
ABSTRACT 

WILLENS, SCOTT.  Effects of percutaneous malathion absorption in anurans.  (Under the 

direction of Michael K. Stoskopf and Gregory A. Lewbart) 

 

The objective of this research was to characterize the percutaneous absorption of the 

organophosphorous pesticide, malathion, across the skin of bullfrogs (Rana catesbeiana) and 

marine toads (Bufo marinus) using in vitro models.  An established mammalian model for 

percutaneous absorption, the two-compartment Teflon flow-through diffusion cell assay, was 

adapted to anuran skin to examine species and anatomical site differences in absorption and 

partitioning of C14-radiolabeled malathion.  Malathion absorption was greater across the 

ventral skin compared to dorsal skin in both bullfrogs and marine toads but did not differ 

significantly between species.  The issue of short-term storage and viability of anuran skin 

for diffusion cells was examined using glycerol preservation and cryopreservation 

techniques.  Bullfrog skin viability was retained for 28 days, while marine toad skin viability 

significantly decreased after 7-10 days.  A novel in vitro model, the harvested perfused 

anuran limb (HPAPL) preparation, which maintained an intact microvasculature to the skin, 

was developed.  The HPAPL represented an improvement over diffusion cells by retaining 

the anatomic and physiologic integrity of the skin.  Doppler ultrasound was used to 

determine the perfusion rate for the HPAPL by measuring the physiologic blood flow of the 

pelvic limb in vivo.  In addition to the characterization of the percutaneous absorption of 

malation in anurans, effects of sublethal doses on brain acetyl cholinesterase activity in 

bullfrogs and marine toads, were examined using a modified Ellman spectrophotometric 

technique.  Sensitivity to environmental toxins make anurans potentially important animal



models for studying the impacts of organophosphorous insecticide contamination of the 

environment.
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INTRODUCTION 

 

Organophosphorous Compounds and Amphibians 

The objective of this research was to characterize the percutaneous absorption of the 

organophosphorous pesticide, malathion, across skin from bullfrogs (Rana catesbeiana) and 

marine toads (Bufo marinus) using in vitro models.  There is increased concern about the 

sublethal effects of organophosphorous (OP) compounds on human and animal health (Vial 

and Saylor, 1993; Marty et al., 1994; Douglas, 1995; Gralewicz and Socko, 1997; Azaroff, 

1999; Sheffield and Lochmiller, 2001; Wood and Stark 2002; Jaga and Dharmani, 2003), 

including potential roles in the global decline of amphibian populations (Schuytema et al., 

1993; Taylor et al. 1999a,b; Fordham et al., 2001; Kiesecker, 2002; Gilbertson et al., 2003; 

Relyea, 2004).  Integration of human and wildlife health research and models is necessary to 

assess potential ecological risks because some wildlife species can show effects that are more 

subtle or take longer to manifest themselves in humans.  The ubiquitous use of OP 

insecticides, coupled with the permeability of anuran skin and sensitivity to environmental 

toxins, make anurans potentially important animal models for studying the impacts of OP 

insecticide contamination of the environment (Taylor et al., 1999a,b; Diana et al., 2001).  For 

example, bullfrogs (Rana catesbeiana) are considered to be a highly sensitive, environmental 

health indicator species that inhabit the aquatic and terrestrial interface (Carey and Bryant, 

1995; Blaustein et al., 1997; Taylor et al., 1999a,b).  In contrast, marine toads (Bufo marinus) 

are a predominantly terrestrial anuran species.  The anatomy and physiology of toad skin 

imparts an increased resistance to desiccation (Heatwole, 1994).   
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OP compounds are the most widely used class of insecticides in the world, including 

approximately 100 marketed commercial products constituting a multi-billion dollar world 

market (Racke, 1992; Levi, 1997).  These pesticides have numerous agricultural, 

horticultural, industrial, and medical applications spanning every conceivable insecticide, 

acaricide, and nematocide market (Racke, 1992; Diana et al., 2001).  Malathion (Figure A), a 

phosphorothionothiolate, is one of the most widely used OP pesticides with significant 

agricultural and therapeutic contributions (Marty et al., 1994; Gralewicz and Sacko, 1997; 

Walker and Johnstone, 2000; Sheffield and Lochmiller, 2001; Zhang et al., 2002; Hunter and 

Barker, 2003).  Widespread use of foliar sprays, emulsifiable concentrate (for termite 

control), aerial applications, wood treatment, microencapsulated forms (for fire ant mounds), 

and a variety of indoor treatments can lead to inadvertent exposure to non-target species in 

the environment through spills, volatilization, leaching, and runoff (Racke, 1992; Wolfe and 

Seiber, 1993; Diana et al., 2001).  Fortunately, large spills are rare due to current 

management procedures (Racke, 1992).  Volatility is low for most OP pesticides (vapor 

pressure 4 X 10-5 mm Hg for malathion), and most volatilized compound is rapidly degraded 

by photolysis caused by ultraviolet radiation (Miller et al., 1989; Racke, 1992).  Soil 

adsorption constants are typically strong (151-308 Koc9, ml/g for malathion in various soil 

compositions), reducing the impacts of leaching and runoff (Blumhorst, 1989; Racke, 1992; 

Zambonin et al., 2002). 

 

Figure A:  Structure of malathion 
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Degradation of malathion in soil is rapid and temperature-dependent, with higher 

temperatures resulting in complete degradation in less than 4 days (Laveglia & Dahm, 1977).  

Nonsterile conditions in soil causes a more rapid degradation of malathion due to 

microorganisms (Walker and Stojanovic, 1973).  Alkaline conditions also increase the 

susceptibility of malathion to hydrolysis (Walker and Stojanovic, 1973). 

In aquatic systems, OP pesticides rapidly partition (Kow 779 for malathion) into the 

sediment and dissipate through volatilization, photolysis, hydrolysis, and microbial 

degradation (Racke, 1992; Massachusetts Department of Agricultural Resources, 2005).  

Rapid environmental and metabolic degradation of OP pesticides prevent significant 

bioaccumulation (SCAMP, 1987; Massachusetts Department of Agricultural Resources, 

2005).  Ester hydrolysis is enhanced by alkalinity, higher temperatures, and ultraviolet 

radiation (Chambers, 1992).  Desulfuration (oxidation of P=S to P=O oxon intermediate) is 

also enhanced by ultraviolet radiation (Chambers, 1992).  Malaoxon, a biological and 

environmental metabolite, is more toxic than the parent compound (Shao-Non and De-Fang, 

1996).  However, it is also less lipophilic, and therefore less likely to penetrate the skin 

(Tsuda et al., 1997). 

Microbial degradation can occur through hydrolysis, oxidation/reduction (malathion 

converted to malaoxon by oxidation), complete mineralization to inorganic compounds, or a 

combination of the above (Racke, 1992).  Carboxyester cleavage of malathion by saltmarsh 

bacteria results in production of malathion monocarboxylic acid, malathion dicarboxylic 

acid, and other phosphotionates, rendering the compound nontoxic (O’Brien, 1960; Heath, 

1961; Massachusetts Department of Agricultural Resources, 2005).  In sterile systems, 
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increasing salinity causes a more rapid degradation of malathion (Massachusetts Department 

of Agricultural Resources, 2005). 

In insects, malathion is degraded predominantly through hydrolysis, however, 25% is 

converted to malaoxon by desulfuration (Aizawa 1982).  Due to the deleterious effects of 

malathion on the health of many non-target species, permethrin and resmethrin have partially 

replaced malathion as an adulticide (Massachusetts Department of Agricultural Resources).  

Bacillus thuringiensis subspecies israelensis (BTI) and methoprene have also partially 

replaced the use of malathion and permethrin as larvicides (Massachusetts Department of 

Agricultural Resources). 

Exposure to environmentally applied OP compounds can lead to adverse systemic 

effects in anurans, including effects on the nervous system and behavior (Gralewicz and 

Socko, 1997; Relyea, 2004), the immune system (Gilbertson et al., 2003; De Guise et al., 

2004), growth and development (Fordham et al., 2001), and the reproductive system 

(Sheffield and Lochmiller, 2001).  Sensitivity to OP toxicity is often dependent on species, 

life stage, compound, and concentration (Berrill et al., 1995).  Once absorbed into the body, 

OP compounds exert central and peripheral anticholinesterase effects, and there is a wide 

range of species variability in baseline brain AChE activity and susceptibility to 

anticholinesterases (Blakely and Yole, 2002).  Exposure to OP insecticides can also result in 

morbidity and mortality via mechanisms other than anticholinesterase effects (Balasundaram 

and Selvarajan, 1990).  Intracoelomic injection of the OP phosalone in the Indian bullfrog, 

Rana tigrina, markedly and specifically inhibits Mg2+-linked ATPase enzymes of the central 

nervous system, precipitating a moribund (neuromuscular incoordination) or comatose state 

(Balasundaram et al., 1995). 



 5 

In addition to neurologic effects, Immunosuppression, and subsequent susceptibility 

to opportunistic pathogens (Aeromonas hydrophila) has been demonstrated in Woodhouse’s 

toads, Bufo woodhousii, percutaneously exposed to sublethal field doses of malathion (Taylor 

et al., 1999a).  OP insecticides are also dose-dependent teratogens in the South African 

clawed frog, Xenopus laevis (Snawder and Chambers, 1989), and can cause eosinopenia and 

increased susceptibility to trematodes with consequent limb malformations at metamorphosis 

(Kiesecker, 2002). 

Overall, anurans have been shown to be relatively resistant to acetylcholinesterase 

(AChE) inhibitors compared to other species (Hall and Kolbe, 1980; Wallace, 1992).  

Malathion aerially applied to a forested watershed at the rate of 328 g/acre caused no 

observed adverse effects on reptiles and amphibians, although toads adsorbed elevated loads 

of residues in tissues (Giles and Roberts, 1970).  However, birds displayed neurologic signs 

for 2 days, with no short-term residual neurological effects found (Giles and Roberts, 1970).  

Rapid and efficient detoxification pathways, leading to readily excreted compounds, are 

partly responsible for increased resistance to AChE inhibitors in amphibians (Wang and 

Murphy, 1982; Gromysz-Kalkowska and Szubartowska, 1993).  For instance, frog brain 

acetylcholinesterase is less sensitive than acetylcholinesterase from other species studied to 

the inhibitory effect of organophosphorous oxons (Wang and Murphy, 1982).  Woodhouse’s 

toads percutaneously exposed to high and low doses of malathion had comparable 

suppression of AChE at 22% and 17%, respectively, when compared to unexposed 

Woodhouse’s toads (Taylor et al., 1999a).  Tadpoles of the X. laevis, exhibited significantly 

greater resistance to anticholinesterases compared to X. laevis tadpoles expressing human 

recombinant AChE (Shapira et al., 1998).  An additional factor contributing to the resistance 
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of amphibians to AChE inhibitors is the reduced dependence of amphibians on pulmonary 

respiration compared to mammals, which often succumb to respiratory paralysis, 

bronchoconstriction, and increased bronchial secretions (Diana et al., 2001). 

Because of this resistance, tadpoles can bioaccumulate certain OP pesticides to levels 

considered lethal to ducks and carnivorous species that consume them (Hall and Kolbe, 

1980), although exposure to malathion in anurans is not without deleterious effects.  Chapter 

One of this dissertation investigates the impact of percutaneous exposure to sublethal doses 

of malathion on brain AChE activity in R. catesbeiana and B. marinus, two North American 

anuran species, using a modified Ellman technique (Ellman et al., 1961).  Although 

malathion levels in tissues can be assayed using nuclear magnetic resonance or gas 

chromatography and mass spectrophotometry (Thompson, 1992; USEPA, 1998), AChE 

inhibition is the standard technique to assess the toxicodynamics of OP exposure (Podolak 

and Panasiuk, 1997; Bozsik et al., 2002).  I also examined the effects of malathion on 

susceptibility to A. hydrophila.  A sublethal dose of malathion should be expected to lower 

brain AChE by less than the IC50 (Carrington et al., 1990; Bajgar 1992).  The IC50 is the 

concentration of malathion required to inhibit 50% enzyme activity (Wallace 1992).  

Anurans exposed to this dose of malathion should display increased morbidity and mortality 

when challenged with A. hydrophila than animals not exposed to malathion (Taylor et al., 

1999a).  There is no evidence to suggest that frogs and toads would not exhibit comparable 

results in AChE suppression, behavior, and susceptibility to A. hydrophila. 
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Percutaneous Absorption 

Xenobiotics and toxins may be absorbed via several different routes, including 

ingestion, inhalation, and cutaneous absorption (Riviere, 1999).  Percutaneous absorption of 

xenobiotics such as malathion is considered a potentially important route of anthropogenic 

environmental exposure in amphibians considering the potential for extended contact with 

these compounds in aquatic environments (Wallace, 1992; Taylor 1999a,b; Johnson et al. 

2000; Fordham 2001; Relyea 2004).  Malathion is applied to crops and the environment in 

the form of aerosolized droplets approximately the same size as our 18.4 µl dose (Perich et 

al., 2000), which would not be sufficiently small (1-5 µg) to reach the lower airways for 

respiratory absorption (Riviere, 1999).  Typically, malathion aerosols are applied to the 

environment at a rate of 100 g/acre (2.5 µg/cm2) to treat for mosquitoes, significantly less 

than the 26 µg/cm2 local application in my diffusion cell study (Perich et al., 2000).  A 

percutaneous sublethal dose of 11 µg/g of body weight has been demonstrated for bullfrogs 

and marine toads (Taylor et al., 2004).  A frog or toad exposed dorsally to a typical 

environmental aerosol application of malathion would be expected to be exposed to sublethal 

doses or greater, weather conditions permitting. 

Paracellular, transcellular, and transappendageal pathways are three routes whereby 

xenobiotics are percutaneously absorbed (Riviere, 1999).  The most significant cutaneous 

route is the paracellular pathway.  This pathway involves transport through intercellular 

lipids.  The distinct morphology of the skin has been referred to as a “brick and mortar” 

model.  Amphibian skin also possesses this morphology (Figure B), however, anuran skin 

further maintains a bifacial cell system with respect to solute permeability (Ling, 1990).  The 

exterior cell surface of skin epithelium, which is exposed to environmental contaminants, has 
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a higher permeability, while the basal surface exposed to the extracellular fluid maintains a 

lower permeability to the contaminant (Ling, 1990).  Depolarization of the exterior cell 

surface, but not the basal surface, ensures a more unidirectional flow of solutes from exterior 

to interior.  This property may influence the transdermal flux of OP pesticides.  Amphibian 

skin also possesses intercellular tight junctions, which aid in the prevention of transepidermal 

water loss (Tattersall and Wright, 1996).  These tight junctions also maintain integrity of the 

skin to prevent or diminish toxic, infectious, or traumatic insult. 

 
Figure B: Toad skin, normal untreated, hematoxylin and eosin stained. 

Another route of penetration across the skin is the transcellular pathway in which 

molecules transfer repeatedly through cells, as well as the intercellular lipid matrix.  

Enhanced absorption of solutes by amphibian skin through the transcellular route, as well as 

persistence of OP pesticides in aquatic environments and the relative resistance of 

amphibians to AChE inhibition, contributes to the high bioaccumulation of OP pesticides in 

amphibian skin (Hall and Kolbe, 1980; Ling, 1990). 

 Third, the transappendageal pathway aids in cutaneous absorption through transport 

involving hair follicles and other adnexa.  Amphibians do not possess hair follicles, but there 

exists a significant distribution of cutaneous serous and mucous glands (Goniakowska-

Witalinska and Kubiczek, 1998; Green, 2001).  These adnexal structures could have an 
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impact on differential cutaneous absorption of toxicants at various sites, as well as species 

differences.  If a reservoir or depot effect for malathion occurs in the skin, periodic shedding 

and ingestion of the skin by anurans (Weldon et al., 1993; Green, 2001) could lead to an 

acute systemic toxicity via gastrointestinal absorption. 

Differences between species, gender, and location on the animal may play a role in all 

of these pathways.  These differences are important in determining which species and gender 

may be more at risk of environmental exposure through the cutaneous route, as well as which 

anatomic location is most susceptible to absorption and penetration.  Variation in skin 

thickness has been observed in several species of frogs (Greven et al., 1995).  In both sexes 

of the aquatic pipid frog, Xenopus laevis, the dorsal skin was thicker than the ventral.  The 

skin of male frogs was thinner than that of the females in all regions of the body.  Under 

scanning electron microscopy, the skin of the tree frog (Hyla arborea arborea L.) displays 

some differentiation between dorsal and ventral skin surfaces (Goniakowska-Witalinska and 

Kubiczek, 1998).  Skin from the dorsum is smooth while the ventrum has ridges and grooves 

for increase surface area.  Mucous and two different serous gland types (I and II) are also 

differentially distributed, with more mucous and type II glands on the dorsal skin.  In 

addition, numerous capillaries that facilitate water absorption perfuse the ventral epidermis.  

These factors suggest a more lipophilic dorsum and hydrophilic ventrum in frogs.  Lipophilic 

drugs and toxins might be more readily absorbed through the more lipophilic dorsum.  

Alternatively, the increased surface area and capillary perfusion of the ventrum may enhance 

absorption in this region, irrespective of lipophilicity.  The effects of skin variation on 

absorption of xenobiotics and toxins by anurans have not been well studied. 
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Thus, to conduct risk assessments, it is important to research and develop components 

for a model of the absorption kinetics of these compounds through the skin.  Because the 

surface area of the entire animal is likely to be exposed in the field, the value of 

characterizing the skin would be beneficial in standardizing a particular anatomical site(s) for 

laboratory studies, comparing species differences, and administering xenobiotics.  

Development of this model would require evaluation of skin thickness, particularly the 

thickness of the stratum externum, the number of cell layers, and the frequency and type of 

adnexal structures (Riviere and Monteiro-Riviere, 1991; Green, 2001). 

In vitro studies for the characterization of cutaneous absorption can be used to model 

in vivo systems, while environmental variables, such as temperature, humidity, and pH, can 

be controlled.  One in vitro system commonly used to determine the absorption kinetics of 

xenobiotics across the skin is the two-compartment Teflon flow-through diffusion cell 

system (Bronaugh and Stewart, 1984).  Porcine skin diffusion cells have been used to 

extrapolate in vivo cutaneous exposure and metabolism of OP compounds in humans (Riviere 

and Chang, 1992).  This system provides a morphologically complete and intact skin barrier.  

