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ABSTRACT 

The classic calcein-AM accumulation assay of multidrug resistance studies 

has been used in several vertebrate systems but not yet in zebrafish {Danio rerio) or 

their embryos. Here we describe the adaptation of this assay for use in zebrafish and 

include details on the approach used to develop an epifluorescence microscopy 

protocol for viewing and measuring fluorescence of treated embryos—the 

development of which facilitated further investigations into the early zebrafish 

embryo's capacity for multidrug resistance as a defense mechanism. 

Multidrug resistance (MDR) transporters of the multidrug resistance-

associated protein (Mrp) and P-glycoprotein (P-gp) families were examined during 

early development in zebrafish. We investigated transport activity in the presence 

and absence of MDR inhibitors MK571 (MRP) and PSC833 (P-gp): Mrp-mediated 

transport activity was most apparent in the pre-midblastula transition (pre-MBT) 

embryo, although limited activity was also evident post-midblastula transition (post-

MBT), and P-gp-mediated transport was not detectable at either developmental stage. 

These findings indicate that MDR is active in the early embryo and provides 

defensive capabilities against accumulation of select toxicants. 

While investigating the existence and behavior of transcript expression of 

select MDR-affiliated genes in the early developing zebrafish {Danio rerio) embryo, 

results of normalizing transcript expression according to an established conservative 

method seemed to suggest that transcript expression was occurring during early 



development, although patterns in expression were not observable and an exact 

behavior was unknown. We therefore alternately explored a course of data treatment 

involving a non-conservative approach to normalization calculations that accounted 

only for inter-experimental variation. Though both experimental approaches were 

valid, they did not show the same interpretation of data. Therefore a power analysis-

based investigation of suitable calculation methods for comparatively analyzing 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

data was used to assess the most appropriate analysis method for the experimental 

design: transcript expression of the MDR-affiliated genes abcbl, abccl, abcc2, and 

abcg2a in early developing zebrafish. We concluded that transcript expression of 

select MDR genes is measurable in the early zebrafish embryo and that experimental 

design should take into consideration that the selection of a course of data treatment, 

in the form of normalization calculations, affects calculated expression values. 



INTRODUCTION TO THESIS 

The issue of oviparous teleosts developing in environments exposed to metals, 

metalloids, or contaminants such as pesticides is one facing scientists and regulators 

vested in preserving population stability and species survival of native or non-native 

commercial species inhabiting California's marine and inland freshwater habitats. 

While issues of maternally-derived xenobiotic transfer are important considerations, 

they primarily concern the feeding history and life history strategy of female adults 

and how xenobiotic consumption or exposure during pre-reproductive adult lifespan 

affects maternal deposition of nutrients and potentially toxicants into pre-fertilized 

eggs. Though highly valuable work, in scope and focus it is limited to assessing 

determinant factors affected prior to development and fertilization and therefore does 

not directly address the issue of development and survival in a contaminated 

environment—an issue I wished to approach to better understand the issue of species 

survival in the contaminant-laden habitats of California waters. A direct examination 

of embryos and their defensive capabilities would directly address the issue of 

success and species survival in a contaminated environment by directly emphasizing 

development concerns rather than pre-occurring maternal factors affecting survival. 

Successful development of marine invertebrates in high-exposure habitats like 

marinas is largely aided by multidrug resistance (MDR) (Toomey and Epel, 1993), a 

cellular mechanism of defense based on efflux transport of xenobiotics and their 
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metabolites. MDR is carried out by some members of the ATP binding cassette 

(ABC) superfamily of transporters acting alone or in concert with other members and 

is attributable to the transport activity of members of the P-glycoprotein (P-gp) 

(ABCB), multidrug resistance-associated protein (MRP) (ABCC), and breast cancer 

resistance protein (BCRP) (ABCG2) transporter families (Cole and Deeley, 1998; 

Ambudkar et al, 1999; Bard, 2000; Sarkadi et al., 2004; Leslie et al., 2005), although 

not all family members are responsible for MDR (Dean et al., 2001). In many cases 

of early development—an issue explored primarily in marine invertebrate species— 

transport activity or even transporters themselves are up-regulated in response to 

exposure; in the case of Urechix caupo embryos MDR transport proteins extruded 

byproducts of degraded crude oil to provide resistance to crude oil-associated toxicity 

during developmental phases (Hamdoun et al., 2002) [I think you could elaborate, 

along the lines of "In the case of WHAT SPECIES, Hamdoun et al showed that XXX 

gene increased in expression upon embryonic exposure to XXX chemical"]. I 

wanted to know whether developing teleost embryos possessed the capacity for MDR 

transport activity and whether this ability could be developed as a tool for 

investigating metal or metalloid exposure during early teleost development. Such 

studies would allow us to better understand the threat(s) posed to species survival by 

the contaminated environments of California's inland waters. 

My original target species of Chinook salmon (Oncorhynchus tshawytscha) 

spawn in Sierra Nevada tributaries of the Sacramento and American River systems 

2 



amidst or just downriver of environments were mercury contamination is an issue for 

fish species and often anglers (Cal/EPA OEHHA, 2009). However working with 

Chinook directly was confounded by a number of issues, not the least of which were 

consistency of sample availability, practicability of working directly with a 

commercially viable native species, and workability of samples which had an 

essentially impermeable chorion. Zebrafish (Danio rerid) offered an alternative 

which provided a constant, consistent supply of embryos with permeable, transparent 

chorions; zebrafish status as an NIH-approved model for vertebrate development and 

the widespread use of zebrafish in lab studies modeling or investigating realistic 

contaminant scenarios for various teleost species lent further support to their 

appropriate selection as a model for this system. 

Many issues faced this work, not the least of which was that no other 

investigations of MDR during development in a teleost existed—this remains true— 

meaning no methods had been established for the work, and no findings were 

available for comparative assessment. Thus I set out to investigate the existence of 

MDR in developing zebrafish by looking for the presence of P-gp and Mrp 

transporters in early embryos before and after the midblastula transition (MBT), the 

onset of embryonic transcription. My initial immunolabeling findings (see Appendix 

for methods) suggested that pre-MBT Mrp transporters were smoothly, 

cytoplasmically distributed very close to the cell surface (IB) as well as somewhat 

closely associated with F-actin (1C), moreso near the plasma membrane (1 A). 
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Fig. 1: Tiled excerpts from a z series of pre-MBT embryos treated 
with El9 anti-MRP primary antibody, Alexa Fluor® 568 secondary 
antibody (red), and phalloidin-FITC (green). Each excerpt shows F-
actin and Mrp (top) as well as Mrp alone (bottom); scale bar equals 50 
um. (A) Cytoplasmic Mrp (bottom) appears most dense close to the 
cell surface and seems closely associated with F-actin (arrow). (B) 2.4 
um negative on the z axis from (A); Mrp transporters remain closely 
associated with F-actin and appear somewhat interspersed with the 
plasma membrane (arrow), although the majority of Mrp appears 
beneath the cell surface. (C) 4.8 um negative on the z axis from (A); 
Mrp appears very closely associated with F-actin immediately beneath 
the plasma membrane. 

Post-MBT, Mrp transporters appeared as discrete foci located in the cytoplasm but 

not uniformly distributed throughout it; they also appeared closely associated with F-

actin filaments and seemed notably in the plasma membrane (2A, B) as well as 

beneath it (2C, D). 
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Fig. 2: Excerpt tiles from a z series of post-MBT embryos labeled 
with phalloidin-FITC (green), and El9 anti-MRP primary antibody 
with Alexa Fluor® 568 secondary antibody (red); scale bar equals 20 
um. (A) Mrp transporters appear on the z plane alongside F-actin, 
indicating these transporters are cell surface-associated or plasma-
membrane associated. (B) 0.62 um negative on the z axis from (A); 
increased presence of Mrp transporters is observed. That transporters 
appear more positively on the z axis than F-actin bundles supports the 
idea that Mrp transporters are associated with the cell surface. (C) 
0.62 um negative on the z axis from (B); More transporters are 
present; they appear in discrete packets (arrow) located alongside F-
actin bundles. (D) 0.62 um negative on the z axis from (C); evidence 
that transporters are located immediately below the plasma 
membrane, indicating that Mrp transporters are located in and below 
the plasma membrane in post-MBT embryos. 
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P-gp immunolabeling (see Appendix for methods) in the pre-MBT embryo showed 

transporters distributed consistently throughout the cytoplasm as discrete foci which 

seemed generally to be closely associated with F-actin filaments, whether located 

immediately beneath the plasma membrane or perhaps even inserted into the 

membrane itself. 

Fig. 3: Tiles from a z series of pre-MBT embryos treated with anti-P-
gp antibody , AlexaFluor© 568 secondary antibody (red), and 
phalloidin FITC (green). (A) Cytoplasmic P-gp (bottom) appears as 
discrete packets throughout the cytoplasm and seems distributed along 
f-actin filaments near the plasma membrane (top). (B) 2.4 urn 
negative on the z axis from (A); transporters continue to appear 
strongly associated with f-actin near the plasma membrane and appear 
to be located in the plasma membrane (arrow), although the presence 
of f-actin bundles nearby suggests the transporters could be 
additionally located internally just beneath the membrane. (C) 4.8 um 
negative on the z axis from (A); P-gp continues to appear very closely 
associated along f-actin filaments (arrow) near the plasma membrane 
and remains distributed throughout the cytoplasm. 

Meanwhile P-gp immunolabeling in the post-MBT embryo showed a greater 

6 



abundance of transporters distributed in a less-aggregate manner where an association 

with F-actin bundles in the cytoplasm beneath the plasma membrane seemed apparent 

but less so than for pre-MBT embryos due to the sheer abundance of labeled protein. 

Fig. 4: Excerpts from a z series of post-MBT embryos labeled with 
anti-P-gp antibody, AlexaFluor© 568 (red), and phalloidin FITC 
(green). (A) Transporters appear distributed in the cytoplasm near the 
plasma membrane and seem associated with F-actin bundles (arrow 1) 
though they do not always appear in the membrane itself (arrow 2). 
(B) 1.8 um negative on the z axis from (A); transporters appear more 
abundantly distributed, indicating perhaps the majority of transporters 
are located, as a store, in the cytoplasm while a smaller contingent are 
inserted into the plasma membrane. (C) 1.8 urn negative on the z axis 
from (B); transporters appear rather abundantly in what appears to be 
an evenly-distributed smooth pattern, in contrast to the discrete 
packets observed earlier. 
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These immunolabeling experiments thus confirmed that both Mrp- and P-gp type 

transporters appeared present in early embryos. Several caveats existed, however, 

with the use of these antibodies—namely conclusive Western blots to definitively 

identify and quantify the labeling target proteins—which prompted me to switch to 

other analysis methods. I thus set out to characterize MDR and determine whether 

Mrp- and P-gp-mediated transport occurred during early development. 

The first step towards this end was developing appropriate methods for the 

detection of MDR-affiliated transport activity in a teleost embryo. I adapted the 

classic calcein-acetoxymethylester (calcein-AM) dye accumulation assay, common 

for MDR studies, to an embryonic teleost and developed an imaging protocol for 

zebrafish embryos exposed to calcein-AM and transport inhibitors PSC833 (specific 

to P-gp) and MK571 (specific to Mrp) (Essodai'gui et al., 1998), using an upright 

epifluorescence microscope. The development of these methods was integral to being 

able to properly assess MDR activity: alternate non-imaging (i.e., spectrophotometric) 

methods were (and are) not specific enough to carry out developed dose-response 

assays and have no way to account for developmentally abnormal embryos which 

may autofluoresce or over-fluoresce in response to treatment. 

Once methods were developed, an in-depth, physiologically-oriented effort to 

fully characterize MDR during development was undertaken. Based on the 

immunocytochemical data (Fig 1-4), I expected to see Mrp- and P-gp-mediated 

transport during pre- and post-MBT phases of development. I thus designed a series 
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of studies which could accurately compare transport activity of both phases, where 

pre-MBT studies concluded prior to the onset of embryonic transcription (the MBT) 

and could be carried out without having to account for confounding factors associated 

with this major developmental change. Results from this study conclusively 

evidenced MDR-affiliated transport activity in an early developing teleost for the first 

time. 

My findings of diminished transport activity post-MBT contradicted the 

expectations that were based on my initial immunocytochemical work indicating 

increased protein (transporter) presence distributed differently post-MBT. This 

apparent dissonance was interesting to me, and I decided to further pursue the 

possibility that perhaps transcription or changes in transcript expression could be 

responsible for this increased protein presence that did not appear correlated with 

measures of transcript activity. Thus I initiated a collaboration with researchers at the 

then-Department of Cell Toxicology at the UFZ Institute for Environmental Research 

in Leipzig, Germany, who were working on transcript studies of late embryos (12-

plus hours post-fertilization) and early larval stages of zebrafish. This collaboration 

allowed me to complete a time-course study of transcript expression of select MDR-

affiliated ABC transporters. Analysis of quantitative real-time polymerase chain 

reaction (qRT-PCR) results to assess transcript expression during early development 

inadvertently led to anther question that affected result interpretation: what was the 

appropriate method by which transcript expression data should be normalized? There 
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was no clear consensus in the literature, nor was there one among collaborating 

researchers. Therefore I undertook a methods comparison which addressed the 

relative suitability of four distinct approaches taken from the literature or by 

suggestion of collaborators. In this work I analyzed my complete data set according 

to each method and subsequently determined the capability of each approach to 

correctly detect true transcript expression. The efficiency of each method, meaning 

the number of samples (sample size) required to reach the standard power threshold 

of 80% was compared across all four methods. I conclusively determined a particular 

approach to be most efficient for my particular experimental design and concluded 

that qRT-PCR analyses should be comparatively assessed according to at least two 

differing methods so the most appropriate method may be chosen, and that this should 

be done uniquely for each experimental model and design. 

Once I concluded the appropriate course for normalizing my qRT-PCR data, I 

could interpret my findings from these experiments. I evidenced abcbl, abccl, 

abcc2, and abcg2a transcripts in pre- and post-MBT embryos, and I found each gene 

exhibited a different pattern in expression across hours 1 through 10 post-

fertilization—findings discussed further in Chapter 4. The presence of transcripts in 

the early embryo also suggested that early embryos could perhaps capably produce 

additional or novel protein product without additional transcription of specific MDR 

genes, but more importantly the evidence of transcript expression in early zebrafish 

suggested that MDR in zebrafish could be attributed to members of the abcb, abcc, 
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and/or abcg2 families of transporters. 

Presented here is a body of work which encompasses multiple approaches and 

investigates an issue (MDR) with wide applicability that can greatly enhance our 

understanding of the capacity for developing teleosts to survive contaminated 

environments. The findings presented here are adapt the calcein-AM assay for 

analysis of teleost embryos by epifluorescence microscopy evidence transcripts of 

MDR-affiliated genes in teleost embryos and thoroughly verify the qRT-PCR data 

analysis method most appropriate for use with a specific experimental model, and 

characterize MDR transport activity in a developing teleost. These findings enhance 

our understanding of the capabilities for teleost embryonic survival in contaminated 

waters and should be used in further studies investigating the impact of various 

contaminants specific to California waters and their potential to detrimentally affect 

native and commercial non-native species survival. 
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ABSTRACT 

The classic calcein-AM accumulation assay of multidrug resistance studies 

has been used in several vertebrate systems but not yet in zebrafish (Danio rerio) or 

their embryos. Here we describe the adaptation of this assay for use in zebrafish and 

include details on the approach used to develop an epifluorescence microscopy 

protocol for viewing and measuring fluorescence of treated embryos. The 

development of these methods will facilitate future investigations into the early 

zebrafish embryo's capacity for multidrug resistance as a defense mechanism, as well 

as characterizing multidrug resistance in other developing teleosts. Our findings 

furthermore suggest that zebrafish could be used as a model for studying multidrug 

resistance transport activity during development. 
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INTRODUCTION 

Multidrug resistance (MDR) is a cellular defense mechanism which affords 

resistance to xenobiotics and their metabolites through efflux mediated by specific 

members of the ATP-binding cassette (ABC) family of transporters, most notably 

members of the P-glycoprotein (P-gp/ABCB), multidrug resistance-associated protein 

(MRPA45CQ, and breast cancer resistance protein (BCRP/ABCG2) families (Cole 

and Deeley, 1998; Ambudkar et al., 1999; Bard, 2000; Sarkadi et al., 2004; Leslie et 

al., 2005). Though multiple members of each transport family may act in concert or 

alone to compromise the MDR defense mechanism, not all members of each family 

are responsible for MDR (Dean et al., 2001; Jones and George, 2004; Leslie et al., 

2005). MDR has been identified as a mechanism of defense in embryos of many 

marine invertebrates including seastars (Asterina miniata, Pisaster ochraceous) 

(Roepke et al., 2006) and sea urchin {Strongylocentrotus purpuratus) (Hamdoun et 

al., 2004). In addition MDR and its capability for defense have been explored in 

tissues or tissue-derived cell cultures of various teleost species such as adult common 

carp (Cyprinus carpio) (Smital and Sauerborn, 2002), juvenile turbot (Scophthalmus 

maximus) (Tutundjian et al., 2002), and adult rainbow trout (Oncorhynchus mykiss) 

(Sturm et al., 2001; Shuilleabhain et al., 2005), although no work to date has fully 

characterized MDR transport activity in live teleost embryos. 

