusively identifying this band as fosB.

(B) An ohgonucleotide probe including bases on either end of the fosB sphce sites 
hybridizes to the RT-PCR products and cloned genes corresponding to both fosB and 
AfosB because each contains a large segment of complementary bases to the probe. 
Note that the probe hybridizes stronger to AFosB than to FosB due to the longer 
sequences of homology to the former.
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FIGURE 11.7: Cellular expression of FosB and AFosB protein at six hours post-
lesion

FosB and AFosB im m unoreactivity  in the striatum  six hours I’ollow ing lesion at a time 
w hen W estern  b lo t show s co-expression of both (see Fig. 11.1 to 11.3).

(A) A FosB am ino-term inal antibody, which recognizes both FosB and A FosB , identities 
neuronal nuclei around the ventral and m edial m argins o f the striatum .

(B) A FosB carboxy-term inal antibody, recognizing only the FosB species, labelled the 
sam e distribution of neuronal nuclei as the am ino-term inal antibody in (A).

(C) Only a few scattered  im m unoreactive nuclei w ere seen in the unlesioned striatum  
w ith the carboxy-term inal antibody. Even less im m unoreactive nuclei w ere found in the 
unlesioned striatum  w ith the am ino-term inal antibody (not show n). S ubtraction  o f the 
num ber o f  im m unoreactive nuclei in the unlesioned striatum  from the num ber in the 
lesioned striatum  show ed that there was no difference in the num ber o f nuclei 
im m unoreactive w ith the antibodies recognizing A FosB alone or both FosB  and AFosB, 
suggesting co-expression of both in the sam e cells.
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CHAPTER 12

DNA-NUCLEAR PROTEIN BINDING FOLLOWING QA LESION 

Section 12.1: Determination of binding of transcription factors to promoter DNA 

by EMSA experiments^

I. The NGF TRE

Electrophoretic mobility shift assays (EMSA) were performed to determine 

whether nuclear proteins expressed following QA lesion bind to the functional TRE site 

in the first intron of the neurotrophin NGF gene. NGF was a candidate for gene 

regulation by AP-1 since expression of NGF after QA lesion of the striatum immediately 

follows the increase in AP-1 protein in the same region of the striatum (Purkiss 1993b). 

Proteins present in both the striatum and cortex at two hours following QA lesion bound 

the NGF TRE sequence (Fig. 12.1), and this binding was shown to be specific when the 

signal was completely abolished upon addition of excess “cold” NGF TRE 

oligonucleotide (Figs. 12.1, 12.2A, 12.4). As httle as five-fold excess of unlabelled cold 

NGF TRE oligonucleotide was able to reduce the protein binding to the NGF TRE and 

all binding was eliminated by addition of lOx unlabelled cold oligonucleotide (Fig.

12.2A). The diffuse signal immediately below the specific bandshift on the EMSA gels 

(unlabelled in Figs. 12.1 to 12.6) was seen in all experiments with these protein samples 

using several oligonucleotide probes and was nonspecific since it was not blocked with 

unlabelled oligonucleotide. Other investigators have seen this diffuse non-specific band 

on EMSA blots (Ransone, 1989, 1990;; J. Ham, personal communication). Using a 

mutated form of the NGF TRE oligonucleotide (mNGF TRE) with two substituted bases 

(see Materials and Methods), protein binding was significantly reduced as compared to a 

equivalently labelled NGF TRE oligonucleotide (Fig. 12.3).

When a 40-fold excess of unlabelled oligonucleotide from a TRE site found in the 

c-Jun promoter (JUN TRE) was added to an EMSA experiment with NGF TRE, the 

protein binding was only slightly affected, further proving binding specificity to the NGF 

TRE (Fig. 12.4). A 40-fold excess of an unlabelled CRE oligonucleotide added to the 

NGF TRE EMSA slightly decreased binding to the NGF TRE (not shown).

Surprisingly, there was no change in protein binding to the NGF TRE between 

the unlesioned and lesioned sides following QA lesion of the striatum. At two to four 

hours post-lesion when c-Fos is greatly increased (see Chapter 10), there is not an

The results of this section in combination with the data of Chapter 13 are summarized in Section 13.2.
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increase in protein binding to the NGF TRE (Figs. 12.1, 12.5). Similarly, the increase in 

FosB from four to eight hours post-lesion and AFosB from six to 30 hours post-lesion do 

not alter the NGF TRE EMSA signal (Figs. 12.3, 12.5, 12.6). Slight changes in the 

EMSA signal seen in the Figures between the unlesioned and lesioned tissue were not 

significant (discussed in Section 12.2). Equal amounts of total nuclear binding proteins 

as measured by Lowry assay were added to each EMSA sample, and as a confirmation 

that the amounts of protein were equal, control EMSA experiments with a CRE 

oligonucleotide showed uniform binding in each sample (not shown), due to the 

constitutive binding of CREB to the CRE site.

II. The JUN TRE

The protein binding pattern to the NGF TRE EMSA was compared to an 

oligonucleotide from the JUN TRE promoter, which has an identical consensus sequence 

to the NGF TRE but contains different flanking bases. Post-lesion nuclear proteins 

created several prominent shifted bands with the JUN TRE oligonucleotide, including a 

fast migrating doublet which migrated at the same distance as the NGF TRE bandshift, 

and a single slower migrating band (Figs. 12.4). As with the NGF TRE, there was no 

significant change in the amount of protein binding to the oligonucleotide throughout 

time following the lesion.

The bands created by protein binding to the JUN TRE were specific as shown 

when reduction in signal occured by addition of as little as 10-fold excess cold JUN TRE 

oligonucleotide the bands were completely eliminated upon addition of 20-fold excess 

unlabelled JUN TRE (Figs. 12.2, 12.4). Addition of excess unlabelled cold CRE 

oligonucleotide also competed with all JUN TRE bandshifts; at 20x cold CRE the slowly 

migrating bands were eliminated and the faster migrating bands were reduced, and at 40x 

cold CRE all JUN TRE bands were completely blocked. Moreover, addition of 40-fold 

excess unlabeUed NGF TRE oligonucleotide eliminated only the bands with the faster 

mobility (Fig. 12.4).

To further test the specificity of the EMSA banding pattern produced by the JUN 

TRE oligonucleotide, a mutant oligonucleotide with one substitution in the consensus 

sequence (mJUN TRE) was used for EMSA experiments (Fig. 12.7A). Excess addition 

of the unlabelled mutant oligonucleotide to an EMSA with the JUN TRE reduced the 

signal but did not completely eliminate the banding pattern as did the cold JUN TRE 

oligonucleotide. The EMSA signal produced by the mutant DNA oligonucleotide was a 

similar binding pattern but reduced in intensity compared to the JUN TRE.
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I l l  The CRE

The CRE oligonucleotide creates a banding pattern very similar to that of the 

JUN TRE with two sets of complexes which migrate the same distance as the JUN TRE 

complexes. The CRE and JUN TRE oligonucleotides both produce a fast migrating 

doublet, however the CRE oligonucleotide creates a slowly migrating doublet rather than 

the slowly migrating single band of the JUN TRE EMSA (Fig 12.8). With both the CRE 

and JUN TRE oligonucleotides there are some variations between individual EMSA gels 

as to whether the faster migrating doublet was resolved into two closely spaced bands or 

appears as one band (as with the slowly migrating CRE species in Fig. 12.7), however 

results from the majority of gels are described here. As noted above, the levels of 

protein binding to the CRE oligonucleotide remain constant between the lesioned and 

unlesioned tissue throughout time after QA lesion.

An excess of 20x cold CRE eliminated all four CRE bandshifts (Fig. 12.8). 

Similar to the competition studies of the JUN TRE EMSA with the unlabelled CRE 

oligonucleotide, addition of 20x unlabelled cold JUN TRE oligonucleotide to the CRE 

EMSA completely eliminated the slowly migrating bands and partially blocked the faster 

migrating bands, and addition of 40x cold JUN TRE oligonucleotide completely 

competed out all CRE bandshifts (Fig. 12.8). An excess of 20x cold NGF TRE 

eliminated only the CRE bandshift which migrated at the same distance as that produced 

by the NGF TRE oligonucleotide, which was the upper band of the faster migrating 

doublet. An excess of 40x NGF TRE more drastically reduced the CRE bandshifts with 

a faint remainder of the slowly migrating bands.

A CRE ohgonucleotide with one mutated base (mCRE) was compared to the 

CRE EMSA (Fig. 12.7B). Similar to the results seen in the experiments with the mutant 

JUN TRE oligonucleotide (Fig. 12.7A), addition of the cold unlabelled mutant 

oligonucleotide did not compete as effectively with protein binding to the CRE as did the 

cold unlabelled CRE oligonucleotide. The mCRE oligonucleotide bound less protein 

than the CRE.

Section 12.2: Sensitivity of EMSA experiments to protein concentration

The consensus of the results obtained from at least 15 EMSAs performed with 

each oligonucleotide demonstrated that there was no consistant changes in the amount of 

protein/DNA binding between the lesioned and unlesioned tissue as determined by 

densometric image analysis of the EMSA signals. This result is surprising considering 

the increases in AP-1 protein expression following striatal QA lesion (see Chapters 10
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and 11). While the occasional EMSA gel showed slight increases or decreases in the 

amount of signal comparing protein samples from the lesioned and unlesioned cortices 

and striata, these slight changes were most likely a result of technical inaccuracies which 

highlight the sensitivity of protein binding to DNA. Small differences in the amounts of 

protein added to each sample due to pipetting errors would be sufficient to have an effect 

on the intensity of EMSA signal as illustrated in the protein binding curve relating density 

of EMSA signal to concentration of protein (Fig. 12.10). However, the increase in 

signal intensity was never more than would be expected with the accidental addition of 

less than 0.5 ul of protein. In Chapters 10 and 11 it was shown that the amounts of c- 

Fos, FosB and AFosB which are the primary candidates for binding to TRE sites increase 

up to 100%, 20%, and 70%, respectively, above basal levels after straitai lesion. Due to 

the fact that the DNA binding levels produced between lesioned and unlesioned samples 

were an average of less than 6.2% different, it was concluded that there was no 

significant increase in AP-1 protein binding to the TRE sequences.
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FIGURE 12.1: NGF TRE EMSA at two hours post-lesion

EMSA of nuclear proteins purified two hours after striatal lesion binding to the TRE in 
the NGF promoter. The NGF TRE oligonucleotide binds to proteins to create a single 
specific band (arrow), which is eliminated upon addition of 20-fold excess of unlabeUed 
NGF TRE (unlabeUed NGF AP-1). There is no detectable change in signal between the 
unlesioned left cortex (LC) or left striatum (LS) and the lesioned right cortex (RC) and 
right striatum (RS) when equal amounts of total nuclear binding protein were added to 
the NGF TRE ohgonucleotide. The diffuse lower band seen in this Figure and the other 
EMSA figures in this Chapter is non-specific.
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FIGURE 12.2: Specificity of EMSA signals with NGF TRE and JUN TRE

(A) EMSA of the NGF TRE oligonucleotide binding to nuclear proteins from the 
lesioned striatum at two hours following QA injection. The spechicity of the single band 
(arrow) was illustrated when addition of cold unlabelled NGF TRE oligonucleotide 
reduces the EMSA signal at 5-fold excess and completely ehminates the binding at as 
little as 10-fold excess.

(B) EMSA gel of the TRE in the JUN promoter binding of protein from the lesioned 
striatum at two hours after QA injection. Two complexes are formed (arrows) which are 
competed out by addition of cold unlabeled JUN TRE oligonucleotide. The signal is 
reduced with addition of 10 to 20-fold unlabelled ohgonucleotide and completely 
ehminated upon addition of 30-fold excess unlabeUed ohgonucleotide. The faster 
migrating complex generally resolves into a doublet (see Fig. 12.4).
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FIGURE 12.3: Reduction of protein binding to mutant form of NGF TRE

EMSA of protein binding to the NGF TRE compared to a mutant form of the NGF TRE 
containing two substituted nucleotides in the consensus sequence. The binding of 
nuclear proteins (arrow) is significantly reduced with the mutant NGF TRE. The four 
protein samples added to each ohgonucleotide are unlesioned cortex, lesioned cortex, 
unlesioned striatum and lesioned striatum, respectively, at 24 hours following QA 
injection. Note that there is no change in the amount of protein binding with the lesioned 
samples compared to the unlesioned samples.
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FIGURE 12.4: Comparison of protein binding to the .TUN TRE and the NGF TRE

The JUN TRE binds to striatal nuclear proteins two hours after lesion to produce one 
slowly migrating band and two fast migrating bands (arrows). Addition of 20x cold 
unlabelled JUN TRE oligonucleotide reduces the protein binding to the lowest band and 
eliminates binding to the other bandshifts. Addition of 40x cold NGF TRE (lanes 4 and 
5) to the JUN TRE EMSA eliminated only the faster migrating bands.

