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Abstract 

 Evidence suggests that P-glycoprotein (P-gp) transport activity can be post-

transcriptionally regulated through protein kinase C-mediated phosphorylation. In the 

present study, P-gp efflux capacity and phosphorylation state were examined in rainbow 

trout hepatocytes, following protein kinase C (PKC) inhibition with 1-(5-isoquinolinyl-

sulfonyl)-3-methyl-piperazine (H-7), or its activation following treatment with Phorbol 12-

Myristate 13-Acetate (PMA). Decreased chemical efflux and increased accumulation 

following H-7 treatment were observed when rhodamine 123 (R123) was used as P-gp 

substrate, while PMA increased P-gp efflux and decreased the accumulation of 

daunorubicine (DNR). This substrate-dependent modulation suggests that 

phosphorylation affects P-gp’s ability to bind to different substrates or, more likely, to its 

co-substrate ATP.  As well, these results raise the possibility that other transporters may 

be involved, particularly in R123 transport. Immunoblots of solubilized membrane 

fractions and whole cell extracts following phosphate-affinity SDS-PAGE showed that H-

7 and PMA-treated cells produce different P-gp phosphorylation patterns compared to 

control cells; up to 5 different phosphoisoforms were visualized using the monoclonal 

antibody C-219. Differences in the distribution, number, and optical densities of bands 

were visualized, and can be interpreted as PKC activation or inhibition altering the 

relative abundance of P-gp phosphoisoforms in the cells. Hepatocytes were also treated 

with H-7 or PMA and radiolabelled in a media containing 32P, were immunoprecipitated, 

and subjected to conventional SDS-PAGE. The resulting gels confirmed that PMA 

increased the amount of 32P incorporated into P-gp as compared to controls, while H-7 

decreased it, indicating that PKC inhibition prevents or reduces P-gp phosphorylation 

and the transport of certain substrates, while activation promotes phosphorylation and 

transport, also in a substrate-dependent manner.  

Keywords:  rainbow trout; P-glycoprotein; phosphorylation; accumulation; efflux; 

hepatocyte; rhodamine 123; daunorubicine 
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Chapter 1.  
 
Introduction 

1.1. Cellular defense mechanisms 

Foreign chemicals, or xenobiotics have challenged organisms throughout 

evolutionary history and in order to survive, they have had to develop mechanisms by 

which appropriate concentrations of particular molecules are maintained, and to 

eliminate xenobiotics to reduce potential toxic effects.  Chemical defense mechanisms 

employ strategies at the cellular, physiological and behavioural level in response to 

xenobiotic exposure.  These systems arose early in evolutionary history and point to 

the evolutionary significance of xenobiotic defense and the survival advantages that 

come from their use.  

 These mechanisms likely first evolved microbes in response to secondary 

metabolites. For example, some species of marsupials display many xenobiotic 

processing mechanisms at the biochemical level for increasing terpene detoxification, 

which is critically important for surviving on a unique Eucalyptus diet (Ngo et al. 2009).  

The recent phenomena of novel chemical pollution from a modern civilization has not 

allowed for the evolutionary adaptation to these compounds, and organisms must rely 

on constituent chemical defense mechanisms for protection against them.  

Two main mechanisms exist for organisms to reduce the potential for xenobiotic 

toxicity: acclimatory processes (tolerance) that occurs at the level of the individual, and 

adaptation (i.e. resistance) in which the genetic constitution of a population is changed 

in response to chemical exposure. Organisms use a variety of mechanisms to avoid 

the effects of toxic substances. These are organized according to: 1) mechanisms of 

decreased exposure through toxicokinetically-derived resistance, and 2) mechanisms 
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of decreased sensitivity through toxicodynamically-derived resistance.  

Toxicokinetically-derived mechanisms include reduced uptake or increased elimination 

of toxicants, thereby decreasing body burdens. Toxicodynamically-derived 

mechanisms include target site resistance through changes in receptor structure, up- or 

down-regulation of target receptors, or decreases in the responsiveness of signal 

transduction pathways. Below, the main toxicokinetically-derived mechanisms are 

described, since the focus of this thesis, P-glycoprotein-mediated transport, belongs in 

this category. 

1.1.1. Limiting absorption 

Organisms can limit chemical exposure by sensing the substance and moving 

into a less contaminated environment.  Several conditions are necessary for this to 

occur; an environmental gradient of the chemical must exist, the chemical must be 

perceived as harmful, and the organism must be able to move itself away.  Together, 

these conditions are called behavioural avoidance.   

Toxic effects may ensue if behavioural avoidance does not occur, and the 

chemical is absorbed, passing through the external and internal coverings of an 

organism, i.e. protective barriers which can include secretions (e.g. mucous), secretion 

clearance mechanisms (e.g. cilia), the epithelium and other physical barriers (e.g. skin 

or epithelium, and fibrous protein or sugar based coverings).  The epithelium is a 

permeability barrier to foreign chemicals and will limit the percutaneous absorption of 

chemicals (Boutsiouki et al. 2001).   

1.1.2. Biotransformation 

Biotransformation is defined as the conversion of a substance from one form to 

another by enzymes and is distinguished from physical-chemical processes that also 

convert the parent molecule.  Biotransformation refers to the combined transformations 

of a chemical indicating that a chemical may undergo a number of chemical alterations 

and the production of multiple metabolites.  
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Biotransformation introduces hydrophilic functional moeties onto a xenobiotic to 

facilitate excretion. The primary role of biotransformation, therefore, is to reduce 

chemical accumulation and enhance the excretion of hydrophobic xenobiotics, through 

the formation of more polar products (Jones et al. 1986). These reactions are often 

classified as Phase I (oxidation reduction and hydrolysis reactions) and Phase II 

(conjugation reactions) reactions. Biotransformation has important implications on  

tissue concentrations, metabolite patterns and chemical half-lives, which can affect 

chemical bioaccumulation, persistence, and the severity and duration of any toxic 

effect. 

Enzymes capable of metabolizing xenobiotics are widely distributed throughout 

the body, being found in tissues such as skin, lungs, nasal mucosa, eyes, 

gastrointestinal tract, kidney, adrenal, pancreas, spleen, heart, placenta, testis, ovaries, 

and others (Klaassen and Watkins 1999). 

1.1.3. Phase I biotransformation reactions 

Phase I reactions are the predominant biotransformation pathway for most 

natural and synthetic xenobiotics and include microsomal mono-oxygenations, 

cytosolic and mitochondrial oxidations, co-oxidations in the prostaglandin synthase 

reaction, hydrolysis reactions, epoxide hydration, and reduction reactions.  The 

cytochrome P-450 (CYP)-dependent mixed function oxidase (MFO) system of 

eukaryotes consists of membrane lipids (smooth endoplasmic reticulum and 

mitochondrial membranes), the enzyme cytochrome P450 (P450s), and an electron 

transfer chain (e.g. NADPH-cytochrome P450 reductase and redoxin 

reductase/redoxin).  The MFO system is crucial for oxidative, peroxidative, and 

reductive metabolism in organisms. P450s have two general functions and are: 1) to 

act in cell defense by degrading or providing polar functional groups on molecules to 

enhance the water solubility of xenobiotics in preparation for excretion, and 2) to 

provide a role in in the biosynthesis of critical signalling molecules used for the control 

of development and homeostasis. 
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P450s constitute a superfamily of heme enzymes present in every living species 

on Earth from archaebacteria to humans and despite their occasionally minimal 

sequence similarity, all CYPs have a similar structural fold with a highly conserved 

core. A wide variety of oxidative reactions are known to be catalyzed by cytochrome P-

450, including aliphatic and aromatic oxidations, alkene epoxidation, oxidative 

deakylation and deamination, nitrogen oxidation, oxidative desulfuration, denitrification 

and dehalogenation reactions (Wislocki et al. 1980). P450 substrates are an enormous 

and diverse group of compounds, including endogenous compounds as well as natural 

and synthetic xenobiotics, It has been predicted that the substrate base of P450 could 

be of a million or more (Coon 2005).  Endobiotic substrates include fatty acids, 

prostaglandins, bile acids, steroids, fat-soluble vitamins, amino acids, eicosanoids and 

retinoids, amongst many others. Xenobiotic substrates include the majority of 

pharmaceutical chemicals, environmental contaminants, antioxidants, dyes, and 

naturally occurring plant products such as flavorants and odorants.  Flavin-containing 

mono-oxygenases which catalyzes the oxygenation of nitrogen and sulfur compounds 

and epoxide hydrolases which hydrolyze epoxides to diols are the other important 

Phase I oxidative enzymes worth noting. 

Reduction reactions can also be catalyzed by P450 and are most likely to occur 

with xenobiotics in which oxygen tension is low. Reductions can occur across nitrogen-

nitrogen double bonds (azo reduction) or on nitro groups (NO2). Frequently, the 

resulting amino compounds are oxidized forming toxic metabolites. Some chemicals 

can be reduced to free radicals, which are reactive with biological tissues (Kennedy 

and Tierney 2013). 

Hydrolysis reactions are typically not carried out by the P450 system and include 

the hydrolyzing enzymes carboxylesterases, arylesterases, cholinesterases, and serine 

endopeptidases. Carboxylic acids, alcohols, and amines are generated from the 

hydrolysis of xenobiotic esters and amides which are all susceptible to phase II 

conjugation reactions and excretion (Kennedy and Tierney 2013).  
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1.1.4. Phase II biotransformation reactions 

 Phase II reactions involve the conjugation (biosynthetic coupling) of xenobiotics 

or functionalized Phase I with endogenous molecules generating hydrophilic 

conjugated metabolites that are devoid of toxicological activity and easily eliminated 

(Moldeus and Jernstrom 1983). Endogenous molecules that are ionizable (water 

soluble) at physiological pHs (e.g. carbohydrates, proteins or amino acids, sulphur or 

phosphate components) are used in these reactions. Conjugated metabolites are 

substrates for specific transport proteins in epithelial tissues and are secreted with 

great efficiency.  Conjugation reactions have a dual purpose; they have a role in the 

intermediary metabolism of endogenous compounds, and act in the biotransformation 

and elimination of xenobiotics. 

The most common Phase II reactions are described here. Sulphate conjugation 

reactions are found in most organisms and are important to both endogenous (e.g. 

thyroid and steroid hormones, and bile acids) and xenobiotic chemicals, including those 

chemicals with hydroxyl groups, as well as 1°, 2° and 3° alcohols, amines, and to a 

lesser extent, thiols. Glucuronidation (conjugation with glucuronic acid) represents the 

major route of sugar conjugation. Qualitatively and quantitatively, glucuronide formation 

is the most important form of conjugation of both endogenous and foreign compounds 

in most organisms. Four general categories of O-, N-, S-, and C-glycosides are formed 

and increase the compounds polarity and ultimately their excretion in urine or bile. The 

glutathione S-transferases (GSTs) are a family of enzymes that play an important role 

in xenobiotic resistance by several distinct mechanisms: increased detoxification, 

sequestering of xenobiotics, and by decreasing xenobiotic activation.  Arguably their 

most important role is the catalyzation of the initial reaction in the formation of N-

acetylcysteine (mercapturic acid) derivatives of a diverse group of xenobiotics. 

1.1.5.  Phase III efflux transporters 

 Recently, a new understanding for the biological handling of xenobiotics has 

arisen: transporters that act as a first line of defense (Epel 1998; Miller et al. 1998; 

Ivanina and Sokolova 2008), preventing potentially toxic chemicals from entering the 

cell and expelling those that already have. If a xenobiotic is not recognized by this first 



 

6 

line of defense and its transporters, it may enter the cell where, biotransformation 

enzymes may modify its chemical structure to a more hydrophilic form. In this case, 

other related cellular transporters can again come into play, transporting the modified 

products out of the cell. There are two main types of transporters, which act in this 

manner: the ATP-binding cassette (ABC) and solute carrier (SLC) proteins.  

ABC transporters are evolutionarily ancient, and three ABC subfamilies of efflux 

(multidrug) transporters are involved in the biochemical defense against potentially 

toxic chemicals. The ABC chemical efflux transporter superfamily contains structurally 

similar transmembrane transport proteins and a total of 48 genes have been found to 

encode for members of this family (Schulz and Kolukisaoglu 2006). They are found in 

vertebrates as well as in deuterostome invertebrates, protostome invertebrates, fruit fly, 

protozoans, and yeast. ABC transporters include members of the P-glycoprotein (P-gp 

[ABCB]) family, the multidrug resistance protein (MRP [ABCC]) family and the breast 

cancer resistance protein (BCR [ABCG]) family. These   are membrane-bound proteins 

that use ATP hydrolysis to translocate chemicals across the plasma membrane and 

provide protection to internal receptors or tissues (e.g. blood brain barrier, liver, kidney, 

placenta) and to sites of entry of environmental contaminants (e.g. gills, gastrointestinal 

tract).  

These transporters have both health and environmental significance (Epel et al. 

2008).  These multi-drug transporters (providing multidrug resistance [MDR]) have 

been well characterized in mammals (Chaudhary and Roninson 1993; Croop 1993; 

Doige and Luzzi Ames 1993) and are particularly interesting from the perspective of 

cancer therapy. Overexpression of these transporters correlates with the acquired 

resistance of some tumours to a wide variety of chemotherapeutic drugs by preventing 

their accumulation. Transporter proteins have also been associated with MDR in fungal 

and protozoan infections (Ambudkar et al. 2009). The normal physiological roles of the 

multidrug transport proteins are not clear. High levels of MDR protein expression are 

found in non-cancerous tissues, including the intestine, placenta, blood-brain barrier 

and blood-testes barrier in mammals suggesting a role in protecting against diet-

derived and environmental xenobiotics (Doige and Luzzi Ames 1993; Gottesman and 

Pastan 1993). Other physiological functions in which P-gp might be involved include: 
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lipid and bile salt translocation, steroid hormone homeostasis (Helvoort et al. 1996), 

lipid flippase function (Romsicky and Sharom 2001), and even controlling the activity of 

other membrane proteins such as chloride channels (Gill et al. 1992; Higgins 1995; 

Idriss et al. 2000). 

Recently, a number of environmental researchers have directed their attention to 

the role of these transporters in protecting aquatic organisms against natural and 

human-made xenobiotics. The pioneering work on the environmental role of these 

transporters comes from Kurelec and Pivcevic (1991).  Multixenobiotic resistance 

(MXR) is a phenomenon which increases the potential survival of aquatic organisms in 

environments contaminated with various chemical pollutants.  These organisms 

present an enhanced expression of one or more MDR-like transport mechanisms that 

reduce xenobiotic uptake (Kurelec 1995). As mentioned earlier, these transporters act 

as first lines of defense against xenobiotics and are usually found in tissues or organs 

that interact with the environment. Such transport systems are present at some basal 

level in animals maintained in unpolluted environments and they appear to be up 

regulated or induced upon exposure to higher levels of some contaminants. 

1.2. P-glycoprotein (P-gp) 

1.2.1. Structure 

One of the most well studied ABC transport proteins is P-glycoprotein (P-gp), 

where ‘P’ refers to its permeability-altering properties and the ‘glycoprotein’ refers to 

the high degree of glycosylation of the protein. It is also known as ABCB1 or multidrug 

resistance protein 1 (MDR1). 

The length of mammalian P-glycoprotein varies from 1276 to 1281 amino acids, 

with a molecular weight of approximately 170 kDa. P-glycoprotein mobility in 

polyacrylamide gels is, however, sensitive to the conditions employed; for example 10 

to 20% of the observed molecular weight can usually be accounted for by glycosylation 

at 3 to 4 amino acids in the first extracellular loop (Fig. 1.1),  but P-gp is believed to 

have 7 to 10 potential glycosylation sites (Croop 1993). The degree of glycosylation 
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with which the protein is loaded in the gel, can considerably affect the apparent 

molecular weight calculated by mobility shift in this technique. This amino acid 

sequence has allowed for the identification of certain structural features.  P-gp has 

been predicted to traverse the plasma membrane 12 times (Gros et al. 1986) (Fig. 1.1). 

A short, highly charged, cytoplasmic domain precedes three membrane loops which 

are followed by a large cytoplasmic domain. Potential glycosylation sites are 

consistently located in the first external loop in all P-gps studied. The large cytoplasmic 

domain of 120 amino acids, contains a sequence that functions as the nucleotide 

binding fold in a wide range of ATPases (Croop 1993). This structure is then almost 

repeated, as the next amino acids form another cytoplasmic domain, which is followed 

by three additional membrane loops, and another and large cytoplasmic domain with 

the sequence for a second nucleotide binding fold. 