Proper characterization of MDR-affiliated transport activity in embryonic 
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teleosts is imperative to better understand the role this defense mechanism provides in 

protection from accumulation and toxicity of xenobiotics during critical early 

development. Methods development requires the adaptation of techniques used to 

successfully characterize transport activity in other developing organisms (e.g., 

Hamdoun et al. [2004] and Roepke et al. [2006]) and the creation of appropriate 

protocols for appropriate analysis of embryos. Here we describe a protocol for 

assessing MDR transport activity in a teleost embryo using quantitative 

epifluorescence microscopy of live embryos treated according to methods adapted 

from work by others (Hamdoun et al., 2004; Roepke et al., 2006). The zebrafish 

{Danio rerio) was selected for this work based on its status as a National Institutes of 

Health Model Organism for Biomedical Research. 
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APPROACH 

Presented here are methods developed for the accurate and precise 

characterization of MDR-associated transport activity, carried out using experiments 

investigating Mrp- and P-gp-mediated transport activity in the early zebrafish 

embryo, before and after the midblastula transition (MBT, the onset of embryonic 

transcription). A number of factors affecting the precision and accuracy of 

quantifiably detectable fluorescence, presented in Metamorph® (v. 7.1.0.0, Universal 

Imaging Corporation, West Chester, PA, USA) as average gray value (AGV), were 

investigated in order to optimize the adaptation of the calcein-AM accumulation 

assay used by Hamdoun et al. (2004) and Roepke et al. (2006), to the freshwater 

vertebrate zebrafish. These factors related to treatment protocol and experimental 

design, setup, and imaging and analysis, and they included issues such as objective 

selection and temperature at imaging. In cases where statistical testing of 

experimental parameters occurred, two-sample t tests on AGV using SYSTAT 10.2 

software (Systat® Software Incorporated, San Jose, CA, USA) were carried out 

against a comparable treatment group from the same experiment differing in only the 

tested parameter of interest. 

Animals, Embryo Collection 

All experiments conformed to the relevant regulatory standards set forth by 
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the Institutional Animal Care and Use Committee at the University of California, 

Santa Cruz (Chancellor's Animal Research Committee) and the University of 

California, Davis. Adult zebrafish were purchased from Scientific Hatcheries 

(Huntington Beach, CA, USA) and maintained in static freshwater aquaria according 

to protocols described by Westerfield (2000). Embryos were collected via siphon 

using fine mesh according to collection protocol described by Westerfield (2000); 

adults were additionally fed adult Artemia prior to and subsequent to embryo 

collection. Embryos were washed in Embryo Medium (Westerfield, 2000) 

immediately after collection, staged using a general dissecting stereomicroscope, and 

incubated at 28.5°C in Egg Water (Westerfield, 2000). Embryos for all treatments 

were collected between the 2-cell and 8-cell stages (45 minutes - 75 minutes post-

fertilization); embryos used in pre-MBT accumulation experiments began treatment 

at the 4-cell to 16-cell stages (1 hour post-fertilization [hpfj -1 .5 hpf), while embryos 

for post-MBT experiments underwent treatment during shield stage (6 hpf- 8 hpf). 

Experimental Design, Treatment Protocol 

When initiating methods adaptation we first considered factors relating to 

experimental design and treatment protocol, such as the duration and means of 

exposure—issues primarily associated with the design of treatment schemes. It was 

important to treat embryos long enough that transport activity could properly be 

assessed but not so long that embryos would abnormally develop or otherwise be 
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detrimentally affected, two outcomes which would confound results and make 

interpretation of our findings difficult. The rapidly developing zebrafish embryo 

undergoes significant change at the MBT, around 2.5 hours post-fertilization (hpf) 

(Kane and Kimmel, 1993). Since we were interested in activity pre- and post-MBT 

we aimed for an exposure which could be completed and imaged in entirety prior to 

the onset of the MBT; we initially decided on 60 minutes based on work by Hamdoun 

et al. (2004) and Roepke et al. (2006). Inspection of embryos after treatment revealed 

no apparent developmental lag or abnormalities after 60 minutes, and subsequent 

time-course experiments investigating transport activity after 20, 40, 60, and 80 

minutes of treatment were used to confirm the suitability of a 60-minute exposure for 

our samples. Further a 60-minute exposure was practicable because embryos could 

be harvested, undergo preparation and treatment, and complete imaging prior to the 

onset of the MBT. 

Means of exposure also needed to be addressed so as to minimize any error 

associated with treatment volumes or unequal exposure among embryos. To address 

possible error associated with treatment volumes, all treatment concentrations were 

prepared at millimolar (mM) levels so that only 1 uL of treatment solution was added 

to 1 mL of Egg Water (Westerfield, 2000) to produce a micromolar final 

concentration, thus controlling for error which could arise due to pipetting or volume 

of treatment solution. To use an example, an experiment investigating fluorescence 

in response to increasing doses of calcein-AM, stock solutions ranging in 
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concentration from 0.25 - 3.0 mM calcein-AM were prepared in DMSO; 1 uL of 

each stock was then added to 1 mL of Egg Water containing the appropriate number 

of embryos, to make a final treatment solution of 0.25 - 3.0 uM calcein-AM. 

Embryos were treated in 1.7 mL microcentrifuge tubes (containing treatment, Egg 

Water, and embryos), with tubes placed on a Nutator™ inside a 28.5°C incubator 

(Westerfield, 2000) for the duration of treatment, to ensure equivalent exposure. In 

addition to this, a brief vortex prior to incubation made certain to minimize any 

effects from unequal exposure that could arise from improper mixing of dense 

treatment stock with Egg Water. 

Additional factors relating to experimental design involved accounting for any 

potential false positives or elevated fluorescence due to embryo autofluorescence or 

fluorescence of treatment media. A particular advantage to epifluorescence imaging 

of embryos in this assay is the ability to disinclude any damaged or broken embryos 

from analysis; spectrophotometric methods do not allow for deselection of obviously 

broken or damaged embryos, which often autofluoresce more brightly than treated 

counterparts (Langsner, pers. obs.). To ensure subtle autofluorescence or elevated 

fluorescence due to procedural handling was not interfering with our measurements, a 

"handling control" accompanied all experiments. This constituted a group of 

embryos which underwent the same handling (vortex, Nutator™, rinses) as treated 

embryos but was only treated with 1 mL of Egg Water. Analyses of these embryos 

demonstrated zebrafish embryos did not autofluoresce, and no elevation in 
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fluorescence due to handling was detectable. Further analyses using SYSTAT 

software demonstrated a lack of batch effect in our experimental design—indicating 

experiments occurring on different days were not significantly (P > 0.05; two-factor 

ANOVA) confounded or affected by having occurred on different days—but we 

nonetheless always included a handling control for precaution. Any effect due to 

fluorescence of treatment media was minimized by quickly rinsing embryos post-

treatment three times in Egg Water prior to slide mounting, which also used Egg 

Water. 

Dye and inhibitor concentrations were initially adapted from those found in 

the literature, but a series of dose-response experiments were undertaken to explore 

the optimal concentrations of calcein-AM, MK571, and PSC833 to be used in further 

study with this model. Ranges in concentration of 0.25 - 3.0 uM calcein-AM, 0.5 -

10 uM MK571, and 0.5 - 10 uM PSC833 were used for this purpose (Table 1). The 

secondary purpose of this work was to investigate any possible interaction or cross-

inhibition of MK571 and PSC833 in the zebrafish embryo. Not only did our 

expansive testing regime allow for the determination of appropriate concentrations of 

dye and inhibitor(s) but it allowed for investigations of potential interaction(s) of 

inhibitors—none were found—and the effective characterization of transport activity 

from a number of angles, essential for work attempting to discover transport activity 

in a particular model system for the first time (Langsner et al., ms in prep). 
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Setup 

Selection of the proper objective through which embryos were viewed was 

critical. Viewing zebrafish embryos with a 10X objective (Olympus BX50WI fixed 

stage microscope) only allowed for imaging and measuring fluorescence of one 

embryo at a time; in addition, as the plane of focus was deep but did not cover the 

entire embryo along the z axis (Figure 1 A), we could adjust focus along the z plane 

and subjectively or preferentially image portions of the embryo, an aspect of imaging 

determinantly affecting the detection and measurement of fluorescence. The time 

required to scroll through the z plane, determine a focus plane, and measure 

fluorescence for each individual embryo was lengthy. This time to imaging could 

have even been affecting measured AGV—Mrp transporters have the capacity to 

efflux calcein (albeit 5000 times slower than calcein-AM) (Essodai'gui et al., 1998)— 

so delays in imaging could potentially lower measured AGV values. To test this we 

mimicked conditions encountered during image acquisition with a 10X objective: a 

15-minute delay in time-to-imaging tightened the distribution of AGV measurements 

and significantly (P < 0.02; two-sample t test) lowered measured AGV. This delay 

(and its associated effects) could be counteracted by limiting time-to-acquisition 

through streamlined experimental design and by randomizing the order in which 

treatments were imaged for each experiment—both of which were done in all 

subsequent testing. 

To avoid further inaccurate measurement of fluorescence and the introduction 
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of bias associated with subjective selection of focal plane, we used a 2X fluorescence 

objective lens. Not only did the use of the 2X objective allow for non-subjective 

image focusing, but the entire embryo was included in the depth of focus, allowing 

for accurate measurement of fluorescence. A substantial benefit of using the 2X 

objective was that multiple embryos could be viewed simultaneously within an 

image, allowing for a higher n (sample size) across all treatments (Figure IB). This 

improvement meant that the time occupied by imaging could be reduced to a few 

minutes, and upwards of 30 to 50 embryos could be included in each treatment— 

dramatically improving not only experimental setup and design but also our 

capability to be able to (statistically) detect differences in transport activity among 

treatments. 

Additional setup parameters affecting the sensitivity of our setup to detect 

fluorescence were the Photometries® CoolSnap™//g cooled CCD camera and the 

software interface Metamorph®. Image exposure times (in milliseconds) were held 

constant throughout an experiment and were designated in Metamorph®, based on 

initial work investigating appropriate exposure durations; image binning was set at 4. 

Within Metamorph®, image contrast (gamma, or y) affected measured fluorescence 

(AGV): enhancing contrast by increasing y from 0.65 to 1.00 (maximum) tightened 

the distribution of AGV measurements and increased measured AGV, but the 

increase was not significant (P > 0.40; two-sample t test), y is a contrast setting 

affecting image capture and should have affected measured AGV to an extent, but of 
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utmost importance with respect to this setting in future experiments is ensuring 

consistency in y values across all experiments: images captured at a y setting of 0.65 

are not comparable to those captured at a y of 1.00. With exception of y "tests" all 

our experiments were performed with y at 0.65. Though not directly a component of 

experimental parameters, setup parameters including microscope and software 

settings directly affected measured fluorescence and must be thoughtfully considered. 

Imaging Protocol 

Factors related to imaging protocol could directly affect the success of all 

tested parameters of this method. We used a glass multi-well slide onto which 

samples were plated immediately subsequent to three rinses in Egg Water post-

treatment. Up to eight treatments could be viewed in rapid succession on this multi-

well slide; a cold stage (< 8°C) for slowing esterase activity and protracting 

development through the duration of imaging was used to mitigate any error that 

could have been associated with a delay in minutes due to the imaging of multiple 

treatments consecutively. The effect of ambient lighting was also cautiously 

mitigated by ensuring constant, controlled, low light levels during microscopy 

sessions. 

Embryos were mounted with approximately 0.5 mL of Egg Water to prevent 

dryness and asphyxiation from ensuing and affecting fluorescence measurements. 

Through testing we discovered the presence of a coverslip elevated AGV and masked 

subtle, small-magnitude changes which were otherwise detectable: significantly (all P 
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< 0.01; two-sample t test) elevated AGV in the presence of a coverslip was observed 

at 0.5, 1.0, and 1.5 uM calcein-AM as well as in handling controls (0 uM calcein-

AM, no inhibitor). Therefore not using a coverslip was more beneficial for these 

investigations, particularly those with low doses of calcein-AM, because it elucidated 

differences on a finer scale which would have otherwise been masked by the elevated 

AGV caused by use of a coverslip. In all experiments subsequent to this testing, 

embryos were imaged without a coverslip. 

Separate from these parameters but also affecting AGV was thresholding 

images post-capture (prior to analysis). Increasing the minimum threshold to sharpen 

images and eliminate no- or low-brightness image sections increased the measured 

AGV, while lowering the maximum threshold of pixel intensity produced the 

opposite effect. Due to the range of AGV observed in this work, no minimum or 

maximum thresholds were set while analyzing images so that our work was not 

biased or affected by the setting of thresholds, nor was it subject to bias imposed by 

the subjective determination of what constituted appropriate thresholds. Instead the 

full range of pixel intensity was utilized in all cases for all experiments, ensuring 

consistency across experiments and assuring that no artificial augmentation or 

diminishment of fluorescence occurred. Important to future experiments is the 

decision to impose a minimum or maximum threshold on pixel intensity 

measurements, but of even greater importance is consistency in all established 

threshold values across all treatments and experiments: it is imperative to ensure that 
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AGV alteration associated with changing thresholds does not confound data 

interpretation. 



FINDINGS 

Reagents and Chemicals 

MK571, dimethyl sulfoxide (DMSO), CaCl2, KC1, KH2P04, MgS04-7H20, 

NaCl, Na2HP04 anhydrous, and NaHCOs were purchased from Sigma-Aldrich 

Chemical Company (St. Louis, MO, USA). PSC833 was a gift from Novartis (Basel, 

Switzerland). Calcein-acetoxymethylester (calcein-AM) was purchased from 

Molecular Probes (Eugene, OR, USA). Phosphate buffered saline (PBS) was 

obtained from Pierce Biotechnology (Rockford, IL, USA). MK571, PSC833, and 

calcein-AM were dissolved into DMSO to create stock solutions of 0.5 mM - 10 mM 

(MK571, PSC833) and 0.25 mM - 3.0 mM (calcein-AM) so that final dilutions of all 

were in situ to 0.5 uM - 10 uM (MK571, PSC833) and 0.25 uM - 3.0 nM (calcein-

AM), resulting in treatment solutions which contained less than 0.1% DMSO by 

volume. 

Dye Accumulation Assay 

Embryos were treated in 1.7 mL microcentrifuge tubes, each containing 1 mL 

of Egg Water, 1 uL of the respective treatment stock solution, and 30 to 50 embryos. 