The NGF TRE binds to striatal nuclear proteins two hours post-lesion to create one 
bandshift which migrates the same distance as the upper band of the slowly migrating 
doublet of the JUN TRE. This signal is eliminated upon addition of lOx cold unlabeUed 
NGF TRE, and only shghtly reduced with addition of 40x cold unlabeUed JUN TRE. 
The protein composition of the NGF TRE complex may be the same as the faster 
migrating species produced with the JUN TRE ohgonucleotide due to the results 
showing competition of this NGF TRE EMSA band by the JUN TRE oligonucleotide.
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FIGURE 12.5: NGF TRE EMSA at four to 18 hours post-lesion

EMSA of nuclear proteins purified from four to 18 hours following striatal lesion binding 
to the NGF TRE oligonucleotide (arrow). There is no significant change in binding to 
the NGF TRE at any time post-lesion comparing the cortical tissue on the unlesioned 
side (1) and lesioned side (2) and the striatal tissue from the unlesioned side (3) and 
lesioned side (4). The shght changes in EMSA density are not signhicant (see Section 
12.2 of text). Twice as much protein was used for the cortical samples compared to the 
striatal samples, thus producing a stronger signal.
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FIGURE 12.6: NGF TRE EMSA at 24 hours post-lesion

EMSA of nuclear proteins purified 24 hours after striatal lesion binding to the NGF TRE 
ohgonucleotide. The amount of binding to the NGF TRE ohgonucleotide (arrow) is not 
changed between the unlesioned left cortex (EC) and left striatum (LS) and lesioned right 
cortex (RC) and right striatum (RS). Unincorporated ohgonucleotide is shown at the 
bottom of the gel.
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FIGURE 12.7: Reduction of protein binding to mutant form of JUN TRE and 
CRE

(A) EMSA of 24 hour post-lesion striatal protein binding to the JUN TRE compared to a 
mutant form of the JUN TRE (mJUN TRE) containing one substituted nucleotide in the 
consensus sequence. Two complexes are formed with the JUN TRE ohgonucleotide 
(arrows; lane 1) which are eliminated with addition of 20x cold unlabeUed JUN TRE 
(lane 2). These bands are competed out less effectively with 20x cold unlabeUed mJUN 
TRE (lane 3). The mJUN TRE ohgonucleotide binds less protein (lane 4) than the JUN 
TRE, and the specificity of the mJUN TRE binding is shown by eUiuination of signal with 
20x cold unlabeUed mJUN TRE oligonucleotide (lane 5),

(B) EMSA of two hour post-lesion striatal protein binding to the CRE compared to a 
mutant form of the CRE (mCRE) containing one substituted nucleotide in the consensus 
sequence. Two complexes are formed with the CRE ohgonucleotide (arrows; lane 1) 
which are eliminated with addition of 20x cold unlabeUed CRE (lane 2). These bands are 
competed out less effectively with 20x cold unlabeUed mCRE (lane 3). The mCRE 
ohgonucleotide binds less protein (lane 4) than the CRE and only forms the fast 
migrating complexes, and the specificity of the mCRE binding is shown by elimination of 
signal with 20x cold unlabeUed mCRE ohgonucleotide (lane 5).

With both the mJUN TRE and mCRE ohgonucleotides, the faster migrating bands are 
the more readUy formed, and these mutant ohgonucleotides most effectively compete out 
the faster migrating bands formed by the JUN TRE and CRE.

The same results as (A) and (B) are obtained using striatal protein at other tunes post
lesion.
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FIGURE 12.8: Protein binding to the CRE

EMSA of 24 hour post-lesion striatal protein binding to the CRE ohgonucleotide 
displays a fast migrating doublet and a slowly migrating doublet (arrows) which are 
eliminated addition of 20x cold unlabeUed CRE ohgonucleotide. The addition of 40x 
cold unlabeUed JUN TRE ohgonucleotide also effectively competes with binding to the 
CRE ohgonucleotide. Addition of 20x cold unlabeUed NGF TRE affects binding to the 
upper band of the faster migrating doublet (lane 4), and 40x cold unlabeUed NGF TRE 
reduces the signal more drasticaUy (lane 5). The same results are obtained using striatal 
protein at other times post-lesion.
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FIGURE 12.9: Protein binding to oligonucleotides at increasing concentrations

EMSA of striatal protein purified 24 hours following lesion biuding to the JUN TRE, 
CRE, and NGF TRE ohgonucleotides are compared at protein concentrations from 2.5 
to 20 ug. The increase in intensiy of the specific bandshifted complexes (arrows) is 
quantified in Fig. 12.10.
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FIGURE 12.10: Intensity of EMSA signal v. protein concentration

Protein binding curve illustrating the changes in density of EMSA signal (x axis) for the 
NGF TRE as measured by intensity of signal in relation to increasing concentrations of 
protein added to the oligonucleotide (y axis), as shown in the experiment in Fig. 12.9.
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CHAPTER 13

COMPOSITION OF PROTEINS COMPLEXES BOUND PROMOTER SITES

FOLLOWING OA LESION 

Section 13.1: Determination of protein complex composition by EMSA supershift 

experiments

I. Control experiments and sensitivity o f super shifts

EMSA “supershift”  ̂ studies were performed to determine if the AP-1 family 

proteins found to be increased following striatal lesion (see Chapters 10 and 11) are 

involved in the protein complexes which bind to the NGF TRE, JUN TRE, and CRE 

oligonucleotides (see Chapter 12). Studies by others have claimed that the removal of 

an EMSA band with the addition of an antibody, without a corresponding supershift, 

was sufficient evidence to prove that the protein bound to the antibody was involved in 

the DNA complex. In experiments performed in this study, it has been found that the 

addition of antibody generally causes an artifact of more background on the 

audioradiograph in the sample lanes due to nonspecific “sticky” binding to labelled 

oligonucleotide (see Figs. 13.2, 13.3). This background may sometimes obscure the 

presence of the usual EMSA band and create the illusion that the antibody interferes 

with the protein-DNA binding.

In addition, control experiments performed in this study show that interactions of 

proteins with non-specific antibodies were also sufficient to eliminate some EMSA 

bands. Normal rabbit serum and an antibody raised against the non-nuclear NGF 

receptor protein were used as controls, and in these cases the usual shifted EMSA bands 

were often absent, but no supershift was ever seen (Figs. 13.2B, 13.4). For these 

reasons, in this study the involvement of a protein in a EMSA complex was only 

concluded if the corresponding antibody produced a clear supershift.

The effectiveness of a supershift experiment is highly dependent on the 

concentration of the individual antibody used to allow for sufficent antibody to interact 

with the majority of the corresponding antigen present in the protein samples. To allow 

for this, the lowest possible amount of total nuclear protein to produce a visible EMSA 

band (2.5 ug; see Figure 12.9) was added to the maximum amount of antibody which 

could be added to the reaction volume. | Each antibody was used at identical dilutions as in

^In this chapter, the term EMSA always refers to the bandshift pattern produced by the simple addition 
of protein to DNA without the presence of antibody (as in the experiments of Chapter 12). Experiments 
in which antibody is added to the reaction sample will always be refered to as a “supershift” .
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Western blot experiments (see Materials and Methods), suggesting that each was of 

comparable titers. However, whilst all antibodies used in the Western blot studies 

(Chapters 10 and 11) were used for supershift experiments, some did not produce a 

supershift, although other antibodies against the same proteins did supershift EMSA

complexes. These antibodies which did not yield supershifts may be of an insufficient 

concentration, or may bind and mask an epitope which prevents protein-DNA binding. 

Only the antibodies which did supershift the complexes are described below.

II. FosB and AFosB

Due to the fact that NGF expression was upregulated at eight hours following 

QA lesion in the striatum (Purkiss, 1993b), the possible binding to the NGF TRE by 

FosB which is increased at four to eight hours post lesion and AFosB, present at six to 

30 hours post lesion, was of particular interest. Betv/een six and 24 hours post-lesion, 

the FosB amino-terminus antibody (shown in Western blots in Figs. 11.1, 11.3) created a 

supershift, indicating that the complex binding to the NGF TRE was made up in part 

with FosB and AFosB during these times (Figs. 13.1, 13.2). In control experiments, 

preincubation of the antibody with the peptide to which it was raised significantly 

reduced the supershift created by the antibody, and addition of only the FosB peptide had 

no effect on the results of the EMSA (Fig. 13.1). One of the faster migrating doublets 

seen in EMSA experiments with the JUN TRE and CRE was also supershifted with the 

FosB antibody (Fig. 13.2 A&B). Thus, the composition of the faster migrating band 

created by all three oligonucleotides involves FosB and/or AFosB at times when they are 

expressed in the striatum after lesion. ' '

III. c-Fos

At two hours following lesion when the levels of c-Fos are maximal, the c-Fos 

amino-terminal antibody (shown in Western blot in Fig. 10.1) abolished the binding of 

protein to the NGF TRE (Fig. 13.3), however c-Fos antibody does not produce a 

supershift. Interestingly, the disruption of the NGF TRE EMSA band does not occur at 

24 hours post-lesion when no c-Fos was present.

The c-Fos antibody did produce a supershift when added to the JUN TRE and 

CRE (Fig. 13.3). The fact that the c-Fos antibody created a supershift with the JUN 

TRE and CRE while this antibody does not supershift the NGF TRE may indicate that 

c-Fos and/or the 25 kDa Fos-related protein immunoreactive with this c-Fos antibody 

(see Fig. 10.1) does not bind to the NGF TRE. While the lack of a supershift with NGF
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TRE precludes the conclusion that c-Fos is involved in the NGF TRE complex, it is 

nonetheless curious that c-Fos antibody does not affect protein-DNA binding at 24 hours 

while the antibody does abohsh the EMSA band at two hours. However, this supershift 

data combined with the lack of increased protein binding to the NGF TRE despite greatly 

increased c-Fos levels (see Chapters 10 and 12) indicates that c-Fos does not bind to the 

NGF TRE.

IV. CREB and ATF-2

Antibodies against both CREB and ATF-2 (shown in Western blot in Fig. 10.8) 

supershift the NGF TRE complex at both two and 24 hours post-lesion (Fig. 13.2, 13.3). 

The fast migrating bands of the JUN TRE and the CRE are also supershifted by these 

two antibodies, suggesting that CREB and ATF-2 participate in the complex which binds 

to each oligonucleotide to form the faster migrating band at two and 24 hours after 

lesion.

The CREB antibody is the only antibody used in this study which also disrupts 

the slower migrating complex of the JUN TRE and CRE oligonucleotides at both two 

and 24 hours post-lesion. The ongoing presence of CREB and ATF-2 in the protein- 

DNA complexes agrees with their constitutive presence throughout time (see Chapter 

10).

V. c-Jun

An antibody which recognizes the phosphorylated serine-62 epitope of c-Jun was 

used in supershift experiments since the presence of phosphorylation of serine-62 

indicates that c-Jun is in a transcriptionally active state (see section X). This antibody 

produced a supershift of the NGF TRE in samples of the lesioned striatum at 24 hours 

after QA injection (Fig. 13.4). Interestingly, in the samples of unlesioned striatum the 

EMSA band of the NGF TRE was abolished but a supershift did not appear.
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Figure 13.1; AFosB binding to the NGF TRE

EMSA supershift (open arrowhead) showing the binding of the NGF TRE 
oligonucleotide-protein complex (filled arrowhead) to the amino-terminal 
FosB antibody, which recognizes both FosB and AFosB at 24 hours following 
QA lesion. In control experiments, the FosB antibody supershift is reduced 
when the antibdy is pre-incubated with the peptide to which it was raised, 
however the elimination of the EMSA band upon the addition of antibody with 
peptide indicates that in this experiment the amount of peptide added was not 
sufficient to eliminate antibody binding. The addition of the peptide alone to 
the EMSA experiment has no effect. These results suggest that the protein 
complex involves AFosB since at 24 hours following lesion is tghe only 
protein present which is reactive with this antibody (see Fig. 11.3). Lane 1: 
unlesioned cortex. Lane 2: lesioned cortex. Lane 3: unlesioned striatum. Lane 
4: lesioned striatum.
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Figure 13.2: AFosB. CREB, and ATF-2 protein binding to the CRE, JUN TRE,
and NGF TRE oligonucleotides

(A) The specific EMSA protein complexes (filled arrowheads) formed by the CRE, JUN 
TRE, and NGF TRE ohgonucleotides at 24 hours foUowing QA lesion of the striatum 
are supershifted by addition of antibodies raised against FosB (recognizing AFosB at this 
time post-lesion), CREB, and ATF-2.

The CRE ohgonucleotide produces an EMSA pattern consisting of a slowly migrating 
doublet and a fast migrating doublet, and the lowest band of the fast migrating doublet is 
eliminated by addition of the three antibodies. The CREB antibody also displaces the 
slowly migrating complex.

The JUN TRE ohgonucleotide creates one slowly migrating EMSA band and a fast 
migrating doublet, which is eliminated by addition of the three antibodies. The migration 
of the slowly migrating band is also affected by the CREB antibody.

The NGF TRE ohgonucleotide produces only one fast migrating band which is 
supershifted by each antibody.

(B) The EMSA bands produced by the JUN TRE ohgonucleotide (sohd arrowheads) are 
supershifted upon addition of FosB antibody (open arrowhead). In a control experiment 
to determine the effect of addition of a non-specific antibody, no supershift is created by 
normal rabbit serum.
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FIGURE 13.3: c-Fos. CREB, and ATF-2 protein binding to the CRE. JUN TRE,
and NGF TRE oligonucleotides

The specific EMSA protein complexes formed by the CRE, JUN TRE, and NGF TRE 
oligonucleotides at two hours following QA lesion of the striatum are supershifted by 
addition of antibodies raised against CREB and ATF-2, as is also seen at 24 hours post
lesion in Fig. 13.2. An arnino-terrninal c-Fos antibody produces a supershift with both 
the CRE and JUN TRE oligonucleotides, but the c-Fos antibody only abohshes the NGF 
TRE EMSA band and does not create a supershift with this oligonucleotide. However, at 
24 hours post-lesion (not shown), the c-Fos antibody does not affect binding to the NGF 
TRE.
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FIGURE 13.4: c-.Tun protein binding to the NGF TRE oligonucleotide

The specific EMSA protein complex formed by the NGF TRE oligonucleotide (filled 
arrowhead) at 24 hours following QA lesion is supershifted (open arrowhead) in the 
lesioned right striatum (RS), but not the unlesioned left striatum (LS), using an antibody 
recognizing the phosphorylated serine-62 epitope of c-Jun (P-Jun).

