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The chicken retinal glutamine synthetase (GS) gene is a 

developmentally regulated MOiier glial marker. It is expressed at a low level 

early in development and becomes highly active several days before 

hatching. GS can be induced in MOiier cells by glucocorticoid hormones 

between embryonic day 7.5 (E7.5) and the onset of constitutive activation 

(approximately E16). Prior to E7.5 GS is not responsive to glucocorticoids. 

However, exogenous protein kinase A (PKA) and glucocorticoid receptor (GR) 

independently and synergistically render a GS-reporter fusion gene 

glucocorticoid responsive in ES.5 retina. Interestingly, GS does not respond 

to hormonal challenge in glial primary cultures derived from hormone 

responsive retina (E10). The loss of glucocorticoid responsiveness in these 

primary cultures is a gradual process completed several days after plating, 

and is temporally correlated with the loss of neuronal-gUal contact and the re

entry of MOiier cells into the cell cycle. Moreover, neither PKA nor GR confer 

glucocorticoid inducibility on GS-reporter fusion genes in these cultures. 

Therefore, the mechanisms which render the GS gene refractory to 
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in early stage retina and glial primary culture are 

distinguishable. 

The expression of chicken retinal GS is restricted to MOiier gUa, the 

only glial cells in the chicken retina Using a novel assay, we demonstrate 

that the GS gene contains a proximal enhancer (nts -436 to -61 relative to the 

transcription start site) that confers glial selective gene expression on an 

appropriately linked reporter. A 62 nt domain within this enhancer (nts -122 to 

-61) has been more characterized. This element has glial selective enhancer 

activity. In addition, an extensive analysis by electrophoretic mobility shift 

assay (EMSA) demonstrates that the element contains a specific binding site 

(nts -91 to -82) for a protein present in retinal nuclear extracts. Moreover, the 

site resembles binding sites for GATA transcription factors. These results 

raise the possibility that a member of the GATA family or a related protein 

plays a role in glial specific gene expression in the retina 
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1 

INTRODUCTION 

The glutamine synthetase (GS) enzyme is physiologically very 

important to all living organisms because of its ability to synthesize glutamine 

and detoxify ammonia. While GS expression can be detected in many 

tissues, it is inducible by glucocorticoids only in certain tissues at certain 

developmental stages. The two objectives of this dissertation are to study the 

glucocorticoid inducibility of the GS gene at different stages of chicken retinal 

development and in various retinal culture systems, and to locate glial

specific elements in the GS promoter region. In order to achieve these goals, 

we have improved the electroporation method and explored a dendrimer

mediated gene transfer method for transfecting intad retinae. 

Retinal structure and MOiier gllal cells 

The embryonic chicken retina is one of the most simple and accessible 

parts of the central nervous system (CNS). It lacks connective and vascular 

tissues and consists of five types of neurons (ganglion cells, bipolar cells, 
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amacrine cells, and horizontal cells) and one kind of glial cell 

(MOiier glia). The MOiier glial cells extend through the entire thickness of the 

retina (--0.2 mm) (figure 1). The retinal cell bodies (perikarya) are organized 

into three nuclear layers - the outer nuclear layer (photoreceptors), the inner 

nuclear layer (intermediate neurons), and the ganglion cell layer. The 

majority of synapses are confined to two synaptic clefts, the outer and the 

inner plexiform layers. In each plexiform layer, the processes of three types of 

neurons synaptically interact {Dowling, 1970; Blanks, 1989). 

The MOiier glial cells constitute approximately one-fifth of the cells in 

retinae (Moscona and Unser, 1983). They are a type of radial glia and are 

thought to influence the orientation, displacement, and positioning of neurons 

during development of the CNS {Rakic, 1981 ). MOiier glial cells are also 

thought to be involved in retinal structural integrity, glycogen storage, 

metabolism of carbohydrates and the neurotransmitters gamma-aminobutyric 

acid (GABA) and glutamate, potassium uptake from the extracellular space, 

neuronal development and survival, and ocular immune responses (Ogden, 

1989). 

Retinal development 

The retina arises as an extension of the brain. Retinal cells originate 

from ectoderm-derived neuroepithelial cells, which first locate at the surface of 

the neural tube and later form a layer called the retinal ventricular zone. Cells 

that become postmitotic leave the ventricular zone and migrate to one of the 

three nuclear layers of the retina to form neurons (Cepko et al., 1996). There 

are two widely accepted theories with respect to retinal development. In the 
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limiting membrane 

Nerve fiber layer 

Ganglion cell layer 

Inner plexiform layer 

Inner nuclear layer 

Outer plexiform layer 

Outer nuclear layer 

External limiting membrane 

Retinal pigment epithelium 

Figure 1. Schematic diagram of retina structure. Modified from Blanks, 1989. 
G: ganglion cells. Am: amacrine cells. DA: displaced amacrine cells 
B: bipolar cells. H: horizontal cells. R: rod. C: cone. M: MOiier glia 
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theory, the neural tube is comprised of uniform epithelial matrix cells. 

The neurons develop from these matrix cells before the glia appear. The 

second theory, the dualistic theory, postulates that neurons and glia develop 

from different stem cells that already exist in the neural tube. There is recent 

evidence to support the dualistic theory. Using a clonal analysis, Fekete et al. 

(1994) demonstrated that if a retina was infected early by replication

incompetent retroviral vector carrying a reporter gene, the majority of labeled 

clones consist of multiple tightly clustered arrays of cells accompanied by 

dispersed individual cells. However, clonal complexity and tangential 

dispersion decrease considerably with increasing age of retroviral infection, 

suggesting that early during retinal development (shortly after optic cup 

formation) there is considerable mixing of progenitor cells. The regulation of 

neuronal differentiation is controlled by the neuron-glia interaction (Akimoto et 

al., 1993). After differentiation, neurons migrate by traveling on the processes 

of the radial glia and form synapses with other neurons. 

As development proceeds, the retina grows enormously in cell number 

and in overall surface area. The cell number and total protein content (the 

index for retina growth) of a developing chicken retina increase almost 

exponentially until embryonic day eight (ES), then slow down and level off by 

E11 to E12. An E12 retina contains approximately 1 oa cells and 3 mg total 

protein. From then on, cell multiplication in the retina declines very sharply 

and the total amount of protein per retina remains virtually unchanged, 

although protein synthesis and turnover continue (Moscona and Moscona, 

1979). 
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organ culture and primary culture 

An intact retina can be dissected from the chicken as early as E5 and 

organ cultured in vitro in an Erlenmeyer flask rotating at 60 rpm at 37 to 3aoc 

(Moscona and Moscona, 1979). An organ cultured retina continues to follow 

the same developmental program as in ovo leading to similar variations in 

gene expression and cell differentiation (Patejunas and Young, 1987a; 

Patejunas and Young, 1990). Another advantage of the retinal organ culture 

system is that it maintains proper cell-cell interactions as in vivo. 

The retinae can also be dissociated with trypsin into single cells and 

then primary cultured. It has been shown that different combinations of 

culture media and substrata will have a significant influence on the primary 

cultured populations from EB chicken retinae. When the medium is 

supplemented with fetal calf serum, low adhesive substrata such as uncoated 

tissue culture plates or A30-6 collagen coated plates give rise to a clumped 

culture, from which a layer of "flat cells" will develop. However, if horse serum 

is used instead of fetal calf serum, flat cells fail to form. Substrata of high 

adhesiveness like plates coated with A30-0 collagen or polyomithine lead to 

the generation of a population of clump-free, flat cell-free, small round 

process-bearing or non-process-bearing cells (Adler et al., 1982). The 

identities of the two morphologically distinct cell types were characterized 

using 3H-thymidine (3HT) incorporation as an indicator of mitotic activity, and 

tetanus toxin (TT) immunofluorescence as a neuronal marker. The results 

showed that the flat cells are 3HT(+) and TT(-) and thus, are dividing non

neuronal cells (glial cells), and the small round cells are 3HT(-) and TT(+) 

non-dividing neuronal cells (Adler et al., 1982). 

5 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



transfectlon 

There are a wide variety of transfection methods that can be used in 

established cell lines and primary cells. The most commonly used ones are 

mediated by either calcium phosphate (Chen and Okayama, 1987), DEAE

dextran (Sambrook et al., 1989), lipophilic carrier (Feigner et al., 1987), 

electric field (Chu et al., 1987; Shigekawa and Dower, 1988), virus (Rosenfeld 

et al., 1991 ), or direct microinjection (Williams et al., 1991 ). Although these 

methods may provide high transfection efficiency in some cell lines, 

transferring DNA into an intact organ is not easy. Cell cultures lack the 

normal interactions found between different cells in intact organs, therefore, 

transfecting an intact organ would be the best way to study gene regulation 

due to its resemblance of the in vivo situation. Our laboratory has tried 

different ways of transfecting the organ cultured embryonic chicken retinae 

and only found the method of electroporation acceptable (Pu and Young, 

1990; unpublished data). Electroporation involves the exposure of cells to a 

pulsed electric field which creates pores in the plasma membrane, and thus 

make the cells permeable to exogenous molecules. Beard (1995) 

demonstrated that when using the BioRad Gene Pulser, parameter settings of 

370 volts (voltage) and 960 µFd (capacitance) are optimal for electroporating 

chicken retinae. 

Starburst dendrimers 

In searching for a more efficient method for transfecting retinae, we 

found starburst dendrimers to be a good candidate. Starburst dendrimers are 
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new type of synthetic polymers, which have a highly branched spherical 

shape with radial symmetry, and a high density surface charge. They can be 

synthesized with a well-defined diameter and a precise number of terminal 

functional groups. The dendrimers can be extended as far as 1 O generations 

at which point there is no space for the addition of more building monomers 

(figure 2B). Their molecular weights can reach a level similar to that of 

proteins. Because of their structure and size, the outermost surface can carry 

hundreds or even thousands of reactive molecules (functional groups). The 

dendrimers are water soluble and have many adjustable properties. Both the 

interior and the outer surface characteristics of the molecules can be 

manipulated and their size, shape, and reactivity can also be changed by 

using different core molecules and building monomers. Because they have 

many functional groups on their surface, these molecules have potential 

usage in calibrating sieves, drug or antibody carriers, recyclable chemical 

catalysis, electrical superconductors, imaging agents for NMR, DNA-transfer 

vectors for gene therapy, and even artificial cells (Alper, 1991 ; Service, 1995; 

Tomalia, 1995). 

PAMAM (polyamidoamine) dendrimers are one type of starburst 

dendrimers. They are synthesized from either an ammonia or an 

ethylenediamine initiator core which is reacted with three methyl acrylate. 

Each methyl acrylate is then reacted with an ethylenediamine. The methyl 

acrylate-ethylenediamine conjugate, which now has two reactive groups at 

the end, serves as the building block for the dendrimer (figure 2A). This two

step process can be repeated to add more building blocks and form 

successive generations, each with twice as many branches as the previous 
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(figure 2B). The PAMAM dendrimers have been shown to 

successfully transfer nucleic acids into a wide variety of cell types (Haensler 

and Szoka, Jr., 1993; Kukowska-Latallo et al., 1996; Bielinska et al., 1996). 

Catalytic function and metabolic importance of glutamine 

synthetase 

Glutamine synthetase (GS) catalyzes the ATP-dependent 

condensation of ammonia and glutamate to form glutamine in the presence of 

a divalent cation (Mg2+, Mn2+, or Co2+) (figure 3A). This is the major pathway 

for glutamine synthesis in vertebrates and thus, GS is a very important 

enzyme. GS also catalyzes the L-glutamine-y-glutamyltransferase reaction in 

which L-y-glutamylhydroxamate is formed (figure 3B). This reaction serves as 

the basis of a colormetric assay for GS activity as its product L-y

glutamylhydroxamate forms a brown color when reacted with acidic ferric 

chloride (Cooper, 1988). 

GS is expressed in glial cells of the central nervous system (Martinez

Hernandez et al., 1977; Norenberg and Martinez-Hernandez, 1979; Riepe 

and Norenberg, 1977). Glutamate, which produces excitatory signals to 

postsynaptic neurons, is a neurotransmitter made by presynaptic neurons. 

Synaptic glutamate is quickly removed from the synaptic cleft by glial cells 

through glutamate transporters and converted to glutamine by GS in glial 

cells. The newly synthesized glutamine can be released and taken up by 

nearby neurons to remake the neurotransmitter (figure 4). Both glutamate 

and ammonia are highly toxic to neurons, therefore, GS's single step 
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of glutamate and ammonia plays a very important role in CNS 

detoxification. 

Besides its involvement in neurotransmitter metabolism, GS is also 

important for nitrogen metabolism because glutamine serves as an ammonia 

carrier and participates in a number of amide and amine transfer reactions in 

the body. In glucocorticoid-mediated muscle atrophy, the efflux of amino 

acids causes the nitrogen imbalance and loss of protein of the muscle. The 

transport of glutamine out of the skeletal muscle accounts for approximately 

25 - 30 % of the total amino acids efflux (Marliss et al., 1971 ). Glutamine has 

also been shown to be a major source of energy for many tissues and 

cultured cells (Tildon and Zielke, 1988). 

Protein structure and tissue distribution of GS 

GS in all vertebrate tissues studied so far (sheep brain, chicken retina, 

rat liver, bovine brain, and human brain) consists of eight identical subunits, 

each having a molecular weight of 42 to 49 kilodaltons (kDa) (Ronzio et al., 

1969; Sarkar et al., 1972; Deuel et al., 1978; Johnson and Piskiewicz, 1985; 

Yamamoto et al., 1987). The amino acid composition of GS from all higher 

eukaryotes is similar. GS is present in mammalian brain, retina, heart, lung, 

liver, kidney, spleen, testes, skeletal muscle, and adipose tissue (Cooper, 

1988), and in chicken brain, retina, and liver (Rudnick et al., 1954; Patejunas 

and Young, 1987a). 
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retinal GS expression during development 

Glutamine synthetase has been shown to be a developmentally 

regulated MOiier glial marker in retinae (Unser and Moscona, 1979). GS 

expression is very low early in retina development. A moderate increase of 

GS activity in the retina is observed during the second week of development, 

followed by a sharp rise after the sixteenth day of incubation (Moscona and 

Hubby, 1963; Patejunas and Young, 1987a; Vardimon et. al., 1986). This GS 

activation timing coincides with the rapid functional differentiation and 

maturation of the retina. GS activity plateaus within a week after hatching and 

remains high throughout adulthood. 

The glucocorticoid-mediated induction of chicken GS occurs only in 

embryonic retinae and certain brain regions associated with vision function 

(Moscona et al., 1972; Patejunas and Young, 1987a). The response of 

chicken retinal GS to glucocorticoid hormones changes during development. 

Very early on in development, GS does not respond to glucocorticoids. 

Between E7.5 and E16, when the basal expression is still low, GS can be 

precociously induced by glucocorticoids (glucocorticoid induction-competent 

stages). Later, when GS is expressed at a high level after terminal 

differentiation of the retina, it loses the ability to respond to glucocorticoid 

hormones again (Koehler and Moscona, 1975; Moscona and Moscona, 1979; 

Patejunas and Young, 1987b). Thus, glucocorticoids serve as a conditional 

inducer of GS. Despite changes in glucocorticoid inducibility of GS during 

embryonic development, the level and functional characteristics of the 

glucocorticoid receptor remain unchanged (Lippman et al., 1974; Saad and 

Moscona, 1985). 
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glucocorticoids can induce GS expression, they have been 

postulated as the mediators of the developmental activation. But unlike most 

other developmental inducers, glucocorticoids act as reversible regulators. 

Moreover, long-term organ culture of early stage chicken retinae in the 

absence of glucocorticoid hormones still leads to a dramatic increase in GS 

messenger RNA (mRNA) expression. Therefore, the constitutive activation of 

GS is glucocorticoid-independent (Patejunas and Young, 1990). Hormone

induced GS expression is regulated at the transcriptional level. The 

accumulation of the GS mRNA results in an increase of GS enzyme synthesis 

and enzyme activity (Moscona et al., 1968; Patejunas and Young, 1990). 

However, the constitutive activation of GS during development is controlled at 

both the transcriptional and the post-transcriptional level (Patejunas and 

Young, 1990). Retinae isolated from early stage embryos continue to develop 

in organ culture and acquire both glucocorticoid induction-competence and 

constitutive activation of the GS gene (Moscona and Moscona, 1979; 

Patejunas and Young, 1987a; Patejunas and Young, 1990). lmmuno

detectable retinal GS activity, either basal or glucocorticoid induced, is 

confined to Muller glial cells in chicken, quail, fish, frog, mouse, and rat (Riepe 

and Norenberg, 1977; Unser and Moscona, 1979; Moscona and Unser, 

1983). The reduction of GS's responsiveness to glucocorticoids and the 

disappearance of the GS-expressing cells in glia-depleted induction

competent stage retinae also further confirm this finding (Unser and Moscona, 

1981a; Grossman et al., 1994). 
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of the chicken GS gene 

A single GS gene exists in the chicken genome. The chicken retinal 

GS mRNA extends for 2728 nucleotides (nts) and terminates at a poly(A) tail. 

This mANA contains a 91-nt 5' untranslated region (UTA), a 1119-nt open 

reading frame (ORF), and a 1518-nt 3' UTA. The 3' UTA is AT-rich and may 

mediate the rapid turnover of the mRNA. The 3' UTR also lacks a canonical 

endonucleolytic-cleavage I polyadenylation signal, AATAAA. The 

polypeptide deduced from the chicken GS mANA is composed of 372 amino 

acids (aa), which are 87 - 88% similar to the GS from other higher vertebrates 

(Chinese hamster, rat, and human), and the polypeptide has a calculated 

molecular weight of 41,996 daltons. The whole transcription unit of the GS 

gene spans 7 kilobases (kb) and is encoded by seven exons. Translation is 

initiated within exon 2 and terminated within exon 7 (Pu and Young, 1989). 