P-gp seems to be comprised of two halves, with a similar structure, but not 

identical structure in each half. The short segment that connects these two halves is 

termed the ‘linker’ region (Gros et al. 1986; Croop 1993; Ambudkar et al. 1999), which 

contains 4 amino acids (serines) for cAMP- and cGMP-dependent protein kinase 

phosphorylation (Lelong et al. 1995). Analysis of P-gp in vesicles from multidrug 

resistant cell lines indicates that phosphorylation occurs exclusively on serine residues, 

including four in the ‘linker’ region (Chambers et al. 1993).  

 

Figure 1-1.  Hypothetical 2-D model of human P-gp. Circles represent amino acid 
residues; blue solid circles show the positions of mutations that alter substrate 
specificity. ATP binding sites are circled in black. Glycosylation sites (N91, N94, and 
N99) are indicated by yellow wavy lines in the first extracellular loop, and the 
phosphorylation sites (S661, S667, S671, and S683) in the linker region are shown as 
a red-circled P. Adapted from Ambudkar et al. (1999). 
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The number of mdr-genes is unknown in mammals and fish. Several isoforms 

of P-gp have been reported in mammals (e.g. MDR1, MDR2, MDR3, SPGP). 

Genomics research has led to the identification of several sequences encoding mdr-

homologs in rainbow trout (Oncorhynchus mykiss) and zebrafish (Danio rerio) (Bard 

2000). Two fish P-gp genes (fpgp A and B) have been partially cloned in winter 

flounder (Pseudopleuronectes americanus) and killifish (Fundulus heteroclitus) (Childs 

et al. 1995; Cooper 1998). A recently described, related 160 kDa P-gp, named Sister of 

P-gp or SPGP, is localized to the bile canalicular microvilli and subcanalicular vesicles 

of mammalian hepatocytes (Childs et al. 1995).  Fpgp A corresponds to SPGP while 

fpgp B is related to both class I and class II mammalian P-gps (Bard 2000).   

To date, no complete DNA sequence for P-gp has been revealed (Sturm and 

Segner 2005) and little is known about where and how P-gp substrates bind to P-gp’s 

active site, or the molecular mode of action.. Most of the evidence in this regard comes 

from the study of its various substrates and modulators. 

1.2.2. Activity and substrates 

There is strong biochemical evidence that P-gp moves molecular cargo against a 

concentration gradient using the energy of ATP hydrolysis (Gottesman and Pastan 

1993; Davidson 2002; Higgins and Linton 2004). However, the molecular details on 

how the energy of ATP hydrolysis is coupled to transport remain in dispute. 

P-gp substrates can be endogenous and exogenous; they differ in cytologic 

target, chemical structures and properties (Endicott and Ling 1989; Gottesman and 

Pastan 1993; Ambudkar et al. 2006) and can include structures from simple ions, to 

complex lipids, and various pharmaceuticals and environmental xenobiotics. For 

example, anthropogenic organic pollutants such as nonylphenol ethoxylates and the 

polycyclic aromatic hydrocarbons (PAH) benzo[a]pyrene and anthracene are P-gp 

substrates. Although P-gp transports a wide variety of apparently unrelated 

compounds, these substrates tend to be small planar molecules, with a basic nitrogen 

atom, cationic or neutral (but never anionic), and moderately hydrophobic or 

amphipathic (Gottesman and Pastan 1988; Endicott and Ling 1989; Bard 2000). They 
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are relatively lipophilic in order to be able to intercalate into the phospholipid bilayer of 

the plasma membrane where P-gp substrate binding sites are believed to be (Sharom 

1997; Ambudkar et al. 2006).  They must also be water-soluble enough to be 

transported through the pore of the P-gp molecule to the aqueous extracellular media.  

Being cationic allows for binding to the outer/inner leaflet of phospholipid bilayer (Eytan 

and Kuchel 1999; Ambudkar et al. 2006).  

Other authors have determined the presence of specific molecular structural 

patterns common to all P-gp substrates. They all seem to contain hydrogen bond 

acceptor or electron donor groups (e.g. carbonyl, ether, hydroxyl, or halide groups) with 

precise spatial separations (Seelig 1998; Ambudkar et al. 2008). As shown in Fig. 1.2, 

P-gp substrates have either two electron donor groups at a distance of 2.5 ± 0.3 Å, 

three electron donor groups with a spatial separation of the outer two electron donor 

groups of 4.6 ± 0.6 Å, or two electron donor groups with a spatial separation of 4.6 ± 

0.6 Å.  

 

 

 

 

 

Figure 1-2. Structural patterns determined for P-gp substrates. Substrates with 
electron donor groups with a separation distance of 2.5 ± 0.3 Å are referred to as 
Type I. Type II substrates have either three electron donor groups with a spatial 
separation of the outer two electron donor groups of 4.6 ± 0.6 Å, or two electron donor 
groups with a spatial separation of 4.6 ± 0.6 Å. “A” denotes a hydrogen bonding 
acceptor group (electron donor group). Adapted from Ambudkar et al. (2008), original 
scheme from Seelig (1998). 
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The molecular mechanisms behind P-gp transport activity are not fully 

understood. Several models to explain P-gp interactions with its substrates (i.e. binding 

and transport) have been proposed and are still being debated. In the hydrophobic 

vacuum cleaner model (Higgins and Gottesman 1992), substrates are transported from 

the plasma membrane to the extracellular media and the primary determinant of 

substrate specificity is a compound’s ability to intercalate into the cellular membrane, 

with the relatively non-selective binding site on P-gp being of secondary importance. 

Since removal of xenobiotics is efficiently generated by a relatively small number of 

membrane transporters substantially separated from each other along the cell 

membrane, and the insertion of chemicals into cellular membranes is widespread, it 

has been hypothesized that these transporters act like ‘‘vacuum cleaners’’ of chemicals 

embedded in the membrane in order to reach those xenobiotics that have diffused into 

a region of the phospholipid bilayer not particularly close to any P-gp transporter. 

These transporters do not “attract” chemicals, in this model,  and the lateral movement 

of chemicals from their point of insertion (i.e. “vacuum cleaner” effect) to the transporter 

is assumed to be governed by diffusion. 

A second model has been suggested in which P-gp acts as a flippase (Higgins 

and Gottesman 1992), aiding in the movement of phospholipid molecules between the 

two leaflets of the plasma membrane, while translocating substrates from the inner to 

the outer leaflet, where they may diffuse out of the cell.   

The ‘extrusion from the inner leaflet’ model (Eytan and Kuchel 1999), combines 

elements of the two previous models,  postulating that P-gp extracts substrates from 

the inner leaflet and extrudes them into the extracellular domain, without involving P-gp 

acting as a flippase, but assuming it has a non-selective binding site. 

Regardless of which mechanism underlies chemical transport by P-gp, it is 

generally believed that it removes its substrates from the cellular membrane vicinity, 

rather than from the cytoplasm. As mentioned previously, the P-gp substrate binding 

site seems to be located in the trans-membrane region of the molecule or near the 

inner leaflet (Fig. 1.1).  P-gp substrates are always able to either bind to the inner or 

outer leaflet of the membrane, or to directly dissolve in the phospholipid bilayer. As can 
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be seen in figure 1.1, studies with mutant P-gp have shown that most of the amino 

acids that affect P-gp substrate specificity when substituted through mutation, are 

clustered mostly in the trans-membrane region and the inner leaflet of the phospholipid 

bilayer (Seelig 1998; Ambudkar et al. 2008). 

P-gp has been shown to bind to various substrates with different specificities 

(Liu and Sharom 1996).  For example, a variant of DNR, [3H]azidobenzoyl-daunorubicin 

([3H]AB-DNR), has a high affinity for P-gp, but vinblastine and verapamil compete more 

effectively for the P-gp substrate binding site (Beck and Quian 1992). Holcberg et al. 

(2003) found that the P-gp inhibitors quinidine and verapamil, which usually reduce the 

transport of other P-gp substrates, did not affect digoxin (another P-gp substrate) 

transport at all. Some authors have even suggested that there might be two distinct 

substrate interaction sites in P-gp: a site closer to the cytoplasm (C-site), and a site in 

the centre of the phospholipid bilayer (N-site) (Dey et al. 1997). Shapiro and Ling 

(1997) also presented evidence that P-gp contains at least two separate substrate 

binding and transport sites with different substrate specificities (Shapiro and Ling 1997)  

that can be differentially affected by P-gp modulators.  

The fact that P-gp shows different binding affinities, goes against the idea of it 

having a relatively non-selective binding site. Moreover, it opens the possibility that it 

may have more than one way to interact with its substrates (Seelig 1998; Kaur 2002; 

Gatlik-Landwojtowicz et al. 2006), if not more than one binding site (Dey et al. 1997; 

Shapiro and Ling 1997). If that is the case, understanding the true complexity, number 

and types of P-gp substrate interactions, is of vital importance when, for example, 

designing P-gp modulators in the context of chemotherapy, or in identifying P-gp 

modulators among pollutants, and their exposure associated risks, from an 

ecotoxicological perspective. 

1.2.3. P-gp, multidrug resistance (MDR) and multixenobiotic 
resistance (MXR) 

The multidrug resistance (MDR) phenomena was first described by Kessel et al. 

in 1968, when he related the effectiveness of daunomycin treatment in leukemic mice, 

to the capacity of their cancerous cells to prevent the uptake of the drug. MDR cells 
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exhibit a broad-spectrum resistance to pharmaceutical chemicals, through reduced 

intracellular accumulation. MDR occurs with an over expression of efflux transporters in 

cell membranes, and is mainly attributable to P-gp. Membranes of cells exhibiting MDR 

have increased P-gp transport protein levels, for which a single gene (MDR1 [human], 

mdr1a [mice, rat], fpgp B [fish]) is sufficient (Cooper 1998; Bard 2000). The MDR 

phenotype can result in up to a 1000-fold increase in P-gp expression (Albertus and 

Laine 2001).  

Multixenobiotic resistance (MXR) in aquatic organisms exposed to natural toxins 

or anthropogenic contaminants is a phenomenon analogous to MDR in mammalian 

tumour cell lines tolerant of anti-cancer drugs. MDR and MXR are basically the same 

process and their effects are quantitatively comparable (Marin at al. 2004) and are 

believed to be due to elevated expression levels of P-gp (Bard 2000). Similar to MDR, 

over expression of P-gp can be detected in aquatic organisms, which also seems to be 

closely related to the presence of pollutants that are P-gp substrates (Bard 2000).  

MXR phenotypes allow some aquatic species to survive in environments which contain 

high levels of anthropogenic pollutants, since many of these xenobiotics are P-gp 

substrates. MXR in aquatic organisms contributes to the decrease in intracellular 

concentrations of many unrelated but cytotoxic compounds (Bard 2000) 

1.2.4. P-gp modulation 

Several mechanisms on how P-gp activity is regulated have been examined. 

Due to P-gp being involved in reducing the efficacy of drug therapies, most efforts have 

been aimed at inhibiting its transport activity and reversing MDR. From an 

ecotoxicological point of view however, elucidating the mechanisms behind P-gp 

activity modulation, will improve the understanding of chemical toxicokinetics and the 

biology of detoxification.  

P-gp activity can be regulated before, during and after its transcription and 

translation. Elevated P-gp expression has been observed to occur via multiple 

mechanisms including pre-transcriptional controls like gene amplification (Robinson et 

al. 1986). Transcriptional controls such increased MDR1 mRNA and P-gp production 
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(Reschly and Krasowski 2006) and increased mRNA half-life (Wassmur 2012) have 

also been reported.  

Phosphorylation and glycosylation are believed to be the main post-

transcriptional mechanisms by which cells regulate the activity of P-gp (Croop 1993; 

Miller et al. 1998; Smital and Kurelec 1998; Bard 2000). Glycosylation is believed to 

activate and generally aid P-gp transport activity. One of the possible roles of these 

oligosaccharides linked in the first extracellular loop, is increasing the stability of P-gp 

while suspended across the membrane (Croop 1993). Phosphorylation will be 

discussed in later sections. 

Gene amplification refers to a cell’s ability to generate multiple copies of a given 

gene. MDR1 gene amplification has been detected in several MDR cell lines (Robinson 

et al. 1986). In the absence of amplification, an increased expression of MDR1 may 

occur via increased MDR1 transcription. P-gp transcription is under the control of the 

pregnane X receptor (PXR) in humans and other mammals. PXR has been identified in 

various distantly-related vertebrate species (Reschly and Krasowski 2006). PXR 

simultaneously mediates the expression of phase I and phase II metabolising enzymes 

as well as cellular efflux pumps like P-gp. In addition, PXR binds to the xenobiotic 

response element (XRE) of the ABCB1 gene to induce expression of P-gp and mediate 

the cellular clearance of xenobiotics (Geick et al. 2001). However, it has not yet been 

established whether PXR-mediated induction of P-gp also occurs in fish. 

Phosphorylation of PXR by protein kinases also appears to contribute to the post-

translational up-regulation of PXR activity and the subsequent P-gp expression 

induction (Pondugula et al. 2009).   

Studies of the PXR-mediated induction of P-gp in fish are limited, but do exist.  

Zebrafish have been shown to up-regulate PXR, P-gp and CYP3A expression following 

exposure to a synthetic steroid known to activate PXR in mammals (Bresolin et al. 

2005). MXR-related genes have also been found to be up-regulated in cultured rainbow 

trout hepatocytes treated with the PXR ligand pregnenolone-16α-carbonitrile (PCN) 

(Wassmur et al. 2010).  In addition, several P-gp substrates have been shown to 

induce P-gp expression and so increase its transport activity in aquatic organisms 
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(Cooper 1998; Ambudkar et al. 2008), presumably though the PXR. Thus, PXR may 

play a prominent role in mediating xenobiotic transport mechanisms in teleost fish as it 

does in mammals.  

Finally, the use of agonists, antagonists, allosteric inhibitors and liposomal 

encapsulation to circumvent MDR in medical sciences could be considered as 

additional approaches that modulate P-gp transport activity. Due to the problems 

derived from MDR in chemotherapies, a large number of clinical trials of MDR reversal 

have been undertaken with drugs that inhibit P-gp activity. The most common approach 

to avoid or reduce P-gp activity and associated MDR, has been to co-administer P-gp 

agonists to compete with anticancer drugs and diminish their clearance from cancer 

cells. Some examples are of these are:  the calcium channel blocker verapamil, the 

opioid antidiarrhetic drug loperamide, and cyclosporine, a cyclic peptide of fungal origin 

commonly used as an immunosuppressant. 

 A second post-translational approach is the use of synthetic antagonists such 

as tariquidar (Abraham et al. 2009) and CXCR2 (Braber et al. 2011). As antagonists, 

they are able to bind to the P-gp substrate binding site but are not transported, 

essentially blocking P-gp function. There are many more similar chemicals in 

development, and curiously, they cluster in two groups depending on which P-gp 

substrates transport they inhibit more prominently (Scala et al. 1997). 

Another means to modulate P-gp activity is through allosteric inhibition. For 

example, cis-(Z)-flupenthixol is a promising molecule that is believed to interfere with P-

gp ATPase activity, impeding the substrate’s transport but allowing its binding to the P-

gp active site (Ansbro et al. 2013). 

All of the molecules that inhibit P-gp to reduce its undesired activity (in relation 

to chemotherapies) are referred to as tumour chemosensitizers, as they make tumours 

more sensitive to chemotherapeutic drugs. Their co-administration needs to be 

carefully fine-tuned, in order to find equitoxic (lower) doses that result in MDR 

modulation. These doses should maintaining their efficacy in tumour cells, but not 

increase the toxicity of the drug since P-gp transport activity would be compromised 

systemically.  
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Some of these P-gp modulators (active site inhibitors) are found in aquatic 

environments (e.g. cyclosporine, quinine, quinidine, progesterone, vinca alkaloids, 

verapamil and many others) (Kurelek 1997) where they are referred to as 

chemosensitizers. It seems reasonable to expect detrimental effects in populations 

exposed to chemosensitizers, whether they live in polluted or pristine environments, or 

whether they have developed MXR or not.  Chemosensitizers should be considered as 

a new type of pollutant and carefully studied (Smital and Kurelec 1998). They may 

pose large problems as they could impair the defense mechanisms of aquatic 

organisms (Kurelec 1997; Wassmur 2012), making them more susceptible not only to 

the toxic actions of pollutants present in the environment, but also to endogenous 

substances and natural xenobiotics as well. 