In a control experiment, an antibody against the cytoplasmic NGF receptor (NGFR), a 
protein which does not interact with DNA, was used to determine whether non-specific 
antibody binding would produce a supershift. The NGFR antibody abohshed the NGF 
TRE EMSA band but did not create a supershift.
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CHAPTER 14

THE EFFECT OF ALTERED GLUCOCORTICOID LEVELS AP I 

EXPRESSION AND DNA BINDING

Glucocorticoids have been previously shown to influence gene transcription by 

either altering the levels of AP-1 proteins expressed or by interacting with the AP I 

complex to affect transcriptional activation (see Chapter X- glucocorticoid introduction). 

Previous immunocytochemistry experiments in this laboratory have determined that when 

glucocorticoid levels in the QA lesioned striatum are increased by addition of the 

synthetic glucocorticoid dexamethasone (DEX) or decreased with mifepristone (RU486), 

the levels of NGF expression were decreased (Purkiss, 1993b). These treatments were 

repeated in this study to investigate their effect on the levels of expressed AP-1 protein 

by Western blot and the levels of protein binding to the TRE in the NGF promoter by 

EMSA analysis.

Section 14.1: The effect of glucocorticoid levels on AP-1 protein expression

As was found with the striatal injection of QA alone (Fig. 10.1), the co-injection 

of either DEX or RU486 with QA greatly increased the expression of c-Fos protein in 

the lesioned cortex and striatum side as seen by Western blots using the c-Fos amino- 

tenninal antibody (Fig. 14.1 A). The 25 kDa protein was faintly seen with this antibody 

when glucocorticoid levels were both increased and decreased.

Using the antibody raised against the c-Fos DNA binding domain, c-Fos protein 

was again detected in the lesioned tissue with both DEX 4- QA and RU486 -t-QA 

treatments during QA lesion (Fig. 14. IB). Unlike the results seen with the injection of 

QA alone (Fig. 10. 2), an increase of expression was also found of the 43 kDa Fra-1 

protein band as well as the unidentified 52 kDa protein described in Section 10.1. The 

three other Fos-related proteins which are identified by this Fos antibody as described in 

Section 10.1 which migrate at 25 kDa, 38 kDa, and the 30 kDa Fra-2 protein were 

detected at equal amounts bilaterally after QA-nDEX and QA-fRU486 treatments.

The increase in AFosB seen at 24 hours following QA lesion was also found after 

both DEX and RU486 treatments. The expression of the c-Jun protein was not altered 

by QA-kDEX or by QA+RU486 (Fig. 14.2).

Section 14.2: The effect of glucocorticoid levels on protein-DNA binding

Despite the lack of effect of differing levels of glucocorticoids on A P-1 protein 

expression following QA lesion,! glucocorticoids have been known to effect DNA binding 

by interacting directly with AP-1. Therefore, EMSA experiments were perfonned to
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determine whether DEX orRU486 co-injection with QA altered the protein binding to 

the NGF TRE site described in Chapter 12. The consensus data of six EMSA gels at 

two and 24 hours post-lesion did not indicate any alteration of protein binding between 

the lesioned and unlesioned corteces or striata (Fig 14.3). The slight differences 

sometimes seen in the EMSA signal were insignificant as discussed in Section 12.2.
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FIGURE 14.1: The effect of altered glucocorticoid levels on Fos family protein
expression

(A) Western blot using an antibody recognizing the amino-terminus of the c-Fos protein 
(also used in Fig. 10.1). The c-Fos protein (arrow) was greatly increased in the lesioned 
right cortex (RC) and right striatum (RS) as compared to the unlesioned left cortex (LC) 
and left striatum (LS) at 2 hours after QA was co-injected with either the glucocorticoid 
dexamethasone (-t- glucocorticoids) or RU486 (- glucocorticoids).

(B) Western blot using an antibody recognizing the DNA binding domain of the c-Fos 
protein (also used in Fig. 10.2). The c-Fos protein (open arrow) is again seen increased 
in the lesioned right cortex (RC) and right striatum (RS) as compared to the unlesioned 
left cortex (LC) and left striatum (LS) at two hours after QA was co-injected with either 
the glucocorticoid dexamethasone (+ glucocorticoids) or RU486 (- glucocorticoids). In 
addition, both treatments caused the increase in the lesioned tissue of an unidentified 52 
kDa protein (filled arrow) as well as the smaller Fra-1 protein. The lowest three 
immunoreactive bands (the 38 kDa doublet, the 30 kDa Fra-2 protein, and the 25 kDa 
protein) were expressed in equal amounts in both the lesioned and unlesioned samples, as 
was found with QA alone (see Fig. 10.2)
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FIGURE 14.2: The effect of altered glucocorticoid levels on c-.Tun family protein 
expression
Western blot using an antibody against the DNA binding domain of the c-Jun protein. 
There is no change in amount of protein expressed when comparing the lesioned right 
cortex (RC) and right striatum (RS) as compared to the unlesioned left cortex (LC) and 
left striatum (LS) at 24 hours after QA was co-injected with either the glucocorticoid 
dexamethasone (A) or RU486 (B).
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FIGURE 14.3: The effect of altered glucocorticoid levels on protein binding to the 
NGF TRE at two and 24 hours post-lesion

EMSA of nuclear proteins purified at two hours (A) or 24 hours (B) following striatal 
lesion binding to the NGF TRE oligonucleotide (arrow) after QA treatment alone or with 
the co-injection of dexamethasone (+ glucocorticoids) or RU486 (- glucocorticoids) with 
QA. There is no significant change in binding to the NGF TRE at any time post-lesion 
comparing tissue from the unlesioned cortex (1) and lesioned cortex (2) and the tissue 
from the unlesioned striatum (3) and lesioned striatum (4).
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DISCUSSION
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CHAPTER 15

THE ROLE OF FOS FAMILY PROTEINS AFTER OA LESION OF THE

STRIATUM

Section 15.1: Introduction^

The QA lesion-induced expression of proteins of the AP-1 transcription factor 

family is an important indication of the neuronal response to NMDA-receptor mediated 

stimulation. To gain a better understanding of this neuronal response program, this 

thesis investigates the temporal pattern of expression of Fos family proteins between two 

and 30 hours following intrastriatal injection of QA. To date, no studies in the literature 

have characterized expression of every known Fos family protein throughout time after 

activation of NMDA receptors in the striatum. A large body of recent literature has 

highlighted the interesting pattern of Fos-like protein expression in the striatum after 

treatment with dopamine receptor agonists and antagonists through pathways which may 

also involve the NMDA receptor (see Introduction Section 5.3), and it is important to 

compare this response to direct NMDA receptor stimulation to determine whether 

glutaminergic signals induce similar transcriptional mechanisms. In addition, the recent 

discovery of AFosB provides an opportunity to characterize and incorporate this protein 

into our understanding of the neuronal response to lesion. To gain a detailed picture into 

the striatal response to NMDA receptor activation with respect to the expression of all 

Fos proteins. Western blot analysis using a range of antibodies recognizing various Fos 

family epitopes was performed to provide conclusive identification of each Fos protein. 

These experiments also resulted in the detection of novel Fos-related proteins which have 

not yet been reported in the striatum. Experiments discussed in this chapter are 

presented in Results Chapters 10 and 11.

Section 15.2: The Fos-related proteins are expressed in a unique pattern following 

QA lesion

The c-Fos protein was found rapidly expressed following QA lesion of the 

striatum with a peak of 186% above basal levels at two hours post-lesion. Using two 

different antibodies specifically recognizing c-Fos, this protein was detected at the weight 

of 55 to 65 kDa. The increased weight of c-Fos from the initially translated size of 55 

kDa is probably due to the extensive post-translational modifications which have been 

reported to occur to the c-Fos protein (Curran and Morgan, 1986; Kruijer, 1984).

'w hilst references are cited throughout the discussion chapters, when the list exceeds five citations the 
reader is referred to the Introduction Section containing those references.
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Modifications may include those described in Introduction Chapter 3, such as the 

phosphorylation of HOB domains required to enhance the capacity for transcriptional 

activation (Tratner, 1992; Bannister, 1994; Deng and Karin, 1994), or the 

phosphorylation of the carboxy-terminal region which enables c-Fos to repress 

transcription of its own gene promoter via a negative feedback loop (Ofir, 1990). The 

molecular weight of the c-Fos protein has been found to increase in the six hours 

following brain seizures created by metrazole (Sonnenberg, 1989a), which may be due to 

phosphorylation and may reflect different transcriptional activation states of the protein 

throughout time. The amount and rate of phosphorylation can also vary according to the 

stimulus (Curran and Morgan, 1986), and whether c-Fos is dimerized with c-Jun or 

bound to DNA (Abate, 1993).

The results described here showing greatly increased levels of c-Fos created by 

QA lesion in the striatum are in agreement with both the in situ hybridization and 

immunocytochemical data following NMDA receptor stimulation in the striatum (Aronin, 

1993; Purkiss, 1993a, 1993b, Walker and Carlock, 1993; Couceyro, 1994). The rapid 

and transient expression of c-Fos by NMDA receptor-mediated stimuli has been found in 

a number of other CNS regions (see Introduction Section 5.2), however, c-Fos induction 

is not necessarily a non-specific response. For example, NMDA receptor activation 

associated with long term potentiation in the hippocampus does not involve early c-Fos 

expression (Wisden, 1990). The rapid expression of c-Fos after stimulation is also found 

in the striatum following treatment wtih dopaminergic receptor agonists and antagonists 

(Hope, 1992; Bronstein, 1994; Rosen, 1994b; Chen, 1995; Konradi, 1996) and activation 

of adenosine receptors (Svenningsson, 1995).

Previous studies from our laboratory determined that the cells which upregulate 

c-Fos expression following QA lesion are principally medium-sized neurons located in 

the medial, ventral and lateral striatum in a peripheral halo around the lesion core (see 

Figure 5.1) (Purkiss, 1993a, 1993b). The c-Fos protein is expressed in an area where 

degeneration does not occur after 60 nmol QA injection. Possibly the somewhat lower 

concentrations of QA in these areas distant from the injection point may not be sufficient 

to elicit neurotoxicity (Purkiss, 1993b; Roberts 1993). In the cortex ipsilateral to lesion, 

c-Fos was found in the cingulate and piriform cortices and in the superficial layers of the 

parietal cortex. The expression of JunB has been shown to coincide temporally and 

spatially to the c-Fos expression in the striatum and cortex (Purkiss, 1993b).
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An antibody that recognizes the c-Fos DNA binding domain (called the “M” 

peptide) which is highly conserved among all Fos family proteins confirms that 

expression of c-Fos is increased in the striatum between two and four hours following 

QA lesion. Five additional proteins were specifically recognized by this antibody, all of 

which were constitutively expressed and not increased in the lesioned striatum at any 

time between two to 30 hours following NMDA receptor activation in the striatum. 

Among these Fos-related proteins, the 30 kDa and 43 kDa proteins were conclusively 

identified as Fra-1 and Fra-2, respectively, when the M peptide antibody was stripped 

from the Western blot and the filter was re-probed with antibodies specific to these 

proteins.

The three remaining proteins migrate at 52, 38, and 25 kDa. The 25 kDa protein 

has been noted by other others but has not been fully characterized. The results 

described here reveal that this protein was immunoreactive with antibodies against both 

the c-Fos DNA binding domain and the c-Fos amino-terminus, and this protein therefore 

appears to have several domains homologous to c-Fos. Previous reports have described 

a 25-26 kDa protein expressed in the striatum after acute QA lesion (Aronin, 1991) and 

in the parietal cortex after acute electroconvulsive seizures (Hope, 1994b). In both these 

cases, this 25 kDa protein is never induced above basal levels by the stimuli, which is 

consistent with the results of this thesis.

The identities of the 52 and 38 kDa proteins are more enigmatic. Caution must 

be taken when attempting to determine whether these proteins correspond to proteins 

described in previous studies because the same proteins may have migrated at slightly 

different rates in the gel systems of different laboratories. Therefore the 

immunoreactivity profile of the proteins is a more accurate criteria for their identification. 

These proteins may possibly be among the FosB-like proteins recently described in the 

literature which are found in the striatum after prolonged treatments with a variety of 

psychoactive drugs. These 35 and 37 kDa “chronic Fras” are expressed in the striatum 

after chronic cocaine (Chen, 1995; Hope, 1994a; Nye, 1995), chronic morphine 

treatment (Nye and Nestler, 1996), and prolonged dopamine depletion (Bronstein, 1994; 

Doucet, 1996), and in the cerebral cortex by chronic electroconvulsive seizure (ECS) 

(Hope, 1994b; Chen, 1995). However, it has been disputed whether these proteins are 

specifically expressed in response to only chronic treatments. A more recent report by 

Moratalla et. al. (1996) demonstrate that 32-37 kDa proteins are increased with both 

“acute” and chronic cocaine treatment. It is yet not known whether the described FosB-
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like proteins are products of novel fos genes, however it is interesting to note that Brown 

et. al. (1996) find that all FosB-immunoreactive proteins are eliminated in the fosB 

knockout mouse, suggesting that all such proteins are derived from the same gene. Also, 

with the extensive screening for fos family genes that has been performed in several 

laboratories (Cohen and Curran, 1988; Zerial, 1989; Matsui, 1990; Nishina, 1990), it 

seems unlikely that there are still fos-related genes remaining which have not been 

detected to date. It is also of note that none of the studies listed above use antibodies 

specifically against the Fra-1 or Fra-2 proteins to rule out the possibility that these 

“novel” proteins are related to Fra-1 or Fra-2 as was performed in this thesis.