The 5' flanking region of the GS gene has been characterized. The 

sequence ATAAA located at nt -9 through -13 relative to the transcription start 

site resembles a 'TATA box'. However, since a traditional TATA box is 

located 30 nt upstream of a transcription start site, it is not clear whether this 

ATAAA sequence is functional. There is a 'CCAAT box' element located 

between nt -43 and -47 relative to the transcription start site (Pu and Young, 

1989). Further 5' upstream between positions -2089 and -2103 is a functional 

glucocorticoid response element (GRE) where the glucocorticoid receptor 

binds and transactivates the GS gene. Sequence from nt -2120 to -2112 

resembles an AP1/ATF/CRE binding site which is named the GS1 site. The 

GAE and GS1 sites are juxtaposed to each other and form a glucocorticoid 
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unit (GRU), or a composite GRE, which renders the chicken GS 

gene glucocorticoid inducible (Zhang and Young, 1991 ). 

Glucocorticoid receptor and glucocorticoid response element 

Glucocorticoids regulate gene expression through glucocorticoid 

receptors (GRs). The receptors normally exist as inactive complexes in 

cytosol in the absence of hormone. This inactive complex is composed of 

one GR, two heat shock protein 90 (hsp90), and a 59 kDa protein (p59). The 

association of hsp90 with the receptor increases the affinity of the receptor for 

its ligand. Upon glucocorticoid binding, GR dissociates from the complex, 

undergoes a conformational change, and forms a homodimer (Tsai et al., 

1988; Wrange et al., 1989). The GR homodimer becomes activated, and is 

able to be transferred into the nucleus. In the nucleus, the activated receptor 

dimer binds to the glucocorticoid response element (GRE) in the promoter 

region of a target gene and modulates transcription (figure 5) (Muller and 

Renkawitz, 1991 ). 

Human GR is a 92 kDa phosphoprotein and contains a hormone

binding domain at the C terminus, a DNA-binding domain in the middle, and 

two transactivation domains, with one at the N terminus and the other in 

between the hormone- and the DNA- binding domains (Giguere et al., 1986; 

Hollengerg and Evans, 1988). Mouse and rat receptors have a similar 

structure (Rusconi and Yamamoto, 1987; Muller and Renkawitz, 1991 ). It has 

been shown that the GR without a hormone-binding domain is constitutively 

functional, and that the chimeric proteins containing the GR hormone-binding 

domain and some other transactivators repress target gene expression 
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et al., 1988). These data suggest that the hormone-binding domain of 

GR functions as a repressor in the absence of hormone. Both the nuclear 

localization (Picard and Yamamoto, 1987) and the DNA binding / 

transcriptional regulatory functions (Picard et al., 1988) of the GR are 

controlled directly by glucocorticoid hormones. Although GR is a 

phosphoprotein, alterations in hormone-induced gene expression by protein 

kinase A and protein kinase C activators do not correlate with changes in 

glucocorticoid receptor phosphorylation. Therefore, modulation of other 

signaling pathways can affect glucocorticoid-mediated gene expression 

without altering the state of GR phosphorylation (Moyer et al., 1993). 

It has been shown that exogenously providing either rat or human GR 

by cotransfection with GS-reporter fusion genes renders reporter gene 

expression responsive to hormone in stages of retinae which are otherwise 

glucocorticoid-incompetent (Ben-Dror et al., 1993; Zhang and Young, 1993; 

Zhang et al., 1993). This suggests that endogenous GR in early stage retinae 

is transcriptionally inactive, even though GR is present in embryonic chicken 

retinae very early on and the hormone-binding activity remains unchanged 

throughout retinal development (Koehler and Moscona, 1975). Two GR 

isoforms (90 and 95 kDa} have been reported to be present in both induction

incompetent and -competent stage retinae at similar total level but in different 

proportions. During the incompetent stage the level of the 90 kDa receptor is 

higher and at the competent stage the 95 kDa protein is higher. However, 

after administration of glucocorticoid, the 95 kDa receptor becomes 

predominant at both stages (Gorovits et al., 1994). The localization of GR 

within the retina is also altered during development in retina. In 
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hormone-incompetent stage retinae, GR is expressed in all 

cells, whereas in the more differentiated, hormone-competent stage retinas, 

GR is only detectable in MOiier glial cells (Gorovits et al., 1994). This 

compartmentalization of the GR might be the reason for the acquisition of 

glucocorticoid-competence and the confinement of GS expression to MOiier 

cells in late stage retinae. 

GREs can be functionally divided into at least three categories: simple, 

tethering, and composite GREs. Simple GREs consist of an imperfect 

palindromic DNA sequence of 15 bp, which is able to bind a GR homodimer. 

The consensus sequence of a simple GRE is GGTACANNNTGTTCT, which 

contains two hexamer half-sites. Each half-site is recognized by a single 

subunit of the receptor homodimer. Integrity of both half-sites is necessary for 

a functional element, and spacing of the half-sites is critical (Nordeen et al., 

1990). Simple GREs only mediate transcriptional activation; repression from 

simple GREs has never been observed (Starr et al., 1996). These simple 

GREs can also mediate the action of progesterone, androgen, and 

mineralocorticoid receptors (Muller and Renkawitz, 1991 ). At tethering GREs, 

GR binds to a nonreceptor transcriptional activator instead of DNA. In this 

context, GR represses target gene expression. Activation by GR at the 

tethering GREs has not been observed (Starr et al., 1996). The composite 

GREs are also called glucocorticoid response units (GRUs). They are 

composed of both receptor and non-receptor binding sites. At composite 

GREs, GR interacts with both specific DNA sequences and DNA-bound 

nonreceptor factors. From this combination of the GRE and the binding sites 

of other transcription factors, GR may either activate (SchOle et al., 1988a; 
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�le et al., 1988b; Strahle et al., 1988; Diamond et al., 1990; Zhang and 

Young, 1991), repress (Mordacq and Linzer, 1989; Yang-Yen et al., 1990; 

Diamond et al., 1990), or have no effect on (Diamond et al., 1990) 

transcription, depending on the subunit composition of the nonreceptor factor 

(Starr et al., 1996). 

Cyclic AMP-dependent protein kinase and GR 

Cyclic AMP (cAMP)-dependent protein kinase (protein kinase A, PKA) 

catalyzes the phosphorylation of certain proteins by transferring the 

phosphate group at they position of adenosine triphosphate (ATP) to a serine 

or threonine residue of target proteins. The inactive form of PKA consists of a 

complex of two regulatory subunits which contain binding sites for cAMP, and 

two catalytic subunits which perform the phosphorylation function. The 

binding of cAMP alters the conformation of the regulatory subunits, causing 

them to dissociate from the complex. The released catalytic subunits are now 

capable of phosphorylating substrate proteins (Lewin, 1990). 

The glucocorticoid response can be enhanced by activators of PKA, 

PKC, and inhibitors of protein phosphatases, and inhibited by 

phosphodiesterase inhibitors. The effects of these modulators on 

glucocorticoid induction are not due to the alterations of receptor cellular 

distribution, hormone binding capacity, or phosphorylation (Moyer et al., 

1993). It has been shown that in F9 cells PKA enhances GR-mediated 

transactivation of the mouse mammary tumor virus (MMTV) promoter in a 

hormone-dependent manner. It does this by enhancing DNA binding activity 

of the GR (Rangarajan et al., 1992). In rat, dexamethasone (dex, a synthetic 
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increases insulin mRNA levels in isolated intact islets of 

Langerhans, but represses insulin gene expression in dissociated single islet 

cells. Treatment with cyclic adenosine monophosphate {cAMP} analogues, 

which activates PKA catalytic subunits, can prevent this dex-mediated 

inhibition of the insulin gene expression in dissociated single rat islet cells 

{Philippe et al., 1992). Therefore, the glucocorticoid regulation of the insulin 

gene is influenced by cell-cell contacts within the islet and the PKA activators 

might be the key factor for this influence. Forskolin, by activating adenyl 

cyclase which catalyzes the cAMP synthesis reaction, is also reported to 

enhance the dex binding ability of GR and the stability of GR mRNA in HTC 

cells (Dong et al., 1989). Therefore, PKA and PKA activators have profound 

effects on GR function in many different systems. 

Cell-cell interactions 

Cell-cell interactions are very important to cell organization and 

differentiation during embryogenesis. Changes in cell contacts can affect cell 

growth, cell differentiation, morphology, and gene expression. It has been 

shown that cell contacts are necessary for glucocorticoid inducibility of the GS 

gene, as well as for maintaining its induced state (Morris and Moscona, 1970; 

Vardimon et al., 1988). Neither GS mRNA (Vardimon et al., 1988) nor GS 

enzyme activity (Unser and Moscona, 1979) can be induced by cortisol in 

dissociated retinal cells. Moscona has developed a rotation-mediated cell 

aggregation method which submits the cell suspension to the continuous 

effect of controlled centripetal forces of low intensity. By controlling the 

rotation speed, the temperature, and the cell concentration, this method is 
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to yield consistent results in the number and the size of the aggregates 

and the rate of aggregation (Moscona, 1961 ). Dissociated E6 or E7 chicken 

retinal cells in suspension aggregate and form rosettes which continue to 

develop as a sensory tissue and re-establish tissue-like continuity (Moscona, 

1957). The glucocorticoid inducibility of GS is restored in these reaggregated 

retinal cells, suggesting that inducibility requires the interaction between 

neurons and glia (Morris and Moscona, 1971; Linser and Perkins, 1987; 

Vardimon et al., 1988). 

In experiments using rat cortical astrocytes and cerebellar granule 

cells, the proliferation of astrocytes is inhibited and the GS expression is 

enhanced by coculture of these two cell types. These effects are contact

mediated because experiments using fixed neurons or neuronal membranes 

instead of primary neurons showed similar results (Mearow et al., 1990). The 

influence of the granule cells on the astrocytes is very specific because GS 

expression is unchanged in PC12-astrocyte coculture. However, another 

group showed differing results. In their primary cultured astrocytes GS is 

glucocorticoid inducible without neuron coculture (Rozovsky et al., 1995). 

Glial fibrillary acidic protein (GFAP), another glial-specific protein, in 

the rat hippocampus and cortex is normally inhibited by glucocorticoid. 

However, corticosterone increases GFAP expression in cultured primary 

neonatal astrocytes. The direction of GFAP regulation by corticosterone in 

vitro can be reversed by coculture with neurons (Rozovsky et al., 1995). Thus, 

the neuron-glia interaction can significantly influence the glucocorticoid 

effects on the GFAP expression. 
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interaction has also been shown to modulate the expression 

of other genes. These genes exist in many different systems and organisms 

and include the basic fibroblast growth factor (bFGF) gene in retinal pigment 

epithelial cells (Bost et al., 1994), the insulin gene in rodent islet cells 

(Philippe et al., 1992), the TCA3 gene in mast cells (Oh and Metcalfe, 1996), 

the interleukin-6 (IL-6) gene in osteoblastic cells (Barille et al., 1995), the Msx-

1 gene in developing murine limb bud (Wang and Sassoon, 1995), and so 

on. 

Gllal cell-specific expression 

People have long been interested in glial-specific genes because glial 

cells are very important to brain physiology and neuron survival. They 

perform a variety of structural and metabolic functions including controlling 

extracellular ion levels, processing neurotransmitters, regulating the direction 

and amount of nerve growth, maintaining the blood-brain barrier, and 

participating in immune reactions. The JC virus early gene and the gfa gene 

are two of the best characterized glial-specific genes. 

JC virus is a human papovavirus and is the etiological agent of a fatal 

demyelinating disorder of the CNS called progressive multifocal 

leukoencephalopathy (PML). PML is the result of the lytic infection of 

oligodendrocytes, which are the myelin-producing glia in the CNS, by the JC 

virus. The JC virus early gene expression is transcriptionally restricted to glial 

cells. The regulatory region of the JC virus contains three nuclear factor-1 

(NF1) motifs, NF1 I, II, and Ill. NF1 II and Ill, but not NF1 I, are important for 

efficient glial cell-specific transcriptional activity (Amemiya et al., 1992). It has 
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been shown that Tst-1 (also known as Oct-6 or SCIP) and the JC virus T 

antigen function synergistically through direct interaction to stimulate gUal

specific gene expression of the JC virus (Renner st al., 1994). 

Gllal-speclflc elements of the gfa genes 

The gfa gene encodes GFAP, an intermediate filament protein found 

almost exclusively in astrocytes. Synthesis of GFAP is developmentally 

regulated and is one of the hallmarks of astrocyte differentiation. In adults, 

levels of GFAP increase as a result of astrocyte proUferation (reactive gliosis) 

which occurs in response to a variety of physical, chemical, and etiological 

insults, including Alzheimer's disease, epilepsy, and multiple sclerosis. 

Human gfa gene. The human gfa gene has been cloned and 

characterized for its glial-specific elements. Besnard et al. (1991) found three 

regions (A, -1757 - -1604; B,-1612 - -1489; and D, -132 - -57) that are 

important for gfa glial-specific expression. The B region appears to be the 

most critical among the three. It contains a consensus AP-1 site and sites 

homologous to the NF-1 and AP-2 binding sites. The D region may function 

primarily to promote interactions that bring B closer to the promoter. Each of 

these regions also contains an identical novel 1 O bp motif (hgcs, human Q.fa 

~ommon iequence ). More detailed mutation within the B region showed that 

AP-1, hgcs, and sequences between -1612 and -1593 are important (Masood 

et al., 1993). Transgenic mice bearing a lac-Z gene under the transcriptional 

control of the human gfa 2 kb promoter region showed astrocyte-specific 

expression of the reporter lac-2 gene. Stab wound induced gliosis also 

activates the reporter gene expression in these transgenic mice (Brenner et 
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1994), which is similar to that happened with endogenous gfa gene under 

gliosis. 

Mouse gfa gene. Using transient transfection with 5' deletion constructs, 

Miura et al. (1990) found that the cell type-specific elements of the mouse gfa 

gene are located within 256 bp of the 5' flanking region. Three DNasel

protected regions were generated by using mouse brain, rat brain, and rat 

glioma C6 cell nuclear extracts: GFI (-82 to -104), GFII (-104 to -124), and 

GFIII (-140 to -163). Mutational analysis showed that GFII is essential for the 

mouse gfa promoter function and that GFI and GFIII are negative regulatory 

elements which suppress GFAP expression in non-glial cells. Sarid (1991) 

demonstrated that sequences between -1882 and -1460 can direct glial cell

specific expression of the mouse gfa promoter in an orientation independent 

fashion. However, this fragment can only activate a heterologous SV40 

promoter in glial cells in one orientation. Using RNase protection assays, 

Sarkar and Cowan (1991) showed that a distal element (-1631 to -1569) can 

confer cell type specificity on a heterologous promoter, that a proximal 

element (-94 to -78) is important for GFAP promoter activity, and that a 

significant negative regulatory element resides in intragenic sequences 

( + 1084 to + 1264) which confers cell type-specific expression by inhibiting 

GFAP expression in nonpermissive cells. 

Rat gta gene. Kaneko and Sueoka (1993) studied the rat gfa gene and 

found two negative regulatory elements important to its glial cell-specific 

expression. GFAP downstream regulator 1 (GDR1, intron 1 to exon 5) is 

solely responsible for neural tissue-specific expression. Both GDR1 and 

GDR2 (within 1.7 kb 3' of the polyadenylation site) are necessary for glial-
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expression. Therefore, the tissue-specificity and the cell type

specificity of the rat gfa gene is controlled by at least 2 different elements. 
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2 

ALTERATIONS IN GLUCOCORTICOID RESPONSIVENESS OF 

CHICKEN RETINAL CELLS DURING DEVELOPMENT AND IN 

PRIMARY CUL TURES 

Introduction 

Regulation of glutamine synthetase (GS) in chicken retina during 

development has two components. The first is activation of constitutive 

expression. That is, GS is expressed at a low level early in development and 

increases slightly during the second week of incubation. Several days prior 

to hatching, GS expression undergoes a sharp increase and plateaus within 

a week of hatching at the constitutive level (Moscona and Hubby, 1963). This 

constitutive activation of GS coincides with the terminal differentiation of the 

retina. The second component is modulation of glucocorticoid inducibility of 

chicken retinal GS. Prior to embryonic day 7.5 (E7.5), GS is not sensitive to 

glucocorticoid hormones (Moscona and Unser, 1983). Thereafter, GS can be 

induced by glucocorticoid hormones until the constitutively activated stage 

(Moscona and Moscona, 1979; Vardimon et al., 1986; Patejunas and Young, 
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At the highly expressed stage, GS is no longer responsive to 

hormone (Patejunas and Young, 1987b; Patejunas and Young, 1990) 

Expression of chicken retinal GS has been shown to be confined to the 

MOiier glial cells of the retina (Unser and Moscona. 1979). If embryonic 

chicken retinae are dissociated and primary cultured, neurons die and MOiier 

cells flatten out and proliferate to form a layer of flat cells on the tissue culture 

plate within 6 days. Interestingly, GS does not respond to glucocorticoids in 

these flat cells even though they are derived from the hormone-responsive 

retinal MOiier cells. However, GS regains glucocorticoid inducibility in 

aggregates derived from dissociated retinal cells, in which a retina-like 

structure is re-formed. Therefore, the neuronal-glial interaction, which is 

missing in the primary culture but present in the aggregate culture, is 

suggested to be required for the glucocorticoid inducibility of the GS in MOiier 

cells (Unser and Moscona, 1979; Moscona and Unser, 1983; Vardimon et al., 

1988). 