Embryos were treated at 28.5°C on a gentle rotator for the duration of treatments 

(about 60 minutes) to ensure equivalent exposure; embryos were then rinsed three 

times in Egg Water prior to microscopy. Post-treatment, embryos were viewed on a 
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cold stage (< 8°C) to slow esterase activity and protract development through the 

duration of imaging. Embryos were viewed without a coverslip using an Olympus 

BX50WI fixed stage microscope with a 2X fluorescence objective lens and a xenon 

illumination source; filters used for all dye accumulation experiments included an 

excitation wavelength of 490 nm and an emission wavelength of 535 nm. Images 

were captured by a Photometries® CoolSnap™i/Q cooled CCD camera using the 

software interface Metamorph® 7.1.0.0 (v. 7.1.0.0, Universal Imaging Corporation, 

West Chester, PA, USA). 

Data Analysis 

Images from dye accumulation assays were analyzed for fluorescence 

(measured pixel intensity) by (1) using ellipsoid Region[s] of Interest to delineate 

individual embryos and (2) thresholding through the full range of pixel intensity. 

Fluorescence of each embryo was corrected for image background (measured 

identically); fluorescence values of individual embryos within a treatment were then 

averaged to create a mean pixel intensity value per treatment that represented all 

embryos involved. Two-factor analysis of variance (ANOVA) analyses were 

performed on pixel intensity measurements using SYSTAT 10.2 (Systat® Software 

Incorporated, San Jose, CA, USA) in all subsequent experiments utilizing these 

methods. In these instances additional testing within the two-factor ANOVA models 

was carried out to address (1) the interaction effect of repeated experiments on 
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treatment outcomes and (2) specific hypotheses addressing observed differences in 

measured pixel intensity; post-hoc hypotheses testing, as Specify Statements within 

ANOVA models, also used SYSTAT 10.2. 
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SUMMATION 

All efforts described were undertaken with an end result in mind of 

controlling variability and managing its affect on measured outcomes by assessing 

factors which affect or determine variability and attempting to limit their effects on 

quantifiable experimental outcomes (i.e., AGV). While the realm of knowledge of 

MDR-related transport activity is rapidly expanding, much of the work has been 

carried out using various species of developing marine invertebrates, organs or tissues 

of adult teleosts, or cell lines derived from these specimens and/or mammalian 

tissues. Zebrafish are an excellent model for further investigations of transport-

mediated resistance as a defense mechanism during early development in a teleost. 

The work presented here firmly establishes an approach by which MDR in 

developing teleosts may be examined and simultaneously demonstrates the suitability 

of zebrafish for work investigating the potential implications of altering MDR, such 

as that which could occur in response to toxicant exposure. 
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FIGURE LEGENDS 

Figure 1: Embryos viewed using an Olympus BX50WI fixed stage microscope. (A) 

Pre- and post-MBT embryos viewed using a 10X objective, and (B) pre- and post-

MBT embryos viewed using a 2X objective. 
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TABLES 

Table 1: An example summary of experimental parameters which should be 

considered when attempting to first characterize transport activity using the calcein-

AM dye accumulation assay. Procedures are represented by the developmental stages 

investigated; the duration(s) of exposure; the concentration(s) of calcein-AM used; 

and the concentration(s), if any, of inhibitors (here, MK571 and PSC833) 

administered. 

Name 

Procedure 1 

Procedure 1-m 

Procedure 1-p 

Procedure 2 

Procedure 2-m 

Procedure 3 

Procedure 3-p 

Procedure 4 

Stages 

Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 

Exposure 

60min. 

60min. 

60 min. 

60min. 

60 min. 

60 min. 

60 min. 

20 to 80 
min. 

[Calcein-AM] (uM) 

0,0.25,0.5,0.75, 1,1.5,3 

0,0.25, 0.5,0.75, 1,1.5, 3 

0,0.25,0.5,0.75,1,1.5,3 

0.5 

0.5 

0.5 

0.5 

0.5 

[MK571] 
(uM) 

10 

1 

0,1,5, 10 

0, 1,5, 10 

0, 10, 0 

[PSC833] 
(uM) 

10 

0,1,5, 10 

0, 1,5, 10 

1 

0, 0, 10 
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ABSTRACT 

Multidrug resistance (MDR) transporters of the multidrug resistance-

associated protein (Mrp) and P-glycoprotein (P-gp) families were examined during 

early development in zebrafish (Danio rerio). We investigated transport activity 

using the calcein-AM accumulation assay to measure fluorescence of the calcein-AM 

metabolite calcein in the presence and absence of MDR inhibitors MK571 (MRP) and 

PSC833 (P-gp). Mrp-mediated transport activity was most apparent in the pre-

midblastula transition (pre-MBT) embryo, although limited activity was also evident 

post-midblastula transition (post-MBT). P-gp-mediated transport activity was not 

detectable in pre-MBT and post-MBT embryos. These findings indicate that MDR is 

active in the early embryo, providing the early embryo with the potential capability to 

defend against accumulation of select toxicants. 
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INTRODUCTION 

Early developmental stages are generally considered the most sensitive stages 

of the life cycle, where an organism is largely susceptible to serious damage from 

perturbations such as toxicants or environmental insults (Wilson, 1973). However, 

continued advances in the understanding of embryonic defense mechanisms have led 

to the relatively novel insight that, while development is a sensitive life stage, 

developing organisms possess the capability to adapt and survive in a changing, often 

harsh, environment (reviewed by Hamdoun and Epel, 2007). It is essential to study 

early developmental stages because of their increased susceptibility to damage when 

exposed to environmental insults: advanced defense mechanisms available to adults, 

such as differentiated tissues and a developed immune system, are not available to 

early embryos (Hamdoun and Epel, 2007). Nonetheless early embryos possess the 

capability to defend against toxicant or environmental stresses by means of varied 

cellular defense mechanisms (reviewed by Hamdoun and Epel, 2007). 

Multidrug resistance (MDR) is one such mechanism. Comprised of members 

of the ATP-binding cassette (ABC) superfamily of transporters, MDR is a 

phenomenon observed in various taxa from terrestrial mammals to marine 

invertebrates; MDR in marine and aquatic animal species specifically refers to the 

defensive capability to protect against the accumulation (and toxicity) of a multitude 

of toxicants due to the presence of membrane-bound transporters which function to 
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efflux xenobiotics and their metabolites from cells (Cole and Deeley, 1998; 

Ambudkar et al., 1999; Bard, 2000). MDR in developing systems is related to 

multidrug resistance in cancer treatment, a major contributing factor to 

chemotherapeutic resistance (reviewed by Leslie et al., 2005). MDR is 

predominantly attributed to the singular or combined activity of the multidrug 

resistance-associated protein (MRP/ABCC) and the permeability glycoprotein (P-

gp/ABCB) transport protein families (Cole and Deeley, 1998; Ambudkar et al., 1999; 

Bard, 2000) as well as the more recently recognized breast cancer resistance protein 

(BCKP/ABCG2) (Sarkadi et al., 2004; Leslie et al., 2005). Typically organisms have 

multiple copies of each type of transporter. 

MDR has been identified as a mechanism of defense in embryos of various 

marine invertebrate species including seastars (Asterina miniata, Pisaster 

ochraceous) (Roepke et al., 2006), the southeastern oyster (Crassostrea virginica) 

(Keppler and Ringwood, 2001), the blue mussel (Mytilus edulis) (McFadzen et al., 

2000), the purple sea urchin {Strongylocentrotus purpuratus) (Hamdoun et al., 2004), 

and the fat innkeeper worm {Urechis caupo) (Toomey and Epel, 1993; Hamdoun et 

al., 2002). In many cases P-gp transporters have been identified as the predominant, 

or only, active component of MDR, although in S. purpuratus MRP transporters are 

predominant with markedly lower levels of P-gp activity observed (Hamdoun et al., 

2004). MDR transport activity is generally dynamic with respect to reproductive and 

early developmental stages (Hamdoun et al., 2004; Roepke et al., 2006), indicating 
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that the role(s) and activity level(s) of transporters can change. 

While there is much evidence of MDR activity in developing marine 

invertebrates, there exist virtually no demonstrations of functional activity of MDR 

transporters in developing teleosts (bony fishes). However MDR has been identified 

or partially characterized in tissues or tissue-derived cell cultures of many teleosts 

including adult common carp (Cyprinus carpio) (Smital and Sauerborn, 2002), 

juvenile turbot (Scophthalmus maximus) (Tutundjian et al., 2002), and adult rainbow 

trout (Oncorhynchus mykiss) (Sturm et al., 2001; Shuilleabhain et al., 2005). These 

studies have demonstrated the presence of MDR-affiliated transporters, 

predominantly P-gp, in bony fishes exhibiting diverse life history strategies in a 

variety of habitats; however in most cases neither P-gp-mediated nor Mrp-mediated 

transport activity is directly assessed. 

The present study is the first comprehensive effort investigating MDR-

affiliated ABC transport activity during early development of a teleost, the zebrafish 

(Danio rerio). We quantify changes in Mrp- and P-gp-mediated transport activity 

during early development—changes which carry implications for the role of 

transporters in toxicant defense in the early teleost embryo. Investigating MDR 

transporters in developing zebrafish supports future use of zebrafish as a model for 

studying transport activity during teleost development. 

41 



METHODS 

Reagents and Chemicals 

MK571, CaCl2, KC1, KH2P04, MgS047H20, NaCl, Na2HP04 anhydrous, and 

NaHC03 were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, 

USA). PSC833 was a gift from Novartis (Basel, Switzerland). Calcein-

acetoxymethylester (calcein-AM) was purchased from Molecular Probes (Eugene, 

OR, USA). Phosphate buffered saline (PBS) was obtained from Pierce 

Biotechnology (Rockford, IL, USA). MK571, PSC833, and calcein-AM were 

dissolved into DMSO to create stock solutions of 0.5 mM - 10 mM (MK571, 

PSC833) and 0.25 mM - 3.0 mM (calcein-AM); final dilutions of all were in situ to 

0.5 uM - 10 uM (MK571, PSC833) and 0.25 uM - 3.0 uM (calcein-AM), resulting in 

treatment solutions which contained less than 0.1% DMSO by volume. 

Animals, Embryo Collection 

All experiments conformed to the relevant regulatory standards set forth by 

the Institutional Animal Care and Use Committee at the University of California, 

Santa Cruz (Chancellor's Animal Research Committee) and the University of 

California, Davis. Adult zebrafish were purchased from Scientific Hatcheries 

(Huntington Beach, CA, USA) and maintained in static freshwater aquaria according 

to protocols described by Westerfield (2000). Embryos were collected via siphon 
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using fine mesh according to collection protocol described by Westerfield (2000); 

adults were additionally fed adult Artemia prior to and subsequent to embryo 

collection. Embryos were washed in Embryo Medium (Westerfield, 2000) 

immediately after collection, staged using a general dissecting stereomicroscope, and 

incubated at 28.5°C in Egg Water (Westerfield, 2000). Embryos for all treatments 

were collected between the 2-cell and 8-cell stages (45 minutes - 75 minutes post-

fertilization); embryos used in pre-MBT accumulation experiments began treatment 

at the 4-cell to 16-cell stages (1 hour post-fertilization [hpfj - 1.5 hpf), while embryos 

for post-MBT experiments underwent treatment during shield stage (6 hpf- 8 hpf). 

Dye Accumulation Experiments 

Embryos were treated in 1.7 mL microcentrifuge tubes, each containing 1 mL 

of Egg Water, 1 uL of the respective treatment stock solution, and 30 to 50 embryos; 

throughout all testing control treatments of just 1 mL Egg Water were run alongside 

treated embryos. Embryos were treated at 28.5°C on a gentle rotator for the duration 

of treatments (about 60 minutes) to ensure equivalent exposure; embryos were then 

rinsed three times in Egg Water prior to microscopy. Post-treatment, embryos were 

viewed on a cold stage (< 8°C) to slow esterase activity and protract development 

through the duration of imaging. Embryos were viewed without a coverslip using an 

Olympus BX50WI fixed stage microscope with a 2X fluorescence objective lens and 

a xenon illumination source; filters used for all dye accumulation experiments 

43 



included an excitation wavelength of 490 nm and an emission wavelength of 535 nm. 

Images were captured by a Photometries® CoolSnap™#g cooled CCD camera using 

the software interface Metamorph® 7.1.0.0 (Universal Imaging Corporation, West 

Chester, PA, USA). 

Calcein-AM dose-response experiments investigating the relationship between 

calcein-AM concentration and fluorescence were carried out using pre-MBT and 

post-MBT embryos. Embryos were administered a given concentration of calcein-

AM ranging from 0 uM to 3 uM (Table 1, Procedure 1) and treated using methods 

and under conditions described above—where indicated, zero represents a procedural 

control whereby embryos were subjected to the same handling but were exposed only 

to Egg Water. The purpose of these experiments was to determine the lowest 

effective, or "optimal", concentration of calcein-AM at which difference(s) in 

fluorescence could be observed in pre-MBT and post-MBT embryos. Additional 

experiments were carried out to determine the effects of Mrp and P-gp inhibition on 

embryos treated with varying concentrations of calcein-AM. In these experiments 

embryos were administered the same concentrations of calcein-AM (from 0 uM to 3 

uM) as well as 10 uM of either MK571 or PSC833 (Table 1, Procedures 1-m and 1-p, 

respectively) to determine the lowest concentration of calcein-AM at which the 

effects of inhibition could be measured, in pre-MBT and post-MBT embryos. 

MK571 dose-response experiments were carried out to better characterize the 

activity of Mrp transporters in pre-MBT and post-MBT embryos. This set of 
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experiments involved administering treatments of range 0 uM - 10 uM MK571 to 

pre-MBT and post-MBT embryos in the presence of 0.5 uM calcein-AM (under 

conditions and using methods described above) and measuring the resultant 

fluorescence of treated embryos (Table 1, Procedure 2). 

Time course experiments were undertaken to investigate the effect(s) of 

incubation time on fluorescence. For this, pre-MBT and post-MBT embryos were 

incubated with 0.5 uM calcein-AM alone, 0.5 uM calcein-AM plus 10 uM MK571, 

or 0.5 uM calcein-AM plus 10 uM PSC833. Embryos were treated and handled 

according to methods described above, except that incubation times were 20, 40, 60, 

and 80 minutes (Table 1, Procedure 3). For each exposure time, calcein-AM alone, 

MK571 + calcein-AM, and PSC833 + calcein-AM treatments were studied; 

incubation for all exposures were initiated simultaneously. 

To investigate transport activity during and after shield stage, embryos were 

also studied at 7, 9, and 11 hpf. In these experiments embryos were treated, using 

methods described above, with 0.5 uM calcein-AM, 0.5 uM calcein-AM +10 uM 

MK571, or 0.5 uM calcein-AM + 10 uM PSC833; exposure duration began at either 

6, 8, or 10 hpf and lasted 60 minutes (Table 1, Procedure 4). These experiments 

investigated any changes in transport activity that occurred as the embryo developed 

through gastrulation and entered segmentation. 
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Dye Accumulation: Data Analysis 

Images from dye accumulation assays were analyzed for fluorescence 

(measured pixel intensity) by (1) using ellipsoid Region[s] of Interest to delineate 

individual embryos and (2) thresholding through the full range of pixel intensity. 

Fluorescence of each embryo was corrected for image background (measured 

identically); fluorescence values of individual embryos within a treatment were then 

averaged to create a mean pixel intensity value per treatment that represented all 

embryos involved. Two-factor analysis of variance (ANOVA) analyses were 

performed on pixel intensity measurements using SYSTAT 10.2 (Systat® Software 

Incorporated, San Jose, CA, USA). Additional testing within the two-factor ANOVA 

models was performed to address (1) the interaction effect of repeated experiments on 

treatment outcomes, and (2) specific hypotheses addressing observed differences in 

measured pixel intensity. Post-hoc hypotheses were tested within ANOVA models as 

Specify Statements using SYSTAT 10.2. 
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RESULTS 

We first assessed whether zebrafish embryos were able to efflux calcein-AM, 

a known substrate for Mrp and P-gp transporters, and whether transport could be 

affected by inhibition of Mrp or P-gp transport. To accomplish this goal we carried 

out a series of experiments investigating the dose-response relationships between 

calcein-AM or PSC833 or MK571 dosage and resultant fluorescence values as well as 

studies directly comparing fluorescence values of Mrp-inhibited and P-gp-inhibited 

embryos. 