This model also eliminates confounding factors in the analysis of in vivo cutaneous 

absorption, including absorption, metabolism, or elimination by other routes.  I proposed to 

adapt the use of this in vitro system to examine anuran cutaneous absorption.    I 

hypothesized that the two-compartment Teflon flow-through diffusion cell system would 

adequately model cutaneous absorption in bullfrogs and marine toads (Chapter Two).  I also 

hypothesized that cutaneous absorption would differ between dorsal and ventral sites and 

between species due to differential skin thickness and gland distribution. 
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Skin Preservation 

Diffusion cells currently require the harvesting of skin very close to the time of 

experimentation.  The ability to preserve and store skin would allow more efficient use of 

animals and more flexibility in experimental design.  There is the potential that the innate 

physiological processes of hibernation used by anurans could provide insight into the 

effective preservation protocols for anuran skin storage, further enhancing the model. 

Some anuran species survive extreme cold if able to acclimatize during slow cooling 

(Layne and Lee, 1989).  In this process, freeze-tolerant anurans increase blood and tissue 

glucose concentrations through mobilization and metabolism of liver glycogen stores (Layne 

and Lee, 1989; Steiner et al., 2000; Layne and Jones, 2001; Irwin and Lee, 2003).  The 

increased glucose forms hydrogen bonds with water molecules, reducing water activity, 

helping prevent cellular dehydration when extracellular spaces freeze.  This strategy allows 

wood frogs (Rana sylvatica) to survive being frozen to -5oC (Storey et al., 1992).  Ice 

accumulates in the coelomic cavity and liver mass decreases by as much as fifty percent over 

time, while blood vessels expand to accommodate ice crystals, and cells become partially 

dehydrated in the “frozen” frogs (Layne and Jones, 2001). 

Glucose is a natural cryoprotectant during hibernation of wood frogs and bullfrogs, 

however, its use in cryopreservation protocols has not been as successful as when glycerol 

was used (Redmond et al., 1983).  Glycerol is not a true saccharide, but this nontoxic, lower 

molecular weight, and more permeable compound is converted to glucose by liver cell 

enzymes (Storey, 1990).  Combination of glycerol and glucose (or other saccharides) can 

increase survivability in amphibian tissues in vitro (Costanzo et al., 1993; Costanzo et al., 

1998; Browne et al., 2002).  The gray tree frog (Hyla versicolor) produces large amounts of 
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glycerol that acts as natural antifreeze in the blood and tissues in addition to increasing 

glucose concentrations (Storey and Storey, 1986; Layne, 1999).  A similar strategy has also 

been successfully used to preserve human skin (Hermans et al., 1996). 

Glycerol preservation of human skin at 4oC has become a standard technique 

possessing several advantages over cryopreservation (Hermans et al., 1996).  When held in 

85% glycerol, human allogeneic skin grafts attain a water activity (aw) of 0.3 through 

glycerolization, as glycerol enters tissue resulting in sequestration of intracellular water (Ross 

and Kearney, 2004).  In addition, glycerol preserves the architecture of matrix proteins, 

minimizes lipid peroxidation and other degradation reactions, and is thought to have 

antibacterial and antiviral properties (Hermans et al., 1996; Ross and Kearney, 2004). 

Viability of human cadaver skin allografts has been maintained for 7 to 10 days using 85% 

glycerol in phosphate buffered saline (PBS) (Lomas et al., 2003). 

In Chapter Three, I examine viability of harvested anuran skin stored under various 

protocols derived from current practices with mammalian skin.  I hypothesized that skin from 

the relatively freeze-tolerant bullfrog (Steiner et al., 2000) could be more readily preserved 

for longer times using these methods, while skin from the freeze-intolerant marine toad (Dalo 

et al., 1995) would exhibit less survivability, especially when cryopreserved. 

 

Harvested Perfused Anuran Pelvic Limb 

Two in vitro systems commonly used to determine the absorption kinetics of 

xenobiotics and toxins across the skin include the two-compartment Teflon flow-through 

diffusion cell system and the isolated perfused porcine skin flap (IPPSF) (Riviere et al., 

1986).  The objective of the work reported in Chapter Two was to transpose the diffusion cell 



 13 

technique to anuran species.  The objective of the work detailed in Chapter Four was to 

establish a more physiologically accurate in vitro model for percutaneous absorption in 

anurans that capitalizes on the principles of the IPPSF model.  The harvested perfused anuran 

pelvic limb (HPAPL) would be a model that could maintain the anatomic and physiologic 

integrity of the skin from the pelvic limb, including an intact capillary network. 

The flow-through diffusion cell system is perfused with a physiologic solution on the 

subcutaneous surface, while the IPPSF model is perfused via cutaneous vasculature (usually 

caudal superficial epigastric artery) with the physiologic solution (Riviere et al., 1986).  Both 

models provide a morphologically complete and intact skin barrier, and cutaneous 

metabolism is a factor in viable skin of both the flap and diffusion cells (Riviere, 1999).  

However, neither model takes into account metabolism by the liver, nor absorption and 

elimination by other routes. 

The skin flap model has several distinct advantages over the flow-through cell model.  

The intact microvasculature found in the skin flap model is susceptible to vasoactive 

compounds and consequent deleterious effects on endothelial function (Black et al., 2001).  

Vasodilation, vasoconstriction, or damage to blood vessels will influence the toxic load of 

xenobiotics distributed to the organism through the vasculature following cutaneous 

absorption.  Rubefacients (Baynes et al., 2001) and vesicants (Riviere et al., 2001) can alter 

blood flow.  Although diffusion cell assays are comparably simple to perform, they cannot 

account for potential effects of variation in blood flow on xenobiotic transport. 

 However, studies comparing cutaneous absorption of a wide range of compounds, 

using the same dose, concentration, and vehicle, have shown the IPPSF to be a valuable 

model for predicting cutaneous absorption in humans (correlation coefficient 0.78; p <0.04) 
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(Wester et al., 1998).  These properties of the skin flap model permit a more accurate 

physiological representation of in vivo cutaneous pharmacokinetics.  

Both diffusion cells and the IPPSF have been employed to extrapolate in vivo 

cutaneous exposure and metabolism of OP compounds in humans (Riviere and Chang, 1992).  

Cutaneous absorption of malathion across porcine skin has been determined using the IPPSF 

(Williams et al., 1990), however, skin flap models have not previously been applied to 

amphibians. 

Several anatomical differences must be considered when designing an amphibian skin 

flap.  First, frogs are small compared to pigs.  Frogs do not possess a caudal superficial 

epigastric artery or vein of appreciable size.  The cutaneous artery and vein are present 

bilaterally along the mid-lateral abdominal skin (Underhill, 1969).  The cutaneous artery 

arises from an unnamed artery directly from the truncus arteriosus and courses from the 

axillary region caudally towards the pelvic limb.  The cutaneous vein courses cranially to the 

musculocutaneous vein.  This is a large vein that drains the muscles and skin on the lateral 

and dorsal portions of the head and trunk.  However, the lack of substantial dermal and 

hypodermal tissue, as well as the lack of adhesion to the underlying musculoskeletal 

structures (Wright, 2001), makes the classical skin flap model surgically impractical in 

anurans because such a model would consist of the artery and vein wrapped in a thin 

epidermis and dermis.  Extensive collateral circulation would also permit leakage of 

perfusate at the margins, although cannulation of the cutaneous artery and vein of the 

bullfrog has been performed to study the rate of sodium uptake across perfused isolated flank 

skin (Talbot, 2002).  Second, frogs live in an aquatic environment which can make incision 

healing a problem, including risk of infection or trauma to the flap.  The need to hold the 
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animal through a prolonged healing time, and a two procedure protocol on a live animal, are 

other undesirable factors. 

Therefore an alternative model for the isolated perfused skin flap is the HPAPL 

model.  This model maintains the anatomic and physiologic integrity of the skin from the 

pelvic limb, including the intact capillary network and the presence of muscle, fat, and bone.  

The extensive lymphatic circulation of amphibians may also play a role in the percutaneous 

absorption and distribution of xenobiotic compounds (Boutilier et al., 1992).  The HPAPL 

uses the common iliac artery, which branches into the femoral and sciatic arteries.  Drainage 

from the pelvic limb is via the femoral and sciatic veins, which join to form the renal portal 

vein.  The pelvic limb model, like the IPPSF, can take into account the vasoactive and 

vasopathic effects of xenobiotic compounds on the skin in vivo.  This is an advantage over 

the simple diffusion barrier of the diffusion cell model.  Alterations from the IPPSF need to 

take into account changes in perfusion fluid parameters.  Volumetric flow rate (ml/min) was 

calculated from the product of the time-averaged mean velocity (cm/s) and the cross-

sectional area of the artery (cm2) as determined by Doppler ultrasonography (Kantrowitz et 

al., 1989; Raisis et al., 2000) discussed in Chapter Five.  A flow rate of 1 ml/min has been 

used in IPPSF studies and would prevent high oncotic pressure and extravasation of 

perfusate. 

I hypothesized that results obtained from the HPAPL model would differ from those 

obtained from the skin biopsies used in the flow-through diffusion cell system.  Differences 

between the two models could be attributed to partitioning in tissues other than the skin of 

the pelvic limb model, as well as the more complex absorption into the intact 

microvasculature of the pelvic limb model.  Pelvic limb absorption kinetic profiles should be 
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lower than those of the diffusion cell system for a comparable dose.  However, the pelvic 

limb model would maintain the anatomical integrity of an entire limb (including bone, 

muscle, lymphatics), in contrast to the artificial surgical construct of the skin flap. 

 

 

Blood Flow 

Blood flow is an important factor in the cutaneous absorption kinetics of xenobiotics 

(Riviere, 1999; Boutsiouki et al., 2001; Talbot, 2002).  Therefore, knowledge of the range of 

baseline arterial flow dynamics in anurans is important for the development of appropriate in 

vitro experimental systems to study cutaneous absorption of vasoactive compounds.  

Diagnostic ultrasound is a well established imaging modality in mammalian medicine but its 

application in amphibians has been relatively limited.  Echo-Doppler ultrasonography has 

successfully been used to study cardiac structure and kinetics, and to measure blood flow 

velocity of the heart and great vessels of lower vertebrates including the common toad, Bufo 

bufo (Coucelo et al. 1996), and experimentally, pulsed ultrasound has been used to determine 

the retardant effects of ultrasonication on regeneration of harvested forelimbs of adult newts 

(Pizzarello et al. 1975).  Chapter Five illustrates the noninvasive determination of normal 

baseline values for the peripheral volumetric blood flow of vessels responsible for the 

perfusion of the pelvic limb of anurans.  Establishment of pelvic limb blood flow was a 

necessary first step towards developing the HPAPL as a system to investigate the effects of 

vascular status on the pharmacokinetics of absorption of environmentally important 

xenobiotic compounds.  The novel HPAPL model, together with transposition of the 

established diffusion cell model from mammalian to amphibian skin, further emphasizes the 
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importance of percutaneous absorption of OP compounds such as malathion, and the impact 

of anthropogenic sublethal doses on the central nervous system and immunity. 



 18 

HUSBANDRY 

 

Wild-caught American bullfrogs (Glades Herp Inc., Bushnell, FL 33513, USA) and 

wild-caught marine toads (Charles D. Sullivan Co. Inc., Nashville, TN 37211, USA) were 

obtained from commercial sources and acclimated to laboratory holding conditions for at 

least 3 weeks before evaluation in these studies.  Animals were at least 10 cm in length 

(rostrum-to-vent) and at least 200 g body weight.  Animals were group housed by species in 

61 cm length x 61 cm width x 46 cm depth rectangular polyethylene tanks (ASA Industries, 

Inc., Santa Ana, CA 92705, USA). 

Bullfrog vivariums were maintained at a 30o angle to create terrestrial, shallow water, 

and deep water areas (Figure C).  A standpipe attached to a bulkhead fitting was placed in 

the deep water area of each vivarium to facilitate drainage.  Racks for bullfrog vivariums 

were constructed from 2” X 2” X ¼” fiberglass angle (GEF, Inc., Winfield, WV 25213, 

USA) (Figure C).  Marine toad vivariums consisted of a terrestrial component only with a 

water bowl and hide-away polyethylene hut.  Simple stainless steel racks were used for 

marine toad vivariums. 

Air and water temperature were maintained at 21oC.  Complete water changes were 

conducted every other day using Raleigh city water filtered through two pleated carbon-

impregnated cartridges (Cole-Parmer Instrument Company, Vernon Hills, IL 60061, USA) in 

series to remove toxic chlorine and chloramines.  Each cartridge was housed in a separate 

standard ¾” double open-ended filter housing (Cole-Parmer).  The first housing cartridge 

was replaced monthly (approximately 4,000 L) by the second housing cartridge, and a new 

cartridge was placed in the first housing (Figure C).  Water was drained from bullfrog 
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vivariums by removing the standpipes from their bulkhead fittings and siphoning out the 

remainder.  Fluorescent overhead lighting followed a 12 hr light and 12 hr dark cycle.  

Animals were fed to satiety daily with crickets that were allowed to engorge on blended 

rodent chow prior to being offered to the amphibians. 

Animals were checked daily for any signs of illness, including, but not limited to, 

diarrhea, regurgitation, cutaneous and ocular lesions, respiratory distress, lethargy, 

depression, and anorexia.  Animals were weighed weekly.  They were handled with latex 

free, powder free gloves that were pre-moistened to avoid traumatic and toxic insult to the 

skin.  Mortalities and euthanized individuals were necropsied to determine cause of death 

and/or to obtain desired samples.  An “all-in all-out policy” was strictly followed.  Between 

groups, vivariums were sequentially rinsed with water, vinegar, water, baking soda, water, 

vinegar, and water. 

Figure C:  Filtration tower, vivariums, and racks 

61cm

30.5cm86.2cm
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CHAPTER ONE 

 

Use of a modified Ellman technique to quantify brain acetylcholinesterase suppression 

in the bullfrog (Rana catesbeiana) and the marine toad (Bufo marinus) after in vivo 

exposure to a sublethal dose of malathion 

 

Publication Pending as: Sharon K. Taylor, David S. Rotstein, Scott Willens, Michael 

K. Stoskopf, Joseph B. Faulk, Suzanne Kennedy-Stoskopf. (submission 2005) Effects 

of malathion on infectious disease susceptibility and the immune system of 

environmental indicator species. Journal of Wildlife Diseases. 

 

Abstract:  Bullfrogs (Rana catesbeiana) and marine toads (Bufo marinus) were exposed to 

four treatments: saline (intracoelomically and topically), a sublethal dose of Aeromonas 

hydrophila intracoelomically (topical saline), a sublethal dose of malathion topically 

(intracoelomic saline), and sublethal doses of A. hydrophila intracoelomically and malathion 

topically.  Brain acetylcholinesterase was measured by a modified Ellman technique at 25oC 

using a 405nm filter.  Bullfrogs exposed to malathion showed a 19% decrease in brain 

acetylcholinesterase activity, although this was not statistically significant.  However, marine 

toads showed a significant decrease in brain acetylcholinesterase activity of 45% of baseline 

in response to malathion.  Animals of each species exposed to the combination of A. 

hydrophila and malathion exhibited greater morbidity and 100% mortality. 
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INTRODUCTION 

Anurans (frogs and toads) are important animal models for studying the impacts of 

organophosphorous insecticide contamination of the environment (Taylor et al., 1999a,b).  

Percutaneous absorption is considered to be a potentially important route of environmental 

exposure for amphibians considering the possibility of extended contact in aquatic 

environments (Fordham et al., 2001).  Once absorbed into the body, organophosphorous 

pesticides such as malathion exert anticholinesterase effects, and there is a wide range of 

species variability in baseline brain AChE activity and susceptibility to anticholinesterases 

(Blakely and Yole, 2002). 

Frogs have been shown to be relatively resistant to acetylcholinesterase (AChE) 

inhibitors compared to other species (Hall and Kolbe, 1980).  Woodhouse’s toads 

percutaneously exposed to high and low doses of malathion had comparable suppression of 

AChE at 22% and 17%, respectively, when compared to unexposed Woodhouse’s toads 

(Taylor et al., 1999a).  Tadpoles of the South African clawed frog Xenopus laevis exhibited 

significantly greater resistance to anticholinesterases compared to X. laevis tadpoles 

expressing human recombinant AChE (Shapira et al., 1998).  Tadpoles can bioaccumulate 

certain organophosphorous pesticides to levels considered lethal to ducks and carnivorous 

species that consume them (Hall and Kolbe, 1980).   

In addition to AChE inhibition (Balasundaram and Selvarajan, 1990), exposure to 

organophosphorous insecticides can cause morbidity and mortality via other mechanisms.  

Intracoelomic injection of phosalone in the Indian bullfrog Rana tigrina markedly and 

specifically inhibits Mg2+-linked ATPase enzymes of the central nervous system precipitating 

a moribund (neuromuscular incoordination) or comatose state (Balasundaram et al., 1995).  
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Immunosuppression and subsequent susceptibility to opportunistic pathogens has been 

demonstrated in Woodhouse’s toads Bufo woodhousii (Taylor et al., 1999a).  

Organophosphorous insecticides are also dose-dependent teratogens in X. laevis (Snawder 

and Chambers, 1989). 

Acetylcholinesterase inhibition, as well as other adverse systemic effects, can be 

caused by sublethal exposures to malathion in amphibians (Taylor et al., 1999a).  I 

investigated the impact of percutaneous exposure to sublethal doses of malathion on brain 

AChE activity in the American bullfrog (Rana catesbeiana) and marine toad (Bufo marinus), 

two North American anuran species.  I also examined the effects of malathion on 

susceptibility to Aeromonas hydrophila.  A sublethal dose of malathion should be expected to 

lower brain AChE by less than 50%.  This dose is known as the IC50, or the concentration of 

malathion required to inhibit 50% enzyme activity.  Animals exposed to this dose of 

malathion should also display increased morbidity and mortality when challenged with A. 

hydrophila than animals not exposed to malathion.  Frogs and toads should exhibit 

comparable results in AChE suppression, behavior, and susceptibility to A. hydrophila. 

 

MATERIALS AND METHODS 

Malathion Exposures 

Animals were divided into four treatment groups per species of five conspecifics per 

group.  The saline groups (one group of five per species) were given 0.011 µl of saline 

topically on the ventral abdomen and 1 ml of saline intracoelomically.  The Aeromonas 

hydrophila group was given 1 ml of A. hydrophila suspension intracoelomically and saline 

topically.  The malathion group received 0.011 µg of 96.5% malathion (Cynthion ULV, 
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American Cyanamid Company, Wayne, NJ 07470, USA) topically and 1ml saline 

intracoelomically.  Malathion + A. hydrophila groups were administered both agents.  