In addition to the fact that P-glycoprotein activity in aquatic organisms is 

sensitive to a variety of xenobiotics (Albertus and Laine 2001), the fact that other 

stressors, such as heat shock stress (Miyazaki 1992) and nutritional deprivation 

(Albertus and Laine 2001) can affect the expression of p-glycoprotein (Miyazaki et al. 

1992), indicates the complex involvement of several modulators/regulators of this 

xenobiotic efflux transporter.  

1.3. Protein phosphorylation 

Phosphorylation is an important covalent post-transcriptional modification in cell 

signalling pathways and in the activation and deactivation of proteins. It consists of the 

addition of a phosphate (PO4
3−) group to a protein or other organic molecule by protein 

kinases; protein phosphatases can remove these groups, making such modifications 

reversible. Protein phosphorylation plays a significant role in a wide range of cellular 

processes. Its prominent role in biochemistry is the subject of a large body of research. 

Most proteins undergo covalent modification of their amino acid side chains 

during or after synthesis. This modification, particularly if it is reversible, can provide an 

extraordinarily sensitive means by which the activity of a protein can be enhanced, 

diminished, or modified in some way. Protein phosphorylation is probably the most 

common and important form of protein activity modulation and often results in acute but 
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reversible changes in protein function. Studies of mammalian cells metabolically 

labeled with [32P]orthophosphate suggest that as many as one-third of all cellular 

proteins are covalently modified by protein phosphorylation (Sefton and Shenolikar 

1996; Cohen 2000). The 'average' protein kinase can add phosphate groups to 20 

different proteins and the 'average' protein phosphatase removes phosphate groups 

from 60 different proteins (Cohen 2000). Protein phosphorylation and 

dephosphorylation function together in signal transduction pathways to induce rapid 

changes in response to hormones, growth factors, neurotransmitters, and in general to 

changes in the extracellular media and the cell responses to them. It regulates a broad 

range of cellular activities including the cell cycle, differentiation, metabolism, and 

neuronal communication (Chedrese and Bertorello 2009).   

1.3.1. Protein kinase C 

Protein kinase C (PKC) is a family within the superfamily of protein kinase 

enzymes. In general, they control the function of other proteins through the 

phosphorylation of the amino acids serine and threonine. Such covalent modifications 

often act as switches and notches in cellular machinery. PKC enzymes, in turn, are 

activated by signals such as increases in the concentration of diacylglycerol (DAG) or 

calcium ions (Ca2+) (Fig. 1.3). PKC enzymes play important roles in several signal 

transduction cascades. 

Fifteen PKC isozymes are known in humans (Mellor and Parker 1998) and are 

divided into three subfamilies based on their activation requirements: 1) conventional 

(c) PKCs require Ca2+ and DAG, 2) novel (n) PKCs require DAG, but do not require 

Ca2+ for activation, and 3) atypical (a) PKCs which require neither Ca2+ nor DAG for 

activation.  

All PKCs have a regulatory domain and a catalytic domain tethered together by 

a hinge region (Way et al. 2000). The catalytic region is highly conserved among the 

different isoforms. The regulatory domain or the amino-terminus of PKCs contains 

several shared subregions. The C1 domain, present in all of the isoforms of PKC, has a 

binding site for DAG as well as non-hydrolysable, non-physiological analogues called 
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phorbol esters (Kraft and Anderson 1983). This domain is functional and capable of 

binding DAG in both conventional and novel isoforms; however, the C1 domain in 

atypical PKCs is incapable of binding to DAG or phorbol esters. The C2 domain acts as 

a Ca2+ sensor and is present in both conventional and novel isoforms. The pseudo-

substrate region, which is present in all three classes of PKC, is a small sequence of 

amino acids that mimics a substrate and binds in the substrate-binding cavity in the 

catalytic domain, keeping the enzyme inactive. When Ca2+ and DAG are present in 

sufficient concentrations, they bind to the C2 and C1 domain, respectively, and recruit 

PKC to the membrane (Fig. 1.3). This interaction with the membrane results in release 

of the pseudo-substrate from the catalytic site and activation of the enzyme (Mellor and 

Parker 1998).  

 

Figure. 1-3.   Conventional PKC activation scheme. In solution, the pseudo-substrate 
(black rectangle) blocks the active site (open white triangle) of the kinase domain (blue) 
of protein kinase C. Binding of two Ca2+ ions to the C2 domain and a DAG molecule to 
each C1 domain leads to translocation of the PKC-Ca2+-DAG complex to the inner part 
of the membrane. 
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The conventional and novel PKCs have three phosphorylation sites in the 

catalytic region, termed the activation loop, the turn motif, and the hydrophobic motif. 

The atypical PKCs are phosphorylated only on the activation loop and the turn motif.  

As shown in figure 1.4, phosphorylation events are also essential for the activity of the 

PKC enzymes themselves, 3-phosphoinositide-dependent protein kinase-1 (PDK1) is 

the upstream kinase responsible for initiating the process by phosphorylation of the 

activation loop (Mellor and Parker 1998). After PDK1 phosphorylation, the 'turn' and the 

'hydrophobic' motifs are exposed in the C-terminal domain and autophosphorylation 

leads to stabilization of the enzyme. The mature PKC is activated by diacylglycerol 

(DAG) and calcium liberated from the endoplasmic reticulum (ER) through inositol 

1,4,5-trisphosphate (IP3) sensitive calcium channels 

1.3.2. Experimental PKC modulation  

Studies on simple organisms have shown that PKC signalling systems are 

conserved through evolution from yeast to humans (Mellor and Parker 1998).  Some of 

these systems have been found to function in a parallel manner in teleosts.  Two  

examples are: the signalling transduction systems involved in gonadotropine 

production (Chang 2009), and major histocompatibility complex response (Abrao et al. 

1991). It is therefore reasonable to expect that PKC function and modulation in teleosts 

is similar to that in humans.  

Upon activation, protein kinase C enzymes, following a wave of increased Ca2+ 

intracellular concentration, are translocated to the plasma membrane by RACK 

proteins (Mellor and Parker 1998). Protein kinase C enzymes are known for their long-

term activation when compared to other kinases. They remain activated minutes after 

the original activation signal (Ca2+-wave) has passed (Way et al. 2000) and before 

becoming deactivated again, in a process known as down-regulation (unrelated to 

gene expression). It is presumed that this is achieved by the production of 

diacylglycerol from phosphatidylinositol by a phospholipase, as well as some other fatty 

acids that may also play a role in long-term activation, by keeping PKC bound to the 
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inner part of the membrane once the Ca2+ concentration has returned to normal levels 

(Mellor and Parker 1998) 

DAG activation of PKC involves the redistribution of an inactive cytosolic form of 

the enzyme to the membrane where it remains activated. The use of phorbol esters is a 

traditional in vitro PKC activation technique. Phorbol esters mimic the role of DAG 

during PKC activation, but allow PKCs to remain in a membrane-associated active form 

for hours, as opposed to minutes as with DAG (Kraft and Anderson 1983; Chambers et 

al. 1992). They are also known as tumor promoters for their involvement in anti 

apoptotic pathways and the possible PKC-mediated induction of MDR (Reader et al. 

1999). 

PMA is a phorbol ester often used for the in vitro activation of PKC.  As a very 

well known PKC activator, unlike DAG, it sustains its effects for hours (German et al. 

1995; Wielinga et al. 1997). H-7 is a PKC inhibitor that works as an ATP antagonist for 

PKC, impeding the addition of phosphate groups to serine and threonine residues 

(Hidaka et al. 1984). PMA stimulates phosphorylation in conventional and novel PKCs, 

while deactivation with H-7 affects all  PKC forms.  

1.3.3. Phosphorylation as a P-GP modulation mechanism 

Although P-gp stands for ‘permeability glycoprotein’ due to its role in controlling 

the accumulation of xenobiotics inside the cell, the name can also stand for 

phosphoglycoprotein since P-gp is often found to be highly phosphorylated with 

metabolically active phosphate groups (Germann et al. 1995). P-gp undergoes cycles 

of phosphorylation and dephosphorylation in the cell that presumably regulate its 

activity (Ma et al. 1995).  It is not clear whether post-translational modifications such as 

phosphorylation have any major impact on the modulation of its activity. Most of the 

research on this matter has been conducted in relationship to cancer therapy using 

mammalian models. Very little research has been performed on the post-transcriptional 

modulation of P-gp in aquatic organisms (Miller et al. 1998; Smital and Kurelec 1998; 

Bard 2000). 
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In mammals, P-gp has been shown to undergo differential phosphorylation 

events using either ATP (Chambers et al. 1990) or ATP and GTP (Lelong et al. 1994) 

as phosphate-group donors (Figure 1.4). P-gp phosphorylation data derived using 

various modulators has led to the hypothesis that phosphorylation levels can modulate 

the transport process (Chambers et al. 1992; Castro et al. 1999, Hamada et al. 1987), 

possibly by affecting intrinsic ATPase activities (Fine et al. 1996). P-gp phosphorylation 

may also be involved in signalling its initial translocation to the membrane after 

translation, its ubiquitination and subsequent destruction, and its glycosylation and 

further phosphorylation (Xie et al. 2010). Several different protein kinases have been 

associated with P-gp phosphorylation, including some PKCs (Aquino et al. 1990; 

Chambers et al. et al. 1990b, 1992), and PKAs (Mellado and Horwitz 1987).  

Several processes have been suggested by which PKC isoenzymes 

phosphorylate specific serine residues in the linker region of P-gp, leading to 

alterations in P-gp transport activity (Fine et al. 1996). Specifically, serine 661 and 671, 

and one or more of serine 667, 675, and 683 have been determined to be sites of P-gp 

phosphorylation (Chambers et al. 1992). These sites are clustered in the linker region 

located between the two homologous halves of P-gp as illustrated in Fig. 1.1. 
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Figure. 1-4.   PKC and P-gp phosphorylation schemes. The first PKC phosphorylation 
step is mediated by phosphoinositide-dependent kinase 1 (PDK1). After PDK1 
phosphorylation, the 'turn' and the 'hydrophobic' motifs are exposed in the C-terminal 
domain and autophosphorylation leads to stabilization of the enzyme. The mature PKC 
is activated by diacylglycerol (DAG) and calcium liberated from the endoplasmic 
reticulum (ER) through inositol 1,4,5-trisphosphate (IP3) sensitive calcium channels. P-
gp can now undergo PKC-mediated phosphorylation events using ATP as a 
phosphate-group donor. 

 

1.4. Objectives of this study 

Towards a better understanding of chemical defense mechanisms in aquatic 

organisms, and in particular P-gp, the general objective of this study was to assess 

whether P-gp can be phosphorylated in aquatic organisms, and whether this post-

transcriptional modification modulates its activity. This study used a pharmacological 

approach by incubating rainbow trout hepatocytes with PKC inhibitors and activators to 

determine their effects on the phosphorylation state and efflux capacity of P-gp. 
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Chapter 2.  
 
Material and Methods 

2.1. Fish 

Rainbow trout (Oncorhynchus mykiss) were purchased from Miracle Springs 

Trout Farm (Mission, BC). Trout of both sexes weighing between 700 and 1200 g and 

with hepatosomatic indices ranging from 1.2 to 1.4, were housed in 1200 L tanks at 

Simon Fraser University (Burnaby, BC) supplied with a flow-through system of 

oxygenated (>98% saturation), dechlorinated water at 14 °C. Water hardness was 4 

mg CaCO3/ L and pH was 6.7. All fish were allowed an acclimation period of at least 2 

weeks before an experiment, during which they were fed Pro-Farm floating Koi food  

(EWOS Canada, Surrey, BC).  

2.2. Chemicals 

Trypan blue, phenylmethylsulfonyl fluoride, Ethylene Glycol Tetraacetic Acid 

(EGTA), sodium orthovanadate, glucose (dextrose), sodium deoxycholate, Triton X-

100, PMA, H7, SDS, protein A-sepharose (4B), bromophenol blue, protease inhibitor 

cocktail P-2714, bovine serum albumin (BSA), Hank’s balanced salts powder without 

sodium bicarbonate (HBSS), collagenase, daunorubicin HCl, urea, monoclonal 

antibody C-219, stabilized goat anti-mouse immunoglobulin G (IgG) n-peroxidese 

conjugated, Coomassie blue, HEPES, DMSO, reagents for ECL, aprotinin, NaF, Tris-

HCl, octylphenoxypolyethoxyethanol (Nonident p40), EDTA, beta-mercapto-ethanol, 

glycerol, acrylamide/bis-acrylamide, acetic acid, methanol and 9,10-Deepithio-9,10-

didehydroacanthifolicin (okadaic acid); were ordered from Sigma Chemical Co. (St. 

Louis, MO, USA). Calcium chloride and sodium bicarbonate were ordered from Fisher 
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Scientific (Fair Lawn, NJ). Ammonium persulphate and Tetramethylethylenediamine 

(TEMED) were obtained from Bio-Rad Laboratories (Herculaes, CA). O2 gas bottles 

were from Praxair Products Inc., (Mississauga, ON). 3-aminobenzoic acid ethyl ester 

methane sulphonate (MS-222) and N-butanol were purchased from Caledon 

Laboratories Ltd (Georgetown, ON). Phos-TAG AAL was purchased from Wako Pure 

Chemical Industries, Ltd. (Osaka, Japan). MgSO4 and NaCl were purchased from 

Calledon Laboratories (Georgetown, ON). 32P was from Perkin Elmer (New 

Westminster, BC). 

2.3. Primary culture of fish hepatocytes  

2.3.1. Hepatocyte isolation and treatment application. 

Hepatocytes were isolated from rainbow trout (Oncorhynchus mykiss) livers 

weighing approximately 8 to16 g using a variation of the collagenase perfusion method 

previously described in Denizeau et al. (1990) and modified by Hildebrand et al. (2009).  

Each isolation started with the preparation of solutions containing Hanks’s balanced 

salts (HSSA, HSSB and HSSC) according to Moon (1985). HSSA and all subsequent 

solutions contained Hanks balanced salts without sodium bicarbonate, 10.9 mM of 

HEPES and 10.55 mM MgSO4.  Solutions were gassed with O2 for 45 min before the 

addition of 5.68 mM of NaHCO3 and adjusted to pH 7.6 with NaOH. HSSB contained 

2% w/w of BSA, 3.05 mMol of glucose and 1.13 mMol of CaCl2 in 400 mL of HSSA. 

HSSC contained 0.06% v/w of Type IV collagenase in HSSA.  

Fish were euthanized in demineralised water containing 1.91 mMol of MS222 

and buffered with NaHCO3, a ventral incision from the pectoral fins to the gills was 

made, followed by two transversal incisions on each side of the first to expose the liver. 

The heart was removed to stop blood flow to the liver and the hepatic portal vein 

cannulated with a syringe connected to a peristaltic pump (Cole Parmer Instruments 

Co., Montreal, QC).  The liver was perfused with ice-cold HSSA at a flow rate of 2 

ml/min/g liver. Removal of the heart prevents back flow of blood into the liver and also 

allows the perfused solutions to exit the hepatic blood vessel system.  The two hepatic 

veins were cut 5mm from the liver before they joined the sinus venosus. This varies 
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from previous methodologies in an attempt to provide a blood-clot-free pathway for the 

solution to perfuse through the hepatic portal vein, reducing risk to the integrity of the 

liver epithelium, and improving the flow of the solution through liver blood vessels. 

Once the perfusate was visibly flowing from the hepatic veins, the liver cleared of blood 

in seconds.   

Once the liver was devoid of blood, liver digestion was initiated by changing the 

perfusion solution to HSSC. Perfusion with the collagenase solution continued until the 

liver was not turgid. In another modification to previous hepatocyte isolation methods, 

the liver was removed after blood clearance, together with its hepatic vasculature, and 

placed on a glass culture dish. Liver digestion performed on a surgically removed liver 

allowed for the HSSC solution to be recirculated as it collected in the culture dish. This 

reduced  the amount of collagenase required for complete liver digestion.  During all 

perfusions, the liver was gently massaged and kept cold by delivering ice-cold HSSC 

over the organ.  