Experiments investigating the potential for cross-inhibition of MK571 and 

PSC833 did not evidence this in our system. Throughout all testing control 

treatments (embryos treated only with Egg Water) were used as a standard to which 

treated embryos were compared for purposes of staging and assessment of potential 

developmental delay or other possible abnormality due to treatment concentrations, 

none of which were found. Calcein-AM dose-response experiments were undertaken 

to examine the lowest concentration of calcein-AM at which differences in transport 

activity could be detected in pre-MBT and post-MBT embryos (Table 1, Procedure 

1). 0.5 uM calcein-AM was the lowest tested concentration of calcein-AM at which 

the difference between pre-MBT and post-MBT embryos was significant (P < 0.05; 

two-factor ANOVA), making it the optimal concentration of calcein-AM to be used 

in subsequent studies. That transport activity in the pre-MBT embryo was 28% 
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higher than the post-MBT embryo can be seen in Figure 1, where consistently higher 

fluorescence in post-MBT embryos was observed for calcein-AM concentrations 

spanning 0.5 uM to 3.0 uM. 

Results of testing incremental calcein-AM doses in the presence and absence 

of PSC833 (Table 1, Procedure 1-p) were not indicative of P-gp activity in pre- or 

post-MBT embryos. Ratios comparing fluorescence in embryos treated with 0.5 uM 

calcein-AM and 10 uM PSC833 to those treated with 0.5 uM calcein-AM alone were 

less than 1 for both pre- and post-MBT embryos—findings which support 

unremarkable P-gp activity (a high ratio, attributed to greater fluorescence in 

inhibited embryos, would have been solidly indicative of activity). Dose-response 

studies of calcein-AM in the presence and absence of MK571 (Table 1, Procedure 1-

m) revealed that 0.5 uM calcein-AM was the lowest tested dose of calcein-AM at 

which the effects of Mrp inhibition were detected, and Mrp activity was measurable 

in pre-MBT embryos (Figure 2A) although hypothesis testing within the two-factor 

ANOVA model did not produce significant P values for these analyses (all P > 0.05). 

Post-MBT data from the same experiments were less conclusive (Figure 2B) but are 

suggestive of limited Mrp activity after the MBT. Dose-response experiments of 

MK571 (Table 1, Procedure 2) in the presence of 0.5 uM calcein-AM were also 

indicative of Mrp activity in the pre-MBT embryo, by showing increased 

fluorescence in response to increasing concentrations of MK571. However post-

MBT experiments (again) did not conclusively indicate Mrp activity after the MBT, 

48 



with a statistically insignificant (P = 0.129; two-factor ANOVA) relationship between 

fluorescence and MK571 dose. Ratios of fluorescence of embryos treated with 0.5 

uM calcein-AM and 10 uM MK571 to embryos treated with 0.5 uM calcein-AM 

alone were less than 1 for post-MBT and 1.2 for pre-MBT embryos. 

Demonstrated by low measured values for fluorescence (Figure 3A) in 

embryos treated with 0.5 uM calcein-AM (Table 1, Procedure 3), activity remained 

relatively stable in the pre-MBT embryo until the embryo entered the MBT, at which 

point transport activity markedly decreased and a significant increase (P < 0.001; 

two-factor ANOVA) in fluorescence was observed between 60 and 80 minutes (noted 

by §). In contrast transport activity in the post-MBT embryo seemed barely 

detectable due to fluorescence of calcein-AM-treated embryos increasing steadily 

over time (Figure 3B), an indiscernible effect of inhibition by PSC833 (Figure 3B, 

3C), and inhibition by MK571 producing a non-significant increase in fluorescence 

only observable at 60 minutes (Figure 3B, 3C). 

Greater dye accumulation in pre-MBT embryos treated with 10 uM MK571 

and 0.5 uM calcein-AM (Table 1, Procedure 3) after 40, 60 (P < 0.0005; two-factor 

ANOVA, noted by *), and 80 minutes (Figure 3A, 3C) further evidenced Mrp 

transport activity even as embryos entered the MBT (between 60 and 80 minutes). 

Figure 3 A and 3C even seem to evince limited support for P-gp activity, with 

PSC833-treated embryos showing a slight increase in fluorescence at 60 minutes 

when compared to embryos treated with 0.5 uM calcein-AM alone, although this 
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difference was not significant (P = 0.106; two-factor ANOVA). 

Further investigations to better elucidate transport activity in the post-MBT 

embryo (Table 1, Procedure 4) revealed that at 9 hpf—later in development than 

testing with other Procedures (Table 1) occurred—there was a significant (P < 

0.0002; two-factor ANOVA, pairwise comparisons, noted *) difference between 

embryos treated with 10 uM MK571 and 0.5 uM calcein-AM and embryos treated 

with 0.5 uM calcein-AM alone (Figure 4). A significant (P = 0.027; two-factor 

ANOVA) relationship between treatment and fluorescence was found at 7 hpf and 9 

hpf (P < 0.000001; two-factor ANOVA), but not at 11 hpf. Therefore transport 

activity seemed to occur to a limited extent at the end of gastrulation (11 hpf) and 

appeared Mrp-mediated. 
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DISCUSSION 

Dye Accumulation Assay 

The calcein-AM dye accumulation assay was used in this study to functionally 

characterize activity of both Mrp and P-gp transporters in zebrafish embryos. 

Inhibitor and calcein-AM concentrations were adapted from those used in studies of 

MDR activity in other developing organisms (Hamdoun et al., 2002; Roepke et al., 

2006); the purpose of this work, particularly the dose-response experiments, was to 

investigate what was appropriate for developing zebrafish. These assays allowed 

specific separate and tandem investigations of Mrp and P-gp activity during two 

phases of development, before and after the midblastula transition (MBT). That 

calcein-AM and therefore the media were not fluorescent made it feasible to study 

rapidly changing embryos in a timely manner and to carry out time-course 

experiments. 

Numerous findings support the idea that P-gp-mediated activity in the early 

embryo was perhaps detectable but did not significantly contribute to MDR, 

excepting data investigating P-gp activity in the high dose range ( 1 - 3 uM) of 

calcein-AM, which were confounded by the variable fluorescence observed at such 

high calcein-AM concentrations and therefore couldn't be used as the sole evidence 

indicative of marked P-gp activity. Additional investigations of embryos tested with 

0.5 uM calcein-AM and varying PSC833 concentrations did not strongly evidence P-
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gp activity. Further, fluorescence of PSC833-treated post-MBT embryos (Figure 3C) 

hovered near the fluorescence values for calcein-AM-treated embryos, indicating P-

gp transport has no significant contribution to MDR even in light of the diminished 

overall transport activity in the post-MBT embryo. Interestingly, in Figure 3C P-gp 

mediated transport in the pre-MBT embryo exhibited the same time-course pattern of 

activity as Mrp-mediated transport, seeming to suggest that limited P-gp activity 

perhaps existed; however whether this is true or that Figure 3C merely highlights 

some unknown regulatory or other process associated directly with developmental 

timing and its control of transport activity, remains unclear. It should be considered 

that P-gp transport in the pre-MBT embryo could be veritable but does not become 

active until immediately prior to the MBT, perhaps as an additional line of defense to 

protect embryos just prior to this critical phase—in contrast to the appearance of 

MRP transport activity earlier in development (Figure 3C). 

While the dramatic change in transport activity from 60 - 80 minutes seemed 

to occur over a relatively short period of time, such rapid change in transport activity 

in a developing organism is not unusual given that marked changes in membranes 

have been observed to occur within just minutes in the newly fertilized sea urchin 

embryos (Scandella et al., 1982) and development is a highly conserved process. It is 

possible that membrane retrieval or transporter re-uptake could be taking place during 

the onset of the MBT, resulting in the observed decrease in transport activity; perhaps 

this occurred as a result or was a component of cell reorganization processes already 
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known to occur during the MBT (Kane and Kimmel, 1993). Though membrane 

retrieval in zebrafish has only been characterized in the early developing oocyte 

(Donovan and Hart, 1986) and not in relation to ABC transporters, it is not 

implausible to imagine that a similar process could occur with ABC transporters 

during the MBT. However further experiments investigating changes during the 

MBT must be carried out to better understand whether transporter re-uptake indeed 

occurs and, if so, if it could be responsible for the decrease in activity observed. 

At 80 minutes treatment (Figure 3A, 3C) PSC833-treated pre-MBT embryos 

exhibited significantly lower fluorescence (P = 0.018; two-factor ANOVA) than 

calcein-AM-treated embryos. The dramatic decrease in fluorescence of PSC833-

inhibited embryos between 60 and 80 minutes, mirroring that seen in MK571-

inhibited embryos, was likely due in part to the embryo entering the midblastula 

transition—an occasion when transport activity seemed to diminish substantially— 

but the additional dampening of fluorescence in PSC833-treated embryos at 80 

minutes is not well understood. One could only hypothesize that perhaps transport 

activity interfered with signaling or regulatory processes necessary for a successful 

MBT, and specific inhibition by PSC833 may have negatively affected transport 

capabilities. 

The apparently depressed transport activity observed in the post-MBT embryo 

during 7 hpf occurred at a time when—compared to stages in later gastrulation— 

activity remained unaffected by inhibition with MK571 or PSC833. Developmental 
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timing alone may have been responsible for the lack of detection of Mrp- and P-gp-

mediated transport activity during this period, although other possibilities should be 

contemplated. Diminished activity at 11 hpf should be examined in light of other 

evidence that transport activity decreased during a previous critical transition phase in 

development, the MBT (Figure 3C). Perhaps to prevent transport activity from 

interfering with critical processes or regulatory signals, transport activity was halted 

or paused between 9 hpf and 11 hpf as the embryo completed gastrulation and entered 

segmentation. 

It should lastly be considered that perhaps an unknown transporter could be 

present and active in the system. Findings that transport activity was remarkable but 

unchanged by treatment with MK571 or PSC833 (Figure 3A) for up to 40 minutes of 

treatment suggest that perhaps an alternate, un-described transporter was active at this 

time and responsible for the constant low fluorescence observed. Additional findings 

at 7 hpf (Figure 4) that embryos exhibiting low fluorescence (higher transport 

activity) were unaffected by treatment with MK571 or PSC833 could also evidence 

activity of an unknown transporter. Work by Langsner (unpublished) indicated the 

presence of abcg2 transcripts in the pre- and post-MBT embryo, however transcript 

data alone cannot accurately evidence transport activity (Evseenko et al., 2006); the 

extent to which Bcrp could be responsible for some transport activity during 

development remains unknown, in zebrafish and others. Although Bcrp activity is 

not yet well characterized in zebrafish, it would be prudent to next explore the 
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potential for Bcrp-mediated transport to be active during earliest development, due to 

findings mentioned here and its relatively recently characterized potential as a 

component transporter of MDR (Sarkadi et al., 2004; Leslie et al., 2005). Further 

investigations into the possibility of Bcrp or other ABC transporter activity are 

warranted. 

Transporters likely serve as a primary line of defense in the pre-MBT embryo 

and a second line of defense in the post-MBT embryo, where they are no longer 

required as a first line of defense because the actively transcribing post-MBT embryo 

is likely more capable of responding to insults with alternate means of defense 

(Newport and Kirschner, 1982; Kane and Kimmel, 1993). Certainly it would be more 

timely and energetically economical for the embryo to keep transporters, already 

expressed or used during pre-MBT development, as a stored defense reserve which 

could be activated as needed during later stages. During times of rapid change such 

as early development, a stored reserve of defenses would save time, energy, and 

resource allocation for an embryo encountering an insult: resources would not have to 

be re-directed or re-routed to produce and traffic transporters for defense, thus 

maintaining fidelity of the developmental process and ensuring that development 

would not be slowed or halted by the re-allocation resources to address an insult. 

Further, a stored reserve of defenses would enable a more immediate, rapid, and 

effective response to insult—again protecting the fidelity and timing of integral 

developmental processes. 
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To our knowledge this is the first direct attempt to comprehensively 

characterize MDR-associated transport activity in an early teleost embryo; as such 

there exists essentially no opportunity for direct comparisons of methodology or the 

interpretation of confounding factors or limitations associated with studying this 

model. Investigating MDR transport during development can be difficult due to the 

dynamic nature of the developing embryo, but these particular characteristics of 

embryos also make them suitable for examining whole-organism susceptibility at 

critical life stages and carrying out work directly applicable to native or other teleost 

species inhabiting wild environments. Our data demonstrate limited support for P-gp 

activity and strong support for changing levels of Mrp activity during development— 

important considerations given the potential applicability of this work for 

investigating potential defenses against stressors or toxicants facing the developing 

teleost embryo. 
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FIGURE LEGENDS 

Figure 1: Fluorescence of embryos treated with different concentrations of calcein-

AM according to Procedure 1 (Table 1). Pre-MBT embryos exhibit lower 

fluorescence than post-MBT embryos at nearly all concentrations, indicating the 

presence of greater transport activity. The lowest concentration of calcein-AM which 

most clearly exhibits these differences in transport activity is 0.5 uM. The two-factor 

ANOVA indicates a significant relationship between fluorescence and concentrations 

of calcein-AM, for pre- (P < 0.0005; two-factor ANOVA) and post-MBT (P < 

0.0005; two-factor ANOVA) embryos. 

Figure 2: Fluorescence of embryos treated according to Procedure 1-m (Table 1). 

(A.) Testing with the two-factor ANOVA model found a significant (P = 0.0444) 

relationship between treatment and observed fluorescence in pre-MBT embryos; Mrp 

activity is strongly evidenced by consistently elevated fluorescence of embryos 

treated additionally with MK571, when compared to embryos treated with calcein-

AM alone. (B.) A significant (P < 0.0005) relationship is found between treatment 

and fluorescence in post-MBT embryos, although Mrp activity is less strongly 

indicated and not as clearly evident as for pre-MBT embryos. 

Figure 3: Fluorescence of embryos treated according to Procedure 3 (Table 1). Broad 
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guidelines for the developmental stages investigated coincide with various exposure 

times and are presented as such. (A.) The two-factor ANOVA model for these data 

indicates a significant (P < 0.0005) relationship between treatment and fluorescence. 

Fluorescence of embryos treated with calcein-AM alone remains constant and low 

(due to high activity) until 60 minutes, at which time embryos enter the MBT and 

activity decreases, producing a resultant significant (P < 0.001; noted by §) increase 

in fluorescence from 60 to 80 minutes. Fluorescence of embryos treated additionally 

with 10 uM MK571 is detectable at 40 minutes and remains higher than calcein-AM 

fluorescence for the remainder of the time-points—even significantly more (P < 

0.0005; noted by *) than the calcein-AM treatment at 60 minutes. Increased 

fluorescence due to PSC833 treatment is not visible until 60 minutes, at which point 

fluorescence is greater than for calcein-AM-treated embryos but not significant (P = 

0.106; two-factor ANOVA). Fluorescence of embryos treated additionally with 

PSC833 is significantly (P = 0.018; noted by f) lower than calcein-AM-treated 

embryos at 80 minutes. (B.) The two-factor ANOVA model indicates a significant (P 

< 0.0005) relationship between treatment and fluorescence for post-MBT embryos. 

Fluorescence appears to increase from 20 to 80 minutes and seems unaffected by 

treatment with PSC833 or MK571. (C.) Data from (A.) and (B.) are presented as a 

ratio of fluorescence of embryos treated with (0.5 uM calcein-AM plus) 10 uM 

MK571 or 10 uM PSC833 to fluorescence of embryos treated with 0.5 uM calcein-

AM alone. Values greater than one are indicative of inhibition; time-points with 
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significantly (P < 0.05) different fluorescence from calcein-AM are marked and 

designated as previously described in (A.). A line indicating fluorescence values for 

control (untreated) embryos is present for visual comparison. 

Figure 4: Fluorescence of embryos treated according to Procedure 4 (Table 1). 