Other possible candidates for the unidentified Fos-related proteins found in this 

thesis are the acutely expressed Fras previously described. “Acute” treatments, 

consisting of a stimulus administered to the animal only once, have been shown to induce 

the expression of proteins which are immunoreactive with the c-Fos DNA binding 

domain, particularly a protein of 35 kDa (Sonnenberg, 1989a, 1989b; Pennypacker, 

1994a; Rosen, 1994b). The conclusive characterization of these Fos-related proteins 

have yet to be established, and uncertainties arise when comparing results from different 

laboratories due to the differences in the stimuli, brain region, and antibodies used. The 

specificity of different antibodies produced against identical epitopes may be different, as 

seen in this study when examining the immunoreactivity pattern of different 

immunization batches of the M peptide antibody and the c-Fos amino-terminal antibody 

(see Results Section 10.2). Therefore, more assured results will be obtained with the use 

of several antibodies recognizing different epitopes of the same protein, as was used in 

this study with two c-Fos antibodies and three FosB antibodies.

The 52 and 38 kDa proteins described in this thesis do not appear to be the same 

Fos-related proteins identified in the literature described above. It can be ruled out that 

they are FosB-like proteins, because they are not reactive with the same amino-terminal 

antibody to FosB (provided by Y. Nakabeppu) which Hope et. al. (1994a) and Doucet 

et. al. (1996) report recognize the chronic Fras. In the experiments of this thesis, this 

amino-terminal FosB antibody produced by Y. Nakabeppu, as well as a second amino- 

terminal antibody, both specifically recognize only FosB and AFosB, which are 

conclusively identified by criteria described below. In addition, the 52 and 38 kDa 

proteins are not reactive with a second amino-terminal FosB antibody used only in this 

study. These proteins are also not related to either Fra-1 or Fra-2, since they do not 

cross-react with antibodies specifically recognizing Fra-1 and Fra-2. Although further
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molecular characteriztion will be necessary to resolve the identities of these proteins, 

they may possibly be derived from alternatively spliced transcripts of known fos genes, 

novel fos-related genes, or post-translationally modified Fos proteins. The only possible 

conclusion regarding these proteins at this time is their similarity to c-Fos in the obligate 

Fos DNA binding domain.

Section 15.3: The possible roles of FosB and AFosB proteins in the QA lesioned 

striatum

The temporal and spatial expression pattern of FosB and AFosB in the QA- 

lesioned striatum suggests important roles for these proteins in the neuronal reaction to 

NMDA receptor activation. The AFosB protein, which is translated from a mRNA 

transcript that is derived from alternative splicing of the fosB gene, is lacking the last 51 

amino acids of the FosB carboxy-terminus (Dobrzanski, 1991; Mumberg, 1991; 

Nakabeppu and Nathans, 1991; Yen, 1991). In this thesis, the 45 kDa FosB and 35 kDa 

AFosB species were identified with two separate antibodies against FosB amino-terminal 

epitopes. An antibody against a carboxy-terminal epitope recognized FosB but does not 

detect AFosB due to the carboxy-terminal truncation in AFosB. The initial expression of 

FosB at four hours following lesion remains until eight hours and peaks at 129% above 

basal levels at six hours post-lesion. AFosB protein appears at six hours post-lesion and 

remains expressed at low levels until 18 hour post-lesion, when expression rapidly rises 

to a peak of 150% above the amount in the contralateral control striatum at 24 hours 

post-lesion. There have been reports describing two peaks in protein expression with 

FosB followed by AFosB, including studies in stimulated 3T3 cells (Mumberg, 1991) and 

after acute electroconvulsive seizures (Maki, 1987). Other investigators find both FosB 

and AFosB concurrently expressed in the striatum following electroconvulsive seizures, 

cocaine treatments, and withdrawal from morphine treatment (Hope, 1994a; Chen, 1995; 

Nye and Nestler, 1996). It is important to keep in mind that in studies performed prior 

to the discovery of AFosB in 1991, the description of FosB using antibodies recognizing 

the amino-terminal FosB epitope may have in fact been detecting AFosB instead of 

FosB. Although the results of this thesis show the concurrent expression of FosB and 

AFosB after QA lesion of the striatum between six and eight hours, the peak expression 

of the FosB occurs at six hours and the peak of AFosB occurs at 24 hours post-lesion. 

The in vivo effect of the truncation of the FosB carboxy-terminal transcriptional 

activation region remains largely unknown (see below; Foulkes, 1992), however AFosB
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is likely to be non-functional for transcriptional activation. Both FosB and AFosB have 

identical bZIP domains and thus the same affinity for DNA binding and 

hctcrodimcrization with Jun proticns (Ryscck and Bravo, 1991). The gene expression 

initially turned on by FosB-containing complexes may later be downregulated by 

complexes containing AFosB when it peaks at 24 hours post-lesion.

To conclusively determine whether the two FosB-derived proteins seen in this 

study are derived from separately processed transcripts or are post-translational 

alterations of a single protein, RT-PCR was performed on mRNA from lesioned tissue 

using primers on either side of the splice site in order to identify the two species of 

transcript. The amplified products correspond to the sizes expected for the fragments of 

fosB and AfosB, and Southern blot hybridization of the RT-PCR samples using probes 

both within and spanning the splice site confirm that these fragments coincide with fosB 

and AfosB (Results Section 11.2). Therefore, the two proteins immunoreactive with the 

FosB antibodies in the QA lesioned tissue are each derived from different transcripts. At 

four hours following lesion, fosB message is the predominant species present, and lesser 

amounts of AfosB message were detected by the amplification reaction. At 18 hours 

post lesion, message for both fosB and AfosB are present. The low levels of AfosB 

mRNA at four hours post-lesion may be due to a very small amount of splicing of the full 

length transcript which does not result in significantly increased AFosB protein 

expression at this early time point. The extended appearance of fosB message after the 

protein is no longer expressed suggests that the transcript has a long half-life, and during 

this late phase AfosB is preferentially expressed over fosB. The ongoing presence of 

these transcripts is in contrast to degredation of the highly unstable c-fos mRNA 

described by others (see Introduction Section 3.5), and the results of this thesis regarding 

the transient expression of c-Fos protein and the prolonged expression of FosB and 

AFosB proteins agree with the stability of the corresponding mRNA.

A third RT-PCR product was also produced in these experiments which was 

larger than the size of the fragments corresponding to fosB and AfosB. In an attempt to 

identify this product, the cDNA was subeloned and the two resulting inserts were 

partially sequenced. The sequence of one fragment was identical to the fosB sequence, 

and the other clone was an unknown sequence with the closest homology (27%) to the 

Danio rerio zinc finger transcription factor. In the Southern blot experiments, these RT- 

PCR products do not hybridize to either of the probes which recognize fosB and AfosB.
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This larger RT-PCR band is most probably an aberrant product of the PCR reaction and 

does not have any novel genetic origin relating to fosB.

The cellular distribution of FosB and AFosB expression in the striatum was 

determined by immunocytochemical experiments performed at times when both proteins 

are present. The amino-terminal FosB antibody recognizing both FosB and AFosB labels 

approximately the same number and distribution of neuronal nuclei as the carboxy- 

terminal antibody which detects only the FosB protein. Therefore, FosB and AFosB co

exist in some or all of the immunoreactive nuclei located in the ventral margin of the 

striatum, and the full-length and alternatively spliced mRNA transcripts must both be 

processed within individual cells. Although the signalling mechanisms whereby an 

individual neuron initiates the alternative splicing of the fosB gene into either fosB or 

AfosB transcripts are not currently understood, the occurrence of alternative splicing and 

differential protein expression of these two species in the same striatal neurons as a result 

of NMDA lesion raises interesting questions concerning the mechanisms and purposes of 

these processes. This evidence lends support to the idea presented above in which FosB 

and AFosB play a role in the sequential regulation of the same set of genes. A recent 

report by Moratalla et. al. (1996) indicates that c-Fos, JunB and Fos-related proteins are 

also simultaneously localized within the same striatal neurons after cocaine treatments.

In the results described by these authors, acute cocaine exposure induces lEG expression 

only in dynorphin-containing medium spiny projection neurons and chronic cocaine 

treatment induces expression of these proteins in the NADPH-diaphorase interneurons as 

well as the dynorphin-containing neurons. The pattern of this protein expression was 

localized specifically within the patch or “striosome” compartment of the striatum during 

the chronic addiction and withdrawal phases of cocaine treatment as compared to acute 

cocaine treatment. This expression of AP-1 proteins in neurons involved in discrete 

anatomical pathways (see Introduction Section 4.2), with a time course parallel to 

behavioral sensitization which occurs with chronic administration of psychomotor drugs, 

may indicate the role of AP-1 proteins in network-level alterations involved in neuronal 

plasticity. The localization of the increase in Fos protein expression in neurons activated 

by dopamine treatments was similarly described in a report by Doucet et. al. (1996). In 

these experiments, increased AFosB-like proteins were found in striatopallidal neurons as 

a result of loss of their inhibition after deinnervation of dopaminergic pathways to the 

striatum, and in the stimulated striatonigral neurons with the administration of D1 

receptor agonists. Therefore, it may be concluded that the expression of Fos proteins
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often correlates with sustained activity which may lead to neuromodulation. In light of 

this theory, it may be significant that the neurons expressing FosB and AFosB described 

in this thesis are likely to be the same cells expressing c-Fos at earlier times following QA 

lesion (Purkiss, 1993a, 1993b), and these neurons ultimately survive the lesion (Davies 

and Roberts, 1988). In contrast, the c-Jun protein is expressed in the striatum at 24 

hours after QA lesion in cells in the central core of the lesion where a high percentage of 

neurons will ultimately die following the excitotoxic insult (Purkiss, 1993b).

The temporal expression pattern of c-Fos followed by FosB and then AFosB may 

be a precise program to control downstream gene expression as well as the expression of 

each subsequent Fos protein. The rapid and transient c-Fos expression is often seen as 

the initial response to the Ca"^ influx initiated by NMDA receptor stimulation (Morgan 

and Curran, 1986). FosB, but not AFosB, can transrepress the expression of the c-fos 

gene (Guis 1990). Thus, the upregulation of FosB at four hours may be involved in the 

downregulation of c-Fos at this time. Of all the Fos proteins, FosB is the strongest 

transcriptional activator (Ryseck and Bravo, 1991), and may play an important role in 

the expression of “late response” genes which determine the neuronal reaction to the 

stimulus. The expression of these Fos proteins in the neurons peripheral to the lesion 

may be a program to ensure maximum opportunities for survival. The increase of the 

putative transcriptional inhibitor AFosB at 18 to 30 hours post lesion may switch off this 

downstream gene expression by competing with FosB for combination with Jun proteins 

in formation of the AP-1 complex. Finally, AFosB may downregulate its own expression 

through trans-repression of its promoter (Lazo, 1992). A similar fine-tuning of 

molecular response through differing functions of individual AP-1 proteins has been 

previously documented with Jun proteins; and in some situations whilst c-Jun positively 

autoregulates its own transcription, JunB inhibits c-jun promoter transcription (Chiu, 

1989). The variety of Fos proteins indicates that each plays a unique role in the 

coordinated response to stimuli. Unfortunately, knockout of the FosB gene in mice does 

not give an indication of the part played by FosB or AFosB because these animals 

develop normally except for a lack of the postpartum nurturing response (Brown, 1996). 

Likewise, inactivation of the c-fos gene in transgenic animals also has a surpisingly 

limited effect on cellular function (Hu, 1994; Jain, 1994). These results may indicate the 

flexibility of proteins of the AP-1 family in substituting other transcription factors to 

compensate for the lack of the protein eliminated by the gene knockout.
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As mentioned above, the exact transcriptional function of AFosB still remains 

unknown. Among the carboxy-terminus amino acids truncated from AFosB are residues 

which are essential for trans-repression of the c-fos gene (Mumberg, 1991) as well as for 

transactivation, including a motif which binds to the RNA polymerase transcriptional 

machinery (Metz, 1994b; Schuermann, 1991 Wisdom, 1992, 1993). Recent studies have 

explored the role of AFosB by in vitro transfection assays, however there are 

discrepancies between the reports of the gene transactivation capacity of AFosB. Whilst 

Nakabeppu and Nathans (1991) did not detect transcriptional activation of one copy of 

the collegenase TRE by the AFosB/Jun complex, Mumberg et. al. (1991) showed 

activation of a reporter construct with five collegenase TREs in tandem. Dobrzanski et. 

al. (1991) report activation of transcription by AFosB in two different TRE sequence 

constmcts, including constructs with just one TRE, although these have reduced 

efficiency compared to multiple-copy TRE constmcts. A similar situation is found with 

JunB, which is normally a strong inhibitor of transcription but can transactivate multiple 

repeated TREs (Chiu, 1989; Hirai, 1989). This data must be interpreted in light of the 

fact that increased numbers of AP-1 complexes bound to promoters is known to 

synergistically increase activation (Oliviero and Stmhl, 1991), and highlights the 

importance of examining the individual promoter in question rather than synthetic 

constmcts when determining whether a promoter element may be regulated by particular 

transcription factors. Several other experimental factors should be considered when 

interpreting these results concerning the activational capacity of AFosB. There may be 

differences between studies in the sensitivity of detection of activation, or small 

differences in the TRE nucleotide sequences or flanking bases of different promoter 

constmcts, which is a factor known to influence AP-1 binding (Nakabeppu, 1988; 

Ryseck and Bravo, 1991). Varying concentrations of c-Jun and AFosB in co

transfection assays performed in different laboratories could also be an important factor. 