The gall bladder was delicately removed and discarded and the digested liver 

was gently minced with a razor blade.  Liver slices were gently pushed through two 

consecutive screens of nylon mesh (253 µm and 73 µm) and hepatocytes collected by 

centrifugation at 42 xg for 4 min at 4 °C using a GS-15R centrifuge (Beckman Coulter 

LP, Mississauga, ON). Cells were resuspended in ice-cold HSSA, centrifuged and 

pelleted again, and resuspended again in HSSB (the final incubation media). 

Hepatocyte concentration was determined by weighing the cells in a 1 ml aliquot of this 

solution and cell counting on a hemocytometer (Siebert 1985). 

2.3.2. Cell viability 

For each hepatocyte isolation, cell viability was assessed by trypan blue 

exclusion (Gill and Walsh 1990). Trypan blue traverses the membrane in cells which 

are not viable and can be seen under magnification with a distinctive blue colour. Cells 

whose membrane integrity prevented trypan blue from staining the cytosol were 

considered healthy and viable. An assessment of viability was made following 
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hepatocyte isolation and following incubation treatments with P-gp substrates (DNR 

and R123) and PKC inhibitor and activator (H-7 and PMA). 

2.4. Accumulation/efflux assays 

Accumulation experiments were performed according to Sturm et al. (2001) as 

modified in Bains and Kennedy (2004). Aliquots of hepatocyte suspension were diluted 

with HSSB to achieve final cell concentrations of 12 mg/ml. All hepatocyte incubations 

were performed at the acclimation temperature of the fish, from 12 to 14ºC. Four 

different variations of the accumulation assays were conducted. In the first variation, 

R123 was used as P-gp substrate and cells were exposed to PKC modulators (PMA or 

H-7, see section 2.5) 1 h before the accumulation phase began. H-7 and PMA were 

present in all culture media at the same concentration until the end of the incubatin to 

ensure that PKC modulation was maintained. Briefly, 15 ml falcon tubes containing 

10.5 ml of the final cell suspension, (in duplicate) containing either H-7, PMA and a 

control were pelleted by centrifugation at 42 xg and resuspended in loading media 

(HSSB), containing 5µM R123. During the accumulation phase (60 min in total), 1 ml of 

hepatocyte suspension was removed from each tube at 5 different time points. Aliquots 

were immediately centrifuged in 1 ml Eppendorf tubes at 100 xg for 2 min using a 

Beckman VWR micro 15R Centrifuge (Mississauga, ON). The supernatant, consisting 

of loading media without cells was discarded. The resulting cell pellets were gently and 

quickly washed with HSSA, and kept at -70 ºC for extraction and quantification of 

intracellular R123 concentrations. The remaining cells in each sample tube (after the 

60 min loading phase [5.5 ml of hepatocyte suspension at a concentration of 12 

mg/ml]) were pelleted by centrifugation at 42 xg and the supernatant containing R123 

was discarded. The pellets were washed with HSSA and resuspeded in 5.5 ml of 

HSSB. In this second incubation, hepatocytes effluxed accumulated R123 for a further 

60 min incubation period, and 1 ml aliquots were again removed at several different 

time points.  These aliquots were immediately centrifuged at 100 xg. The supernatants 

and pellets were separated and kept at -70ºC for further R123 quantification.  

The second variation of these assays was conducted using the same procedure, 

however, R123 was substituted for DNR as the P-gp substrate. Cells were exposed to 
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12 µM of DNR during the loading phase, and PKC modulators (and a control) were also 

present in all culture media (HSSB) as described above. In this variation 4 replicates 

per treatment group were used. Here, and in the remaining two variations of this assay, 

14.5 ml of hepatocyte suspension per replicate were used in order to sample 4 more 

time points than in experiment 1. A longer accumulation and efflux phase were 

expected to increase potential differences among treatment groups by the end of each 

phase to determine if PKC activator or inhibitor were altering the efflux capacity of P-

gp.  

The third and fourth variation of the accumulation/efflux assays used R123 and 

DNR as P-gp substrates, respectively. The methodology was the same as described 

above in the second variation of these experiments., PKC modulation by H-7 or PMA 

however, did not occur until after the accumulation phase. PMA or H-7 were added to 

each treated replicate in the HSSB in which cells were resuspended after the 

accumulation phase, to allow for equal loading among treatments during the 

accumulation phase and avoid the effects that PKC modulators had in the substrate 

accumulation accumulation. By doing this the effects of H-7 and PMA on the efflux 

phase were isolated from those they had during the accumulation phase 

DNR is readily soluble in water and did not require a vehicle for dissolution in 

hepatocyte media. However, R123 is not water soluble and required DMSO to be used 

as a vehicle solvent. DMSO was added to all control and treatment groups to maintain 

the same final concentration of 0.1% w/w in all replicates. 

2.5. Treatments with PKC inhibitor and activator 

PKC modulation was induced after allowing hepatocytes in suspension to 

acclimatize for 30 min in an incubator with gentle shaking, in experiment variation 1 

and 2 above, and following the accumulation phase in experiment variations 3 and 4 

above. In these treatment groups, cells were exposed to either 100 nM PMA (Harris 

and Hochhauser 1992) or 100 µM H-7 (Ma et al. 1995). 
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Phorbol Acetate Mysistate (PMA) was selected as PKC activator due to its low 

IC50 value in PKC activation and lack of evidence for unwanted interactions with P-gp 

expression or transport activity (Germann et al 1994) 

H-7 is readily soluble in water, and did not require a vehicle. However, PMA is 

not water soluble and, just like R123, required DMSO to be used a vehicle. DMSO was 

added to control tubes and H-7-treated tubes, again maintaining the final concentration 

at 0.1% v/v. 

2.6. Extraction and analysis of R123 and DNR 

Intracellular R123 was extracted from the cell pellet by the addition of 1 mL n-

butanol to each tube (Hildebrand et al. 2009). After addition of n-butanol, tubes were 

placed on a reciprocating shaker for 2 h. The tubes were then centrifuged at 200 xg 

using a Beckman VWR micro 15R centrifuge (Beckman Coulter LP, Mississauga, ON) , 

the isoluble materials precipitated were discarded and the supernatant containing R123 

and n-butanol, kept as an extract for analysis. R123 was not extracted, but measured 

directly in supernatants (HSSB) after pelleting the cells of each aliquot. R123 

concentrations in extracts, and supernatants were measured using a Cary Eclipse 

Flourometer (Santa Clara, CA, USA) equipped with KC junior software (Biotek, 

Winooski, VT, USA) at excitation and emission wavelengths of 488 and 534 nm 

respectively (Hildebrand et al. 2009). Three fluoromnetric measurements on 200 µL 

volumes of supernatants (HSSB) and n-butanol extracts were taken for each time 

point.  For intracellular concentrations extracted from pellets, R123 standards were 

prepared by dissolving R123 in n-butanol. R123 concentrations in supernatants were 

quantified using an appropriate range of standards prepared in HSSB and using DMSO 

as a vehicle. Standard curves were not different when constructed by dissolving R123 

in either n-butanol or in HSSB. 

Accumulated DNR in cell pellets was extracted following the same exact 

procedure used for R123 and based on the one described by Bachur et al in 1974, 

DNR concentrations in supernatants (HSSB) were also measured directly. 

Concentrations in extracts and supernatants after the accumulation phase, were 
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measured using a a Cary Eclipse Flourometer at excitation and emission wavelengths 

of 470 and 560 nm respectively (Bachur et al. 1974). Standard curves were prepared 

by directly dissolving DNR in n-butanol and in HSSB. 

2.7. Phosphorylation assays  

There are a variety of techniques available for determining protein 

phosphorylation that do not involved the use of radioisotopes (e.g Immunodetection 

after SDS-PAGE as well as Enzyme-Linked Immunosorbent Assay [ELISA]). However, 

these techniques often require the use a phosphospecific antibody, one that binds to a 

specific phosphorylated sequence of the peptide, and allowing for the separation of 

phosphorylated proteins from their unphosphorylated isoforms. When a specific 

phosphoantibody is not available, options are reduced. The most classical method of d 

measuring protein phosphorylation is the incubation of cells with radiolabeled 32P-

orthophosphate, the generation of cellular extracts, separation of proteins by SDS-

PAGE, and autoradiography of the radioactive gel (Ubersax and Ferrell 2007). 

Phosphor imaging screens can be used as an alternative to film for recording and 

quantifying autoradiographic images (Johnston et al. 1990). Briefly: ionizing radiation 

causes the electrons from Eu+2 to excite and then be trapped in a fluorine atom. This 

oxidation of Eu+2 to Eu+3 forms the latent image on the screen. The latent image is 

released by scanning the screen with a laser (633 nm). Scanning reverts Eu3+ back to 

Eu+2, releasing a photon at 390 nm that can then be collected and measured in relation 

to the position of the scanning laser beam. (Voitas and Ke 2000).  32P decays rapidly to 

a stable 32S, emitting high amounts of moderately energetic electrons (β particles). This 

is the ionizing radiation that will change the oxidation state of the Europium atoms in 

the Phosphor screen. 

In 32P assays cells are allowed to incorporate this isotope into their ATP pool. 

After radiollabelling of cells, protein phosphorylation events in vivo will use at least 

some of this radioactive ATP, thus incorporating 32P into phosphorylated proteins as 

phosphate (PO4
3−) groups; making such protein more radioactive with each additional 

phosphorylation event, and thus allowing for the quantification of protein 

phosphorylation 
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Several phosphate affinity SDS-PAGEs were performed. In a conventional SDS-

PAGE proteins (negatively charged) are forces to migrate through a porous 

poliacrylamide gel by an electromagnetic field; the size of the protein however impedes 

this migration to a certain degree (larger proteins will have a harder time at travelling 

through the pores in the gell), thus separating proteins by their size. All of this applies 

to phosphate affinity SDS-PAGE, but this procedure also relies in the addition of Mn2+ 

ions to the acrylamide gel, together with a ligand that would prevent those ions from 

migrating within the acrylamide matrix. The Mn2+ ions are now fixed within the gel, 

providing it with phosphate affinity, as phosphate groups will be attracted to the Ligand-

Mn2+ groups by electromagnetic forces (i.e ionic bonds). This for the separation and 

detection of different phosphoisoforms of the same protein due to mobility shift 

(Kinoshita et al. 2009), as the more phosphate groups a peptide has the more it will be 

dragged by the Mn2+ ions within the gel. 

2.7.1. Preparing hepatocyte membrane fractions  

An enriched plasma membrane fraction was isolated using a slightly modified 

procedure (Reader et al. 1999). After centrifugation  of hepatocyte suspension at 42 xg, 

120 mg of hepatocytes in each of the above described treatment groups were 

resuspended in 200 µL of lysis buffer containing 2.5 µM phenylmethylsulphonyl 

fluoride, 5 mM of sodium fluoride, 2.5 µM of sodium orthovanadate, 20 nM okadaik 

acid, 20 mM of Tris (pH 7.6), 6 mM ß-Mercaptoethanol, 2 mM EDTA, 2 nM EGTA and 

1% v/v sigma p2719 (protease inhibitor cocktail). After 60 min of centrifugation at 

100,000 xg at 4ºC using a Beckman Optima TM MAX Ultracentrifuger (Beckman 

Coulter LP, Mississauga, ON), the supernatants were removed and the pellets 

resuspend in 100 µL of lysis buffer, to which 1% (v/v) of Triton X-100 was added to 

solubilize the membrane constituents.  This was centrifuged a second time at 100,000 

xg at 4ºC for another 60 minutes The supernatant following  the second spin 

represented the solubilized membrane fraction and was kept; the pellet, consisting of 

insoluble membrane constituents was discarded. 

Protein concentration in the solubilized membrane fraction was measured using 

the Bradford assay (Bradford 1976).  Briefly, Comassie blue solution (5 µL) was added 
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to 100 µL of protein standard solution (for standard curve) or membrane fraction. 

Absorbance readings on standard solutions and on cell extracts  were taken at 595 nm 

on a  Pharmacia LKB Ultrospec III UV/Vis spectrophotometer (Creve Coeur, MO) 

Cytosolic and solubilized membrane fractions were subjected to electrophoretic 

separation and immunodetection as described in the sections below. 

2.7.2. Conventional and phosphate affinity SDS-PAGE 

Phosphate affinity SDS-PAGE was performed according to Kinoshita et al. 

(1996) as optimized for large proteins (>150KDa) in 2009. Briefly, 7 solutions were 

prepared before hepatocytes were isolated, treated and fractioned. An acrylamide 

solution containing 30% w/v acrilamide/Bis-acrylamide (29:1), a buffered solution 

containing 1.5 M of Tris-HCl, 0.4% w/v SDS, pH 8.8,  a second buffered solution 

containign 0.5 M of Tris-HCl, 0.4% w/v SDS, pH 6.8, a 5 mM Phos-tag AAL solution 

containing 3% (v/v) MeOH as a vehicle solvent for the ligand, a 10 mM MnCl2 solution, 

and finally, a solution containing 0.4 M of diammonium peroxydisulfate, freshly 

prepared for catalyzing each acrylamide polymerization. The electrode buffer solution 

contained 25 mM of Tris, 0.001% of w/v SDS, and 192 mM glycine.  

In turn, the solutions described above were used to prepare the following 

solutions. A concentrated Sample buffer was prepared with: 0.2 mM of Bromophenol 

blue, 0.2 M of SDS, 4.1 M of Glycerol, 2.1 M of 2-mercaptoethanol, 4 M of urea, and a 

39 % v/v of the 0.50 M Tris-HCl buffered solution described second in this paragraph. A 

resolving gel solution (6.3 mL,100 umol/L Phos-tagTM, 5% w/v acrylamide) was 

prepared by mixing: 1.17 mL solution the 30% acrylamide/bisacrylamide solution, 1.75 

of the 1.5 M Tris-HCl buffered solution, 0.14 mL of the MgCl2 solution, 0.14 mL of the 

Phos-tag solution, 0.14 mL of the ammonium persulfate solution, 20 µL of TEMED 

(tetramethylethylenediamine), and 2.52 mL of distilled water. The Stacking gel solution 

(6.3 mL,100 umol/L   Phos-tagTM, 5% w/v acrylamide) was made by mixing: 0.30 mL 

of the 30% acrylamide/bisacrylamide solution, 0.50 mL of 0.5 M Tris-HCl buffered 

solution, 31.75 µL of ammonium persulfate solution, 6.35 µL of TEMED, and 1.08 mL 

of Distilled water.  
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Casts for each gel, whether it has phosphate affinity or not, were made from 6.3 

ml of resolving gel solution; roughly 2 mL of stacking gel solution were added on top, 

and allowed to polymerize for at least 1 h.  

Samples of what of whole cell lysates and solubilised membrane fractions, were 

mixed with concentrated sample buffer in a 3:1 v/v ratio in 1 mL Eppendorf tubes and 

heated for  2 min at 65 ºC. Approximately 5µg of protein was loaded into each lane of 

the gel, which corresponded to 5 to 10 µL of sample (15 to 30 µL of sample in 

concentrated sample buffer). 10uL of molecular mass standards from Sigma Aldrich 

were pipetted in another lane.  

Gels were run under a constant voltage of 60V for 5 hours in a BioRad Mini 

Protean Apparatus (Mississauga, ON, Canada), the system was kept in ice to prevent 

excessive heat from fragmenting proteins and/or melting the gel.  

Conventional SDS-PAGE was also performed with the same samples parallel to 

each phosphate affinity SDS PAGE experiment. To ensure the protein loading was the 

same among different treatments and to compare the peptides separated with this 

method with those separated in phosphate affinity SDS-PAGE. The protocol was 

exactly the same except that the volumes of the solutions containing MnCl2 and Phos-

tag were substituted by distilled water.  

2.7.3. Western blots (WB) and immunodetection of P-gp 

Following electrophoresis, gels were soaked in 40 ml of semi-dry transfer buffer 

(48 mM Tris, 39 mM glycine, 0.038% SDS, 20% v/v methanol, and 1 mMol/L EDTA) for 

10 min with gentle agitation to eliminate any Mn2+ that could diminish the efficiency of 

the protein transfer. The gel was then soaked in a semi-dry transfer buffer (SDTB) 

lacking EDTA for 15 min with gentle agitation, to remove precisely EDTA. 