Results of the two-factor ANOVA model reveal a significant (P = 0.027) relationship 

between treatment and fluorescence at 7 hpf, a significant (P < 0.000001) relationship 

between treatment and fluorescence at 9 hpf, and a non-significant (P = 0.157) 

relationship between treatment and fluorescence at 11 hpf. In addition transport 

activity at 9 hpf is dominated by Mrp transport (P = 0.002; two-factor ANOVA, 

pairwise comparisons; noted by *). 
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FIGURES 

Figure 1 

Calcein-AM Dose-Response 

30 

25 4 

20 

Pre-MBT 
Post-MBT 

0.0 0.5 1.0 1.5 2.0 2.5 

[Calcein-AM] (uM) 

3.0 3.5 

65 



Figure 2A Calcein-AM Dose/Response + 10uM MK571 
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Figure 3A 

Pre-MBT Time Course 
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Figure 3C 

Time Course Comparison 
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Figure 4 

Fig. 6: Fluorescence of embryos treated with calcein-AM alone or in the presence of MK571 or PSC833 

Fig. 6: Fluorescence of embryos treated with calcein-AM alone or in the presence of MK571 or PSC833 

as studied during gastrulation 

Hours post-fertilization (h.p.f.) 
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TABLES 

Table 1: Summary of dye accumulation procedures: procedures are represented by the 

developmental stage(s) studied; the duration(s) of exposure; the concentration(s) of 

calcein-AM used; and the concentration(s), if any, of inhibitors MK571 and PSC833 

administered. 

Name 

Procedure 1 

Procedure 1-p 

Procedure 1-m 

Procedure 2 

Procedure 3 

Procedure 4 

Stages 

Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Pre-MBT 
Post-MBT 
Late 
Gastrulation 

Exposure 

60min. 

60 min. 

60 min. 

60 min. 

20 to 80 
min. 

60 min. 

[Calcein-AM] (uM) 

0,0.25,0.5,0.75,1,1.5,3 

0,0.25,0.5,0.75, 1, 1.5,3 

0,0.25,0.5,0.75,1,1.5,3 

0.5 

0.5 

0.5 

[MK571] 
(uM) 

10 

0, 1,5, 10 

0, 10, 0 

0, 10,0 

[PSC833 
KuM) 

10 

0, 0, 10 

0, 0, 10 
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ABSTRACT 

This work entailed a power analysis-based investigation of suitable calculation 

methods for analyzing quantitative real-time reverse transcription polymerase chain 

reaction (qRT-PCR) data. Samples of early zebrafish embryos were assessed for 

abcbl, abccl, abcc2, and abcg2a transcript expression (genes were chosen for the 

involvement of their protein products in multidrug resistance). Two conservative and 

two non-conservative courses of equation-based data normalization calculations were 

pursued and subsequently assessed for their effects on the statistical power as it 

related to detecting transcript expression in the samples. The sample size required to 

achieve a threshold 80% power was then inspected and used as a metric by which the 

efficiency of each experimental model, as it related to power, could be compared. 

We conclude that experimental design should take into consideration that the 

selection of a course of data treatment, in the form of normalization calculations, 

affects calculated expression values, consider the effects instituted on calculated 

expression values by the selection of a course of data treatment, in the form of 

normalization calculations. 
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INTRODUCTION 

The issue of data normalization—calculating the relative expression level of a 

target gene—and the various options available for equations used in normalization, 

has been discussed since the debut of quantitative real-time reverse transcription 

polymerase chain reaction (qRT-PCR) technology Possibilities range from 

permutations of a direct difference in CT value—the cycle threshold, or point at which 

the (fluorescence) signal exceeds background (Niesters, 2001)—between control and 

treated samples or between target and housekeeping genes, to more complex 

calculations combining some permutation of this difference paired with a 

measurement of the efficiency of the reaction. All methods contain advantages and 

disadvantages; here we demonstrate that the suitability of a particular calculation 

method can be assessed by employing a statistical power analysis. This approach 

assessed the capability of specific calculation methods to detect true transcript 

expression, within a given experimental model. 

The problems and advantages of data treatment have been thoroughly 

investigated and described by Winer et al. (1999), Vandesompele et al. (2002), Muller 

et al. (2002), Simon (2003), and Ramakers et al. (2003) among others, all of whom 

support the need for some form of data normalization in qRT-PCR experiments, 

generally by a calculation or equation which attempts to account for and mitigate 

potential sources of variation which could confound findings. These sources include 
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error due to introduced contamination, variations in primer efficiency, pipeting errors, 

human error, and other possible sources of inter- and intra-experimental variation. 

While a common theme among several reports is the need for consistency in 

calculations across all experiments, there remains little direction as to how to choose 

one particular normalization calculation method over another. Certainly there could 

be, in certain systems, advantages to accounting for inter-experimental variation 

alone, while in other systems there could be advantages to accounting for both inter-

and intra-experimental variation. However many papers do not explicitly identify the 

course of data treatment employed to normalize data, typically mentioning only the 

housekeeping gene, or gene with constant expression throughout all samples to which 

other data are compared for purposes of standardization. This lack of disclosure 

further highlights the issue of data transformation and its potential effects on 

interpretation, as previously explored in comparative work by Muller et al. (2002) and 

Simon (2003). 

The work here examines two principal approaches to qRT-PCR data 

treatment—non-conservative and conservative—using expression of transcripts of 

select members of the ATP-binding cassette superfamily (ABC) of transporters as 

investigated during early development in the zebrafish (Danio rerio) embryo. The 

ABC members investigated here are transport protein families associated with 

multidrug resistance (MDR), a phenomenon principally ascribed to the efflux activity 

of specific members of the ABC superfamily of transporters acting solely or in 
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combination with one another to protect against toxicant accumulation. MDR is 

related to multidrug resistance in cancer treatment (a main contributing factor to 

chemotherapeutic resistance) and is due to the specific export of toxicants and/or 

metabolites from cells by membrane-bound transport proteins belonging to the 

permeability glycoprotein (¥-gp/ABCB), multidrug resistance-associated protein 

(MKP/ABCC), and breast cancer resistance protein (BCRP/ABCG2) families of 

transporters (Cole and Deeley, 1998; Ambudkar et al., 1999; Bard, 2000; Sarkadi et 

al., 2004; reviewed by Leslie et al., 2005). It is not uncommon for multiple family 

members (i.e., MRP1, MRP2) to be involved in MDR, although not all members of 

any family contribute to MDR (Dean et al., 2001). 

The main approaches to qRT-PCR data normalization explored here 

differentiate based on approach: non-conservative versus conservative. With a non-

conservative approach, one attempts to account for inter-experimental variation by 

normalizing according to the expression of the housekeeping gene (in the form of a 

CT value): any (non-primer) component impurities, temperature issues, time-to-

analysis delays, or possible preparatory environment contaminations are reflected in 

the CT values of the housekeeping gene. An experimental design which always 

includes a housekeeping gene analysis of samples and standards on all plates 

analyzed (at all sampling events) will account for this kind of variation. Therefore 

normalizing to the CT value of the housekeeping gene would account for these factors 

and their potential variations from experiment to experiment. 
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The conservative approach takes into account not only this inter-experimental 

variation but also intra-experimental variation as assessed by reaction efficiency; 

reaction efficiency refers to the efficiency of a PCR reaction to amplify the target, or 

amplicon, of interest (Ramakers et al., 2003). The non-conservative and conservative 

approaches differ based on the lack (non-conservative) or presence (conservative) of 

accounting for intra-experimental variation, and intra-experimental variation can only 

be assessed by the efficiency of reaction because variations in primers' efficiency 

and/or dilutions, as well as any potential contamination introduced during primer 

dilution steps, could only be recorded by comparing the efficiencies of different 

primers across treatments. Ideally one would analyze qRT-PCR data by both a non-

conservative and conservative approach before deciding which would be most 

appropriate for the given system and established protocol. 

Here we introduce a comparison of these courses of (qRT-PCR) data 

treatment by presenting two examples of each approach. The non-conservative 

courses of treatment selected include an iteration of a CT value difference (a Delta CT) 

(NC-1; Table 1) which did not include or account for any other experimental 

parameters, and a calculation (NC-2; Table 1) based on that used by Gralnick et al. 

(2005; 2006) where intra-experimental variation is not directly accounted for. The 

calculations adapted from Gralnick et al. (2005) are related to those used by Giulietti 

et al. (2001), Livak and Schmittgen (2001), and McCurley and Callard (2008) and 

represent calculation methods which account for experimental parameters but not 
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reaction efficiency. We chose equations presented and evaluated by Muller et al. 

(2002) and Simon (2003) for two examples (CI, C2; Table 1) of a conservative 

course of data treatment; these methods were selected based on the thorough 

investigations of their comparative merits and disadvantages as well as the 

prominence and wide usage of the data analysis tool QGene. 

Calculated expression values for MDR target genes abcbl, abccl, abcc2, and 

abcgla were generated according to all (four) courses of data treatment, for use in 

subsequent analyses focusing on the impact normalization calculations have on 

statistical power. Statistically, the power of an experimental design or protocol is an 

assessment based on the magnitude and variability of data that refers to the capability 

of the design to accurately detect a true difference, should one exist; 80% power is a 

standard referring to the capability of the design and testing parameters to accurately 

detect a true difference in 80% of all tests. The lowest sample size providing for 80% 

power essentially informs how many samples would be needed, under a given 

experimental model, to detect a true difference and be correct 80% of the time. Thus 

with an interest in knowing how the statistical power of an experimental model could 

potentially be affected by the normalization calculation used to arrive at a calculated 

expression value, analyses were carried out on all calculated expression values to 

determine, for each course of data treatment, the minimum sample size needed to 

achieve 80% power—thus demonstrating the course of data treatment which was 

most efficient in design. Presented here are investigations of four courses of data 
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treatment—two non-conservative and two conservative—in a power analysis-based 

study on the suitability of normalization calculation methods for assessing transcript 

expression of select ABC transporter genes in zebrafish early embryos. 
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METHODS 

Sample Isolation, Preparation, Purification 

Protocol for maintenance of adult stocks and collection of embryos used in all 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

experiments were performed according to Schulte and Nagel (1994) and Nagel 

(2002). Isopropyl alcohol, ethanol, chloroform, and diethylpyrocarbonate-treated 

(DEPC) water were obtained from Roth (Karlsruhe, Germany). TRIzol® Reagent 

was purchased from Invitrogen (Karlsruhe, Germany) and prepared according to 

manufacturer's instructions. 

For each sampling event, embryos from multiple pairings were pooled, staged, 

and subsequently collected at 1, 2, 4, 5, 6, 7, 8, 9, 10, and 72 hours post-fertilization 

(hpf). Embryos were incubated at 28.5°C until collection, at which time they were 

assessed for developmental progression and treated with TRIzol® to initiate total 

RNA extraction. Once in TRIzol®, embryos were mechanically homogenized and 

immediately underwent chloroform addition (100 uL for 25 embryos), at room 

temperature, to extract nucleic acids. This was followed by 5 minutes centrifugation 

at 12,000 g and 4°C. At this point the superior aqueous phase containing RNA was 

transferred to a new tube without disrupting the interface or inferior layer. Natant 

RNA was then precipitated by addition of an equal volume of isopropyl alcohol, brief 

freezing (-20°C), centrifugation at 12,000 g and 4°C, removal of supernatant, addition 
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of 75% ethanol, and a final centrifugation (12,000 g and 4°C). RNA pellet was dried 

at 37°C for 10 minutes and re-suspended in DEPC water; re-suspension was aided by 

5 minutes at 60°C. Genomic DNA contamination was removed by treatment with 

(RNAse-free) DNAse kit (Roche, Grenzach-Wyhlen, Germany) and brief incubation 

at 25°C. RNA quality was assessed using a Nanodrop spectrophotometer (PEQLAB 

Biotechnologie GMBH, Erlangen, Germany); quality of isolated total RNA was 

verified by the A260/A280 ratio: our average ratio was 1.936 (range 1.69 - 2.03) and 

therefore indicated a normally-acceptable quality (Fleige et al., 2006). cDNA for 

qRT-PCR was synthesized from total RNA using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Darmstadt, Germany) according to 

manufacturer's instructions and kit specifications. 

Primers and qRT-PCR 

Primers were designed using Beacon Designer™ software (PREMIER Biosoft 

International, Palo Alto, CA, USA) and ordered through Invitrogen (Karlsruhe, 

Germany): abcbl: forward: 5'-TACTGATGATGCTTGGCTTAATC-3'; reverse: 5'-

TCTCTGGAAAGGTGAAGTTAGG-3'; abed: forward: 5'-

GATGCGTCCTTCTTGTCC-3'; reverse: 5'-TTGCTGTCCATTCTTCCTC-3'; abcc2: 

forward: 5'-GGATAGTGGTGATGTTGTG-3'; reverse: 5'-

TGTAGAAGAGGCAGAAGC-3'; abcg2a: forward: 5'-

AAGTGTCTGTCTGGATATGTAGTG-3'; reverse: 5'-
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TTTCTCTCTGTTTGATGGATTTCG-3*; efla forward: 5'-

TCAAGAAGATCGGCTACAAC-3'; reverse: 5'-GGCAGAATGGCATCAAGG-3'. 

Primer quality was verified with gel electrophoresis of reaction product from standard 

reverse transcriptase polymerase chain reaction (RT-PCR) followed by product 

sequencing. 

qRT-PCR was carried out to 45 cycles and according to kit specifications, 

using SYBR Green PCR Master Mix (Quantace, Berlin, Germany) and an iCycler 

Real-Time PCR Detection System (Bio-Rad, Munich, Germany); kits were utilized 

and primer concentrations were optimized according to manufacturer's protocol. For 

each primer pair, cDNA dilution series were run in duplicate and samples were run in 

triplicate on optically clear 96-well plates (Biozym, Hessisch Oldendorf, Germany). 

Analysis 

All samples (hours 1, 2, 4, 5, 6, 7, 8, 9, 10, 72 post-fertilization) were analyzed 

for abcbl, abccl, abcc2, abcgla, and elongation factor-1 alpha (efla, a housekeeping 

gene selected based on findings by Tang et al. (2007) transcript expression on at least 

duplicate occasions, where an occasion consisted of triplicate analyses (wells) of said 

sample mated with one primer pair (this was done for all primer pairs listed). Before 

transcript expression calculations involving samples' CT values could take place, data 

were assessed for acceptability by determining the reaction efficiency E for all primer 

pairs used (e.g., Ee/ia), on each occasion. To do this the cDNA dilution series 
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duplicates for each gene (on each occasion) were averaged and plotted linearly versus 

logio (ng cDNA). The slope of the linear regression of this relationship was then used 

to calculate E by the equation E = 10("1/slope) (Ramakers et al., 2003). Data with non-

acceptable E values (or unacceptable R2 values) were not analyzed further. 

Four distinct courses of data treatment were then used to determine transcript 

expression levels, producing a data set which consisted of the ten time-points 

corresponding to developmental timing at collection, noted by hpf, with data on four 

genes at each of these time-points and additionally four unique courses of data 

treatment for each of these gene/time-point combinations. All courses of data 

treatment were normalized to the expression of efla although each course did so to a 

different extent. The non-conservative (NC-1; Table 1) Delta CT method, as referred 

to here, directly incorporated a difference (delta) in raw CT values for a specific 

"sample/efla" combination (wells 1, 2, 3) from the raw CT values for that same 

sample's "sample/target gene" combination (wells 1, 2,3, respectively), as the only 

component of an exponent. The second non-conservative method (NC-2; Table 1), 

named here the Exponent method and adapted from Gralnick et al. (2005), computed 

expression values according to a double-delta CT iteration placed in the exponent of a 

fraction-based equation (see Table 1). Meanwhile the conservative courses of data 

treatment Mean of Normalized Expression (NE) (C-l; Table 1) and Mean Normalized 

Expression (MNE) (C-2; Table 1) are variations based on an initial equation known 

as normalized expression (Muller et al., 2002) which involves calculated reaction 
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efficiencies and is computed according to 

EeflaCT'fUl 

Etarj/etCTtar*,t 

NE and MNE were calculated as described by Muller et al. (2002) and Simon (2003) 

(Table 1). 