A likely means by which AFosB inhibits transcription is by combining with c-Jun and 

preventing formation of an active c-Fos/c-Jun complex. However, it is feasible that 

AFosB may still retain activational abilities considering it still retains the FosB amino- 

terminus which has known activational domains. To date, TRE sequences from 

relatively few genes have been used for testing the transactivation capacity of AFosB, 

and AFosB may potentially activate different gene transcription pathways than those 

which are normally regulated by FosB in the cultured cells examined.
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Although it must be noted that transactivation does not necessarily correlate with 

transformation, the ability of AFosB to transform cells may indicate its function. AFosB 

activates quiescent rat-1 A cells to proliferate (Nakabeppu and Nathans, 1991; Metz, 

1994b) and transforms 208F cells (Mumberg, 1991). Although Dobrznaski et. al. (1991) 

present data indicating that AFosB does not adversely influence normal cell proliferation 

or cell cycle progression in fibroblasts, Mumberg et. al. (1991) claim AFosB does not 

have the same ability as FosB to induce transformation of mouse and rat fibroblasts. 

Although the research attempting to decipher the function of AFosB is still in the early 

stages, it seems likely that the function of the truncated AFosB may be drastically 

different to FosB, especially considering the fact that the relatively slight differences in 

sequence between v-Fos and v-Jun in comparison to the corresponding c-Fos and c-Jun 

proteins result in drastically different transcriptional activation and transfection capacities 

of these proteins (Van Beveren, 1983; Curran, 1984; Barber and Verma, 1987; Jenuwein 

and Muller, 1987).

Section 15.4: The roles of the c-Jun, Jra, and ATF-2 proteins in the QA lesioned 

striatum

Whilst the emphasis of this study is on the expression of Fos family proteins, 

effort has been made to also investigate the expression patterns of proteins which interact 

with Fos proteins. With Western blot analysis, only slight increases in the c-Jun protein 

were seen between 12 and 24 hours post-lesion. The expression of c-Jun protein as early 

as 12 hours following QA lesion has not been previously reported. Purkiss et. al.

(1993a, 1993b) describe the increased c-Jun immunoreactivity of neurons in the central 

core of the QA injection site at 24 hours post-lesion (1993a, 1993b). The localization of 

c-Jun expression in only the centralized cells of the lesion core possibly results in the 

relatively small increase of c-Jun protein detected on the Western blots, in comparison to 

the greater amount of c-Fos protein found on Western blots due to a larger population of 

c-Fos-expressing cells in neurons surrounding the lesion core.

A recent report by Harlan and Garcia (1995) using an antibody against the 

amino-terminus of v-Jun has claimed the existence of a Jun-related antigen (Jra) which is 

distinct from c-Jun in its apparent molecular weight and its localization exclusively within 

the striatum. Western blot analysis using this antibody displayed three immunoreactive 

bands of 26, 50 and 55 kDa, and these signals were increased by QA lesion in 

comparison to the contralateral striatum (see Results Section 10.3). Western blot data
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by Harlan and Garcia (1995) also shows three Jra-immunoreactive bands; two which 

migrated between 30 and 45 kDa and a third band between 15 and 20 kDa. These 

authors claim that the larger doublet constitutes Jra, however the molecular weight of 

this protein is similar enough to the 39 kDa c-Jun protein that the antibody could be 

recognizing a modified epitope of c-Jun itself. The unique cellular distribution of Jra 

could also be due to a post-translational modification occurring only in the striatum, 

however the fact that this protein is regulated differently from c-Jun by acute treatments 

of morphine and QA is more convincing evidence that Jra may be a novel Jun protein 

(Garcia, 1995; Results Section 10.3). The smaller immunoreactive band of 26 kDa is 

also increased by QA lesion, however Harlan and Garcia (1995) do not speculate as to 

the identity of this band.

The CRE-binding protein ATF-2 may also play a role in AP-1 mediated gene 

expression in the striatum due to its interaction with the c-Jun protein and its expression 

in all regions of both the brain (Maekawa, 1989; Kara, 1990; Takeda, 1991; Nomura,

1993). After QA lesion of the striatum, ATF-2 was expressed in equally low amounts in 

both the lesioned and unlesioned rat striata and cortices (see Results Section 10.4). 

Although ATF-2 is not increased by QA lesion, its constitutive expression in the 

striatum presents the possibility of c-Jun/ATF-2 heterodimers or ATF-2 homodimers 

which could influence gene regulation following QA lesion. The dimerization of AP-1 

proteins with each other as well as ATF-2 and CRFB are considered in Discussion 

Chapter 17.
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CHAPTER 16

THE TRANSCRIPTIONAL REGULATION OF NGF GENE EXPRESSION 

Section 16.1: Introduction

A central aim of the study of transcription factors is determining their regulation 

of downstream gene expression. Through extensive studies during the past ten years, the 

mechanics of the actions of AP-1 proteins concerning their dimerization, DNA binding, 

and transcriptional activation and inhibition have been dissected in detail (see 

Introduction Chapters 2 and 3). With in vitro transfection assays, the role of the AP-1 

complex in the control the promoter regions of numerous genes has been documented 

(Angel, 1987; Lee, 1987b; Schonthal, 1988; Kobierski, 1991; Gizang-Ginsberg and Ziff, 

1994). However, another important aspect of transcription factor regulation is 

determining the in vivo situations and means by which AP-1 transcription factors control 

gene expression. This may prove to be a challenging task due to the experimental 

limitations imposed by working in complex tissues under endogenous situations. The 

work in this thesis is aimed towards gaining insight into the role of AP-1 proteins which 

are expressed in vivo as a result of striatal NMDA-receptor activation in the regulation 

of the neurotrophin NGF, which influences neuronal survival in this lesion. The 

experiments discussed in this chapter are presented in Results Chapter 12.

Section 16.2: The possible connection between AP-1 proteins and NGF gene 

regulation

NGF expression has been shown to be increased in the striatum in response to a 

variety of injuries, including QA lesion of the striatum (Purkiss, 1993b; Perez-Navarro,

1994). The striatal cholinergic neurons are the cell type which benefit from the enhanced 

presence of NGF acting through the high affinity NGF receptor TrkA present on these 

cells (Raivich and Kruetzberg, 1987; Riopelle, 1987; Altar, 1991). The neuroprotective 

properties of NGF in the striatum have been demonstrated by its ability to rescue 

cholinergic neurons from death when added exogenously during QA lesion 

(Schumacker, 1991; Altar, 1992; Davies and Beardsall, 1992; Kordower, 1994; Perez- 

Navarro, 1994). The TRE in the first intron of the NGF gene regulates both basal and 

stimulated NGF expression in cultured fibroblasts (Hengerer 1990) and when 

transcriptional inhibitors are bound to upstream elements (Hengerer, 1990; D ’Mello and 

Heinrich, 1991a, 1991b). The expression of NGF in the striatum is coincident with the 

increase in AP-1 proteins in the same neurons (Purkiss, 1993b) thus raising the
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possibility that the AP-1 complex is responsible for the regulation of the NGF gene. To 

date, this speculation has not yet been proven to occur in vivo following striatal lesions. 

The NGF TRE was therefore chosen as a possible candidate of promoter element 

regulated by the AP-1 proteins which are expressed following QA lesion of the 

striatum and examined by EMSA experiments in this study.

Section 16.3: Investigations of the transcriptional control of the NGF TRE by AP- 

I

DNA footprinting experiments and in vitro transfection assays using promoter 

constructs have provided crucial information concerning the DNA binding and activation 

by AP-1 transcription factors (Abate, 1991; Baichwal, 1992; Sutherland, 1992; Jooss, 

1994; Brown, 1995). When attempting to determine whether candidate transcription 

factors are involved in activation of particular genes, the unique promoter sequence of 

the gene of interest must be taken into account due to the fact that the particular 

promoter consensus sequence with its flanking bases are critical determinants of 

transcription factor binding (Nakabeppu, 1988; Ryseck and Bravo, 1991 ; Benbrook and 

Jones, 1994). As an example of this, even single base substitutions surrounding ATF 

sites can influence transcription factor binding and affect inducibility of the gene by 

cAMP (Deutsch, 1988). In EMSA experiments, which require a small segment of the 

DNA element with a few flanking bases, consensus TRE sequences with randomly 

generated flanking bases have been used by many investigators (Smith, 1993; Hadman,

1993). To obtain the most accurate representation of the regulation of the NGF gene in 

striatal tissue, the EMSA experiments in this thesis were performed using the TRE and 

flanking bases specifically from the NGF promoter with the nuclear proteins purified 

from the lesioned rat striatum.

The results presented here show that nuclear proteins purified between two and 

30 hours following QA lesion of the striatum bind to the NGF TRE site. The binding 

was found to be highly specific by the following criteria: i.) protein binding to 

radiolabeled NGF TRE was eliminated by competition with as little as 5-fold excess 

unlabeled NGF TRE oligonucleotide, ii.) protein binding to the NGF TRE was only 

eliminated by addition of 40-fold excess of unlabelled oligonucleotides from related 

sequences, including the TRE from the c-Jun promoter and a CRE consensus sequence, 

and iii.) the amount of protein binding to a mutated form of the NGF TRE with two 

substituted bases was significantly reduced (see Results Chapter 12). The high 

specificity of protein binding to the NGF TRE oligonucleotide is emphasized by these
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results in which a very modest amount of unlabelled oligonucleotide is required to affect 

protein binding, and almost ten times as much excess unlabelled oligonucleotide from the 

related probes is required to influence protein binding to the NGF TRE. In a survey of 

the literature for comparison, between 20x and 200x unlabelled oligonucleotide have 

been used to prove binding specificity.

Despite the fact that there is a large increase in expression of AP-1 proteins 

following lesion (see Results Chapters 10 and 11 and Discussion Chapter 15), there is no 

significant increase in binding to the NGF TRE. Although this result is surprising, other 

studies have described similar situations in which greatly increased levels of c-Jun 

induced by either TPA stimulation or cellular transfection of c-Jun do not result in either 

increased DNA binding to the TRE or transcriptional activation (Hadman, 1993; Herr,

1994). Similarly, UV-induced activation of the c-jun gene does not involve changed 

binding levels to the TRE of the c-jun promoter (van Dam, 1995). It could be argued 

that increased quantitative binding to a promoter region is neither a necessary 

requirement for activation nor indicates that the region is the transcriptional activation 

site. As a precedence illustrating this point, there is enhanced protein binding to the TRE 

in the proenkephalin promoter in vitro (Sonnenberg, 1989c), however in vivo 

experiments have proven that CREB, and not AP-1, is responsible for the induction of 

proenkephalin expression (Konradi, 1993; Borsook, 1994).

There are several conceivable situations in which transcriptional activation may 

occur without an increase in the quantity of protein binding to a promoter. These 

include post-translational modifications such as phosphorylation which is a means of 

initiating activation of proteins. For example, the phosphorylation of Thr-232 and 

residues at the carboxy-terminus of c-Fos is required for activation of the HOB domains 

(see Section 3.2) (Tratner, 1992; Bannister, 1994; Deng and Karin, 1994). In 

accordance with this idea, the large size of c-Fos displayed in Western blots of the QA 

lesioned tissue indicates that it has extensive post-translational modifications. 

Experiments in which the protein samples are treated with phosphatase would determine 

whether the modifications to c-Fos involve phosphorylation.

Changes in the composition of protein binding the NGF TRE without increased 

quantitative binding may also be a key factor influencing gene regulation. This is 

particularly relevant in the QA lesioned striatum due to the sequential expression of c- 

Fos, FosB, and AFosB. FosB/c-Jun combinations are potent activators (Ryseck and 

Bravo, 1991; Schuermann, 1991), and the putative inhibitor AFosB may repress
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activation when it takes the place of FosB in the AP I complex. The expression of NGF 

begins at eight hours (Purkiss, 1993b), coinciding most closely with FosB expression. 

The diversity of the protein complex may change in time not only by alternating the AP-1 

family members, but also by involving different transcription factors such as CREB and 

ATF-2 (Benbrook and Jones, 1990; Hai and Curran, 1991), and supershift experiments 

indicate that these CREB/ATF family proteins are involved in binding to the NGF TRE 

(see Results Chapter 13 and Discussion Chapter 17). Alternatively, the binding of a set 

of transcription factors different from those present in the QA lesioned striatum may be 

required for transcriptional activation at the NGF TRE.