Resolved proteins were transferred to a nitrocellulose membrane in SDTB with 

no EDTA for 40 min at 15V (Kinoshita et al. 2009), and the resulting blots were blocked 

in Tris-buffered saline with Tween 20 (TBST) containing 3% BSA for 1 h. (Kinoshita et 

al. 2009) Monoclonal mouse antibody C-219 prepared against human p-glycoprotein 
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was applied at 5 mg/ml for four hours and, after washing the nitrocellulose membranes 

again TBST, anti-mouse IgG horseradish-peroxidase-conjugated secondary antibody 

was added at working concentration at 0.1% v/v (Lelong and Carcedelly 2005). The 

blots were visualized through enhanced chemoluminescence (ECL) after using a 

Kodac Biomax XAR Sigma Aldrich (St. Louis, MO, USA). Films were exposed for 2 

minutes to nitrocellulose membranes containing transferred proteins and P-gp 

(conjugated to the monoclonal antibody C129, which is bound to IgG, horseradish-

peroxidase) and covered with a thin layer of ECL reagents from Sigma Aldrich 

Complete transfer was verified by Comassie Brilliant Blue (CBB) staining of the 

gel after transfer. Gels were soaked for approximately 1 h in ech of the the following 

solutions in the order they are described; acetic acid solution for fixation of proteins 

(10% v/v acetic acid, 40% v/v methanol, and 50% v/v distilled water), CBB staining 

solution (1.5mM of Coomassie Brilliant Blue, 20% v/v  methanol, 50% v/v acetic and 

25% v/v distilled water), washing and destaining solution (25% v/v methanol, 10% v/v 

acetic acid and 65% v/v distilled water) (Kinoshita et al 2009) 

Molecular mass standards were run with every SDS-PAGE, but evidently could 

not be visualized in the developed film as they do not cross-react with the anti-P-gp anti 

body C-219. Nitrocellulose membranes after WB did retained the molecular mass 

standards, thus band position was still possible. 

2.7.4. Radiolabelling of trout hepatocytes 

The protocol for radiolabelling hepatocyte’s phosphate pools, followed that 

described by  Sefton (2005).  Hepatocyte  suspension (2 ml containing 12 mg/ml cells 

or 0.08 mg/ml protein, or 2.7 x106 cells/ml) from each treatment group were pelleted by 

centrifugation at 50 xg and washed and resuspended in a media equivalent to HSSB 

but without phosphate for 3 h.. 32P uptake by hepatocytes and the subsequent 

radiolabelling of the cell’s ATP pool are improved by this initial phosphate starvation 

(Shefton and Shenolikar 1996). The phosphate-free media contained 20 mM NaCl, 5.4 

mM KCl, 4.2 mM NaHCO3, 1.2 mM MgSO4•7H2O, 15 mM glucose, 1.2 mM CaCl2, 20 

mM HEPES, and 1% w/v BSA (Shefton and Shenolikar 1996). Exposure to 32P was 
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carried out by pelleting and resuspending hepatocytes in a radiolabelling media 

(phosphate-free solution above containing 0.2 mCi/mL 32P as orthophosphoric acid, pH 

7.6). Cells were allowed to accumulate 32P for a further 3 h.  Once again PKC 

modulation was induced 1 h before the beginning of the experiment, but 100 µM of H-7 

or 100 nM of PMA were also present in the phosphate-free and radiolabelling media in 

treated cells to ensure PKC modulation was maintained. 

2.7.5. Cell extraction and immunoprecipitation 

Indirect immunoprecipitation of radiolabelled P-gp was carried out according to 

the extensive protocol described by Bonifacino  et al. (2001). Radiolabelled cells were 

pelleted and washed 2 times with HSSA as described previously.  Cells were pelleted 

one more time and then transferred to 200 ul lysis/radioimmune precipitation buffer 

(RIPA) containing 1mM phenylmethylsulphonyl fluoride, 5 mM NaF, 0.2 mM of sodium 

orthovanadate, 20 nM of okadaik acid, 20 mM Tris (pH 7.6), 140 mM NaCl, 0.5 - 1% of 

sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 2mM EDTA, and 1% sigma p2719.  

After 20 min on ice, cell lysates were clarified by centrifugation at 20,000 xg using a 

Beckman VWR micro 15R centrifuge. The clarified SN Containing solubilized P-gp was 

then incubated with the antibody C-219 (0.5% v/v at working concentration) for 3 h at 4 

ºC. Since P-gp is bound to the monoclonal antibody in solution before attaching to the 

solid phase (beads) that allows for precipitation, this is technically considered an 

indirect radioimmunoprecipitation procedure. After adding 50 µL (25% w/v) of protein A-

sepharose CL-4B and and waiting 30 min at 4 ºC, the antibody-P-gp complex was 

considered to be attached to the IgG coating the A-sepharose beads (Bonifacino et al. 

2001). 

Beads were separated by centrifugation at 20,000 xg at 4 ºC for 1 min, and 

washed with 1 ml distilled water containing 1M NaCl and 1% Nonidet p-40. Beads were 

washed 2 additional times with RIPA buffer to ensure the presence of protease and 

phosphatase inhibitors, which preserve the integrity and phsphorylation state of 

immunoprecipitated P-gp. Supernatants were discarded. The resulting beads were 

resuspended in RIPA (1:2 in water) plus 1M of urea (elution buffer). After centrifugation 
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again at 20,000 xg at 4 ºC for 1 min, the supernatant, containing eluted P-gp, was 

preserved and the beads discarded (Bonifacino et al. 2001) 

 Two parts of P-gp in elution buffer was mixed one part concentrated sample 

sample buffer and run through conventional SDS-PAGE as described in section 2.7.2. 

The resulting radioactive gel was analyzed through exposure to a Phophor Imaging 

screen. The resulting phosphor screen was scanned with a Phospho Imager Typhoon 

7000 (General Electric Life Sciences, Piscataway, NJ). Exposure times necessary for 

visualization of the 190KDa band were from 20 to 45 min.  

Optical densitometry analysis of Phosphor Screen scans was performed using 

Image J analysis software (NIH).  

2.8. Statistical analysis 

Two to four replicates of hepatocytes in suspension were assigned to each 

treatment group. Single factor analysis of variance was used to test for statistical 

differences in: intracellular and extracellular concentrations in efflux and accumulation 

assays, cell viability and relative optical densities in 32P. If ANOVA indicated significant 

differences, the data were further analyzed with a “post-hoc” Tukey–Kramer HSD tests 

to reduce the possibility of incurring in type 1 errors while considers a set of statistical 

inferences simultaneously. A value of p<0.05 was considered statistically significant, 

but values of p<0.01 are also reported. 

Many researchers make the error of standardizing the optical density of their 

bands to that of the control lane for that experiment, without standardizing the control 

lane to itself using other replicate experiments. This means that the relative optical 

density of all control lanes is set to be 1 and all other lanes are expressed as fold-

change relative to control. When conducting statistical analysis in this manner, there is 

no variance/error bars reported for the control lane. This can lead to false positive 

reporting of statistical significance. To provide error bars for controls, the mean ratio 

exp/loading control ratio of each control lane was calculated. The average of this ratio 

is taken. Each individual ratio (control AND experimental lanes), is then divided by this 
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average. Control lane replicates will still have a mean of 1, but the reproducibility of 

these controls with error bars around this mean of 1 will be accurately reflected, and 

the chances of a false positive are drastically reduced. (Ferreira 2011). See Appendix 

B for statistical analysis of band relative optical densities. 
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Chapter 3.  
 
Results 

3.1. Efflux and accumulation assays.  

The dynamics of R123 kinetics in isolated trout hepatocytes exposed to 5 µM 
R123 alone, or in cells that had been pre-treated with either the PKC inhibitor H-7 or 
PKC inhibitor PMA are seen in Fig. 3.1.  In control hepatocytes, accumulation during 
the ‘loading’ or ‘accumulation’ phase increased linearly until approximately 30 min and 
then began to plateau and level off by 60 min. Treatment with PMA did not have any 
significant effect on R123 accumulation as there were no significant differences 
between intracellular R123 concentrations in these two groups at any time point. 
Treatment with the PKC inhibitor H-7, however, markedly and significantly increased 
the intracellular accumulation of R123 which increased linearly for 60 min and did not 
plateau during the accumulation phase.  Cells pre-incubated with H-7 accumulated 
approximately 30% more R123 than either control or PMA-treated cells.  

Following the 60 min incubation period with media containing R123, cells were 
centrifuged and washed, and resuspended in incubation media free of R123 to 
examine the effects of PMA and H-7 treatment on R123 efflux from the cells. In Fig. 
3.1, it is clear that PMA had no effect on the reduction of intracellular R123 from cells 
during the ‘efflux’  phase.  R123 concentrations were reduced by approximately 30% 
over the 60 min period (0.4 µM to 0.28 µM).  In cells treated with H-7, declines in 
intracellular R123 appeared to be greater, with a decrease from 0.63 µM to 0.41 µM 
(35%) over 60 min. Although the intracellular concentrations of R123 at each time point 
during the efflux phase were different in the H-7 treated cells compared to the control 
and PMA-treated cells, this comparison does not say much about the activity of P-gp, 
since the amount of R123 accumulated in each group was different, and starting 
intracellular R123 concentrations were different (0.63 µM in H-7 cells and 0.40 µM in 
control and PMA-treated cells).  
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From Fig. 3.1, it is clear that cells are effluxing R123.  Analysis of the 
supernatant from the efflux phase in all 3 treatment groups show an increase in the 
extracellular R123 concentrations. Due to the large decrease in intracellular R123 
concentration in H-7 treated cells (which had accumulated the most R123 during the 
accumulation phase), it was not surprising to see significantly higher concentrations of 
R123 in the extracellular media as cells effluxed this substrate. However, even though 
the control and PMA-treated cells had accumulated similar levels of R123 during the 
accumulation phase, the extracellular concentrations of R123 in the PMA-treated 
incubations was significantly less than those in the control treatment at several time 
points, indicating that P-gp may be transporting R123 faster in controls compared to 
PMA-treated cells.  Due to this inconclusive data during the efflux phase, the third 
variation of accumulation/efflux experiments was undertaken; to remove the artefact of 
differential accumulations R123 in each treatment group. 

The dynamics of DNR kinetics in isolated trout hepatocytes exposed to 12 µM 
DNR alone, or in cells that had been pre-treated with either the PKC inhibitor H-7 or 
PKC inhibitor PMA are seen in Fig. 3.2.  In control hepatocytes, accumulation during 
the ‘loading’ or ‘accumulation’ phase (a 90 min incubation) increased linearly until 
approximately 70 min and then began to plateau and level off by 90 min. Pre-treatment 
with H-7 did not affect the kinetics of DNR accumulation, as intracellular accumulation 
at any time point was not statistically different from controls. PMA treated cells 
accumulated less DNR than either control or H-7 treated cells at any time point during 
the accumulation phase, and had accumulated approximately 40% less DNR at the 
end of the 90 min incubation period (Fig. 3.2).  

Following the 90 min incubation period with media containing DNR, cells were 
centrifuged and washed, and resuspended in incubation media free of DNR to examine 
the effects of PMA and H-7 treatment on DNR efflux from the cells. In Fig. 3.2, it is 
clear that H-7 had no effect on the reduction of intracellular DNR from cells during the 
‘efflux’  phase.  DNR concentrations were reduced by approximately 61% over the 120 
min period (8.0 µM to 3.1 µM). In cells treated with PMA, declines in intracellular DNR 
appeared to be greater, with a decrease from 5.0 µM to 1.1 µM (80%) over 120 min. 
Although the intracellular concentrations of DNR at each time point during the efflux 
phase were different in the PMA -treated cells compared to the control and H-7-treated 
cells, this comparison does not shed light on the activity of P-gp, since the amount of 
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DNR accumulated in each group was different, and starting intracellular DNR 
concentrations were different (5.0 µM in PMA cells and 8.0 µM in control and H-7-
treated cells).  

From Fig. 3.2, it is clear that cells are effluxing DNR due to declining 
intracellular concentrations.  Analysis of the supernatant from the efflux phase in all 3 
treatment groups show an increase in the extracellular DNR concentrations. However, 
even with significant differences.  Interestingly, the decreases in intracellular DNR 
concentrations in cells from the PMA group were different from those in the H-7 and 
control groups, however, the concentrations of DNR in the extracellular media as cells 
effluxed this substrate were not significantly different. Due to this inconclusive data 
during the efflux phase, the fourth variation of the accumulation/efflux experiments was 
undertaken; to remove the artefact of differential accumulations of DNR in each 
treatment group.  

The results of the accumulation and efflux of R123 in the third variation of this 
experiment are seen in Fig. 3.3.  In this set of experiments, and in the fourth variation, 
hepatocytes were not exposed to either H-7 or PMA before the accumulation phase.  
Cells from all three groups accumulated R123 or DNR similarly, in order to examine the 
effects of pre-treatment with H-7 or PMA on efflux only.  This allowed all cells to be 
‘loaded’ with the substrate to the same degree.  In experiments with R123, cells from 
all groups accumulated R123 to approximately 0.43 µM over the 90 min incubation 
period.  The treatments were applied after the accumulation phase had ended, they 
were first present in the clean media supplied for the efflux phase. During the efflux 
phase, treatment with H-7 or PMA did not significantly affect the intracellular 
concentrations of R123 (Fig. 3.3) or DNR (Fig. 3.4).  

Accumulations of R123 in the extracellular incubation media during the efflux 
phase were significantly lower in H-7 treated cells compared to control or PMA-treated 
cells (Fig. 3.3).  In DNR incubations, extracellular accumulations of DNR were 
significantly higher in PMA-treated cells compared to control or H-7 treated cells (Fig. 
3.4).  This statistical significance was not reflected in the intracellular declines in any 
treatment group with either substrate.  
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Figure 3-1. Mean ± SE (n=3 fish). R123 intracellular and extracellular concentrations 
(µM) in the first set of accumulation/efflux assays. For this and the following three 
graphs on accumulation and efflux, at each particular time point means accompanied 
by an asterisk are different from controls with p<0.05; means accompanied by two 
asterisk are different from controls with p<0.001. Treatment with H-7 or PMA occurred 
60 min before the accumulation phase. [!] Controls; [!] PMA treatment; [!] H-7 
treatments.  
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Figure 3-2. Mean ± SE (n=4 fish). DNR intracellular and extracellular concentrations 
(µM) in the second set of accumulation/efflux assays. Treatment with H-7 or PMA 
occurred 60 min before the accumulation phase. [!] Controls; [!] PMA treatment; [!] 
H-7 treatment. 
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Figure 3-3. Mean ± SE (n=2 fish). R123 intracellular and extracellular concentrations 
(µM) in the third set of accumulation/efflux assays. Treatment with H-7 or PMA 
occurred following the accumulation phase. [!] Controls; [!] PMA treatment; [!] H-7 
treatment. 
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Figure 3-4. Mean ± SE (n=2 fish). DNR intracellular and extracellular concentrations 
(µM) in the fourth set of accumulation/efflux assays. Treatment with H-7 or PMA 
occurred following the accumulation phase. [!] Controls; [!] PMA treatment; [!] H-7 
treatment. 
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3.2. Cell viability. 

 

Figure 3 - 5.  Mean hepatocyte survival ± s.e n=6 (fish). A) after isolation, B) 2 h after 
isolation in controls, C) 2 h after isolation and 1 h following PMA treatment, D) 2 h after 
isolation and 1 h following H-7 treatment, E) 4 h after isolation in controls, F) 4 h after 
isolation and 3 h following PMA treatment, G) 4 h after isolation and 3 h following H-7 
treatment. Effects of treatments on survival were not  not statistically significant (p-
value = 0.77)  

Cell viability was assessed using trypan blue exclusion following all hepatocyte 

isolations; further experiments were only performed if the % viability was >85%.  As 

well, viability was assessed in cells following all treatments, to ensure that cells were 

performing normally during accumulation/efflux assays. for up to 240 min (range: 

90.5±0.5 % to 95.4±0.3 % viable cells).  Figure 3.5 shows that in all treatment groups 

and at all times up to 240 min), cell viability always remained > 85%. Differences in cell 

survival did not differ among treatment groups in any statistically significant way. Thus 

none of the changes seen in accumulation an efflux can be assigned to differences in 

metabolic performance due to differences in cell viability among treatments during the 

course of accumulation/efflux assays and phosphorylation assays for up to 4 hours. 
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3.3. Phosphorylation assays 

For subsequent experiments, treatment with PMA or H-7 did not have any 

significant effect on the protein concentration of either cell extract as verified through 

with Bradford assays. Differences in band’s densities, or presence or absence of 

bands; cannot be assigned to differences in the amount of protein loaded, but only to 

differences in P-gp phosphorylation among treatments. 