We are interested in finding out whether the mechanisms that render 

the GS gene non-responsive to hormone in both early stage retinae and 

retinal primary culture are similar. This chapter reports that exogenously 

provided cyclic AMP dependent protein kinase (protein kinase A, PKA) and 

glucocorticoid receptor (GR) can independently as well as synergistically 

confer glucocorticoid inducibility on the GS promoter in early stage retinae but 

not in retinal primary culture. Therefore, GR functioning appears to be 

compromised in this MOiier cell-enriched primary culture. Further more, the 

loss of glucocorticoid responsiveness of GS in primary culture correlates 
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temporally with the loss of neuronal-glial interadion and the outgrowth of 

MOiier glial derived flat cells. 

Materials and Methods 

Plasmid DNA 

The plasmids pRSV-Catcx (Maurer, 1989), pRSV-hGR (Giguere st al., 

1986), pG45TCO (Picard st al., 1988), and pRSV-pgal (MacGregor st al., 

1987) were obtained as gifts. 

pGS(-2120/+34)Iuc (Beard, 1995) and pGS(D1 )CAT (Zhang and 

Young, 1991) contain firefly luciferase gene and chloramphenicol 

acetyltransferase gene, respedively, under transcriptional control by chicken 

GS sequences from -2120 to +34. pG4s T-luc was construded by subcloning 

a fragment that contains the promoter-enhancer complex from pG4s TCO into 

a luciferase vector (Beard, 1995). pGS(GRU3-BP1)luc (made by S. Hayes) 

contains 3 copies of the chicken GS glucocorticoid response unit (GAU) (nts 

_-2120 to -2079) upstream of a minimal GS promoter (nts -61 to +34) in a 

luciferase vector. 

All of the supercoiled plasmids used for transfection were purified twice 

by the CsCI / ethidium bromide buoyant density centrifugation method 

(Sambrook et al., 1989). 
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dissection, electroporatlon, and harvesting 

Fertile White Leghorn chicken eggs were purchased from the Ohio 

State University Poultry Farm, Department of Animal Sciences, and incubated 

at 38°C for 5.5 or 10 days, as indicated in the text. The retinae were 

dissected in Tyrode's solution (0.2 mg / ml CaC'2, 0.1 mg / ml MgC'2, 0.2 mg / 

ml KCI, 1.0 mg / ml NaHCOa, 8.0 mg / ml NaCl, 0.05 mg / ml NaH2P04, 1.0 mg 

/ ml o-glucose) placed in 1 ml of serum-free Dulbecco's modified Eagle's 

medium with high glucose (DMEM-HG, Irvine Scientific) containing plasmid 

DNA (80 µg GS promoter-reporter constructs, 40 µg pRSV-13gal, 1 o µg pRSV

Cata when used, and 1 O µg pRSV-hGR when used), minced (for E10), and 

electroporated at 370 V and 960 µFd using a BioRad Gene Pulser. The 

contents of the electroporation cuvette were then added to a 25-ml 

Erlenmeyer flask containing 3 ml DMEM-HG supplemented with 50 units/ml 

penicillin and 50 µ.g/ml streptomycin (GIBCO-BRL) and 10% (v/v) charcoal 

stripped fetal bovine serum (FBS, Irvine Scientific) in the presence or 

absence of 0.1 µM dexamethasone (dex, Sigma). The flasks were 

equilibrated with 5% C~/ 95% air, sealed, and incubated at 37°C in a dark 

shaking incubator with rotation at 60 rpm for 24 hours. 

The retinae were harvested by first aspirating most of the medium off 

and then pouring the remaining medium together with the retinae into a 1.5 ml 

microfuge tube. The samples were spun at full speed for 3 minutes and the 

supernatant was removed. The retinae were washed once with phosphate 

buffered saline (PBS; 8 mg / ml NaCl, 0.2 mg / ml KCI, 1.44 mg I ml Na2HPO4, 

0.24 mg/ ml KH2PO4, pH 7.4) and re-centrifuged. The pellets of retinae were 
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stored at -ao0c until they could be assayed for reporter enzyme activities 

and protein concentrations. 

Preparation, transfectlon, and harvesting of the retinal primary 

culture 

E10 retinae were dissected as described above and incubated with 

0.125% (w/v) trypsin in Tyrode's solution for 30 minutes at 370c. DNasel (20 

µg / ml ) and FBS (1/10 volume) were added after 10 and 30 minutes, 

respectively. The retinae were then triturated 20 to 40 times with a flame

narrowed pasteur pipette and plated onto 1 O cm polystyrene culture dishes at 

a concentration of one half retina (approximately 1.5-2.0 X 101 cells) per 

plate. The retinal cells were grown in DMEM-HG supplemented with 50 

units/ml penicilUn and 50 µg/ml streptomycin and 10% (v/v) charcoal stripped 

FBS under a humidified atmosphere of 5% CO2 I 95% air for 6 days before 

transfection, unless otherwise indicated. Medium was changed after the first 

and the fourth days, and 4 hours before transfection. 

The transfection was performed by a calcium phosphate mediated 

gene transfer method (Sambrook et al., 1989), using 5 µg GS promoter

reporter constructs, 2.5 µg pRSV-13gal, 1 µg pRSV-Catcx when used, and 1 µg 

pRSV-hGR when used. After 14 hours of transfection, cultures were 

subjected to glycerol shock (15% glycerol in PBS) for 1 minute and incubated 

with 8 ml fresh medium with charcoal stripped FBS and antibiotics in the 

presence or absence of 0.1 µM dex for 24 hours before harvesting. 

The plates were washed twice with PBS and scraped with rubber 

policemen in 1.5 ml PBS. The cells were collected in a 1.5-ml microfuge tube 
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centrifuged at full speed for 3 minutes in a microfuge. The supematants 

were aspirated off and the pellets were stored at -aooc. 

Reagents used for stimulating the PICA slgnallng pathway 

Forskolin, okadaic acid, dibutyryl-cAMP, and 8-bromo-cAMP were all 

purchased from Sigma Company. The concentrations used for each reagent 

were 100 µM for forskolin, 1 mM for dibutyryl-cAMP. 1 mM for 8-bromo-cAMP, 

and 50 nM for okadaic acid. The reagents were added to the culture during 

the last 24-hour incubation in the presence or absence of 0.1 µM dex. 

Preparation of retinal cellular extracts 

After the retinal cell pellets were thawed, 300 µI 0.25 M Tris-Cl, pH 7.8 

was added to each sample. The retinae were then sonicated for 8 pulses 

using a Branson Sonifier 450 with duty cycle set at 50% and output control set 

at 6.5. Samples were kept on ice during the whole process to avoid 

overheating them. Cell debris was pelleted by centrifugation at full speed for 

1 0 minutes and the supernatants were used for enzyme and protein assays. 

Luciferase assay 

Luciferase enzyme activities were assayed as described previously (de 

Wet et al., 1987) with some modifications. Luminescence were measured 

using a Berthold Lumat luminometer (model 9501 ). Substrate 1 (luciferin, 

Molecular Probes Inc.; 100 µI / reaction) was prepared at the concentration of 

1 mM by diluting a 1 0 mM stock solution and was set under the injedor hose 

in the luminometer. Five to 50 µI of retinal extrad was mixed with 350 µI of 
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2 (25 mM gly-gly buffer pH 7.8, 5 mM Na2-ATP pH 6-8, 15 mM 

MgSO4) in a 12 X 75 mm plastic test tube (Sarstedt) right before measuring. 

The tube was inserted into the luminometer and 100 µI of substrate 1 was 

injected into the tube. The emitted Ught was monitored for 1 0 seconds and 

recorded in relative light units (RLUs). These raw values were then 

normalized with the amount of total protein used for these measurements and 

expressed as RLUs / mg protein, or, in some cases, normalized with p-gal 

units and expressed as RLUs / unit p-ga1. 

Chloramphenlcol acetyltransferase {CAT) assay 

The CAT assay used in these experiments is based on a phase 

extraction method (Seed and Sheen, 1988). Retinal extracts were heated at 

550c for 1 0 minutes and the precipitated proteins were spun down at full 

speed in a microfuge for 1 0 minutes. The supematants were placed in a new 

microfuge tube and the volumes were brought up to 300 µI with 0.25 M Tris

Cl, pH 7.8. Fifty microliters of a master mix containing 2.5 µCi/ ml (44.6 µM) 

14C-chloramphenicol (Amersham), 44.6 µM cold chloramphenicol (Sigma), 

0.5 mg / ml butyryl CoA (Sigma), and 0.2 M Tris-Cl (pH 8.0) were added to 

each sample and the reactions were carried out at 370c for 1 to 24 hours. If 

the reaction went longer than 1 hour, another 25 µg of butyryl CoA were 

added. The readions were stopped after 1 0 to 30% substrate conversion by 

the addition of 700 µI of a 2:1 TMPD (2,6, 10, 14-tetramethyl-pentadecane, 

Sigma) / xylene solution. The samples were vortexed and spun at full speed 

in a microfuge for 3 minutes. Five hundred microliters of the top phase was 

then removed to a scintillation vial containing 5 ml Scintiverse (Fisher 
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and counted using a Packard scintillation counter. The CPM 

(counts per minute) values obtained were normalized against either the 

internal control ('3-gal) or the protein level, and expressed as CPM / mg 

protein or CPM / unit 13-gal, respectively. 

13-galatosldase ('3-gal) assay 

The l3-gal activities were analyzed using a colormetric method (Norton 

and Coffin, 1985). Retinal extracts were added to a microfuge tube containing 

3 µI 100X Mg solution (0.1 M MgCl2, 4.5 M p-mercaptoethanol) and 66 µI 1 X 

ONPG (4 mg / ml o-nitrophenyl-P-0-galactopyranoside (Sigma) in 0.1 M 

sodium phosphate, pH 7.5), and the final volumes were brought up to 300 µI 

with 0. 1 M sodium phosphate {pH 7 .5). Samples were incubated at 37°C 

until a faint yellow color appears. Five hundred micro liters of 1 M Na2CO3 

was added to stop the reactions. The optical densities were measured at 420 

nm and the specific activities were calculated using the formula (380 X 

00420) / reaction time (minutes) / mg protein used in the reaction (Norton and 

Coffin, 1985). One unit of p-gal is able to hydrolyze 1 nmol of ONPG in 1 

minute at 370c. 

Endogenous GS enzyme assay 

Glutamine synthetase activity was assayed by the y-glutamyl transfer 

reaction as described by Kulka et al. (1972) with some modifications (Young 

and Ringold, 1983). The frozen retina pellets were thawed, resuspended in 

500 µI 1 0 mM imidazole, pH 6.6, and sonicated as described above. Either 

350 µI of different concentrations of y-glutamyl hydroxamic acid (GGHA, 

34 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



which were used as standards, or 35 or 350 µI retinal extracts 

(depending on the stage of the retinae) were then incubated with 500 µI 

reaction mix A (240 mM glutamate, 20 mM N~HAsO4, 0.2 mM ATP, 2 mM 

MnCl2, 93 mM imidazole, pH 6.6) and 150 µI reaction mix B (200 mM 

hydroxylamine-HCI, pH 6.6) at 37°C for one hour. One milliliter stop mix 

(8. 75% trichloroacetic acid (TCA), 0.875 M HCI, 5.24% FeCl3) was added to 

each reaction and at the end of the incubation and the samples were spun to 

remove debris. The product -r-glutamyl hydroxamic acid forms a brown color 

with acidic ferric chloride that allows the measurement of the absorbence at 

500 nm. The values obtained from the GGHA standards were used to 

generate a standard curve. The curve was linearized and the regression 

equation was used to calculate the GGHA produced by GS in the retinal 

extracts. 

Protein assay 

The protein assay utilized the BioRad protein assay reagent, which is 

based on the method of Bradford (1976). For this assay, either 3-10 µI 

(depending on the stage of the retinae and the culture system) of bovine 

serum albumin (BSA) standards (from 0.1 to 5 mg/ml) or retinal extracts were 

added to 1 ml of 5 fold-diluted and filtered BioRad protein assay reagent. The 

optical densities of the samples were measured at a wave length of 595 nm 

and a standard curve was generated using the BSA standards. The curve 

was linearized and the regression equation was used to calculate the protein 

concentration of the retinal extracts. 
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binding assay for glucocortlcold receptor In ES.5 

retina 

The whole-cell binding assay was based on Dong et al. (1989). Each 

E5.5 retina was treated with or without 50 µM forskolin for 0, 2, 6, or 24 hours 

in 2 ml DMEM at 37°C. After the forskolin preincubation period, the medium 

containing forskolin was changed to 2 ml fresh medium containing either 50 

µM forskolin and 1 o nM 3H-dex (1 µCi / µI, 86-90 Ci / mMol; Amersham), or 

50 µM forskolin, 1 O nM 3H-dex, and 20 µM unlabeled dex, and incubated for 1 

hour at 370c. Then the medium was aspirated off and 25 ml of cold 1 X PBS 

was used to wash the retina. Twenty-four milliliters PBS were aspirated off 

and the remaining 1 ml along with the retina was transferred to a microfuge 

tube and spun at 12K at 40c for 5 minutes. PBS was aspirated off and the 

retina pellet was resuspended in 1.6 ml cold 1 X PBS. The sample was spun 

again and the 1.6 ml PBS wash was repeated for 2 more times. The retina 

pellet was frozen at -8o0c until all the samples were ready to assay. For the 

binding assay, 200 µI H20 was added to each sample, which was then 

sonicated using a Branson Sonifier 450 with output control at 6.5 and duty 

cycle at 50% by 7 pulses. Ten microliters of extract were used to measure the 

protein level and 100 µI of extract were added to 5 ml of Scintiverse and 

counted. Specific activities (cpm I mg protein) of the samples were calculated 

. Within the same forskolin treatment group, the number obtained from labeled 

+ unlabeled dex treated retinae was subtracted from that from labeled dex 

treated retinae. 
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Both PKA and GR facllltate glucocortlcold lnduclblllty of the GS

reporter gene constructs In transfected retlnae 

If glucocorticoid receptor levels are similar throughout retinal 

development (Lippman st al., 1974; Saad and Moscona, 1985), then why is 

GS in early stage retinae not inducible by glucocorticoid hormones? Some 

earlier studies indicated that the phosphorylation status of the receptors can 

either directly or indirectly influence the functional properties of the steroid 

receptors (Bai and Weigel, 1995). Therefore, we asked whether the 

transcriptional activation capability of the GR in early stage retinae can be 

recovered by enhancing protein phosphorylation. We cotransfected the 

expression vector pRSV-Cata, which encodes the u isoform of the cAMP-

dependent protein kinase (PKA) catalytic subunit, with pGS(-2120/+34)Iuc, 

which contains a firefly luciferase gene under transcriptional control by GS 

sequences from -2120 to +34 including a copy of functional GRE. In E5.5 

retinae, where the endogenous GS is not inducible by glucocorticoid 

hormones, the pGS(-2120/+34)1uc alone did not exhibit hormonal 

responsiveness. However, the addition of PKA renders the GS promoter 

glucocorticoid inducible (figure 6A). We also tested whether exogenous GR 

could function in E5.5 retinae by transfecting a GR expression vector pRSV

hG R along with the GS reporter fusion gene into early stage retinae. As 

shown in figure 6A, expression of exogenous glucocorticoid receptor also 

rendered the early stage retinae glucocorticoid responsive, and PKA and GR 

worked synergistically on glucocorticoid inducibility. This is consistent with 
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&. Both PKA and GR potentlate the glucocortlcold lnduclblllty of the 
GS promoter In transfected retina. E5.5 (A) or E1 0 (B) retina were dissected 
and electroporated with 80 µ.g of pGS(-2120/+34)Iuc. Ten micrograms pRSV
Catcx and/or 1 a µg pRSV-hGR were included when indicated. Zero to 20 µg 
pSK+ was also included to ke_fil) the total DNA amount constant. The retina were 
incubated in the presence ( � ) or absence ( � ) of 0.1 µM dex for 24 hours 
before harvesting and analyzing the luciferase activities and the protein levels. 
The expression levels are stated as RLUs / mg extract protein. 
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previous data using a CAT gene as the reporter (Zhang et al., 1993; data 

not shown). PKA also enhanced the basal expression of the GS fusion gene. 

The same experiment was also performed using E1 O retinae, at which 

stage the endogenous GS gene is responsive to hormonal challenge without 

further treatment. The expression of pGS(-2120/+34)Iuc is induced 3.4 fold by 

0.1 µ.M dexamethasone (dex, a synthetic glucocorticoid) in E1 o retinae. 

Either PKA or GR, when provided exogenously, potentiated the glucocorticoid 

inducibility as in E5.5 retinae (figure 6B). The basal expression was 

enhanced by PKA but not by GR. Similar results were observed using 

pGS(D1 )CAT, which contains a CAT reporter gene under transcriptional 

control by the same GS promoter ~equences as in pGS(-2120/+34)Iuc (data 

not shown). 