Animals were observed for aberrations in neurologic behavior, including cholinergic alert 

non-mobile behavior (Karczmar, 1998), anorexia, lethargy, depression, erythema, and 

mortality. 

Animals surviving exposure were euthanized with intracoelomically administered 

buffered tricaine methanosulfonate (MS-222) at a dose of 200 mg/kg upon recovery.  Brains 

of deceased animals were immediately removed and placed in cryovials, plunged into liquid 

nitrogen, and stored at -70oC until assayed. 

 

Cholinesterase Assay Background and Preparation 

A modified Ellman technique was used for this assay (Ellman et al., 1961).  The 

principle behind this cholinesterase colorimetric assay is that acetylcholine hydrolyzes 

acetylthiocholine iodide (ASChI) into thiocholine and acetate (Hill and Fleming, 1982).  The 

thiocholine, in turn, reacts with 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) to create a 

yellow-colored thionitrobenzoic acid.  The rate of color production measured 

spectrophotometrically at 405 nm quantifies AChE activity.  Historically, a 412 nm 

spectrophotometer filter was used (Ellman et al., 1961).  However, this created potential 

problems with interference from hemoglobin released from lysed red blood cells (Butler et 

al., 1992).  Consequently, 405 nm filters have been used for acetylcholinesterase assays (Hill 

and Fleming, 1982; Blakley and Yole 2002).   
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Reagents (Hill and Fleming, 1992) 

Reagent 1 Buffer/chromogen, DTNB (0.05 M Tris buffer pH 7.4; 2.5 X 10-4 M 

dithiodinitrobenzoic acid) (Sigma Aldrich).  This is equivalent to 99 mg DTNB/l buffer.  

Shelf life is approximately 1-2 months at 4�C in a dark bottle. 

Reagent 2 Substrate, ASChI (0.156 M acteylthiocholine iodide) (Sigma-Aldrich).  This is 

equivalent to 451 mg ASChI/10 ml deionized water.  Shelf life is 2 days at 4�C in a dark 

bottle. 

Reagent 3 Tris buffer (0.05M, pH 8.0, 25oC) (Sigma-Aldrich).  This is equivalent to 4.44g 

Tris HCL + 2.65 g Tris base/l deionized water.  Shelf life is approximately 1-2 months at 4�C 

in a dark bottle. 

 

Assay 

Whole or partial brains were slowly thawed at 25oC and homogenized in 0.05 M, pH 

8.0 tris buffer (Trizma Pre-Set Crystals pH 8.0, Sigma-Aldrich, St. Louis, MO 63178, USA) 

at a 100 mg/ml ratio.  The whole homogenate was refrigerated until all samples were 

prepared for the assay.  To 5 ml glass vials was added 3.0 ml DTNB (reagent 1), followed by 

either 20 µl aliquot of brain homogenate or Electric Eel AChE (25 U/ml, 1 U hydrolyzes 1 

µmol ASChE/min, Sigma-Aldrich) in standard curve increments of 0.25, 0.125, 0.0625, 

0.0313, 0.0156, and 0 Units.  The solutions were vortexed.  Then 100 µl ASChI (reagent 2) 

was added to each vial and vortexed again.  100 µl of final solution was aliquotted to 96-well 

multiplates (Corning Multiwell Plates 96, Sigma-Aldrich) with standard curve samples in 

triplicate and unknowns in duplicate. 
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 Absorbance (∆A) was read at 8 minutes (determined optimum by standard curves) 

with a spectrophotometer (LabSystems Multiskan RC, Fisher Scientific, Fair Lawn, NJ 

07410, USA) set at a wavelength of 405 nm.  Average ∆ A/min and rate of enzyme activity ∆ 

A/min X 130 = µmol/min/g were calculated (Genesis Lite Software Version 3.03, Thermo 

Labsystems, Helsinki, Finland).  Electric eel standard was validated by a Lineweaver-Burke 

plot (Gupta et al., 1991). 

 

RESULTS 

Values for brain acetylcholinesterase activity (µmol ASChE hydrolyzed/min/g) are 

shown in Table 1.1.  AChE activity per gram of brain was calculated to adjust for brain mass 

used.  There were no significant differences (p>0.05) in brain AChE between the saline 

group and A. hydrophila group for either species.  However, basal brain AChE was 

significantly higher (p <0.05) in toads than in frogs for the saline and A. hydrophila groups 

(no malathion).  No significant differences (p>0.05) were observed between malathion and 

malathion + A. hydrophila treatment groups for either species, nor were differences observed 

between species (p>0.05).  When malathion treated groups (malathion, malathion + A. 

hydrophila) were compared with groups not treated with malathion (saline, A. hydrophila), 

there was a 19% decrease in AChE in malathion treated frogs, although this decrease was not 

significant (p>0.05).  In toads, AChE was significantly inhibited by 45% in malathion 

exposed groups. 

Animals topically exposed only to sublethal doses of malathion exhibited lethargy, 

depression, anorexia, and cholinesterase alert non-mobile behavior, usually reaching peak 

severity by 24 hours and returning to normal behavior by 48 hours.  Intracoelomic exposure 
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to A. hydrophila also resulted in nonspecific clinical signs such as lethargy, depression, and 

anorexia, as well as severe diffuse ventral and interdigital erythema and white nodular liver 

foci with coelomic adhesions.  Animals exposed to sublethal doses of both malathion and A. 

hydrophila did not survive and exhibited more severe clinical signs common to the other 

treatment groups. 
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Animal 
Brain 
mg 

AChE 
U 

[AChE] 
(U/g) Group 

Group 
µ/SD 

Total 
µ/SD 

F13 158 0.028 1.4 Saline 1.250 1.235 
F14 162 0.027 1.35 Saline 0.184 0.208 
F15 162 0.021 1.05 Saline    
F16 150 0.021 1.05 Saline    
F77 122 0.028 1.4 Saline    
F7 140 0.033 1.65 Aero 1.220  
F8 135 0.02 1 Aero 0.251  
F54 158 0.023 1.15 Aero    
F58 155 0.022 1.1 Aero    
F62 133 0.024 1.2 Aero    
F9 126 0.016 0.8 Mal 1.020 1.000 
F10 147 0.022 1.1 Mal 0.125 0.229 
F11 173 0.021 1.05 Mal    
F64 131 0.022 1.1 Mal    
F68 138 0.021 1.05 Mal    
F12 136 0.012 0.6 Mal/Aero 0.980  
F18 136 0.017 0.85 Mal/Aero 0.317  
F72 143 0.017 0.85 Mal/Aero    
F73 115 0.024 1.2 Mal/Aero    
F74 112 0.028 1.4 Mal/Aero    
T111 95 0.052 2.6 Saline 2.690 2.465 
T112 119 0.049 2.45 Saline 0.282 0.321 
T113 88 0.05 2.5 Saline    
T114 109 0.055 2.75 Saline    
T115 102 0.063 3.15 Saline    
T101 94 0.043 2.15 Aero 2.240  
T102 130 0.043 2.15 Aero 0.164  
T103 106 0.046 2.3 Aero    
T104 51 0.05 2.5 Aero    
T105 94 0.042 2.1 Aero    
T116 53 0.032 1.6 Mal 1.476 1.363 
T117 50 0.033 1.65 Mal 0.199 0.339 
T118 116 0.026 1.33 Mal    
T119 138 0.032 1.6 Mal    
T120 75 0.024 1.2 Mal    
T21 70 0.013 0.65 Mal/Aero 1.250  
T22 102 0.02 1 Mal/Aero 0.433  
T23 117 0.026 1.3 Mal/Aero    
T24 70 0.032 1.6 Mal/Aero    
T25 105 0.034 1.7 Mal/Aero    

Table 1.1:  Brain AChE activity in bullfrogs (F) and marine toads (T) [1 U = 1 µmol ASChE 
hydrolyzed/min/g] 
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DISCUSSION 

Baseline activity for brain AChE in bullfrogs (1.24 µmol ASChE hydrolyzed/min/g) 

and marine toads (2.46 µmol ASChE hydrolyzed/min/g) is consistent with those of several 

mammalian species (cattle 2.47, swine 2.72, horses 2.31, sheep 4.57, dogs 3.21, goats 2.09 

µmol ASChE hydrolyzed/min/g cerebrum at 25oC) and significantly lower than those of 

many bird species (ducks 9.4 µmol to marsh hawks 31.7 µmol) and other mammals (Blakley 

and Yole, 2002).  Increased morbidity and 100% mortality in bullfrogs and marine toads 

exposed to both malathion and A. hydrophila compared with animals exposed to A. 

hydrophila alone is consistent with results seen in Woodhouse’s toad studies (Taylor et al., 

1999a). 

The 19% decrease in brain AChE activity in bullfrogs was also consistent with results 

seen in Woodhouse’s toads (Taylor et al., 1999a).  Brain AChE activity in marine toads was 

significantly decreased by 45%, although this was a sublethal response.  Species variations in 

IC50's have been attributed to different affinity and/or rate of phosphorylation of AChE 

active sites as important mechanisms of detoxification of organophosphorous insecticides 

(Wang and Murphy, 1982).  Birds with more than 50% suppression of brain AChE activity 

likely die from anticholinesterase poisoning (Hill and Fleming, 1982). 
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CHAPTER TWO 

 

Percutaneous absorption of malathion by anuran skin in flow-through diffusion cells 

 

Publication Pending as: Scott Willens, Michael K. Stoskopf, Ronald E. Baynes, Gregory A. 

Lewbart, Sharon K. Taylor, Suzanne Kennedy-Stoskopf. (for submission 2005) 

Percutaneous absorption of malathion by anuran skin in flow-through diffusion cells. 

Journal of Environmental Toxicology and Pharmacology. 

 

Abstract:  To establish cutaneous absorption kinetics of malathion, six full-thickness skin 

samples taken from both the dorsal and ventral surfaces of each of three bullfrogs (Rana 

catesbeiana) and three marine toads (Bufo marinus) were placed into two-compartment 

Teflon flow-through diffusion cells perfused with modified amphibian Ringer’s solution.  A 

26 µg/cm2 dose of malathion-2,3-14C diluted in 100% ethanol was applied to each sample 

(0.44-0.45 µCi).  Perfusate was collected at intervals over a six hour period and analyzed for 

14C in a scintillation counter.  At the end of six hours, surface swabs, tape strips, biopsy 

punches of the dosed area of skin, and peripheral samples were oxidized and analyzed for 

residue effects.  Malathion absorption was greater across the ventral skin compared to dorsal 

skin in both bullfrogs and marine toads. 
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INTRODUCTION 

There is increased concern about the sublethal effects of organophosphorous (OP) 

compounds on human and animal health (Marty et al., 1994; Douglas, 1995; Gralewicz and 

Socko, 1997; Azaroff, 1999; Sheffield and Lochmiller, 2001; Wood and Stark 2002; Jaga and 

Dharmani, 2003), including the potential role of OP compounds in the global decline of 

amphibian populations (Schuytema et al., 1993; Taylor et al. 1999a,b; Fordham et al., 2001; 

Kiesecker, 2002; Gilbertson et al., 2003; Relyea, 2004).  Malathion is one of the most widely 

used OP pesticides with numerous agricultural and therapeutic applications (Marty et al., 

1994; Gralewicz and Sacko, 1997; Walker and Johnstone, 2000; Sheffield and Lochmiller, 

2001; Zhang et al., 2002; Hunter and Barker, 2003).  Exposure to environmentally applied 

malathion can lead to adverse systemic effects, including effects on the nervous system and 

behavior (Gralewicz and Socko, 1997; Relyea, 2004), development (Fordham et al., 2001; 

Kiesecker, 2002), the reproductive system (Sheffield and Lochmiller, 2001), and the immune 

system (Taylor et al. 1999a,b; Gilbertson et al., 2003; De Guise et al., 2004). 

Cutaneous absorption is considered a potentially important route of environmental 

exposure to OP compounds for amphibians, especially in aquatic environments (Fordham et 

al., 2001).  Of the three main routes of percutaneous xenobiotic absorption, the paracellular, 

transcellular, and transappendageal, the paracellular pathway is commonly considered the 

most significant in mammalian skin (Riviere, 1999).  This pathway involves transport 

through intercellular lipids.  The morphology of amphibian skin shares the distinctive “brick 

and mortar” morphology seen in mammalian skin (Ling, 1990).  Amphibian skin possesses 

intercellular tight junctions, which help prevent transepidermal water loss (Tattersall and 
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Wright, 1996) and maintain the integrity of skin, preventing or diminishing toxic, infectious, 

or traumatic insult. 

Another route of penetration across the skin is the transcellular pathway in which 

molecules transfer directly through skin cells and through the intercellular lipid matrix 

between cells.  Enhanced absorption of solutes by amphibian skin through the transcellular 

route, persistence of OP pesticides in aquatic environments, and the relative resistance of 

amphibians to cholinesterase inhibition appear to contribute to the high bioaccumulations of 

OP pesticides documented in amphibians (Hall and Kolbe, 1980). 

 The transappendageal pathway contributes to amphibian cutaneous absorption of 

xenobiotics through transport across the large number of cutaneous serous and mucous 

glands (Goniakowska-Witalinska and Kubiczek, 1998; Green, 2001).  These adnexal 

structures could have an impact on differential cutaneous absorption of toxicants at various 

sites, potentially resulting in differences in absorption between anuran species.  If a reservoir 

or depot effect for malathion occurs in the skin, periodic shedding and ingestion of sloughed 

skin by anurans (Green, 2001) could lead to an acute systemic toxicity via gastrointestinal 

absorption. 

It is important to research and develop components for an amphibian model of the 

absorption kinetics of these compounds through the skin.  Because the surface area of the 

entire animal is likely to be exposed in the field, the value of characterizing the skin would be 

beneficial in standardizing a particular anatomical site(s) for laboratory studies, in comparing 

species differences, and in optimizing procedures for administering medications.  This model 

would need to evaluate skin thickness, particularly the thickness of the stratum externum, the 
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number of cell layers, and the frequency and type of adnexal structures (Riviere and 

Monteiro-Riviere, 1991; Green, 2001). 

In vitro studies for the characterization of cutaneous absorption can be used to model 

in vivo systems, while environmental variables, such as temperature, humidity, and pH, can 

be controlled.  In vitro models also can be used to minimize the use of live animals in 

experiments.  One in vitro system commonly used to determine the absorption kinetics of 

xenobiotics across the skin is the two-compartment Teflon flow-through diffusion cell 

system (Riviere, 1999).  Porcine skin diffusion cells have been used to extrapolate in vivo 

cutaneous exposure and metabolism of organophosphorous compounds in humans (Riviere 

and Chang, 1992).  This system provides a morphologically complete and intact skin barrier 

and eliminates confounding factors in the analysis of in vivo cutaneous absorption, 

metabolism, or elimination by other routes. 

I hypothesized that the two-compartment Teflon flow-through diffusion cell system 

would adequately model cutaneous absorption in bullfrogs (R. catesbeiana) and marine toads 

(B. marinus).  I also hypothesized that differential skin thickness and gland distribution could 

result in differential cutaneous absorption  between dorsal and ventral skin and between the 

two species. 

 

MATERIALS AND METHODS 

Skin Characterization 

Animals were euthanized with neutral, sodium bicarbonate-buffered tricaine 

methanosulfonate (MS-222) at a dose of 200 mg/kg intracoelomically prior to harvesting of 

skin for histological examination and diffusion cell samples.  Dorsal and ventral truncal skin 
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from each of three animals of both species was preserved in Trump’s fixative, embedded in 

paraffin, sectioned at 0.5 µm, and stained with 1% toluidine blue (Dykstra, 1993).  

Morphometric measurements were obtained using light microscopy (ImagePro Plus, Media 

Cybernetics, Silver Spring, MD 20910, USA).  Thickness of the stratum externum of each 

sample was measured at five random points in each section (ImagePro Plus).  The thickness 

of the stratum externum was recorded as that of the outermost layers of cornified epidermis 

containing pyknotic or absent nuclei (Green, 2001).  The area of adnexal glands per length of 

basement membrane was calculated by summing the area of adnexal glands per length of 

basement membrane for each histological sample using a morphometry software program 

(ImagePro Plus).  A Wilcoxon signed rank test was used for nonparametric statistical 

comparison of stratum externum thickness and area of adnexal glands per length of basement 

membrane between dorsal and ventral skin samples and between frogs and toads considering 

an α<0.05 as being statistically significant. 

 

Absorption Kinetics and Tissue Residues 

To establish cutaneous absorption kinetics of malathion, six dorsal and six ventral 

full-thickness circular samples (2.8 cm2) were taken from each of three animals from both 

species.  Samples were obtained bilaterally in two longitudinal rows of three, adjacent to the 

dorsal and ventral midlines.  These samples were placed in two-compartment Teflon flow-

through diffusion cells and perfused.  The perfusate was a modified amphibian Ringer’s 

solution (Wright and Whitaker, 2001) (110mM sodium chloride, 2mM potassium chloride, 

1.3mM calcium chloride, 2.4mH sodium bicarbonate) spiked with bovine serum albumin 

(1%) and dextrose (12 g/dl) to maintain cell viability.  Amikacin (62.5 mg/L) was added to 
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limit bacterial growth, and heparin (500 U/L) was added to prevent obstruction of the 

perfusion lines by bovine serum albumin.  The perfusate was maintained at pH 7.2-7.4, 21oC, 

and a flow rate of 4 ml/h. 

Malathion-2,3-14C (Sigma) was diluted in 100% ethanol to achieve a dosage of 26 

µg/cm2 in 18.4 µl applied to each sample (0.44-0.45 µCi).  Ethanol was used to enhance 

miscibility of malathion and achieve the desired concentration.  Perfusate was collected after 

0, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210, 240, 300, and 360 minutes of malathion 

exposure.  One ml of each perfusate fraction in 15 ml of EcoLume liquid scintillation 

cocktail (MP Biomedicals, Irvine, CA 92618-2005, USA) was analyzed in a Packard 1900 

TR Liquid Scintillation Counter (Packard Instrument Co., Inc./Canberra Industries, Meriden, 

Connecticut 06450, USA). 

At the end of six hours of perfusion, the surface of the skin samples were cleaned 

with cotton swabs in a 1% soapy solution (Ivory dish liquid) to determine the amount of 

labeled malathion remaining.  One side of the swab was used to apply the soapy solution, and 

the dry side was used for removing the solution and malathion from the skin surface.  

