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ABSTRACT

TATYANA S. SIDOROVA

Mechanistic evaluation of the effect of the natural product compound Chaetoglobosin K 

on organochlorine inhibition of astroglial intercellular communication 

(Under the direction of Diane F. Matesic)

Many toxic chemicals are present in our environment from various sources of 

contamination. Organochlorine pesticides are widespread and persistent in the 

environment due to their propensity to accumulate in biological tissues and trigger 

carcinogenic and neurotoxic effects. Recent studies have found a correlation 

between organochlorine exposure and various types of cancer, neurological 

disorders, birth defects, and abnormal immune system function.

The mechanism(s) by which organochlorine compounds induce these 

detrimental effects remains unclear, but many of them disrupt neurotransmission or 

are hepatoxic, and most organochlorine toxins act as tumor promoters. A large 

number of organochlorine compounds also have been shown to inhibit gap 

junction-mediated cell-cell communication between many other cell types. Gap 

junctions are intercellular plasma membrane channels, formed by connexins (Cx),
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which allow direct intercytoplasmic exchange between neighboring cells. This cell

cell communication plays an important role in the control of cell growth, 

differentiation, apoptosis, and calcium signaling between astroglia, among other 

roles. Organochlorine inhibition of cell-cell communication may contribute to the 

detrimental effects of these compounds including tumor promotion.There is also 

increasing concern about their effects in the brain. Astroglia, the predominant cell 

type in the brain, are coupled through gap junctions, and inhibition of astroglial 

cell-cell communication by organochlorine compounds may play a role in their 

neurotoxicity.

Lindane and dieldrin are organochlorine compounds of particular concern 

because of their persistence in the environment and continuous detection in the 

food supply and drinking water, and potential hepatotoxic, neurotoxic, and 

carcinogenic effects. Both compounds have been shown to inhibit gap junctional 

communication between a variety of types of cells.

Chaetoglobosin K (ChK), a bioactive natural product, has previously been 

shown to suppress the tumorigenic phenotype in ras-transformed liver epithelial 

cells (Matesic, ix et al. 2005) and to prevent organochlorine-induced inhibition of 

gap junctional communication between astroglial cells (Matesic, et al. 2001). The 

goal of the proposed research is to characterize further the protective effect of ChK 

on gap junctions in organochlorine-treated astroglial cells and to investigate 

the biochemical mechanism(s) of how organochlorines and ChK modulate gap 

junctional intercellular communication.

ix
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CHAPTER 1

INTRODUCTION

The evolution of multicellular organisms from unicellular ones required that 

cells develop methods to "communicate" with both neighboring and distant cells 

within the organism. This intercellular communication was, thus, critical for the 

evolution of tissues and organs as well as the regulation of proliferation, and 

differentiation of specialized cells. Gap junctional intercellular communication is the 

major pathway of signal transduction between cells in contact and is important for cell 

growth and function of normal cells (Gerhart, 1999).

Gap junctions consist of aggregated intercellular plasma membrane channels that 

span the plasma membranes of adjacent cells and directly connect their cytoplasm. 

These channels are formed by connexins (Cx), which allow direct intercytoplasmic 

exchange between neighboring cells. They provide a direct pathway for the exchange 

of molecular information between cells. Vertebrate gap junction channels have a 

permeability size limit of approximately 1 kDa, so that amino acids, sugars, 

nucleotides, most second messengers, water and other small molecules can diffuse 

between cells through gap junction channels, whereas macromolecules cannot. This

1
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cell-cell diffusion is known as gap junctional intercellular communication (GJIC) 

(Christian et al., 1998).

Intercellular communication is involved in nearly all physiological activities of 

multicellular organisms, including normal embryogenesis and development, neural 

activity, gamete production parturition, endocrine function, immune function, 

cardiovascular function, and the regulation of cell proliferation, apoptosis, and 

differentiation. Alterations of intercellular communication (increased, decreased, or 

replacement with a different type), thus, contribute to many diseases. These include 

neuropathy, infertility, diabetes, autoimmune disorders, atherosclerosis, cancer, and 

other diseases (Trosko et al., 1998).

Astrocytes, the most abundant cell type in the brain are electrically unexcitable 

cells, which traditionally have been regarded as passive support cells. The primary 

functions of astrocytes include regulation of interstitial ion homeostasis, maintenance of 

the blood-brain barrier, and neurotrophin-production. Although astrocytes have been 

considered supportive, rather than transmissive, recent studies have challenged this 

assumption by demonstrating that astrocytes possess functional neurotransmitter 

receptors. The discovery challenges a basic assumption in neuroscience and could have 

implications for interpreting brain scans and understanding what occurs during brain 

trauma and Alzheimer's disease (Nedergaard, 1994). Neurons are highly dependent on 

astrocytes for their survival. Astrocytes produce a lipid that neurons use to create their 

outer membranes, and they also produce glutamate, the most abundant neurotransmitter
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in the nervous system and one of the most important chemical messengers in the brain. 

Recent experiments revealed that astrocytes form connections with blood vessels and 

control the flow of nutrients, including oxygen, to neurons. When brain activity 

increases, neurons trigger astrocytes to release calcium, which in turn affects other 

chemical messengers that can cause blood vessels to either dilate or contract 

(Nedergaard, 1994).

Gap junctions have been recognized as a major mediator of cellular interactions 

in nervous tissue (Dermietzel et al., 1993). A main characteristic of astrocytes is that 

they are highly coupled to each other and to neurons by gap junction channels, which 

can be observed either in vitro or in vivo (Christian et al., 1991). At least three 

different connexin subtypes are expressed by astrocytes (Cx40, 43, and 50), but the 

predominant type is connexin 43 (Spray, 1996). In addition to astrocyte/astrocyte 

coupling, gap junctional communication between neurons and astrocytes and 

elevation of neuronal calcium levels evoked by glutamate released from adjacent 

astrocytes has been shown as routes for calcium-wave propagation from astrocytes to 

neurons (Froes et al., 1999).

There are many toxic chemicals in our environment from various sources of 

contamination. The pollutants meriting greatest attention are widespread and 

persistent in the environment, and have a propensity to accumulate in biological 

tissues, or induce biological effects at extremely low concentrations.
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One class of environmental toxins with these properties is organochlorine 

compounds such as lindane, dieldrin, DDT, and PCB’s. The greatest concerns with 

the organochlorines are their long-term effects and their persistence in the 

environment. On this basis, both Canada and the U.S. banned the most 

organochlorines. However, they are still widely used in developing countries. 

Organochlorines have a wide range of both acute and chronic health effects. Studies 

have found a correlation between organochlorine exposure and various types of 

cancer, neurological damage, including Parkinson’s disease (Corrigan et al., 1998), 

birth defects, respiratory illness, and abnormal immune system function (Danzo, 

1997).

The mechanism(s) by which organochlorine compounds induce these 

detrimental effects remains unclear, but many of them disrupt neurotransmission 

(Sanchez-Ramos et al., 1998) or are hepatoxic, (Klaunig et al., 1990) and most 

organochlorine toxins act as tumor promoters ((Trosko et al., 1998; Budunova et al.,

1994). A large number of organochlorine compounds also have been shown to inhibit 

gap junction-mediated cell-cell communication between astroglia (Matesic et al., 

2001) and other cell types (Guan et al., 1996; Defamie et al., 2001). This inhibition 

may contribute to detrimental effect of these compounds including their tumor 

promoting potential.

Lindane and dieldrin are organochlorine compounds of particular concern 

because of their persistence in the environment and continuous detection in the food

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



5

supply and drinking water. Lindane, a pesticide, once widely used to kill lice and a 

variety of pests that attack agricultural products, livestock, and trees, has been 

progressively eliminated from many applications in Europe or USA since the mid- 

1970s, but is still used in the rest of the world. Lindane is absorbed through 

respiratory, digestive, or cutaneous routes, damages liver, kidney, neural and immune 

systems and induces birth defects, cancer, and death.

Another organochlorine pesticide of interest is dieldrin. It has been banned from 

most use in the US due to its persistence and accumulation in the environment and 

tumor promoting potential. It is still legal in many other countries, however, and is 

found in human tissues worldwide. In addition, this compound has been reported to 

have neurotoxic effects, including toxicity for dopaminergic neurons (Sanchez- 

Ramos et al., 1998), inhibition of GAB A receptor binding (Liu et al., 1998), and 

inhibition of gap junction-mediated cell-cell communication between neurons in vitro 

(Matesic et al., 1996). Both compounds have been shown to inhibit gap junctional 

communication between varieties of types of cells (Matesic et al., 2001; Guan et al., 

1996; Defamie et al., 2001).

We have, therefore, focused our studies on these two organochlorine compounds. 

The specific aims of the current research were to:

1) Evaluate the effect of the natural product compound, Chaetoglobosin K, in 

preventing gap junction communication inhibition by lindane and dieldrin in 

astroglial cells;
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2) Determine whether the protective effect of ChK on cell-cell communication 

correlates with phosphorylation changes in the gap junction protein connexin 43;

3) Evaluate the reversal effect of chaetoglobosin K on lindane and dieldrin inhibition 

of GJIC and connexin 43 phosphorylation;

4) Evaluate signal transduction pathways affected by Chaetoglobosin K, lindane, and 

dieldrin.

Scheme 1. Chemical structure of lindane Scheme 2. Chemical structure of dieldrin
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CHAPTER 2 

LITERATURE REVIEW 

I. ROLE OF GAP JUNCTIONAL INTERCELLULAR COMMUNICATION (GJICI

STRUCTURE OF GAP JUNCTIONS

Gap junctions are one type of junctional complex formed between adjacent cells and 

consist of aggregated channels that directly link the interiors of neighboring cells. Gap 

junctions have been detected in such primitive invertebrates as jellyfish and hydra and 

similar structures known as plasmodesmata are found in plants (Robards et al., 1990). In 

the adult mammal, gap junctions are found in most cell types with the known exceptions 

being skeletal muscle fibers, certain neurons, and circulating blood cells (Loewenstein et 

al., 1981; Bennett et al., 1991), although some blood cells may express gap junction 

proteins and gap junction-like structures (Beyer et al., 1991).

Each gap junction channel is comprised of two hemichannels or connexons and each 

connexon is formed by the aggregation of six protein subunits known as connexins 

(Figure 2) (White et al., 1995). Connexins are folded in the plasma membrane in the 

approximate shape of an "M.” The amino and carboxyl termini project into the cytoplasm 

while the remainder of the molecule traverses the plasma membrane four times. These 

membrane-spanning regions lie in parallel. The third one contains a high proportion of

7
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hydrophilic amino acids and is thought to line the interior of the channel. The four 

membrane-spanning domains and the extracellular loops are highly conserved between 

the many different connexins that have been cloned.

More varying are the cytoplasmic regions. These different regions may be involved in 

the cellular regulation of gap junction formation and channel permeability. Connexin 

folding as well as connexin-connexin and connexon-connexon interactions are mediated 

through disulfide bonds, hydrophobic protein interactions, and other more poorly 

understood forces. Gap junction channels have a diameter of approximately 1.5-2 nm 

depending upon the type of junction-forming protein and are large enough to permit the 

direct diffusion of small (<2,000 Da) molecules and ions between cells (Loewenstein et 

al., 1981). Many substances such as ions, water, sugars, nucleotides, amino acids, fatty 

acids, small peptides, drugs, and carcinogens are small enough to move between cells 

through gap junction channels. However, proteins, complex lipids, polysaccharides,

RNA, and other large molecules are not. Channel passage does not require ATP and 

appears to result from passive diffusion. This flux of materials between cells via gap 

junction channels is known as gap junctional intercellular communication (GJIC).

One of the most significant physiological implications for GJIC is that gap junction 

"coupled" cells within a tissue are not individual, discrete entities, but are highly 

integrated with their neighbors. This property facilitates homeostasis and also permits the 

rapid, direct transfer of second messengers between cells to coordinate cellular responses
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within the tissue. On the other hand, the channel permeability size limit enables cells to 

maintain enzymatic and other macromolecular functions through the retention of specific 

enzymes, receptors, and other large molecules. Thus, GJIC can be viewed as an ancient, 

common, and important mechanism of cellular homeostasis and integrator of cellular 

functions within complex tissues (Trosko et al., 1998).

Gap junction channels are too small to enable the cell-to-cell passage of 

macromolecules such as proteins, but will allow free cell-to-cell diffusion of 

micromolecules (<2,000 Da) such as calcium ion, water, and cyclic nucleotides. All 

known connexins are transmembrane proteins with four transmembrane domains and 

cytoplasmic amino and carboxyl termini. The third transmembrane domain contains 

many hydrophilic amino acids and is thought to line the gap junction channel. Some 

connexins are phosphorylated on the carboxyl tail. (C) "End-on" view of a gap junction 

hemichannel (connexon). Two connexons align end-to-end to form a complete channel 

between neighboring cells. Each connexon is formed from six connexins; the third 

transmembrane domain of each connexin lines the channel (Trosko et al., 1998).

MULTIPLE FUNCTIONS OF GJIC

Many physiological roles besides growth control have been proposed for GJIC and 

several are briefly reviewed:

1. Homeostasis. GJIC permits the rapid equilibration of nutrients, ions, and fluids
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between cells. This might be the most ancient, widespread, and important function for 

these channels (Loewenstein et al., 1981).

2. Electrical coupling. Gap junctions serve as electrical synapses in electrically excitable 

cells such as cardiac myocytes, smooth muscle cells, and neurons (Bennett et al., 1991).

In these tissues, electrical coupling permits more rapid cell-to-cell transmission of action 

potentials than chemical synapses. In myocytes, this enables their synchronous 

contraction.

3. Tissue response to hormones. GJIC may enhance the responsiveness of tissues to 

external stimuli (Murray et al., 1984). Second messengers such as cyclic nucleotides, 

calcium, and inositol phosphates are small enough to pass from hormonally activated 

cells to quiescent cells through junctional channels and activate the latter. Such an effect 

may increase the tissue response to an agonist.

4. Regulation of embryonic development. Gap junctions may serve as intercellular 

pathways for chemical and/or electrical developmental signals in embryos and for 

defining the boundaries of developmental compartments (Kalimi et al., 1988). GJIC 

occurs in specific patterns in embryonic cells and the impairment of GJIC has been 

related to developmental anomalies and the teratogenic effects of many chemicals (Loch- 

Caruso et al., 1986).

The major finding of this research is that dysfunctional GJIC plays a crucial role in the 

tumor promotion phase of carcinogenesis and that all of the major theories of 

carcinogenesis can be integrated if examined from this perspective. Cancer is a disease of
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"abnormal homeostasis" mediated by defects in intra-, extra-, and intercellular forms of 

communication that disrupt the delicate balances between cellular proliferation, 

differentiation, apoptosis, and adaptation. One of the most ancient forms of intercellular 

communication that is disrupted in neoplastic cells is that mediated by gap junctions, the 

proteins that form gap junction channels (connexins). The enhancement of GJIC and 

connexin expression might be beneficial in cancer therapy (Trosko et al., 1998).

THE CONNEXIN FAMILY

The gap junction channel-forming connexins comprise a multi-gene family with at 

least thirteen mammalian connexins discovered thus far (White et al., 1995). Several 

homologous DNAs have been identified in other vertebrate species. Several connexins 

and tissues in which they are highly expressed are listed in Table 1. The number 

associated with each connexin indicates its molecular mass.

Connexins are expressed in a cell-, tissue-, and development-specific manner. For 

instance, connexin43 is the predominant connexin expressed in cardiac muscle and was 

first cloned from this tissue (Beyer et al., 1987), although other connexins (connexin40, 

connexin45, and connexin46) have also been detected in cardiac tissue. In adult liver, the 

predominant connexins are connexin32 and connexin26 (Paul et al., 1986; Kumar et al., 

1986; Zhang et al., 1989) which are expressed by adult parenchymal liver cells 

(hepatocytes). However, nonparenchymal liver epithelial cells, hepatic fat storing (Ito) 

cells, and hepatic connective tissue cells express connexin43 (Stutenkemper et al., 1992;
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Spray et al., 1991; Rojkind et al., 1995). Connexin 37 and connexin40 are highly 

expressed in lung endothelial cells (Willecke et al., Hennemann et al., 1992), whereas 

connexin43 is the predominant connexin expressed by human and murine lung epithelial 

cells (Cesen-Cummings et a l.,). Lee et al., however, reported that connexin32 was the 

most abundant connexin in freshly isolated rat type II alveolar epithelial cells and that 

connexin43 expression arose after culture. Connexin expression is also related to cellular 

differentiation. For example, the types of connexins expressed by epidermal cells changes 

as the cells differentiate and move away from the basal layer (Risek et al., 1992; 

Butterweck et al., 1994). Despite the presence of conserved sequences within connexins, 

the diversity of these proteins is not due to alternative splicing of RNAs. Instead, there 

appears to be one gene per connexin. Many connexin genes have been mapped and are 

located on several chromosomes (Willecke et al., 1990) suggesting their distribution is 

random throughout the genome. Why there are so many connexins is not clear, but may 

reflect differences in their function(s) and/or the regulation of their expression, formation, 

and permeability. In those cells where multiple connexins are expressed, gap junction 

hemichannels may be comprised of more than one connexin (heteromeric connexons) or 

may be homomeric (Sosinsky et al., 1995; Stauffer et al., 1995; Jiang et al., 1996). 

Heteromeric channels may have different permeability and regulatory properties than 

homomeric ones and may provide numerous additional options for regulating the type of 

signals that pass through its gap junction channels. In addition, heterotypic channels 

consisting of two different connexons have been described (Rubin et al., 1992;
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Bukauskas et al., 1995). Only certain heterotypic pairings form functional channels such 

as hemichannels of connexin43 and connexin26 and of connexin32 and connexin26 form 

permeable channels, but those of connexin43 and connexin32 do not (Bruzzone et al., 

1996).

REGULATION OF CONNEXIN GENE EXPRESSION

The structures of nearly all connexin genes identified thus far are similar and 

consist of two exons separated by a long intron. The first exons are quite short (about 100 

base pairs), contain no protein coding information, and are separated from the second 

exons by long introns (6-8 kilobasepairs). All of the coding information for the proteins 

resides within the second exons. The promoters that have been identified for these genes 

are located upstream of exon 1 (White et al., 1995).