3.3.1. Phosphate affinity SDS-PAGE 

Migration speed in phosphate affinity SDS-PAGE is a function of phosphate 

content and molecular weight, while only molecular weight governs migration in a 

conventional SDS-PAGE. Immunoblots after phosphate affinity SDS-PAGE show the 

presence of additional bands from both whole cell lysates (the cytosolic fraction) and 

solubilised membrane fractions, that would not have been separated and detected 

using conventional SDS-PAGE. These bands correspond to different phosphoisoforms 

of P-gp (Fig. 3.6). The mass of each phosphate group is 94.97 Da, which in a 

conventional SDS-PAGE changes the migration speed of a 190 KDa protein such as P-

gp to a minor degree. Such a minor mobility shift is often insufficient to separate 

phosphoisoforms derived from the same peptide and explains the absence of these 

additional bands in resulting immunoblots.  The positions of relevant pre-stained 

molecular mass markers are indicated on the left side of Fig. 3.6. They are of less 

relevance when using phosphate affinity SDS-PAGE as compared to conventional 

(Kinoshita et al. 2009), where the position of bands is not only influenced by molecular 

size, but also by the number of phosphate groups in a given peptide.  

The results showed that the monoclonal anti-P-gp antibody C-219 clearly 

recognized a protein having a molecular weight of 190 kDa in cytosolic fractions (whole 

cell lysates). When solubilised membrane fractions were subjected to the same 

procedure. A second band of about 75 kDa was also labelled by C-219 antibody in 

trout hepatocytes. Moreover, the amino acid sequence of rainbow trout P-gp, available 

in Genbank, shows it contains the epitopes “VQEALD” and “VQAALD”, which are 
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recognized by C-219 antibody (Valton et al. 2013). The results confirmed that the 

VQAALD epitope, recognized by C219 monoclonal antibody, was present in trout P-gp. 

When using the same samples and immunodetection techniques, but providing 

the gels for electrophoretical separation with phosphate affinity, 5 different 

phosphoisoforms of the 190 kDa P-gp peptide were separated and detected in whole 

cell lysates.  In addition to P-gp (190KDa-0P), 4 additional bands were seen and 

termed 190KDa-1P, 190KDa-2P, 190KDa-3P and 190KDa-4P. From the 70 kDa 

peptide in solubilised membrane fractions, phosphate affinity SDS-PAGE was able to 

separate 2 phsphoisofroms (one additional band) which were termed  70KDa-0P and 

70KDa-1P. Without further analysis there is no means to determine if the two bands 

derived from the 70 kDa peptide detected in solubilised membrane fraction samples 

subjected to phosphate affinity SDS-PAGE, corresponded to phosphoisoforms of a 

smaller protein related to, but different from P-gp, or cleavage products of some of the 

5 P-gp phosphoisoforms already detected in the cytosolic fraction, presumably 

fragmented by the action of the detergents used to solubilise membrane fractions. 

The terms given to each detected peptide is a combination of their molecular 

weight, as calculated from immunoblots from conventional SDS-PAGE (Fig. 3.6 left), 

and the number of phosphate groups that each phosphoisoform is believed to have, 

based on the position they occupy in immunoblots after phosphate affinity SDS-PAGE. 

For example, 70KDa-1P is a peptide detected in solubilised membrane fractions with 

an apparent molecular weight of 70 kDa and deemed to have one phosphate group 

attached. 190KDa-4P was found in whole cell lysates, with a mass of 190 kDa and 

deemed to contain 4 phosphate groups. Determining the exact phosphate content of 

each phosphoisoform was beyond the scope of the present study. 0P, 1P, 2P, 3P and 

4P denominations were given to each peptide or band separated for practical reasons, 

and are not meant to express certainty on the number of phosphate groups that the 

protein contains in each band. Nevertheless the 5 phosphoisoforms detected in whole 

cell lysates, are in accordance with the 4 serine residues shown in Fig.  1.1 on the P-gp 

molecule. 
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Figure 3-6. Analysis for P-gp phosphorylation in control, H-7-, and PMA-treated 
hepatocytes. Left: Western immunoblot of conventional SDS-PAGE using whole cell 
lysates and solubilized membrane fractions. Right: Western immunoblot from 
phosphate affinity SDS-PAGE using whole cell lysates and solubilized membrane 
fractions. The locations of 70KDa-0P, 70KDa-1P, 190KDa-0P, 190KDa-1P, 190KDa-
2P, 190KDa-3P, and 190KDa-4P are indicated by the relative positions of 212 kDa, 
116 kDa and 66 kDa molecular markers 

As seen in Figure 3.6, the inhibition or activation of PKC-mediated 

phosphorylation of the 190 kDa and the 70 kDa peptides correlates with a relative 

absence of intermediate isoforms compared to controls. Control cells showed the 

presence of all of the phosphoisoforms, illustrating the relative abundance of the 

different P-gp phosphoisoforms in hepatocytes with unmodified PKC activity. Treatment 

with PMA produced a pattern of relative abundance of highly phosphorylated isoforms, 

and  the relative absence of less phosphorylated or intermediate isoforms (i.e. lower 

bands are fainter or nonexistent when compared to controls), while high densities are 

seen in the higher, more phosphorylated bands.  P190KDa-0P is very faint in PMA-

treated cells, as are 190KDa-1P and 190KDa-2P.  70KDa-0P is the faintest among all 

treatments when PKC is activated with PMA, and 70KDa-1P cannot be visualized at all. 

In contrast, the band corresponding to the most heavily phosphorylated peptide, 

190KDa-4P has a very high density. Treatment with the PKC inhibitor H-7 also resulted 

4P 
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in the relative absence of intermediately phosphorylated isoforms (i.e. 190KDa-1P, 

190KDa-2P and 190KD-3P), but in contrast to PMA-treated cells, the 70KDa-0P band 

in H-7 treated cell extracts was denser than in any other treatment group. Lesser 

phosphorylated isoforms such as 190KDa-0P and 70KDa-1P in H-7-treated cells 

appeared denser than in PMA-treated cells, but not as dense as in controls.  

3.3.2. 32P assay 

Phosphate affinity SDS-PAGE analysis showed an effect of PKC modulation on 

P-gp phosphorylation, however it was not clearly demonstrated that PKC activation 

leads to increased phosphorylation of P-gp, and that PKC inhibition leads to decreased 

phosphorylation. As described in Section 2.5.5, P-gp was radiolabelled with 32P and 

indirectly immunoprecipitated in whole cell lysates. The amount of a radioactive isotope 

incorporated into a protein (i.e 32P into P-gp) following electrophoretic separation is 

easily quantifiable. By measuring the radioactivity of the bands that those proteins 

form, one can determine the amount of radioactive phosphate that the protein has 

incorporated. In the present study, this should indicate whether PKC activation or 

inhibition is affecting P-gp phosphorylation. As explained in Section 2.5, band density in 

the phosphor screen scan is proportional to the amount of beta radiation emitted by the 

protein within a band, which is a function of the amount of 32P incorporated into P-gp (in 

the present experiments). 

Immunoprecipitates of radiolabelled P-gp subjected to SDS-PAGE, produced a 

single and relatively broad band with an apparent molecular weight of 190 kDa in the 

control group, which was equivalent to that observed in whole cell lysates following 

conventional SDS-PAGE and immunodetection. PMA-treated cells consistently 

produced the same 190 kDa band, but with higher radioactivity than controls, and so 

appearing optically denser. H-7-treated cells often did not produce bands with 

detectable radioactivity (see replicates in appendix B). In some cases, the radioactivity 

level was detectable, but always below that of the control and PMA-treated groups  

(Fig. 3.7). 
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Thus the PKC inhibitor H-7 caused P-gp to incorporate less 32P than controls, 

and the PKC activator PMA increased the amount of 32P incorporated. Since no 

significant effects of treatments were seen in cell survival or total protein content, these 

changes can only be explained if activation of PKC by PMA increased the 

phosphorylation state of P-gp, and inhibition of PKC with H-7 reduced P-gp. Fig. 3.8 

was constructed using the optical densities of bands from the three identical 

experiments detailed in Appendix B; it shows that differences in band density among 

treatment groups were statistically significant. 

 

Figure 3-7. Analysis of P-gp phosphorylation in controls, H-7-, and PMA-treated 
samples through 32P assay.  A) H-7, PMA and control lanes. B) the superposition of the 
actual radioactive gel with molecular mass standards over image A. 

B) A) 

H-7   PMA   Control 
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Figure 3 -8 . Mean (± S.E) optical densities relative to controls. Relative densities were 
calculated from n=3 phosphor screen scans (Appendix B) 
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Chapter 4.  
 
Discussion. 

As an active transporter, P-gp utilizes ATP to power the efflux of substrates. 

This energy use, and the prominent role that it seems to play in the fate of drugs and 

other xenobiotics within living organisms, are two powerful reasons to have evolved 

mechanisms of regulation for this xenobiotic “pump”. An obvious solution to the 

problem of a constant exposure to one or more xenobiotics is to ‘install more pumps’. 

That would represent pre-transcriptional controls that lead to the up regulation of P-gp 

expression. If the duration and magnitude of xenobiotic exposure were reduced, those 

extra transporters would be no longer necessary. In order to conserve energy, and 

lower maintenance costs, the transporters would be ubiquitinated and degraded. 

However, more cost-effective strategy to a dynamic xenobiotic exposure would be to to 

activate or inactivate P-gp quickly, limiting energy costs in operation (modulation of its 

ATPase activity) or in production/degradation. This illustrates the evolutionary 

importance and necessity for mechanisms that regulate P-gp activity (for energy 

conservation and the maintenance of chemical homoestasis) before and after 

transcription.  

One of the main candidates as a regulatory mechanism for P-gp is protein 

phosphorylation.  With respect to P-gp, phosphorylation has been linked to the 

upregulation of its expression (Pondugula et al 2009), changes in its ATPase activity 

(Fine et al. 1996), substrate specificity changes, glicosylation, ubiquitination (Xie et al. 

2010), as well as transport activation and deactivation (Chambers et al. 1992). 

The present study aimed to contribute to an understanding of how P-gp’s 

phosphorylation state related to its transport activity in teleosts, using the rainbow trout 

hepatocyte as a model metabolic system (Moon 1985). In order to understand the role 

of PKC in P-gp phosphorylation and its activity,cells were exposed to either PMA (a 

PKC activator) or H-7 (a PKC inhibitor). In the in vitro test system of primary cultured 
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hepatocytes, incubations lasted up to 4 h. Control, PMA-, or H-7-treated hepatocytes 

appeared to be viable (Fig. 3.5). This indicates that all of the changes seen in the in 

vitro phosphorylation and transport activity of P-gp in the phosphorylation assays or in 

the accumulation/efflux assays were due to PKC modulators (PMA and H-7) and not 

due to affects on the metabolic performance or viability of hepatocytes in a particular 

treatment group. 

In mammals, several different protein kinases have been associated with the 

phosphorylation of P-gp, including PKC (Chambers et al. 1990b 1992), PKA (Mellado 

and Horwitz 1987), and at least three different novel kinases that remain to be 

identified (Staats et al. 1990; Sampson et al. 1993; Ambudkar et al. 2006). The effects 

of P-gp phosphorylation on mammalian P-gp still remains in dispute.  Several authors 

have reported that evidence is still lacking to show that PKC modulation affects P-gp 

phosphorylation state and/or its transport activity (Goodfellow et al. 1996; Wielinga et 

al. 1997). This is surprising, as there are several reports showing that PMA treatment 

increases P-gp’s phosphorylation state and its drug efflux capacity in different 

organisms, from humans (Hamada et al. 1987; Fine et al. 1988; Chambers et al. 1992) 

to teleosts (Miller et al. 1998). 

The experiments described in this thesis indicate that P-gp is substrate of PKC 

in rainbow trout hepatocytes; the data presented show that the PKC activator PMA, 

and the inhibitor H-7, affected its phosphorylation state.  Following a conventional SDS-

PAGE, western blots tested against the murine antibody C-219 show a rather broad 

band of 180-190 kDa. Since this peptide cross-reacted with the antibody C-219 and 

had a molecular weight in the range of that expected for Fpgp (Cooper et al. 1998),  

provides strong evidence that this peptide is Fpgp. The anti-P-gp C-219 monoclonal 

antibody recognizes an internal, highly conserved amino acid sequence near the 

nucleotide binding domain common to all P-gp isoforms whose sequence is known 

(Endicott and Ling 1989; Demmer at al. 1997). Studies of aquatic invertebrates have 

identified P-gps with the monoclonal antibody C-219 and have demonstrated functional 

homology to the xenobiotic resistance transporter (Smital and Kurelec 1998). However,  

this information is insufficient to definitively classify these P-gps by mammalian 

nomenclature. In fish, two main isoforms of P-gp have been described, Fpgp A and 
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Fpgp B (Cooper 1998); the phosphorylation assays in the present study cannot 

distinguish between these two types of Fpgp. 

The 5 phosphoisoforms of the 190 kDa peptide separated and detected in 

whole cell lysates and immunodetected with the monoclonal antibody C-219 following 

phosphate-affinity SDS-PAGE, very likely correspond to phosphisoforms of telesost P-

gp (Fpgp). This is in accordance with the presence of four serine residues susceptible 

to phosphorylation as identified in mammalian cells (Chambers et al. 1992) and shown 

in Fig. 1.1. Four phosphorylation sites allow for 5 different phosphorylation levels or 

phosphoisophorms: one with no phosphate groups; one with one phosphate groups 

attached to one serine residue,and so on. This suggests that the linker region of Fpgp 

may also contain the 4 phosphorylation sites of the protein as in MDR1 (Human P-gp).  

The two phosphoisoforms of apparent molecular weight 70 kDa detected using 

the same technique, but with solubilised membrane fractions (70KDa-1P and 70KDa-

2P), have a less clear origin. They could correspond to a cleaved product, resulting 

from the use of Triton X-100 or any other procedural effect. Similar findings have been 

reported for immunoblots using the monoclonal antibody C-219 with mammalian P-gp 

(Demmer et al. 1997; Lelong and Carcedelly 2005). The same or a similar 70 kDa C-

219 cross-reacting peptide has also been detected in the Mediterranean mussel 

(Mytilus galloprovincialis) (Minier, 2000). C-219 recognizes a common epitope in each 

of the two nucleotide binding folds may bind to several possible P-gp cleavage 

products as well (Demmer at al. 1997). If this 70 kDa peptide were related to P-gp, the 

fracture may have occurred in the linker region between the first two and the last two 

phosophorylation sites (red dots in Fig. 1.1), so that the resulting fragment has a 

nucleotide binding domain for C-219 recognition, and one serine residue in its half 

linker region to account for the two phosphoisoforms detected (70KDa-0P and 70KDa-

1P). This however, does not explain the other potential fragment; this fragment should 

be approximately 120 kDa and should contain a nucleotide binding domain that would 

cross-react with C-219 and be detectable in Western blots from conventional and 

phosphate affinity SDS-PAGE.  
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Alternatively, reports on the existence of a P66 protein in mammalian cells 

termed "mini P-gp" (Lelong and Carcedelly 2005), may also explain the results.  This 

66 kDa ‘mini Pgp’ cross-reacts with C-219, but has not been shown to be 

phosphorylated in the presence of [32P], at least in vitro (Lelong and Carcedelly 2005). 

This smaller peptide was immunodetected with C-219 (Fig. 3.6),  and was likely 

immunoprecipitated with the same antibody; since it cannot be phosphorylated in the 

presence of 32P, it was not visualized with the phosphor imaging techniques used (Fig. 