Stratum externum residues were determined by using transparent tape (six strips) to 

mechanically strip off the outer cornified layer.  Then the dosed area of skin was removed 

from the peripheral region using a 0.5 cm2 biopsy punch.  Swabs, tapes, dosed area, and 

peripheral samples were separately oxidized in a Packard Model 307 Tissue Oxidizer, 

adsorbed with CarboSorb (Canberra Packard), mixed with 15 ml Permafluor V (Canberra 

Packard) scintillation fluid, and analyzed in a liquid scintillation counter.  Kinetic 

parameters, including venous efflux profile (% dose/min), were calculated from these data.  

Data was examined for normal distribution by plotting residuals. The normally distributed 



 35 

data was examined using analysis of variance, treating different sites (dorsal and ventral) as 

fixed and crossed with individuals, and replicate measurements were nested within sites, 

individuals, and species. 

 

RESULTS 

Skin Characterization 

Stratum externum thickness in frogs differed significantly between dorsal (19.6+2.2 

µm) and ventral (11.3+1.7 µm) sites.  This was evident in the number of cell layers in the 

stratum externum (Figures 2.1 and 2.2).  Dorsal skin was 2 to 3 cell layers thick, while 

ventral skin was 1 to 2 cells layers thick.  In contrast, toad stratum externum did not differ in 

thickness between dorsal (15.6+0.9 µm) and ventral (12.3+2.8 µm) sites and consisted of two 

cell layers (Figures 2.3 and 2.4).  Thickness of stratum externum for dorsal skin of frogs was 

greater than that of toads.  However, ventral skin thickness did not differ significantly 

between frogs and toads. 

Frogs had significantly more glandular tissue in dorsal (30.8+3.7 µm2/µm of 

basement membrane) versus ventral (11.0+4.6 µm2/µm) sites (Figures 2.5 and 2.6).  The 

amount of glandular tissue in toad skin did not differ between dorsal (8.6+4.1 µm2/µm) and 

ventral (17.8+6.8 µm2/µm) sites (Figures 2.7 and 2.8).  In general, toad skin (dorsal and 

ventral) had significantly less cutaneous glandular tissue (8.6+4.1 and 17.8+6.8 µm2/µm) 

than did dorsal skin of frogs (30.8+3.7 µm2/µm). 
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Figure 2.1:  Frog Dorsal Skin, semi-thin section, toluidine blue staining, 400x 

 
Figure 2.2:  Frog Ventral Skin, semi-thin section, toluidine blue staining, 400x 

 
Figure 2.3:  Toad Dorsal Skin, semi-thin section, toluidine blue staining, 400x 

 
Figure 2.4:  Toad Ventral Skin, semi-thin section, toluidine blue staining, 400x 
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Figure 2.5:  Frog Dorsal Skin, semi-thin section, toluidine blue staining, 40x 

 
Figure 2.6:  Frog Ventral Skin, semi-thin section, toluidine blue staining, 40x 

 
Figure 2.7:  Toad Dorsal Skin, semi-thin section, toluidine blue staining, 40x 

 
Figure 2.8:  Toad Ventral Skin, semi-thin section, toluidine blue staining, 40x 
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Absorption Kinetics (Table 2.1, Figures 2.9 and 2.10) 

The total absorption (% of dose administered) for frogs was greater for ventral 

(81.38+0.84) than for dorsal (68.51+1.79) skin.  Similarly, steady state flux was greater for 

ventral (11.73+0.25 µg/cm2/h) vs. dorsal (8.53+0.34 µg/cm2/h) skin.  This was reflected in an 

overall increase in permeability for ventral (8.95+0.19 cm/hr x 10-3) vs. dorsal (6.50+0.24 

cm/hr x 10-3) skin.  Peak flux was greater for ventral (31.44+0.73 % dose/h) than for dorsal 

skin (22.57+0.87 % dose/h).  However, time to peak did not vary significantly at 

141.67+5.18 min and 135.00+4.20 min, respectively. 

Total absorption % for toads was also greater for ventral (82.75+2.89) than for dorsal 

(76.77+4.23) skin.  However, these values could not be explained by thickness of the stratum 

externum because stratum externum thickness did not differ significantly between sites for 

toads.  Time to peak also did not differ significantly between ventral (150.83+7.71 min) and 

dorsal (130.83+7.84 min) skin.  Steady state flux did not differ between ventral (11.28+0.71 

µg/cm2/h) and dorsal (11.66+1.00 µg/cm2/h) samples.  Consequently, permeability did not 

differ between ventral (8.70+0.56 cm/hr x 10-3) and dorsal (9.00+0.78 cm/hr x 10-3) samples.  

Peak flux did not differ significantly between ventral (29.76+1.90 % dose/h) and dorsal 

(29.78+2.73 % dose/h) skin for toads. 

Total absorption % for the dorsal skin of toads was not statistically different from that 

of frogs.  However, steady state flux, permeability, and peak flux were significantly greater 

for toads than frogs.  Time to peak did not differ significantly between frogs and toads for 

dorsal samples.  There were no statistical differences between toads and frogs in any of the 

absorption parameters for ventral skin samples.  Total recovery of radioactivity (% of 
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administered dose) did not differ significantly for frog dorsal (89.15+1.37%), frog ventral 

(94.44+0.83%), toad dorsal (91.96+2.91%), or toad ventral (95.19+0.84%) diffusion cells. 

Animal 

Frog 
Dorsal 
Mean 

Frog 
Ventral 
Mean 

Toad 
Dorsal 
Mean 

Toad 
Ventral 
Mean 

Absorption (% of Dose) 68.51 81.38 76.77 82.75 
Dosing Device (% of Dose) 5.08 4.52 1.53 0.95 

Swab (% of Dose) 0.63 0.32 0.59 0.45 
Tape (% of Dose) 0.69 0.43 0.29 0.43 

Dosed Skin (% of Dose) 5.26 2.31 3.22 3.8 
Peri+Wax (% of Dose) 8.98 5.48 8.55 6.81 
Recovery (% of Dose) 89.15 94.44 91.96 95.19 
Peak Flux (% of Dose) 22.57 31.44 29.78 29.76 

Time to Peak (min) 135 141.67 130.83 150.83 
Steady-State Flux (µg/cm2/h) 8.53 11.73 11.66 11.28 
Permeability (cm/hr x 10-3) 6.5 8.95 9 8.7 
Diffusivity (cm2/h x 10-6) 527.14 429.1 443.23 429.92 

Table 2.1:  Mean Absorption Kinetics Parameters.
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Figure 2.9:  Mean (n=6) and SE Malathion Flux Profiles represented as Flux (% Dose/h) vs. 
Time.
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Figure 2.10:  Mean (n=6) and SE Malathion Residues represented as % Dose Absorbed, 
Dosing Device (Diffusion Cell), Surface (Swabs), Stratum Externum/Corneum (Tape Strips), 
Dosed Skin, Peripheral Tissue and Wax Paper, Peripheral/Dosed Skin Ratio, Total Recovery. 
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Tissue Residues (Table 2.1) 

Partitioning effects in the skin were present in frogs.  Swabs of the surface of the skin 

revealed a significantly greater retention of malathion on the dorsal skin surface (0.63+0.11 

% dose administered) than the ventral skin surface (0.32+0.06 % dose administered) of frogs.  

Retention of malathion in the stratum externum was also significantly greater in frog dorsal 

skin (0.69+0.06 % dose administered) than in frog ventral skin (0.43+0.03 % dose 

administered).  Skin retention was also reflected by greater diffusivity of dorsal 

(527.14+42.98 cm2/h x 10-6) vs. ventral skin (429.10+19.11 cm2/h x 10-6).  The layers 

beneath the stratum externum in dorsal frog skin retained more of the % dose administered 

dose (5.26+0.45%) than they did in ventral frog skin samples (2.31+0.18%). 

In contrast, partitioning effects for malathion were not present in toad skin.  

Malathion values for swabs were 0.59+0.09 % and 0.45+0.07 % of the absorbed dose for 

dorsal and ventral toad skin, respectively.  Retention of malathion in the stratum externum 

was 0.29+0.04 % and 0.43+0.10 % of the absorbed dose for dorsal and ventral toad skin, 

respectively.  The % dose of malathion administered retained in the dosed area of skin 

beneath the stratum externum in toads did not differ between dorsal (3.22+0.67%) and 

ventral (3.80+0.96%) skin samples.  Consequently, diffusivity was not significantly different 

when comparing between dorsal (464.70+33.11 cm2/h x 10-6) and ventral (439.92+30.11 

cm2/h x 10-6) skin samples. 

There were, however, some statistically significant differences in partitioning effects 

in dorsal skin between frogs and toads.  Malathion retention in the stratum externum and 

dosed area beneath the stratum externum were greater for frogs than for toads.  However, 
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neither diffusivity across dorsal skin nor retention on the surface of the dorsal skin differed 

between the two species. 

 

DISCUSSION 

Decreased absorption and flux in the dorsal skin of frogs compared with the ventral 

skin can be attributed to several anatomical and physiological variations.  The increased 

thickness of the stratum externum of the dorsal skin is evident in the increased number of cell 

layers, as well as overall thickness.  This outermost cornified layer of skin is the greatest 

source of resistance to percutaneous absorption and subsequent vascular uptake by capillaries 

in the dermis (Riviere, 1999).  The thickness of the stratum externum is also a major 

determinant of paracellular and transcellular routes of absorption (Riviere, 1999).  These 

factors could explain why stratum externum (tape strip) residues were greater in dorsal frog 

skin, and permeability was decreased. 

The increased presence of mucous and serous glands in the dermis of the dorsal skin 

of frogs could create a depot effect for malathion, further impeding vascular uptake.  At the 

same time, these glands could also enhance absorption into the skin through the 

transappendageal route resulting in the dosed area of dorsal skin (sub-stratum externum and 

dermis) containing higher residues of malathion than ventral skin.  This could also explain an 

increased diffusivity in the dorsal skin.  The secretions of the glands to the surface of the skin 

may create an additional barrier to absorption, and/or create a depot effect which could 

explain higher dorsal skin surface (swab) residues for frogs. 

Significantly more malathion was retained on the surface of the skin, in the stratum 

exterum, and in the deeper layers of skin for dorsal samples in frogs.  Therefore, less 
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malathion was absorbed.  Redistribution of malathion from the deep compartment (depots), 

ingestion of sloughed skin, and the potential for whole body exposure could reduce the 

practical impact of the differences between dorsal and ventral absorption.  In contrast, frogs 

directly exposed to aerosolized applications of malathion would likely receive dorsal 

exposure preferentially, and therefore, the lower permeability of the dorsal skin might afford 

some measure of protection. 

Malathion is applied to crops and the environment in the form of aerosolized droplets 

approximately the same size as the 18.4 µl dose used in this study (Perich et al., 2000), which 

should not be sufficiently small (1-5 µg) to reach the lower airways for respiratory absorption 

(Riviere, 1999).  Typically, malathion aerosols are applied to the environment at a rate of 100 

g/acre (2.5 µg/cm2), significantly less than the 26 µg/cm2 local application in the diffusion 

cell study (Perich et al., 2000).  A percutaneous sublethal dose of 11 µg/g of body weight has 

been demonstrated for bullfrogs and marine toads (Taylor et al., 2004).  A frog or toad 

exposed dorsally to a typical environmental aerosol application of malathion would be 

expected to be exposed to sublethal doses or greater in favorable weather conditions. 

In contrast to frog skin, the absence of significant differential flux, permeability, and 

diffusivity between dorsal and ventral skin of toads could potentially be explained by the lack 

of differential thickness of stratum externum and gland distribution in toads.  However, 

differences in kinetic parameters between the dorsal skin of frogs and all skin samples from 

toads can be attributed to the same anatomical differences present between the dorsal and 

ventral skin of frogs.  Toad skin had a thinner stratum externum and contained fewer mucous 

and serous glands than the dorsal skin of frogs.  The physiochemical properties of the 
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components of glandular secretions also could impact the percutaneous absorption or depot 

retention of malathion. 

There was greater variability in the percutaneous absorption kinetic profiles between 

individual toads compared to individual frogs.  Considering an n=3, it is possible that the 

kinetic profile of toad 48 is more representative of toads than the other two.  Alternatively, 

variation in permeability could be the norm, which could impart a selective advantage of 

malathion tolerance to toad 48. 

Two-compartment Teflon flow-through diffusion cells were useful to determine 

absorption kinetics of malathion in amphibian skin.  Accounting of total radioactive dose for 

both sites and species indicated excellent recovery and consistency.  Understanding the 

percutaneous absorption in amphibians is instrumental in assessing exposure to xenobiotics 

such as malathion and determining resulting impacts on animal health and the environment.  

Anurans are sentinel species for environmental contamination of OP pesticides such as 

malathion, and percutaneous absorption represents a significant route of exposure.  Topical 

exposure to general agricultural and environmental applications of sublethal doses of 

malathion could result in detrimental neurologic and immunologic effects. 
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CHAPTER THREE 

 

Viability of Glycerol Preserved and Cryopreserved Anuran Skin 

 

Publication Pending as: Scott Willens, Michael K. Stoskopf, Gregory A. Lewbart, Linda 

Martin. (accepted 2005) Viability of Glycerol Preserved and Cryopreserved Anuran Skin. 

In Vitro Cellular and Developmental Biology: Animal. 

 

Abstract:  Anurans are important animal models for studying the impacts of anthropogenic 

chemical contamination of the environment.  Two-compartment Teflon flow-through 

diffusion cells can be used to study percutaneous absorption of xenobiotics across harvested 

skin.  However, such an approach currently necessitates that skin be harvested just prior to 

experimentation, a requirement that calls for the continuous production or harvest, and 

housing of living animals.  The ability to preserve and store skin would allow more efficient 

use of animals and more flexibility in experimental design.  To this end, we examined the 

viability of harvested anuran skin stored under various protocols consistent with current 

practices of mammalian skin preservation.  Skin from the American bullfrog (Rana 

catesbeiana) maintained 80-85% viability after 28 days, whereas viability of skin from the 

marine toad was only maintained for 7-10 days. 
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INTRODUCTION 

Anurans (frogs and toads) are important animal models for studying the impacts of 

anthropogenic chemical contamination of the environment (Taylor et al., 1999a,b).  

Cutaneous absorption is considered a potentially important route of environmental exposure 

for amphibians considering the potential for extended contact, especially in aquatic 

environments (Fordham et al., 2001).  Two-compartment Teflon flow-through diffusion cells 

can be used to study transcutaneous kinetics of xenobiotics in anurans (Willens et al., 2004b).  

Flow-through diffusion cells currently require the harvesting of skin very close to the time of 

experimentation.  The ability to preserve and store skin would allow more efficient use of 

animals and more flexibility in experimental design.  There is the potential that the innate 

physiological processes of hibernation used by anurans could provide insight into the 

effective preservation protocols for anuran skin storage, further enhancing the anuran skin 

model. 

Some anuran species survive extreme cold if able to acclimatize during slow cooling 

and thawing (Layne and Lee, 1989).  In this process, freeze-tolerant anurans increase blood 

and tissue glucose concentrations through mobilization and metabolism of liver glycogen 

stores (Layne and Lee, 1989; Steiner et al., 2000; Layne and Jones, 2001; Irwin and Lee, 

2003).  The increased glucose forms hydrogen bonds with water molecules, reducing water 

activity, helping prevent cellular dehydration when extracellular spaces freeze.  This strategy 

allows wood frogs (Rana sylvatica) to survive being frozen to -5oC (Storey et al., 1992).  Ice 

accumulates in the coelomic cavity and liver mass decreases by as much as fifty percent over 

time while blood vessels expand to accommodate ice crystals, and cells become partially 

dehydrated in the “frozen” frogs (Layne and Jones, 2001). 
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Glucose is a natural cryoprotectant during hibernation of wood frogs and bullfrogs 

(Rana catesbeiana), however, its use in cryopreservation protocols has not been as successful 

as glycerol (Redmond et al., 1983).  Glycerol is not a true saccharide, but this nontoxic, 

lower molecular weight, and more permeable compound is converted to glucose by liver cell 

enzymes (Storey, 1990).  Combination of glycerol and glucose (or other saccharides) can 

increase survivability in amphibian tissues in vitro (Costanzo et al., 1993; Costanzo et al., 

1998; Browne et al., 2002).  The gray tree frog (Hyla versicolor) produces large amounts of 

glycerol that acts as natural antifreeze in the blood and tissues in addition to increasing 

glucose concentrations (Storey and Storey, 1986; Layne, 1999).  A similar strategy has been 

successfully used to preserve human skin (Hermans et al., 1996). 

Glycerol preservation of human skin at 4oC has become a standard technique 

possessing several advantages over cryopreservation (Hermans et al., 1996).  When held in 

85% glycerol, human allogeneic skin grafts attain a water activity (aw) of 0.3 through 

glycerolization, as glycerol enters tissue resulting in sequestration of intracellular  water 

(Ross and Kearney, 2004).  In addition, glycerol preserves the architecture of matrix proteins, 

minimizes lipid peroxidation and other degradation reactions, and is thought to have 

antibacterial and antiviral properties (Hermans et al., 1996; Ross and Kearney, 2004). 

Viability of human cadaver skin allografts has been maintained for 7 to 10 days using 85% 

glycerol in phosphate buffered saline (PBS) (Lomas et al., 2003). 

I examined viability of harvested anuran skin stored under various protocols derived 

from current practices with mammalian skin.  I hypothesized that skin from the relatively 

freeze-tolerant bullfrog (Steiner et al., 2000) could be more readily preserved for longer 
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times using these methods, while skin from the freeze-intolerant marine toad (Bufo marinus) 

would exhibit less survivability (Dalo et al., 1995), especially when cryopreserved. 

 

MATERIALS AND METHODS 

Skin Viability 

One bullfrog and two marine toads were euthanized with intracoelomically 

administered buffered tricaine methanosulfonate (MS-222) at a dose of 200 mg/kg.  Twenty-

four full-thickness truncal skin samples of 1.89 cm diameter (2.81 cm2) were obtained from 

each animal for time zero (n=3) and experimental thawing time points (n=3) at 1, 3, 7, 10, 

14, 21, and 28 days post-harvest.  Sample dimensions corresponded to those used for two-

compartment Teflon flow-through diffusion cells.  Fresh samples were processed within 2 

hours with no prior treatment.  For preserved samples, one skin sample was allotted to each 

of the following three treatment groups for each experimental time point.  Group one samples 

(glycerol cool) were preserved in 3 ml glycerol (85%) in amphibian Ringer’s stored at 4oC.  

Group two samples (glycerol frozen) were preserved in 3 ml glycerol (85%) in amphibian 

Ringer’s stored at -70oC.  Group three samples (DMSO/FBS frozen) were preserved in 3 ml 

5% DMSO and 20% fetal bovine serum (FBS) in amphibian Ringer’s stored at -70oC.  