The rat connexin32 gene is unusual, however. Initial work indicated that it 

consisted of a small first exon separated from a second exon by an approximately 6 kb 

intron and that the promoter was located upstream of exon 1 (Miller et al., 1988); this is 

the typical connexin gene structure just described. However, two additional promoters 

have been identified which are active in neural tissue, but not in the liver. These 

promoters are located more proximal to exon 2 and give rise to mRNAs containing the 

noncoding, alternate exons 1A or IB and exon 2 (Neuhaus et al., 1995; Sohl et al., 1996). 

Thus, in contrast to the other connexin genes, three promoters control the expression of 

connexin32 and function in a tissue-specific manner.
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Table 1. Mammalian connexins and organs or tissues in which they are found.

CONNEXIN TISSUE

Cx26 Parenchymal liver (hepatocytes), pancreas, endometrium

Cx30 Brain, skin

Cx30.3 Skin

Cx31 Skin, placenta

Cx31.1 Skin

Cx32 Parenchymal liver (hepatocytes), kidney, pancreas

Cx33 Testes

Cx37 Endothelium, lung, ovary

Cx40 Endothelium, smooth muscle, myocardium, lung

Cx43 Most epithelia, heart, uterus, connective tissue, brain

Cx45 Kidney, skin

Cx46 Lens

Cx50 Lens
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The regulation of connexin gene expression is poorly understood. Besides the 

connexin32 gene, many other connexin gene promoters have been sequenced and several 

putative regulatory sites have been identified (Geimonen et al., 1996). Instead, several 

GC-rich sequences near the transcription start sites appear to bind the transcription factor 

Spl and positively regulate connexin32 transcription (Bai et al., 1993). In addition, there 

is a novel 25 bp element within this region that also appears to be necessary for 

connexin32 transcription (Bai et al., 1995). Hepatic nuclear factor-1 and nuclear factor-1 

consensus sequences are also present in this basal transcriptional region. DNAse I 

hypersensitive sites reside further upstream in this promoter and may silence connexin32 

expression in nonexpressing cells (Bai et al., 1995). The alternate connexin32 promoters 

active in neural tissues contain canonical TATA boxes (Neuhaus et al., 1995), but their 

functional activity has not been reported.

The promoters of human and mouse connexin26 have been sequenced and 

several interesting elements have been noted (Kiang et al., 1997). Like the connexin32 

hepatic promoter, there does not appear to be a TATA box, but a TTAAAA motif is 

present in the human promoter approximately 20 bp upstream of the transcription start 

sites (Kiang et al., 1997). Additionally, several GC-rich sequences, a Yin-Yang (YY)-l- 

like element, and consensus mammary gland factor binding sites are present further. The 

promoters of the human, rat, and mouse connexin43 genes have been cloned upstream 

(Kiang et al., 1997). (Sullivan et al., 1993; Chen et al, 1995; De Leon et al., 1994). All 

three promoters contain a TATA box located near the transcriptional start sites and
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several activator protein (AP)-l sites further upstream. The AP-1 site(s) in the human 

connexin43 promoter function positively since phorbol ester treatment of human uterine 

myometrial cells increased connexin43 expression within 6-8 h and mutation of the most 

proximal AP-1 site reduced the response (Geimonen et al., 1996). The increase in 

connexin43 expression was preceded by transient increases of c-Fos and c-Jun which also 

supports the functional role of the these sites; in response to phorbol esters, c-Fos and c- 

Jun heterodimerize then bind to AP-1 sites. The enhancement of connexin43 expression 

by phorbol ester may seem paradoxical since 12-O-tetradecanoylphorbol-13-acetate 

(TP A), the classical phorbol ester tumor promoter, blocks GJIC in most connexin43- 

expressing cells. However, this block occurs rapidly (within minutes) and is due to 

activation of calcium-phospholipid-dependent protein kinase (protein kinase C; PKC) 

phosphorylation of connexin43 rather than to decreased connexin43 gene transcription 

(Matesic et al., 1994; Ren et ah, 1998).

The rodent and human connexin43 promoters also contain several half-palindromic 

estrogen-responsive elements (EREs) that enhance connexin43 transcription in the 

presence of estrogen (Yu et al., 1994). In addition, negative and positive elements were 

identified within approximately the first 100 nucleotides of the mouse promoter (De Leon 

et al., 1994).

Several physiological, pharmacological, and dietary factors alter the expression of 

connexins. These factors often affect connexin expression in a cell-specific manner. For 

example, the expression of connexin32 and connexin26 in hepatocytes, but not in liver
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epithelial cells, is increased by glucocorticoids (Kwiatkowski et al., 1994; Ren et al.,

1995). The mechanism(s) have not been identified. As noted above, estrogen increases 

connexin43 transcription presumably through putative estrogen-responsive elements (Yu 

et al., 1994). Cyclic AMP, forskolin, and glucagon increase connexin32 and connexin43 

transcription in certain cells (Matesic et al., 1996; Burghardt et al., 1995) and this may 

occur through activation of cAMP-responsive enhancer elements located in the 

connexin32 and connexin43 promoters (Hennemann et al., 1992). Connexin messenger 

RNA and protein stability also appear to be important in the expression of connexins. 

Sequences located in the 3’-untranslated region of the connexin43 mRNA appear to 

stabilize this messenger (Sullivan et al., 1994). Besides increasing connexin gene 

transcription, cyclic AMP may also increase the permeability of preexisting gap junction 

channels, enhance the formation of gap junctions from preexisting connexin, and 

decrease connexin degradation (Saez et al., 1989). These effects may involve connexin 

phosphorylation by cAMP-dependent protein kinase (protein kinase A; PKA) (Saez et al.,

1989).

In summary, several transcriptional and posttranscriptional mechanisms are involved 

in the regulation of connexin expression. A better understanding of these mechanisms 

will lead to the development of therapies designed to alter connexin expression for the 

treatment of diseases such as cancer (Trosko et al., 1998).
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GAP JUNCTION FORMATION AND MECHANISMS OF DISRUPTED GJIC

The mechanisms of gap junction formation and regulation of channel permeability 

are poorly understood. The most complete knowledge regarding gap junction formation is 

for connexin43 (Cx43) and is based largely upon the work of Musil and Goodenough 

(Musil et al., 1991; Musil et al., 1993). Their data suggest that six Cx43 subunits 

oligomerize into connexons in the Golgi apparatus and are then transported to the plasma 

membrane. At this point, the connexons are closed to prevent leakage of cellular contents 

and entry of extracellular materials (Trosko et al., 1998).

At the plasma membrane, the connexons are attracted to those on the adjacent cell 

by poorly understood forces and two connexons join in an end-to-end manner to form a 

complete channel. Subsequently, the channels aggregate into large gap junction plaques 

and the channels open to connect the two cells, although the order of these last two steps 

is controversial. Coincident with the formation of open gap junctional channels and 

aggregation of particles into junctional plaques, connexin43 is phosphorylated in at least 

two positions. The kinase(s) that perform these phosphorylations are not known, but a 

likely candidate is PKA. This phosphorylation may increase particle aggregation, channel 

permeability, and/or connexin43 stability as discussed above (Trosko et al., 1998).

The connexin43 gene is expressed and the messenger is translated into protein. Six 

connexin43 subunits oligomerize in the Golgi apparatus into a connexon (hemichannel) 

and which is transported to the cell surface. There the connexons align with connexons
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from the neighboring cell to form complete channels. These aggregate into large gap 

junction plaques that may contain hundreds to thousands of channels. During the pairing 

of connexons and aggregation into plaques, connexin43 is phosphorylated at least twice. 

This results in three species of connexin43 that can be detected by Western blot, namely 

connexin43-NP which is not phoshorylated and connexin43-Pl and connexin43-P2 

which are phosphorylated.

Gap junction channel formation also requires appropriate cell-cell adhesion. The 

cadherins appear to be especially important in this regard since gap junction formation 

was induced in connexin-expressing, cadherin-deficient, noncommunicating cells after 

transfection with cadherin expression vectors and cadherin antibodies blocked gap 

junction formation (Musil et al., 1991; Jongen et al., 1991). In addition, membrane 

protein glycosylation can also impair gap junction formation. Treatment of 

noncommunicating cells with an inhibitor of glycosylation induced gap junction 

formation (Wang et al., 1995).

Rates of connexin synthesis and degradation and the disassembly and removal of gap 

junctions from the cell surface are also important in the regulation of GJIC. Biochemical 

studies have demonstrated that connexin43 and connexin32 have half-lives (hours) that 

are much shorter than most plasma membrane proteins (days) (Traub et al., 1989). Gap 

junction degradation proceeds by various pathways. Gap junctions containing connexin43 

are internalized and degraded in lysosomes or are ubiquinated and degraded in 

proteosomes in response to various physiological or toxicological cues. Certain pesticides
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induce connexin43 gap junction internalization and lysosomal degradation in rat liver 

epithelial cells (Guan et al., 1996). The relative contribution of each pathway may be cell 

specific. Degradation of connexin32-containing gap junctions can be mediated by the 

calcium-activated proteases, p -calpain and m-calpain (Elvira et al., 1994). Thus, there 

appear to be various pathways of connexin degradation and the contribution of each are 

cell- and connexin-specific.

After aggregation into plaques, gap junction particles are dispersed in the plasma 

membrane in response to certain physiological and toxicological cues. For instance, 

partial hepatectomy causes dispersal of hepatocyte gap junction particles (Yancey et al., 

1979) as well as altering connexin expression (discussed above). We have shown that a 

compound from licorice root, 18(3 -glycyrrhetinic acid, causes the disaggregation of 

connexin43-containing gap junction particles and their dispersal in the plasma membrane 

(Guan et al., 1996). This was associated with the dephosphorylation of connexin43 and 

supports the role of phosphorylation in gap junction particle aggregation. Another group 

has observed gap junction particle dispersal induced by the alpha isomer of this 

compound, but did not see changes in connexin43 phosphorylation (Goldberg et al.,

1996).

Once formed, gap junction channels open and close and this "gating" is controlled by 

several mechanisms including connexin phosphorylation. Several protein kinases 

phosphorylate connexins and this may alter connexin tertiary structure to either open or 

close the channels (Brink et al., 1996). Many protein kinases have been identified that
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phosphorylate various connexins or that may indirectly stimulate connexin 

phosphorylation by other kinases. Activation of PKA induces connexin43 and 

connexin32 phosphorylation on serine residues located in the cytoplasmic carboxyl tail 

and this is associated with increased gap junction number and channel permeability (Saez 

et al., 1993). The phorbol ester-activated protein kinase, PKC, also leads to increased 

phosphorylation of connexin43 on serine residues, but this is associated with decreased 

channel permeability (Berthoud et al., 1993). In hepatocytes, PKC has also been reported 

to induce connexin32 phosphorylation and an enhancement of channel permeability (Saez 

et al., 1990), but in connexin32-transduced rat liver epithelial cells, PKC activation 

results in loss of connexin32-mediated GJIC (Ren et al., 1998). The src oncogene 

product, pp60src, which has tyrosine kinase activity, blocks GJIC when expressed in many 

types of cells and this is due to the phosphorylation of connexin43 on tyrosine residues in 

the carboxyl tail (Crow et al., 1992). Some connexins such as connexin26 are not 

phosphorylated so that gating must be regulated in other ways.

Other mechanisms regulating channel gating include intracellular levels of hydrogen 

and calcium ions, transjunctional voltage, and free radicals (Saez et al., 1993). Decreased 

pH or pCa induce channel closure in a cell- and connexin-specific manner. Residues in 

the intracellular regions of the protein have been reported to be important in the pH 

gating effect (Ek-Vitorin et al., 1996; Wang et al., 1996). It is less clear how calcium 

regulates gap junction channel permeability (Spray et al., 1992; Bruzzone et al., 1994). 

The calcium-binding protein, calmodulin, has been reported to be associated with
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connexins and this may be important in calcium gating of gap junction channels (Toyama 

et al., 1994; Peracchia et al., 1996). Free radicals are highly reactive molecules and ions 

generated during normal cellular metabolism or following exposure to certain toxic 

agents. Excessive intracellular levels of free radicals decrease gap junction channel 

permeability (Ruch et al., 1988), but the mechanisms are complex. The radicals may 

directly attack connexins or other plasma membrane components (e.g., lipids), or may 

induce changes in cellular calcium levels or redox status. It is also unclear whether free 

radicals are important physiologically in the regulation of gap junction channel 

permeability and turnover. From a pathological standpoint, however, free radicals may be 

important in the dysfunctional GJIC in cardiac myocytes that occurs during ischemic 

injury (Peters et al., 1993; Owens et al., 1996) and in hepatocytes during certain types of 

toxic injury (Miyashita et al., 1991).

From the above discussion, it is apparent that the ability of cells to establish and 

maintain GJIC is dependent not only on connexin gene expression, but also on many 

other factors including cell-cell adhesion, gap junction assembly/disassembly, connexin 

stability, and channel gating. Not surprisingly, the disruption of GJIC by various agents 

often involves these regulatory mechanisms.

ROLE OF GJIC IN REGULATING CELLULAR PROLIFERATION AND 

NEOPLASIA

More important to this review is that GJIC is also involved in the regulation of cellular
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growth and expression of the neoplastic phenotype. For some time, gap junctions have 

been proposed to serve as passageways for the cell-to-cell exchange of low molecular 

weight growth regulatory molecules (Loewenstein et al., 1979). GJIC is frequently 

reduced in neoplastic and carcinogen-treated cells. It was hypothesized that this 

contributed to dysregulated cellular growth by isolating cells from their neighbors 

(Loewenstein et al., 19990).

Neoplastic Cells Have Fewer Gap Junctions

Gap junction size and number, connexin expression, and cell-cell coupling (GJIC) 

have been studied in many neoplastic cells using ultrastructural, biochemical, and 

immunological means and by introduction of fluorescent or radioactive tracers and 

determination of tracer passage into adjacent cells. The majorities of neoplastic cells have 

fewer and smaller gap junctions, express less connexins, and reduced GJIC compared to 

their nonneoplastic counterparts (Yamasaki et al., 1993).

There are exceptions, however, in that some neoplastic cells have normal or greater 

gap junction expression and cell-cell coupling (Garber et al., 1997). This does not 

indicate, however, that such cells communicate normally. Loewenstein et al. has pointed 

out that cells can have defective GJIC at several levels. First, they may lack functional 

(permeable) gap junctions. Secondly, they may have functional gap junctions amongst 

themselves (homologous GJIC), but are incapable of gap junction formation with 

nontransformed cells (heterologous GJIC). Thirdly, they may form gap junctions, but are
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insensitive to the gap junction signals that control growth and phenotype. Finally, they 

may have other defects that are sufficient to the neoplastically transformed cell despite 

functional GJIC. In support of the second possibility, our group (Yamasaki et al., 1990) 

and others (Mikalsen et al., 1993; Krutovskikh et al., 1994) have identified several 

neoplastic cell lines that have extensive gap junction formation, connexin expression, and 

homologous GJIC, but little heterologous GJIC with their nontransformed counterparts. If 

this deficiency occurs in vivo, the tumor cells would be isolated from the junctional 

regulatory influences of their surrounding normal cells. This inability of tumor cells to 

communicate with normal cells is not due to the expression of different connexins, but 

possibly, to differences in the cell surfaces (e.g., glycosylation or cell-cell adhesion 

molecules) that prevent adequate cell-cell contact needed for gap junction formation 

(Trosko et al., 1998)

Carcinogens

A variety of chemical carcinogens has been identified that enhance or "promote" 

neoplastic transformation through mechanisms that do not involve direct damage of 

DNA. Many of these "nongenotoxic tumor promoters" selectively induce the 

proliferation and/or inhibit the programmed death (apoptosis) of preneoplastic cells 

(Goldsworthy et al., 1996). This leads to clonal expansion of the preneoplastic cell 

population and increased risk of additional genetic changes occurring in these cells that 

lead to full neoplastic transformation. Importantly, GJIC may play a role in this 

proliferative response. Most of the tumor promoters that have been examined (over 100)
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inhibit GJIC in cultured cells and cells within target tissues (Klaunig et al., 1990; 

Budunova et al., 1994). The ability of tumor promoters to inhibit GJIC is one of their 

most common properties. These compounds are chemically diverse and include 

pesticides such as DDT, dieldrin, and lindane; pharmaceuticals such as phenobarbital and 

diazepam; dietary additives such as saccharin and butylated hydroxytoluene; 

polyhalogenated hydrocarbons such as dioxin; and peroxisome proliferators such as 

clofibrate. Not surprisingly, these agents inhibit GJIC through several diverse 

mechanisms (Trosko et al., 1998).

Preneoplastic cells are more sensitive than normal cells to the inhibitory effects of 

tumor promoters on GJIC (Klaunig et al., 1990; Budunova et al., 1996). This differential 

response agrees with the selective proliferation and clonal expansion of preneoplastic 

cells versus normal cells.

In contrast to nongenotoxic tumor promoters, most studies indicate that mutagenic 

("genotoxic") carcinogens do not inhibit GJIC or induce cell proliferation (Budunova et 

al., 1994). Although another group has reported that several classical, mutagenic 

carcinogens can reduce GJIC. Genotoxic carcinogens instead probably induce neoplastic 

transformation by mutationally activating proto-oncogenes and inactivating tumor 

suppressor genes (Trosko et al., 1990). Thus, chemical carcinogens appear to have 

different effects on DNA, GJIC, and cell proliferation that correlate with their 

genotoxic/nongenotoxic carcinogenic mechanisms (Trosko et al., 1998).
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Oncogenes

Oncogenes are genes derived from normal cellular genes (proto-oncogenes) that have 

been mutationally activated and/or are overexpressed and that function in the 

transformation of a normal cell into a neoplastic one. The protein products of these genes 

function in signal transduction, gene regulation, growth control, and many other facets of 

tissue and cellular homeostasis, and not surprisingly, many block GJIC. Oncogene 

products that block GJIC include Ras, Neu, and Src (Yamasaki et al., 1990; Trosko et al.,

1990). Oncogenes also cooperate in their ability to reduce GJIC and transform cells. Rat 

liver epithelial cells that expressed only raf or myc oncogenes did not have reduced GJIC 

and were not transformed, but GJIC was strongly inhibited and the cells were highly 

tumorigenic when both oncogenes were expressed (Kalimi et al., 1992). Similarly, 

overexpression of the c-Ha-ras oncogene in rat liver epithelial cells partially reduced 

GJIC, but v-myc overexpression did not and coexpression of the two resulted in nearly 

complete inhibition of GJIC and highly malignant cells (Hayashi et al., 1998).