Forskolln treatment does not change the glucocortlcold binding 

capacity of GR In developing chicken retina, 

Forskolin indirectly activates PKA by stimulating adenyl cyclase which 

increases the cAMP level in cytosol (Seamon and Daly, 1986). Our previous 

data demonstrated that no endogenous PKA activity could be detected in 

either E5.5 or E1 O retinae (Zhang et al., 1993), because the catalytic subunits 

were sequestered by regulatory subunits (McKnight et al., 1988). However, 

forskolin treatment of E5.5 retinae for 24 hours increased the PKA activity to a 

measurable level and thus, rendered pGS(D1 )CAT glucocorticoid inducible 

(Zhang et al., 1993). 

cAMP increased glucocorticoid binding to GR by approximately 2 fold 

in rat HTC cells (Dong et al., 1989) and in murine lymphoma cells (Gruol et 
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1986). The effect of forskolin on glucocorticoid binding was tested in E5.5 

retinae by a whole-cell binding assay (Dong et al., 1989) using 3H-labeled 

dex. E5.5 retinae were pretreated with or without forsko6n for 0, 2, 6, or 24 

hours before the addition of the 3H-dex. The 3H-dex binding was measured 1 

hour after the glucocorticoid addition. Table 1 summarizes the results. A 

statistically significant (p < 0.001) adjustment in 3H-dex binding was observed 

during 24-hour organ culture of the retinae without forskolin. However, 

forskolin treatment did not influence this alteration. Therefore, a PKA

enhanced hormone binding ability of the GRs cannot account for the 

increased efficacy of glucocorticoids in forskolin treated E5.5 retinae. 

The glucocortlcold lnduclblllty of the endogenous GS ls not 

Influenced by treatments that activate PICA 

Table 2 shows that consistent with the previous studies, GS enzyme 

activity was strongly induced by dex in E1 O but not in E5.5 retinae. However, 

forskolin treatment of the retinae had little effect on either the basal or the 

glucocorticoid induced GS expression at both the enzyme level (table 2) and 

messenger RNA (mRNA) level (data not shown). Treatment of E5.5 retinae 

with the cyclic AMP analogue 8-bromo-cAMP or dibutyryl-cAMP did not affect 

the hormonal responsiveness of the endogenous GS. Treatment of ES.5 

retinae with okadaic acid, which is a type I and type IIA phosphatase inhibitor 

(Bialojan and Takai, 1988), slightly increased both the basal and 

glucocorticoid induced GS enzyme activity. Therefore, treatments that can 

confer glucocorticoid inducibility on a GS-reporter fusion gene in ES.5 retinae 
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.,i,. 
N 

No 
Exp. preincubation* 

1 1.05 ± 0.19 
2 0.66±0.12 
3 0.46± 0.25 

Average 0.73± 0.29* 

Glucocortlcold receptor levelt (fmol [3H)-dexamethasone bound/ µg protein) 

After 2 hr After6 hr After 24 hr 

-Forskolln +Forskolln -Forskolln +Forskolin -Forskolin +Forskolin 

0.40 ± 0.06 0.45 ± 0.03 0.27 ± 0.02 0.45 ± 0.07 0.74 ± 0.03 0.82 ± 0.09 
0.39±0.05 0.48±0.11 0.71 ±0.13 0.72±0.24 1.00±0.16 0.89±0.13 
o.32 ± o.o9 o.31 ± o.o5 o.63 ± o.a1 o.56 ± 0.11 o. n ± 0.02 o. 10 ± 0.1 o 
0.37±0.04* 0.41 ±0.091 0.54±0.23* 0.58±0.141 0.84±0.14* 0.80±0.1ot 

t Expressed as means ± standard deviations. 
* Treat without forskolln. 
• Statistically different alterations In dexamethasone bindng take place during organ cultu19 of retina without 

forskolin; p < 0.001. 
I Not statistically dlffel8nt from the respective controls treated without forskolln. 

Table 1. Forskolln does not alter the glucocortlcold receptor levels In E5.5 retlnL 
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of GS activity* Fold 
Treatment induction 

retina Basal Dex-induced bydex 

Forskoint 

E5.5 
0.25±0.02 0.30 ±0.03 1.2 

+ 0.28±0.04 0.33±0.04 1.2 

E10 
1.09±0.06 13.0 ±2.50 11.9 

+ 0.79±0.20 12.5±2.10 15.8 
8-Br-cAMP1' 

E5.5 
0.094 ± 0.013 0.12 ±0.04 1.3 

+ 0.057 ± 0.007 0.13 ± 0.07 2.3 

E10 
1.13 ± 0.37 11.2 ± 1.40 9.9 

+ 2.61 ± 0.23 22.6 ±2.80 8.7 
B~MPt 

0.11 ± 0.03 0.13±0.02 
E5.5 

1.2 
+ 0.13± 0.02 0.19 ± 0.02 1.5 

Okadaic acid* 
0.26±0.02 0.43±0.06 1.7 

E5.5 0.57±0.22 0.61 ± 0.03 1.1 + 

• GS activity is determined by glutamyltransferase activity and expressed 
as µmol of y-glutamylhydroxamic acid formed at 370c per hour per mg of 
protein. Data shown are means ± standard deviations based on three 
determinations from different retina 
t E5.5 or E10 retina were treated with or without 100 µM forskolin, 1 mM 
8-bromo-cAMP (8-Br-cAMP), or 1 mM dibutyryl-cAMP (Bt2-cAMP) in the 
absence or presence of 0.1 µM dex (basal or dex-induced enzyme activity, 
respectively) for 24 hours prior to harvesting. 
* E5.5 retina were pretreated for 8 hours with or without 50 nM okadaic 
acid at which time the incubation was continued without or with 0.1 µM 
dex {basal or dex-induced enzyme activity, respectively) for an additional 
24 hours prior to harvesting. 

Table 2. None of the PKA signaling pathway activation agents tested 
can enhance the glucocortlcold lnduclblllty of the endogenous GS 
gene In embryonic chicken retina. 
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not sufficient to render the endogenous GS gene glucocorticoid 

responsive. 

PKA activates the basal but not the glucocortlcold-lnduced 

expression of GS-fusion genes In flat cell primary culture, 

whereas GR has no effect on either one 

The flat cell primary culture was made from E1 O retinae and incubated 

for 6 days before transfection. The resulting population is highly enriched in 

MOiier glia derived flat cells, and therefore, this culture system lacks the 

neuronal-glial interactions. It was reported that the interactions between 

neurons and glia are essential for glucocorticoid inducibility of the 

endogenous GS gene (Unser and Moscona, 1979; Moscona and Unser, 

1983; Vardimon et al., 1988). The transfected GS-reporter fusion genes were 

no longer responsive to glucocorticoids in this flat cell primary culture. In 

contrast to E5.5 retinae, glucocorticoids did not enhance reporter gene 

expression even when PKA and/ or GR were cotransfected. However, PKA 

did increase basal expression while GR had no effed (figure 7). 

The general glucocortlcold slgnallng pathway Is attenuated In 

MOiier glla derived flat cells 

To determine whether the differences in glucocorticoid responsiveness 

in retinae organ culture and primary culture are specific to the GS promoter, 

another 2 fusion genes, pG4aT-luc (Beard, 1995) and pG45TCO (Picard et al., 

1988), containing herpes simplex virus (HSV) 109 bp thymidine kinase (TK) 

promoter sequences, 2 copies of GRE derived from mouse mammary tumor 
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Figure 7. Neither PICA nor GR renders pGS(-2120/+34)Iuc glucocortlcold 
Inducible In MOiier gila derived flat cell primary culture. Primary cultures 
were prepared from E10 retina and incubated for 6 days before being 
transfected with 5 µg of pGS{-2120/+34)Iuc. One microgram pRSV-Cata and/or 
1 µg pRSV-hGR were included when indicated. Zero to 2 µg pSK+ was also 
included to keep the total DNA amount constant. The cultures wera subjected to 
glycerol shock after 14 hours and incubated in the presence ( �) or absence ( � ) of 0.1 µM dex for 24 hours before harvesting and analyzing the luciferase 
activities and the protein levels. The expression level are stated as RLUs / mg 
extract protein. 
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(MMTV) long terminai repeat (L TR), and either a luciferase reporter or a 

CAT reporter, respectively, were tested in both intact retinae and flat cell 

primary culture. When transfected into retinae, pG4&T-luc was glucocorticoid 

inducible in E1 0 (5.7 fold induction) but not in ES.5 retinae (1.5 fold), 

consistent with the results obtained from GS constructs. If a GR expression 

vector is cotransfected with this construct Into either ES.5 or E1 0 retinae, the 

glucocorticoid induced reporter expression was enhanced by more than 100 

fold (103.5 and 260 fold, respectively) (figure 8). pG4s T-luc was not 

responsive to glucocorticoids in MOiier glia derived flat cell primary culture 

(1.2 fold). Moreover, an average of only 14.4 fold was obtained when GR is 

cotransfected into flat cell primary culture (figure 8). Data obtained from 

pG4s TCO showed a similar pattern (data not shown). Therefore, the 

attenuation of glucocorticoid responsiveness appears to be a general 

phenomenon in flat cell primary cultures. 

The loss of glucocortlcold responsiveness In primary culture Is 

gradual during the 6-day culture period 

To test whether the loss of GS hormonal responsiveness in retinal 

primary culture cells occurs immediately after dissociation or is a gradual 

process during incubation, a time course study was performed. For ease in 

monitoring the induction, the molecule pGS(GRU3-BP1 )luc (made by S. 

Hayes) was used in this study. This molecule contains the GS basal promoter 

(nts -61 to +34, relative to transcription start site) and 3 copies of 

glucocorticoid response unit (GRU) derived from the GS gene and has been 

shown to exhibit around a 20 fold induction in E1 0 retinae. After the E1 0 
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Figure 8. The glucocortlcold lnduclblllty of the pG46T-luc Is attenuated In 
flat cell primary culture when compared with Intact retina. E5.5 and E1 o 
retina were eledroporated with 80 µg pG46T-luc and 40 µg pRSV..pgal. Ten 
micrograms pRSV-hGR was included when indicated. In the culture! 
eledroporated without GR, 10 µg pSK+ was included to keep the DNA amount 
constant. Primary cultures were transfeded with 5 µg pG46T-luc and 1 µg pRSV
pgal. One microgram pRSV-hGR was included when indicated. In the cultures 
transfeded without GR, 1 µg pSK+ was included to keep the DNA amount 
constant. The cultures were treated with or without of 0.1 µM dex for 24 hours 
before harvesting and the luciferase activities and the protein levels were 
analyzed. The expression levels of the cultures treated with dex were divided by 
those of the cultures treated without dex. The resulting values are expressed as 
fold indudion by glucocorticoid in the presence ( � ) or absence ( � ) of GR. 
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retinae were dispersed and plated out, the primary ceUs were transfected at 

different time points, glycerol shocked after 14 hours, and then incubated in 

the presence or absence of dex for an additional 24 hours. The cells were 

lysed and assayed for luciferase activity and the amount of protein. A robust 

hormonal induction was observed when the cells were transfected 3 hours 

after plating (figure 9A). The hormonal inducibility starts to decline when the 

cells were transfected 24 hours after plating and by day 4, inducibility drops 

down to the level similar to what we see in flat cell primary cultures (day 6 is 

equivalent to the flat cell primary cultures we used previously). These data 

indicate that retinal primary cultures retain glucocorticoid inducibility for at 

least 1.7 days after their dissociation. When a GR expression vector was 

cotransfected into the primary cultures at different ages, the same declining 

pattern was observed, although the overall induction is much higher (figure 

9B). Thus, the hormonal refractory state of the retinal cells starts on the 

second day in primary culture and is completed by day 4. The development 

of this hormonal refractory state coincides with the loss of neurons from the 

primary culture and the proliferation of MOiier cells (see below). 

The phase contrast micrographs of the retinal primary culture at 

different time points are shown in figure 9C. There are two populations of 

cells identifiable in these photographs. One is the smaller, round cells which 

clump and attach on top of the other larger, flat cells. The round cells are 

derived from neurons based on the surface markers NCAM (Rutishauser et 

a/., 1978; Lemmon et al., 1982) and tetanus toxin receptors (Pettmann et al., 

1979; Adler et al., 1982). The flat cells are derived from MOiier glial cells 

since they express the glial markers glial fibrillary acidic protein (Li and 
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9. The pGS(GRU3-BP1)1uc gradually loses Its glucocortlcolc 
lnduclblllty following the dissociation of E10 retina. E1 o retina were 
dispersed and plated onto tissue culture plate at a concentration of 0.5 retina per 
plate. The primary cultures were transfected with 5 µg pGS(GRU3-BP1)luc, 1 µg 

pRSV-pgal, and 1 µg pSK+ (A) or 1 µg pRSV-hGR (B) after 3 hours, 1 day, 2 
days, 4 days, or 6 days, as indicated. The cultures were subjected to glycerol 
shock 14 hours after transfection and incubated in the presence ( � ) or absence 
( D ) of 0.1 µM dex for an additional 24 hours before harvesting and analyzing 
the luciferase activities and the protein levels. The expression levels are stated 
as RLUs / Unit p-galactosidase. (C) Phase contrast micrographs of retinal 
primary cultures at indicated times after they were plated out. 
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1984), vimentin {Li and Sheffield, 1984), and filamin {Lemmon 

1986). At the early culture times, the MOiier cells are primarily associated with 

neurons. After several days in culture, the MOiier cells flatten out and 

proliferate and the neurons gradually die. At day 6, there are not many 

neuronal cells left in the culture. Thus, the gradual loss of glucocorticoid 

responsiveness in these primary cultures appears to correlate temporally with 

the loss of neuronal-glial interactions and the outgrowth of MOiier glia derived 

flat cells. 

Discussion 

The PKA effects on glucocortlcold lnduclblllty of the GS promoter 

In embryonic chicken retlnae 

In this chapter we demonstrated that a GS-luciferase fusion gene is 

glucocorticoid inducible in E10 retinae but not in E5.5 retinae. This result is 

consistent with the ·previous data using the CAT gene as a reporter obtained 

by our laboratory {Zhang and Young, 1993) as well as others {Ben-Dror et al., 

1993). Overexpression of PKA enhanced the glucocorticoid induced 

luciferase activity in retinae at both stages. The effect of PKA on 

glucocorticoid inducibility indicates that PKA might directly or indiredly 

enhance the efficacy of the GR. There are several possible roles for PKA in 

this glucocorticoid signaling pathway. PKA, through phosphorylation of 

receptors, might increase the affinity of GR for its target DNA sequences, 

enhance the transactivation activity of GR, alter the affinity of GR for its ligand, 
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change the cellular distribution of GR. Alternatively, PKA might reduce the 

efficacy of an inhibitor or induce the efficacy of an activator of the 

glucocorticoid pathway. It has been shown that treatments of rat hepatoma 

cells (HTC) with a cAMP-inducing agent, forskolin, or a cAMP analogue, 8-

bromo-cAMP, increase the ligand binding capacity of GR and the stability of 

GR mRNA by approximately 2 fold (Dong et al., 1989). However, our data 

suggest that forskolin does not influence the dex binding capacity of the 

endogenous GR in E5.5 retinae. In addition, protein phosphorylation has also 

been suggested not to modify the receptor itself but to alter the interactions 

between receptor and transcription complexes (Moyer et al., 1993). 

An additional transcription factor binding site juxtaposed to a GR 

binding site (GAE) has been shown to have a significant effect on GR function. 

Depending on the transcription factor and the cellular context, glucocorticoids 

may exert opposite effects. On the mouse proliferin composite GAE, c-Jun 

and c-Fos serve as selectors of hormone responsiveness. This composite 

GAE (also called glucocorticoid response unit, GRU) is inactive in the 

absence of c-Jun, whereas it confers glucocorticoid induction in the presence 

of c-Jun alone, and a glucocorticoid inhibition in the presence of c-Jun and 

relatively high levels of c-Fos (Diamond et al., 1990). A GRU composed of an 

AP1/ATF/ CREB-like site and a GRE resides between nts -2120 and -2079 of 

the GS promoter region (Zhang and Young, 1991). PKA might act on the 

transcription factor that binds at the former site and then indirectly affect GR 

activity. 

It has been suggested that the expression of c-Jun in retinal tissue is 

high at early embryonic ages and declines during development. Treatment 
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TPA (which elevates c-Jun level) or introduction of a c-Jun expression 

vector can both cause a profound decrease on the glucocorticoid inducibility 

of the endogenous GS as well as a GS-CAT fusion gene in E11 retinae. This 

negative effect of c-Jun can be reversed by overexpression of GR (Berko-FHnt 

et al., 1994). Thus, other protein kinases might also be able to modulate the 

glucocorticoid responsiveness of GS in developing chicken retinae and the 

glucocorticoid signaling might be interpreted differently when interacting with 

different signaling pathways. 

The endogenous GS gene requires addltlonal signals In order to 

become glucocortlcold Inducible In developing chicken retlnae 

PKA can facilitate the glucocorticoid inducibility of a GS-reporter fusion 

gene, but does not affect that of the endogenous GS gene in embryonic 

chicken retinae. Thus, the endogenous GS gene is subject to regulations that 

the GS-reporter fusion genes escape. These regulations may be due to a 

repressor present in the embryonic chicken retinae. If this putative repressor 

existed in embryonic retinae at low abundance, its level might be sufficient to 

block expression of the endogenous GS but insufficient to block expression of 

GS-reporter fusion genes because of the high copy number of the plasmid 

exists in cells in the transient transfection assay. Alternately, the GS-reporter 

fusion genes, which contain GS sequences from nt -2120 to nt +34, may lack 

the binding site for this putative repressor. 