It is interesting to note that D ’Mello and Heinrich (1991c) also find one specific 

EMSA band with the NGF TRE oligonucleotide using extracts from L929 fibroblasts 

grown in normal serum. However, in a second study these authors show three closely 

spaced specific EMSA bands using protein extracts from both serum starved and TP A 

stimulated L929 cultures (D’Mello and Heinrich, 1991b). Possibly one protein complex 

may be constitutively bound to the element, and binding of additional proteins is induced 

by starved and stimulated conditions. The proteins in L929 cells involved in binding to 

the NGF TRE to produce multiple bands upon serum starvation and stimulation are 

probably not involved in binding to the NGF TRE in the lesioned striatum since only one 

bandshifted complex is isolated in the experiments of this thesis.

An important consideration in evaluating EMSA experiments is the fact that only 

a small portion of the promoter is being examined. Despite the lack of an increase in 

protein binding to the NGF TRE itself, the binding that does occur may indeed be 

important in combination with the remainder of the promoter. In studies in which 

different segments of the junB promoter were transfected into cell lines, it is obvious that 

the interplay between the various sequences is necessary for maximal gene activation 

(Phinney, 1994). As Hill and Treisman (1995) highlight in a recent review, it is also 

helpful to evaluate which sequence elements of a promoter are affected by a particular 

stimulus, since the activation of more than one transcription factor complex binding to the 

promoter by a particular signalling pathway may provide a cumulative effect required for 

efficient transcriptional activation of the gene. The complexities of regulation of the 

NGF promoter is evident from studies by D ’Mello and Heinrich (1991a) in which the 

gene is differently expressed depending on the combination of TP A, c AMP, and 

hormonal stimuli applied to fibroblasts.
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Due to these interrelationships between promoter elements, in vitro transfection 

assays using the entire gene promoter attached to reporter proteins are especially 

informative. However, limitations of these experiments lie in the fact that they are 

performed in cell lines and not in living animals. In vivo experiments examining the 

interdependancy of the various promoter elements of the c-fos gene were performed 

by Robertson et. al. (1995) by introducing various mutations into the promoter attached 

to a lacZ fusion gene. This work demonstrated that deletion of any one of the promoter 

elements eliminated complete expression of the gene, showing that the regulatory regions 

of this gene act in concert. While EMSA experiments are unable to assess 

transactivation by promoter elements or the result of combinations of regulatory regions, 

they can give important information about protein binding to the element. An advantage 

of the use of protein extracts purified directly from the animal tissue of interest is that the 

physiological levels and types of co-factors are maintained in the experimental sample. 

For example, proteins such as Jif-1 influence the binding of AP-1 to the TRE 

(Monteclaro and Vogt, 1993), and since the co-expression of such proteins is a 

contributory factor to gene regulation, the use of the cellular extracts in the EMSA 

experiments most accurately reproduces the endogenous situation.

Another explanation for the EMSA results showing a lack of increased protein 

binding to the NGF TRE described here is that the transcription of the NGF gene in the 

NMDA-receptor activated striatum may not actually be controlled at its TRE site. NGF 

expression is known to be activated by at least two different regulatory pathways, one of 

which does not involve c-Fos expression (Wion, 1991, 1992). Additionally, it has been 

shown in cultured L929 fibroblasts that there is no temporal relationship between the 

induction of any of the AP-1 proteins and NGF expression after forskolin treatment 

(Lindholm, 1988; Jehan, 1993). There are regulatory elements in the NGF promoter 

upstream of the TRE which may instead be regulating gene expression, including two 

identical stimulatory regions which bind an unknown nuclear factor induced by TP A 

(D’Mello and Heinrich, 1991b, 1991c). In deletion analysis studies, the human NGF 

promoter upstream of the first intron TRE has been found to be responsible for inducing 

NGF expression by six-fold when transfected in L929 cells (Cartwright, 1992).

Although the human gene is unique from mice and rat species in that it contains an 

additional TRE in this upstream region, these authors suggest on the basis of their 

EMSA experiments that this TRE is not involved in protein binding.
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There are indications that the regulation of the NGF gene could occur by 

different mechanisms depending on the cell type. Whilst D’Mello and Heinrich (1991b) 

found induction of NGF by AP-1 in fibroblasts, previous studies in the same laboratory 

found that transgenic mice carrying the NGF promoter upstream of the first intron TRE 

fused to the reporter gene do not require the TRE for high amounts of NGF mRNA 

expression in the brain (Alexander, 1989). An important element in the NGF promoter 

influencing its activation in some cell types is an upstream octamer motif which binds to 

proteins expressed more abundantly in NIK 3TI fibroblasts than in L929 cells (D’Mello 

and Heinrich, 1991c). It appears that regulation at this octomer sequence is highly 

dependent on other elements of the NGF promoter, because it is not able to exert its 

suppressive effect on transcriptional activation when attached to the mouse 

metallothionein promoter (D’Mello and Heinrich, 1991c). This promoter-type and cell- 

type-specific expression of particular genes is not uncommon, as illustrated in 

experiments in which a CRE activates transcription in placental cell cultures when paired 

with a human chorionic gonadotrophin-a promoter but not in combination with the 

SV40 promoter, and the transfection of either promoter construct into fibroblast cultures 

cells is unable to activate any transcription (Deutsch, 1987). Of note is the fact that most 

of the experiments described above examining NGF expression were not performed in 

CNS tissue, and NGF expression may be uniquely controlled in striatal neurons. The 

results of this thesis give the first insight into the regulation of NGF in the striatum, and 

additional experiments (see Conclusion) may bring to light which of the possibilities 

presented here may be occuring to control the regulation of this important neurotrophin 

in striatal QA lesions.
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CHAPTER 17 

THE COMPOSITION OF PROTEIN COMPLEX BINDING TO 
PROMOTER ELEMENTS FOLLOWING STRIATAL QA LESION 

Section 17.1: Introduction
EMSA experiments give important information concerning the qualitative 

amount of protein binding to promoter elements, however supershift experiments 

are required to determine exactly which proteins are involved in the bound 

complex. Considering that the protein binding to the NGF TRE is not augmented 

by QA lesion of the striatum (see Results Chapters 12 and Discussion Chapter 16), 

important clues about gene regulation may instead be gained from the EMSA 
supershift studies to evaluate how the composition of the bound protein complex 

changes throughout time. In this chapter, the pattern of protein binding to a 
consensus CRE and the TRE from the c-Jun promoter were compared to the NGF 
TRE in an attempt to gain a better understanding of the unique protein binding to 
each promoter site.
Section 17.2: Comparison and summary of the composition of protein 
complexes binding to each oligonucleotide

The EMSA binding patterns for each oligonucleotide were found to be 
similar yet unique. Using protein samples purified from the QA lesioned striatum, 
the NGF TRE oligonucleotide displays one fast migrating EMSA band only; the 
JUN TRE oligonucleotide produces one fast migrating doublet and one slowly 
migrating single band; and the CRE oligonucleotide generates the fast migrating 
doublet and a slowly migrating doublet. The characteristics of each of the EMSA 
bands as determined from the unlabelled oligonucleotide competition studies in 
Chapter 12 and supershift experiments in Chapter 13 are summarized below and 
shown in Table 17.1.

I. The fa s t migrating complexes: a combination o f proteins?
The bandshifts produced by each of the oligonucleotides which migrate at 

equal distances may share binding to the same protein complexes. Preliminary 

supershift experiments suggest that several different antibodies are able to displace 

the fast migrating bandshifts of each oligonucleotide, including antibodies against 

c-Jun, CREB, and ATF-2. At 24 hours post-lesion, an antibody recognizing the 

amino terminus of the FosB protein supershifts the complex, and at two hours post

lesion a c-Fos antibody abolishes the EMSA bandshift. Interpretation of these 

studies was complicated by the strong background produced upon addition of the 

antibodies. To detect the faint supershifted bands, the audioradiographs were 

intentionally overexposed (see figures), and the loss of EMSA banding patterns 

was evaluated on less intense exposures of the gels (not shown). The multitude of 
proteins present in extracts prepared from in vivo tissue often contribute to the 
background “stickiness” of the antibodies in these experiments. This led to the
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artifact of increased EMSA signal in supershift reaction lanes, however evaluation 

of a large number of experiments for each antibody led to the conclusions that the 
EMSA bands were either reduced or eliminated by antibody addition. Affinity 

purification of the antibodies may make the experiment cleaner as well as possibly 

improve the specificity of the reaction.

The results indicating that antibodies recognizing several different proteins are 

able to supershift the single EMSA band produced by the NGF TRE contain a 

number of discrepancies. The possible known combination of these proteins are c- 
Jun/c-Jun, c-Jun/FosB, c-Jun/ATF-2, ATF-2/ATF-2, and CREB/CREB. Given the 

different sizes of each of these proteins, it is impossible that any two of these 

various dimer combinations would migrate at identical distances to form a single 
EMSA band. This leads to the conclusion that several of the antibodies used in this 

study are creating artificial non-specific supershifts. Rabbit serum was used as a 
control to test for the production of a non-specific supershift, and although serum 
did not create a supershifted complex, this does not rule out the possibility that the 
other antibodies used in this study may bind non-specifically. A more thorough 
investigation of the specificity of the antibodies is clearly necessary. Such 
information could possibly be obtained by testing whether a particular antibody 
will supershift complexes known to contain the proteins recognized by that 
antibody, for example, in EMSA experiments in which the oligonucleotide is 
incubated with different combinations of in vitro translated proteins of interest (e.g. 
CREB, ATF-2, c-Jun, FosB, or c-Fos) and supershifted by these antibodies. This 
procedure may also be useful in evaluating the results of this thesis by comparing 
the binding pattern and migration rate of the NGF TRE oligonucleotide after the 
addition of known in vitro translated proteins with the results seen with striatal 
protein extracts. Comparison of the results presented here with such studies which 
use various oligonucleotides and in vitro translated proteins are discussed in 
Section 17.3, however a controlled experiment using identical oligonucleotides and 
experimental conditions as those used in this study would be necessary to draw 
more relevant conclusions. When interpreting such results, however, the difference 

between the in vitro preparations and the lesioned striatal tissue in post- 

translational modifications of the proteins and the possibility of different co-factors 
present must be considered.

Another useful technique in determining the proteins binding to DNA in the 

EMSA reaction would be subsequent Western blotting of the protein/DNA 

complex (De Cesare, 1995; van Dam, 1993). The combination of protein binding 

to the oligonucleotide could also possibly be evaluated by the addition of two 
antibodies to the EMSA reaction to see whether both bind to produce a supershift 

with a slower mobility than the migration of the complex bound to any one 
antibody alone. However, if binding of one antibody to the complex obscures the
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epitope normally recognized by the other antibody, the result of this experiment 

may be falsely negative. Therefore, the identities of the proteins binding to the 
oligonucleotides cannot be determined with certainty by these experiments due to 

the uncertain specificities of the antibodies detecting protein/DNA complexes in 

this in vivo experimental system. The possibility of the involvement of these 

proteins in transcriptional regulation of NGF in the QA lesioned striatum warrants 

further investigations.

The unlabelled oligonucleotide competition studies give some indication of 

the proteins which bind in common to the three oligonucleotides. The addition of 

excess JUN TRE oligonucleotide affected binding to the lower band of the fast 

migrating CRE doublet more effectively than the upper CRE band. In contrast, the 
NGF TRE affected binding to the upper band of the CRE doublet more effectively 
than the lower band. This subtle difference in behavior of the two bands may 
indicate that they incorporate a different set of bound proteins, with the lower CRE 
band binding protein complex(es) more in common with the JUN TRE 
oligonucleotide, and the upper CRE band more in common with protein binding to 
the NGF oligonucleotide. Similar to the results presented in this thesis, van Dam et. 
al. (1993) found both fast and slowly migrating complexes binding the JUN TRE 
and the fibronectin CRE, and only one fast mobility complex with the collagenase 
TRE using NIH 3T3 cell protein extracts. Interestingly, supershift and 
immunoprécipitation studies by these authors prove that the fast migrating band 
formed by the JUN TRE consists of both the ATF-2 and c-Jun antibodies, which 
may also be the case with the JUN TRE described here. Several studies have 
shown that protein complexes bind related oligonucleotides with varying affinities 
(Hadman, 1993), for example the c-Jun/ATF-2 heterodimer has a greater affinity 
for the CRE than for the TRE (Benbrook and Jones, 1990; Ivashkiv, 1990; Hai and 
Curran, 1991). This preferential binding may be the reason for the slight 
differences described above between the fast migrating bands seen with these three 
oligonucleotides.