Growth Factors

Many growth factors such as epidermal growth factor, platelet derived growth factor, 

basic fibroblast growth factor, hepatic growth factor, and transforming growth factor- 

alpha inhibit GJIC when applied to cultured cells (Ruch et al., 1994). This effect may 

occur rapidly (minutes to hours) or may be delayed (days). The mechanism(s) of 

inhibition of GJIC by epidermal growth factor may be related to the stimulation of
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connexin phosphorylation by mitogen-activated protein kinase (MAPK) and closure of 

gap junctional channels (Kanemitsu e al., 1993). Platelet-derived growth factor induced 

the rapid inhibition of GJIC coincident with the phosphorylation of connexin43 

(Bukauskas e al., 1993). Basic fibroblast growth factor, however, inhibited GJIC after 

long exposures (>8 h) coincident with decreased connexin43 expression (Shiokawa- 

Sawada et al., 1997). Some growth factors such as transforming growth factor beta 

enhance GJIC in some types of cells, but decrease it in others (Gibson et al., 1994; 

Rudkin et al., 1996).

Several oncogenes code for growth factors, growth factor receptors, or mitogenic 

signal transducing elements and several tumor promoters act as growth factors since they 

induce cell proliferation. As noted above, oncogenes and tumor promoters have also been 

associated with dysfunctional GJIC. Thus, it is evident that growth factors, oncogenes, 

and tumor promoters share the common properties of increasing cell proliferation and 

inhibiting GJIC (Trosko et al., 1998).

Growth Inhibitors Stimulate GJIC

In contrast to the effects of growth factors, oncogenes, and tumor promoters on GJIC, 

many growth inhibitors and anticancer agents increase GJIC and connexin expression in 

target cells (Ruch et al., 1994). Retinoids, carotenoids, green tea extract, certain 

flavonoids, dexamethasone, and cyclic AMP analogues and agonists inhibit neoplastic 

transformation and/or tumor cell growth and can block neoplastic transformation in some
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tissues. These agents also increase connexin expression and gap junction formation in 

target tissues (Ren et al., 1994; Zhang et al., 1992) or block the inhibitory effects of 

tumor promoters on GJIC (Ruch et at., 1989; Chaumontet et al., 1992).

Certain tumor suppressor gene products also increase GJIC in neoplastic cells. As 

discussed above, the human chromosome 11 carries one or more tumor suppressor genes 

(Hampton et al., 1994; De Feijter-Rupp et al., 1998). Introduction of this chromosome 

into neoplastic cells restored normal growth control, reduced tumorigenicity, and 

enhanced GJIC mediated by connexin43 despite the fact that the connexin43 gene is 

located on human chromosome 6 (Willecke et al., 1990). This result also suggests that 

tumor suppressor gene products inhibit neoplastic transformation by enhancing GJIC in 

addition to their known actions on cell cycle genes, signal transduction pathways, and 

gene expression (Weinberg et al., 1993).

Cell Cycle-Related Changes in GJIC

GJIC may also have a role in the progression of dividing cells through the cell cycle. 

In several model systems, cell cycle-related changes in GJIC have been noted (Ruch et 

al., 1994). For example, this has been demonstrated clearly in regenerating rat liver. The 

adult rat liver parenchymal cells (hepatocytes) are highly coupled by gap junctions and 

only a small proportion (<1%) are undergoing cellular replication. The majority of the 

cells is in stationary (GO) phase, but will enter the cell cycle and begin dividing in a 

synchronous manner when two-thirds of the liver is removed surgically (two-thirds
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partial hepatectomy). When followed throughout the cell cycle, gap junctions and 

connexin expression decrease dramatically in S-phase then reappear and persist 

throughout the rest of the cycle (Shiba et al., 1994).

Cell culture studies have also demonstrated changes in GJIC at specific stages in the 

cell cycle (Koo et al., 1997). Cultured cells normally replicate in an asynchronous 

manner. They can be synchronized, however, by first blocking cell cycle progression at a 

particular point using chemical agents or nutrient or growth factor depletion then 

releasing the cells from the block. When such cells were analyzed for GJIC, reductions 

were noted in late G1 and in mitosis. In one study, the reduction of GJIC in G1 was 

correlated with a change in the phosphorylation state of connexin43, which could be 

prevented by inhibitors of protein kinase C (Koo et al., 1997). As discussed above, this 

kinase is one of many that phosphorylates connexins and alter gap junction permeability. 

Thus, both in vivo and in vitro studies have documented cell cycle-related changes in 

GJIC. The specific cell cycle stage(s) at which GJIC are reduced are not the same in all 

studies, however. Connexin expression and phosphorylation may be involved in this 

reduced GJIC, but this is not fully established for all systems nor is it understood how 

changes in GJIC contribute to cell cycle regulation (Trosko et al., 1998). 

INVOLVEMENT OF GJIC IN THE GROWTH INHIBITION OF NEOPLASTIC 

CELLS BY NONTRANSFORMED CELLS

Cell culture model systems have illustrated that the growth of neoplastic cells can be 

inhibited by coculture with nonneoplastic cells. This effect has been attributed to
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noncontact-dependent and contact-dependent phenomena. For instance, normal cells may 

secrete growth inhibitors into the culture medium that inhibit neoplastic cell components 

such as integrins may also trigger growth-inhibiting processes in neoplastic growth 

(Theodorescu et al., 1991). Contact with extracellular matrix or plasma membrane

cells (Gille et al., 1996; Saeki et al., 1991).

The inhibition of neoplastic cell growth by normal cells also appears to involve GJIC, 

however. We have studied this using cultured rat liver epithelial cells (WB-F344 cells) as 

a model system (Esinduy et al., 1995). In normal WB-F344 cells, high levels of 

connexin43 are expressed, numerous gap junctions are formed, and the percentage of 

communicating cells is high (95-100%). Neoplastic transformants of these cells, which 

were generated by ras and neu oncogene transfection, formed few gap junctions and had 

low incidences of communication (20-25%). Coculture of the two types of cells resulted 

in the growth suppression of the neoplastic cells. Inhibition occurred only when the two 

types of cells were permitted to make contact with each other and not when they were 

physically separated in the culture dish. In addition, medium from normal cells was 

incapable of reducing the growth of neoplastic cells. These data suggested that cell-cell 

contact, not secretion of extracellular factors was required for growth inhibition. To 

investigate whether GJIC between normal and neoplastic cells was required, GJIC- 

incompetent mutants of the normal cells were utilized. These cells did not inhibit the 

growth of neoplastic cells despite the presence of cell-cell contact. When GJIC was 

restored in the mutant cells by their transfection with a functional connexin43 gene,
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however, neoplastic cell growth was again inhibited. Thus, the inhibition of neoplastic 

WB cell growth by normal cells required GJIC.

SPECIFIC DISRUPTION AND ENHANCEMENT OF GJIC

The above discussion has reviewed indirect evidence that GJIC controls cell growth 

and the expression of the neoplastic phenotype. The problem with those studies is that 

many of the growth inhibitors, growth enhancers, carcinogens, oncogene products, etc. 

have many effects on cells besides altering GJIC so that the evidence is correlative.

Cause and effect cannot be shown unequivocally. To demonstrate a role for GJIC in 

growth control and neoplasia directly, methods to alter GJIC must be utilized (Trosko et 

al., 1998). Many techniques have been developed to specifically inhibit or enhance the 

expression of a target gene in cultured cells and animals. Several approaches have been 

used to disrupt specifically the function or expression of connexins and GJIC in 

nonneoplastic cells. These include antisense blockage of connexin gene expression, 

targeted disruption of connexin genes (connexin "gene knockout"), and transfection of 

defective connexin genes whose protein products block the function of normal connexin 

proteins ("dominant-negative" connexin expression). Additionally, the specific 

enhancement of GJIC in neoplastic cells has been achieved by transfection of functional 

connexin genes. As discussed below, these types of approaches have provided strong, 

direct evidence that GJIC is involved in growth regulation and neoplastic transformation 

(Trosko et al, 1998).
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Connexin Antisense Studies

Antisense approaches include treating cells or animals with short (usually 15-25 

nucleotides), single-stranded DNA, or RNA molecules that are complementary to 

targeted heteronuclear or messenger RNA, or transfecting cells with vectors that 

continuously generate complementary RNA. Antisense molecules are thought to inhibit 

gene expression by binding to heteronuclear RNA or messenger RNA and inducing their 

degradation or by inhibiting translation. Using antisense approaches, two groups have 

inhibited connexin expression in nonneoplastic cells and shown that this affected their 

growth. In one study, connexin antisense-transfected, nontransformed cells lost their 

ability to inhibit the growth of cocultured neoplastic cells (Goldberg et al., 1994). In 

another study, cells treated with connexin antisense oligonucleotides grew to a much 

higher saturation density (i.e., the maximal number of cells per dish) (Ruch et al., 1995).

Connexin Gene Knockout

"Gene knockout" involves the disruption of a target gene by the insertion of a noncoding 

sequence through homologous recombination. A connexin43 knockout mouse has been 

developed (Reaume et al., 1995). This mutation, which was lethal at birth, resulted in 

offspring that had enlarged, abnormally developed hearts. No neoplasms were evident in 

the embryos, possibly because of the young age at death or because of compensatory 

communication by the expression of other connexins. However, cell lines developed from 

the embryos exhibited abnormal patterns of growth (Martyn et al., 1997; Naus et al.,
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1997). A connexin32 knockout mouse has also been developed (Temme et al., 1997). 

Interestingly, these mice exhibited elevated rates of endogenous hepatocyte proliferation 

and were more susceptible to spontaneous and carcinogen-induced hepatic tumor 

formation (Temme et al., 1997).

Dominant-Negative Inhibition of Connexin Function

Dominant-negative disruption of normal gene product function involves introduction 

of a mutated gene whose protein product interferes with the function of the normal gene 

product. Because of the oligomerization of connexins into hemichannels and the precise 

architecture of the gap junction channel, this approach may be especially fruitful to block 

GJIC. Recently, several mutated connexins that possess dominant-negative activity have 

been identified (Sullivan et al., 1995; Paul et al., 1995; Omori et al., 1996). One of these, 

a dominant-negative mutant of connexin26, inhibited connexin26-mediated GJIC, 

enhanced cell growth, and increased the tumorigenicity of cells transfected with the 

mutant gene (Duflot-Dancer et ail., 1997).

Connexin Transfection Studies

Connexin gene expression has been enhanced in several malignant cell lines by 

transfection of connexin cDNAs (Masuda et al., 1995; Mesnil et al., 1995; Hirschi et al., 

1996). In these neoplastic cells, growth rates in vitro and/or tumor formation were highly 

reduced; these effects often correlated with the extent of reestablished GJIC. In some
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cases, the connexin-transfected cells also expressed altered levels of cell cycle regulatory 

proteins or more differentiated functions (Hirschi et al., 1996). In another study (Naus et 

al., 1992), the connexin-transfected cells secreted a soluble, peptide growth inhibitor.

This latter finding suggests that GJIC is integrated with other mechanisms of growth 

control (Trosko et al., 1998).

GJIC AND OTHER GROWTH CONTROL MECHANISMS

Thus, four different approaches have been used successfully to inhibit or enhance 

GJIC in a specific way. These studies provide strong evidence that GJIC is involved in 

growth regulation and neoplasia, but do not exclude the importance of other mechanisms. 

With most important biological control processes, multiple, redundant mechanisms are 

present to prevent cellular dysfunction should a single mechanism become defective. 

Similarly, we believe GJIC is only one mechanism of growth control that functions 

coordinately with others (e.g., growth factor responses and signal transduction pathways, 

cell cycle controls, responses of cells to the extracellular matrix and cell-cell adhesion 

molecules, etc.) as previous studies suggest (Naus et al., 1992; Masuda et al., 1995).

GROWTH REGULATION MEDIATED BY A GAP JUNCTION SIGNAL

Both inhibitory and stimulatory low-molecular weight signals might be produced in 

cells and diffuse to adjacent cells through gap junction channels. The negative signals 

would inhibit cell division and maintain differentiation whereas positive signals would 

stimulate growth and prevent differentiation. The loss of gap junctions or reductions in
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channel permeability would isolate cells from the inhibitory signals of neighboring cells 

and/or enable the accumulation of positive signals in signal-generating cells. These 

effects would result in the loss of growth inhibition or the stimulation of proliferation, 

respectively. If the reduction of GJIC were sustained, a noncommunicating cell could 

expand by clonal growth into a tumor (Loewenstein et al., 1990).

II.GAP JUNCTIONS AND ASTROGLIAL CELLS 

Role of Astrocytes and Gap Junctions in Brain Function

Astrocytes, the most abundant cell type in the brain, are electrically unexcitable cells, 

which traditionally have been regarded as passive support cells. The primary functions of 

astrocytes include regulation of interstitial ion homeostasis, maintenance of the blood- 

brain barrier, and neurotrophin-production. Although astrocytes have been considered to 

be supportive, rather than transmissive, recent studies have challenged this assumption by 

demonstrating that astrocytes possess functional neurotransmitter receptors. The 

discovery challenges a basic assumption in neuroscience and could have implications for 

interpreting brain scans and understanding what occurs during brain trauma and 

Alzheimer's disease (Nedergaard, 1994).

Neurons are highly dependent on astrocytes for their survival. Astrocytes produce a 

lipid that neurons use to create their outer membranes, and they also produce glutamate, 

the most abundant neurotransmitter in the nervous system and one of the most important 

chemical messengers in the brain. Recent experiments revealed that astrocytes form 

connections with blood vessels and control the flow of nutrients, including oxygen, to
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neurons. When brain activity increases, neurons trigger astrocytes to release calcium, 

which in turn affects other chemical messengers that can cause blood vessels to either 

dilate or contract (Nedergaard, 1994). Astroglia are characterized by extensive gap 

junctional intercellular communication via channels composed primarily of connexin43. 

Gap junction channels provide for the exchange of small molecules between cells to 

allow metabolic co-operation (Gilula et al., 1972), allowing the passage of second

94 -messengers such as inositol 1,4,5-trisphosphate and Ca , agents involved in cellular 

regulation (Saez et al., 1989; Charles et al., 1992).

Gap junctions have been recognized as a major mediator of cellular interactions in the 

nervous tissue (Dermietzel et al., 1993; Spray et al., 1996). A main characteristic of 

astrocytes is that they are highly coupled to each other and to neurons by gap junction 

channels, which can be observed either in vitro or in in vivo (Naus et al., 1991). It is now 

known that gap junction proteins, the connexins, are encoded by a multi-gene family.

At least three different connexin subtypes astrocytes Cx40, 43, and 50 are expressed 

by (Spray et al., 1996), but the predominant type is connexin 43 (Spray et al., 1996). In 

addition to astrocyte/astrocyte coupling, gap junctional communication between neurons 

and astrocytes and elevation of neuronal calcium levels evoked by glutamate released 

from adjacent astrocytes have been shown as routes for calcium-wave propagation from 

astrocytes to neurons (Froes et al., 1999).
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Consequences of Impaired Gap Junction Mediated Communication in Astroglial Cells

Gap junction mediated communication has been shown to be of major importance in 

the regulation of cell proliferation and differentiation (Loewenstein, 1979). An 

interruption of this communication pathway is one of the steps in malignant 

transformation (Yamasaki et al., 1996). To assess the cellular effects of gap junctional 

coupling changes, several independent laboratories have transfected gap junction cDNA 

into communication- deficient cell lines to increase GJIC (Zhu et al., 1991; Naus et al., 

1992; Bond et al., 1994; Bechberger et al., 1996).

In glioma cells, transfection with connexin43 resulted in increased expression and a 

significant decrease in proliferation, both in culture (Zhu et al., 1991) and in vivo (Naus et 

al., 1992). These observations suggested that intercellular communication may alter gene 

expression by activating or suppressing gene(s) involved in growth regulation.

III. EFFECTS OF ORGANOCHLORINE PESTICIDES

The organochlorine pesticides cover a wide range of chemical structures: compounds 

of cyclodiene series such as aldrin, dieldrin, endrin, heptaclor, chlordane, toxaphene; 

halogenated ethane derivatives such as DDT; cycloparaffins such as 

hexachlorcyclohexane; benzene hexachoride /HCB/ and chlorinated terpens. Several of 

the organochlorine pesticides are the most persistent types of pesticides and these 

compounds create most concern for problems of translocation and biomagnifications. The
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number of published papers on human, environmental and laboratory studies is 

considerable.

CONCENTRATIONS OF ORGANOCHLORINE PESTICIDES IN HUMAN TISSUES

The presence of persistent organochlorine pesticides in human serum and adipose 

tissues has been reported in many studies over the last four decades. Data are summarized 

and evaluated in the respective EHC documents ( Murphy et al., 1986; Kaloyanova et al.,

1991). The concentrations of organochlorine pesticides were compared in fat tissues and 

bone marrow. The level of p,p’DDT was three fold lower in bone marrow and the level of 

HCH was eight fold lower. The concentration of p,p’DDE in bone marrow was 77% of 

the concentration in fat tissues. Whereas the concentration of p HCH was 41% of adipose 

tissues a  HCH and dieldrin were increase 10-19 -fold respectively ( Sheele et al., 1998). 

Close relationship was found between total DDT in adipose tissues and milk fat (Dorea et 

all 1977). No significant relationship was found between serum concentrations and breast 

fat tissues (Archibeque et al., 1997).

CONCENTRATIONS OF ORGANOCHLORINE PESTICIDES IN HUMAN MILK

There are limited studies on the organochlorine pesticide concentrations in human 

milk. In Egypt, the levels found are lower than the levels reported a number of years ago 

in most of the developed countries. Higher levels are recorded in the samples from 

intensive agricultural activity regions. Aldrin and endrin were not detected in most of the 

samples (Saleh et al., 1995). Estimated daily intake of DDT complex and lindane by
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breast fed infants were 86% and 3% of the respective ADIs ( Dogheim et al., 1996). 

Occurrence of persistent organochlorine pesticides in human milk is reported in Czech 

Republic such as DDT and metabolites, HCH, and HCB (Schoula et al., 1996). Chikuni 

et al., (1997) detected OCI in 98-100 % of the samples. The ratio of DDT/DDEwas high 

in some areas in Zimbabwe, suggesting recent pollution by DDT used for vector control. 

Saleh et al., 1998 found in Saudi Arabia different DDT metabolites in 75% of samples, 

lindan in 24 %, heptachlor in 21 %, heptachlor epoxide in 34%, dieldrin in 49%, and 

endrin in 32%. The maximum daily intakes exceeded ADI for 5 kg infant. Dieldrin and 

heptachlor epoxide were detected in 43 and 30% of samples respectively in Australia 

/Victoria/. A number of infants had daily intakes above the ADI for total chlordane, total 

DDT, dieldrin, and heptachlor epoxide (Quinsey et al., 1995).