Once expression values were calculated for all (four) target genes at all (ten) 

time-points by all (four) courses of data treatment, analyses were performed using 

SYSTAT 12.02 (Systat® Software Incorporated, San Jose, CA, USA) to investigate 

whether there existed a significant difference between each calculated expression 

value and zero, the null hypothesis of no expression; this was accomplished by a 

series of one-sample t tests testing the calculated expression values for all targets (all 

combinations of gene/time-point/course of data treatment). These one-sample t tests 

used the alternative "greater than" and determined whether the calculated expression 

value was significantly greater than the expectation for no expression. 

Power analyses were performed individually on all results of one-sample t 

testing to calculate the power of a one-sample t test to detect a true difference in 

expression from the null hypothesis. This also assessed the ability of each course of 

data treatment to enable accurate detection of a true difference from the null at every 

time-point studied. From these data we calculated the minimum sample size needed 

to achieve 80% power in all scenarios. The overall efficiency of a course of treatment 

could then be ascertained by looking at all time-points and comparing how many 

samples were needed to reach the standard power threshold of 80%. 
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RESULTS 

The data here were representative samples used in an experimental analysis of 

the statistical power associated with different courses of data treatment. With a 

primary interest in comparing these courses of treatment, we presented data grouped 

by "Method of Normalization" (Figure 1). The calculation method with the lowest 

sample size needed to achieve 80% power was equivalently the Delta CT method 

(NC-1; Table 1) and the Exponent method (NC-2; Table 1), with eight or fewer 

samples required to reach the standard power threshold of 80%, indicating a non-

conservative approach was the most efficient analysis method for this experimental 

model. Of these approaches the Delta CT calculation method was the simpler in both 

structure and approach. The downward-facing arrow parallel to the right-hand y axis 

(Figure 1) indicates increased efficiency corresponding to a decreased sample size: as 

fewer samples were needed to reach 80% power (to correctly detect a true difference 

80% of the time), sampling and design became more efficient because fewer samples 

were needed to be able to detect a true difference. The second-most efficient course 

of data treatment was the conservative MNE method (C-2; Table 1), with fewer than 

fifteen sampling events needed to achieve 80% power for all genes except abcbl. 

The conservative NE method (C-l; Table 1) was least efficient, requiring a sample 

size of fifteen or greater for all genes except abcg2a (Figure 1). Though a higher 

sample size was needed for abcbl analyses across all treatment methods than for the 
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other ABC transporter genes investigated here (Figure 1), sample size seemed to 

mostly consistent across genes within a specific course of data treatment. These 

findings allowed us to look more globally at normalization calculations and their 

respective statistical powers. 
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DISCUSSION 

By using expression values calculated according to the four courses of data 

treatment we were able to, with each course of data treatment, evaluate our power to 

correctly detect a true difference in transcript expression (from the null). Information 

from these power analyses determined the minimum sample size that would be 

needed under four specific protocols, or experimental models. These values were 

based on the values measured and calculated, and they are an assessment of the 

efficiency of the work as well as one's capability to detect a true difference or 

determine at what sample size one could be capable of detecting a true difference 

(80% of the time), given these protocols and the particular constraints of our 

experimental model. 

The output of the series of one-sample t tests allowed us to calculate the power 

for each situation, a computation based on the mean and standard deviation of the 

data set: power analysis converts a data set into standard deviations. That a non-

conservative approach, the Delta CT method or Exponent method, was the most 

efficient course of data treatment for this model may seem counterintuitive, even 

contradictory to accepted presumptions and standards in the field of qRT-PCR 

analysis. Observing that under the constraints of this experimental model, the most 

efficient normalization calculation—providing maximal power for a minimal sample 

size—is the least conservative approach investigated, is unexpected: neither of these 
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non-conservative approaches account for differing reaction efficiencies, nor any 

effects from possible primer contamination or differences in primer dilutions, yet 

either serves as the most efficient of the courses of data treatment investigated. 

Work by Giulietti et al. (2001), Ramakers et al. (2003), and Vandesompele et 

al. (2002), among others, clearly illustrates the need for accurate quantification and 

normalization parameters, and prior work by Gonzalez et al. (2005; 2006), Tang et al. 

(2007), and Voelker et al. (2007) supports and evidences the efficacy of 

normalization methods for other life stages of zebrafish. In assessing the validity of 

our findings, it was considered that, due to the unexpected nature of our results, other 

factors—such as those related to systemic or design bias—should be considered 

which could have impacted our findings. One would have initially expected that a 

conservative course of data treatment which also minimized standard error due to its 

calculation structure (Simon, 2003) would have been the most efficient for our 

system. Therefore we expected that the MNE method (C-2; Table 1), not only 

conservative but also having been selected by Muller et al. (2002) and Simon (2003) 

in a comparison of conservative data treatment methods, would have provided 

greatest capability to detect a true biological difference. However systemic bias 

should be discussed as a potential confounding factor affecting our findings that a 

non-conservative approach to data normalization—Delta CT method the simplest of 

those investigated—was most efficient for our model. Perhaps there was not enough 

noise in our samples to make conservative normalization effective, with 
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normalization taking into account so much that we lost the capability to observe a true 

difference. In this case conservative normalization would have essentially quashed 

the capacity to identify transcript expression. It is thus possible that transcript 

expression in zebrafish embryos for these specific ABC transporter genes was so low 

that what signal may have existed was lost while performing the more widely 

accepted conservative normalization methods: we could have over-accounted for bias 

or suspected bias to the point where resolution was forfeited. This would have been 

reflected in the larger sample sizes required to achieve 80% power when normalizing 

the same data set according to the more widely accepted conservative normalization 

calculations. In all likelihood, some intra-experimental variation may exist, although 

the extent to which this is biologically significant and therefore must be taken into 

account via the employment of conservative data treatment methods, remains 

unanswered. 

It should be additionally considered that perhaps there existed a bias in design, 

where the non-conservative approaches (NC-1, NC-2; Table 1) smoothed over other 

unidentified types of error that should have been included in our experimental model 

but were not taken into account because levels of transcript expression were not high 

enough for this to occur. Conservative normalization calculations (C-l, C-2; Table 1) 

perhaps account for this error more appropriately than non-conservative ones, but this 

is not quantifiable and can't therefore be refuted or claimed. Due to this potential 

smoothing-over effect, what we determined to be an efficient approach could possibly 
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(although very unlikely) be the effects of this other error that remain unaccounted-for. 

It is difficult to deny or quantify error which may be built into one particular 

course of data treatment or another. Perhaps normalizing directly to the CT value of 

the housekeeping gene, as was done using the Delta Cj method (NC-1; Table 1) and 

Exponent method (NC-2; Table 1), was sufficient because the biologically significant 

source of error was inter-experimental and could be accounted for in just the 

housekeeping gene CT value. Use of a more conservative course of data treatment in 

this case would have been counter-productive and could have led to findings which 

were difficult to interpret. Alternately perhaps there was error which remained 

unaccounted-for by the Delta CT or Exponent methods, in which case the output of 

either model could be tainted by unidentified and un-quantified error. Previous work 

by others has strongly evidenced the need for precision in qRT-PCR data treatment; it 

is our aim to illustrate the distinct importance of also considering accuracy and the 

power of design to affect it. 

Any selection of one particular course of data treatment over another should 

be done so specifically for each particular system or experimental model. We suggest 

an assessment of the statistical power differences conferred upon a model by selection 

of different courses of data treatment and an investigation of the advantages and 

disadvantages of each. From this point one could confidently assess these merits in 

terms of the ideas or considerations behind one's own experiments and design. The 

method of data treatment chosen will likely be unique to each system and cannot be 
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universally defined. We believe disclosure of normalization method should be 

considered for qRT-PCR data submitted for publication, as the means by which data 

are normalized dramatically affects the power of an experimental model and therefore 

the accuracy of its interpretations. 
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FIGURE LEGENDS 

Figure 1: Plotted results of the mean sample size required to reach 80% power, shown 

for all target ABC transporter genes according to the course of data treatment used to 

determine transcript expression. Plot presents courses of data treatment on the x axis 

as "Method of Normalization": D (Delta Cj), Exp (Exponent), NE (Mean of 

Normalized Expression), and MNE (Mean Normalized Expression). Target ABC 

transporters genes abcbl, abccl, abcc2, and abcg2a are represented within each 

Method of Normalization; data from all time-points were combined under a given 

target gene and are shown versus the mean sample size (+ standard error) required to 

achieve 80% power. A smaller sample size required to achieve 80% power 

corresponds to a greater efficiency in design and protocol, as shown by the 

downward-facing arrow running parallel to the rightmost y axis. 
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FIGURES 

Figure 1 

Sample Size Needed to Reach 80% Power, by Method 
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TABLES 

Table 1: Direct comparison of methods of data normalization used to investigate 

transcript expression of select multidrug resistance (MDR) genes—abcbl, abccl, 

abcc2, abcgla—during early development in zebrafish. Shown are assigned names 

(abbreviations) of the methods used as well as the respective calculations involved as 

well as their designations for the purpose of discussion. 
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ABSTRACT 

While investigating the existence and behavior of transcript expression of 

select MDR-affiliated genes in the early developing zebrafish (Danio rerio) embryo, 

results of normalizing transcript expression according to an established conservative 

method seemed to suggest that transcript expression was indeed occurring during 

early development, although patterns in expression were not observable and an exact 

behavior was unknown. We therefore alternately explored a course of data treatment 

involving a non-conservative approach to normalization calculations that accounted 

only for inter-experimental variation. Though both experimental approaches were 

valid, they did not show the same interpretation of data. Power analyses—assessing 

the capability of an experimental design to detect a true difference—assisted with 

further assessing the merits of each approach; these analyses revealed that the power 

of the experimental model behind the conservative approach was much less than that 

behind the non-conservative approach and further demonstrated the design of the 

non-conservative approach provided for adequate power to accurately detect a true 

difference, when one existed. Therefore transcript expression of select MDR genes 

can be measured. Expression patterns are compared for genes investigated, and 

preliminary conclusions as to the potential significance of the findings are drawn, 

highlighting the significance of future study applications investigating transcript 

expression responses of MDR-affiliated genes to stress or toxicants. 
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INTRODUCTION 

Multidrug resistance (MDR) is a protective mechanism observed in tissues 

and tissue-derived cell cultures of mammals, marine invertebrates, and teleosts by 

which organisms possess the capacity to defend against toxicant accumulation due to 

the activity of membrane-bound transporters which export xenobiotics and their 

metabolites from cells (Cole and Deeley, 1998; Ambudkar et al., 1999; Bard, 2000). 

MDR in marine invertebrates and teleosts is a cousin phenomenon of multidrug 

resistance observed in cancer treatment—a chief contributing factor to resistance to 

chemotherapeutics (reviewed by Leslie et al., 2005)—and is principally ascribed to 

the efflux activity of members of the ATP-binding cassette superfamily acting solely 

or in combination with other member(s). Transport protein families involved in 

MDR include multidrug resistance-associated protein (MRP/ABCC), permeability 

glycoprotein (P-gp/ABCB) (Cole and Deeley, 1998; Ambudkar et al., 1999; Bard, 

2000), and breast cancer resistance protein (BCRP/ABCG2) (Sarkadi et al., 2004; 

Leslie et al., 2005). Within each transport protein family multiple members can be 

involved in MDR (i.e., MRP1, MRP2)—where each member transports a particular 

set of substrates usually grouped by chemical or physical similarity (reviewed by 

Leslie et al., 2001; Jones and George, 2004; Leslie et al., 2005)—however not all 

members are responsible for MDR (Dean et al., 2001). 

MDR as a mechanism of defense during early development has been 
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identified in the marine invertebrates seastars (Roepke et al., 2006), the blue mussel 

(Mytilus edulis) (McFadzen et al., 2000), the southeastern oyster (Crassostrea 

virginica) (Keppler and Ringwood, 2001), the fat innkeeper worm (Urechis caupo) 

(Toomey and Epel, 1993; Hamdoun et al., 2002), and the purple sea urchin 

(Strongylocentrotus purpuratus) (Hamdoun et al., 2004). MDR has also been 

identified or partially characterized in tissues or tissue-derived cell cultures of many 

teleosts including adult common carp (Cyprinus carpio) (Smital and Sauerborn, 

2002), juvenile turbot (Scophthalmus maximus) (Tutundjian et al., 2002), and adult 

rainbow trout (Oncorhynchus mykiss) (Sturm et al., 2001; Shuilleabhain et al., 2005). 

In addition, recent work by Langsner et al. (ms in prep) demonstrates MDR-related 

transport activity in early zebraflsh embryos associated primarily with activity of 

MRP transporters, although limited P-gp activity is noted. 

While transcript expression of MDR genes or genes encoding for proteins 

with MDR-like activity has been noted and explored in developing stages of various 

marine invertebrates, transcript expression of these genes during development in a 

teleost remains largely unknown. Dean and Annillo (2005) identified 41 ABC 

transporter genes in zebrafish, including ones encoding proteins with a potential 

function as MDR transporters, and recent work by Fischer and Luckenbach (pers. 

comm.) explored transcript expression of MDR-related genes in late embryos and 

early larval stages of zebrafish; these authors detected transcript expression during 

later development. However evidence of transcript expression during very early 
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development in this model teleost is lacking—evidence needed to better understand 

MDR in teleost embryos and how this phenomenon could potentially protect against 

accumulation and toxicity of xenobiotics during critical early stages. It is thus 

necessary to assess levels of transcript expression of MDR-related genes during early 

development and determine whether expression levels are detectable and, if so, what 

trends (in transcript expression levels) could be observed. To this end abcbl, abccl, 

abcc2, and abcg2a transcripts were selected for investigation based on evidence of 

Mrp {abccl, abccl) and P-gp (abcbl) activity in early embryos (Langsner et al., ms 

in prep) and an increasing interest in Bcrp (abcg2a). 

Due to discrepancies in the literature and the distinct lack of consensus 

pertaining to the use and extent of normalization calculation methods appropriate for 

investigations involving the combined factors of MDR genes, zebrafish samples, and 

teleost embryos, transcript expression data obtained via quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) were assessed using two distinct 

calculation methods, one non-conservative method which accounted for inter-

experimental variation only and one conservative method which accounted for both 

intra- and inter-experimental variation. These methods were also assessed based on 

their suitability for the given experimental model and the target aim of detecting and 

investigating transcript expression of select MDR-affiliated genes during early 

development. Comparative analyses were carried out with these aims in mind so as 

to assess the method which best satisfied them. 
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This is to our knowledge the first concerted effort to investigate transcript 

expression of MDR-affiliated genes in the early developing zebrafish. MDR 

plausibly acts as a chief mechanism of defense during critical stages of early 

development where an evolved immune system and other complex mechanisms are 

not available to the undifferentiated embryo. Once transcript expression of MDR is 

characterized, the knowledge gained here could be used to design future studies to 

better understand or predict potential responses to xenobiotic insults affected before 

the onset of developed defense systems such as those which accompany or develop 

subsequent to organ and tissue differentiation. Thus investigations of transcript 

expression levels of MDR-associated genes during early development are important 

and warranted, to better characterize defense mechanisms available to the early 

zebrafish embryo. 
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SAMPLE PREPARATION AND ANALYSIS 

Sample Isolation, Purification 

Protocol for maintenance of adult stocks and collection of embryos used in all 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

experiments were performed according to Schulte and Nagel (1994) and Nagel 

(2002). Isopropyl alcohol, ethanol, chloroform, and diethylpyrocarbonate-treated 

(DEPC) water were obtained from Roth (Karlsruhe, Germany). TRIzol® Reagent 

was purchased from Invitrogen (Karlsruhe, Germany) and prepared according to 

manufacturer's instructions. 