Amphibian Ringer’s solution was composed of NaCl (110 mM), KCl (2 mM), CaCl2 (1.3 

mM), NaHCO3 (2.4 mM) dissolved in deionized water at room temperature.  The solution 

was modified with bovine serum albumin (1%), heparin (500 U/L), dextrose (0.12%), and 

amikacin (6.25%) to reflect the parameters used in diffusion cell experiments.  All sample 

groups were subjected to a slow rate of cool down of one hour to their final temperatures 

(4oC for glycerol cool, -70oC for glycerol frozen and DMSO/FBS frozen). 
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At each time point, samples were thawed at room temperature over 15 minutes to 

21oC, noting coloration and degree of shriveling.  Minimal shriveling consisted of 

deformation of the border of the sample.  A moderate degree of shriveling was noted as a 

curling of the sample margins, while severe shriveling involved contact or overlap of the 

sample margins.  Thawed samples, as well as fresh (day 0) samples, were then rinsed in 1x 

PBS for 15 min.  A 0.8cm diameter (0.50cm2) punch biopsy was taken from the center of 

each skin sample to reduce the potential of including peripheral tissue damaged by the 

freeze-thaw process in the evaluation.  This is also the area of skin available for treatment in 

standard diffusion cell assays.  In the diffusion cell assay, peripheral tissue is clamped down 

and not involved in active diffusion assessment. 

Thawed, trimmed samples were then incubated in protease (Pronase, Sigma-Aldrich, 

St. Louis, Missouri 63103, USA, 1% diluted 1:10 in 1x PBS) for one hour at room 

temperature to separate the epidermis from the dermis.  The epidermis was then scraped 

using a flat-orifice pipette tip (Cat. # P3082, Denville Scientific, Metuchen, New Jersey 

08840, USA) and washed in 1x PBS with Ca2+/Mg2+ to terminate enzymatic digestion.  This 

suspension was centrifuged at 110G (swinging bucket) for 5 minutes, the PBS aspirated, and 

the pellet of epidermal cells re-suspended in ethylene diamine tetraacetic acid (EDTA 0.2g/l 

in 1x PBS) (Versene, Invitrogen Corp., Carlsbad, California 92008, USA) to break tight 

junctions between the cells.  After 20 minutes, the suspensions were centrifuged again at 

110G for 5 minutes.  EDTA was aspirated, and the pellet of epidermal cells was re-

suspended in 100 µL of trypan blue (Sigma-Aldrich, 0.4% diluted 1:100 in 1x PBS) to stain 

nonviable cells unable to exclude the trypan blue (Vasiliev et al., 2002).  Ten µL of 

suspension was pipetted into each chamber of a Reichert Bright-Line metallized 
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hemacytometer (Hausser Scientific, Horsham, Pennsylvania 19044, USA).  Viable (excludes 

trypan blue) and non-viable (blue) cells were counted.  The average number of cells per 

quadrant multiplied by 104 provides the number of cells/ml.  Cell viability (%) was 

calculated as the total number of viable cells/ml (unstained) divided by the total number of 

cells/ml (stained and unstained) multiplied by 100.  A Wilcoxon signed rank test was used 

for nonparametric statistical comparison between time points and between groups (α<0.05). 

 

Histopathologic Analysis 

To assess the effectiveness of the skin processing methods, fresh samples of full-

thickness skin were carefully dissected from the same location along the ventral abdominal 

midline where samples for the preservation studies were collected.  Skin not exposed to 

protease or surface scraping was examined for normal microscopic appearance.  A second 

sample was exposed to protease for one hour to evaluate completeness of skin layer 

separations.  A third sample was exposed to protease for one hour and then scraped with a 

flat-orifice pipette tip to remove the epidermis.  The underlying dermis was examined to 

evaluate the impact of scraping on the dermal architecture.  All samples were fixed in 10% 

neutral buffered formalin, routinely processed, embedded in parafilm, sectioned at 5 µm, 

stained with hematoxylin and eosin, and examined via light microscopy. 

 

RESULTS 

Skin Viability 

Control skin samples (freshly collected) from frog and toad appeared grossly normal 

in coloration and hydration.  Suspensions of cells from control samples yielded 85-90% 
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viable cells based on the Trypan blue assay (Table 3.1, day 0).  Cell concentration was 

consistently 30,000-40,000 cells/ml. 

 As early as day 1, the glycerol cool group grossly displayed minimal shriveling and 

curling for both frogs and toads.  The glycerol frozen group showed moderate shriveling and 

curling for both species.  From day 3 on, the glycerol cool samples displayed moderate 

shriveling and curling for both frogs and toads.  Glycerol frozen samples displayed severe 

shriveling and curling for both species at day 3.  Skin from each group reacquired a grossly 

normal flat appearance after rinsing in 1x PBS for 15 min.  DMSO/FBS frozen samples from 

both species did not shrivel, curl, or otherwise deform at any time point.  Multifocal to 

coalescing pallor was noted by day 7 for all samples from both species, and this lesion 

increased in size or number of affected locations with successive time points. 

Microscopically, trypan blue assay demonstrated that viability was maintained at 80-

85% for all three treatment groups and both species at day 1 and day 3 (Table 3.1).  Glycerol 

cool and DMSO/FBS frozen groups maintained viability at 80-85% for both frogs and toads 

at day 7.   On day 7, the glycerol frozen group had slightly less viability at 75-80% for frog 

skin, but toad skin viability dropped off precipitously to 35-40% (α<0.05).   By day 10, toad 

skin viability had significantly decreased (α<0.05) to 40-45%, 20-25%, and 50-55% for the 

glycerol cool, glycerol frozen, and DMSO/FBS frozen groups, respectively, and the viability 

continued to decline further (α<0.05) to 20-25% for glycerol cool and DMSO/FBS frozen 

groups by day 14.  Toad samples from day 21 and day 28 were not examined due to poor 

viability of day 14 samples.  In contrast, frog skin viability remained unchanged (75-85%, 

α>0.05) for all groups through day 28 when the study was suspended. 
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Histopathologic Assessment 

The epidermis of untreated amphibian (both frog and toad) skin was approximately 

10 cell layers thick, with an overlying 1-3 cell layers of stratum corneum.  The epidermis was 

tightly adhered to the basement membrane and underlying dermis with little to no separation 

artifact (Figure 3.1).  Protease-treated skin revealed small foci of separation between the 

basal layer of epidermis and the basement membrane with no separation between layers of 

epidermis or within the dermis (Figure 3.2).  Scraped skin contained foci denuded of 

epidermis, with flaps of full thickness epidermis at the margins of those regions.  No visual 

evidence of disruption of the dermis or basement membrane was observed (Figure 3.3). 

 
Figure 3.1: Toad skin, normal untreated, hematoxylin and eosin stained. 

 
Figure 3.2: Toad skin, 60-min. protease digestion, hematoxylin and eosin stained - There are 
foci of complete separation of epidermis from the basement membrane with no disruption of 
the layers of the epidermis or of the dermis (representative section). 
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Figure 3.3: Toad skin, 60-min. protease digestion followed by scraping, hematoxylin and 
eosin stained - Scraping of the epidermis does not impact the underlying dermis. All cells 
harvested from the surface for cell suspension are epidermal cells. 
 

DISCUSSION 

Bullfrog skin retained 80-85% viability by day 28 for the glycerol cool and 

DMSO/FBS frozen groups and 75-80% viability for the glycerol frozen group (Table 3.1).  

Although pallor was noted, it did not reflect viability.  Shriveling of glycerol preserved and 

glycerol cryopreserved samples also did not reflect viability.  The 10-15% dead cells likely 

reflect a combination of cell mortality due to the cell suspension procedure and previously 

dead cells, as this is the same percentage of nonviable cells observed when cells were 

isolated from fresh skin.  Glycerol cool and DMSO/FBS frozen treatment groups had a 5-

10% decrease in skin viability compared to day zero, and glycerol cryopreservation had a 10-

15% decrease in viability.  There was no statistical difference (α>0.05) in viability between 

treatment groups considering expected variations in tissue processing. 

Toad skin viability remained high for glycerol cool and DMSO/FBS treatment groups 

through day 7 only.  The dramatic decrease in viability in the toad glycerol frozen group (35-

40%) supports human skin data that demonstrates DMSO to be a better cryoprotectant than 

glycerol (Bravo et al., 2000).  All three groups had marked cell death by day 10 (α<0.05).  
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This is comparable to human skin data from Euro Skin Bank glycerol preservation studies 

(Hermans et al., 1996). 

        Viability (%)       
  Treatment Day 0 Day 1 Day 3 Day 7 Day 10 Day 14 Day 21 Day 28 
  Glycerol Cool 85-90 80-85 80-85 80-85 80-85 80-85 80-85 80-85 

Frog Glycerol Frozen 85-90 80-85 80-85 75-80 75-80 75-80 75-80 75-80 

  
DMSO/FBS 

Frozen 85-90 80-85 80-85 80-85 80-85 80-85 80-85 80-85 
  Glycerol Cool 85-90 80-85 80-85 80-85 40-45 20-25     

Toad Glycerol Frozen 85-90 80-85 80-85 35-40 20-25 20-25     

  
DMSO/FBS 

Frozen 85-90 80-85 80-85 80-85 50-55 20-25     
 
Table 3.1:  % Viability of Bullfrog and Marine Toad Skin – Glycerol Cool: Glycerol (85%) 
in amphibian Ringer’s at 4oC; Glycerol Frozen: Glycerol (85%) in amphibian Ringer’s at -
70oC; DMSO/FBS Frozen: DMSO (5%) and FBS (20%) in amphibian Ringer’s at -70oC. 
 

In contrast to humans and B. marinus, R. catesbeiana has been shown to be a freeze-

tolerant species (Steiner et al., 2000).  Plasma glucose concentration increases with a 

concurrent decrease in liver glycogen stores when live animals are held at -2oC, but with no 

concomitant decrease in hematocrit (Steiner et al., 2000).  Cold-induced hyperglycemia is not 

as marked in Bufo paracnemis, and liver and muscle glycogen levels are not significantly 

changed, though hematocrit decreases significantly.  Notably, injections of glucose do not 

impart cryoprotection or hematocrit stability to freeze-intolerant toads (Steiner et al., 2000).  

Increased plasma glucose (cryoprotectant) and hematocrit stability are protective 

mechanisms present in freeze-tolerant bullfrogs but absent in freeze-intolerant marine toads.   

There are likely mechanisms other than mobilization of hepatic glycogen responsible 

for cryoprotection in anurans.  Such alternative mechanisms could include anti-freeze 

proteins and antioxidant enzymes (Storey, 1999; Steiner et al., 2000).  Furthermore, central 

nervous system adaptations (Dalo et al., 1995; Bachman et al., 1998), hormone structural 
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modifications (Conlon et al., 1998), hibernation-inducible genes (Saito et al., 2000; Wu et al., 

2002), and cardiovascular responses (Storey, 1990; Costanzo et al., 1993; Sun and Herman, 

1995; Wang and Herman, 1996) occur in cold-tolerant species and enhance survivability 

during hibernation.  The absence or inefficiency of these protective mechanisms in the 

marine toad may further explain the failure of toad skin viability after 7-10 days. 

The ability to preserve bullfrog skin allows a reduction in animal husbandry costs and 

animal suffering, as well as immediate and potentially long-term storage of skin for later use 

in toxicology studies.  One such study would be the characterization of percutaneous 

absorption of xenobiotics across preserved bullfrog skin using two-compartment Teflon 

flow-through diffusion cells. 
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CHAPTER FOUR 

 

Percutaneous absorption of malathion in the harvested perfused anuran pelvic 

limb 

 

Publication Pending as: Scott Willens, Michael K. Stoskopf, Ronald E. Baynes, Gregory A. 

Lewbart, Sharon K. Taylor, Suzanne Kennedy-Stoskopf. (for submission 2005) 

Percutaneous absorption of malathion in the harvested perfused anuran pelvic limb. 

Journal of Environmental Toxicology and Pharmacology. 

 

Abstract:  The objective of this study was to establish an accurate in vitro model for 

cutaneous absorption in anurans. The harvested perfused anuran pelvic limb (HPAPL) model 

maintains the anatomic and physiologic integrity of the skin from the pelvic limb, including 

the intact capillary network.  Radiolabeled malathion was applied to the skin of the dorsal 

thigh, and perfusate was collected over a six hour period.  Residues from the skin surface, 

stratum corneum, and dosed area beneath the stratum corneum were analyzed.  Kinetic 

parameters were calculated from these data.  Absorption was significantly less for the 

HPAPL than previously reported for Teflon flow-through diffusion cells.  However, 

partitioning effects were comparable.  The HPAPL is an appropriate in vitro model for 

examining cutaneous absorption kinetics in the bullfrog. 
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INTRODUCTION 

The objective of this study is to establish an accurate in vitro model for percutaneous 

absorption in anurans.  The harvested perfused anuran pelvic limb (HPAPL) is a model that 

maintains the anatomic and physiologic integrity of the skin from the pelvic limb, including 

the intact capillary network.  Percutaneous absorption is considered a potentially important 

route of environmental exposure for amphibians, especially in aquatic environments 

(Fordham et al., 2001).  Bullfrogs (Rana catesbeiana) are considered to be a highly sensitive, 

environmental health indicator species that inhabit the aquatic and terrestrial interface (Carey 

and Bryant, 1995; Blaustein et al., 1997; Taylor et al., 1999a,b). 

In vitro models for the characterization of cutaneous absorption can be used to 

minimize the use of live animals in experiments.  In vitro studies can also be used to model 

in vivo systems, allowing environmental variables, such as temperature, humidity, and pH, to 

be tightly controlled.  Two in vitro systems commonly used to determine the absorption 

kinetics of xenobiotics and toxins across the skin include the two-compartment Teflon flow-

through diffusion cell system and the isolated perfused porcine skin flap (IPPSF) (Riviere et 

al., 1986).  The flow-through diffusion cell system is perfused with a physiologic solution on 

the subcutaneous surface, while the IPPSF model is perfused via cutaneous vasculature 

(usually the caudal superficial epigastric artery) with a physiologic solution (Riviere et al., 

1986).  Both models provide a morphologically complete and intact skin barrier, and 

cutaneous metabolism is a factor in viable skin of both the flap and diffusion cells (Riviere, 

1999).  However, neither model takes into account metabolism by the liver, nor absorption 

and elimination by other routes. 
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The skin flap model has several distinct advantages over the flow-through cell model.  

The intact microvasculature found in the skin flap model is susceptible to vasoactive 

compounds and consequent deleterious effects on endothelial function (Black et al., 2001).  

Vasodilation, vasoconstriction, or damage to blood vessels will influence the toxic load of 

xenobiotics distributed to the organism through the vasculature following cutaneous 

absorption.  Rubefacients (Baynes et al., 2001) and vesicants (Riviere et al., 2001) can also 

alter blood flow.  Topical application of malathion as a pediculicide in humans has been 

demonstrated to induce a marked and long-lasting localized erythema, thereby enhancing its 

own uptake (Boutsiouki et al., 2001).  Diffusion cell systems are comparably simple to 

perform, but they do not take into account variations and effects on blood flow.  However, 

studies comparing cutaneous absorption of a wide range of compounds, using the same dose 

concentration and vehicle, have shown the IPPSF to be a valuable model for predicting 

cutaneous absorption in humans (correlation coefficient 0.78; p <0.04) (Wester et al., 1998).  

The skin flap model also permits a more accurate physiological representation of in vivo 

cutaneous pharmacokinetics than diffusion cell models. 

Two-compartment Teflon flow-through diffusion cells and IPPSF have been 

employed to extrapolate in vivo cutaneous exposure and metabolism of OP compounds in 

humans (Riviere and Chang, 1992).  The diffusion cell model has subsequently been applied 

to bullfrogs and marine toads (Bufo marinus) to determine the percutaneous absorption 

kinetics of malathion (Willens et al., 2004b).  Cutaneous absorption of malathion across 

porcine skin has been determined using the IPPSF (Williams et al., 1990), however, skin flap 

models have not been applied to amphibians. 
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Several anatomical differences must be considered when designing an amphibian skin 

flap.  First, frogs are small compared to pigs.  Frogs do not possess a caudal superficial 

epigastric artery or vein of appreciable size.  The cutaneous artery and vein are present 

bilaterally along the mid-lateral abdominal skin (Underhill, 1969).  The cutaneous artery 

originates from an artery arising directly from the truncus arteriosus and courses from the 

axillary region caudally towards the pelvic limb.  The cutaneous vein courses cranially to the 

musculocutaneous vein.  This is a large vein that drains the muscles and skin on the lateral 

and dorsal portions of the head and trunk.  However, the lack of substantial dermal and 

hypodermal tissue makes the classical skin flap model surgically impractical in anurans.  

Extensive collateral circulation would also permit leakage of perfusate at the margins, 

although cannulation of the cutaneous artery and vein of the bullfrog has been performed to 

study the rate of sodium uptake across perfused isolated flank skin (Talbot, 2002).  Frogs 

also live in an aquatic environment which can cause problems in post surgical healing, 

including risk of infection or trauma to the flap.  The need to hold the animal through a 

prolonged healing time, and a two procedure protocol on a live animal, are other undesirable 

features of a skin flap model in anurans. 

An alternative model for the isolated perfused skin flap is the harvested perfused 

anuran pelvic limb (HPAPL) model.  This model maintains the anatomic and physiologic 

integrity of the skin from the pelvic limb, including the intact capillary network and the 

presence of muscle, fat, and bone.  The pelvic limb model, like the IPPSF, can take into 

account the vasoactive and vasopathic effects of xenobiotic compounds on the skin in vivo.  

This is an advantage over the simple diffusion barrier of the diffusion cell model.    I 
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hypothesize that the HPAPL will be an anatomically and physiologically viable in vitro 

model for the investigation of percutaneous absorption kinetics in anurans.  

 

MATERIALS AND METHODS 

Absorption Kinetics Harvested Perfused Anuran Pelvic Limb 

Four animals were euthanized with tricaine methanosulfonate (MS-222) at a dose of 

200 mg/kg intracoelomically.  Only one animal was euthanized per experimental day.  Two 

pelvic limbs per animal were prepared on the same day.  A ventral paramedian abdominal 

incision permitted access to the common iliac artery.  This artery arises from the caudal 

bifurcation of the aorta.  The common iliac artery diverges into the femoral artery and sciatic 

artery.  The common iliac artery was ligated with 3-0 Vicryl distal to the origin of the 

epigastric artery.  The polyethylene cannula (2.9 French on 23GA needle) was placed just 

distal to the ligature and held in place with a 3-0 Vicryl ligature over the cannula. 