The levels of organochlorine pesticides in human milk increased with the maternal age 

(Brunetto et al., 1996; Czaja et al., 1997). They may be related to the dietary regimen to 

breast fed mothers (Cavaliere et al., 1997). They recommended breast feeding women to 

reduce organochlorine pesticides residues levels in the short term, by keeping their 

weight until after lactation. Lower dietary fat intake may reduce the lifetime 

accumulation of organochlorine pesticides. Both conclusions are supported in the study 

of Schlaud et al., 1995. In USA DDT metabolites have been detected at elevated 

concentrations in sediment and fish in Yakima river Washington (Marien et al., 1995). 

The authors concluded that mothers who frequently consume bottom-feeding fish could 

have breast milk with DDT concentrations sufficiently high to expose their infants to
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levels above the tolerable daily intake.

PERSISTENT ORGANOCHLORINE PESTICIDES IN FOOD PRODUCTS

Public concern about the adverse environmental and human health impact of 

organochlorine pesticides led to strict regulations of their use in developed countriesmore 

than two decades ago. Nevertheless, DDT, lindane, and several other OCI are still being 

used for agriculture and public health program in developing countries. As a consequence 

humans in these regions are exposed to greater dietary levels of OCI. Due to the 

globalization of the trade of food almost all countries in the world may be subject of their 

impact.

In Poland DDT was found in 100% milk samples, lindane in 60%, a  HCH in 30%, 

and others only in some samples. Levels of DDT in animal fat decreased 20-fold for the 

period 1970 to 1990/94, and 10-fold in bovine milk (Niewiadowska et al., 1995; 

Niewiadowska et al., 1996)

Dietary intake of fish from Baltic Sea contaminated with persistent organochlorine 

pesticides is related with the risk of having an infant with low weight (Rylander et al.,

1996). The levels of DDT and HCH in total diet in Netherlands did not exceed the ADI or 

comparable values in any of age-sex groups (Brussaard et al., 1996). Dietary intake in 

Spain were all below the respective ADI or Provisional Tolerable Weakly Intake. Only 

lindane was much higher (Urieta et al., 1996).
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Losada et al., 1996 confirm this results ranging lindane and aldrin as a pesticides with 

the highest incidence percentage of the 10 persistent OCI measured in milk from Spain- 

Leon. None of samples analyzed exceeded the maximum level allowed by the EU. The 

data of Martinez et al.,1997 for Spain are to some extent different. The authors found 

95% positive samples for HCH isomers and 13% of them exceeded the MRL of EU. 

Kannan et al., 1997 reviewed the published information on organochlorine pesticides in 

foodstuffs from South and Southeast Asia, and Oceanic countries.

In India, concentrations of DDT and HCH have declined more than two orders of 

magnitude in farms products /food grains and vegetables/ in two decades. Milk and milk 

products are the major route of exposure. Dietary intakes of DDT and HCH by Indians 

are 100 fold that of more developed nations. Aldrin, dieldrin, and heptachlor have been 

measured in vegetables and sporadic incidences of greater concentrations (>1 p /g found).

In most Southeast Asian countries, DDT was common contaminant in animal origin 

foodstuffs, due to the recent use of DDT in vector control operations. Dietary intakes 

were about 10 times more than the more developed countries. DDT, aldrin and dieldrin 

were detected in meat in Thailand and Malaysia. In South Pacific countries /Australia, 

New Zealand / chlordane’s were the most prevalent OCI in foodstuffs. Meat and fish 

were the major source of organochlorine pesticides in Australia. Current intake of OCI of 

developing countries in Asia is at least 5-100 fold greater than those in more developed 

countries, suggesting a greater risk. Malnutrition contributes to the risk. The estimated
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intake of DDT by infants was at least 100 fold greater than ADI. In addition to DDT, 

exposure to HCH and dieldrin may cause adverse effects to infants because they are more 

vulnerable to toxic effects.

In China 69% of food samples are positive for HCH, 42% for DDT. Compared to 

1970s organochlorine pesticides residues in China have decreased significantly. All are 

less than National Standards of food Hygiene (Zhang et al., 1997).

In Japan daily intake of total HCH, dieldrin, and total DDT inl992/3, decreased 29 

and 40% respectively, but lindane intake increased 167% in comparison with 1980/84. It 

was shown that this is due to recent increase of the imported meat and meat products. In 

Egypt aldrin, dieldrin, endrin, and heptachlor were not detected in food of animal origin 

(Dogheim et al., 1996). Levels of HCH and DDT, and heptachlor exceeded the Marls in 

small number offish samples.

No organochlorine pesticides were found in citrus fruits. Residues of HCH and HCH 

in some samples of potatoes are related to illegal use of these pesticides banned in Egypt 

since 1980 (Dogheim et al., 1996).The percentage of positive samples of butter in Mexico 

is for lindane 91, HCH -90, DDE-88, heptachlor epoxide-7 (Waliszewski et al., 1996). In 

Nicaragua DDT was detected in 81% of samples and other organochlorine pesticides only 

in single samples. DDT was used for cotton production (Moran et al., 1996).
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MECHANISM OF ACTION

Estrogen stimulation

Some persistent organochlorine pesticides (DDT, toxaphene, methoxichlor) can 

interfere with estrogen and androgen receptors. Thus, they can potentially interact with 

many physiologic processes through numerous receptor-signaling pathways (von Saal et 

al., 1995; Fry 1995; Guillette et al., 1996; Sheklar et al., 1997; Klotz et al., 1977; Crain et 

al., 1998). p,p’DDT is more potent estrogen than o,p’DDT but it is less effective than 

o,p’DDT in inhibiting of estradiol to estrogen receptor.

Heptachlor is estrogenic as well./Shekhar et all 1997/. In estrogen receptor positive 

breast cancer cells, p,p’DDT evokes responses and enhances the responses in 

collaboration with estradiol or o,p’DDT. The estrogen action of some persistent OCI may 

play a role in the progression of hormonally responsive tumors of the breast and uterus. 

Steimetz et al., 1996 found that P HCH and o,p’DDT stimulated proliferation in a dose 

dependent manner in the estrogen receptor positive human breast cells.

The results of Shen et al., 1997. Enan et al., 1998 in vitro experiments demonstrated a 

different mechanism of organochlorine pesticides on tumor cell not related to estrogen 

receptors. Dees et al., 1997 concluded that the role for organochlorine pesticides in breast 

cancer etiology remains controversial. Effects on behaviour of o,p’DDT and methoxyclor 

were mediated by binding to estrogen receptors in the developing brain (Saal et al.,

1995).
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Immune system

Organochlorine pesticides may modulate the immune response. Banerjee et al., 1997 

evaluated the humoral immune response of DDT to mice. Combined with stress, DDT 

(50-100 ppm in diet for 4 weeks) suppressed the primary response to cheep red blood 

cells and the anti-titers were lower the control values. Possible interaction between 

physical, emotional, and environmental xenobiotic stressors in the regulation of humoral 

immune response are possible.

Immunomodulatory effect of DDT was demonstrated in rats as well. Humoral and 

cell mediated immune responses to ovalbumin were studied (Banerjee et al., 1996). 

Different degrees of suppression was demonstrated at 200 ppm DDT in food for 6  weeks 

such as suppression of IgM and IgG levels, reduced antibody response, inhibition of 

leucocyte and macrophage migration factors, delayed type of hypersensitivity. The 

authors discuss the importance of these facts as a determinant of the toxicity of DDT and 

its influence in health and diseases. Similarly, Lahvis et al., 1995 showed that the role of 

immune system dysfunction due to organochlorine pesticides in dolphins. A high content 

of lindane /0.139 mg/kg/ in stable dust is supposed to participate in the 

immunosuppression of lymphocytes in cattle (Raszyk et al., 1997).

Sodium channels

Ion channels are primary sites for several groups of insecticides. The voltage sensitive 

sodium channel is the major target site for DDT and pyrethroids (Bloomquist 1996).
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Endosulfan which is potent convulsant block chloride channel. Stress is given to the 

combine effect of pesticides with similar mechanism of action. Bioalethrin causes 

permanent changes in behavioural and muscarin acethylcholine receptor variables in 

adult mice exposed neonatally to DDT (Johansson et al., 1995).

EPIDEMIOLOGICAL STUDIES ON CARCENOGENICITY OF 

ORGANOCHLORINE PESTICIDES

Breast cancer

Recent epidemiological evidence suggests that there is a relationship between the 

incidence of breast cancer and the presence of organochlorine pesticides the body (van’t 

Veer et al., 1977). There are many study results indicating that environmental factors 

have a strong influence on the occurrence of breast cancer and that estrogenic actions of 

various chemicals are one of the most strongly suspected contributing factors (van’t Veer 

et al., 1977). Possible links between exposure to DDE, the persistent metabolite of DDT, 

and breast cancer have been studied in European countries: Germany, Netherlands, 

Northern Ireland, Switzerland, and Spain (van’t Veer et al., 1977).

The overall objective of many projects was to understand the cellular mechanisms 

bywhich organochlorine pesticides act to cause cancer-like transformation of human 

breast cancer cells under laboratory (in vitro) conditions. The role of environmental 

organochlorines in breast cancer is the subject of continuing debate and research. 

Epidemiological studies have reported numerous environmental chemical contaminants
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to be present in normal and cancerous breast tissue, including organochlorine insecticides 

and polychlorinated biphenyls.

Breast cancer incidences have been steadily rising during the past two or three 

decades. This trend is characterized by increasing rates among estrogen-responsive 

tumors, by continuing increases among older women, and by growing numbers in both 

developed and developing countries. The incidence of breast cancer in the United States 

has increased a modest 8 % among women under 50 years of age, while it has risen 32.1% 

among women in the age group of 50 years or older (Lopes-Carrillo et al., 1996). This 

upward shift is consistent with the historical pattern of accumulation of organochlorine 

residues in the environment (Lopes-Carrillo et al., 1996). Lopes-Carrillo et al., 1997 

reached the same conclusion for women with serum levels of DDE in lipid (562 ppb) but 

they do not exclude the possibility that higher levels of exposure could still play a role in 

etiology of breast cancer.

Occupational exposure to relatively high levels of DDT is not associated with an 

increased incidence of breast cancer (Safe et al., 1997). The hypothesis that human 

exposure to organochlorine pesticides would favor on estrogenic overactivity leading to 

an increase in estrogen-dependent formation of mammary or endometrial tumors is not 

supported by the existing in vitro, animal, and epidemic evidence. It can however not be 

conclusively rejected based on available data (Ahlborgh et al., 1995). Other factor may 

contribute as well. Higher risk may occur among persons whose enzymes either are more 

active in the production of procarcinogens or fail to detoxify carcinogenic intermediates
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formed from chemicals in the environment (Wolf et al, 1997). Interaction between non- 

genotoxic carcinogens may increase the carcenogenic risk (Bessi et al., 1995). Verma et 

al., 1997 recommended soybeans in diet in order to prevent eventually hormone related 

cancers. Further studies are recommended, as it is well known that the breast cancer is 

strongly associated with reproductive hormones (Wolff, 1995).

Cancer on other organs or systems

In Italy, significant increase in risk for liver and biliary tract cancer, multiple 

myeloma and myeloid leukemia was reported for workers occupationally exposed to 

DDT. No trends occurred according to length of employment (Cocco et al., 1997). There 

was no dose response relation between serum organochlorine pesticides in general 

population in a case control study of non-Hodgkin lymphoma (Rothman et al., 1997). 

Workers exposed to DDT were subject to increased risk of lung cancer in Uruguay (De 

Stefani et al., 1996). DDT exposure is associated with increased risk of pancreas cancer 

in USA, Michigan (Fryzek et al., 1997). Review on epidemiological data concluded that 

no convincing evidence exists that organochlorine pesticides cause a large number of 

cancers (Longnecker et al., 1997).

Neurotoxic effects of Organochlorine Pesticides

Unexplained and persistent fatigue has been shown to be related to exposure to DDT and 

HCH (Dunstan et al., 1996). Neurotoxicity risk is very important and should be
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considered in developmental neurotoxicity (Duffard et al, 1996). The synergistic or 

additive effects of DDT in combination with other toxic pollutants in Great Laces USA 

may be causing adverse effects on reproduction in sensitive individuals, which need to be 

explored (Foster 1995).

Parkinson's Disease (PD) is the most common neurodegenerative disorder affecting 

people over the age of 50 (Purves et al., 1997). Over the last two decades there has been 

an increasing rate of mortality from PD among the elderly in the United States 

(Lilienfield et al, 1990). PD is often defined by hypokinesia, resting tremor, muscle 

rigidity and general muscle weakness (Bowman and Rand, 1980). Ablation of 

dopaminergic neurons within the nigrostriatal tract is the principal neuropathology in PD. 

The onset of parkinsonian symptoms occurs upon the loss of 80% of nigral dopaminergic 

cells and 50% loss of striatal dopamine. While the cause of PD remains unknown, 

exposure to environmental agents is a salient feature of pathogenesis (Koller et al., 1990; 

Svenson et al., 1991; Butterfield et al., 1993; Hertzman et al., 1994; Seidler et al. 1996). 

While epidemiological studies have suggested a lack of a genetic component to idiopathic 

PD (Tanner, 1998), environmental agents have been suggested as factors in the etiology 

of Parkinson's disease (Wong et al., 1991; Butterfield et al., 1993).

Researchexploring potential environmental factors has shown a higher incidence of 

PD in populations with a history of drinking well-water, those living within rural areas 

(Svenson, 1991) and workers with occupational exposure to pesticides (Fleming et al.,
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1994). Considering that exposure toinsecticides is a common feature among these groups 

and that these compounds are designed as neurotoxicants, insecticides are to be 

considered as suspect etiologic agents.

The organochlorine pesticides are GABA antagonists once widely used for pest 

control within rural and urban environments. Human exposure to these compounds is 

most likely widespread and the residues are persistent. The presence of dieldrin within 

brain tissue has been significantly correlated with the presence of PD (Fleming et al., 

1994; Corrigan et al., 1996). Studies (Kirby et al., 1997) have demonstrated the ability of 

organochlorines to upregulate dopamine transport and promote release of 

neurotransmitter from preloaded synaptic terminals in striatal homogenates. This release 

effect has been found to have specificity for the dopaminergic system. Further, this 

release was found to occur through a GABA-independent mechanism.

Discussion

The early findings in 1950s, 1960, and 1970, of persistent organochlorine pesticides 

in birds and fish population as a result of biomagnification in North America and Europe 

followed by publications in Baltic Sea, Danube basin and India were obviously the result 

of deliberate and extensive use of these chemicals in agriculture and public health. The 

threat to groundwater resources, alarming reports on contamination of mothers milk and 

storage in human tissues have been described in many parts of the world (Rasmussen

1996). We now have knowledge of fundamental processes such as environmental
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transport and transformation, exposure, uptake food chain accumulation and metabolic 

patterns of organochlorine pesticides. In spite of this experience, the problem of 

contamination still exists ever increasing due to the frequency of reported accidents and 

damages from all over the world and the controversy and uncertainty in some statements.

The use of persistent organochlorine pesticides have been banned or severely 

restricted to use only in a small number of countries with serious public health problems 

such as malaria and other parasitic diseases. It is obvious, therefore, that the question is 

still matter of concern for the global society and a call for worldwide attention through 

international bodies. The problem is complicated by the reemergence of malaria in many 

countries, particularly in South America and Asia (Roberts et al., 1997, Kannan et al., 

1977).

There is casual link between decreased spraying of homes with DDT and increased 

malaria. Ecuador, which has increased use of DDT since 1993 is the only South America 

country reporting large reduction (61%) in malaria rate since 1993. Cost versus benefits 

of DDT and alternative insecticides is a subject of urgent to be discussed by international 

organizations. Scientific interest concerning the effects of persistent organochlorine 

pesticides continues. Considerable numbers of research proj ects have been performed and 

results published in the period after 1995. They cover all aspect of organochlorine- 

environmental pollution, storage in humans, aquatic and terrestrial life, and adverse 

effects, mostly carcinogenicity.
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CHAPTER 3

EFFECT OF THE NATURAL PRODUCT COMPOUND, CHAETOGLOBOSIN K, IN 

PREVENTING GAP JUNCTIONAL COMMUNICATION INHIBITION BY 

LINDANE AND DIELDRIN IN ASTROGLIA

Abstract

Purpose. To determine the effect of the natural product compound, chaetoglobosin K, 

in preventing gap junctional communication inhibition by lindane and dieldrin in 

astroglial cells.

Method. A fluorescent dye transfer assay was used to quantify gap junction-mediated 

communication and sensitivity to dieldrin and lindane. The fluorescent dye, Lucifer 

Yellow, was introduced into cells by making a score through the membranes using a 

scalpel. Fluorescence was observed under a microscope, using a xlO objective lens. Cells 

in a defined area were counted using Image Pro Software.

Results. Pre-incubation with 2 or 10 pM ChK for 15 min, followed by 30 min 

incubation with 10 pM dieldrin or 50 pM lindane resulted in a significantly greater
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number of dye-transfer fluorescent cells than cells treated for 30 min with dieldrin or 

lindane alone. Increasing the preincubation time to 1 hour only slightly increased the 

preventative effect of ChK compared to 15 min incubation. Treatment of RG-2 cells with 

10 pM ChK alone for up to 45 min showed no effect on dye transfer compared to control 

cells.

Conclusion. The natural product ChK showed protective effects against 

organochlorine disruption of gap junction mediated cell-cell communication in astroglial 

cells. The present study provided the first evidence that lindane impaired gap junction- 

mediated communication between astroglia at non-cytotoxic concentrations, and that the 

natural product, Chaetoglobosin K (ChK), prevented this inhibition. Extended studies 

showed that ChK prevented the dieldrin- induced inhibition of gap junction- mediated 

communication in astroglia in a time- and concentration-dependent manner.

Introduction

The evolution of multicellular organisms from unicellular ones required that cells 

develop methods to "communicate" with both neighboring and distant cells within the 

organism. This intercellular communication was, thus, critical for the evolution of tissues 

and organs as well as the regulation of proliferation, and differentiation of specialized cells 

(Gerhard et al., 1999).