Another possible mechanism is that the endogenous GS gene might 

be organized in a chromatin structure that is unable to be bound by GR or 

other transcription factors. Richard-Foy and Hager (1987) have shown that 
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the MMTV L TR is stably integrated into the rat hepatoma cellular 

genome, it acquires a series of 6 positioned nucleosomes, one of which is 

positioned over binding sites for the GR and the nuclear transcription fador 

NF-1. Moreover, in this phased structure, the NF-1 is excluded from its 

binding site in the absence of glucocorticoids. However, when the identical 

promoter (with different reporter) is transiently transfected into rat hepatoma 

cells, the phased nucleosome structure is not formed and the NF-1 binding 

site is constitutively occupied (Archer et al., 1992). It has also been shown 

that hormone administration alters the DNasel sensitivity of MMTV DNA in 

vivo, suggesting that GR-DNA interaction may change chromatin structure 

(displace or reorganize nucleosomes) in the proximal region of the binding 

site, thereby exposing the hidden enhancer elements (Zaret and Yamamoto, 

1984). Whether the GS promoter is controlled by a similar mechanism 

remains to be examined. 

The loss of glucocortlcold responsiveness In retinal primary 

cultures 

It is not surprising that glucocorticoid responsiveness is compromised 

in primary culture derived from E1 O retinae since GR levels rapidly decline 

when the retina is dissociated and primary cultured (Saad et al., 1981 ). 

However, since the flat cell primary culture consists of a highly enriched 

MOiier glia population, it was expected that overexpression of GR in primary 

cultures would enhance the glucocorticoid inducibiUty to a level similar to or 

even higher than that seen in E1 O retinae. Overexpressing GR in E5.5 

retinae, which is not glucocorticoid responsive, confers glucocorticoid 
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on a GS-reporter fusion gene. If GR is provided to E1 o retinae, the 

glucocorticoid inducibility of a GS-reporter fusion gene is greatly enhanced. 

It is intriguing that GR produces such dramatically different effeds on 

expression of a GS-reporter fusion gene in intact retinae and in MOiier glial 

derived primary cultures. The intact retina contains both neurons and glia. If 

neurons are primarily responsible for the hormonal induction in intact retinae, 

loss of glucocorticoid responsiveness in primary culture might merely reflect 

the selective proliferation of non-responsive MOiier glial cells. Hayes, using a 

novel histochemical assay procedure (Beard, 1995; see Chapter 3), 

demonstrated that only a small portion (31 %) of the ~al expressing cells are 

MOiier glial cells after the retinae were transfected with pGS(GRU3-BP1)Jigal, 

which contains 3 copies of the chicken GS GAU (nts -2120 to -2079) 

upstream of a minimal GS promoter (nts -61 to +34) in a p-gal vector, and 

incubated without dex. If dex was included in the incubation, the expression 

of J}-gal appears primarily in glia (69%) (Li et al., 1997). Therefore, functional 

GR resides in the MOiier glial cells of intact retinae. This is consistent with the 

previous data showing compartmentalization of GR in MOiier glia in later

stage retinae (Gorovits et al., 1994; Grossman et al., 1994). Consequently, it 

would appear that specific factors are required to mediate the different effect 

of GR in intact retinae and primary culture. 

The neuronal-glial interaction has been suggested to be essential for 

the glucocorticoid inducibiUty of the GS promoter (Morris and Moscona, 1970; 

Reisfeld and Vardimon, 1994). Our data shown in figure 9 are consistent with 

the notion in that the loss of the glucocorticoid responsiveness in these retinal 

primary cultures correlates temporally with the loss of neuronal-glial 
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However, it is note worthy that after the retinal cells are plated 

onto the culture plates, the MOiier glial cells re-enter the cell cycle and start to 

proliferate. Whether the re-entry into the cell cycle of the glial cells contributes 

to the transition to the glucocorticoid refractory state of these primary cultures 

is unclear. The change in the flat cell primary culture could result from the 

appearance of a trans-acting repressor that does not exist in E10 retinae, or 

alternatively, it could be a trans-acting activator that is missing from this 

proliferating glial cell culture. More studies need to be done to distinguish 

between these two possibilities. 

A general response to steroid hormones Is compromised In MOiier 

cell primary cultures 

Since cotransfection of a GR expression vector does not restore 

glucocorticoid responsiveness on both GS and TK promoters in flat cell 

primary cultures, the effect of progesterone receptor (PR) was tested in this 

culture system. Using pGS(HRE3-BP1 )luc, in which the 3 GRUs of 

pGS(GRU3-BP1)luc were replaced with 3 palindromic hormone response 

elements (HREs), S. Hayes demonstrated that progesterone does not induce 

luciferase expression after pGS(HRE3-BP1 )luc alone was transfected in E1 O 

retinae. Inclusion of the PR expression vector confers a 41 fold induction. 

Therefore, the exogenous PR is functional in E1 O retinae. However, the 

cotransfection of PR in MOiier cell derived primary culture does not render 

pGS(HRE3-BP1)luc progesterone inducible (Li Bt al., 1997). Thus, the 

general functioning of the GR and PR is markedly attenuated in primary 

cultures of MOiier cells. 
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has been shown that GR functioning is attenuated in primary cultures 

of dermal fibroblasts and fibrosarcomas derived from transgenic mice bearing 

bovine papiloma virus unless the cells have progressed to the tumorigenic 

stage. The DNA binding capability, the nuclear translocation, and the 

expression level of GR remain unchanged throughout tumorigenesis. 

Exogenously transfected GR fails to enhance GR activities at each stage. The 

authors postulated that normal primary fibroblasts have the capacity to restrict 

steroid receptor mediated gene transcription (Vivanco et al., 1995). Our data 

provided information that attenuation of steroid hormone responsiveness is 

not limited to primary cultures of fibroblasts. In addition, we demonstrated that 

primary culture produces a loss in steroid hormone receptor functioning within 

a cell that is steroid responsive in intact tissue. 
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3 

A TRANSCRIPTIONAL ENHANCER OF THE GLUTAMINE 

SYNTHETASE GENE THAT IS SELECTIVE FOR RETINAL 

MULLER GLIAL CELLS 

Introduction 

As discussed previously, our laboratory developed an electroporation

based method to examine reporter gene activity in intact retinae (Pu and 

Young, 1990; Beard, 1995). However, this system fails to distinguish 

differences in reporter gene expression between neurons and glia. 

Therefore, it cannot be used to study the glial-specific expression of GS. Glial 

cell-specific expression is generally studied by comparing the expression 

level in glioma cell lines and non-glial cell lines. However, individual cell 

lines cannot mimic an in vivo environment where neuronal and glial cells are 

in close contact. To overcome this problem, our laboratory has developed a 

novel histochemical procedure to assay cell type selective gene expression in 

the retina. This assay involves electroporation of intact embryonic day 12 

(E12) retinae, followed by organ culture overnight, short-term primary culture 
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a tissue culture slide, and double immunofluorescent labeling of the cells 

using antibodies directed against f½3alactosidase (13-gal) and filamin, a glial 

cell marker. The reporter-expressing cells are then scored under a 

fluorescent microscope as neurons or glia based on their morphology and the 

presence or absence of the glial marker filamin (Beard, 1995; Li et al., 1995). 

The morphologies of neurons and glia are quite distinct after the retinal cells 

are primary cultured. The smaller round cells have been demonstrated to be 

neuronal cells (Rutishauser et al., 1978; Pettmann et al., 1979; Lemmon et al., 

1982; Adler st al., 1982) and the irregular-shaped cells to be glial cells (Li and 

Sheffield, 1984; Lemmon 1986) based on their marker antigens. 

Using this new assay system, Beard (1995) demonstrated that the P
gal reporter gene driven by the Rous Sarcoma Virus (RSV) long terminal 

repeat (L TR) is expressed in twice as many neurons as glia after transfection 

of intact embryonic day 12 retinae. In contrast, a p-gal reporter gene under 

transcriptional control by a 2.2 kilobase (kb) GS promoter is expressed 

primarily in MOiier glia (Beard, 1995; Li et al., 1995). These data suggest that 

there are MOiier cell selective elements located within the GS promoter. 

Moreover, this MOiier cell selective expression is not affeded by the addition 

of dexamethasone (dex), a synthetic glucocorticoid, and / or cotransfedion 

with a glucocorticoid receptor expression vector, even though the GS gene is 

glucocorticoid inducible at E12 (Beard, 1995). We are interested in locating 

the glial-selective elements in the GS promoter region and finding out 

whether protein(s) in retinal nuclear extract could bind to these elements. 

This chapter demonstrates that cis-acting elements located between 

nucleotides (nts) -436 and -61 relative to the GS transcription start site 
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to MOiier cell selective expression. These upstream sequences 

confer MOiier glia selective expression on a heterologous promoter while a 

similar sized coding sequence from the GS gene has little effect on the 

distribution of p-gal positive cells when inserted in front of the same 

heterologous promoter. Eledrophoretic mobility shift assay (EMSA) using a 

segment from nts -122 to -61 of the GS promoter region revealed a protein 

that specifically binds to the GATA-like site located between nts -91 and -82 

relative to the GS transcription start site. 

Materials and Methods 

Plasmid constructs 

The plasmids designated pGS(x/y)l3gal were constructed using the 

promoterless vector pNASSl3 (Clontech), with x and y referring to the 5' and 3' 

nucleotide positions, respectively, relative to the GS transcription start site. 

Two of these plasmids, pGS(-4.3kb/+51 )pgal and pGS(-2192/+51 )pgal, 

contain restriction fragments of the GS promoter region (Beard, 1995). Others 

(pGS(-436/+34)pgal, pGS(-346/+34)pgal, pGS(-212/+34)pgal, pGS(-

122/+51 )pgal, pGS(-122/+34)pgal, and pGS(-61/+34)pgal) contain GS 

promoter fragments obtained by polymerase chain reaction (PCR) (figure 12). 

The plasmids designated p~GP(x/y) were constructed by inserting PCR 

fragments spanning GS nts x toy into the SV40 early promoter containing 

cloning vector ppGal-Promoter (Clontech) as Kpnl / Nhel fragments, with x 

and y referring to the 5' and 3' nucleotide positions, respedively, relative to 
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GS transcription start site (figures 14). The pPGal-Control contains both 

the SV40 early promoter and the SV40 enhancer. The plasmids designated 

p~GPzGS(-122/-61) were constructed by first inserting the GS -122 to -61 

PCR fragment into the pKS+ (Stratagene) Apal site in the sense orientation, 

cutting it out as a Kpnl / Xhol fragment, and then cloning it into the pPGal-

Promoter Kpnl / Xhol sites, with z referring to the copy number of the GS -122 

to -61 fragment (figure 15). p~GP1GS(-61/-122) was constructed using the 

same strategy as p~GPzGS(-122/-61), but it contains 1 copy of the -122/-61 

fragment cloned in the opposite orientation. 

Retina organ culture and transfectlon 

Fertile White Leghorn chicken eggs were purchased from the Ohio 

State University Poultry Farm, Department of Animal Sciences, and incubated 

at aa0c for 12 days. The retinae were dissected in Tyrode's solution (0.2 mg / 

ml CaCl2, 0.1 mg / ml MgCl2, 0.2 mg / ml KCI, 1.0 mg / ml NaHC03, 8.0 mg / 

ml NaCl, 0.05 mg / ml NaH2PO4, 1.0 mg / ml o-glucose) and placed in 

electroporation cuvettes containing 1 ml of serum-free Dulbecco's modified 

Eagle's medium with high glucose (DMEM-HG, Irvine Scientific) and 300 µg 

of the indicated plasmid. The retinae were then minced, and electroporated 

at 370 V and 960 µFd using a BioRad Gene Pulser. The contents of the 

electroporation cuvette were added to a 25-ml Erlenmeyer flask containing 3 

ml DMEM-HG supplemented with 50 units/ml penicillin and 50 µg/ml 

streptomycin (GIBCO-BRL) and 10% (v/v) fetal bovine serum (FBS, Irvine 

Scientific). The flasks were equilibrated with 5% CO2/ 95% air, sealed, and 
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for 16 to 18 hours at 370c in a dark shaking incubator with rotation 

at 60 rpm. 

Retlnal primary cultures 

Following the 16 - 18 hour incubation, most of the medium was 

aspirated off and then the remaining medium together with retinae were 

poured into a 1.5 ml microfuge tube. The samples were spun down and the 

supernatant was removed. The retinae were washed twice with 1.5 ml 

Tyrode's solution and dissociated with 1 ml of 0.125% (w/v) trypsin in 

Tyrode's solution at 370c for 30 minutes. DNasel (20 µ.g/ml) and FBS (1/10 

volume) were added after 10 minutes and 30 minutes, respedively, of 

trypsinization, and the retinae were triturated 1 0 - 30 times using a flame

narrowed pasteur pipette to obtain a single cell suspension. The cells were 

then counted using a haemocytometer and plated onto Permanox 2-well 

tissue culture chamber slides (Nunc) at a density of 1 x 106 cells / cm2. 

Primary cultures were incubated in DMEM-HG supplemented with 50 units/ml 

penicillin and 50 µ.g/ml streptomycin and 10% (v/v) FBS at 37°C for 3 hours 

under a humidified atmosphere of 5% CO2 / 95% air. 

Antibodies 

The primary antibodies and the dilutions used are as follows: rabbit 

anti-E. coli p-galactosidase (Cappel), 1:1000 dilution; mouse monoclonal 

antibody 5E1 0 directed against chicken filamin (Lemmon, 1986), 1:100 

dilution. The secondary antibodies and dilutions used are as follows: goat 

anti-rabbit Texas Red-conjugated antibody (Jackson Labs), 1 :500 dilution; 
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anti-mouse fluorescein-conjugated antibody (Cappel), 1 :100 dilution. All 

the antibodies were diluted in PBS to the indicated dilutions before use. 

lmmunofluorescent antibody staining 

The immunofluorescent staining was based on procedures modified 

from Harlow and Lane (1988) by Beard (1995). After 3 hours of primary the 

culture, culture slides were rinsed twice with filtered phosphate buffered 

saline (PBS; 8 mg / ml NaCl, 0.2 mg / ml KCI, 1.44 mg / ml Na2HPO4, 0.24 mg 

/ ml KH2PO4, pH 7.4), dried briefly, and fixed at room temperature for 15 

minutes with 2% (w/v) paraformaldehyde (in 0.1 M sodium phosphate buffer, 

pH 7.5). The samples were then incubated with blocking solution (5% (w/v) 

bovine serum albumin (BSA), 10% (v/v) lamb serum, and 0.2% (v/v) Triton X-

100) for 15 minutes at room temperature. The primary antibody incubations 

were carried out at 370c for 60 minutes in a humidified chamber followed by 

three 5-minute washes with PBS at room temperature. Secondary antibody 

incubations were performed under the same conditions as the primary 

antibody incubation except the incubation period was limited to 30 minutes. 

Slides were then subjected to three 5-minute PBS washes. Coverslips were 

applied using Aquamount (Baxter) containing 2.5% (w/v) DABCO (1,4-

Diazabicyclo-[2.2.2]octane; Sigma). The slides were viewed under a Zeiss 

Axiophot microscope equipped with epifluorescence optics using a 150 W 

xenon lamp with excitation at 450-490 nm and emission at 515-565 nm (for 

fluorescein), or excitation at 530-585 nm and emission ~ 615 nm (for Texas 

Red). 
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J3-gal-posltlve cells 

This procedure was based on Beard (1995). After the culture slides 

were labeled by antibody staining using double immunofluorescence, l3-gal-

positive cells were identified by their Texas Red fluorescence. The cells were 

then scored as either a neuron or a MOiier glial cell based on their distinct 

morphology and the assignment was confirmed by visualization of the 

fluorescein-conjugated secondary antibody to a MOiier cell antigen, filamin. 

Only cells which could be scored unambiguously by both criteria were 

included in the analysis. In all cases, it was possible to assign approximately 

90% of the 13-gal positive cells without confusion. The surface areas of tissue 

culture slides were scanned for J3-gal positive cells beginning in the upper 

right corner of the culture area and proceeding vertically to the bottom edge. 

The slide was then moved horizontally to the right by a distance that just 

exceeded one field of view, followed by vertical scanning to the top. The 

same process was continued for the entire slide or until at least 100 cells 

were scored. This method ensured that no cells were scored twice. 

Retinal nuclear extract 

Retinal nuclear extract was prepared by a procedure based on Fei et 

a/. (1995). All the following steps should be performed on ice or at 4°C if 

possible. The retinae from E6, E12, or E18 embryos were dissected, minced 

with scissors, and homogenized by 2 strokes with a ground glass 

homogenizer in 1 0 ml homogenization buffer (1 o mM HEPES-KOH, pH 7.6, 

25 mM KCI, 0.15 mM Spermine, 0.5 mM Spermidine, 1 mM EDTA, 2 M 

Sucrose, 10% (v/v) Glycerol, 0.2% (v/v) Nonidet P-40 (NP-40), 1 mM 
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(OTT), and 0.1 mM phenylmethylsulfonyl fluoride (PMSF)). An 

aliquot of cells was stained with trypan blue and checked under a microscope 

to ensure that more than 90% of the cells were broken. The homogenate was 

diluted with homogenization buffer to 16 ml and filtered through sterile 

cheesecloth. The aliquots of homogenate were layered over 3 ml cushions of 

the homogenization buffer in Nalgene ultracentrifuge tubes (14 X 89 mm, Cat. 