The specificity of protein binding to the oligonucleotides was confirmed in 

experiments in which the mutant forms of each oligonucleotide bind the protein 
samples more weakly than the corresponding unmutated oligonucleotides. These 

mutant oligonucleotides more readily form the faster migrating bandshifts 

compared to the slowly migrating bandshifts, suggesting that the protein complexes 

involved in these fast migrating bands bind to the oligonucleotides in a relatively 

stable manner and are more tolerant of slight variations in sequence. Since there 

are possibly several complexes binding to the oligonucleotides, and each may bind 

with a different affinity, the single base difference between the CRE and the JUN 
TRE and their corresponding mutant forms may affect binding of some complexes 
more than others (DeCesare, 1995).
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The rates of migration of protein/DNA complexes on EMSA gels are 

sensitive to slight changes in size of the bound protein complexes, as seen in 
experiments in which truncated or mutated proteins migrate differently from the 

corresponding intact oligonucleotide (Halazonetis, 1988; Angel, 1991). The 

different EMSA bands, particularly the closely spaced complexes, may be due to 

post-translational modifications of the proteins which may slightly alter their 

migration rate (Ryseck and Bravo, 1991). Phosphorylation of protein can bend the 

DNA to which they are bound, thus altering migration distance. It must be noted 

that the migration distances in the non-denaturing EMSA conditions may not 

necessarily be determined by the size of the complex, since the shape of the 

DNA/protein structure is also an important factor in migration rate. Thus, if 
proteins are present in the sample in both the phosphorylation and 
unphosphorylated states, two different EMSA bandshifts may be produced. In 
preliminary studies, it is suggested that an antibody which recognizes the Ser-62 
epitope of c-Jun only in its phosphorylated activational state (see Introduction 
Section 3.5) is able to supershift the NGF TRE bound protein complex in the 
lesioned but not the unlesioned striatum (see Figure 13.4). However, further 
evaluation of the characteristics of this antibody are necessary since it is surprising 
that the EMSA band in the unlesioned striatum is eliminated without the creation 
of a supershift. In addition, the non-specific band produced by the NGF-receptor 
antibody in the lesioned striatum which migrates at the same distance as the 
supershift with the phosphorylated Jun antibody calls into question the specificity 
of the antibody in detecting the Jun epitope in supershift studies. However, if 
further experiments verify the results presented here, the c-Jun protein bound to the 
NGF TRE may be in the translationally active state in the lesioned striatum but not 
the unlesioned striatum, which would have important implications for the 
transcriptional regulation of NGF.

It must be noted that the combination of proteins in the homogenized 
striatal extract may not necessarily be present within individual cells in vivo, and 
thus the results showing protein binding to oligonucleotides in these experiments 

may not approximate the in vivo situation. Thus, these results must be viewed in 

light of the immunocytochemical experiments which illustrate the cellular co

localization of the various AP-1 proteins (see Background and Aims of Study). It 

has been shown that c-Fos and JunB are expressed in the same striatal areas at early 
times post-lesion, and FosB and AFosB may combine with JunB at later times.

Both the CREB and ATF-2 proteins appear to be expressed throughout the striatum 

and thus may potentially participate in DNA binding in every cell.
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Lastly, it cannot be ruled out by the experiments performed here whether the 

migration of different protein/DNA complexes formed by each oligonucleotide is due to 

additional binding of accessory proteins to the bases flanking the regulatory sequence 

elements. However, this explanation seems unlikely because the complexes formed by 

the three different oligonucleotides migrate at identical rates despite the fact that each 

has very different flanking base sequences.

II. The slowly migrating complexes: CREB binding to the oligonucleotides

EMSA experiments display that the JUN TRE oligonucleotide forms one slowly 

migrating complex, and the CRE oligonucleotide creates a doublet migrating at the same 

distance. The NGF TRE does not form a corresponding slowly migrating bandshift. 

Supershift experiments reveal that these slowly migrating bands consist of CREB 

protein, and no other antibody used in this study supershifts the complex. Therefore, the 

slowly migrating complex is most probably made up of CREB homodimers. With both 

the JUN TRE and CRE oligonucleotides, excess addition of one oligonucleotide 

completely eliminated the slowly migrating band(s) produced by the other, confirming 

they each share the same protein binding. Indeed, the elimination of protein binding to 

the slower migrating bands when excess amounts of the other oligonucleotide was added 

to the reaction solution was much stronger than the competition for protein binding seen 

between the two oligonucleotides for the corresponding faster migrating bands.

The mutant CRE oligonucleotide which has one substituted base in the consensus 

region has reduced binding to the fast migrating complexes but does not bind the slowly 

migrating complex. Since CREB is apparently the only protein which binds to the slowly 

migrating complex, the single base pair substitution introduced in the mutant 

oligonucleotide drastically affects CREB binding to the CRE. This agrees with previous 

reports demonstrating that the CREB homodimers are not as tolerant of variations from 

the consensus sequence as ATF-2 /c-Jun heterodimers or ATF-2 homodimers (Benbrook 

and Jones, 1994).

The NGF TRE does not produce a slowly migrating band, suggesting that the 

slight difference in nucleotide sequence of the bases of the NGF TRE in comparison to 

the JUN TRE and CRE prevents the binding of CREB. Accordingly, when added in 

excess, the NGF TRE oligonucleotide does not compete with the binding to the slowly 

migrating band(s) of either the JUN TRE or CRE.

The CREB antibody also supershifts the fast migrating complexes produced by all 

three oligonucleotides. Due to the fact that CREB is unable to heterodimerize with
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proteins of the AP-1 family or with ATF-2 (Benbrook and Jones, 1990), it is curious that 

CREB may form two different complexes with the same oligonucleotide which migrate 

at such different rates. However, this may be due to the bending of DNA which occurs 

upon phosphorylation of the constitutively bound CREB protein (Gonzalez, 1991; de 

Groot, 1994). It is interesting to speculate that the different complexes producing 

bandshifts are in various phosphorylation activational states, and thus some may be 

transcriptionally active and others inactive. Alternatively, the different sizes of the 

CREB-containing complexes may indicate heterodimerization of CREB with ACREB or 

with CREM proteins to form either activational or inhibitory complexes of different sizes 

(see Introduction Section 8.2).

Section 17.3: The temporal pattern of transcription factor expression is an 

important factor for gene regulation

Although it is interesting to speculate on the composition of the protein 

compexes in light of the data available, an overly simplistic interpretation must be 

avoided due to the diversity of transcription factors and co-factors possibly present in the 

post-lesion striatal protein samples. One of the theories presented in Chapter 16 to 

explain the lack of increased binding to the NGF TRE after striatal QA lesion is that the 

change in protein composition binding the NGF TRE throughout time may be controlling 

gene expression. In this section, the possibility of different combinations of protein 

complexes binding to oligonucleotides after QA lesion due to differing dimerization and 

DNA binding affinities are explored.

Although Western blot and supershift studies in this thesis give clues as to the 

proteins present in the DNA bound complexes, there may be a number of other 

transcription factors and co-factors in the striatal tissue extracts which have not been 

identified. Therefore, comparison of the data in this thesis with other EMSA studies may 

give information helpful in interpreting the bandshifts presented here. Experiments in 

which known amounts and types of in vitro transcribed proteins are added to various 

oligonucleotides demonstrate the resulting bandshift pattern produced under conditions 

with more controlled variables than is possible using in vivo tissue preparations. EMSA 

experiments have been described in which TRE or CRE oligonucleotides produce several 

bandshifted protein complexes when only one or two transcription factors have been 

added to the sample. Hadman et. al. (1993) found that when in vitro translated c-Jun 

protein was incubated with various TRE- and CRE-like oligonucleotides, two protein 

complexes bound to the oligonucleotides, and the protein complex binding to the
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oligonucleotides to produce the faster migrating band has the greatest variation in DNA 

sequence recognition. Using a CRE sequence from the human somatostatin gene 

combined with in vitro translated proteins, Macgregor et. al. (1991) describe ATF-2 

homodimers and c-Jun/ATF-2 heterodimers producing two relatively closely spaced 

FMSA bandshifts. Additionally, ATF-2 heterodimers have been demonstrated to bind to 

a fibronectin CRF oligonucleotide to form one slow migrating band and two closely 

spaced fast migrating bands (Benbrook and Jones, 1990). Therefore, the two fast 

migrating bands seen in this thesis with the JUN TRF and the CRF oligonucleotides may 

be ATF-2 homodimers and c-Jun/ATF-2 heterodimers. This result would indicate that 

the protein complex binding to the JUN TRF in the QA lesioned striatum is very similar 

to both the c-Jun/ATF-2 binding to the JUN TRF in Hela, 3T3 and GM637 cells (van 

Dam, 1993; Herr, 1994) and the ATF-2 homodimer binding to the JUN TRF in F9 cells 

(van Dam, 1995).

Other studies have examined DNA binding with protein samples derived from 

cultured cells. The NGF TRF bound one protein complex from L929 fibroblasts, and 

this binding could be competed out by a consensus TRF and consensus CRE (Jehan, 

1993) in an equivalent molar excess to the competition with the same oligonucleotides 

used in this thesis. This suggests that the protein complexes binding these three 

oligonucleotides in L929 cells are similar to the combinations found in the QA lesioned 

striatum. Further evaluation by supershift studies would give more evidence concerning 

the composition of the protein complexes bound to NGF TRF in L929 cells, however 

these experiments were not performed by Jonat et. al. (1993). In contrast to the results 

of this thesis demonstrating three striatal protein complexes binding to the JUN TRF and 

four complexes binding to the CRF, experiments using proteins prepared from Hela and 

3T3 cells bind to a JUN TRF and consensus CRF to produce four and three FMSA 

bands, respectively (Smith, 1993).

Several recent reports have presented FMSAs with proteins purified from brain 

tissue after various lesions. Although in these reports the oligonucleotides and lesion 

treatments differ from the those used in this thesis, some general comparisons may be 

worthwhile. After “acute” lesions, various TRF sequences bind to protein extracts from 

the brain to produce only one bandshift (Sonnenberg, 1989a, 1989b; Hope, 1992; 

Pennypacker, 1993; Kaminska, 1994; Lukasiuk and Kaczmarek, 1994; Doucet, 1996).

In all of these studies, the FMSA signal appears more diffuse than the bandshift shown in 

the results of this thesis, which may be due to addition of a greater concentration of
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protein in the experiments or of multiple closely spaced bands which are not finely 

resolved. Authors studying chronic treatments of cocaine, ECS, or morphine describe a 

tightly spaced doublet binding to the human metallothionein II (hMT II) TRE (Hope, 

1994a, 1994b; Nye and Nestler, 1996). However, caution must be used when 

interpreting these results, since in many of the presented figures the doublet appears as 

one diffuse signal resembling those found by the same authors after acute cocaine 

treatments (Hope, 1992). The EMSA binding patterns to the consensus CRE may also 

vary depending on the conditions of the brain lesion. In contrast to the results of this 

thesis in which four bandshifts were produced with the CRE oligonucleotide, nuclear 

proteins purified after acute dopamine treatments or metrazole seizures bind to a 

consensus CRE oligonucleotide as only one complex or a closely spaced doublet 

(Lukasiuk and Kaczmarek, 1994; Kaminska, 1994; Konradi, 1996).

Amongst the proteins of the AP-1 and CREB/ATF families, c-Jun has the 

greatest capacity to heterodimerize with other transcription factors (see Introduction 

Chapter 8). Therefore, competition for binding to c-Jun may influence transcription. 

When c-Jun expression is constant in a heptocarcinoma cell line, it has been found that 

the expression of c-Fos activates the human urokinase TRE through c-Jun/c-Fos 

heterodimers, whereas expression of greater amounts of ATF-2 can turn off the gene by 

inhibitory c-Jun/ATF-2 complexes (De Cesare, 1995). It has been illustrated that there is 

a greater affinity for c-Jun/c-Fos heterodimer formation than c-Jun/ATF-2 heterodimers 

(Benbrook and Jones, 1990), however it is conceivable that both complexes may 

potentially be forming to produce the bands of the fast migrating doublet which are 

differentally displaced by various unlabelled oligonucleotides.

In contrast to the results of this thesis in which protein binding to the NGF TRE 

is not increased by QA lesion (see Results Chapter 12 and Discussion Chapter 16), 

several studies show induced protein binding to either a consensus TRE or the hMT II 

TRE oligonucleotides using proteins purified from brain tissue subjected to NMDA- 

receptor induced seizures (Sonnenberg, 1989a, 1989b; Lukasiuk and Kaczmarek, 1994; 

Pennypacker, 1994). However, as emphasized above, DNA binding is highly dependent 

on the oligonucleotide sequence, and the NGF TRE sequence has not been used in 

experiments previous to this thesis to determine in vivo regulation of the NGF gene in 

the striatum. This highlights the fact that estimations of the ability of certain 

transcription factors to regulate particular promoters based on the presence of consensus 

elements cannot be definitively determined without experimental evaluation.
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Table 17.1; Summary of experiments investigating protein binding to the NGF TRE. JUN TRE. and CRE oligonucleotides

The EMSA bandshift patterns created by binding of proteins prepared after QA lesion of the striatum to the oligonucleotides used in this study 

are represented by dashed lines, with the slowest migrating complex at the top and the fastest migrating complex at the bottom. The 

concentration of the unlabeled oligonucleotide which competes with binding to the bandshift in the cross-hybridization studies are listed. 

EMSA supershift studies show that the antibodies listed supershift the protein/DNA complex. The data presented here are described in 

Results Chapters 12 and 13.

NGF

TRE

competed by supershifted by JUN

TRE

competed by supershifted by CRE competed by supershifted by

JUN TRE (20x) 

CRE (40x)

CREB CRE (20x) 

JUN TRE (40x)

CREB

CRE (20x) 

JUN TRE (40x)

CREB

JUN TRE (20x) 

CRE (40x) 

NGF TRE (40x)

c-Jun, FosB, 

ATF-2, CREB

CRE (20x) 

JUN TRE (40x) 

NGF TRE (40x)

NGF TRE (5x) 

JUN TRE (40x) 

CRE (40x)

c-Jun, FosB, 

ATF-2, CREB

JUN TRE (30x) 

CRE (40x) 

NGF TRE (40x)

c-Jun, FosB, 

ATF-2, CREB

CRE (20x) 

JUN TRE (40x) 

NGF TRE (40x)

c-Jun, FosB, 

ATF-2, CREB
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CHAPTER 18 

THE ROLE OF GLUCOCORTICOIDS ON AP-1 PROTEIN EXPRESSION AND 

NGF GENE REGULATION 

Section 18.1: Introduction

There is extensive in vivo and in vitro data documenting the adverse effect of 

altered glucocorticoids levels on neuronal survival after excitotoxic insults (see 

Introduction Section 7.6). The co-injection of the synthetic glucocorticoid

dexamethasone (DEX) with QA into the striatum has been found to potentiate neuronal 

death (Purkiss, 1993b). This effect may be due to the decrease in NGF expression seen 

with treatments of DEX combined with QA in comparison to lesion by QA alone 

(Purkiss, 1993b). Cross-talk between the activated glucocorticoid receptor (OR) and 

AP-1 transcription factors (see Introduction Chapter 7) raises the possibility that OR 

may be influencing AP-1-mediated transcription of NGF.