The ventral musculature (gracilis major, gracilis minor, adductor magnus, adductor 

longus, sartorius) were transected at their origins to expose the pelvic symphysis.  The dorsal 

musculature (rectus femoris, vastus externus, vastus internus, and semimembranosus) was 

then transected.  Venous drainage from the caudal limb was transected to permit removal of 

the limb and collection of perfusate.  Cannulation of a single venous efflux was not required 

as the perfusate was collected by venous return dripping into a 20cm grooved polyethylene 

carriage (Figures 4.1 and 4.2) which housed the flap (Riviere et al., 1986).  Pelvic 

attachments to the spine and the lumbosacral junction were dissected.  Finally, the pelvic 

symphysis was incised with a #10 blade to allow separation of the pelvic limbs.  Care was 

taken not to transect the femoral artery and sciatic artery at the level of the pelvis. 
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Limbs were perfused through the common iliac artery with amphibian Ringers 

solution (110mM NaCl, 2mM KCl, 1.3mM CaCl2, 2.4mM NaHCO3) spiked with bovine 

serum albumin (1%) and dextrose (1.2%) to maintain cell viability.  Amikacin (62.5 mg/L) 

was added to limit bacterial growth, and heparin (500 U/l) was added to prevent clogging of 

the perfusion lines and vasculature from the bovine serum albumin or residual clotting 

factors.  The perfusate was maintained at pH 7.2-7.4, 21oC, and flow rate (1 ml/min).  Limbs 

were placed in polyethylene carriages, and a Stomahesive (ConvaTec) patch was applied to 

the dorsal thigh with Skin-Bond Cement (Smith and Nephew, Inc., Largo, FL 33779-1970, 

USA) (Figures 4.1 and 4.2).  Malathion-2,3-14C (Sigma) was diluted in 100% ethanol to 

achieve an 18.4 µl dose of 26 µg/cm2 (0.44-0.45 µCi).  The dose was applied to the dorsal 

thigh skin in the well created by the patch.  Perfusate was collected every 15 minutes over a 6 

hour period.  One ml of each perfusate fraction in 15 ml of EcoLume liquid scintillation 

cocktail (MP Biomedicals, Irvine, CA 92618-2005, USA) was analyzed in a Packard Liquid 

Scintillation Counter (Packard Instrument Co., Inc./Canberra Industries, Meriden, 

Connecticut 06450, USA).  Kinetic parameters, including venous efflux profile (% dose/min) 

were calculated from these data.  Skin viability was assessed by visual observations for 

coloration and glucose utilization using a Beckman glucose analyzer 2 (Beckman Coulter, 

Inc., Fullerton, CA 92834-3100, USA) throughout the perfusion time at the collection time 

points (Riviere et al., 1986) (Figure 4.2).  Lack of glucose utilization from time zero was an 

indication of inadequate perfusion. 

At the end of six hours, the surface of the skin was cleaned with swabs and 1% soapy 

solution (Ivory dish liquid) to determine the amount of labeled malathion remaining on the 

surface of the skin.  Swabs were kept in 15 ml of ethanol overnight.  Clear Scotch tape was 
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used to strip off the stratum corneum of the dosed area.  Tape was chemically digested in 15 

ml of ethyl acetate overnight.  The remaining tissues of the dosed area were digested in 15 ml 

Biosol tissue solubilizer (National Diagnostics, Atlanta, GA 30336, USA) overnight.  Swabs 

of the carriage were obtained with 1% soapy solution and stored in 15 ml of ethanol 

overnight to determine contamination of the carriage.  The entire Stomahesive patch was also 

submerged in 15 ml of ethanol overnight to determine retention of malathion by the patch.  

One ml of each sample solution (surface swabs, stratum corneum tape strips, tissues, carriage 

swabs, Stomahesive patch) in 15 ml of Ecolume was analyzed in a Packard Liquid 

Scintillation Counter.  Residue values were determined from these data. 

 
Figure 4.1:  Harvested Perfused Anuran Pelvic Limbs in carriages before placement of 
Stomahesive patches.  Amphibian Ringer’s perfusate is administered to the limbs via 
peristaltic pump.  Perfusate pH, room temperature and humidity are monitored. 
 

 
Figure 4.2:  Harvested Perfused Anuran Pelvic Limbs with Stomahesive patches.  The limb 
on the left is improperly cannulated, resulting in necrosis and cessation of glucose utilization 
by 2 h.  The limb on the right appeared as vital at 6 h and continued to utilize glucose. 
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RESULTS 

Glucose utilization ranged from 6 to 10 mg/dl throughout each perfusion.  Well 

perfused limbs retained hydration and green color over the six hour period.  Mean absorption 

peak for the HPAPL was 17.9 + 2.3% dose/h (Figures 4.3 and 4.4).  Mean time to first peak 

for the HPAPL was 108.8 + 7.2 min.  Total absorption was 45.6 + 5.6% of the dose 

administered. 

Partitioning residue effects were comparable (Figures 4.5 and 4.6).  Dose retained on 

the surface of the skin, stratum corneum (tape stripping), and dosed area accounted for less 

than 5% of the total applied dose.  The carriage and fingertips of the gloves used in 

preparation of samples retained no significant detectable contamination.  However, the 

Stomahesive patch retained a significant amount of contamination. 



 65 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 4.3:  Absorption data for 5 Harvested Perfused Anuran Pelvic Limbs comparing % 
dose/h of malathion absorbed over 6 h. 
 
 

 

 

 

 

 

 

 

 

Figure 4.4:  Mean absorption data for 5 Harvested Perfused Anuran Pelvic Limbs comparing 
% dose/h of malathion absorbed over 6 h. 
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Figure 4.5:  Residues for 5 Harvested Perfused Anuran Pelvic Limbs. 

 

 

 

 

 

 

 

 

Figure 4.6:  Mean residues for 5 Harvested Perfused Anuran Pelvic Limbs. 
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iliac artery to its femoral and sciatic branches led to medial or lateral viable versus non-

viable halves. The limbs retained normal green coloration and hydration, and glucose 

utilization remained fairly constant over six hours.  However, only one animal was 

successfully cannulated bilaterally.  A higher success rate would be expected with additional 

practice by the surgeon or potentially the coordinated deployment of two surgeons.  Poorly 

cannulated limbs had a decreased glucose utilization curve from time zero, turned black 

within two hours, and were not used in the study (Figure 4.2). 

The HPAPL also had low peak absorption (17.9%) and total absorption (45.6%) 

compared to expected values based on flow cell diffusion models.  This can be attributed to 

retention of malathion by the Stomahesive patch used in the HPAPL.  Although the patch 

significantly impeded absorption by acting as a depot, use of the patch was essential to the 

study.  In a preliminary trial where the patch was not used to maintain the applied dose in a 

confined area until absorbed, the dose would run off the limb and be detected as a single peak 

at the first 15 minute time point.  An alternative to the Stomahesive patch would be an inert 

substance such as polyethylene. 

Another potential component to the decreased absorption in the HPAPL compared to 

diffusion cells is the presence of dermis, as well as other tissues of the limb including muscle 

and bone.  Delayed distribution from these deeper compartments could account for the 

biphasic, two-compartment model absorption kinetic profiles seen in Figures 4.3 and 4.4. 

One potential problem in preparation of the HPAPL model is the inadvertent 

transection of smaller arteries.  This may cause leakage which would result in lower 

perfusion rates.  Ligature of those vessels in a trial limb preparation alleviated leakage and 

appeared to provide better perfusion as seen in improved tissue viability.  The withdrawl of 
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transected veins and venules back into the tissue of the flap could result in loss of malathion 

into the extravascular spaces and tissues.  This could cause an inaccurate lower return of 

malathion in collected perfusate.  Cannulation of major veins (femoral) should diminish this 

source of loss of yield.  Leakage from lymphatics should be considered a potential source of 

error as well, albeit of a smaller magnitude than that caused by leakage from the perfused 

isolated flank skin model (Talbot, 2002). 

The HPAPL as conducted in my study does not completely replicate natural exposure 

conditions.  For example, to avoid miscibility challenges in the small dosing units we were 

applying, we used pure ethanol as the vehicle for the applied malathion, the same formulation 

used in my diffusion cell studies.  Practical spray applications use a variety of vehicle solvent 

combinations depending upon the application (Marty, et al., 1994).  These solvent mixtures 

could be expected to affect the kinetics observed in the application.  However, in most 

environmental exposures skin is more likely to be exposed to an aqueous or oily formulation 

than to pure solvent (Horstman, et al., 1989).  Therefore, true environmental exposure risk 

may be higher than in my studies because malathion is more likely to partition to the skin 

from an aqueous or oily formulation. 

Percutaneous absorption represents the greatest exposure risk to amphibians, although 

gastrointestinal and respiratory components may have a less significant impact (Hall and 

Kolbe, 1980; Ling, 1990).  For instance, rapid environmental and metabolic degradation of 

OP pesticides prevent significant bioaccumulation and subsequent gastrointestinal absorption 

(SCAMP, 1987; Massachusetts Department of Agricultural Resources, 2005).  In addition, 

malathion is applied to crops and the environment in the form of aerosolized droplets 

approximately the same size as the 18.4 µl dose used in this study (Perich et al., 2000), which 
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would not be sufficiently small (1-5 µg) to reach the lower airways for respiratory absorption 

(Riviere, 1999).  Typically, malathion aerosols are applied to the environment at a rate of 100 

g/acre (2.5 µg/cm2), significantly less than the 26 µg/cm2 local application in the diffusion 

cell study (Perich et al., 2000).  A percutaneous sublethal dose of 11 µg/g of body weight has 

been demonstrated for bullfrogs and marine toads (Taylor et al., 2004).  A frog or toad 

exposed dorsally to a typical environmental aerosol application of malathion would be 

expected to be exposed to sublethal doses or greater in favorable weather conditions.  Using 

relevant environmental parameters, the harvested perfused anuran pelvic limb characterizes 

the percutaneous absorption of malathion by using a model that maintains the anatomic and 

physiologic integrity of perfused skin.  This model is an adaptation of the isolated perfused 

porcine skin flap to the amphibian anatomy and an improvement over two-compartment 

Teflon flow-through diffusion cells.   



 70 

CHAPTER FIVE 

 

Measurements of common iliac arterial blood flow in anurans using Doppler 

ultrasound 

 

Publication Pending as: Scott Willens, Sloan H. Dupree, Michael K. Stoskopf, Sharon 

K. Taylor, Gregory A. Lewbart. (submission 2005) Measurements of common iliac 

arterial blood flow in anurans using Doppler ultrasound. Journal of Zoo and Wildlife 

Medicine. 

 

Abstract:  Color Doppler ultrasonography was used to determine time-averaged mean 

velocity and cross sectional area of the common iliac artery in bullfrogs (Rana catesbeiana) 

and marine toads (Bufo marinus).  Volumetric blood flow and weight adjusted blood flow 

measurements were calculated from this data.  Volumetric flow rates of frogs (31.8 ml/min) 

and toads (23.6 ml/min) did not differ statistically.  However, when flow rates were adjusted 

for body mass, toads displayed a significantly greater flow rate of 238.1 ml/min.kg compared 

to 114.4 ml/min.kg for frogs. 
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INTRODUCTION 

Cutaneous absorption of xenobiotics is considered a potentially important route of 

environmental exposure in amphibians, and blood flow is an important factor in the 

cutaneous absorption kinetics of xenobiotics (Riviere, 1999; Taylor et al., 1999a; Johnson et 

al., 2000; Boutsiouki et al., 2001; Fordham et al., 2001; Talbot, 2002; Relyea, 2004).  To 

characterize cutaneous absorption of xenobiotics, in vitro models, such as the two-

compartment Teflon flow-through diffusion cell, allow careful control of key environmental 

variables including temperature, humidity, and pH (Willens et al., 2004b).  They can also 

minimize use of live animals in experiments.  Diffusion cells provide a morphologically 

complete and intact skin barrier and eliminates confounding factors in the analysis of in vivo 

cutaneous absorption, including absorption, metabolism, or elimination by other routes.  

Although diffusion cell assays are simple to perform using anuran (frogs and toads) skin, 

they cannot account for potential effects of variation in blood flow on xenobiotic transport 

(Willens et al., 2004b). 

Knowledge of the range of arterial flow dynamics in anurans is important for the 

development of appropriate experimental systems to study cutaneous absorption of 

vasoactive compounds.  Diagnostic ultrasound is a well established imaging modality in 

mammalian medicine but its application in amphibians has been relatively limited.  Echo-

Doppler ultrasonography has successfully been used to study cardiac structure and kinetics, 

and to measure blood flow velocity of the heart and great vessels of lower vertebrates 

including the common toad, Bufo bufo, and experimentally, pulsed ultrasound has been used 

to determine the retardant effects of ultrasound on regeneration of harvested forelimbs of 
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adult newts (Triturus sp) (Pizarello et al., 1975; Coucelo et al., 1996).  The objective of this 

study was to establish normal values for blood flow in vessels responsible for the perfusion 

of the pelvic limb of anurans.  This was a first step in developing a system to investigate the 

pharmacokinetics of environmentally important xenobiotic compounds. 

 

MATERIALS AND METHODS 

Doppler Ultrasonography 

Five wild-caught bullfrogs (Rana catesbeiana), median weight 278 g, and five wild-

caught marine toads (Bufo marinus), median weight 99 g, were obtained from commercial 

sources and acclimated to laboratory holding conditions for at least 3 wk before evaluation in 

these studies.  Handlers wearing latex-free, powder-free gloves pre-moistened with filtered 

water restrained animals in dorsal recumbency on a water-moistened cloth towel for 

examination.  Water soluble contrast gel (Aquasonic 100 Ultrasound Transmission Gel, 

Parker Laboratories, Inc., Orange, New Jersey 07050, USA) was applied bilaterally to the 

inguinal regions.  A color Doppler ultrasound machine (Siemens Allegra, Erlangen, 

Germany) with a 7.5 MHz linear transducer (Siemens Allegra) was used to record vascular 

dimensions.  The transducer was gently applied over the pulsing common iliac artery just 

proximal to its bifurcation.  Measurements were taken at times when animals were not 

breath-holding.  This minimized the potential impact of increased intracoelomic pressure due 

to pulmonary distension on arterial diameter.  While animals were respiring freely, three 

successive measurements of maximum and minimum elliptical diameter were obtained while 

imaging in a transverse plane to the vessel at times when the common iliac artery appeared 

most nearly circular by visual inspection.  The minimum elliptical radius was used to 
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calculate vessel cross-sectional area.  This was followed by three successive time-averaged 

mean velocity measurements (TAM) taken in a longitudinal plane to the vessel. 

Volumetric flow rate (ml/min) for each animal was calculated from the product of the 

TAM in cm/sec and the cross-sectional area of the artery (cm2) multiplied by 60 (Kantrowitz 

et al., 1989; Raisis et al., 2000).  Flow rate per kg body weight was then calculated.  A 

Wilcoxon signed rank test was used for nonparametric statistical comparison between left 

and right pelvic limb data and between frog and toad data considering a p value < 0.05 as 

significant. 

 

RESULTS 

No significant differences (p <0.05) were noted between left and right common iliac 

arterial radii, TAM values, or resulting volumetric flow rates for frogs (Table 5.1).  No 

statistically significant differences were seen between left and right common iliac arterial 

radii for toads.  However, median (10-90th percentile) TAM values did differ significantly (p 

=0.03) with velocity of left common iliac arteries (9.4 (5.5-11.8) cm/sec) greater than the 

right (5.8 (3.8-8.7) cm/sec). 

Time-averaged mean velocities did not differ between frogs and toads, and the 

median TAMs (10-90th percentile) were 7.5 cm/sec (4.7 - 11.1 cm/sec) and 7.4 cm/sec (3.9-

10.4 cm/sec), respectively.  The median radius of the common iliac artery did not differ 

between frogs and toads, with values of 1.5 mm (1.1-1.9 mm) and 1.3 mm (1.1-1.7 mm), 

respectively.  Volumetric flow rates of frogs (31.8 ml/min) and toads (23.6 ml/min) did not 

differ statistically (p >0.05).  However, when flow rates were adjusted for body mass, toads 
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displayed a significantly greater median flow rate (p <0.05) of 238.1 ml/min.kg compared to 

114.4 ml/min.kg for frogs. 

Table 5.1:  Common iliac arterial values of bullfrogs and marine toads determined by color 
Doppler ultrasonography.  Values are shown for left and right pelvic limbs of 5 individuals of 
each species.  Median (10-90th percentile) are given for left, right, and overall values for each 
species. 
 

Animal Mass(g) TAM(cm/sec) Radius(mm) Area(cm2) 

Volumetric 

flow(ml/min) ml/min.kg 

Frog1Left 278 5.2 1.4 0.059 18.2 65.5 

Frog1Right 278 7.9 1.2 0.045 21.4 76.8 

Frog2Left 358 7.0 1.6 0.079 32.9 91.9 

Frog2Right 358 7.1 1.6 0.077 33.0 92.2 

Frog3Left 278 8.3 1.2 0.043 21.2 76.4 

Frog3Right 278 9.1 1.1 0.039 21.3 76.7 

Frog4Left 263 10.8 1.4 0.062 40.0 152.2 

Frog4Right 263 8.0 1.6 0.077 37.0 140.8 

Frog5Left 240 3.7 1.1 0.038 8.4 35.2 

Frog5Right 240 6.7 1.0 0.034 13.5 56.4 

FrogLeft 278 7.3 (4.5-11.4) 1.6(1.1-1.8) 

0.080(0.038-

0.102) 35.2 126.7 

FrogRight 278 8.0(6.7-8.7) 1.5(1.2-1.8) 

0.071(0.045-

0.102) 33.9 122.0 

Frogs 278 7.5(4.7-11.1) 1.5(1.1-1.9) 

.071(0.038-

0.113) 31.8 114.4 
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Toad1Left 88 9.8 1.2 0.043 25.1 284.9 

Toad1Right 88 7.1 1.1 0.040 17.2 195.2 

Toad2Left 119 10.6 1.0 0.033 20.7 173.7 

Toad2Right 119 4.0 1.1 0.036 8.6 72.1 

Toad3Left 114 5.4 1.1 0.040 13.1 114.6 

Toad3Right 114 4.2 1.1 0.040 10.2 89.9 

Toad4Left 94 9.6 1.4 0.059 33.8 359.7 

Toad4Right 94 8.7 1.5 0.069 36.2 385.2 

Toad5Left 99 8.8 0.9 0.026 13.9 140.9 

Toad5Right 99 6.5 1.0 0.033 12.6 127.3 

ToadLeft 99 9.4(5.5-11.8) 1.4(1.0-1.6) 

0.062(0.031-

0.080) 34.7 350.8 

ToadRight 99 5.8(3.8-8.7) 1.2(1.1-1.5) 

0.045(0.038-

0.071) 15.7 159.0 

Toads 99 7.4(3.9-10.4) 1.3(1.1-1.7) 

0.053(0.038-

0.091) 23.6 238.1 

 

DISCUSSION 

Common iliac volumetric blood flow rates were comparable in bullfrogs and marine 

toads.  Therefore, blood flow is not likely to be a source of differential cutaneous absorption 

between these species.  This makes it convenient to set common perfusion rates for in vitro 

experiments, such as two-compartment Teflon flow-through diffusion cells (Willens et al., 
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2004b).  No significant differences were noted in the percutaneous absorption kinetics of 

malathion in bullfrogs and marine toads using a flow rate of 1 ml/min (Willens et al., 2004a).  