Gap junctions consist of aggregated intercellular plasma membrane channels that 

span the plasma membranes of adjacent cells and directly connect their cytoplasm. These
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channels are formed by connexins (Cx), which allow direct intercytoplasmic exchange 

between neighboring cells. They provide a direct pathway for the exchange of molecular 

information between cells. Vertebrate gap junction channels have a permeability size 

limit of approximately 1 kDa (Ruch, 2000), so that amino acids, sugars, nucleotides, most 

second messengers, water and other small molecules can diffuse between cells through 

gap junction channels, whereas macromolecules cannot. This cell-cell diffusion is known 

as gap junctional intercellular communication (Christian et al., 1998).

Gap junctional intercellular communication is the major pathway of signal transduction 

between cells in contact and is important for cell growth and plays an important role in the 

control of cell growth, differentiation, apoptosis, and calcium signaling. (Gerhart et al., 

1999). Intercellular communication is involved in nearly all physiological activities of 

multicellular organisms, including normal embryogenesis and development, neural 

activity, gamete production parturition, endocrine function, immune function, 

cardiovascular function, and the regulation of cell proliferation, apoptosis, and 

differentiation. Alterations of intercellular communication (increased, decreased, or 

replacement with a different type), thus, contribute to many diseases. These include 

neuropathy, infertility, diabetes, autoimmune disorders, atherosclerosis, cancer, and other 

diseases (Trosko et al., 1998).

Scientific interest concerning the detrimental effects of persistent organochlorine 

pesticides on gap junctional intercellular communication is increasing. Several findings 

suggest that dysfunctional gap junctional intercellular communication plays a crucial role 

in the tumor promotion phase of carcinogenesis and in development of neurotoxicity
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(Trosko et al., Bioscience, 1998; Klaunig et al., In Vitro Toxicol, 1990). The mechanism(s) 

by which organochlorine compounds induce these detrimental effects remains unclear, but 

many of these toxins have been reported to have toxicity for dopaminergic neurons 

(Sanchez-Ramos et al., Exper Neurology, 1998), inhibition of GABA receptor binding (Liu 

et al., 1998), and inhibition of gap junction-mediated cell-cell communication between 

neurons in vitro (Matesic et al., 1996). Scientific interest concerning tumor promoting, 

neurotoxic and other detrimental effects of persistent organochlorine pesticides continues.

Biologically active natural products have been studied by many investigators whose 

scientific curiosity about these compounds extends into many areas (Cutler H., 1988). 

Natural product compounds play a significant role in the development of new drugs, 

particularly in anti-cancer and anti-hypertensive therapeutic domains (Newman et al.,

2003). Chaetoglobosin K (ChK) is a natural product compound isolated from semi-solid 

fermentation of the fungal phytopathogen Diplodia macrospora. The empirical formula is 

C34H4 0O5N2 and the formula weight is 556.2934 (Cutler et al., 1980). Scientists at 

Ludwig Cancer Institute, Australia have previously identified Chaetoglobosin K to 

suppress the tumorigenic phenotype in transformed fibroblasts (Tikoo et al., 1999). It has 

also been shown to prevent inhibitory effects of tumor promoting organochlorine 

compounds on gap junction-mediated cell-cell communication in astroglial and epithelial 

cells (Matesic et al., 2001) and inhibit growth of ras-transformed liver epithelial cells 

(Matesic et al., 2005).

The studies presented here demonstrated the ability of ChK to prevent inhibitory 

effects of the organochlorine compounds, lindane, and dieldrin in astroglia.
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Materials and Methods

Materials

Alpha-MEM culture media and L-glutamine were purchased from Fisher Scientific. 

Lucifer yellow, Neutral Red, PMSF, and fetal bovine serum were purchased from Sigma- 

Aldrich. Dieldrin and lindane were purchased from Accustandard. Chaetoglobosin K, 

(ChK) was purified from semi-solid fermentation of the fungal phytopathogen Diplodia 

macrospora and was greater than 97%  pure. The empirical formula is C34H40O5N2 and 

the formula weight is 556.3.

Cell cultures

A rat astroglial cell line derived from embryonic rat cerebral cortex and designated 

RG-2, was grown in alpha-MEM media supplemented with 2 mM L-glutamine and 5% 

fetal bovine serum at 37°C in a 5% CO2/ 95% air atmosphere. In all experiments, media 

was changed to serum-free alpha-MEM 20-24 hours before treatments. Cells were 

subcultured by trypsinization and used when 90-100% confluent at passages 10-30 and 

plated in 35 mm2 dishes.

Treatment of cells with test compounds

Test chemicals were dissolved in dimethylsulphoxide (DMSO) at lOOOx 

concentrations to be used in experiments and added at 1 pl/ml for the indicated times. 

Controls consisted of treatments with identical amounts of DMSO. 50 pM lindane and 10 

pM dieldrin were used in all experiments, and ChK was used at 2, 5, or 10 pM as
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indicated. In all experiments in which cells were pre-incubated with ChK, pre-incubation 

time was 15 min before addition of lindane or dieldrin (except where noted).

Neutral Red cell viability/cvtotoxicitv assay

RG-2 cells grown in 48-well culture plates were treated with increasing concentrations 

of lindane dissolved in DMSO for 24 hrs and incubated for 3 hrs at 37°C with 0.15% 

Neutral Red dye added to the culture media in the presence of the test compound

(modification of Borenfreund and Puemer, 1985). Solvent vehicle-treated cells were used

'?+ 0-\-as controls. Cells were washed free of external dye once with Ca /Mg PBS and twice 

with PBS, followed by addition of 1 ml of extraction solution containing 50% ethanol,

1% acetic acid. Absorbances of samples run in quadruplicate were read at 540 nm on a 

Tecan plate reader. Neutral Red uptake of assay of lindane (Figure 1) indicated no 

cytotoxicity of this compound on RG-2 exposed for 24 hrs to concentration as high as 75 

pM.

Dye transfer assay of gap junction-mediated cellular communication

Cells grown in 35 mm2 dishes were washed once with PBS containing 0.5 mM CaCl, 

0.5 mM MgCl (Ca2+/Mg2+ PBS) and twice in PBS. 1 ml of 0.5 mg/ml Lucifer Yellow in 

PBS was added and several areas of the cell monolayer scored with a surgical blade to 

allow entry of Lucifer Yellow. After 90 sec, dye was removed and cells washed once 

with Ca2+/Mg2+ PBS followed by twice with PBS and fixed with 4% paraformaldehyde in 

PBS. Fluorescence was observed using a Leitz inverted microscope using a 10-x
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objective lens. Several areas of each test plate were photographed and the number of 

fluorescent cells counted in a defined area using a template. Since cells along the score 

line were fluorescent, regardless of their ability to communicate, the average number of 

cells in fully inhibited (negative control) samples was subtracted from the total number of 

cells counted in the various treatment groups to give a better estimate of the number of 

communication positive cells.

Statistical analysis

Statistical analysis were performed using StatistiXL. All data are presented as the mean 

± SD for each group (n=5). Data was analyzed by ANOVA, followed by Tukey's post- 

hoc test. p< 0.05 was used to indicate a statistically significant difference.
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Chaetoglobosin K (ChK)

Scheme 3.Chemical structure of Chaetoglobosin K (ChK). The empirical formula is 

C34H40O5N2 and the formula weight is 556.3.
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Results and Discussions 

Effect of different concentrations of lindane on cell viability

We first evaluated the lindane toxicity threshold by monitoring the viability of RG-2 

cells exposed for 24 h to different concentrations of lindane (0-100 pM). Concentrations 

of lindane between 10 and 75 pM did not exert a significant effect on RG-2 cell viability 

(Figure 1). In contrast, cell exposure to a higher concentration of lindane (100 pM) 

significantly reduced the number of cells (P < 0.05). Results of Neutral Red assays of 

ChK and dieldrin have been previously reported showing evidence of cytotoxicity to RG- 

2 cell starting at concentration above 15 pM for ChK and indicating no cytotoxicity on 

RG-2 cells exposed for 24 h to concentration as high as 50 pM for dieldrin (Matesic et 

al., 2001).

Inhibition of gap junction-mediated communication by lindane and dieldrin and 

restoration by ChK in astroglial cells

Figure 2 shows the inhibitory effect of lindane and the preventative effect of ChK on 

gap junction-mediated communication assayed by fluorescence dye transfer. Lucifer- 

yellow dye loaded into untreated RG-2 cells along the score line spread well into 

neighboring cells in the absence of inhibitor (Figure 2A), normal communication, and
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poorly in cells treated with 50 pM lindane for 1 hr (Figure 2C). Pre-incubation of RG-2 

cells with ChK prevented the lindane-induced inhibition of fluorescent dye transfer 

(Figure 2E). Figure 2B, D, F represent phase-contrast images corresponding to Figure 

2A, C, E.

Figure 3 demonstrates the quantitative analysis of the percentage of coupled cells in 

control, ChK, lindane and ChK - lindane treated cells showing that pre-incubation with 

10 pM ChK for 15 min, followed by 30 min incubation with 50 pM lindane resulted in a 

significantly greater number of dye-transfer fluorescent cells than cells treated for 30 min 

with 50 pM lindane alone.

To extend our studies with dieldrin, an experiment showing time-dependent effect of 

ChK on gap junction-mediated communication was conducted. Figure 4 represents the 

quantitative analysis the percentage of coupled cells in control, dieldrin, and ChK - 

dieldrin treated cells. This graph shows that increasing the preincubation time to 1 hour 

only slightly increased the preventative effect of ChK compared to 15 min incubation, 

whereas co-incubation of ChK and dieldrin resulted in reduced preventative effect of 

ChK. Treatment of RG-2 cells with 10 pM ChK alone for up to 45 min showed no effect 

on dye transfer compared to control cells (Figure 3). Figure 5 shows that pre-incubation 

with 2 or 10 pM ChK for 15 min, followed by 30 min incubation with 10 pM dieldrin 

resulted in a significantly greater number of dye-transfer fluorescent cells than cells 

treated for 30 min with dieldrin alone.
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Figure 1. Neutral Red cytotoxicity assay of lindane on RG-2 cells. Cells grown in 48-well 
culture plates were exposed for 24 h to different concentrations of lindane (0-100 pM) 
and incubated for 3 hrs at 37°C with 0.15% Neutral Red dye. Vehicle (DMSO)-treated 
cells were used as controls. Data are presented as the mean ± SD for each group (n=4). *, 
Statistically significant (P <0.05) compared to controls.
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Figure 2. Fluorescent dye transfer assay of gap junction-mediated intercellular 
communication. RG-2 cells were grown to 90-100% confluence on 35 mm dishes. 
Fluorescent dye transfer assay was performed as described in “Methods.” (A) Control 
dishes were treated with an equal volume of vehicle (DMSO); (C) cells treated with 
50pM Lindane; (E) Cells were preincubated with 10 pM ChK for 15 min followed by 
treatment with 50 pM Lindane for 30 min. (B, D, F) phase-contrast images corresponding 
to (A, C, E).
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Figure 3. Preventative effect of ChK on lindane inhibition of gap junctional 
communication. RG-2 cells were grown to 90-100% confluence on 35 mm dishes. Cells 
were preincubated with 10 pM ChK for 15 min followed by treatment with 50 pM 
lindane for 30 min. Control dishes were treated with an equal volume of vehicle. 
Incubation with 10 pM ChK for 45 min showed no inhibition. Fluorescent dye transfer 
assay was performed as described in “Methods.” Values from separate lindane dishes 
were subtracted as background fluorescent cells for each group. Data are presented as the 
mean ± SD for each group (n=5). *, Statistically significant (P <0.05) compared to 
controls.
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Figure 4. Effect of ChK at different pre-incubation time on dieldrin inhibition of GJIC (1 
hr vs. 15 min vs. co-incubation). RG-2 cells were grown to 90-100% confluence on 35 
mm dishes. Cells were preincubated with 10 pM ChK for 1 hr or 15 min followed by 
treatment with 10 pM dieldrin for 30 min or co-incubation. Control dishes were treated 
with an equal volume of vehicle. Fluorescent dye transfer assay was performed as 
described in “Methods.” Values from separate dieldrin dishes were subtracted as 
background fluorescent cells for each group. Data are presented as the mean ± SD for 
each group (n=5). *, Statistically significant (P <0.05) compared to controls.
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Figure 5. Effect of different concentrations of ChK on dieldrin inhibition of gap 
junctional communication. RG-2 cells were grown to 90-100% confluence on 35 mm 
dishes. Cells were preincubated with 2 pM ChK or 10 pM ChK for 15 min followed by 
treatment with 10 pM dieldrin for 30 min. Control dishes were treated with an equal 
volume of vehicle. Incubation with 10 pM ChK for 45 min showed no inhibition. 
Fluorescent dye transfer assay was performed as described in “Methods.” Values from 
separate and dieldrin dishes were subtracted as background fluorescent cells for each 
group. Data are presented as the mean ± SD for each group (n=5). *, Statistically 
significant (P <0.05) compared to controls.
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Conclusion

The natural product ChK showed protective effects against organochlorine disruption of 

gap junction mediated cell-cell communication in astroglial cells. The present study 

provided the first evidence that lindane impaired gap junction-mediated communication 

between astroglia at non-cytotoxic concentrations, and that the natural product, 

Chaetoglobosin K (ChK), prevented this inhibition. Further studies demonstrated that 

pre-incubation of RG-2 cells with ChK prevented the dieldrin- induced inhibition of gap 

junction- mediated communication in astroglia in a time- and concentration-dependent 

manner.
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CHAPTER 4

PREVENTATIVE EFFECT OF CHAETOGLOBOSIN K ON LINDANE- AND 

DIELDRIN-INDUCED CHANGES IN CONNEXIN 43 PHOSPHORYLATION

Abstract

Purpose. To determine whether effects of ChK, lindane, and dieldrin on gap junction- 

mediated cell communication correlate with changes in phosphorylation of connexin 43 

in astroglial cells.

Method. Western blot analysis was used to monitor phosphorylation changes in 

connexin 43. Membrane-enriched protein fractions were extracted from RG-2 cells 

grown in 75 cm2 flasks by lysis in 0.375 ml of 10 mM Tris, 10 mM iodoacetamide, 1 mM 

PMSF, pH 7.5. Samples were alkalinized by addition of 0.55 ml of 40 mM NaOH, chilled 

on ice, and sonicated for 2 x 15 sec pulses on a Bronson sonicator at 35% maximal power 

using a micro tip. Samples were centrifuged for 30 min in a microfuge (14,000 RPM), 

membrane enriched pellets washed with 10 mM Tris, 1 mM PMSF, pH 7.5 and 

resuspended in the Tris/PMSF buffer by sonication. Aliquots were removed for a protein

67
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assay and the remainder solubilized in Laemmli sample buffer (24). Following 

electrophoresis on 12.5% acrylamide, 1 mm thick minigels, proteins were transferred to 

PVDF membranes in transfer buffer containing 0.02% SDS overnight at 20 V. 

Membranes were blocked for 2 hrs at room temperature in 40 mM Tris, 4% nonfat dry 

milk, 0.1% Tween-20, then incubated in the same buffer containing connexin 43- 

specific antibodies diluted 1:1000 for 12-24 hrs at 4°C on a shaker. Membranes were 

washed in block buffer, incubated for 1-2 hrs with biotinylated anti-mouse antibodies, 

washed, then incubated for 1 hr with streptavidin-conjugated alkaline phosphatase and 

after washing, immunopositive bands were visualized using the NBT/BCIP detection 

system.

Protein concentrations were determined using the Biorad DC protein assay in a 48 well 

format on samples solubilized in buffer containing 1% SDS. BSA was used as a standard 

and absorbances read at 750 nm.

Results. Our results demonstrate that lindane and dieldrin promoted 

hypophosphorylation of connexin 43 via loss of the P2 phosphoform in RG-2 cells and 

that ChK prevented this loss by stabilization of the P2 phosphoform.

Conclusion. The natural product ChK showed a preventative effect on lindane and 

dieldrin disruption of gap junction mediated cell-cell communication and 

hypophosphorylation in astroglial cells. We propose that ChK prevents lindane inhibition 

of gap junctional communication by preventing loss of the connexin 43 P2 phosphoform.
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Astroglial gap junctional communication is inhibited by a large number of 

organochlorine compounds, which may play a role in their carcinogenic and neurotoxic 

effects. Astrocytes, the most abundant cell type in the brain, (Nedergaard, 1994) 

are electrically unexcitable cells, which traditionally have been regarded as passive 

support cells. The primary functions of astrocytes include regulation of interstitial ion 

homeostasis, maintenance of the blood-brain barrier, and neurotrophin-production. 

Although astrocytes have been considered to be supportive, rather than transmissive, 

recent studies have challenged this assumption by demonstrating that astrocytes possess 

functional neurotransmitter receptors (Nedergaard, 1994). The discovery challenges a 

basic assumption in neuroscience and could have implications for interpreting brain scans 

and understanding what occurs during brain trauma and Alzheimer's disease.

Neurons are highly dependent on astrocytes for their survival. Astrocytes produce a 

lipid that neurons use to create their outer membranes, and they also produce glutamate, 

the most abundant neurotransmitter in the nervous system and one of the most important 

chemical messengers in the brain (Nedergaard, 1994). Recent experiments revealed that 

astrocytes form connections with blood vessels and control the flow of nutrients, 

including oxygen, to neurons. When brain activity increases, neurons trigger astrocytes to 

release calcium, which in turn affects other chemical messengers that can cause blood 

vessels to either dilate or contract (Nedergaard, 1994).
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Gap junctions have been recognized as a major mediator of cellular interactions in the 

nervous tissue (Dermietzel R, 1993). A main characteristic of astrocytes is that they are 

highly coupled to each other and to neurons by gap junction channels, which can be 

observed either in vitro or in vivo (Naus et al., 1991). At least three different connexin 

subtypes are expressed by astrocytes (Cx40, 43, and 50), but the predominant type is 

connexin 43 (Spray et ah, 1996). In addition to astrocyte/astrocyte coupling, gap 

junctional communication between neurons and astrocytes and elevation of neuronal 

calcium levels evoked by glutamate released from adjacent astrocytes have been shown 

as routes for calcium-wave propagation from astrocytes to neurons (Froes et ah, 1999).