There are several possible mechanisms by which GR can influence AP-1- 

mediated gene transcription (see Introduction Sections 7.3 and 7.4). Firstly, GR may 

decrease the expression levels of AP-1 proteins by regulation of the AP-1 gene 

promoters. Alternatively, the GR may interact directly with AP-1 proteins and either 

prevent DNA binding by AP-1 or modify the capacity of transcriptional regulation by the 

DNA bound AP-1 complex. GR might also alter AP-1-mediated transcription by binding 

to common co-factors or promoter sequence elements. The experiments in this thesis 

(presented in Results Chapter 14) were undertaken to determine whether GR affects 

NGF expression by either regulating AP-1 protein expression or by influencing the 

binding of AP-1 complex to the NGF promoter.

Section 18.2: Glucocorticoids do not influence the levels of AP-1 protein 

expression

Several studies have documented decreases in the serum- or phorbol ester- 

induced expression of AP-1 proteins after treatment with glucocorticoids (Hass, 1991; 

Lee, 1991; Jehan, 1993; Karagianni and Tsawdaroglou, 1994). Circulating 

glucocorticoids may have a differential effect on AP-1 protein expression in various 

regions of the brain, as documented by Barbany and Persson (1993) when striatal kainic 

acid (KA) lesion in adrenalectomized rats decreased c-fos mRNA in the cortex but not in 

the hippocampus in comparison to KA treatment alone. In contrast. Unlap and Jope 

(1994) found that the heightening of glucocorticoid levels by the addition of the DEX
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with the KA treatment did not affect AP-1 protein levels in the rat cortex and 

hippocampus.

In an attempt to determine the effect of altered glucocorticoid levels on the 

expression of AP-1 proteins in the QA lesioned striatum, the Western blot experiments 

performed following striatal QA lesion were repeated on protein samples purified after 

the co-injection with QA of either DEX or the GR antagonist RU486. After both these 

treatments, there was no significant change in the levels of c-Jun, c-Fos, FosB, AFosB, 

Fra-1, Fra-2 or Fos-related proteins in comparison to the administration of QA alone. 

These results were confirmed by immunocytochemical experiments using antibodies 

recognizing each of these proteins (C. A. Walker, personal communication).

Section 18.3: Glucocorticoids do not influence protein binding to the NGF TRE

The interactions of AP-1 proteins with transcription factors from various families 

is significant for gene regulation (see Introduction Chapter 8). The cross-talk of the AP- 

1 complex with the activated GR is unique in that each can influence the other by various 

means, such as competing for binding to a DNA sequence element which is recognized 

by both transcription factors or by direct protein-protein interactions which modulate the 

DNA binding or activational capacity of the complex (see Introduction Section 7.3). In 

the specific case of the NGF gene, it appears that GR does not bind directly to the 

promoter since the DNA sequence does not contain either a glucocorticoid response 

element (GRF) or “composite GRF” sequence which may be recognized by both GR and 

the AP-1 complex. To determine whether protein-protein interactions of GR with AP-1 

may affect binding to the NGF TRF, FMSA experiments were performed using proteins 

purified following striatal QA lesion in conjunction with enhanced glucocorticoid levels 

produced by the co-injection of DFX. The amount of DNA binding seen with striatal 

proteins prepared after this treatment was not significantly different from the results 

obtained with QA injection alone. The lack of a quantitative change in DNA binding 

after addition of glucocorticoids may indicate that the QA lesion alone elevates the levels 

of circulating glucocorticoids to the point of saturation of the GR, and additional 

glucocorticoids therefore do not affect the transcription factor. However, this was 

shown not to be the case by experiments in which the co-injection of the RU486 with 

QA also did not alter the levels of protein binding to the NGF TRF.

GR may conceivably be influencing the activation state of the transcription factor 

complex bound to the TRF without affecting the quantitative levels of protein binding to 

the DNA. GR is known to affect transcriptional activation by binding to the AP-1
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complex without affecting occupation of the TRE (Jonat, 1990; Konig, 1992). The 

complex bound to the NGF TRE may be activated in the lesioned striatum by post- 

translational modifications, and GR might modify this activation by interactions with the 

A P-1 complex as it binds the TRE. Alternatively, if the constant level of protein binding 

to the NGF TRE influences gene regulation in combination with transcription factors 

binding to other regions of the NGF promoter, then it is of note that altered 

glucocorticoid levels do not affect this basal binding to the NGF TRE.

In the proposed scenario involving NGF gene regulation through a qualitative 

change in the composition of the protein complex binding to the TRE throughout time 

(see Discussion Chapter 17), the GR may be capable of influencing complexes containing 

only certain proteins. GR is known to affect AP-1 complexes and CREB homodimers 

through both protein-protein interactions and DNA binding (Imai, 1993; Adcock, 1995; 

Peters, 1995; see also Section 7.3), but it has not been documented whether GR interacts 

to c-Jun/ATF-2 heterodimers. An additional level of complexity arises from the fact that 

c-Jun homodimers and c-Jun/c-Fos heterodimers are differently susceptible to GR 

inhibition (Konig, 1992; Kerppola, 1993), and the FosB and AFosB proteins are not 

affected by GR since these proteins do not contain the functional domain required for 

interaction with GR (Lucibello, 1990; Kerppola, 1993).

The cell-type expression of GR may also be a factor as to whether this 

transcription factor influences the AP-1 complex. Experiments performed by Unlap and 

Jope (1995) show that the presence of glucocorticoids affects binding to a TRE in the 

cortex but not in the hippocampus, perhaps due to the tissue-type difference in 

distribution of the type I and type II hormone receptors, each of which has a different 

affinity for glucocorticoids (Reul and De Kloet, 1985). In the striatum, both type I and 

type II receptors are expressed by an overlapping set of cells (Ahima and Harlan, 1990; 

Ahima, 1991). It has been suggested that the two types of receptors regulate a different 

set of gene promoters, and the type II receptor is responsible for inducing the expression 

of NGF in cultured hippocampal neurons (Arizza, 1988; Lindholm, 1992). The cell-type 

expression of the two alternatively spliced isoforms of GR may also be a factor in gene 

regulation by glucocorticoids, since G Ra is functionally active and GRp cannot bind 

glucocorticoids and is inactive (Bamberger, 1995).

Additional evidence concerning the binding of GR and AP-1 may be gained from 

the migration rates of the EMSA bands produced using the protein preparations from 

QA lesion alone and QA lesion with either DEX or RU486. If the protein complex
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which binds to the NGF TRE prepared following QA lesion in the presence of DEX 

includes GR bound to AP-1, one would expect the migration of the complex to be 

different from the EMSA bandshift produced after QA lesion alone. However, the 

migration of the EMSA bands is identical with protein preparations from QA lesion alone 

and QA lesion with either DEX or RU486, suggesting that GR is not involved in the 

complex bound to the NGF TRE. It must be noted that the physical interaction between 

GR and AP-1 is labile and transient and has been found to be sensitive to different 

experimental conditions (Diamond, 1990; Yang-Yen, 1990), and there is the possibility 

that GR may be dislodged from AP-1 binding in the EMSA experiments performed here.

If GR and AP-1 do not directly associate in this system, this leads to the 

possibility that GR may be influencing gene expression through other elements on the 

NGF promoter. Work by Lindholm et. al. (1990) gives some indication as to which 

region of the promoter may be the target of GR regulation by experiments in which 

various portions of the NGF promoter attached to a CAT reporter construct were 

transfected into 3T3 cells. These authors demonstrate that the region between -437 and 

-275 of the mouse promoter is necessary for the GR-induced suppression of NGF 

expression, and the only identified sequence motif in this promoter region is a 

suppressive octomer motif which binds octomer transcription factors (OTF or Oct 

proteins) (D’Mello and Heinrich, 1991c). It is of interest that the transcription factor 

OTF-1 which is expressed in the brain has been demonstrated to be inactivated by the 

direct interaction with GR at the octomer motif on other gene promoters (Weiland,

1991; Kutoh, 1992). In a possible model, the striatal QA lesion may result in the relief of 

suppression of the NGF gene by OTF-1, thus allowing the increased expression of NGF 

seen in the lesion, and activation of GR by enhanced glucocorticoids may enable GR to 

interact with OTF-1 and induce binding to the octomer motif to turn off NGF 

expression.

Heterologous promoter experiments by D ’Mello and Heinrich (1991c) have 

shown that the region of the NGF promoter containing the octomer motif only functions 

in the context of the NGF promoter, suggesting that interactions with other transcription 

factors bound to the promoter are essential for the function of the octomer sequence. 

Therefore, if the NGF gene is regulated at the site of the octomer motif in the striatum, 

then the protein binding to the TRE site described here may be an important contributory 

factor for this transcriptional regulation.
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Another potential target for GR regulation is the putative NF-KB motif in the 

NGF promoter (Jehan, 1993). Although it must be cautioned that NF-KB has not yet 

been proven to bind to the NGF promoter, the known influence of GR on the NF-KB 

complex points to the potential for the control of NGF expression by GR at this motif. 

Both GR and the p65 RelA subunit of NF-KB are capable of inhibiting the transcriptional 

regulation performed by the other (Ray, 1994; Caldenhoven, 1995). Another mechanism 

by which activated GR has a suppressive effect on NF-KB-regulated gene expression is 

by increasing the expression of the IKB subunit, which binds to NF-KB and sequesters 

the inactive protein in the cytoplasm (Auphan, 1995; Scheinman, 1995; Wieland, 1995). 

Therefore, if the NF-KB binding site is the location of transcriptional regulation of the 

NGF gene in QA striatal lesion, there is the potential that GR may influence expression 

at this site.

The remainder of the NGF promoter gives less of an indication as to the sequence 

elements which might control its regulation. Two activational regions with identical 

sequences (GGAGGGG) have been found which bind the same protein complex 

(D’Mello and Heinrich, 1991b). Although the transcription factors and pathways 

activating these two consensus regions are at this time still unknown, GR may somehow 

interact with these protein complexes or DNA sequences. The NGF promoter also 

encodes two suppressor regions, including the octomer motif described above.

These studies have investigated the expression of AP-1 proteins and their binding 

to the TRE sequence element on the NGF gene after striatal QA lesion. The effect of 

both high and low levels of glucocorticoids on protein binding to the NGF TRE has also 

been examined. Through the characterization of the protein/DNA interactions occurring 

at the NGF TRE site, insight has been gained into the role of AP-1 proteins and 

transcription factors which heterodimerize with AP-1 in the control of NGF gene 

expression, and new questions have been raised concerning the regulation of this 

neurotrophin after striatal lesion.
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FUTURE WORK

The insights into the molecular mechanisms of the striatal response to QA lesion 

gained from the results of this thesis could be expanded by further experiments which 

may answer the questions arising from this work. The identities of the three Fos-related 

proteins first described in this thesis remain unknown. Two dimensional gels may 

distinguish whether these are novel Fos proteins or post-translationally modified forms of 

known Fos proteins. Post-translational modifications of the proteins could be studied by 

treating the samples with phosphatase before Western electrophoresis. This study was 

limited by the availability of reliable antibodies recognizing Jun proteins, so an 

investigation of the temporal pattern of expression of the Jun family following striatal 

QA lesion remains to be performed. A more detailed determination of the the striatal cell 

types expressing FosB and AFosB by double label immunocytochemical experiments may 

clarify the role of these proteins in the striatal response to injury.

The exact composition of the protein complex involved in binding to the NGF 

TRE following QA lesion remains to be resolved. The success of supershift experiments 

is highly dependent on the antibody used, and additional antibodies could be tested for 

their ability to supershift the EMSA complexes. It would be interesting to investigate 

whether JunD, JunB, Fra-1, Fra-2, or CREM proteins bind to the oligonucleotides. The 

activation state of the bound CREB protein could be determined with an antibody 

recognizing the phosphorylated serine-133 epitope. The proteins binding to the 

oligonucleotides may also be determined by UV-cross linking the EMSA complexes and 

subsequent Western blot of experiments on these samples (De Cesare, 1995; van Dam, 

1993). Insight may also be gained from adding in vitro translated proteins to the 

oligonucleotides used in this study to see if the binding patterns and migration rates 

match those seen in the in vivo experiments of this thesis.

The method of regulation of the NGF gene in the QA leisoned striatum remains 

to be determined. Other potential regulatory elements in the NGF promoter, such as the 

putative NF-KB and octomer sites, could be examined with EMSA experiments using 

the striatal protein extracts. These promoter sites may potentially be affected by the 

activated GR, so the EMSA experiments with altered levels of glucocorticoids could be 

repeated using these promoter elements. The results of this thesis give evidence which 

contribute to deciphering the early response of neurons to NMDA-receptor mediated 

injury in the striatum, and raise interesting questions which may be deciphered by further 

investigations in this field.
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