3.7). These results meet conditions would be expected from the presence of “mini P-

gp” as described by Lelong and Carcedelly (2005) in mammalian cells. Mini P-gp has 

not been described in fish, but the similarities in terms of molecular weight, antibody 

cross-reactivity, and incapability of incorporating 32P, suggest that the 70 kDa peptide 

detected in solubilised membrane fractions could be the equivalent to “mini P-gp” 

reported in mammalian cells. 

The 190 kDa peptide believed to be P-gp incorporated 32P and was visualized 

with phosphor imaging techniques (Fig. 3.7). Previously, hepatocytes were  

radiolabelled in a media containing 32P under the corresponding treatment regimes (i.e. 

controls, H-7 or PMA) to obtain more information on the quantitative effects of PKC 

modulation on P-gp phosphorylation. Statistically significant differences in band relative 

optical density among treatments were clear (Fig. 3.8). Bands had an apparent 

molecular weight of 190 kDa (Fig. 3.7) and clearly indicated that PMA increased the 

amount of 32P incorporated into P-gp compared to controls, while H-7 decreased the 

amount of 32P incorporated into P-gp.  These results are similar to those reported by 

others using mammalian in vitro models (using 100 nM of PMA to activate PKC [Harris 

and Hochhauser 1992]). Other phorbol esters such as TPA have produced similar 

results at concentrations of 200 nM in human lymphocytes, however prolonged 

exposures to this PKC activator eventually reduced P-gp phosphorylation state (Bates 

et al. 1993). Ma et al. (1995) showed that H-7, and other PKC inhibitors such as 

staurosporine, and chelerythrine can reduce the phosphorylation of P-gp in HL60 cells 

and that in the presence of both H-7 (200 µM) and staurosporine (200 nM),  

phosphorylation is completely blocked.  
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Changes in P-gp’s phosphorylation state could trigger several processes that 

include: enabling glycosylation, preventing ubiquination, signalling translocation to the 

membrane (Xie et al. 2010), and/or modulating its transport activity (Hamada et al. 

1987; Chambers et al. 1992; Castro et al. 1999). Most studies suggest that the 

modulation of P-gp transport activity by PKC-mediated phosphorylation is linked to P-

gp ATPase activity (Blackshear 1985; Cornwell 1993; Uchimi 1993; Shakeel 1994; Fine 

et al. 1996; Wu et al. 2009; Yingqiu 2010).  

In the present study, the decreased efflux into the supernatant during the efflux 

phase (Fig. 3.3) and increased accumulation (Fig. 3.3) that H-7 treatment caused, were 

only observed when R123 was used as the P-gp substrate, while PMA increased the 

efflux and decreased the accumulation of DNR ((Figs. 3.2 and 3.4), without affecting 

R123 transport and/or permeability in any significant manner. Thus, perhaps the most 

curious finding during this study, was that modulation of PKC-mediated P-gp 

phosphorylation seemed to not affect P-gp transport activity of R123 and DNR 

similarly, suggesting that P-gp phosphorylation may alter P-gp interactions (binding and 

transport) with its substrates and not only with its co-substrate ATP. 

An alternative explanation for PKC-mediated phosphorylation having effects on 

P-gp transport activity that are not consistent among substrates, would be the presence 

of other transporters involved in R123 efflux (Van der Sandt 2000; Wassmur 2012), 

and influx processes (Troutman and Thakker 2003) that are not involved in DNR 

transport.  

There are numerous studies using mammalian models that support the 

hypothesis that P-gp interactions with its substrates cluster in at least two groups (Beck 

and Quian 1992; Liu and Sharom 1996; Dey et al. 1997; Shapiro and Ling 1997; 

Holcberg et al. 2003) as detailed in section 1.2.1. In this context, the results presented 

in this thesis give more evidence to support the idea of a substrate-dependent duality in 

P-gp transport activity and its response to modulators (Scala et al. 1997). This adds to 

the two binding sites theory (Dey et al. 1997; Shapiro and Ling  1997), and the two 

patterns for substrate recognition (Seelig 1998 [Fig. 1.2]). Additionally, other studies on 

P-gp phosphorylation (e.g. in human cancer cells) have also found that its transport 
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activity can be modified by PKC-mediated phosphorylation in a seemingly substrate-

dependant manner (Bates et al. 1993). Once again, given how ubiquitous and highly 

conserved P-gp is among diverse organisms, It would not be surprising to find similar 

results in another vertebrate taxa have very different membrane permeabilities which 

may have impacted the results here. 

DNR and R123 are renowned P-gp substrates from the point of view of MDR 

and its implications in chemotherapy. R123 is commonly used to detect P-gp in 

leukemia cells (Lamy et al. 1995; Tidefelt et al. 2000), and DNR is an anthracyclic 

antibiotic also used in cancer treatment for its anti-tumor properties (Kessel et al. 

1968; Kizhakkethara et al. 1995). DNR is derived from anthracene, a very common 

and toxic PAH, likely to have substrate interactions with P-gp similar to those of DNR.  

DNR and R123 were chosen as substrates because they are fluorescent, and thus 

easily measured. However, they have very different polarities and fit into different 

categories of Pgp substrate recognition patterns proposed by Ambudkar et al. (2008) 

(See Fig. 4.1). As well, they have very different membrane permeabilities which may 

have impacted the results here. 

 

 

 

 

 

. 

 

 

Figure 4-1. (Left) A and B are the recognition patterns for P-gp substrates 
proposed by Seelig in 1998. AA (1.3), AA (1.4), AAA(1.3.5), etc. refer to additional 
subdivisions of the recognition patterns A and B. R123 (Right bottom) falls into type 
AA (1, 3) type substrate. DNR (Right top) into AA (1.3), AA (1.5) and AAA (1.5.8). 
Electron donor groups are underlined in red. 
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Although both of these model P-gp substrates are cationic and were purchased 

as hydrochloride salts, DNR is much more water soluble (~20 g/L) than R123 (not 

soluble in water; solubility in ethanol ~20 g/L). No data on R123 water solubility exists, 

nor does an octanol water partition coefficient (Kow) for either substrate.  

Internal concentrations of R123 in Chinese hamster fibroblasts were 

approximately 1 µg/106 cells (in cancer cells) and 10 µg/106 cells (in wild type cells) 

following a 15 µM exposure (Altemberg et al. 1994). The maximum R123 accumulation 

of 0.7 µM in trout hepatocytes in the present study corresponds to internal 

concentrations of 98.7 µg/106 cells. The concentrations found accumulated in trout 

hepatocytes were 10-fold higher, under R123 exposure concentrations that were 3-fold 

lower than in the Altemberg study. These concentration differences may indicate a 

lower activity of P-gp in fish cells and therefore higher accumulations, but could also 

reflect differences in the exposure durations and concentrations between the two 

studies.. 

Based on human studies, DNR accumulations can continue without plateauing 

(reaching equilibrium between accumulation and efflux) for several days if extracellular 

substrate concentrations are maintained (Tidefelt et al. 2000) by DNR administration. 

The ratio between intracellular and extracellular DNR concentrations in non-leukemic 

human white blood cells exposed to 0.05 µM of DNR in plasma, can be of up to 800 

after 48 h exposures; for leukemic cells the ratio is approximately 200 (Tidefelt et al. 

2000). Using stoichiometric calculations (detailed in Appendix A), based primarily on 

hepatocyte volumes and densities (Brusle & Anadon 1996), would correspond 

approximately to an intracellular concentration of 700 µM. The intracellular/extracellular 

concentration ratio used by Tidefelt (2000) would be approximately 90. Considering 

that cells in the present study were only exposed for 90 min vs. 48 h in the Tidefelt 

study, the values seem appropriate.  

These comparisons with data from studies with mammalian cells aim to confirm 

that it is possible that cells may accumulated approximately 10-fold more DNR than 

R123; nevertheless, DNR exposure concentrations were over2-fold times higher than 

those of R123. It appears that rainbow trout hepatocytes, like other vertebrate cells, 
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have membranes more permeable to DNR than R123 (Altemberg et al. 1994; Tidefelt 

et al. 2000); regardless of the fact that R123 is a smaller and less polar molecule, and 

that such characteristics usually make chemicals diffuse faster through cell 

membranes. Moreover, the magnitude of the effects of H-7 and PMA modulation on 

R123 and DNR  kinetics is also comparable to that found in MDR and MXR phenotypes 

(Twentyman et al. 1994). A 30% reduction in R123 accumulation in the PMA-treated 

and control groups relative to H-7 treated cells, and a 40% reduction in DNR 

accumulation in PMA-treated cells  compared to H-7 and control groups, are similar to 

values achieved in mammalian cells with the MDR phenotype (Twentyman et al. 1994). 

Although, transcriptional activation may be more relevant in both the clinical setting and 

in wild populations of animals (Bard 2000), these quantitatively large effects on P-gp’s 

activity caused by PKC modulators, suggest that phosphorylation may be the only post 

translational mechanism capable of causing or contributing substantially to MDR 

(German et al. 1995) and MXR (Miller et al. 1998). Although it is not clear to what 

extent PKC is involved, the present work, and several other studies show that the 

modulation of P-gp transport and ATPase activity is linked to protein kinases (Smith & 

Zilfou 1995).  This modulation can alter both the expression (Cornwell 1993; Uchimi 

1993) and post transcriptional levels (Blackshear et al. 1986; Bates et al. 1993; 

Shakeel 1994; Wu et al 2009; Yingqiu 2010) of P-gp.   

In summary, rainbow trout hepatocytes responded to PKC activation with 

increased phosphorylation and increased activity of P-gp and PKC inhibition did the 

opposite. Other studies with teleosts have found inverse relationships between 

phosphorylation and transport activity (e.g. in killifish renal tubules [Miller et al. 1998]) 

suggesting that phosphorylation may play a different role in in different organisms,  cell 

lines, or even isoforms of Fpgp (the distribution of Fpgp A and B in telesost tissues has 

not yet been characterized). These contradictions in the literature are also common in 

mammalian studies.  For example, decreased drug accumulation by phorbol ester 

treatment has been hypothesised to be P-gp independent in rat tumor cells (Wielinga et 

al. 1997), to be independent or follow an inverse relationship in rat tumor cells (Thews 

et al. 2006), and to have no effect on transport activity in human P-gp at all (Goodfellow 

et al. 1996). However, to date, the majority of mammalian studies show a direct 

positive relationship (as in the present study) between P-gp phosphorylation and 
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activity (Blackshear et al. 1986; Fine et all. 1988; Chambers et al. 1992; Bates et al. 

1993; Ahmad et al. 1994; German et al. 1995). 

4.1. Future directions 

Finally, if this study were to be extended or continued, an attempt to obtain 

additional insights on P-gp behaviour in the presence of a multitude of substrates 

(which proved to be impossible using only fluorometric analysis [as explained in section 

3.1]) would be an avenue worth investigating. Using other detection methods such as 

liquid chromatography or mass spectrometry would allow for the accurate and  

measurements of low intracellular and extracellular concentrations of many P-gp 

substrates, perhaps used simultaneously. Fish in their natural environment are 

certainly exposed to more than one xenobiotic, and from an ecotoxicological point of 

view, it is important to understand the synergistic interactions between contaminants. It 

is likely to be the case when organisms are exposed to a mixture P-gp substrates, that 

its capacity to bind and transport a large range of commonly found xenobiotics almost 

ensures competitive inhibition between them. 
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Appendix A.  
Efflux and accumulation assays. 

Rhodamine 123 and daunorubicine calibration curves  

 

Figure A.1. Standard curves constructed and used for each accumulation/efflux assay.  
A) Used for the first experiment variation (R123 and H-7 or PMA pre-treatments); B) 
Used for the third experiment variation (R123 as substrate and H-7 or PMA applied at 
the end of the accumulation phase); C) Used for the second experiment variation (DNR 
and H-7 or PMA pre-treatments); D) Used for the fourth experiment variation (DNR as 
substrate and H-7 or PMA applied at the end of the accumulation phase). ["]Data 
points from R123 and DNR standards dissolved in n-butanol ["] Data points from 
R123 and DNR standards dissolved in HSSB. 
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Linear conversion equations 

 
Table A.1.  Formulas used to calculate µM concentrations from fluorescence 

measurements were based on linear regressions obtained from the 
dynamic range of the calibration curves shown above. I don’t see 
why calibration curves would be any different in the two below 
categories. I understand doing a new one with each analysis, but 
there should be no differerence due to pre or post treatment… 

 

 Formulas used in variations 1 and 2. Formulas used se in variations 3 and 4. 

 Linear conversion formula 
and R2 value 

Dynamic 
range 

Linear conversion formula 
and R2 value 

Dynamic 
range 

Fluorescence 
from 
supernatants 
in HSSB 

[R123 ](µM in HSSB)= 
(FUx2x 10-5) – 0.020 

R² = 0.987 

0 – 0.356 
µM 

[R123 ](µM in HSSB)=(FU 
x 1.1 x 10-4) - 0,010 

R² = 0.999 
0 - 0.356 
µM 

R1
23

 
 R1

23
 

 

Fluorescence 
from pellets 
extracted 
with n-
butanol 

[R123](µM in n-
butanol)= 

(FU x 2 x 10-5) – 0.003 
R² = 0.999 

 

0 – 0.89 
µM 

[R123 ](µM in n-
butanol)= 

(FU x 9 x 10-5) - 0,010 
R² = 0.997 

0 – 0.89 
µM 

Fluorescence 
from 
supernatants 
in HSSB 

[DNR](µM in HSSB)= 
(FU x 0.027) - 0.297 

R² = 0.985 
0 – 1 µM 

[DNR ](µM in HSSB)= 
(FU x 0.033) - 0.49 

R² = 0.998 

0 – 10 
µM 

DN
R 

 DN
R 

 

Fluorescence 
from n-
butanol 
extract from 
pellets 

[DNR ](µM in n-
butanol)= 

(FU x 0.017) - 0.245 
R² = 0.986 

0.25 – 10 
µM 

 

[DNR ](µM in n-
butanol)= 

(FU x 0.017) - 0.245 
R² = 0.986 

0.25 – 
10 µM 
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Raw data and detailed statistical analysis of accumulation/efflux assays. 
Table A.2. First experinental variation (Rhodamine 123 and pre-treatment with H-7 and 

PMA). 

R123 AS SUBSTRATE. 
TREATMENTS APPLIED 

ONE HOUR BEFORE THE 
ACCUMULATION PHASE 

ACCUMULATION PHASE EFFLUX PHASE 

 Time points (min) -55 -50 -30 -10 0 5 10 19 30 60 

Control (FU) 11110.3 14968 18136 19583.2 19628.3 18612.3 16868.3 15703.5 14234.2 13226.5 

Control (µM) 0.219 0.296 0.360 0.389 0.390 0.369 0.334 0.311 0.282 0.262 

S.E. (µM)  0.017 0.009 0.013 0.039 0.053 0.041 0.037 0.028 0.010 0.007 

PMA (FU) 11551.2 12415.5 17676.5 19153.7 20119.5 16206.8 16051.8 14651.5 15132.8 13781.0 

PMA (µM) 0.228 0.245 0.350 0.380 0.399 0.321 0.318 0.290 0.300 0.273 

S.E. (µM) 0.035 0.021 0.008 0.009 0.018 0.017 0.027 0.004 0.024 0.023 

H-7 (FU) 13229.1 14728.6 22895 29796.0 31264.1 27649.0 25382.5 23121.1 21714.8 19743.0 

H-7 (µM) 0.262 0.292 0.455 0.593 0.622 0.563 0.521 0.474 0.431 0.392 

Mean 
fluorescence, 
and derived 
mean µM 
concentrations 
± S.E. in n-
butanol 
n=3 
 

S.E. (µM) 0.005 0.074 0.027 0.039 0.035 0.062 0.038 0.036 0.028 0.0003 

Multiple 
comparisons. 
ANOVA 
followed post-
hock Tukey 

C-Control group 
P-PMA treated group 
H- H-7 treated group 

NS- Non significant   

-CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP  
NS 

-CvsH   
P<.05 
-PvsH   
P<.05 

-CvsP  
NS 

-CvsH   
P<.05 
-PvsH   
P<.05 

-CvsP  
NS 

-CvsH   
P<.05 
-PvsH   
P<.05 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP  
NS 

-CvsH   
P<.05 
-PvsH   
P<.05 

-CvsP  
NS 

-CvsH   
P<.05 
-PvsH   
P<.05 

Control (FU)    
5410.5 5842.1 7258.6 9183.3 9435.1 10720.6 

Control (µM)     
0.088 0.096 0.125 0.163 0.168 0.194 

S.E. (µM)      
0.008 0.007 0.004 0.011 0.001 0.008 

PMA (FU)     
4060.17 4983.0 5738.17 6758.33 8745.00 8864.83 

PMA (µM)    
0.061 0.079 0.094 0.115 0.154 0.157 

S.E. (µM)     
0.001 0.005 0.005 0.003 0.009 0.005 

Mean 
fluorescence, 
and derived 
mean µM 
concentrations 
± S.E. in 
supernatants 
(HSSB) 
n=3 
 H-7 mean FU     

4412.9 5772.9 7334.2 11135.9 14344.8 15483.7 

 H-7 mean (µM)     
0.068 0.095 0.127 0.203 0.267 0.289 

 S.E. (µM)     
0.004 0.020 0.002 0.009 0.030 0.027 

Multiple 
comparisons 
for 
statistically 
significant 
means 

     -CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP 
P<.05 
-CvsH   

NS 
-PvsH 

NS 

-CvsP 
P<.05 
-CvsH   

NS 
-PvsH 
P<.01 

-CvsP  
NS 

-CvsH   
P<.01 
-PvsH   
P<.01 

-CvsP  
NS 

-CvsH   
NS 

-PvsH   
P<.05 
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Table A.3. Second experimental variation (DNR and pre-treatment with H-7 and PMA). 
 