It has been previously shown that the organochlorine pesticide, dieldrin, inhibits gap 

junction-mediated communication between astroglia at non-cytotoxic concentrations, and 

that the natural product, Chaetoglobosin K (ChK), can prevent this inhibition. The goals 

of the current studies were: (i) to determine whether ChK prevents inhibition of gap 

junction-mediated communication by another tumor-promoting organochlorine 

compound, lindane, and (ii) to further characterize the preventative effect of ChK on gap 

junctional communication in lindane- and dieldrin-treated astroglial cells, specifically, to 

determine whether the protective of ChK correlates with phosphorylation changes in the 

gap junction protein, connexin 43.
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Materials and Methods

Method of preparation of astroglial culture for phosphorylation/immunoblot assays of 
connexin 43

A rat astroglial cell line derived from embryonic rat cerebral cortex (Ko et al., 198o) 

and designated RG-2, was grown in alpha-MEM media supplemented with 2 mM L- 

glutamine and 5% fetal bovine serum at 37°C in a 5% CO2/ 95% air atmosphere. Cells 

were washed with PBS, detached by trypsinization, centrifuged at 2000 rpm for 4 min. A 

cell suspension was transferred into 75 cm2 flasks for phosphorylation/immunoblot 

assays of connexin 43 at desired cell density, usually at 10% confluence. Cells divided, 

forming a confluent monolayer of astroglia within 6 days and used when 90-100% 

confluent at passages 10-30 and. In all experiments, media was changed to serum-free 

alpha-MEM 20-24 hours before treatments.

Immunoblot analysis of connexin 43

Membrane-enriched protein fractions were extracted from RG-2 cells grown in 75 cm2 

flasks by lysis in 0.375 ml of 10 mM Tris, 10 mM iodoacetamide, 1 mM PMSF, pH 7.5. 

Samples were alkalinized by addition of 0.55 ml of 40 mM NaOH, chilled on ice, and 

sonicated for 2, 15 sec pulses on a Bronson sonicator at 35% maximal power using a 

micro tip. Samples were centrifuged for 30 min in a microfuge (14,000 RPM), membrane 

enriched pellets washed with 10 mM Tris, 1 mM PMSF, pH 7.5 and resuspended in the
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Tris/PMSF buffer by sonication. Aliquots were removed for protein assay and the 

remainder solubilized in Laemmli sample buffer (24). Following electrophoresis on 

12.5% acrylamide, 1 mm thick minigels, proteins were transferred to PVDF membranes 

in transfer buffer containing 0.02% SDS overnight at 20 V. Membranes were blocked for 

2 hrs at room temperature in 40 mM Tris, 4% nonfat dry milk, 0.1% Tween-20, then 

incubated in the same buffer containing connexin 43-specific antibodies diluted 1:1000 

for 12-24 hrs at 4°C on a shaker. Membranes were washed in block buffer, incubated for 

1-2 hrs with biotinylated anti-mouse antibodies, washed, then incubated for 1 hr with 

streptavidin-conjugated alkaline phosphatase and after washing, immunopositive bands 

were visualized using the NBT/BCIP detection system.

Protein Assay

Protein concentrations were determined using the Biorad DC protein assay in 48 well 

format on samples solubilized in buffer containing 1% SDS. BSA was used as a standard, 

protein level was estimated from the standard curve, which was constructed using several 

dilutions of samples in each analysis, and absorbances were read at 750 nm using a Tecan 

platereader.

Results and Discussion

To understand the mechanism for ChK’s effect on gap junctional function, Western 

blots were performed on membrane-enriched fractions from RG-2 cells to examine the 

biochemical changes in Cx43 phosphorylation and protein levels associated with dieldrin
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and lindane treatment using primary Cx43 antibody, anti-mouse secondary antibody, and 

streptavidin-conjugated alkaline phosphatase.

Membrane-enriched fractions from vehicle-treated RG-2 cells (Figure 9 and 11, lanes 

2) exhibited the characteristic Po/Pl/P2 connexin 43 pattern seen previously in rat liver 

epithelial cell cultures and other cell types (Musil et al.,1991; Budunova et al., 1993; 

Matesic et al., 1994). In previous studies, it has been identified Po as the 

unphosphorylated form of connexin 43 and PI and P2 two phosphoforms (Matesic et al., 

1994). Numbers on the left refer to molecular mass (kDa) based on protein standards. The 

fraction isolated from lindane- (Figures 8, lane 3) or dieldrin- (Figure 10, lane 3) treated 

cells shows loss of the P2 phosphoform of Cx43 that was present in untreated cells 

(Figures 8, 10, lanes 2).

Results of the next experiments show that ChK stabilizes the P2 phosphoform of Cx43 

in astroglial cells treated by 50 pM lindane and 10 pM dieldrin. Western blot analysis of 

connexin 43 from lindane- or dieldrin-treated cells (Figure 9,11, lanes 3) showed loss of 

the P2 phosphoform. This loss of P2 was prevented by pre-treatment of cells with ChK 

for 15 min. before addition of lindane (Figure 9, lane 5) or dieldrin (Figure 11, lane 5) 

resulted in a greater amount of the P2 band compared to RG-2 cells treated with dieldrin 

or lindane alone (Figures 9 and 11, lanes 3).Treatment of cells with ChK alone (Figure 9 

and 11, lanes 4) did not substantially alter the phosphorylation of connexin 43 compared 

to vehicle control cells. The next experiment was designed to determine the time course 

effect of lindane on phosphorylation of Cx43. RG-2 cells were treated with 50 pM 

lindane for 30 min, 2 hr, and 4 hr. A time-dependent decrease in phosphorylation of
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Cx43 protein was observed in Figure 12, lane 4 - 9  compared to control lanes 2 and 3.

Longer treatment (>6 hr) of RG-2 cells with lindane appeared to cause loss of the total 

amount of Cx43 (Figure 13, lanes 4 and 5 compared to lanes to 2 and 3) in addition to 

loss o f P 1/P2 . Figure 13 also illustrates the preventive effect of ChK of Cx43 

phosphorylation and protein loss on lindane long-term treatment. Preincubation RG-2 

cells for 30 min with lOpM ChK (lanes 6 and 7) or with ChK5pM (lanes 8 and 9) 

resulted in an increased amount of Pi and P2 bands and total Cx43 protein compared to 

RG-2 cells treated with lindane alone.

Guan and Ruch (1996) showed that lindane decreased levels of the Cx43 P2 

phosphoform in liver epithelial cells and provided evidence that the loss of P2 was due 

primarily to proteolytic degradation of P2. Our results presented here are consistent with 

these previous findings but do not completely distinguish proteolytic degradation from P2 

dephosphorylation. Our observations suggest that at least some P2 degradation occurs 

when RG-2 cells are treated greater than 4 hours with lindane. Thus, ChK may protect 

against proteolytic degradation of connexin 43 as well as dephosphorylation.

Thus, in the present study, we found that the preventative effect of ChK correlated 

with the stabilization of the connexin43 P2 phosphoform and the reversal effect of ChK 

correlated with reappearance of the connexin43 P2 phosphoform.
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Figure 6. A monolayer of Rat Glial cells (RG-2) plated into a 75 cm2 flask.

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



76

(A)

(B)

Figure 7. Light photomicrograph of RG-2 astroglial cells grown in a- 
MEM and viewed with a 20-x objective lens at (A) 90-95% and (B) at 50- 
55% confluency
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Figure 8. Lindane-induced connexin 43 hypophosphorylation in RG-2 cells: loss of 
connexin 43 P2 phosphoform. RG-2 cells were grown to 90% confluence in 75 cm2 flasks 
and treated for 30 min with 50 pM lindane. The 41-kDa molecular mass marker is shown 
in lane 1. Control dishes were treated with an equal volume of vehicle (A, lane 2) or with 
50 pM lindane (A, lane 3), showing loss of P2 phosphoform. (B) is a Ponceau staining 
blot corresponding to (A). Western blot analysis was performed as described in 
“Methods.”
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Figure 9. Preventative effect of ChK on lindane-induced connexin 43 
hypophosphorylation: stabilization of the connexin 43 P2 phosphoform. RG-2 cells were 
grown to 90% confluence in 75 cm2 flasks, preincubated with 10 pM ChK for 15 min, 
followed by 30 min treatment with 50 pM lindane (A, lane 5). The 41-kDa molecular 
mass marker is shown in lane 1. Control dishes were treated with an equal volume of 
vehicle (lane 2) or with 50 pM lindane (lane 3), showing loss of P2 phosphoform. 
Incubation with 10 pM ChK for 45 min showed no inhibition (lane 4). (B) is a Ponceau 
staining blot corresponding to (A). Western blot analysis was performed as described in 
“Methods.”
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Figure 10. Dieldrin-induced connexin 43 hypophosphorylation in RG-2 cells: loss of 
connexin 43 P2 phosphoform. RG-2 cells were grown to 90% confluence in 75 cm2 flasks 
and treated for 30 min with 10 pM dieldrin. The 41-kDa molecular mass marker is shown 
in lane 1. Control dishes were treated with an equal volume of vehicle (A, lane 2) or with 
10 pM dieldrin (A, lane 3), showing loss of P2 phosphoform. (B) is a Ponceau staining 
blot corresponding to (A). Western blot analysis was performed as described in 
“Methods.”
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Figure 11. Preventative effect of ChK on dieldrin-induced connexin 43 
hypophosphorylation: stabilization of the connexin 43 P2 phosphoform. RG-2 cells were 
grown to 90% confluence in 75 cm2 flasks, preincubated with 10 pM ChK for 15 min, 
followed by 30 min treatment with 10 pM dieldrin (lane 5). The 41-kDa molecular mass 
marker is shown in lane 1. Control dishes were treated with an equal volume of vehicle 
(lane 2) or with 10 pM dieldrin (lane 3), showing loss of P2 phosphoform. Incubation 
with 10 pM ChK for 45 min showed no inhibition (lane 4). (B) is a Ponceau staining blot 
corresponding to (A). Western blot analysis was performed as described in “Methods.”
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Figure 12. Time course of the effect of lindane on expression of Cx43 
protein in RG-2 cells. RG-2 cells were grown to 90% confluence in 75 
cm2 flasks and treated for 30 min, 2 hr, and 4 hr with 50 pM lindane. The 
41-kDa molecular mass marker is shown in lane 1. Control dishes were 
treated with an equal volume of vehicle ( lanes 2, 3) or with 50 pM 
lindane (lanes 4- 9), showing loss of P2 phosphoform. Western blot 
analysis was performed as described in “Methods.”

7 8
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Figure 13. Preventative effect of ChK of Cx43 protein degradation on lindane long-term 
treatment in RG-2 cells. RG-2 cells were grown to 90% confluence in 75 cm2 flasks. The 
41-kDa molecular mass marker is shown in lane 1. Control dishes were treated with an 
equal volume of vehicle (lanes 2, 3). Treatment with 50 pM lindane (lanes 4, 5), showing 
degradation of Cx43 protein. Preincubation RG-2 cells for 30 min with lOpM ChK (lanes 
6 and 7) or with ChK5pM (lanes 8 and 9) resulted in an increased amount of Pi and P2 

bands and total Cx43 protein compared to RG-2 cells treated with lindane alone. Western 
blot analysis was performed as described in “Methods.”
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Conclusion.

The natural product ChK showed preventative effect on lindane and dieldrin 

disruption of gap junction mediated cell-cell communication in astroglial cells. The 

present study provides the evidence that lindane and dieldrin inhibit gap junctional 

intercellular communication between astroglia at non-cytotoxic concentrations, and that 

ChK can prevent this inhibition of both lindane and dieldrin. We demonstrated that 

ChK’s preventative effect, correlated with stabilization of the connexin 43 P2 

phosphoform.
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CHAPTER 5

REVERSAL EFFECT OF THE NATURAL PRODUCT COMPOUND, 

CHAETOGLOBOSIN K, ON GAP JUNCTIONAL COMMUNICATION INHIBITION

AND CONNEXIN 43 PHOSPHORYLATION BY LINDANE AND DIELDRIN IN

ASTROGLIA

Abstract

Purpose. To determine (i) whether chaetoglobosin K can reverse gap junctional 

communication inhibition by lindane and dieldrin in astroglial cells; (ii) whether ChK can 

reverse the P2 phosphoform loss induced by lindane and dieldrin.

Methods. A fluorescent dye transfer assay was used to quantify gap junction-mediated 

communication and sensitivity to dieldrin and lindane. Fluorescence was observed using 

a Leitz inverted microscope using a 10-x objective lens.

Western blot analysis was used to monitor phosphorylation changes in connexin 43.

Results, (i) These experiments demonstrate that treatment RG-2 cells with 10 pM
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ChK for 1 hour or 3 hours after treatment with 50 pM lindane (Figure 14) or 10pM 

dieldrin (Figure 15) resulted in increased gap junction-mediated communication with 

increasing ChK treatment time.

(ii) Our data on phosphorylation changes in connexin 43 show that treatment with ChK 

after treatment with 50 pM lindane or lOpM dieldrin resulted in reappearance of the P2 

phosphoform compared to lanes with lindane (Figure 16, lane 3) or dieldrin (Figure 17, 

lanes 4 and 5, duplicates) alone.

Conclusion. The natural product ChK reversed the organochlorine dismption of gap junction 

mediated cell-cell communication in astroglial cells. In addition, the reversal effect of ChK 

correlated with reappearance of the connexin43 P2 phosphoform.

Introduction

Cancer cells are characterized by the lack of growth control, inability to terminally 

differentiate or apoptose under normal conditions and have extended or immortalized life 

spans. Chemical tumor promoters, growth factors and hormones have been shown to 

inhibit GJIC. Several oncogenes and anti-sense connexin genes have been shown to 

down-regulate GJIC function (Trosko et al., 2002).

Anti-oncogene drugs, anti-tumor promoting natural and synthetic chemicals, and 

GJIC-deflcient neoplastic cells, transfected with various connexin genes, have been 

shown to re-gain GJIC and growth control with the loss of tumorigenicity (Trosko et al., 

2002). Therefore, the hypothesis for a rational approach to identify anti-tumor promoting 

chemopreventive drugs and anti-carcinogenic treatments is to use the prevention of the
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down regulation of GJIC by the tumor promoters and the restoration of down regulated 

GJIC. While previous and many current strategies for chemoprevention and therapy have 

been based on treating specific oncogene products or cell signaling mechanisms, none 

have specifically used the prevention of GJIC by agents during the rate limiting step of 

carcinogenesis or the restoration of GJIC in neoplastic cells which are deficient in GJIC. 

Since there are multiple mechanisms by which GJIC is down regulated during the tumor 

promotion phase and since stable GJIC deficiencies in neoplastic cells can be the result of 

transcriptional, translational or posttranslational mechanisms, it should be clear there 

would not be a single approach to resolve either the chemoprevention or therapeutic 

approach (Trosko et al., 2002).

Even with the hypothesis that GJIC, which depends on the transcription of normal 

connexin genes, their normal translation, trafficking, assembly, and function, it should be 

clear that cells with normal connexin genes and potentially normal GJIC might not have 

functional GJIC because of dysfunction of other defects in cancer cells. If dietary or 

chemopreventive therapy is to be effective, the strategy must decrease the growth 

stimulatory effects of exogenous chemicals, growth factors or hormones, that trigger 

various signal-transducing systems that inhibit GJIC (Trosko et al., 2002).

The main goals of these experiments were: (i) to determine the ability of the natural 

product compound, chaetoglobosin K, to reverse gap junctional communication 

inhibition by lindane and dieldrin in astroglial cells; (ii) to determine whether ChK was 

able to reverse the P2 phosphoform loss induced by lindane and dieldrin.
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Materials and Methods

Materials

A rat astroglial cell line derived from embryonic rat cerebral cortex and designated 

RG-2, was grown in alpha-MEM media supplemented with 2 mM L-glutamine and 5% 

fetal bovine serum at 37°C in a 5% CO2/ 95% air atmosphere. In all experiments, media 

was changed to serum-free alpha-MEM 20-24 hours before treatments. Cells were 

subcultured by trypsinization and used when 90-100% confluent at passages 10-30. For 

dye transfer assays, cells were plated in 35 mm2 dishes and for 

phosphorylation/immunoblot assays of connexin 43 in 75 cm2 flasks.

Treatment of cells with test compounds

Test chemicals were dissolved in dimethylsulphoxide (DMSO) at lOOOx 
concentrations to be used in experiments and added at 1 pl/ml for the indicated times. 
Controls consisted of treatments with identical amounts of DMSO. 50 pM lindane and 10 
pM dieldrin were used in all experiments, and ChK was used at 2, 5, or 10 pM as 
indicated. In all experiments in which cells were pre-incubated with ChK, pre-incubation 
time was 15 min before addition of lindane or dieldrin.

Fluorescent dye transfer assay of gap junction-mediated cellular communication

Cells grown in 35 mm2 dishes were washed once with PBS containing 0.5 mM CaCl, 

0.5 mM MgCl (Ca2+/Mg2+ PBS) and twice in PBS. 1 ml of 0.5 mg/ml Lucifer Yellow in 

PBS was added and several areas of the cell monolayer scored with a surgical blade to 

allow entry of Lucifer Yellow. After 90 sec, dye was removed and cells washed once
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with Ca2+/Mg2+ PBS followed by twice with PBS and fixed with 4% paraformaldehyde in 

PBS. Fluorescence was observed using a Leitz inverted microscope using a 10-x 

objective lens. Several areas of each test plate were photographed and the number of 

fluorescent cells counted in a defined area using a template. Since cells along the score 

line were fluorescent, regardless of their ability to communicate, the average number of 

cells in fully inhibited (negative control) samples was subtracted from the total number of 

cells counted in the various treatment groups to give a better estimate of the number of 

communication positive cells.

Statistical analysis

Statistical analysis were performed using StatistiXL. All data are presented as the mean 

± SD for each group (n=5). Data was analyzed by ANOVA, followed by Tukey's post- 

hoc test. p< 0.05 was used to indicate a statistically significant difference.

Immunoblot analysis of connexin 43

Membrane-enriched protein fractions were extracted from RG-2 cells grown in 75 cm2 

flasks by lysis in 0.375 ml of 10 mM Tris, 10 mM iodoacetamide, 1 mM PMSF, pH 7.5. 

Samples were alkalinized by addition of 0.55 ml of 40 mM NaOH, chilled on ice, and 

sonicated for 2, 15 sec pulses on a Bronson sonicator at 35% maximal power using a 

micro tip. Samples were centrifuged for 30 min in a microfuge (14,000 RPM), membrane 

enriched pellets washed with 10 mM Tris, 1 mM PMSF, pH 7.5 and resuspended in the
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Tris/PMSF buffer by sonication. Aliquots were removed for protein assay and the 

remainder solubilized in Laemmli sample buffer (24). Following electrophoresis on 

12.5% acrylamide, 1 mm thick minigels, proteins were transferred to PVDF membranes 

in transfer buffer containing 0.02% SDS overnight at 20 V. Membranes were blocked for 

2 hrs at room temperature in 40 mM Tris, 4% nonfat dry milk, 0.1% Tween-20, then 

incubated in the same buffer containing connexin 43-specific antibodies diluted 1:1000 

for 12-24 hrs at 4°C on a shaker. Membranes were washed in block buffer, incubated for 

1-2 hrs with biotinylated anti-mouse antibodies, washed, then incubated for 1 hr with 

streptavidin-conjugated alkaline phosphatase and after washing, immunopositive bands 

were visualized using the NBT/BCIP detection system.