# 3410-1489) and centrifuged at 38,000 rpm for 30 minutes at 4°C using a 

Beckman SW41 rotor to sediment the nuclei. The supernatant was removed 

and the tubes were wiped with sterile cheesecloth. The nuclei were 

resuspended in 2.5 volumes of lysis buffer (400 mM NaCl, 10 mM HEPES

KOH, pH 7.9, 1.5 mM MgCl2, 0.1 mM EGTA, 5% (v/v) Glycerol, 0.5 mM OTT, 

and 0.5 mM PMSF), homogenized by 3 strokes using an all-glass, loose

fitting pestle (pestle B) Counce homogenizer, and then transferred to a 1.S-ml 

microfuge tube. The tube was slowly swirled on a Nutator for 30 minutes at 

40c and then centrifuged at 16,000 xg for 30 minutes in an microcentrifuge in 

cold room. The supernatant was dialyzed against 100 volumes of dialysis 

buffer (20 mM HEPES-KOH, pH 7.9, 75 mM NaCl, 0.1 mM EDTA, 20% (v/v) 

Glycerol, 0.5 mM OTT, and 0.5 mM PMSF) at 40c for 3 hours with 1 change of 

buffer after 1.5 hours. The extract was centrifuged at 16,000 xg for 5 minutes 

to remove the nuclei membrane and the protein concentration was 

determined using BioRad protein assay reagent. The nuclear extract was 

frozen in aliquots by immersion in liquid nitrogen and stored at -aooc. 
Approximately 2 µg protein / E6 retina, 1 O µg protein / E12 retina, and 40 µg 

protein I E18 retina were obtained. 
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preparation for EMSA 

Each probe or competitor used in this study was synthesized as 2 

complementary oligonucleotides and then annealed to form double stranded 

DNA. The oligonucleotides were designed in such a way that the 3' end of 

each sense strand could be filled with 2 radio-labeled dCTP when annealed 

with the antisense strand. The double stranded DNA used as probe was 

labeled by Kienow fill-in reaction with u32P-dCTP and the other 3 cold 

nucleotides on ice for 20 minutes, pushed through a Nuctrap Probe 

Purification Column (Stratagene), and ethanol precipitated with 1 O µg yeast 

tRNA (as carrier). The pellet was dried and resuspended in H2O at a 

concentration of 100 fmol / µI. 

Electrophoretlc mobility shift assay (EMSA) 

Three micrograms of retinal nuclear extract On 2 µI dialysis buffer) was 

incubated with 0.25 µ.g poly (dl-dC) (Pharmacia Biotech), 1 µ.g sonicated 

Herring sperm DNA (Sigma), and 1 O µI O M salt (no KCI) Buffer D (20 mM 

HEPES pH 7.9, 20°k (v/v) Glycerol ,0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM 

OTT) in a final volume of 18.5 µI for 1 O minutes at room temperature. This 

mixture was then added to the premixed probe (50 fmol in 0.5 µI) and either a 

competitor (1 O pmol in 1 µI) or ddH2O (1 µI). The protein-DNA mixture was 

incubated for another 20 minutes at room temperature. At the end of 

incubation, 2 µI band-shift gel loading dye (1 mg/ml Xylene Cyanole, 1 mg/ml 

Bromophenol blue, and 10% (v/v) Glycerol in 0.5X TBE) was added to each 

reaction and the reactions were loaded immediately on a 5% (1 :39 

crosslinking) native polyacrylamide gel (48.75 g/1 Acrylamide and 1.25 g/1 
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in 0.5X TBE) and electrophoresed in O.SX TBE (5.39 g/1 Tris

base, 2.75 g/1 Boric acid, 80 mM 0.5M EDTA) at 250 volts at 40c until the 

purple dye ran 2/3 down the gel. The gel was then stopped and the glass 

separated. The gel was dried on 3MM chromatography paper and exposed 

to X-ray film. 

Results 

Assay of cell-specific gene expression In electroporated retlnae 

The assay used in this study takes advantage of the distinct 

morphologies of neurons and glia as well as the cell type specific antigen 

(Beard, 1995). Figure 1 o illustrates the assay procedure. Panels A and B are 

phase contrast views, C and D are filamin immunofluorescent views, and E 

and Fare JJ-gal lmmunofluorescent views. After the 3-hour primary culture, 

two populations of cells appear on the slide: one is smaller, round, and 

attaches on top of the other type of larger, flat cells. The round cells and a 

layer of flat cells lies underneath can be seen in the phase contrast views. 

The round cells are derived from neuronal cells since they express NCAM 

(Rutishauser et al., 1978; Lemmon et al., 1982) and tetanus toxin receptors 

(Pettmann st al., 1979; Adler et al., 1982). The flat cells express glial markers 

glial fibrillary acidic protein (LI and Sheffield, 1984), vimentin (LI and 

Sheffield, 1984), carbonic anhydrase (Unser and Moscona, 1981 b), and 

filamin (Lemmon 1986) and, therefore, they are derived from MOiier glia The 

immunofluorescent staining with a filamin antibody, shown in panels C and D, 
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1 o. lmmunohlstochemlcal analysis. E12 retina were 
electroporated with 300 mg of either pRSV-pgal (A, C, and E) or pGS(-
436/+34)'3gal (B, D, and F) and organ cultured overnight, followed by 3 hours 
of primary culture and antibody staining. Shown are phase contrast views (A 
and B), filamin immunofluorescence (C and D), and p-g a I 
immunofluorescence (E and F) of fields. Small arrows point toward cells 
scored as neurons. The large arrowhead points toward a cell scored as a 
MOiier glial cell. 
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the underlying flat glial cells. The l3-gal positive cells shown in panel 

E are small, round, and filamin-negative, so they are scored as neurons. The 

l3-gal positive cell in panel F is large, flat, and filamin-positive, therefore, it is 

scored as a Muller cell. 

Two confocal micrographs are shown in figure 11. In this figure, one 

fluorescent view was overlaid on top of the other fluorescent view of the same 

field, so the double fluorescent staining can be seen at the same time. The 

top panel shows a flat l3-gal positive cell (red) that is also stained by the 

filamin antibody (green) and, therefore, is scored as a glial cell. The bottom 

panel shows 2 round 13-gal positive cells that are not stained by filamin 

antibody and, therefore, are scored as neuronal cells. 

The MOiier cell selective elements are located between nts -436 

and -61 of the GS 5' flanking sequences 

Using this assay, Beard (1995) demonstrated that RSV LTR directs 13-

gal expression in about twice as many neurons as glia. However, if the 

construct pGS(-2192/+51 )l3gal, which contains a 13-gal gene under 

transcriptional control by a 2.2 Kb GS promoter region, is electroporated into 

retinae, 2 to 3 times as many MOiier cells as neurons express l3-gal (Beard 

1995). Therefore, the GS promoter contains cis-acting elements to confer 

MOiier cell specific expression on a reporter gene. 

A deletion analysis of the GS 5' flanking DNA was performed in order 

to better characterize the cis-acting elements that contribute to achieve the 

MOiier cell selective expression. A series of 5' deletion constructs was made 

by inserting PCR amplified GS fragments into the promoterless vector 
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11. Confocal micrographs of the p-gal expressing MOiier 
glla and neurons. E12 retina were electroporated with 300 mg of either 
pGS(-436/+34)pgal (top) or pRSV-pgal (bottom) and organ cultured 
overnight, followed by 3 hours of primary culture and antibody staining. 
Shown are superimposed micrographs for detecting ~-gal (red) and 
fluoroscein (green). Top panel shows a cell scored as a MOiier glial cell. The 
bottom panel shows cells scored as neurons. 
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(figure 12). The results obtained from these constructs are 

summarized in figure 13. The closed circles represent average values from 4 

to 5 separate transfections with a total of 700 to 900 cells for each construct 

scored except pGS(-4.3kb/+51 )13gal. The open squares represent a blinded 

study using the same series of plasmids coded with unidentifiable markers. 

The data obtained from the blinded study are in excellent agreement with that 

from previous studies. Based on these results, truncation from nt -436 to nt 

-61 has a profound effect on selectivity. pGS(-436/+34)pgal is expressed 

primarily in MOiier cells (63.5%) whereas pGS(-61/+34)pgal has a distribution 

resembling the viral promoter (only 29.3% p-gal positive cells are glia). 

Since the 3' boundaries of the longer constructs (pGS(-4.3kb/+51 )pgal and 

pGS(-2192/+51 )J3gal) are at nt position +51 instead of +34, as in all the other 

molecules; we tested whether this difference contributed to the cell selective 

expression. The 13-gal positive cell distributions were compared using GS

pgal fusion genes that have a common 5' boundary at nt position -122 but 

different 3' boundaries located at either nt position +34 or +51, respectively. 

Virtually identical results were obtained (data not shown). Therefore, we 

located the MOiier cell selective elements between nts -436 and -61. 

The GS 5' flanking DNA sequences located between nts -436 and 

-61 confer MOiier cell selective expression on a heterologous 

SV40 promoter 

To test whether MOiier cell selective elements could function 

independently of the GS promoter, a 376 nt PCR fragment spanning nts -436 

to -61 was inserted into the Kpnl and Nhel sites of ppGal-Promoter (Clontech), 
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-122 or-61 +34 
EcoRI EcoRI 

pGS(x/y)pgal 

To be continued 

Figure 12. The construction of pGS(x/y)~gal. The GS fragments are 
obtained from PCR using primers with a restriction site at one end. GS-61/+34 
and GS-122/+34 were inserted as EcoRI fragments (A). All the others (GS-
122/+51, GS-212/+34, GS-346/+34, and GS-436/+34) were inserted as 
EcoRI/Xhol fragments (B). 
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12. Continued. 
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~ 
5' boundary of glutamine synthetase-13-galadosidase fusion genes 

Ji-Gal 

Figure 13. Mapping of the glutamlne synthetase gene glla-speclfic 
elements. E12 retina were electroporated with 300 µg of either pGS(-
4.3kb/+51 )pgal, pGS(-2192/+51 )13gal, pGS(-436/+34)13gal pGS(-346/+34)l3gal, 
pGS(-212/+34)13gal, pGS(-122/+34)13gal, or pGS(-61/+34)13gal, and analyzed for 
the distribution of the p-gal positive cells. Closed circles represent mean values 
± standard deviation (SD) obtained after 4 or 5 separate determinations. The 
open squares represent values obtained after one additional determination. 
However, this latter study was 'blinded' by use of plasmid preparations coded 
with unidentifiable markers prior to transfedion. 

75 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



cloning vector containing p-gal under transcription control by the 

enhancerless SV40 early promoter. The resulting construct is designated as 

ppGP(-436/-61) (figure 14). As a control, ppGP(+512/+887) was constructed 

by inserting an identical sized PCR fragment containing GS coding region 

between nts +512 and +887 into pl3Gal-Promoter at the same position (figure 

14). 

Both constructs and the empty ppGal-Promoter vector were 

electroporated into retinae and the p-gal positive cells were scored in a 

blinded way using unidentifiable codes. Because the enhancerless SV40 

promoter is very weak, relatively few p-gal positive cells were obtained after 

each electroporation. Consequently, the data shown in table 3 are the totals 

from 9 transfections. ppGal-Promoter and ppGP( +512/+887) resemble the 

viral promoters in that they express primarily in neurons: 62% neurons and 

38% glia for p(3Gal-Promoter, and 64% neurons and 36% glia for 

ppGP(+512/+887). However, when ppGP(-436/-61) is transfected into 

retinae, more than twice as many glia as neurons express p-gal (30% 

neurons and 70% glia). Therefore, the -436 to -61 region of the GS promoter 

is able to confer glial selectivity on the weak SV40 promoter. 

Deletion of the GS 5' upstream region suggests sequences 

between nts •122 and -61 contain cell type selective elements 

A series of deletion constructs were made similar to the previous ones 

(see figure 12) in order to locate the elements that confer Muller cell selective 

expression on a heterologous promoter. The GS fragments were amplified by 

PCR and subsequently cloned into the pl3Gal-Promoter Kpnl and Nhel sites 
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or+887 
-Nhel 

Kpnl -
-436, -346, -212, 
-122, or+512 l 

f PCR ,...., 
-436, -346, -212, 
-122, or+512 -61 or+887 
Kpnl -------Nhel 

pt1Gal-Pro111oter 

ppGP(x/y) 

Figure 14. The construction of pf3GP(x/y). The GS fragments are obtained 
from PCR using primers with a restriction site at one end. All the constructs 
were inserted as Kpnl/Nhel fragments. 
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A. 1 ·eta • . Percentage of 
.,-ga actos1 se Identifiable ld!ntifiable identifiable cells 

pJ}Gal-Promoter 

pp(3P(+512/+887} 

pPGP(-436/-61) 

positive cells neurons Muller cells that are MOiier g&a 

231 

150 

585 

127 

87 

163 

77 

50 

379 

38 

36 

70 

E12 retina were electroporated with 300 µg ppGal-Promoter, pPGP{+512/+887), 
or ppGP(-436/-61) and analyzed for the distribution of p-gal in neurons and 
MOiier ceiis 

Table 3. Nucleotides -436 to -61 of the GS promoter encode a MOiier cell 
selective element 

78 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



14). The resulting constructs were transfected into E12 retinae and the 

p-gal positive cells were scored in a blinded way using unidentifiable codes. 

The results of the cell selective study using these constructs are shown in 

table 4. The longer constructs are expressed approximately 70% in glia 

(67.5% for ppGP(-436/-61) and 73.0o/o for ppGP(-346/-61)) whereas the 

shorter ones are expressed 58% in glia (58.8% for ppGP(-212/-61) and 

58.2% for pJ3GP(-122/-61)). Nonetheless, all of the GS containing constructs 

are expressed more in glia. In contrast, the empty vector ppGal-Promoter is 

expressed primarily in neurons (38.9% glia). Based on these results and the 

data obtained from the luciferase constructs, which showed an enhancer 

activity located between -122 and -61 (Li et al., 1995), we decided to study the 

-122 to -61 fragment in more detail. 

Multlmerlzatlon of the MOiier cell selective element does not alter 

the cell type selectivity of the reporter gene 

The fragment spanning GS nts -122 to -61 was amplified by PCR and 

cloned into the pKS+ Apal site. The resulting plasmids were screened for 

monomers, as well as multimers, of the inserted fragment. The sequences 

containing either single copy or multiple copies of the fragment were then 

excised by the flanking Kpnl and Xhol sites, and cloned into ppGal-Promoter 

Kpnl and Xhol sites (figure 15). All the copies of the -122 to -61 fragment are 

in the sense orientation except for pJ3GP1 GS(-61/-122), which contains a 

single copy in the antisense orientation. The cell type-selective study was 

conducted in a blinded way using unidentifiable codes. All of the GS 

containing constructs are expressed more in glia, ranging from 53% to 62%, 
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Plasmid Total cell no. Neurons MOiier glia of identifiable 
transfected counted cells that are 

M0llerglia 

pl3Gal-Promoter 18 11 7 39 
PPG P(-436/-61 ) 40 13 27 68 
pPGP(-346/-61) 74 20 54 73 
ppGP(-212/-61) 41 17 24 59 
pPGP(-122/-61) 55 23 32 58 

E12 retina were electroporated with 300 µg ppGal-Promoter, pPGP(-436/-61 ), 
pJ3GP(-346/-61 ), ppGP(-212/-61 ), or pJ3GP(-122/-61) and analyzed for the 
distribution of p-gal in neurons and MOiier cells 

Table 4. Deletions between nts -436 to -61 of the GS promoter rend• 
a heterologous promoter MOiier cell selective. 
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--Apal 
Apal-

-122 

f PCR 

-122 -61 pKS+ 

Apal Apal 

Apal 

pKS4GS(-122/-61) 

To be continued 

Figure 15. The construction of ppGPzGS(-122/·61) and pl3GP1GS(-61/· 
122). The GS fragments are obtained from PCR using primers with a restriction 
site at one end. All the constructs were inserted as Apal fragments into pKS+, 
cut with Kpnl and Xhol, and then cloned into pl3Gal-Promoter. Shown is the 
construction of ppGP4GS(-122/-61) as an example. 
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15. Continued. 

pl(S-IGS(-1221-61) 

Apal 

Apal 

Apal 
ICpnl 

Smal 

>Chol 
Apal Apal~ 

ppGP4GS(-122/-61) 
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pPGal-Promoter has only 34.4% glia expression (table 5). However, the 

glia expression level is independent of either the copy number or the 

orientation of the GS -122 to -61 fragment. pl3Gal-Control, which contains 

both SV40 early promoter and major late enhancer, is expressed primarily in 

glia (71.8%), suggesting the SV40 major late enhancer has a glia selective 

activity. 

A specific binding site for a protein present In E12 retinal nuclear 

extract Is located In nts -91 to -77 of the GS S' flanking DNA 

We then tested whether protein(s) in retinal nuclear extracts could bind 

to this 62 nt (-122 to -61) fragment using the electrophoretic mobility shift 

assay (EMSA). Figure 16 shows the results when the whole 62 nt probe was 

used. Two major complexes were formed after 3 µg nuclear protein were . 
incubated with the probe. The larger complex (not shown, see figure 18) can 

be strongly competed by every competitor used except the sequence 

between GS -2127 and -2120. Therefore, whether this is specific binding is 

not clear. A two hundred fold mass excess of unlabeled competitor DNAs 

representing nts -122 to -61, -122 to -n, and -107 to -61 all strongly disturb 

the smaller protein / DNA complex formation, while the same amount of 

excess unlabeled competitor DNAs representing nts -122 to -92 and -2127 to 

-2104 do not. Unlabeled nts -91 to -61 only inhibited complex formation to a 

limited extent (see discussion). When a downstream region from nts -30 to 

+34 is used as competitor, the specific band cannot be competed off (data not 

shown). Very similar results were obtained when either sequences from -122 

to -77 or from -107 to -61 were used as radiolabeled probe (figure 
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Plasmid Total cell no. Neurons MOiier glia of identifiable 
transfected counted cells that are 

MOllerglia 

pl3Gal-Promoter 32 21 11 34 
pl3Gal-Control 301 85 216 72 
pl3GP1 GS(-61/-122) 68 26 42 62 
pl3GP1 GS(-122/-61) 44 19 25 57 
pl3GP2GS(-122/-61 ) 58 24 34 59 
pl3GP4GS(-122/-61) 85 40 45 53 

E12 retina were electroporated with 300 µg p(3Gal-Promoter, pl3Gal-Control, 
p(3GP1GS(-61/-122), p~GP1GS(-122/-61), pl3GP2GS(-122/-61 ), or pl3GP4GS 
(-122/-61) and analyzed for the distribution of p-gal in neurons and MOiier cells 

Table 5. Mul11 merlzatlon of the MQ lier cell selective enhancer does not 
alter the cell type selectivity of the reporter gene. 
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In this case, one more unlabeled competitor (nts -107 to -n) was 

included. This sequence also strongly diminished the specific binding. 