For each sampling event, embryos from multiple pairings were pooled, staged, 

and subsequently collected at 1, 2, 4, 5, 6, 7, 8, 9, 10, and 72 hours post-fertilization 

(hpf). Embryos were incubated at 28.5°C until collection, at which time they were 

assessed for developmental progression and treated with TRIzol® to initiate total 

RNA extraction. Once in TRIzol®, embryos were mechanically homogenized and 

immediately underwent chloroform addition (100 uL for 25 embryos), at room 

temperature, to extract nucleic acids. This was followed by 5 minutes centrifugation 

at 12,000 g and 4°C. At this point the superior aqueous phase containing RNA was 

transferred to a new tube without disrupting the interface or inferior layer. Natant 

RNA was then precipitated by addition of an equal volume of isopropyl alcohol, brief 

freezing (-20°C), centrifugation at 12,000 g and 4°C, removal of supernatant, addition 
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of 75% ethanol, and a final centrifugation (12,000 g and 4°C). RNA pellet was dried 

at 37°C for 10 minutes and re-suspended in DEPC water; re-suspension was aided by 

5 minutes at 60°C. Genomic DNA contamination was removed by treatment with 

(RNAse-free) DNAse kit (Roche, Grenzach-Wyhlen, Germany) and brief incubation 

at 25°C. RNA quality was assessed using a Nanodrop spectrophotometer (PEQLAB 

Biotechnologie GMBH, Erlangen, Germany); quality of isolated total RNA was 

verified by the A260/A280 ratio: our average ratio was 1.936 (range 1.69 - 2.03) and 

therefore indicated a normally-acceptable quality (Fleige et al., 2006). cDNA for 

qRT-PCR was synthesized from total RNA using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Darmstadt, Germany) according to 

manufacturer's instructions and kit specifications. 

Primers and qRT-PCR 

Primers were designed using Beacon Designer™ software (PREMIER Biosoft 

International, Palo Alto, CA, USA) and ordered through Invitrogen (Karlsruhe, 

Germany): abcbl: forward: 5'-TACTGATGATGCTTGGCTTAATC-3'; reverse: 5'-

TCTCTGGAAAGGTGAAGTTAGG-3'; abccl: forward: 5'-

GATGCGTCCTTCTTGTCC-3'; reverse: 5'-TTGCTGTCCATTCTTCCTC-3'; abed: 

forward: 5'-GGATAGTGGTGATGTTGTG-3'; reverse: 5'-

TGTAGAAGAGGCAGAAGC-3'; abcg2a: forward: 5'-

AAGTGTCTGTCTGGATATGTAGTG-3'; reverse: 5'-
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TTTCTCTCTGTTTGATGGATTTCG-3'; efla forward: 5'-

TCAAGAAGATCGGCTACAAC-3'; reverse: 5'-GGCAGAATGGCATCAAGG-3'. 

Primer quality was verified with gel electrophoresis of reaction product from standard 

reverse transcriptase polymerase chain reaction (RT-PCR) followed by product 

sequencing. 

qRT-PCR was carried out to 45 cycles and according to kit specifications, 

using SYBR Green PCR Master Mix (Quantace, Berlin, Germany) and an iCycler 

Real-Time PCR Detection System (Bio-Rad, Munich, Germany); kits were utilized 

and primer concentrations were optimized according to manufacturer's protocol. For 

each primer pair, cDNA dilution series were run in duplicate and samples were run in 

triplicate on optically clear 96-well plates (Biozym, Hessisch Oldendorf, Germany). 

Analysis 

All samples (hours 1, 2, 4, 5, 6, 7, 8, 9, 10, 72 post-fertilization) were analyzed 

for abcbl, abccl, abcc2, abcg2a, and elongation factor-1 alpha {efla, a housekeeping 

gene selected based on findings by Tang et al. 2007) transcript expression on at least 

duplicate occasions, where an occasion consisted of triplicate analyses (wells) of said 

sample mated with one primer pair (this was done for all primer pairs listed). Before 

transcript expression calculations involving the sample CT value—the cycle 

threshold, or point at which the (fluorescence) signal exceeds background (Niesters, 

2001)—could take place, data were assessed for acceptability by determining the 
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reaction efficiency E for all primer pairs used (e.g., Eefia), on each occasion. To do 

this the cDNA dilution series duplicates for each gene (on each occasion) were 

averaged and plotted linearly versus logio (ng cDNA). The slope of the linear 

regression of this relationship was then used to calculate E by the equation E= 10(" 

i/siope) (Rangers e j a[ ? 2003). Data with non-acceptable E values (or unacceptable 

R values) were not analyzed further. 

The distinct courses of data treatment were then used to determine transcript 

expression levels, producing a data set which consisted of the ten time-points 

corresponding to developmental timing at collection, noted by hpf, with data on four 

genes at each of these time-points and additionally two unique courses of data 

treatment for each of these gene/time-point combinations. Both courses of data 

treatment were normalized to the expression of efla although each did so to a 

different extent. The non-conservative Delta CT method, as referred to here, directly 

incorporated a difference (delta) in raw CT values as the only component of an 

exponent (Table 1). The conservative course of data treatment, Mean Normalized 

Expression (MNE) was selected based on findings by Muller et al. (2002) and Simon 

(2003) and is used in the data analysis tool QGene. The MNE method involves 

calculated reaction efficiencies (Table 1) and thus accounts for intra- as well as inter-

experimental variation. 

Once expression values were calculated for all (four) target genes at all (ten) 

time-points by both courses of data treatment, analyses were performed using 
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SYSTAT 12.02 (Systat® Software Incorporated, San Jose, CA, USA) to investigate 

whether there existed a significant difference between each calculated expression 

value and zero, the null hypothesis of no expression; this was accomplished by a 

series of one-sample t tests testing the calculated expression values for all targets (all 

combinations of gene/time-point/course of data treatment). These one-sample t tests 

used the alternative "greater than" and determined whether the calculated expression 

value was significantly greater than the expectation for no expression. 

Power analyses were performed individually on all results of one-sample t 

testing to calculate the power of a one-sample t test to detect a true difference in 

expression from the null hypothesis. This also assessed the ability of each course of 

data treatment to enable accurate detection of a true difference from the null at every 

time-point studied. From these data we calculated the minimum sample size needed 

to achieve 80% power in all scenarios. 
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EVIDENCE OF TRANSCRIPT EXPRESSION OF MDR-AFFILIATED 

GENES 

Conservative Approach: MNE Method 

Figure 1 shows transcript expression levels calculated according to the MNE 

method. In all panels (A - abcbl, B - abccl, C - abcc2, D - abcgld) expression 

levels seem to hover around zero with exception of unique events exhibiting a 

transitory, pulse-like behavior of expression values greater than zero. These 

measurements are temporal, of low magnitude, and do not constitute solid evidence of 

transcript expression. Although transient pulses were seen in all panels (Figure 1), 

averaging the data to generate values for mean transcript expression at each time-

point—presented as mean expression (+/- standard error) plotted versus hpf in panel 

A, B, C, D, insets—did not provide any additional information as to trends which 

might exist in expression levels. Thus averaging transcript expression values for each 

time-point did not confer an advantage for detecting patterns in transcript expression: 

time-points with a transitory pulse of expression appear instead as time-points of low 

magnitude with a proportionally high standard error, none of which exhibit significant 

transcript expression (Figure 1). Significant transcript expression was only detectable 

for abcgla at 1 hpf (Figure 1, D inset, *). Therefore data presented in Figure 1 were 

not obviously in strong support of determinant transcript expression and seemed only 

suggestive of levels of low or no expression punctuated by temporal pulses of low 
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magnitude lacking a clearly evident pattern, and secondary examination of these data 

as mean transcript expression (Figure 1, panel insets) did not further clarify findings. 

However the data are valuable in that they suggestively support the idea that 

transcript expression of select MDR genes could be detected in the early zebrafish 

embryo. 

Non-Conservative Approach: Delta Cj Method 

The temporal behavior observed in all panels of Figure 1 suggested perhaps 

the need for additional investigations using a (statistically) more powerful 

normalization calculation method which would possess a greater capability to clarify 

our findings and provide more solid evidence of transcript expression in this 

experimental model, perhaps even informing about trends which might exist. Figure 

2 shows transcript expression values calculated according to the non-conservative 

Delta CT method. Expression is more obviously observable and appears to form a 

trend across time-points, although this is different for each gene. In all panels (A -

abcbl, B - abccl, C - abccl, D - abcgld) expression is evident, a finding which 

clearly supports the conclusion that measurable transcript expression of these select 

genes does exist. Further, these data inform more clearly that patterns in transcript 

expression do occur: panel insets evince a mean transcript expression value (+/-

standard error) for each time-point, while time-points exhibiting significant 

expression are noted by * (one-sample t test; P values in Table 1). 
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Figure 2 panel A evidences abcbl transcript expression levels decreasing from 

1 hpf to 4 hpf followed by a slight increase in expression at 5 hpf which led to slowly 

diminishing expression levels through 10 hpf. abccl expression (Figure 2, panel B) 

illustrated a sharp decline in expression from 1 hpf to 2hpf followed by a seemingly 

stable low level of expression again through 10 hpf. The pattern of abcc2 expression 

(Figure 2, panel C) most closely matched that of abcbl, although magnitude values 

were much smaller for abcc2. Lastly abcgla expression increased dramatically from 

1 hpf to 2 hpf (Figure 2, panel D) only to subsequently diminish and stabilize around 

the level of no expression. Insets of panels A, B, C, D illustrate the mean transcript 

expression values (+/- standard error, plotted versus hpf); time-points with significant 

(P < 0.05, one-sample t test) expression are marked (*). 

Although the Delta CT method was a non-conservative approach, not as 

widely used as the MNE method, and only accounted for inter-experimental variation, 

it sufficiently maximized the potential to correctly detect true transcript expression in 

these samples, lending credence to our findings that expression levels were different 

for the genes investigated and exhibited unique patterns. It is therefore likely that the 

findings presented in Figure 2 most closely matched what was truly occurring with 

respect to transcript expression of these select genes in the early zebrafish embryo. 

Statistical Analyses 

Table 1 summarizes the P values corresponding to all measurements of 
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significant transcript expression, whether calculated according to the MNE method or 

the Delta CT method. Alongside each of these P values is listed n, the number of 

samples analyzed in our work, as well as the sample size needed to achieve 80% 

statistical power for a given measurement. In the rare case where n was not sufficient 

to reach 80% power, the level of power achieved is noted parenthetically. Table 1 

further assessed the merits of both experimental approaches and strongly evidenced 

the accuracy of results in Figure 2. The experimental design which included Delta CT 

calculations most sufficiently maximized our potential to correctly detect true 

transcript expression. 
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ASSUMPTIONS AND PERSPECTIVES 

The midblastula transition signifies the onset of embryonic gene transcription 

and occurs about 3 hpf in zebrafish (Kane and Kimmel, 1993), so the existence of 

transcripts prior to this event is indicative that transcripts are maternally derived 

(reviewed in Sawyer et al., 2006; Pikulkaew et al., 2009). abcgla, with the most 

markedly different pattern in transcript expression from the other genes studied, 

exhibited an increase in expression from 1 hpf to 2 hpf. At this point during 

development the embryo could not independently carry out transcription of abcgla to 

produce such an increase (Kane and Kimmel, 1993); thus the increase was likely due 

to release of stored transcripts that were also maternally derived. In contrast to this 

pattern, abcbl, abccl, and abcc2 (Figure 2) transcript expression levels decreased 

from 1 hpf to 4 hpf, at which point levels mostly stabilized around zero expression or 

a point of relatively low expression, with exception of few time-points with slightly 

elevated expression levels. Thus a decrease in transcript expression levels prior to the 

midblastula transition denotes a depletion of maternally inherited transcripts degraded 

for (used in) the production of specific protein products needed during early 

development (reviewed in Kishida and Callard, 2001; Sawyer et al., 2006; Pikulkaew 

et al., 2009). It can therefore be postulated that early zebrafish embryos are utilizing 

abcbl, abccl, abcc2, and abcg2a transcripts to produce P-gp-, Mrp-, and Bcrp-like 

transporters. Production of additional or novel protein product would provide an 
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additional defense mechanism for the embryo during critical early stages where it 

lacks a developed immune system and other complex defenses associated with 

developed organs and tissue differentiation which are not yet in place. 

Transcript expression patterns oiabcbl, abccl, abcc2, and abcgla genes are 

varied during early development. The findings presented here are the first to 

definitively demonstrate measurable transcript expression of select MDR genes in the 

early zebrafish embryo and evidence trends in expression levels through 10 hpf. 

These findings further enhance our understanding of the MDR response in early 

developing teleosts and provide transcript expression data which can be used in 

further assessments on the capacity of the MDR response to address xenobiotic insult 

(or be perturbed by it) during early development. 
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FIGURE LEGENDS 

Figure 1: Transcript expression as conservatively calculated according to the MNE 

method. Panels (A - abcbl, B - abed, C - abcc2, D - abcg2a) show measured 

transcript expression levels at all time-points. Overall transcript expression levels 

appear to hover around zero for most time-points investigated, with exception of what 

appear to be transitory pulses in expression occurring at different singular time-points 

for all genes. These instances where normalized transcript expression value is greater 

than zero are unique events which appear to be temporal and seem to affect no trends 

in transcript expression. Panel insets display mean transcript expression (+/- standard 

error) at all time-points; only abcg2a at 1 hpf exhibits significantly (P < 0.05, one-

sample t test) measurable mean transcript expression, noted by * in Panel D inset— 

findings further confirming the lack of observable trends or patterns in transcript 

expression among the genes investigated. 

Figure 2: Panels (A - abcbl, B - abeel, C - abcc2, D - abcg2a) show transcript 

expression values calculated according to the Delta CT method, where the inset of 

each panel shows mean transcript expression (+/- standard error) plotted versus hpf. 

Time-points with significant (P < 0.05, one-sample t test) mean transcript expression 

are noted by * in panel A, B, C, D insets. Panel A shows a dramatic decrease in 

abcbl transcript expression to 4 hpf, after which levels increase briefly before 
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decreasing to essentially zero at later time-points. Panel B depicts dramatically 

decreased abccl transcript expression from 1 hpf to 2 hpf followed by relatively 

stable low expression through 10 hpf which appears to transiently decrease at 7 hpf. 

Panel C illustrates low abcc2 transcript expression levels slowly decrease to 4 hpf 

followed by a brief increase to 6 hpf and essentially no expression from 7 hpf onward. 

Panel D displays a markedly different trend of abcg2a expression levels: an increase 

from 1 hpf to 2 hpf is followed by a dramatic decrease to nearly zero expression at 

4hpf, after which levels increase again at 5hpf only to subsequently slowly decrease 

to essentially no expression. 
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FIGURES 

Figure 1A abcM - Expression Values Calculated by MNE Method 

1.0 

0.8 -
d) 

TO 

c 0.6 
O 

'in 
CO 
0) 
& 0-4 

LLI 

S 0.2 
c 

0.0 • • • • • • 

-//-

r-^-4 I V. 

4 5 6 7 8 9 

Hours Post-fertilization (hpf) 

• • : 

72 

Figure IB abcc? - Expression Values Calculated by MNE Method 

I 

0.25 

0.20 

0.15 

co 

| o.io H 
LU 

Q. 
£ 0.05 -
c 

s 
H 

0.00 -
• • 

VA-

• • • • • • 

T 1 1 r 
4 5 6 7 8 

Hours Post-fertilization (hpf) 

124 

v/-
10 72 



Figure 1C abcc2 - Expression Values Calculated by MNE Method 
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Figure 2A abcbl - Expression Values Calculated by Delta CT Method 
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Figure 2B abed - Expression Values Calculated by Delta CT Method 
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Figure 2C abcc2 - Expression Values Calculated by Delta CT Method 
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TABLES 

Table 1: P values of time-points where mean transcript expression was significantly 

(all P < 0.05, one-sample t test) greater than zero, the null hypothesis of no 

expression. Information is presented by gene investigated and the normalization 

calculation used. Also shown is n, the number of samples used in the analysis, and 

the sample size needed to achieve 80% power. In cases where 80% power was not 

achieved, the power of the test was presented parenthetically beside the value for n. 