Protein Assay

Protein concentrations were determined using the Biorad DC protein assay in 48 well 

format on samples solubilized in buffer containing 1% SDS. BSA was used as a standard, 

protein level was estimated from the standard curve, which was constructed using several 

dilutions of samples in each analysis, and absorbances were read at 750 nm using a Tecan 

platereader.

Results and Discussion

ChK reverses lindane- and dieldrin-induced inhibition of gap junction-mediated 

communication
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Having determined that ChK has a preventive effect, further experiments were 

performed to determine the reversal potential of ChK on lindane and dieldrin inhibition 

of gap junction-mediated communication.

Figure 14 shows the reversal effect of ChK on lindane inhibition of gap junctional 

communication. RG-2 cells were grown to 90-100% confluence on 35 mm dishes and 

preincubated with lindane for 1 hr to reach full inhibition, followed by treatment with 10 

pM ChK for 1 hr or 3 hr. Control dishes were treated with an equal volume of vehicle. 

Fluorescent dye transfer assay was performed as described in “Methods.” Values from 

separate lindane dishes were subtracted as background fluorescent cells for each group. 

Data are presented as the mean ± SD for each group (n=5). *, Statistically significant (P 

<0.05) compared to controls.

Figure 15 demonstrates the reversal effect of ChK on dieldrin inhibition of gap 

junctional communication depending on different incubation time with ChK. RG-2 cells 

were grown to 90-100% confluence on 35 mm dishes and preincubated with dieldrin for 

15 min followed by treatment with 10 pM ChK for 30 min, 1 hr or 3 hr. Control dishes 

were treated with an equal volume of vehicle. Fluorescent dye transfer assay was 

performed as described in “Methods.” Values from separate dieldrin dishes were 

subtracted as background fluorescent cells for each group. Data are presented as the mean 

± SD for each group (n=5). *, Statistically significant (P <0.05) compared to controls. 

These data show that over time, gap junction-mediated communication increased with 

increasing ChK treatment time and support the idea that ChK reverses inhibitory effects 

of lindane and dieldrin on gap junction-mediated communication.
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ChK reverses lindane- and dieldrin-induced changes in connexin 43 phosphorylation

Two separate experiments were performed to determine whether ChK was able to 

reverse the P2 phosphoform loss induced by lindane and dieldrin. Figure 16 showed the 

reversal potential of ChK on Cx43 hypophosphorylation induced by lindane. RG-2 cells 

were grown to 90% confluence in 75 cm2 flasks. The 41-kDa molecular mass marker is 

shown in lane 1. Cells were incubated with 50 pM lindane for lh  and then treated with 10 

pM ChK for 1 h (lanes 4 and 5, duplicates) showing that treatment with ChK after 

treatment with 50 pM lindane resulted in reappearance of the P2 phosphoform compared 

to lanes with lindane alone (lane 2). Western blot analysis was performed as described in 

“Methods.”

Figure 17 showed the reversal potential of ChK on Cx43 hypophosphorylation 

induced by dieldrin. RG-2 cells were grown to 90% confluence in 75 cm2 flasks. The 41- 

kDa molecular mass marker is shown in lane 1. Cells were incubated with 10 pM dieldrin 

for 15 min and then treated with 10 pM ChK for 30 min (lanes 6 and 7, duplicates) 

showing that treatment with ChK after treatment with dieldrin resulted in reappearance of 

the P2 phosphoform compared to lanes with dieldrin alone (lanes 4 and 5, duplicates). 

Preincubation RG-2 cell with 10 pM ChK for 15 min followed by 30 min treatment with 

10 pM dieldrin (lanes 8 and 9, duplicates) also resulted in a greater amount of the P2 band 

compared to RG-2 cells treated with dieldrin alone (lanes 4 and 5, duplicates), showing 

the preventive effect of ChK. Western blot analysis was performed as described in 

“Methods.”
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In Figure 16, lane 2 and Figure 17 lanes 2 and 3, we observed Po, Pi, P2 connexin 43 

immunopositive bands in vehicle-treated RG-2 cells. The fractions isolated from lindane- 

(Figures 16, lane 3) or dieldrin- (Figure 17, lane 4 and 5) treated cells show loss of the P2 

phosphoform of Cx43 that was present in untreated cells (Figures 16, lanes 2 and Figure 

17, lanes 2, 3). Cells were incubated with 50 pM lindane for 2h and then treated with 10 

pM ChK for 2 h (Figure 16, lanes 4 and 5, duplicates) or with lOpM dieldrin for 15 min 

and then treated with 10 pM ChK for 30 min (Figure 17, lanes 6 and 7, duplicates).

These experiments showed that treatment with ChK after treatment with 50 pM lindane 

or 1 OpM dieldrin resulted in reappearance of the P2 phosphoform compared to lanes with 

lindane (Figure 16, lane 3) or dieldrin (Figure 17, lanes 4 and 5, duplicates) alone. 

Preincubation of RG-2 cells with 10 pM ChK for 15 min, followed by 30 min treatment 

with 10 pM dieldrin (Figure 17, lanes 8 and 9, duplicates) also resulted in a greater 

amount of the P2 band compared to RG-2 cells treated with dieldrin alone (Figures 17, 

lanes 4 and 5, duplicates) again showing the preventative effect of ChK.
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Figure 14. Reversal effect of ChK on lindane inhibition of gap junctional communication. 
RG-2 cells were grown to 90-100% confluence on 35 mm dishes. Cells were 
preincubated with lindane for 1 hr followed by treatment with 10 pM ChK for 1 hr or 3 
hr. Control dishes were treated with an equal volume of vehicle. Fluorescent dye transfer 
assay was performed as described in “Methods.” Values from separate lindane dishes 
were subtracted as background fluorescent cells for each group. Data are presented as the 
mean ± SD for each group (n=5). *, Statistically significant (P <0.05) compared to 
controls.
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Figure 15. Reversal effect of ChK on dieldrin inhibition of gap junctional 
communication. RG-2 cells were grown to 90-100% confluence on 35 mm dishes. Cells 
were preincubated with dieldrin for 15 min followed by treatment with 10 pM ChK for 
30 min, 1 hr or 3 hr. Control dishes were treated with an equal volume of vehicle. 
Fluorescent dye transfer assay was performed as described in “Methods.” Values from 
separate dieldrin dishes were subtracted as background fluorescent cells for each group. 
Data are presented as the mean ± SD for each group (n=5). *, Statistically significant (P 
<0.05) compared to controls.
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Figure 16. Reversal potential of ChK on Cx43 hypophosphorylation induced by lindane. 
RG-2 cells were grown to 90% confluence in 75 cm flasks. The 41-kDa molecular mass 
marker is shown in lane 1. Cells were incubated with 50 pM lindane for lh  and then 
treated with 10 pM ChK for 1 h (lanes 4 and 5, duplicates) showing that treatment with 
ChK after treatment with 50 pM lindane resulted in reappearance of the P2 phosphoform 
compared to lanes with lindane alone (lane 2). Western blot analysis was performed as 
described in “Methods.”
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Figure 17. Reversal potential of ChK on Cx43 hypophosphorylation induced by dieldrin. 
RG-2 cells were grown to 90% confluence in 75 cm2 flasks. The 41-kDa molecular mass 
marker is shown in lane 1. Cells were incubated with 10 pM dieldrin for 15 min and then 
treated with 10 pM ChK for 30 min (lanes 6 and 7, duplicates) showing that treatment 
with ChK after treatment with dieldrin resulted in reappearance of the P2 phosphoform 
compared to lanes with dieldrin alone (lanes 4 and 5, duplicates). Preincubation RG-2 
cell with 10 pM ChK for 15 min followed by 30 min treatment with 10 pM dieldrin 
(lanes 8 and 9, duplicates) also resulted in a greater amount of the P2 band compared to 
RG-2 cells treated with dieldrin alone (lanes 4 and 5, duplicates), showing the preventive 
effect of ChK. Western blot analysis was performed as described in “Methods.”
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Conclusion

Our data showed that over time, gap junction-mediated communication increased with 

increasing ChK treatment time supporting the idea that ChK reverses inhibitory effects of 

organochlorines on gap junction-mediated communication. The results presented in this 

study demonstrated that lindane and dieldrin, tumor- promoting organochlorine pesticides 

inhibited gap junction-mediated communication between RG-2 cells, and that 

Chaetoglobosin K reversed this inhibition of communication. In the present study, we 

found that the reversal effect of ChK correlated with reappearance of the connexin43 P2 

phosphoform.
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CHAPTER 6

IIDENTIFICATION OF SIGNAL TRUNSDUCTION PATHWAYS AFFECTED BY 

CHAETOGLOBOSIN K, LINDANE, AND DIELDRIN

Abstract

Purpose, (i) To examine possible involvement of the PKC, MAPK/ERK and 

SAPK/JNK signal transduction pathways on ChK’s protective effect, (ii) To determine 

whether PI-3 kinase and the downstream effectors of Akt, GSK-3B and FKHR, are 

activated by ChK; (iii) To examine the effect of the PI3 kinase/Akt pathway inhibitor, 

wortmannin, on the activation of Akt, GSK-3B and FKHR kinases by ChK;

Method. Analyses of PKC, ERK, SAPK/JNK, Raf, Akt, GSK-3B, FKHR kinase 

phosphorylation were performed by Western blotting using phosphorylation site specific 

antibodies to identify activated forms of the kinases.

Results. 1. Using phosphorylation site-specific antibodies at key activation sites, we 

demonstrated that lindane, dieldrin, and ChK all activated p44/42 ERK and SAPK/JNK, 

but only ChK activated Akt kinase.

98
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2. The Akt pathway was not activated by lindane or dieldrin.

3. ChK also activated downstream effectors of Akt, GSK-3B, and FKHR.

4. Wortmannin inhibited ChK’s activation of not only Akt kinase, but also its 

downstream effectors GSK-3B and FKHR.

5. None of the compounds showed an effect on PKC or Raf activation.

Conclusion. Our results showing that all three compounds, ChK, lindane, and dieldrin, 

induced the activation of SAPK/JNK pathway, suggest the presence of an alternative 

pathway that accounts for the protective effect of ChK. Activation of Akt, GSK-3G, and 

FKHR kinases by ChK only, and inhibition of this activation by the PI3 kinase/Akt 

pathway inhibitor, wortmannin, suggest the possible involvement of the Akt pathway in 

ChK’s protective effect.

Introduction

Protein kinases play an important role in controlling growth and differentiation 

(Schlessinger and Ullrich, 1992; van der Geer et al., 1994) often by activating mitogen- 

activated protein kinase (MAPK) signaling cascades (Seger et al., 1995). Many recent 

investigations have identified several protein kinases that are capable of modulating both 

Cx43 phosphorylation and GJIC inhibition or upregulation (Matesic et al., 1996). Protein 

kinases are enzymes that modify other proteins by adding phosphate groups 

(phosphorylation) and are known to regulate the majority of cellular pathways involved 

in signal transduction (the transmission of a signal within the cell). Up to 30% of all
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proteins may be modified by kinase activity. This results in a functional change of the 

target protein (substrate) by changing enzyme activity, cellular location, or association 

with other proteins (Campbell et al., 1995).

The Mitogen-activated protein (MAP) kinases arean important family of protein 

kinases that phosphorylate specific amino acids on their target substrates. Activation of 

MAP kinases occurs through phosphorylation of threonine and tyrosine. One subtype, 

extracellular signal-regulated protein kinases 1 and 2 (p44/p42ERK) are well known as an 

important element in regulation of both Cx43 and GJIC and can be activated by various 

physiological stimuli (Seger et al.,1995). Extracellular signal-regulated kinases (ERKs) 

and c-Jun N-terminal kinases (JNKs, or stress-activated protein kinases) are activated by 

diverse extracellular signals and mediate a variety of cellular responses, including 

mitogenesis, differentiation, hypertrophy, inflammatory reactions and apoptosis. The 

balance between these pathways may be critical in determining cell fate.

Protein kinase C (PKC) and protein kinase A (PKA) are two other well-studied 

kinases that effect GJIC (Matesic et al., 1996; Saez et al., 1998; Santos et al., 1987; 

Murray et al., 1988). Inhibition of GJIC by the phorbol ester tumor promoter TP A, for 

example, has been shown to be mediated by phosphorylation of connexin 43 on serine by 

PKC. Activation of PKA has been shown to upregulate GJIC in a number of cell types 

(Matesic et al., 1996, Santos et al., 1987; Murray et al., 1988).

We considered the possibility that the ChK-organochlorine effects are due to the 

activation of intracellular signaling pathways that have been previously linked to 

regulation of gap-junction mediated communication, specifically, ERK, PKC, and Akt
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kinases (Yamasaki et al., 1990; Hossain et al., 1998; Berthoud et al., 1993; Oh et al., 

1993; Yao et al., 2000). Activation of the Ras/Raf/mitogen-activated protein kinase 

kinase/mitogen-activated protein (MAP) kinase signaling cascade is initiated by 

activation of growth factor receptor and is regulated many cellular events, including cell 

cycle control. Furthermore, studies suggest that a target of activated MAP kinase (ERK 

Ms) might be the connexin-43 gap junction protein (Wam-Cramer et al., 1998).

Another kinase linked to modulation of GJIC is Akt kinase, which plays a critical role 

in controlling the balance between cell survival and apoptosis. This protein kinase is 

activated by insulin and various growth and survival factors (Dudek et al., 1997).

A major aim of these studies was to identify the kinase signaling pathway(s) 

responsible for the effect of organochlorine compounds and Chaetoglobosin K on gap 

junctional intercellular communication.

Materials and Methods

Method of preparation of astroglial culture for phosphorvlation/immunoblot analysis 

A rat astroglial cell line derived from embryonic rat cerebral cortex and designated 

RG-2, was grown in alpha-MEM media supplemented with 2 mM L-glutamine and 5% 

fetal bovine serum at 37°C in a 5% CO2/ 95% air atmosphere. In all experiments, media 

was changed to serum-free alpha-MEM 20-24 hours before treatments. Cells were 

subcultured by trypsinization and used when 90-100% confluent at passages 10-30. For
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dye transfer assays, cells were plated phosphorylation/immunoblot analysis of total 

amount of proteins in 25 cm2 flasks.

Methods

Immunoblot analysis of p44/42 MAPK, phospho-p44/42 MAPK. Akt. phospho-Akt,

PKC, phospho-PKC. phospho-Raf. phospho-GSK-3fl. phosnho-SAPK/JNK, phospho- 

GSK-3J3. and ohospho-FKHR

Western blotting was performed to determine signaling pathways affected by lindane, 

dieldrin, and ChK. For total protein extraction, cells were grown to 90-95% confluency in 

25 cm2 flasks and treated with ChK, lindane, or dieldrin for 1 hour. Cultures were washed 

with phosphate-buffered saline (PBS,) solubilized in lysis buffer (250 pM of 2% SDS 

and ImM PMSF, and 1:1000 dilution of protease inhibitor mix), and the cells were 

scraped from the culture dishes with a cell scraper. Whole cell lysates were sonicated for 

2 x 1 5  seconds pulses on a Bronson sonicator at 35% maximal power using a microtip, 

separated by 12% SDS-PAGE, and electroblotted onto PVDF membranes overnight at 20 

V. Membranes were blocked for 1-2 hrs at room temperature in blocking buffer (40 mM 

Tris, 4% nonfat dry milk, 0.1% Tween-20), then incubated separately with antibodies 

directed against the phosphorylated active forms of p44/42 MARK, SAPK/JNK, PKC, 

GSK-36, FKHR, and Akt kinases, polyclonal antibodies diluted 1: 1,000 for 2 hours on a 

shaker at room temperature. Immunopositive bands were visualized using alkaline 

phosphatase antirabbit secondary antibody with the NBT/BCIP detection system. 

Molecular size was estimated with molecular mass markers (7.1 -  209 kDa).
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Scheme 4. MARK/ERK in Growth and Differentiation. (Taken from Cell Signaling Technologies, 

Inc).
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Protein Assay

Protein concentrations were determined using the Biorad DC protein assay in 48 well 

format on samples solubilized in buffer containing 1% SDS. BSA was used as a standard, 

protein level was estimated from the standard curve, which was constructed using several 

dilutions of samples in each analysis, and absorbances were read at 750 nm using a Tecan 

platereader.

Results and Discussions

Evaluation of intracellular signaling pathways affected by lindane, dieldrin. and 

chaetoglobosin K

To determine signaling pathways affected by lindane, dieldrin, and ChK, experiments 

were performed using phosphorylation site-specific antibodies. First, we examined 

possible involvement of the, MAPK/ERK, SAPK/JNK, and PKC signal transduction 

pathways on ChK’s protective effect.

ChK increased phosphorylation of p44/42 ERK on a key activation site (Figure 18). 

RG-2 cells were treated with vehicle (lane 2, 3) or with ChK at varying concentrations: 1 

pM (lane 4), 2 pM (lane 5), 5 pM (lane 6), and 10 pM (lane 7) for 1 hour showing 

increased phosphorylation within increasing concentration. Figure 18B shows that the 

total amount of p44/42 ERK did not change with different ChK concentrations (lane 2-7). 

Figures 18C and 18D show the Ponceau staining blots corresponding to Figure 18A and 

18B, respectively. Figure 19A shows RG-2 cells treated with vehicle (lane 2, 4, 6) and 

with 10 pM ChK for 30 min (lane 3), 1 hr (lane 5), 3 hr (lane 7) showing increased
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p44/42 phosphorylation as early as 30 min after ChK treatment and lasting at least 3 

hours. Figure 19B shows no change in total p44/42 levels with different ChK treatment 

times. Figures 19C and 19D show the Ponceau staining blots corresponding to Figure 

19A and 19B, respectively. Lane 1 shows molecular mass markers in both figures.

Thus, our results showed that ChK increased p44/42 ERK phosphorylation, a key 

indicator of the activation, in a time- and concentration-dependent manner.