Figure 18 compares the EMSA assay using nts -122 to -92, -107 to -n, 

and -91 to -61 as radiolabeled probes. A large complex is formed with each 

of the probes. It is noteworthy that nts -122 to -92 and -91 to -61 do not have 

any overlapping sequences, therefore, the nature of this complex is unclear. 

A second complex is formed when nts -107 to -n and -91 to -61, but not nts 

-122 to -92, were used as the probe. Competitions using unlabeled DNA 

sequences identical to the probe disrupt the complex at both 1 O fold and 100 

fold mass excess_. The complex is not disrupted when nts -2127 to -2104 was 

used as the competitor even at 100 fold mass excess. Therefore, based on 

these EMSA and competition experiments, a specific binding site for a protein 

present in retinal nuclear extract is located between nts -91 and -n. 

Mutation of the putative GATA site abolishes the protein binding 

Searching GS -122 to -61 region for the known transcription factor 

binding sites revealed that a putative GATA binding site resides between nts 

-91 and -82. Three mutant oligonucleotides were designed to study the 

importance of this GATA site. The parent oligonucleotide chosen is the one 

spanning from nt-107to -61. Either the 10 nts on the 5' end (nts-107to -98), 

the putative GATA site ( nts -91 to -82), or the 1 0 nts near the 3' end ( nts -76 to 

67) were mutated by replacing the original sequences with a new cassette 

GAATGAAAAG. This cassette is designed so that no single nt is the same as 

the original one at the original position (table 6). The resulting 

oligonucleotides were searched for transcription factor binding sites again to 
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GATA-1 

GATA-2 

GATA-3 

SVNGATDGBB 

BVNGATRGBB 

VHGATARGR 

-91 -82 

N = G, A, T, or C 
S=GorC 
V = G, A, or C 
R =G or A 
D = G, or A, or T 
B = G, T, or C 
H = A, T, or C 

m -107 Putative GATA site -61 
I I I I 

GS-107/-61 TCCCTCCTCCTCGCAGCCCCATCCCCGGCCCCGGCCTGCCCCCGGCC 
GGGGTAGGGG 

M-107/-98 GAATGAAAAG 
M-91/-82 
M-76/-67 

GAATGAAAAG 
GAATGAAAAG 

Table 6. The consensus sequences of the GATA family binding sites and the GS mutants. 
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that no new sites were created. Figure 19 shows the results of the 

mutational study. The same results were obtained when the wild type (WT), 

the 5' mutation (M-107 /-98), and the 3' mutation (M-76/-67) were used as the 

probe. However, no specific protein I DNA complex was formed when the 

putative GATA site was mutated (M-91/-82). When the mutants as well as 

other sequences were used as unlabeled competitors, only the ones 

containing an intact GATA site appear to be efficient competitors (figure 20). 

Therefore, a retinal nuclear protein can specifically bind to the putative GATA 

site located between nts -91 and -82 of the GS promoter region. 

The specific protein binding to the putative GATA site is not 

developmentally regulated 

Since GS expression is developmentally regulated, we examined 

whether the appearance or the abundance of the GATA site binding protein is 

developmentally regulated. Nuclear extracts were isolated from E6, E12, and 

E18 chicken retinae. The same amount (3 µg) of protein was used for each 

stage extract to perform EMSA using GS nts -107 to -61 as the probe. The 

results are shown in figure 21. Both the protein binding pattern and the 

intensity of the specific band do not appear to be developmentally different. 

Similar results were obtained using 2 different nuclear extract preparations for 

each stage (data not shown). 
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19. EMSA of wild type and mutant GS-107/-61. The 5' end 10 
nts, the putative GATA binding site, and the 3' end 10 nts of GS-107/-61 were 
mutated and used as probes to compare the binding pattern with the wild 
type. The probes were incubated with 3 µg E12 nuclear extract and either wild 
type or mutant competitors. 
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\,, 

Figure 20. EMSA of WIid type GS-107/-61 with different 
competitors. Wild type GS-107/-61 was radiolabeled and reacted with or 
without 3 µg E12 nuclear extract and different competitors. 
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GS-107/-61 

Figure 21. EMSA of GS-107/-61 using different stage retinal nuclear 
extract GS-107/-61 was radiolabeled and reacted with E6, E12, or E18 
nuclear extract. There is no developmental difference observed. 
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Identification of MOiier cell selective elements 

Truncation of the GS sequences from -4.3 kb to -2.2 kb in a GS-l3gal 

fusion gene has little effect on 13-gal positive cell distribution: 75.1 % and 

n.2% of the 13-gal expressing cells are glia when either pGS(-4.3kb/+51 )l3gal 

or pGS(-2192/+51 )l3gal, respectively, are transfected into E12 retinae. 

Deletion of the GS sequences between -2192 and nt -436 shifts the 13-gal 

distribution from n.2% to 63.5% in glia The significance of these sequences 

on cell type selectivity is not clear but it appears that a silencer is located in 

this region based on the comparison of the luciferase activities driven by the 

promoter bearing this region and the one does not contain this region (Li et 

a/., 1995). DNA sequences from nts -436 to -61 have a more profound effect 

on MOiier cell selectivity. Only 29.3% of the 13-gal positive cells are glia when 

pGS(-61/+34)l3gal is transfected into retinae. However, successive deletion 

constructs with the same 3' boundary at +34 and different 5' boundary from 

-436, -346, -212, -122, to -61 produce incremental decreases in Muller cell 

selectivity (figure 13). Thus, selectivity appears to result from the 

combinatorial action of multiple cis-acting elements. Moreover, the fragment 

from nt-436 to -61, but not nt +512 to +887, is able to render a heterologous 

SV40 promoter Muller cell selective (table 3). Deletion analysis shows that a 

62 nt fragment encompassing nts -122 to -61 converts SV40 early promoter 

expression from 38.9% in glia to 58.2% in glia (table 4). However, 

multimerization of this element in front of the SV40 early promoter does not 

affect 13-gal positive cell distribution (table 5). The plasmid pl3Gal-control, 
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contains an SV40 enhancer in addition to the identical sequences as in 

ppGal-Promoter, is expressed primarily in glia (71.8%). Therefore, the SV40 

enhancer appears to contain a strong glia selective element. The biological 

significance of this observation is not clear. It should be noted that the data 

shown in tables 4 and 5 are preliminary due to the few cell numbers counted. 

The expression of these constructs are very low and therefore, only a few P

gal positive cells can be found for each transfection. Current efforts in our 

laboratory are focused on getting higher transfection efficiency and finding a 

stronger heterologous promoter. 

A retinal nuclear protein binds to a putative GATA site located 

between -91 and -82 

Protein binding of the GS MOiier cell selective element, which is 

located between -122 and -61, was analyzed by EMSA assay. Figure 22 

summarizes the results. A specific complex is formed when the 

oligonucleotides spanning nts -122 to -61, -122 to -n, -107 to -61, -91 to -61, 

-107 to -n, and the 5' mutant (-107 to -98 mutated) and the 3' mutant (-76 to 

-67 mutated) of -107 to -61 are used as the radiolabeled probe. The 

overlapped region between all these oligonucleotides is nts -91 to -n, which 

contains a putative GATA binding site at -91 to -82. The competition 

experiments and the mutational analysis confirmed that the GATA site is 

important for the retinal nuclear protein binding. Almost every oligonucleotide 

containing the intact GATA site is able to compete with the radiolabeled probe 

for binding to the protein. The only exception is the oligonucleotide spanning 

nts -91 to -61. Since the GATA site resides at -91 to -82, right on the edge of 
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-91 to -61 molecule, we speculate that binding of protein to this 

oligonucleotide is weaker when compared with others, and therefore, its 

ability to compete with other oligonucleotides for protein binding is lower. 

At least one of the GATA family transcription factors Is Important 

to nervous system development 

GATA family proteins are transcription factors that contain 2 zinc fingers 

and bind to a GATA motif (Orkin, 1992). Six members have been identified so 

far: GATA-1 through 6. The more detailed analysis reveals that each of the 

GATA-1 through 3 has a 9 to 10 nts consensus binding site containing the 

core GATA motif with the flanking sequences and the second "A" in "GATA" 

more degenerative (table 6) (Merika and Orkin, 1993). The putative GATA 

site in GS upstream region has a GATG sequence. Whether the protein that 

binds to this site is a GATA family protein remains to be determined. 

GATA-1 is expressed at high levels in hematopoietic progenitors, 3 

hematopoietic cell lineages (red cells, mast cells, and megakaryocytes), and 

the Sertoli cells of the testis. GATA-2 is expressed in hematopoietic 

progenitors, immature erythroid cells, mast cells, megakaryocytes, endothelial 

cells, and embryonic brain. GATA-3 is expressed in T-lymphocytes, kidney, 

adrenal glands, placenta, embryonic liver, endothelial cells, embryonic brain, 

adult central nervous system (CNS), and adult peripheral nervous system 

(PNS). GATA-4 through 6 are expressed in the developing heart and gut 

(Simon, 1995). The knockout mice for GATA-1 through 3 have been 

generated and analyzed. Targeted disruption of each of these three genes 

lead to a severe impairment of the hematopoiesis. GATA-3 knockout also 
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severe abnormalities in the nervous system (Pandolfi et al., 1995). 

GATA-2 knockout embryos die approximately 10 days after gestation due to 

anaemia, but the possibility that GATA-2 affects nervous system later in 

development cannot be ruled out. Therefore, both GATA-2 and GATA-3 seem 

to be good candidates among the known GATA factors for regulating GS 

expression. However, it is also possible that an unidentified GATA protein, or 

even an unrelated protein, can bind to the putative GS GATA site and 

regulate GS expression. 

No substantial change In protein binding to the putative GATA 

site was observed through development 

The intensity of the specific band on the EMSA gel does not appear to 

change substantially when different stage retinal nuclear extract is included in 

the experiment (figure 21 ). Therefore, the abundance and the DNA binding 

ability of the transcription factor that binds to the GATA site does not appear to 

be developmentally regulated. However, it is possible that the trans

activation capability of this transcription factor is altered during development. 

Alternatively, this complex might interact with some other developmentally 

regulated factor(s), the binding site(s) of which was not present in the probes 

used in the EMSA assay. Indeed, the GATA family proteins have been shown 

to interact with other transcription factors such as basal transcription factors 

(Aird, et al., 1994), Sp1(Fischer et al., 1993), and AP-1/NFE-2 (Walters and 

Martin, 1992). In addition, this GATA site-binding transcription factor may be 

present in precursor cells and neurons and suppress GS expression in these 

cells. Because the majority of the cells in retinae are neurons, the overall 
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of alteration of this factor might be minimal when the appearance of 

the transcription factor becomes restricted to neurons during development. It 

is difficult to detect such subtle variations in binding using the EMSA assay. 

This hypothesis postulates a repressor function of the GATA binding protein. 

However, this hypothesis, although agreeing with the fact that GATA family 

proteins have only been found in neurons in the nervous system (Kornhauser 

et al., 1994), contradicts our earlier finding that the -122 to -61 fragment of the 

GS 5' flanking region exerts enhancer function on the luciferase reporter 

gene (Li et al., 1995). More studies need to be done to clarify this problem. 
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4 

IMPROVED ELECTROPORATION AND DENDRIMER-MEDIATED 

GENE TRANSFER METHODS FOR EMBRYONIC CHICKEN RETINA 

Introduction 

In order to study the regulation mechanisms and the function of an 

eukaryotic gene unambiguously, one needs to introduce engineered genetic 

materials into eukaryotic cells. In addition, the ability to transfer a copy of a 

functional gene into somatic cells which have a missing or defective gene 

may provide new insights into gene therapy of inherited and acquired genetic 

diseases. Therefore, the efficiency of introducing DNA into cells is of 

fundamental importance. A wide variety of transfection methods have been 

used to introduce DNA molecules into established cells lines and primary 

cultured cells. However, the efficiency of each transfection technique varies 

between different cell types. 

It is more difficult to transfect an intact tissue with high and consistent 

efficiency than dispersed cells, but there are many advantages of using an 

intact tissue like chicken retinae as a study system. The retina is a part of the 
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nervous system (CNS) and can be easily dissected after ES. Its 

composition and structure are simple. The retina continues to develop 

independently in vitro, and it maintains the proper neuronal-glial interactions. 

Previous work in our laboratory has demonstrated that electroporation 

is the most efficient method for transferring DNA molecules into intact 

embryonic chicken retinae. Transfection by calcium phosphate mediated 

gene transfer and lipofection were ineffective (Pu and Young, 1990). The 

optimal parameters for transfecting intact retinae using a BioRad Gene Pulser 

are at a capacitance of 960 µFd and a voltage of 370 volts (Beard, 1995). 

Electroporation efficiency declines as the embryonic age of retina increases. 

At E18, the expression level of the electroporated reporter gene is about 20 

fold lower than E6 (Beard, 1995). An extra mincing step that improves the 

electroporation efficiency of late stage retinae is described in this chapter. 

Starburst polyamidoamine (PAMAM) dendrimers represent a new 

class of synthetic polymers which can direct highly efficient gene transfer to 

many cell lines and primary cells (Haensler and Szoka, Jr., 1993; Kukowska

Latallo et al., 1996; Bielinska et al., 1996). The PAMAM dendrimers are 

synthesized from either an ammonia or an ethylenediamine initiator core; by 

the addition of building blocks, the dendrimer grows in tiers. The addition of 

each tier is called a generation. Dendrimers can be precisely synthesized 

over a broad range of molecular weights (up to the sizes of proteins), and 

reliably produced in large quantities. They have a high density, spherical 

shapes, and a molecular architecture characterized by dendritic branching 

with radial symmetry. They are also highly soluble in aqueous solutions. The 

diameter of a dendrimer can be controlled by the choice of building blocks 
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the generations of synthesis. The PAMAM dendrimers are positively 

charged and their surfaces can carry many reactive amino groups, thus, 

PAMAM has been used as a substrate for the attachment of antibodies (Singh 

et al., 1994), nucleic acids (Haensler and Szoka, Jr., 1993; Kukowska-Latallo 

et al., 1996; Bielinska et al., 1996), contrast agents (Wiener et al., 1994), or 

radiotherapy agents (Barth et al., 1994), and as a delivery vehicle for 

applications in many different areas of medicine. Because of its success in 

delivering recombinant DNA molecules into many cell lines with high 

efficiency, we decided to try PAMAM on embryonic chicken retinae and to 

compare its efficiency with that of electroporation. 

Materials and Methods 

Plasmid DNA 

pRSV-luc (de Wet et al., 1987) was obtained as a gift. This molecule is 

an expression vector of the firefly luciferase gene under transcription control 

of the Rous Sarcoma Virus long terminal repeat (RSV-LTR). It was used as 

an indicator of transfection efficiency. pBS+ (Stratagene) was used in mock 

transfection to obtain the background level of luciferase activity in the retinae. 

All of the supercoiled plasmids used for transfection were purified twice by the 

CsCI / ethidium bromide buoyant density centrifugation method (Sambrook et 

al., 1989). 
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molecule 

The PAMAM dendrimer was obtained from Dr. Daren L. Knoell (The 

Ohio State University, Columbus, Ohio) and Dr. Francis C. Szoka, Jr. 

(University of California, San Francisco, California) as a gift. This dendrimer 

was synthesized from an ammonia core to the sixth generation using methyl 

acrylate-ethylene diamine building blocks. It has a diameter of 68 angstroms 

(A) and a molecular weight of 43.451, and contains 192 terminal amines. 

Retina dissection and electroporatlon 

Fertile White Leghorn chicken eggs were obtained from the Ohio State 

University Poultry Farm, Department of Animal Sciences, and incubated at 

38°C for 6 to 18 days, as described in the text. The retinae were dissected in 

Tyrode's solution, placed in 1 ml of serum-free Dulbecco's modified Eagle's 

medium with high glucose (DMEM-HG, Irvine Scientific) containing either 6 or 

80 µg of plasmid DNA as indicated in the text, minced or not minced, and 

electroporated at 370 V and 960 µFd using a BioRad Gene Pulser. The 

contents of the electroporation cuvette were then added to a 25-ml 

Erlenmeyer flask containing 3 ml DMEM-HG supplemented with 50 units/ml 

penicillin and 50 µg/ml streptomycin (GIBCO-BRL) and 10% (v/v) fetal bovine 

serum (FBS, Irvine Scientific). The flasks were equilibrated with 5% CO2 / 

95% air, sealed, and incubated at 37°C in a dark shaking incubator with 

rotation at 60 rpm for 24 hours. The retinae were harvested and assayed for 

luciferase enzyme activity and protein concentration. 
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gene transfer 

Embryonic chicken retinae were dissected as described above and 

placed in a 10-ml Erlenmeyer flask containing 1.5 ml of serum-free DMEM

HG. Six micrograms DNA and 25 µg dendrimer were diluted with H2O to a 

final volume of 330 µI and 170 µI, respectively, for each transfection, unless 

indicated elsewhere. This gave a charge ratio of 6+:1-. The dendrimer 

solution was added to the DNA solution drop by drop and then the DNA

dendrimer cocktail was incubated at room temperature (RT) for 20 minutes. 