MNE 
(Figure 1) 

abcg2a 

Delta CT 

(Figure 2) 

abcbl 

abccl 

abcc2 

abcgla 

hpf 

1 

fCTefla wellL + CTcric -well2 + CTe/ic vieui \ 
Eefl a •• 3 

iCTtaraet wellL + CTrcroetwell2 + CTtaraet wells\ 
Etarget- 3 

P value 

0.046545 

n (power if < 80%) 

3 (62.7%) 

n for 80% power 

4 
2~iCTtarget welll-CTe/lor welliJ 

hpf 
1 
2 
4 

72 
1 
2 
6 

10 
72 

1 
2 
6 
1 
2 
4 
5 
6 
9 

72 

P value 
0.008133 
0.000426 
0.000169 
0.033553 
0.012343 
0.020732 
0.040864 
0.047101 
0.014507 
0.020683 
0.015836 
0.041521 
0.008451 
0.039302 
0.008176 
0.022174 
0.001478 
0.081191 
0.003763 

n (power if < 80%) 
4 
5 
3 
2 
3 
3 

5 (60.6%) 
2 (70.6%) 

2 
4 
4 

5 (59.9) 
3 

3 (69.1%) 
3 

5 (76.6%) 
5 
4 
2 

n for 80% power 
3 
3 
2 
2 
3 
3 
8 
3 
2 
4 
4 
8 
3 
4 
3 
6 
3 
4 
2 
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THESIS PERSPECTIVES 

The work presented here significantly contributes to the overall 

understanding of MDR in developing zebrafish. I developed methods to 

assess transport activity using a dye accumulation assay I adapted from those 

used in developing marine invertebrates, and I subsequently used these 

methods to provide the first evidence of Mrp- and P-gp-mediated transport 

activity in a developing teleost. Additional work exploring transcript 

expression of select MDR-affiliated genes provides initial evidences in 

support of MDR transcript expression in a developing teleost, and my 

comparison of qRT-PCR normalization calculation methods will provide an 

insightful and valuable addition to the growing body of evidence concerning 

qRT-PCR analyses and their useful applications by helping provide an 

analysis tool for assessing the suitability of available normalization 

calculations. 

The importance of these data resides in their applicability and to what 

future research endeavors they may lead. My data suggest that Mrp- and P-

gp-mediated transport activity decreases during periods of major change 

such as the midblastula transition (MBT); whether the embryo possesses an 

alternate means of defense during these times—perhaps one which does not 

129 



potentially interfere with critically-timed communicative or regulatory 

processes, as MDR is thought to (Hamdoun, pers. comm.)—remains to be seen. 

It is likely such a mechanism exists, otherwise the embryos would be left 

unprotected during major critical phases, a situation lacking adaptive 

capabilities and which is not conducive to long-term species survival. 

However for now this remains unknown. It is possible Bcrp may contribute 

to defense in the early embryo, but as well other non-MDR mechanisms 

should be investigated. It would be prudent to consider these possibilities in 

future work investigating toxicant exposures during specific phases of early 

development, specifically the potential effects of pulse exposures during 

specific "vulnerable" and "non-vulnerable" periods of early development. 

Periods with low transport activity or peaks in transcript expression, as well 

as specific critical phases such as the MBT should be considered for first 

study. It is of utmost importance to assess the direct and possibly indirect 

roles played by MDR transporters during early development and address 

these in terms of the relative amounts of protection afforded by their roles 

and activity, so as to better understand the capabilities of early teleost 

embryos to defend against specific toxicant accumulation or exposure as well 

as xenobiotic-induced toxicity. 

Work in zebrafish can be applied to native teleost species of interest 
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inhabiting numerous aquatic and marine environments hosting a variety of 

contaminants which threaten population viability through potential 

disruption of developmental processes. My findings have made possible the 

opportunity to further explore the capability of embryonic teleosts to survive 

a contaminated environment; these results can be used to guide future studies 

assessing the effect(s) of particular habitats on laboratory species such as 

zebrafish as well as to guide other future studies assessing survival of native 

species reproducing in a specific impacted environment. 
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APPENDIX to THESIS 

Immunocytochemistry 

Digital movies of immunolabeling shown in Introduction are available. These 

are z series taken using confocal scanning laser microscopy (methods below), where 

images of fixed x and y coordinates were taken at successively more negative values 

along the z axis in a specifically designated sample transect. 

Immunocytochemistry Methods 

Phalloidin fluorescein isothiocyanate (phalloidin-FITC), n-propyl gallate, 

glycerol, dimethyl sulfoxide (DMSO), bovine serum albumin (BSA), triton-x-100, 

tween-20, bis-benzimide, methanol, CaCl2, KC1, KH2P04, MgS04-7H20, NaCl, 

Na2HP04 anhydrous, and NaHC03 were purchased from Sigma-Aldrich Chemical 

Company (St. Louis, MO, USA). Alexa Fluor® 568 secondary antibody was 

purchased from Molecular Probes (Eugene, OR, USA). Phosphate buffered saline 

(PBS) was obtained from Pierce Biotechnology (Rockford, IL, USA). 

Paraformaldehyde (PFA) and glutaraldehyde (GTA) for embryo fixation were 

purchased from Electron Microscopy Sciences (Hatfield, PA, USA) and diluted to 

final concentrations using PBS. Phalloidin-FITC prepared in methanol and bis-

benzimide, prepared in PBS, were diluted in situ to final concentrations using PBS. 

Primary antibody to MRP, El9, was developed by Santa Cruz Biotechnology, Inc. 
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(Santa Cruz, CA, USA) and was a polyclonal affinity-purified antibody raised against 

a fifty-amino acid sequence of MRP of human origin; there existed 100% homology 

(of this sequence) to the zebrafish ATP-binding cassette transporter subfamily C 

member 2 and less-than 100% to other zebrafish abcc members (Santa Cruz 

Biotechnology, Inc., pers. comm., 2009). Primary antibody to P-gp was a custom 

polyclonal affinity-purified antibody raised against a sequence identified by A. 

Hamdoun; this primary antibody to sea urchin P-gp was produced in chicken by Santa 

Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) according to specifications by 

Hamdoun and Cherr (Cherr,pers. comm., 2008). 

Immunolabeling experiments used embryos reared and collected according to 

protocols described in Chapter 2. An anti-MRP polyclonal antibody and an anti-P-gp 

polyclonal antibody were utilized for transporter localization in fixed embryos. 

Sample preparation involved fixing embryos in a solution of 3% PFA and 0.1% GTA 

in PBS overnight at 4°C; embryos were fixed at the same developmental stages used 

in dye accumulation experiments. Subsequent to fixation embryos were rinsed three 

times with PBS, manually dechorionated, and treated with blocking buffer (1% BSA, 

1% DMSO, and 0.5% triton-x-100 by volume in PBS) for 150 minutes. Blocked 

embryos were rinsed several times with PBS before treatment with primary antibody 

prepared at a final concentration of 1 ug/mL using 1% tween-20 in PBS (PBS-T). 

Subsequent to overnight primary antibody treatment at 4°C, embryos underwent 

extensive rinses in PBS-T prior to secondary antibody treatment overnight at 4°C; 
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secondary antibody was prepared to a final concentration of 4 ug/mL in PBS-T. Post-

secondary antibody treatment, embryos again underwent extensive rinses in PBS-T 

and were then treated with bis-benzimide (final concentration 12.5 uM) to stain 

nuclei, rinsed with PBS, treated with phalloidin-FITC (final concentration 1.33 uM) 

to label F-actin, and again rinsed in PBS. Samples were stored at -20°C in mounting 

media (0.2% n-propyl gallate dissolved in 10% PBS and 90% glycerol) until imaging. 

Samples were viewed using an Olympus Fluoview™ 500 laser scanning confocal 

microscope (Olympus Corporation, New York, NY, USA) with water immersion 

laser scanning microscopy (LSM) objectives (20X, 40X). Multi-laser imaging was 

used with excitations at blue diode (405 nm), argon (488 nm), and krypton (568 nm) 

with acouticoptical tuning for complete channel separation. All images were 

analyzed using Fluoview™ software (version 4.3; Olympus Corporation, New York, 

NY, USA). 

Dye Accumulation Assay 

Fig. SI: Images of pre-MBT (A) and post-MBT (B) embryos at the 
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conclusion of dye accumulation assays, after treatment with 0.5 uM 
calcein-AM (1), 0.5 uM calcein-AM + 10 uM MK571 (2), and 0.5 uM 
calcein-AM + 1 0 uM PSC833 (3). Images have been identically 
scaled for presentation purposes. Note that fluorescence was 
measurable while not necessarily visually observable (example, panel 
Al). Pre-MBT embryos treated with MK571 (plus 0.5 uM calcein-
AM) clearly exhibited the greatest fluorescence of all treatments 
investigated and thus most strongly evidenced transport activity. 

PSC833 dose-response experiments were undertaken to investigate the 

relationship between incremental PSC833 doses and fluorescence, in order to better 

characterize the activity of P-gp transporters in pre-MBT and post-MBT embryos 

(Fig. S2). In these experiments embryos were treated with 0.5 (AM c-am plus PSC833 

ranging in concentration from 0 uM to 10 uM, under conditions described in Chapter 

2. These data were unclear as to the relationship between dose of PSC833 and 

measured fluorescence. Three possibilities could account for these findings: there 

was toxicity at nearly all concentrations of PSC833 (except possibly 0.5 uM, 

although embryos treated with PSC833 at any concentration did not appear 

developmentally affected or otherwise abnormal), PSC833 was additionally inhibiting 

Bcrp (mirroring evidence in other systems demonstrating PSC833's lack of 

specificity particularly when Bcrp is present), or PSC833 did not possess enough 

specificity for zebrafish P-gp to be effective and was therefore not a useful tool for 

studies of MDR in zebrafish (and would not be one in the future). 
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S2-A Calcein-AM Dose/Response + 10uM PSC S2-B Calcein-AM Dose/Response + 10uM PSC 

0.0 0.5 1.0 1.5 2.0 2.5 

[Calcein-AM] (uM) 

1.0 1.6 2.0 2.5 

[Calcein-AM] (uM) 

Fig. S-2: Fluorescence in response to 0 - 3 [xM calcein-AM, in the 
presence and absence of 10 uM PSC833, with • denoting calcein-AM 
treatment and ° denoting additional treatment with 10 uM PSC833. 
(A) Pre-MBT: The overall model for the relationship between 
[calcein-AM] and fluorescence was significant (P = 0.013; two-factor 
ANOVA), indicating increased fluorescence in response to increasing 
dose, but at any given [calcein-AM] there was no significant 
difference between embryos treated with calcein-AM and those treated 
additionally with PSC833. (B) Post-MBT: There was a significant 
relationship between [calcein-AM] and fluorescence (P = 0.001; two-
factor ANOVA), although embryos treated additionally with PSC833 
seemed to exhibit decreased fluorescence when compared to those 
treated with calcein-AM alone, except at 3 uM calcein-AM. Pairwise 
comparisons within the two-factor ANOVA model revealed no 
concentration of calcein-AM where PSC833 addition significantly 
altered fluorescence, indicating unremarkable or undetectable P-gp-
mediated transport activity. 

In subsequent experiments investigating the potential of interaction between MK571 

and PSC833, embryos were treated to 0.5 uM c-am, the same range of PSC833 

concentrations, and additionally 1 uM MK571 at all concentrations of PSC833; no 

evidence of interaction or cross-interaction (Fig. S3) was found between these 

inhibitors, nor did they appear to inhibit one another's target transporters. 
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S 3 - A PSC Dose/Response + 1 uM MK - PreMBT S 3 - B PSC Dose/Response + 1 uM MK - PostMBT 

14 , 1 11 

[PSC] (uM) [PSC] (uM) 

Fig. S3: Fluorescence in response to 0 - 10 uM PSC833 in the 
presence and absence of 1 uM MK571, with • denoting PSC833 
treatment and ° denoting additional MK571 treatment at the same 
[PSC833] (both in the presence of 0.5 uM calcein-AM). (A) Pre
MBT: There was no significant relationship (P = 0.673; two-factor 
ANOVA) between treatment (PSC833; PSC833 + 1 uM MK571) and 
fluorescence—additional evidence in support of unremarkable P-gp 
activity—and the pattern of response for embryos treated additionally 
with MK571 seemed to mirror that of those treated with PSC833 
alone, indicating a lack of cross-inhibition between these inhibitors. 
(B) Post-MBT: A significant (P = 0.032; two-factor ANOVA) 
relationship was found between treatment (PSC833; PSC833 + 1 \iM 
MK571) and fluorescence, perhaps indicative of limited P-gp activity, 
although the data were not strong enough to alone constitute solid 
evidence of P-gp activity. The same pattern of response in both 
treatments was further indicative of a lack of cross-inhibition between 
MK571 and PSC833. 

A second set of experiments (Fig. S4) investigating the potential for inhibitor cross-

inhibition or interaction was performed using 0.5 uM calcein-AM, the range of 

MK571 concentrations ( 0 - 1 0 uM) used in Chapter 2, and 1 uM PSC833; again no 

evidence of interaction was found. 
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S 4 - A NIK Dose/Response + 1uMPSC-PreMBT S 4 - B MK Dose/Response + 1uMPSC-PostMBT 

[MK](UM) imim 

Fig. S4: Fluorescence in response to 0 - 10 uM MK571, in the 
presence and absence of 1 uM PSC833, with • denoting MK571 
treatment and ° denoting additional PSC833 treatment at the same 
[MK571] (both in the presence of 0.5 uM calcein-AM). (A) Pre-
MBT: Embryos treated additionally with PSC833 exhibited the same 
pattern of response as those treated with MK571 alone, indicating that 
the inhibitory effects of increasing MK571 concentrations were not 
significantly (P = 0.263; two-factor ANOVA) affected by the presence 
of a low level of the P-gp inhibitor PSC833. (B) Post-MBT: The 
addition of luM PSC833 to embryos already treated with MK571 
seemed to not affect fluorescence except at 5 uM MK571 (where 
standard error bars did not overlap). There existed a significant (P = 
0.025; two-factor ANOVA) relationship between treatment (MK571; 
MK571 + 1 uM PSC833) and fluorescence, but the nature of this 
relationship was unclear. 

Transcript Expression 

A subset of samples of embryos 5 hours post-fertilization (hpf) through 10 hpf 

were exposed to 1 hour of treatment with 10 ug/mL actinomycin-D (in the dark) prior 

to collection; these embryos were reared and collected according to protocol 

described in Chapter 4. Findings from this work were contradictory to what was 

expected in response to actinomycin-D exposure: transcript expression of most genes 
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seemed to increase. Data are shown as calculated according to both the MNE (Fig. 

S5) and Delta Cj (Fig. S6) normalization calculation methods explored in Chapter 4, 

with results presented as (A) calculated transcript expression values and (B) a ratio of 

calculated transcript expression values of embryos treated with actinomycin-D to 

embryos not treated with actinomycin-D. 

F i g . S - 5 A Untreated Embryos and Embryos Treated with Actinomycin-D: 
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r. S-6A Untreated Embryos and Embryos Treated with Actinomycin-D: 
'* Expression Values Calculated by Delta CT Method 
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Actinomycin-D is a transcription inhibitor, so one would have expected to see 

decreased transcript expression subsequent to exposure, assuming measured transcript 

expression post-MBT was indicative of de novo transcription. If expression post-
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MBT were not due to transcription, actinomycin-D exposure should have resulted in 

unremarkable changes in measured expression levels; however most of my findings 

pointed to increased transcript expression with actinomycin-D treatment. I can only 

hypothesize that this occurred because actinomycin-D treatment resulted in the 

decreased transcription of regulatory factors which would normally have controlled 

the release of (maternally-derived) pre-packaged transcripts; the lack of regulation or 

regulatory factors—due to the interruption of their production caused by diminished 

transcriptive activity in the presence of actinomycin-D—resulted in a substantial 

increase in MDR-affiliated transcript expression, and control or release of pre

packaged transcripts could no longer occur in an orderly manner. 
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