Anuran tissue perfused by arterial cannulation would also need to rely on a physiologically 

accurate perfusion rate.  A flow rate of 1 ml/min is sufficient to maintain patency of the 

common iliac artery of anurans (Willens et al., 2004a).  However, the results of this study 

show that 1 ml/min may not be a physiologically relevant perfusion rate. 

The values obtained for volumetric flow in both species were high in comparison to 

mammals (Kantrowitz et al., 1989; Raisis et al., 2000).  These values could be explained by 

apparent resistance to manual restraint.  Stress and strenuous exercise may increase the 

metabolic rate by as much as nine times that of resting amphibians (Gatten et al., 1992).  

Higher volumetric flow rates in toads could be explained by persistent struggling.  One study 

demonstrated that B. marinus has greater maximal (exercised) blood flow rates due to higher 

heart rates, increased pulse volumes and lower peripheral resistance than R. catesbeiana, 

although the toads in their study were only 60% as large as the bullfrogs (Hillman et al., 

1977). 

In addition, breath-holding in toads could not be completely prevented during the 

study.  Measurements obtained between episodes of breath-holding likely reflect a rebound 

increase in peripheral blood flow due to a concurrent decrease in intracoelomic pressure.  In 

future studies, this effect could be reduced by acclimating the animals to manual restraint or 

by eliminating manual restraint completely.  Aquatic and semi-aquatic amphibians, such as 

bullfrogs, can be placed in a water-filled container and ultrasonography performed across the 

barrier (Stetter, 2001).  Use of an anesthetic, such as tricaine methanosulfonate, is another 

alternative to manual restraint.  Though ultrasonography has not been used traditionally for 
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amphibians, they provide the promise to improve the health management of amphibians.  

Ultrasound could be used for detecting vascular perfusion changes in common diseases, such 

as bacterial septicemias and mycotic dermatitis, as a possible adjunct in establishing 

prognosis for valuable specimens. 

Manual restraint and design of the data collection sequence could explain the higher 

TAM values for left versus right common iliac arteries in toads.  Left-sided values were 

always obtained first followed by evaluation of the right common iliac artery.  It is possible 

that animals accommodated to being held over time and had reduced cardiac rate and output. 

Study design, level of activity, species physiology, and human error (variation in 

angle of the transducer in relation to blood flow) are sources of variability.  Even small 

permutations in arterial radius (r) and errors in measurement have a large effect on cross-

sectional area (πr2) and resultant volumetric flow calculations because of an incremental 

increase in radius resulting in a second power increase in area.  Experience and reduction of 

breath holding and overall mobility reduced variability. 

Sustained flow rates of 25-30 ml/min could create a high perfusion pressure and 

subsequent extravasation of the perfusate (Sanchez-del-Rio and Reuter, 2004).  Isolated 

pelvic limb perfusions of nude rats are conducted using a flow rate of 4 ml/min (Wu et al., 

1997).  Capillary filtration rates and coefficients in R. catesbeiana and B. marinus are 

considerably greater than those found in mammals, predisposing them to plasma and 

lymphatic fluid shifts at high flow volumes (Hancock et al., 2000).  Anurans are able to 

compensate for fluid flux between the vascular and lymphatic compartments and prevent 

tissue damage (Hillman et al., 2004).  A pressure gradient created by compartmentalization 
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of hind limb lymph spaces into sacs is assisted by skeletal muscle contractions to move 

lymph cranially (Hillman et al., 2004). 

Flow rates of 25 ml/min are logistically difficult to achieve in vitro considering the 

constraints of most peristaltic pumps.  A perfusion rate of 1 ml/min would conform to 

peristaltic pump capabilities while maintaining vessel patency and preventing extravasation 

of perfusate fluid.  This rate also corresponds to the perfusion rate used in isolated perfused 

porcine skin flaps used to model absorption by human skin (Riviere et al., 1997).  The 

perfusion rate of subsequent anuran in vitro perfusion studies should depend on the objective 

of the study.  If the goal is to standardize technique with that of existing mammalian 

protocols, then a flow rate of 1 ml/min is appropriate, with the understanding that the rate 

does not approximate physiological blood flow in anurans (Willens et al., 2004a).  However, 

if the objective is to achieve physiologically relevant pharmacokinetic data for amphibians, 

higher flow rates should be employed.  It is important to determine normal blood flow 

because vascular perfusion directly impacts the percutaneous absorption of pharmaceuticals 

and toxins.  Extravasation and lymphatic drainage of perfusate have potential implications on 

recovery and partitioning effects of xenobiotics, and models working with amphibians should 

take these factors into account when establishing perfusion flow rates (Willens et al., 2004a). 
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CONCLUSIONS 

The research encompassed in my dissertation collectively characterizes the 

percutaneous absorption of the organophosphorous pesticide, malathion, across skin from 

bullfrogs (Rana catesbeiana) and marine toads (Bufo marinus) using in vitro models.  An 

established mammalian model for percutaneous absorption, the two-compartment Teflon 

flow-through diffusion cell assay, was adapted to anuran skin to examine species and 

anatomical site differences in absorption and partitioning of C14-radiolabeled malathion.  

Malathion absorption was greater across the ventral skin compared to dorsal skin in both 

bullfrogs and marine toads but did not differ significantly between species.  The issue of 

short-term storage and viability of anuran skin for diffusion cells was examined using 

glycerol preservation and cryopreservation techniques.  Bullfrog skin viability was retained 

for 28 days, while marine toad skin viability significantly decreased after 7-10 days.  A novel 

in vitro model, the harvested perfused anuran limb (HPAPL) preparation, which maintained 

an intact microvasculature to the skin, was developed.  The HPAPL represented an 

improvement over diffusion cells by retaining the anatomic and physiologic integrity of the 

skin.  Doppler ultrasound was used to determine the perfusion rate for the HPAPL by 

measuring the physiologic blood flow of the pelvic limb in vivo.  Percutaneous absorption of 

malathion in vivo was used to determine the sublethal dose in bullfrogs and marine toads, as 

well as the effect on brain acetylcholinesterase using a modified Ellman spectrophotometric 

technique. 

Concurrent studies have examined the effects of percutaneous exposure to malathion 

on the immune system of anurans, including a lymphoproliferative assay, a bactericidal 

assay, and cytokine expression (IL-1, TGF-β).  Future studies could investigate the effects of 
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pH (simulating acid rain), tape stripping (simulating traumatic insult), or preservation 

(simulating recent hibernation) on percutaneous absorption using diffusion cells or the 

HPAPL.  The metabolite, malaoxon, and other related OP compounds could also be 

examined.  For the purpose my experiments, radiolabeled equivalents were measured.  

Subsequent studies could identify malathion and specific metabolites using gas 

chromatography and mass spectrometry.  Finally, a physiologically based pharmacokinetic 

model (PBPK) would enhance the characterization of the dose-effect relationship of 

percutaneous absorption.  The ubiquitous use of organophosphorous pesticides, coupled with 

the permeability of anuran skin and sensitivity to environmental toxins, make anurans 

potentially important animal models for studying the impacts of organophosphorous 

insecticide contamination of the environment. 
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APPENDIX A 

Raw Data for Diffusion Cells 

Raw Data for Diffusion Cell Experiment #1 (MTW03) 

SWFT03 - Frog Skin 14C-Malathion #03      2/24/2003  

checked 2/25/03 JDB         

SAMPLE PERCENT PERCENT PERCENT PERCENT PERCENT PERCENT    

ID DOSE DOSE DOSE DOSE DOSE DOSE    

 

Cell 30 
(frog#84 
dorsal skin) 

Cell 302 
(frog#84 
dorsal skin) 

Cell 303 
(frog#84 
dorsal skin) 

Cell 304 
(frog#84 
dorsal skin) 

Cell 305 
(frog#84 
dorsal skin) 

Cell 306 
(frog#84 
dorsal skin)  

Frog#84 
dorsal skin SEM 

Absorption 48.607 64.443 62.406 72.229 71.262 68.132  64.513 3.538 

Dosing Device 5.685 8.403 4.883 2.035 3.582 1.625  4.369 1.031 

Swab 1-2 1.043 0.748 0.533 0.571 2.246 0.761  0.984 0.263 

Tape 1-6 0.916 1.036 0.797 0.585 0.465 0.266  0.677 0.119 

Dose Skin 8.775 6.496 6.081 5.843 4.292 2.541  5.671 0.861 

Periph+Wax 11.814 11.411 13.189 8.543 8.927 7.114  10.166 0.947 

Peri/Dose Ratio 1.346 1.757 2.169 1.462 2.080 2.800  1.936 0.218 

Recovery 76.840 92.537 87.889 89.805 90.775 80.438  86.381 2.566 

 

Cell 307 
(frog#84 
ventral skin) 

Cell 308 
(frog#84 
ventral skin) 

Cell 309 
(frog#84 
ventral skin) 

Cell 310 
(frog#84 
ventral skin) 

Cell 311 
(frog#84 
ventral skin) 

Cell 312 
(frog#84 
ventral skin)  

Frog#84 
ventral skin SEM 

Absorption 75.792 77.247 82.215 75.981 81.122 83.228  79.264 1.351 

Dosing Device 2.786 5.565 3.421 5.514 4.118 4.145  4.258 0.454 

Swab 1-2 0.268 0.293 0.357 0.238 0.450 0.194  0.300 0.037 

Tape 1-6 0.351 0.670 0.506 0.539 0.403 0.454  0.487 0.046 

Dose Skin 0.917 1.153 1.621 3.145 2.719 1.392  1.825 0.367 

Periph+Wax 4.916 3.384 3.831 8.139 5.515 5.780  5.261 0.691 

Peri/Dose Ratio 5.362 2.934 2.362 2.588 2.029 4.152  3.238 0.519 

Recovery 85.030 88.313 91.951 93.557 94.328 95.194  91.395 1.613 
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Raw Data for Diffusion Cell Experiment #2 (MTW04) 

SWFT04 - Frog Skin 14C-Malathion #04      3/3/2003  

checked 3/4/03 JDB         

SAMPLE PERCENT PERCENT PERCENT PERCENT PERCENT PERCENT    

ID DOSE DOSE DOSE DOSE DOSE DOSE    

 

Cell 401 
(frog#82 
dorsal skin) 

Cell 402 
(frog#82 
dorsal skin) 

Cell 403 
(frog#82 
dorsal skin) 

Cell 404 
(frog#82 
dorsal skin) 

Cell 405 
(frog#82 
dorsal skin) 

Cell 406 
(frog#82 
dorsal skin)  

Frog#82 
dorsal skin SEM 

Absorption 68.300 66.073 69.941 77.644 77.447 57.795  69.533 3.054 

Dosing Device 3.037 15.471 4.050 1.860 1.954 11.896  6.378 2.378 

Swab 1-2 0.906 0.282 0.364 0.332 0.212 0.638  0.456 0.108 

Tape 1-6 0.938 0.390 0.941 0.664 0.857 0.312  0.683 0.113 

Dose Skin 8.490 3.094 7.159 3.899 4.417 5.004  5.344 0.843 

Periph+Wax 11.199 6.920 11.155 8.243 7.650 9.213  9.063 0.735 

Peri/Dose Ratio 1.319 2.236 1.558 2.114 1.732 1.841  1.800 0.140 

Recovery 92.870 92.230 93.609 92.642 92.537 84.856  91.457 1.334 

 

Cell 407 
(frog#82 
ventral skin) 

Cell 408 
(frog#82 
ventral skin) 

Cell 409 
(frog#82 
ventral skin) 

Cell 410 
(frog#82 
ventral skin) 

Cell 411 
(frog#82 
ventral skin) 

Cell 412 
(frog#82 
ventral skin)  

Frog#82 
ventral skin SEM 

Absorption 87.170 81.862 77.542 76.941 84.241 85.479  82.206 1.723 

Dosing Device 3.816 4.236 5.729 9.709 3.304 3.348  5.024 1.005 

Swab 1-2 0.213 0.238 0.282 0.079 1.333 0.110  0.376 0.194 

Tape 1-6 0.315 0.679 0.485 0.442 0.350 0.309  0.430 0.058 

Dose Skin 2.017 3.130 3.442 2.889 2.623 2.473  2.762 0.206 

Periph+Wax 4.264 5.756 6.129 6.921 5.423 5.539  5.672 0.358 

Peri/Dose Ratio 2.114 1.839 1.781 2.396 2.067 2.240  2.073 0.096 

Recovery 97.795 95.900 93.608 96.980 97.274 97.258  96.469 0.627 
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Raw Data for Diffusion Cell Experiment #3 (MTW05) 

SWFT05 - Frog Skin 14C-Malathion #05      3/10/2003  

checked 3/11/03 JDB         

SAMPLE PERCENT PERCENT PERCENT PERCENT PERCENT PERCENT    

ID DOSE DOSE DOSE DOSE DOSE DOSE    

 

Cell 501 
(frog#52 
dorsal skin) 

Cell 502 
(frog#52 
dorsal skin) 

Cell 503 
(frog#52 
dorsal skin) 

Cell 504 
(frog#52 
dorsal skin) 

Cell 505 
(frog#52 
dorsal skin) 

Cell 506 
(frog#52 
dorsal skin)  

Frog#52 
dorsal skin SEM 

Absorption 69.058 73.395 77.329 61.880 77.392 69.883  71.490 2.404 

Dosing Device 5.714 4.411 6.738 2.028 1.303 6.828  4.504 0.970 

Swab 1-2 0.658 0.304 0.216 0.879 0.241 0.348  0.441 0.109 

Tape 1-6 0.808 1.090 0.500 0.533 0.590 0.757  0.713 0.091 

Dose Skin 8.152 4.305 3.264 3.537 4.064 5.313  4.773 0.736 

Periph+Wax 10.429 7.517 5.621 6.804 6.921 8.917  7.702 0.700 

Peri/Dose Ratio 1.279 1.746 1.722 1.924 1.703 1.678  1.675 0.087 

Recovery 94.818 91.022 93.669 75.661 90.512 92.047  89.622 2.869 

 

Cell 507 
(frog#52 
ventral skin) 

Cell 508 
(frog#52 
ventral skin) 

Cell 509 
(frog#52 
ventral skin) 

Cell 510 
(frog#52 
ventral skin) 

Cell 511 
(frog#52 
ventral skin) 

Cell 512 
(frog#52 
ventral skin)  

Frog#52 
ventral skin SEM 

Absorption 86.031 82.197 83.268 84.092 78.661 81.746  82.666 1.014 

Dosing Device 2.495 1.577 6.967 6.384 3.515 4.740  4.280 0.874 

Swab 1-2 0.291 0.157 0.231 0.409 0.298 0.292  0.279 0.034 

Tape 1-6 0.218 0.487 0.384 0.451 0.357 0.352  0.375 0.038 

Dose Skin 1.400 3.100 2.134 1.943 2.673 2.849  2.350 0.260 

Periph+Wax 3.857 6.081 5.386 5.550 6.533 5.620  5.504 0.371 

Peri/Dose Ratio 2.755 1.962 2.524 2.856 2.445 1.972  2.419 0.155 

Recovery 94.291 93.597 98.369 98.829 92.037 95.600  95.454 1.101 
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Raw Data for Diffusion Cell Experiment #4 (MTW06) 

SWFT06 - Toad Skin 14C-Malathion #06      4/7/2003  

checked 4/9/03 JDB         

SAMPLE PERCENT PERCENT PERCENT PERCENT PERCENT PERCENT    

ID DOSE DOSE DOSE DOSE DOSE DOSE    

 

Cell 601 
(toad#46 
dorsal skin) 

Cell 602 
(toad#46 
dorsal skin) 

Cell 603 
(toad#46 
dorsal skin) 

Toss Cell 604 
(toad#46 
dorsal skin) 

Cell 605 
(toad#46 
dorsal skin) 

Cell 606 
(toad#46 
dorsal skin)  

Toad#46 
dorsal skin SEM 

Absorption 87.849 90.620 82.677 26.021 76.331 83.619  84.219 2.440 

Dosing Device 1.084 0.533 0.507 1.431 2.051 0.928  1.021 0.281 

Swab 1-2 0.388 0.244 0.266 0.783 1.056 1.024  0.596 0.183 

Tape 1-6 0.333 0.173 0.414 0.694 0.760 0.300  0.396 0.099 

Dose Skin 0.857 1.092 3.098 1.422 1.575 1.108  1.546 0.405 

Periph+Wax 5.465 3.174 6.453 15.230 20.920 8.206  8.844 3.127 

Peri/Dose Ratio 6.374 2.905 2.083 10.709 13.282 7.405  6.410 1.990 

Recovery 95.977 95.836 93.416 45.581 102.694 95.185  96.621 1.585 

    outlier        

 

Cell 607 
(toad#46 
ventral skin) 

Cell 608 
(toad#46 
ventral skin) 

Cell 609 
(toad#46 
ventral skin) 

Cell 610 
(toad#46 
ventral skin) 

Cell 611 
(toad#46 
ventral skin) 

Cell 612 
(toad#46 
ventral skin)  

Toad#46 
ventral skin SEM 

Absorption 90.708 88.754 89.402 86.406 87.683 90.477  88.905 0.677 

Dosing Device 0.310 0.310 1.203 1.663 1.077 0.652  0.869 0.220 

Swab 1-2 0.032 0.445 0.288 0.610 0.537 0.435  0.391 0.084 

Tape 1-6 0.152 0.153 0.099 0.162 1.441 0.178  0.364 0.216 

Dose Skin 1.038 1.165 1.063 1.258 1.015 0.825  1.061 0.060 

Periph+Wax 3.825 4.207 5.369 5.255 4.176 4.189  4.504 0.263 

Peri/Dose Ratio 3.686 3.610 5.052 4.176 4.115 5.077  4.286 0.263 

Recovery 96.064 95.035 97.424 95.355 95.928 96.756  96.094 0.361 
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Raw Data for Diffusion Cell Experiment #5 (MTW07) 