The next experiment was to design to investigate effects o f ChK, lindane, and dieldrin 

on p44/42 ERK phosphorylation (Figure 20). RG-2 cells were grown to 90% confluence 

in 25 cm2 flasks, treated with vehicle (DMSO), ChK, lindane, or dieldrin for 1 hour, and 

extracted for Western blot analysis of: (A) Phosphorylated p44/42 ERK or (B) Total 

p44/42 ERK as described in “Methods”. (C) and (D) are Ponceau staining blots 

corresponding to (A) and (B), respectively. Treatment groups were molecular weight 

markers (lane 1), vehicle (DMSO) for 1 hour (lanes 2 and 3, duplicates), ChK 10(JM 

(lanes 4 and 5), dieldrin lOpM (lanes 6 and 7), lindane 50|jM (lanes 8 and 9).

Figure 20A shows that a 1-hour treatment with any of these three compounds increased 

the level of phosphorylation of a key activation site on p44/42 ERK (lanes 4 and 5, ChK, 

lanes 6 and 7, dieldrin, and lanes 8 and 9, lindane, compared to lanes 2 and 3, vehicle- 

treated control). ChK (lanes 4 and 5) appeared to induce the greatest increase in phospho- 

ERK at the given concentrations. Levels of total ERK (Figure 20B) were not altered by 

treatment with ChK, lindane, or dieldrin (lanes 3-9). Ponceau staining (Figure 20C) of the 

identical blot shown in Figure 20C showed that the changes in phospho-ERK were not 

due to loading differences between lanes. Results of this experiment show that the effect
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of ChK on p44/42 ERK phosphorylation was concentration-dependent (lanes 4-7 

compared to control lanes 2 and 3).

The next experiment shows the effect of ChK, lindane, and dieldrin on SAPK/JNK 

phosphorylation (Figure 21). RG-2 cells were grown to 90% confluence in 25 cm2 flasks, 

treated with vehicle (DMSO), ChK, lindane, or dieldrin for 1 hour, and extracted for 

Western blot analysis of: (A) Phosphorylated SAPK/JNK or (B) Total SAPK/JNK as 

described in “Methods”. (C) and (D) are Ponceau staining blots corresponding to (A) and 

(B), respectively. Treatment groups were molecular weight markers (lane 1), vehicle 

(DMSO) for 1 hour (lanes 2 and 3, duplicates), ChK 10[JM (lanes 4 and 5), dieldrin 

10|JM (lanes 6 and 7), lindane 50pM (lanes 8 and 9). Results of this experiment show 

that treatment with ChK, lindane or dieldrin increased phosphorylation of SAPK/JNK 

kinase on a key activation site.

In contrast, treatment of cells for 1 hour with ChK, dieldrin or lindane had no effect on 

the level of phosphorylation of PKC at a key activation site (Figure 22).

The goal of the next experiment was to determine the effect of ChK, lindane, and 

dieldrin on Akt (Figure 23) and Raf (Figure 24) phosphorylation. RG-2 cells were grown 

to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), ChK, lindane, or 

dieldrin for 1 hour, and extracted for Western blot analysis of: (A) Phosphorylated Akt, 

(B) Total Akt, and (D) Phosphorylated Raf as described in “Methods”. (C) and (E) are 

Ponceau staining blots corresponding to (A) and (D), respectively. Treatment groups 

were molecular weight markers (lane 1), vehicle (DMSO) for 1 hour (lanes 2 and 3,
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duplicates), ChK 10 pM (lanes 4 and 5), dieldrin 10 pM (lanes 6 and 7), lindane 50 |JM 

(lanes 8 and 9).

Figure 23A shows that 1-hour treatment with ChK (lanes 4 and 5) increased 

phosphorylation of Akt kinase on a key activation site. However, dieldrin (lanes 6 and 7) 

or lindane (lanes 8 and 9) did not substantially alter the level of phosphorylation of Akt 

kinase. Total Akt kinase levels (Figure 23B) were unaltered by any of the compounds. In 

contrast, Figure 24A shows that 1-hour treatment with ChK (lanes 4 and 5) slightly 

decreased phosphorylation of Raf kinase on a key activation site.

Further, we examined the effect of the PI3 kinase/Akt pathway inhibitor, 

Wortmannin, on the activation of Akt kinase (Figure 25) and its downstream effectors, 

GSK-36 and FKHR (Figure 26) in RG-2 cells to see whether this blocks ChK’s increased 

phosphorylation. RG-cells were treated with vehicle (DMSO, lanes 2 and 3), dieldrin 

(lane 4), lindane (lane 5), 5 pM ChK (lanes 6 and 7), 10 pM ChK (lanes 8 and 9), 10 pM 

ChK and 0.5 pM Wortmannin (lane 10) for 1 hour, and extracted for Western blot 

analysis of: (25A) Phosphorylated Akt, (25B) total Akt, (26A) Phosphorylated GSK-36, 

and (26B) Phosphorylated FKHR as described in “Methods”. These results show that 

ChK increased Akt, GSK-36, and FKHR phosphorylation, while Wortmannin blocked 

the increased phosphorylation induced by ChK alone.
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Figure 18. Effect of ChK on p44/42 ERK phosphorylation at varying concentrations. 
RG-2 cells were grown to 90% confluence in 25 cm flasks, treated with vehicle (lanes 2, 
3) or with ChK at varying concentrations 1 pM (lane 4), 2 pM (lane 5), 5 pM (lane 6), 
and 10 pM (lane 7) for lh  showing increased phosphorylation, and extracted for Western 
blot analysis of: (A) Phosphorylated p44/42 ERK or (B) Total p44/42 ERK as described 
in “Methods”. (C) and (D) are Ponceau staining blots corresponding to (A) and (B), 
respectively.
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Figure 19. Time dependence effect of ChK on c44/42 ERK phosphorylation. RG-2 cells 
were grown to 90% confluence in 25 cm2 flasks, treated with vehicle (lanes 2, 4, 6) or 
with 10 pM ChK for 30 min (lane 3), 1 hour (lane 5), 3 hours (lane 7) lh  showing 
increased phosphorylation, and extracted for Western blot analysis of: (A) 
Phosphorylated p44/42 ERK or (B) Total p44/42 ERK as described in “Methods”. (C) 
and (D) are Ponceau staining blots corresponding to (A) and (B), respectively.

2 3 4 5 6 7

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



I l l

MW Control ChKlOpM DldlOpM Lnd 50pM
( A )  P h o s p h o -  p 4 4 /4 2  E R K

4 5 K

1 2 3 4 5 6 7 8 9

MW Control ChKlOpM DldlOpM Lnd 50mM

r1""'      i uufim ~r-n— “
(B) Total p44/42 ERK 45K -----

1 2 3 4 5  6 7 8 9

MW Control ChK10|iM DldlOpM Lnd 50pM

(C) Ponceau S Stain
Phospho-p44/42 ERK 45K ------- 1 2 3 4 5 6  7 8 9

MW Control ( hk lO pM  DldlOpM Lnd SOpM

(D) Ponceau S Stain 45K 
Total p44/42 ERK 1 2 3 4 5 6 7 8 9

Figure 20. Effect of ChK, lindane, and dieldrin on p44/42 ERK phosphorylation. RG-2 
cells were grown to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), ChK, 
lindane, or dieldrin for 1 hour, and extracted for Western blot analysis of: (A) 
Phosphorylated p44/42 ERK or (B) Total p44/42 ERK as described in “Methods”. (C) 
and (D) are Ponceau staining blots corresponding to (A) and (B), respectively. Treatment 
groups were molecular weight markers (lane 1), vehicle (DMSO) for 1 hour (lanes 2 and 
3, duplicates), ChK 10|JM (lanes 4 and 5), dieldrin lOpM (lanes 6 and 7), lindane 50|JM 
(lanes 8 and 9).
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Figure 21. Effect of ChK, lindane, and dieldrin on SAPK/JNK phosphorylation. RG-2 
cells were grown to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), ChK, 
lindane, or dieldrin for 1 hour, and extracted for Western blot analysis of: (A) 
Phosphorylated SAPK/JNK or (B) Total SAPK/JNK as described in “Methods”. (C) and
(D) are Ponceau staining blots corresponding to (A) and (B), respectively. Treatment 
groups were molecular weight markers (lane 1), vehicle (DMSO) for 1 hour (lanes 2 and 
3, duplicates), ChK 10|jM (lanes 4 and 5), dieldrin lOpM (lanes 6 and 7), lindane 50pM 
(lanes 8 and 9).
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Figure 22. Effect of ChK, dieldrin and lindane on PKC activation. RG-2 cells were grown 
to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), ChK, lindane, or 
dieldrin for 1 hour, and extracted for Western blot analysis of (A) Phosphorylated PKC as 
described in “Methods.” (B) Ponceau staining blot corresponding to (A). Treatment 
groups were molecular weight markers (lane 1), vehicle (DMSO) (lanes 2 and 3, 
duplicates), ChK 10 p M  (lanes 4 and 5), dieldrin 10 |JM  (lanes 6 and 7), lindane 50 |JM  
(lanes 8 and 9) for 1 hour.
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Figure 23. Effect of ChK, lindane, and dieldrin on Akt phosphorylation. RG-2 cells were 
grown to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), ChK, lindane, 
or dieldrin for 1 hour, and extracted for Western blot analysis of: (A) Phosphorylated 
Akt, (B) Total Akt as described in “Methods”. (C) Ponceau staining blots corresponding 
to (A). Treatment groups were molecular weight markers (lane 1), vehicle (DMSO) for 1 
hour (lanes 2 and 3, duplicates), ChK 10 |JM (lanes 4 and 5), dieldrin 10 (JM (lanes 6 and 
7), lindane 50 pM (lanes 8 and 9).
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Figure 24. Effect of ChK, lindane, and dieldrin on Raf phosphorylation. RG-2 cells were 
grown to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), ChK, lindane, 
or dieldrin for 1 hour, and extracted for Western blot analysis of: (A) Phosphorylated Raf 
as described in “Methods”. (B) Ponceau staining blots corresponding to (A). Treatment 
groups were molecular weight markers (lane 1), vehicle (DMSO) for 1 hour (lanes 2 and 
3, duplicates), ChK 10 pM (lanes 4 and 5), dieldrin 10 pM (lanes 6 and 7), lindane 50 
pM (lanes 8 and 9).
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Figure 25. Effect of ChK, lindane, and dieldrin on Akt phosphorylation. RG-2 cells were 
grown to 90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), lindane, 
dieldrin, ChK or ChK and Wortmannin for 1 hour, and extracted for Western blot 
analysis of: (A) Phosphorylated Akt and (B) Total Akt as described in “Methods”.
Treatment groups were molecular weight markers (lane 1), vehicle (DMSO) for 1 hour 
(lanes 2 and 3, duplicates), dieldrin 10 pM (lane 4), lindane 50 pM (lane 5), ChK 5 pM 
(lanes 6 and 7, duplicates), ChK 10 pM (lanes 8 and 9, duplicates), ChK 10 pM and 
Wortmannin 0.5 pM (lane 10).
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Figure 26. Effect of ChK, lindane, and dieldrin on GSK-3B and FKHR phosphorylation. 
RG-2 cells were grown to 90% confluence in 25 cm2 flasks, treated with vehicle 
(DMSO), lindane, dieldrin, ChK or ChK and Wortmannin for 1 hour, and extracted for 
Western blot analysis of: (A) Phosphorylated GSK-3B, (B) Phosphorylated FKHR as 
described in “Methods”. Treatment groups were molecular weight markers (lane 1), 
vehicle (DMSO) for 1 hour (lanes 2 and 3, duplicates), dieldrin 10 |JM (lane 4), lindane 
50 |JM (lane 5), ChK 5 |jM (lanes 6 and 7, duplicates), ChK 10 |JM (lanes 8 and 9, 
duplicates), ChK 10 pM and Wortmannin 0.5 pM (lane 10).
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Conclusion

Our results showing that all three compounds, ChK, lindane, and dieldrin, induced the 

activation of MAPK/ERK and SAPK/JNK pathways, suggest the presence of an 

alternative pathway that accounts for the protective effect of ChK. In contrast, treatment 

of cells for 1 hour with ChK, dieldrin or lindane had no effect on the level of 

phosphorylation of PKC and Raf decreased phosphorylation on key activation sites.

Our data demonstrated that ChK, but not lindane or dieldrin, increased phosphorylation 

of Akt kinase on a key activation site, and that wortmannin blocked the increased 

phosphorylation induced by ChK alone. Activation of Akt, GSK-3J3, and FKHR kinases 

by ChK only, and inhibition of this activation by the PI3 kinase/Akt pathway inhibitor, 

wortmannin, suggest the possible involvement of the Akt pathway in ChK’s protective 

effect.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The results presented in this study demonstrate lindane and dieldrin inhibition of gap 

junction-mediated communication between RG-2 cells and chaetoglobosin K’s 

preventative and reversal effects on this inhibition. Although lindane is an organochlorine 

compound with similar effects to other organochlorine compounds such as dieldrin, we 

embarked on studies with lindane in particular, because in addition to being a tumor 

promoter and neurotoxicant, 1) it is present and listed as a contaminant in municipal 

water sources in the US and thus poses a health threat, and 2) it has been reported to 

have a different mechanism for inducing hypophosphorylation of connexin 43 that 

involves proteolytic degradation (see Guan & Ruch, 1996), unlike dieldrin. Thus, we 

keep this compound in comparison with dieldrin. In addition, we found that ChK not 

only prevented, but also reversed the effects of lindane, as well as dieldrin, on gap 

junction-mediated communication and connexin 43 phosphorylation.

Guan and Ruch (1996) showed that lindane decreased levels of the Cx43 P2 

phosphoform in liver epithelial cells and provided evidence that the loss of P2 was due
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primarily to proteolytic degradation of P2. Our results presented here are consistent with 

these previous findings but do not distinguish proteolytic degradation from P2 

dephosphorylation. Our observations suggest that at least some P2 degradation occurs 

when RG-2 cells are treated greater than 4 hours with lindane. Thus, ChK may protect 

against proteolytic degradation of connexin 43 as well as dephosphorylation (Figure 13).

We considered the possibility that the ChK-organochlorine effects are due to the 

activation of intracellular signaling pathways that have been previously linked to 

regulation of gap-j unction mediated communication, specifically, ERK, PKC, and Akt 

kinases (Yamasaki et al., 1990; Hossain et ah, 1998; Berthoud et ah, 1993; Oh et ah,

1993; Yao et ah, 2000). Activation of the Ras/Raf/mitogen-activated protein kinase 

kinase/mitogen-activated protein (MAP) kinase signaling cascade is initiated by 

activation of growth factor receptor and is regulated by many cellular events, including 

cell cycle control. Furthermore, studies suggest that a target of activated MAP kinase 

(ERK V2) might be the connexin-43 gap junction protein (Wam-Cramer et ah, 1998).

In the studies reported here, these key intracellular signaling pathways were examined 

using phosphorylation site-specific antibodies, to determine whether they are activated or 

inhibited by lindane, dieldrin, and/or ChK. Our results show that a 1-hour treatment with 

either ChK, lindane, or dieldrin increased the level of phosphorylation of a key activation 

site on p44/42 ERK (Figure 20A). Levels of total ERK were not altered by treatment with 

ChK, lindane, or dieldrin. Ponceau staining (Figure 20C) of the identical blot shown in 

Figure 20A showed that the changes in phospho-ERK were not due to loading differences 

between lanes. Activation the ERK 1/2 signal transduction pathway by all three
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compounds suggested the presence of an alternative mechanism(s) that accounts for the 

protective effect of ChK. We hypothesized that the preventive effect of ChK on 

organochlorine- induced changes might be due to activation of one or more other kinases, 

for instance PKC or Akt kinase.

Results of experiments monitoring the effect of ChK on PKC activation show that 

treatment of cells for 1 hour with ChK, dieldrin or lindane had no effect on the level of 

phosphorylation of PKC at a key activation site (Figure 22). This suggests that PKC does 

not mediate the inhibitory effect of lindane or dieldrin or the preventive effect of ChK.

To investigate whether the protective effect of ChK involves activation/inhibition of 

the Akt kinase pathway, Western blotting using phospho-Akt and total Akt primary 

antibodies was performed and the effect of ChK on Akt phosphorylation/inhibition 

compared with effects of dieldrin and lindane on Akt activation/inhibition. Our results 

show that a 1 hour treatment with ChK increased phosphorylation of Akt kinase on a key 

activation site. However, dieldrin or lindane did not substantially alter the level of 

phosphorylation of Akt kinase (Figure 23 A). Total Akt kinase levels (Figure 23B) were 

unaltered by any of the compounds. Results of experiments monitoring the effect of the 

PI3 kinase/Akt pathway inhibitor, Wortmannin on the activation of Akt kinase in RG-2 

cells demonstrate inhibition of ChK’s increased phosphorylation (Figure 25).

We previously reported that ChK down-regulates the Akt pathway in ras-transformed 

epithelial cells (Matesic et al., 2005). In those studies, 2-10 pM ChK induced decreased 

Akt phosphorylation at 4 - 72 hours treatment times. No detectable effect was seen at less 

than 2 hours. In RG-2 cells, we observed increased Akt phosphorylation at 1 - 2 hours
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using the same site-specific antibody. This suggests that ChK has two different targets in 

the ras-transformed cells with down-regulated gap junction-mediated communication and 

in the RG-2 cells with normal functional gap junctions. Another possibility is that ChK 

has a common target in the transformed and non-transformed cells, but different 

downstream effectors are activated.

The natural product ChK showed protective effects against organochlorine disruption 

of gap junction mediated cell-cell communication in astroglial cells. Stabilization of the 

Cx43 P2 phosphoform by ChK correlated with the protective effect on gap junction- 

mediated communication. Activation of the Akt pathway by ChK, but not lindane or 

dieldrin, suggest that this pathway may be involved in ChK’s protective effect. The data 

obtained from these studies contribute to the understanding and potential treatment of 

neurotoxic, carcinogenic, and other biological effects of organochlorine compounds.

Many forms of intercellular communication are involved in homeostasis and normal 

physiology. It is likely that organochlorine-induced changes in intercellular 

communication contribute to toxic manifestations in the whole organism. Because agents 

that reduce GJIC are also likely have other actions at the molecular, cellular, and tissue 

levels, and major challenge is to integrate these effects into a comprehensive 

understanding of mechanism. This will improve our ability to quantify risk and determine 

safe exposure levels of organochlorine compounds for humans and wildlife.

The data obtained from these studies contribute to the understanding and potential 

treatment of neurotoxic and other effects of organochlorine compounds.
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