Five hundred microliters of the DNA-dendrimer cocktail was then added to 

each flask containing 1.5 ml serum-free medium and retinae. Each flask was 

equilibrated with 5% CO2 / 95% air by placing the flasks in a 5% CO2 

incubator with the stoppers opened for 30 minutes. The stoppers were then 

tightened and the flasks were transferred to a 37°C dark shaker set at 60 rpm 

for 4.5 hours. The retinae were washed once with serum-containing DMEM

HG and placed in fresh DMEM-HG supplemented with 10% FBS, 50 units/ml 

penicillin, and 50 µg/ml streptomycin. The flasks were filled with 5% CO2 for 

30 minutes, and shaken at 37°C, 60 rpm for another 23.5 hours. The retinae 

were harvested on the next day and the luciferase enzyme activity and the 

protein concentration were measured. 

Harvesting of retinal samples and preparation of retinal cellular 

extracts 

The retinae were harvested by first aspirating most of the medium off 

and then pouring the remaining medium together with retinae into a 1.5 ml 

microfuge tube. The samples were spun at full speed for 3 minutes and the 
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was removed. The retinae were washed once with phosphate 

buffered saline (PBS) and re-centrifuged. The pellets of retinae were then 

stored at -so0c until they could be assayed. 

After the retina pellets were thawed, 300 µI 0.25 M Tris-Cl, pH 8.0 was 

added to each sample. The retinae were then sonicated for 8 pulses using a 

Branson Sonifier 450 with duty cycle set at 50% and output control set at 6.5. 

Samples were kept on ice during the whole process to avoid overheating 

them. The cell debris was pelleted by centrifuging at full speed for 1 0 minutes 

and the supematants were used for enzyme and protein assays. 

Luclferase assay 

Luciferase enzyme activities were assayed as described previously (de 

Wet et al.. 1987) with some modifications. Luminescence was measured 

using a Berthold Lu mat luminometer (model 9501 ). Substrate 1 (luciferin, 

Molecular Probes Inc.; 100 µI / reaction) was prepared at the concentration of 

1 mM by diluting a 1 0 mM stock solution and was set under the injector hose 

in the luminometer. Five to 50 µI of retinal extract was mixed with 350 µI of 

substrate 2 (25 mM gly-gly buffer pH 7.8, 5 mM Na2-ATP pH 6-8, 15 mM 

MgSO4) in a 12 X 75 mm plastic test tube (Sarstedt) right before measuring. 

The tube was inserted into the luminometer and 100 µI of substrate 1 was 

injected into the tube. The emitted light was monitored for 1 0 seconds and 

recorded in relative light units (RLUs). These raw values were then 

normalized with the amount of total protein used for these measurements and 

expressed as RLUs / mg protein. 
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assay 

The protein assay method adopted in this study utilized the BioRad 

protein assay reagent, which is based on the method of Bradford (1976). For 

this assay, either 3-10 µI (depending on the stage of the retinae) of bovine 

serum albumin (BSA) standards (from 0.1 to 5 mg/ml) or retinal extracts were 

added to 1 ml of 5 fold-diluted and filtered BioRad protein assay reagent. The 

optical densities of the samples were measured at a wave length of 595 nm 

and a standard curve was generated using the BSA standards. The curve 

was linearized and the regression equation was used to calculate the protein 

concentration of the retinal extracts. 

Results 

Improvement of electroporatlon efficiency by mincing the retlnae 

Beard (1995) demonstrated that the electroporation efficiency of the 

retina declines as the retina grows older. We speculated that higher 

transfection efficiency in later stage retinae could be achieved by mincing the 

retinae prior to electroporation. To test this, retinae were dissected from 

chicken embryos at different developmental stages and either minced or not 

minced before electroporation. The retinae were electroporated with either 

80 µg of pRSV-luc or, in the case of mock transfection, 80 µg of pBS+. The 

transfected retinae were incubated at 37°C for 24 hours before harvesting 

and analyzing luciferase activity and protein level. In agreement with 

previous data, figure 23 shows that without the extra mincing step E9 and E12 
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Figure 23. Electroporation efficiency can be Improved by mincing the 
retina. Eggs were incubated to different stages as indicated before the retina 
were dissected. Three retina were used for E6 transfection per data PQiot. 
two for E9, and one for E12 and beyoncJ. The retina were either minced( �) 
or kept as intact( D )I before electroporation with 80 µg pRSV-LUC. After 24-
hour incubation, the retina were harvested and assayed for luciferase 
activities and protein levels. The expression levels are stated as RLUs / mg 
extract protein. 
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are far less competent for electroporation than E6 retinae. When E9 

and E12 retinae are chopped into small pieces, however, the electroporation 

efficiencies are increased to a level similar to that of E6 retinae (also see 

figure 28). Minced E15 and E18 retinae still have low electroporation 

efficiencies when compared to the earlier stage retinae, even though the 

efficiencies are much better than those for intact retinae at the same stages. 

The charge ratio of dendrlmer to DNA Is Important to the 

dendrlmer-mediated transfection of the retinae 

Since the PAMAM dendrimers are positively charged molecules and 

the charge ratio of dendrimer to DNA has been shown to affect cell line 

transfection, we decided to test the optimal charge ratio for transfecting 

embryonic chicken retinae. Embryonic day 6 retinae were used for these 

experiments. In the first experiment, the amount of dendrimer was fixed at 25 

µg and the charge ratio was changed by using various amounts of DNA (6, 

12, 18, 24, 30, 36, or 42 µg). The resulting charge ratios were 6+:1-, 6+ :2-, 

6+:3-, 6+:4-, 6+:5-, 6+:6-, and 6+:7-, respectively (figure 24A). In the second 

experiment, the amount of DNA was fixed at 6 µg and the charge ratio was 

changed by using different amount of dendrimer (25, 29, 33, 37, 42, 46, or 50 

µg). The final charge ratios for this experiment were 6+:1-, 7+:1-, 8+:1-, 9+:1-, 

10+:1-, 11 +:1-, and 12+:1-, respectively (figure 24B). As shown in figure 24A, 

transfection efficiency declined dramatically as the amount of DNA (the 

negative charge} was increased. When using equal amounts of positive and 

negative charge (6+:6-), the transfection efficiency was almost 300 fold lower 

than that of the 6+:1- ratio. However, the transfection efficiency was 
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24. A high positive to negative charge ratio Is required for 
efficient PAMAM dendrlmer-medlated transfectlon of embryonic 
chicken retina. E6 retina were dissected and electroporated using different 
amounts of dendrimer and DNA as indicated in the text. A. The retina were 
transfected with a fixed amount of dendrimer and an increasing amount of 
DNA. B. The retina were transfected with a fixed amount of DNA and an 
increasing amount of dendrimer. The retina were harvested after a 24-hour 
incubation and the luciferase activities and protein levels were determined. 
The expression levels are stated as RLUs / mg extract protein. 
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Figure 24. 
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when the additional dendrimer was used with a constant amount 

of DNA (figure 24B). Therefore, our data suggest that a high positive to 

negative charge ratio (equal to or above 6+:1-) is required for an efficient 

dendrimer-mediated gene transfer. 

Dendrlmer-medlated transfectlon efficiency was not Improved by 

mincing the retlnae or the addition of chloroquine or DEAE

dextran 

Since mincing of retinae increases electroporation efficiency, we tested 

the same procedure on the dendrimer-mediated transfection. Retinae were 

dissected from E12 embryos and either minced or not minced before the 

addition of the dendrimer-DNA mixture. The retinae were transfected and 

incubated as described in the materials and methods. As shown in figure 25, 

chopping the retinae into small pieces, although important for late stage 

retinae to achieve high electroporation efficiency, did not significantly 

increase the competency of the E12 retinae for dendrimer-mediated 

transfection. 

Dendrimer- and other polycation-mediated gene transfer methods are 

believed to involve endocytosis. Therefore, lysosomotrophic agents such as 

chloroquine may be useful for bypassing the lysosomal degradation of the 

endocytosed DNA. E6 retinae were transfected by placing the retinae in 

serum-free medium containing DNA-dendrimer complexes and 100 µM 

chloroquine for 5 hours. This procedure is described in the materials and 

methods. The data summarized in figure 26 show that chloroquine did not 

enhance dendrimer-mediated transfection efficiency. 
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Figure 25. Mincing the retina did not improve the transfectlon efficiency 
of the dendrlmer. E12 retina were either minced or kept intact before being 
transfected with 6 µg pRSV-LUC by PAMAM dendrimer using a charge ratio 
6+:1-. After 24-hour incubation, the retina were harvested and assayed for 
luciferase activities and protein levels. The expression levels are stated as 
RLUs / mg extract protein. 
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Figure 26. The addition of chloroquine did not Improve the trensfection 
efficiency of the dendrimer. E6 retina were dissected and transfected with 
6 µg pRSV-LUC by PAMAM dendrimer in the presence or absence of 100 
µM chloroquine for 5 hours. After transfection, the retina were incubated for 
another 24 hours before they were harvested and assayed for luciferase 
activities and protein levels. The expression levels are stated as RLUs / mg 
extract protein. 
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is a polycation molecule and by itself is able to transfer 

recombinant DNA into certain cell lines (Sambrook et al., 1989). It has been 

shown that DEAE-dextran placed into buffer containing the DNA-dendrimer 

complexes enhanced transfection efficiency (Kukowska-Latallo et al.. 1996). 

We tested the DEAE-dextran effect on dendrimer-mediated transfection of the 

embryonic chicken retinae. E6 or E12 retinae were dissected and transfected 

with dendrimer in the presence or absence of 0.6 µ.M DEAE-dextran chloride 

(average MW 500,000; Sigma) for 5 hours, followed by the procedure 

described in the materials and methods. The retinae were harvested after 24-

hour incubation and the luciferase activity and the protein levels were 

determined. The results, shown in figure 27, indicate that the presence of 0.6 

µ.M DEAE-dextran during dendrimer transfection did not improve the 

transfection efficiency in ES chicken retinae and DEAE-dextran inhibited 

dendrimer transfection by several fold in E12 retinae. 

The efficiency of dendrlmer-medlated transfectlon declines during 

the development of chicken retlnae 

The efficiency of electroporation is much lower in late stage retinae 

than in early stage retinae. We tested whether the same is true for the 

dendrimer-mediated transfection. Retinae between ES and E1 8 were 

dissected and transfected with 6 µg DNA using either dendrimers (charge 

ratio 6+:1-) or electroporation. Dendrimer-mediated transfection was as 

efficient as electroporation in ES retinae. After this stage the efficiency of 

dendrimer-mediated transfection declines dramatically (figure 28). At each 

stage except ES, electroporation works much better than the dendrimer 
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Figure 27. The addition of DEAE-dextran did not Improve the 
transfection efficiency of the dendrimer. E6 and E12 1'8tina wel'8 
dissected and transfected with 6 µg pRSV-LUC using the PAMAM dendrimer 
in the presence or absence of 0.6 µ M DEAE-dextran for 5 hours. After 
transfection, the retina were incubated for another 24 hours before they were 
harvested and assayed for luciferase activities and protein levels. The 
expression levels are stated as RLUs / mg extract protein. 
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Figure 28. The profile of dendrimer-medlated transfecllon efficiency 
during the development of chicken retina. ES through E18 retina were 
dissected and transfected with 6 µg pRSV-LUC either by PAMAM dendrimer 
or by electroporation. The E1 O to E18 retina in the electroporation group 
were minced before electroporation. After transfection, the retina were 
incubated for another 24 hours before they were harvested and assayed for 
luciferase activities and protein levels. The expression levels are stated as 
RLUs / mg extract protein. 
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provided that the late stage retinae are minced before 

electroporation. 

Discussion 

Electroporatlon as a transfectlon tool 

Electroporation has been used to introduce DNA into a wide range of 

cell types, including both prokaryotic and eukaryotic cells. It has also been 

used to successfully transfer genetic materials into both plant and animal cells 

in either suspension or adherent forms. During electroporation, a capacitor is 

first charged by a power supply and then discharged through the cell 

suspension containing the DNA. The cells are thus exposed to a pulsed 

electric field during which the cell membrane components become polarized 

and a voltage potential develops across the plasma membrane. This 

potential difference across the cell causes localized plasma membrane 

breakdown, making the cell permeable to exogenous molecules in the 

surrounding environment (Chu et al., 1987; Shigekawa and Dower, 1988). 

Since electroporation involves a physical interaction between the cell 

membrane and the applied electric field, it is suspected that, by using different 

settings, most cell types should be amenable to gene transfer by 

electroporation. 

Our laboratory demonstrated that dissected embryonic chicken retinae 

can be transfected by electroporation with acceptable efficiency at early 

stages but not at late stages. A mincing step increased the efficiency 
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It is postulated that chopping the retinae into numerous small 

pieces may have tremendously increased the surface area available for DNA 

uptake. 

PAMAM dendrlmer-medlated transfectlon 

PAMAM dendrimers mediate transfection of a wide variety of 

suspension and adherent cells. However, the transfection efficiency varies 

among cell types ranging from less than 1 % up to 80% (Haensler and Szoka, 

Jr., 1993; Kukowska-Latallo et al., 1996). Dendrimer transfection is sensitive 

to both the diameter of the dendrimer and the amount of the dendrimer in the 

complex. Larger dendrimers generally mediate better transfections than 

smaller ones. The morphology of small PAMAM dendrimers up until 

generation 3 resembles a starfish but by generation 5 the dendrimer become 

spherical. The diameter of the higher generation dendrimers is similar to a 

diameter of the histone core of chromatin (approximately 70A) and might 

serve as a scaffold to constrain the DNA to resemble chromatin. Alternatively, 

the spherical form may be more efficient at destabilizing membranes than the 

lower generation dendrimers (Haensler and Szoka, Jr., 1993). 

Dendrimers carry positive charges on their surface amine groups. The 

charge ratio of the PAMAM dendrimers and the DNA molecules has been 

shown to be crucial for transfection efficiency. Haensler and Szoka, Jr. (1993) 

demonstrated that a maximal transfection efficiency was reached with a 

dendrimer to DNA charge ratio of 6+:1-. Another group (Kukowska-Latallo et 

a/., 1996) found that the optimal charge ratio of dendrimer to DNA is between 

5+:1- and 50+:1-. Our data showed that a high positive to negative charge 
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of at least 6+:1- is required for transfecting embryonic chicken retinae. 

This is in agreement with the previous data. 

GALA is a 30 aa amphipathic peptide which destabilizes lipid bilayers 

in a pH-dependent manner mimicking the properties of viral fusogenic 

proteins. When covalently linked to the dendrimer, GALA enhances 

transfection probably by catalyzing endosome leakage (Haensler and Szoka, 

Jr., 1993). This suggests that the DNA-dendrimer complex undergoes 

endocytosis when entering the cells. The requirement of the lysosomotrophic 

agent chloroquine for the dendrimer transfection has also been suggested in 

a few cell lines (Kukowska-Latallo et al., 1996), further implicating an 

endocytosis pathway for the DNA-dendrimer complex. However, dendrimer 

transfection is not enhanced by GALA in some systems and most cells do not 

need chloroquine, including embryonic chicken retinae. This may be due to 

dendrimers' lysosomotrophic effects (see below). Therefore, different types of 

cells may be more efficiently transfected with different types of dendrimers 

depending on the cellular metabolism for the DNA-dendrimer complex. 

The primary and interior amino groups of dendrimers have pKa's of 6.9 

and 3.9, respectively. At physiological pH, the PAMAM dendrimers are only 

partially protonated and should be able to buffer the pH change in the 

endosomal compartment as weak bases after endocytosis of the complex. 

Other linear polycations such as polylysines have been intensively 

investigated for their transfection ability. They have been shown to help 

assemble DNA into a compact structure (Wagner et al., 1991) and destabilize 

cell membranes, which promotes the endocytosis of the DNA into cells. The 

spherical polycationic PAMAM dendrimers are thought to combine the DNA-
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and delivery properties of polylysine and the lysosomotrophic 

effects of weak bases (Haensler and Szoka, Jr., 1993). 

Electron microscopy revealed that plasmid DNA complexed to a high

generation dendrimer (generation 10) forms large aggregates with diameters 

of hundreds of angstroms in the absence of DEAE-dextran. When DEAE

dextran is added, large aggregates are not observed (Kukowska-Latallo st al., 

1996), suggesting that DEAE-dextran alters the nature of the complexes. The 

ability of DEAE-dextran to enhance dendrimer transfection was not observed 

in embryonic chicken retinae. 

It has also been shown that retention of the transfected oligonucleotide 

in cells is longer when the oligonucleotide is complexed with dendrimers 

(Bielinska et al., 1996). Dendrimer in concentrations used for transfection 

showed little cytotoxicity. Upofectamine, DEAE-dextran, and polylysine, on 

the other hand, are highly cytotoxic (Bielinska et al., 1996). The high 

transfection efficiency, low toxicity, and stable DNA-dendrimer complexes 

suggest that this transfection method may be useful for in vivo applications in 

the future. 

The studies of electroporation and dendrimer-mediated transfection of 

embryonic chicken retinae presented in this chapter demonstrate that the 

electroporation efficiency can be improved by increasing the retinal surface 

area, and that dendrimer molecules have their limitations in transfecting 

tissues. More studies using different types and generations of dendrimers 

and the combination of other transfection enhancing agents need to be done 

to verify the tissue transfecting ability of the dendrimers. 
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