DNR AS 
SUBSTRATE. 
TREATMENTS 
APPLIED ONE 

HOUR BEFORE THE 
ACCUMULATION 

PHASE 

ACCUMULATION PHASE EFFLUX PHASE 

 Time points (min) -90 -75 -60 -45 -30 -15 0 25 40 55 70 85 100 115 

 Control (FU) ` 289.6 364.9 422.7 465.1 485.3 495.3 413.6 359.8 310.5 296.8 237.9 222.3 202.4 

Control (µM) 4.176 4.677 5.958 6.940 7.660 8.0057 8.1752 6.7869 5.872 5.0339 4.8 3.7996 3.5347 3.1956 

S.E. (µM) 0.118 0.278 0.363 0.319 0.3163 0.2484 0.2245 0.569 0.5705 0.5124 0.48 0.5068 0.4016 0.374 

PMA (FU) 198.4 226.1 247.7 257.7 297.2 309.2 302.8 189.6 170 152.4 132.0 113.3 92.3 80.8 

PMA (µM) 3.128 3.599 3.966 4.136 4.807 5.010 4.902 2.978 2.645 2.345 2 1.680 1.324 1.128 

S.E. (µM) 0.209 0.178 0.206 0.156 0.113 0.149 0.213 0.306 0.221 0.210 0.2 0.220 0.081 0.184 

H-7 (FU) 216.3 250.0 290.1 361.4 411.8 456.7 472.0 389.3 367.7 363.6 340.2 293.7 235.7 210.4 

H-7 (µM) 3.433 4.005 4.687 5.898 6.757 7.52 7.780 6.373 6.006 5.936 5.54 4.747 3.762 3.331 

M
ea

ns
 ±

 S
.E

. in
 n

-b
ut

an
ol.

 n
=4

 
 S.E. (µM) 0.058 0.284 0.206 0.216 0.105 0.232 0.258 0.112 0.075 0.071 0.09 0.115 0.064 0.122 

ANOVA and post-hock 
Tukey results for each 
time point: 
C-Control group 
P-PMA treated group 
H- H-7 treated group 
NS- Non significant 

 
C vs P   
P<.01 
C vs H   
P<.05 
P vs H 

NS 

 
C vs P   
P<.05 
C vs H   

NS 
P vs H 

NS 

 
C vs P   
P<.01 
C vs H   
P<.05 
P vs H 

NS 

 
C vs P   
P<.01 
C vs H   
P<.05 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   
P<.05 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   

NS 
P vs H   
P<.01 

 
C vs P   
P<.01 
C vs H   
P<.05 
P vs H 

NS 

Control (FU)         
26.3 32.7 35.7 41.1 44.5 47.2 50.0 

Control (µM)          
0.415 0.587 0.666 0.81 0.904 0.979 1.054 

S.E. (µM)          
0.046 0.044 0.05 0.079 0.070 0.082 0.008 

PMA (FU)          
24.9 30.0 34.3 38.1 41.8 44.9 46.3 

PMA (µM)          
0.374 0.514 0.630 0.73 0.834 0.916 0.954 

S.E. (µM)          
0.019 0.03 0.05 0.047 0.059 0.053 0.005 

H-7 (FU)          
27.3 33.8 38.51 43.27 45.94 50.43 52.75 

H-7 (µM)         
0.445 0.615 0.742 0.87 0.943 1.064 1.127 

M
ea

ns
 ±

 S
.E

. in
 su

pe
rn

at
an

ts 
(H

SS
B)

 
n=

4 
 S.E. (µM)          

0.021 0.015 0.017 0.023 0.016 0.026 0.020 

Multiple 
comparisons for 
statistically 
significant means 

       CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

-CvsP 
P<.05 
-CvsH   

NS 
-PvsH 
P<.01 

CvsP  
NS 

-CvsH   
NS 

-PvsH 
NS 

CvsP  
NS 

-CvsH 
P<.05 
-PvsH 

NS 

- CvsP  
NS 

-CvsH 
P<.05 
-PvsH 
P<.05 
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Table A.4. Third experimental variation (Rhodamine 123 and post-treatment with H-7 
and PMA). 

 

 

R123 AS SUBSTRATE. 
TREATMENTS APPLIED 

AFTER THE 
ACCUMULATION PHASE 

ACCUMULATION PHASE EFFLUX PHASE 

 Time points 
(min) -90 -75 -60 -45 -30 -15 0 25 40 55 70 85 100 115 

Control 
(FU) 982.3 2546.1 2970.6 3643.9 3734.6 4499.8 4669.0 4218.2 3934.0 3479.3 3114.7 3098.2 3047.2 2912.7 

Control 
(µM) 0.040 0.230 0.268 0.329 0.337 0.406 0.421 0.380 0.355 0.314 0.280 0.279 0.275 0.263 

S.E. (µM) 0.008 0.007 0.003 0.006 0.017 0.002 0.011 0.012 0.002 0.016 0.010 0.004 0.005 0.001 

PMA (FU) 1119.9 2386.0 3236.3 3898.5 - 4556.6 4720.6 4117.9 3795.4 3642.2 3038.7 2984.0 2872.0 2896.1 

PMA (µM) 0.101 0.215 0.292 0.351 - 0.411 0.425 0.371 0.342 0.328 0.27 0.269 0.259 0.261 

S.E. (µM) 0.004 0.015 0.006 0.010 - 0.003 0.001 0.010 0.009 0.005 0.01 0.009 0.007 0.001 

H-7 (FU) 933.3 2401.7 - 3468.8 3963.0 4127.6 4779.9 4188.0 3936.2 3668.4 3416.7 3446.6 3442.7 3350.6 

H-7 (µM) 0.0850 0.217 - 0.313 0.357 0.372 0.431 0.377 0.355 0.331 0.310 0.311 0.310 0.302 

M
ea

n 
flu

or
es

ce
nc

e,
 a

nd
 co

nc
en

tra
tio

ns
 ±

 
S.

E.
 in

 n
-b

ut
an

ol 
n=

2 
 S.E. (µM) 0.004 0.006 - 0.001 0.013 0.014 0.018 0.004 0.004 0.002 0.01 0.009 0.013 0.015 

ANOVA and post-hock 
Tukey results for each 
time point: 
C-Control group 
P-PMA treated group 
H- H-7 treated group 
NS- Non significant 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

-CvsH   
NS 

-PvsH 

NS 

-CvsP  
NS 

CvsH   
NS 

-PvsH 

NS 

Control (FU)         557.2 1024.8 1339.4 1505.8 1608.1 1783.9 1762.9 

Control  (µM)          0.053 0.107 0.143 0.16 0.174 0.194 0.192 

S.E. (µM)          0.010 0.018 0.02 0.014 0.013 0.008 0.008 

PMA (FU)          959.2 1186.3 1406.4 1456.6 1625.8 1682.6 8864.8 

PMA (µM)          0.042 0.095 0.120 0.14 0.150 0.168 0.175 

S.E. (µM)          0.001 0.001 0.001 0.008 0.002 0.007 0.005 

H-7 mean FU          696.2 913.4 1105.8 1245.1 1272.6 1302.0 15483 

H-7 mean (µM)          0.066 0.090 0.110 0.127 0.130 0.133 0.289 

M
ea

ns
 ±

 S
.E

. in
 su

pe
rn

at
an

ts 
(H

SS
B)

 
n=

2 
 S.E. (µM)           0.003 0.003 0.001 0.006 0.005 0.003 0.026 

Multiple comparisons 
for statistically 
significant means 

 

      

-CvsP   

NS 

-CvsH    

NS 

-PvsH 

NS 

-CvsP   

NS 

-CvsH    

NS 

-PvsH 

NS 

-CvsP   

NS 

-CvsH    

NS 

-PvsH 

NS 

-CvsP 

P<.05 

-CvsH    

NS 

-PvsH 

P<.01 

-CvsP   

NS 
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Table A.5. Fourth experinental variation (DNR and post-treatment with H-7 and PMA). 
 

 

DNR AS 
SUBSTRATE. 
TREATMENTS 

APPLIED AFTER 
THE 

ACCUMULATION 
PHASE 

ACCUMULATION PHASE EFFLUX PHASE 

 Time points (min) -90 -75 -60 -45 -30 -15 0 26 30 35 40 55 85 95 

 Control (FU) 57.7 173.6 272.6 290.7 314.2 347.3 376.5 183.1 196.3 173.7 167.0 151.8 130.1 133.5 

Control (µM) 0.735 2.705 4.388 4.696 5.095 5.658 6.155 2.868 3.091 2.708 2.60 2.336 1.966 2.023 

S.E. (µM) 0.050 0.146 0.166 0.447 0.079 0.066 0.184 0.106 0.167 0.140 0.19 0.016 0.126 0.246 

PMA (FU) 87.5 133.0 243.3 258.3 312.2 362.3 363.3 177.5 170.0 148.0 137.27 130.2 114.8 113.2 

PMA (µM) 1.242 2.016 3.890 4.146 5.062 5.914 5.930 2.773 2.645 2.271 2.09 1.967 1.707 1.678 

S.E. (µM) 0.206 0.065 0.133 0.131 0.366 0.060 0.147 0.046 0.142 0.207 0.07 0.112 0.075 0.122 

H-7 (FU) 62.46 174.2 238.0 303.9 329.7 337.3 371.8 182.6 177.3 172.9 180.1 161.0 141.1 124.0 

H-7 (µM) 0.816 2.716 3.801 4.921 5.360 5.490 6.076 2.860 2.769 2.694 2.82 2.492 2.153 1.864 

M
ea

ns
 ±

 S
.E

. in
 n

-b
ut

an
ol.

 n
=2

 
 S.E. (µM) 0.165 0.323 0.292 0.496 0.197 0.323 0.293 0.202 0.114 0.045 0.23 0.170 0.166 0.065 

ANOVA and post-hock 
Tukey results for each 
time point: 
C-Control group 
P-PMA treated group 
H- H-7 treated group 
NS- Non significant 

C vs P   
NS 

C vs H   
NS 

P vs H   
NS 

C vs P   
NS 

C vs H   
NS 

P vs H   
NS 

C vs P   
NS 

C vs H   
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P vs H   
NS 

C vs P   
NS 

C vs H   
NS 

P vs H   
NS 

C vs P   
NS 

C vs H   
NS 

P vs H   
NS 

Control (FU)         
29.9 38.1 41.3 45.43 47.5 48.2 50.1 

Control (µM)          
0.053 0.497 0.770 0.874 1.01 1.080 1.103 

S.E. (µM)          
0.0134 0.022 0.018 0.00 0.017 0.020 0.026 

PMA (FU)          
33.7 38.1 47.4 50.7 54.1 55.6 59.2 

PMA (µM)          
0.042 0.623 0.769 1.0752 1.18 1.2961 1.3448 

S.E. (µM)          
0.112 0.040 0.012 0.001 0.001 0.009 0.050 

H-7 (FU)          
33.4 38.0 41.3 41.6 44.2 46.0 47.0 

H-7 (µM)         
0.612 0.765 0.875 0.88 0.969 1.030 1.061 

M
ea

ns
 ±

 S
.E

. in
 su

pe
rn

at
an

ts 
(H

SS
B)

 
n=

2 
 S.E. (µM)          

0.025 0.086 0.049 0.034 0.0201 0.012 0.033 

Multiple 
comparisons for 
statistically 
significant means 
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P<.01 
-CvsH    
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Stoichiometric/Volumetric Calculations  

 

The mean size of a fish hepatocyte is 20 µm in diameter (Brusle and Anadon 1996). 
The cell volume is thus 4.2 mm3. Assuming a cell density of 1.03 g/ml, the volume of a 
single hepatocyte is approximately 1 cubic micrometer =1.0 × 10-12 ml. The weight of 
each hepatocyte is ~ 1.0 × 10-12 ml/ µm3 x 1.0 g/ml x 42 µm3 = 4.3 × 10-9 g = 4.3 × 10-6 

mg. So the working concentration of 12 mg cells/ml would correspond to (12mg/ml) / 
(4.3 x 10-6 mg/cell) = 2.7 x 106 cell/ml.  

7 µM of DNR (max accumulation measured in n-butanol extracts) would correspond to 
(7µMol x 543.51gr/Mol x 1000000 µg/gr)  / (1000000µMol/Mol x  2.7 x 106 cell/ml) = 
1408 µg/106cells= 1409 ug/106Cells. 7µM of DNR would also correspond to an 
intracellular concentration 6/0.011≈600µM  

0.7 µM of R123 (max accumulation) would correspond to (0.7µMol x 380.82 gr/Mol x 
1000000 µg/gr)  / (1000000µMol/Mol x  2.7 x 106 cell/ml) = 98.73 µg/106cells. 0.7 µM of 
R123 in 1ml of n-butanol would correspond to /0.011≈60µM of intracellular 
concentration. 

These calculations of intracellular concentrations were used in the discussion to 
compare the accumulation results obtained with those in mammalian models (Tidefelt 
et al. 2000; Altemberg et al. 1994) 
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Appendix B.  
 
Densiometric analysis for 32P assay 

 

 

 

 

 

 

 

 

 

Figure B.1.  A) Plots of optical densities of bands in B) actual phosphor image of the 
first replicate of 32P assays. Optical densities are plotted from the areas 
contained within the faint yellow squares. Each peak corresponds to the 
treatment group band on its right. ImageJ was the software used to plot 
and measure all optical densities.  
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Figure B.2.  A) Plots of optical densities of bands in B) actual phosphor image of the 

second replicate of 32P assays 
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Figure B.3.  A) Plots of optical densities of bands in B) actual phosphor image of the 
third replicate of 32P assays. 
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Statistical analysis of optical densities  

 
Table B.4.  Compilation of numerical results and relative optical densities of 

phosphor-image scans and standardization of treatment and control 
groups.  

 

 
 
 
 
 
 
 
 
 
 
 
Table B.5.  Means ± S.E of relative optical densities (n=3 what fish)  

 
 

Treatment Group Mean optical density S.E 
H-7 0.14 0.13 

PMA 2.02 0.12 

Control 1 0.06 

 
These values were used to construct Fig. 3.9 

 

 Treatment 
Group 

Total Peak 
area (pixels) 

Peak area 
(%) 

Relative 
optical 
densities 

Densities relative to 
control lanes. 
Control lanes 
standardized to 
themselves (see 
section 2.6) 

H-7 8383.18 12.80 0.429 0.410 
PMA 37558.14 57.37 1.924 1.837 

 
Rep. 
#1 

Control 19524.27 29.82 1 0.954 
H-7 18.53 0.03 0.001 0.001 
PMA 35490.32 71.12 2.466 2.277 

 
Rep. 
#2 

Control 14389.30 28.83 1 0.923 
H-7 180.07 0.29 0.008 0.009 
PMA 36736.75 60.96 1.740 1.952 

 
Rep. 
#3 

Control 21106.47 35.02 1 1.121 