SWFT07 - Toad Skin 14C-Malathion #07      4/9/2003  

checked 4/11/03 JDB         

SAMPLE PERCENT PERCENT PERCENT PERCENT PERCENT PERCENT    

ID DOSE DOSE DOSE DOSE DOSE DOSE    

 

Cell 701 
(toad#48 
dorsal skin) 

Cell 702 
(toad#48 
dorsal skin) 

Cell 703 
(toad#48 
dorsal skin) 

Cell 704 
(toad#48 
dorsal skin) 

Cell 705 
(toad#48 
dorsal skin) 

Cell 706 
(toad#48 
dorsal skin)  

Toad#48 
dorsal skin SEM 

Absorption 67.392 66.078 70.559 52.790 59.157 70.343  64.386 2.871 

Dosing Device 3.153 2.029 1.023 7.096 5.228 0.735  3.211 1.024 

Swab 1-2 0.390 0.727 0.491 1.338 1.100 0.780  0.804 0.147 

Tape 1-6 0.211 0.238 0.391 0.329 0.138 0.257  0.261 0.036 

Dose Skin 6.083 6.914 8.137 9.368 4.258 6.070  6.805 0.728 

Periph+Wax 10.352 14.110 10.278 11.697 16.396 12.106  12.490 0.968 

Peri/Dose Ratio 1.702 2.041 1.263 1.249 3.851 1.994  2.017 0.393 

Recovery 87.581 90.096 90.879 82.617 86.275 90.292  87.957 1.292 

 

Cell 707 
(toad#48 
ventral skin) 

Cell 708 
(toad#48 
ventral skin) 

Cell 709 
(toad#48 
ventral skin) 

Cell 710 
(toad#48 
ventral skin) 

Cell 711 
(toad#48 
ventral skin) 

Cell 712 
(toad#48 
ventral skin)  

Toad#48 
ventral skin SEM 

Absorption 55.179 58.755 75.618 74.265 73.007 67.828  67.442 3.514 

Dosing Device 1.298 1.634 2.106 1.842 1.621 0.942  1.574 0.167 

Swab 1-2 1.125 0.792 0.391 0.724 0.588 0.712  0.722 0.099 

Tape 1-6 1.270 0.954 0.659 0.469 0.722 0.723  0.799 0.113 

Dose Skin 12.562 13.364 5.752 4.103 7.062 8.908  8.625 1.519 

Periph+Wax 18.060 13.808 8.299 8.350 9.051 12.284  11.642 1.581 

Peri/Dose Ratio 1.438 1.033 1.443 2.035 1.282 1.379  1.435 0.135 

Recovery 89.494 89.307 92.825 89.754 92.051 91.396  90.805 0.607 
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Raw Data for Diffusion Cell Experiment #6 (MTW08) 

SWFT08 - Toad Skin 14C-Malathion #08      4/14/2003  

checked 4/15/03 JDB         

SAMPLE PERCENT PERCENT PERCENT PERCENT PERCENT PERCENT    

ID DOSE DOSE DOSE DOSE DOSE DOSE    

 

Cell 801 
(toad#47 
dorsal skin) 

Cell 802 
(toad#47 
dorsal skin) 

Cell 803 
(toad#47 
dorsal skin) 

Cell 804 
(toad#47 
dorsal skin) 

Cell 805 
(toad#47 
dorsal skin) 

Cell 806 
(toad#47 
dorsal skin)  

Toad#47 
dorsal skin SEM 

Absorption 89.198 87.546 93.395 93.473 89.293 95.601  91.418 1.292 

Dosing Device 0.390 0.293 0.201 0.284 0.355 0.249  0.295 0.028 

Swab 1-2 0.172 0.779 0.264 0.141 0.343 0.335  0.339 0.094 

Tape 1-6 0.244 0.184 0.074 0.136 0.282 0.049  0.162 0.038 

Dose Skin 1.105 1.342 0.985 1.709 1.840 1.071  1.342 0.146 

Periph+Wax 4.251 4.643 2.546 2.990 5.139 0.016  3.264 0.764 

Peri/Dose Ratio 3.846 3.460 2.584 1.750 2.793 0.015  2.408 0.563 

Recovery 95.359 94.788 97.466 98.734 97.252 97.322  96.820 0.599 

 

Cell 807 
(toad#47 
ventral skin) 

Cell 808 
(toad#47 
ventral skin) 

Cell 809 
(toad#47 
ventral skin) 

Cell 810 
(toad#47 
ventral skin) 

Cell 811 
(toad#47 
ventral skin) 

Cell 812 
(toad#47 
ventral skin)  

Toad#47 
ventral skin SEM 

Absorption 89.817 88.535 92.966 91.747 95.891 92.469  91.904 1.050 

Dosing Device 0.346 0.557 0.398 0.425 0.311 0.469  0.418 0.036 

Swab 1-2 0.352 0.001 0.393 0.199 0.188 0.368  0.250 0.061 

Tape 1-6 0.192 0.135 0.091 0.057 0.095 0.100  0.112 0.019 

Dose Skin 1.512 2.677 1.327 2.052 0.885 1.846  1.717 0.254 

Periph+Wax 4.877 5.213 3.696 4.738 2.957 4.158  4.273 0.344 

Peri/Dose Ratio 3.226 1.947 2.784 2.309 3.340 2.252  2.643 0.230 

Recovery 97.096 97.117 98.871 99.219 100.327 99.410  98.673 0.533 
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APPENDIX B 

Raw Data for Harvested Perfused Anuran Pelvic Limbs 

Raw data for Limb Prep #1 (MTW11) 

MTW11 Preweight Postweight Balance Temp pH Humidity Time 

L0 15.24 27.09 11.85 70 7.25 27 957 

L1 15.17 20.55 5.38 70 7.21 28 1018 

L2 15.14 23.00 7.86 70 7.26 28 1033 

L3 15.26 23.96 8.70 70 7.29 28 1048 

L4 15.27 25.01 9.74 70 7.23 28 1103 

L5 15.15 25.51 10.36 70 7.25 28 1118 

L6 15.23 26.78 11.55 70 7.27 28 1133 

L7 15.24 17.48 2.24 70 7.22 28 1148 

L8 15.24 27.44 12.20 70 7.23 28 1203 

L9 15.18 27.15 11.97 70 7.25 28 1218 

L10 15.21 27.73 12.52 70 7.26 29 1233 

L11 15.17 27.52 12.35 70 7.20 29 1248 

L12 15.26 27.32 12.06 70 7.22 29 1303 

L13 15.14 27.42 12.28 70 7.22 29 1318 

L14 15.15 27.51 12.36 70 7.24 30 1333 

L15 15.22 27.69 12.47 70 7.24 31 1348 

L16 15.17 27.55 12.38 70 7.24 32 1403 

L17 15.17 29.07 13.90 70 7.25 32 1418 

L18 15.16 26.21 11.05 70 7.27 32 1433 

L19 15.27 27.11 11.84 70 7.21 32 1448 

L20 15.14 27.68 12.54 70 7.24 32 1503 

L21 15.26 27.53 12.27 70 7.25 32 1518 

L22 15.19 27.55 12.36 70 7.28 32 1533 

L23 15.26 28.23 12.97 70 7.22 32 1548 

L24 15.24 28.46 13.22 70 7.24 32 1603 

 
DPM Net DPM %Dose 

23.57 0.00 0 

83.25 55.28 0.02334266 

414.84 386.87 0.238664392 

903.66 875.69 0.597956612 

985.88 957.91 0.732290994 

1518.42 1490.45 1.211929051 

3001.82 2973.85 2.695883202 
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5379.24 5351.27 5.140889997 

4706.07 4678.10 4.479498145 

4667.96 4639.99 4.35924446 

4597.87 4569.90 4.491207122 

3601.72 3573.75 3.46410586 

3241.15 3213.18 3.041461982 

3244.40 3216.43 3.100077137 

2901.98 2874.01 2.788089911 

2256.29 2228.32 2.180941623 

1729.80 1701.83 1.653624313 

1511.96 1483.99 1.618996105 

902.59 874.62 0.758545631 

861.58 833.61 0.774666272 

662.33 634.36 0.624357533 

594.92 566.95 0.545995862 

626.66 598.69 0.580791838 

576.52 548.55 0.558413906 

511.44 483.47 0.501650229 

Absorb  46.16262484 

28.94 0.00 0 

1235.23 1205.56 1.419319332 

264.27 234.60 0.276197216 

2294.62 2264.95 2.666551081 

19648 19618.33 23.09688031 

527.76 498.09 0.586406953 

Partition  28.04535489 

Recovery  74.20797973 

29.42 1.45 0.001535253 

154.06 126.09 0.075510129 

656.31 628.34 0.495140499 

2987.88 2959.91 2.227907433 

5830.55 5802.58 4.485980656 

6632.65 6604.68 5.339357923 

6624.62 6596.65 5.762602136 

5965.18 5937.21 5.004799929 

5099.9 5071.93 4.199772253 

5552.78 5524.81 4.57043974 

3976.92 3948.95 3.25440024 

4493.52 4465.55 3.711683582 

3662.14 3634.17 3.080555402 

4372.75 4344.78 3.638582608 

3059.36 3031.39 2.51249821 

2826.07 2798.10 2.305964196 

2170.93 2142.96 1.749232079 

1667.73 1639.76 1.508370149 

1192.1 1164.13 0.889939467 

1046.85 1018.88 0.841276595 
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935.63 907.66 0.787913158 

833.94 805.97 0.67117271 

835.72 807.75 0.689138543 

811.89 783.92 0.692803646 

565.07 537.10 0.472142619 

Absorb  58.96871915 

22.46 0.00 0 

573.47 543.80 0.640221849 

660.3 630.63 0.742447784 

1946.84 1917.17 2.25710578 

13280.6 13250.93 15.60046876 

250.28 220.61 0.259726631 

Partition  19.4999708 

Total  78.46868996 

 
Raw data for Limb Prep #2 (MTW12) 

MTW12 Preweight Postweight Balance Temp pH Humidity Time 

L0 15.25 31.45 16.20 70 7.15 17 1130 

L1 15.22 24.08 8.86 70 7.20 17 1147 

L2 15.20 24.25 9.05 70 7.21 17 1202 

L3 15.15 24.02 8.87 70 7.23 17 1217 

L4 15.12 23.25 8.13 70 7.18 17 1232 

L5 15.25 24.14 8.89 70 7.20 17 1247 

L6 15.26 23.98 8.72 70 7.21 17 1302 

L7 15.21 22.57 7.36 70 7.22 17 1317 

L8 15.22 24.25 9.03 70 7.20 17 1332 

L9 15.25 24.00 8.75 70 7.22 17 1347 

L10 15.18 24.02 8.84 70 7.22 17 1402 

L11 15.23 24.50 9.27 70 7.24 17 1417 

L12 15.22 25.77 10.55 70 7.24 17 1432 

L13 15.22 25.72 10.50 70 7.23 17 1447 

L14 15.20 25.75 10.55 70 7.23 17 1502 

L15 15.26 25.43 10.17 70 7.24 17 1517 

L16 15.23 25.71 10.48 70 7.26 17 1532 

L17 15.16 25.10 9.94 70 7.24 17 1547 

L18 15.16 25.66 10.50 70 7.26 17 1602 

L19 15.28 26.01 10.73 70 7.27 17 1617 

L20 15.14 26.03 10.89 70 7.28 17 1632 

L21 15.18 26.48 11.30 70 7.21 17 1647 

L22 15.11 26.77 11.66 70 7.23 17 1702 

L23 15.29 25.86 10.57 70 7.24 17 1717 
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L24 15.25 26.88 11.63 70 7.25 17 1732 

 
DPM1 Net DPM %Dose 

37.26 5.03 0.006014846 

59.52 27.29 0.017847558 

407.57 375.34 0.250735 

745.48 713.25 0.466989303 

1061.80 1029.57 0.617856981 

851.15 818.92 0.537384049 

1021.54 989.31 0.636781469 

4598.53 4566.30 2.4807545 

5023.77 4991.54 3.327084559 

3708.30 3676.07 2.374287786 

2884.81 2852.58 1.861365374 

2483.14 2450.91 1.677060116 

3728.05 3695.82 2.878092871 

5678.23 5646.00 4.375943497 

4169.28 4137.05 3.221697515 

3853.85 3821.62 2.868864172 

2816.15 2783.92 2.153572845 

3417.53 3385.30 2.48384836 

2843.54 2811.31 2.178911391 

2328.82 2296.59 1.818966598 

2060.79 2028.56 1.630636916 

1466.00 1433.77 1.195912665 

1047.92 1015.69 0.874180792 

982.98 950.75 0.741793211 

769.60 737.37 0.633004375 

Absorb  41.30958675 

55.58 30.25 0.033493318 

208.43 183.10 0.202731454 

94.87 69.54 0.076995878 

2087.47 2062.14 2.283236709 

29583 29557.67 32.72675821 

86.96 61.63 0.068237791 

Partition  35.39145336 

Recovery 76.70104011 

 
Raw data for Limb Prep #3 (MTW13) 

MTW13 Preweight Postweight Balance Temp pH Humidity Time 

R0 15.27 27.51 12.24 70 7.16 32 1005 

R1 15.27 27.11 11.84 70 7.17 32 1022 

R2 15.23 26.61 11.38 70 7.17 32 1037 

R3 15.18 26.74 11.56 70 7.18. 32 1052 

R4 15.21 26.56 11.35 70 7.18 32 1107 
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R5 15.15 26.80 11.65 70 7.19 32 1122 

R6 15.26 26.63 11.37 70 7.20 32 1137 

R7 15.16 26.40 11.24 70 7.22 32 1152 

R8 15.08 26.96 11.88 70 7.23 32 1207 

R9 15.18 27.25 12.07 70 7.24 32 1222 

R10 15.12 26.97 11.85 70 7.26 32 1237 

R11 15.24 26.72 11.48 70 7.20 32 1252 

R12 15.16 26.51 11.35 70 7.22 32 1307 

R13 15.16 26.05 10.89 70 7.22 32 1322 

R14 15.12 26.44 11.32 70 7.23 32 1337 

R15 15.20 26.38 11.18 70 7.23 32 1352 

R16 15.16 25.80 10.64 70 7.23 32 1407 

R17 15.14 25.58 10.44 70 7.24 32 1422 

R18 15.18 26.15 10.97 70 7.25 32 1437 

R19 15.18 21.71 6.53 70 7.22 32 1452 

R20 15.19 24.41 9.22 70 7.24 32 1507 

R21 15.21 26.04 10.83 70 7.24 32 1522 

R22 15.19 26.25 11.06 70 7.23 32 1537 

R23 15.18 26.62 11.44 70 7.19 32 1552 

R24 15.13 23.40 8.27 70 7.22 32 1607 

 
DPM1 Net DPM %Dose 

21.05 0.00 0 

59.37 37.04 0.03127202 

167.13 144.80 0.1175017 

188.06 165.73 0.13661308 

176.65 154.32 0.12489682 

150.29 127.96 0.10630005 

406.23 383.90 0.31125182 

1940.54 1918.21 1.53743152 

4368.23 4345.90 3.6815397 

3608.20 3585.87 3.08627861 

3339.78 3317.45 2.80321272 

2645.29 2622.96 2.14717219 

2686.57 2664.24 2.15626694 

2957.07 2934.74 2.27892918 

2785.60 2763.27 2.23050431 

990.89 968.56 0.77214996 

1093.67 1071.34 0.81283476 

1458.63 1436.30 1.06924931 

2123.33 2101.00 1.64348596 

2975.75 2953.42 1.37521852 

2558.92 2536.59 1.66768689 
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1660.05 1637.72 1.2647405 

1996.59 1974.26 1.55701498 

982.98 960.65 0.78365432 

769.60 747.27 0.44067293 

Absorb  32.1358788 

33.23 9.56 0.01022545 

90.31 66.64 0.07127867 

78.88 55.21 0.05905305 

2712.36 2688.69 2.8758439 

9796.23 9772.56 10.4528068 

268 244.33 0.26133728 

Partition  13.7305451 

Recovery 45.8664239 

 
Raw data for Limb Prep #4 (MTW14) 

MTW14 Preweight Postweight Balance Temp pH Humidity Time 

L0 15.12 16.91 1.79 22 7.19 9 930 

L1 15.05 16.19 1.14 22 7.19 9 945 

L2 15.19 16.35 1.16 22 7.21 9 1000 

L3 15.14 16.31 1.17 22 7.22 9 1015 

L4 15.05 16.65 1.60 22 7.23 9 1030 

L5 15.21 16.71 1.50 22 7.25 9 1045 

L6 15.13 16.72 1.59 22 7.27 9 1100 

L7 15.17 17.28 2.11 22 7.19 9 1150 

L8 15.18 17.12 1.94 22 7.21 9 1130 

L9 15.18 17.05 1.87 22 7.22 9 1145 

L10 15.11 17.19 2.08 21 7.23 9 1200 

L11 15.06 16.99 1.93 21 7.24 9 1215 

L12 15.21 17.22 2.01 21 7.16 9 1230 

L13 15.18 17.33 2.15 21 7.17 7 1245 

L14 15.18 17.37 2.19 21 7.18 7 1300 

L15 15.23 17.60 2.37 21 7.19 7 1315 

L16 15.21 17.35 2.14 21 7.20 7 1330 

L17 15.11 17.42 2.31 21 7.21 7 1345 

L18 15.25 17.45 2.20 21 7.22 7 1400 

L19 15.22 17.34 2.12 21 7.23 7 1415 

L20 15.10 17.52 2.42 21 7.17 7 1430 

L21 15.16 17.35 2.19 21 7.21 7 1445 

L22 15.22 17.23 2.01 21 7.23 7 1500 

L23 15.26 17.33 2.07 21 17.18 7 1515 
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L24 15.25 17.87 2.62 21 7.20 7 1530 

 
DPM1 Net DPM %Dose 

52.86 27.32 0.027089195 

65.63 40.09 0.039751311 

86.93 61.39 0.060871364 

334.01 308.47 0.30586398 

523.09 497.55 0.493341635 

1939.54 1914.00 1.897830123 

5557.52 5531.98 5.485244662 

5172.68 5147.14 5.103655872 

4735.39 4709.85 4.670060191 

4107.63 4082.09 4.04760364 

3595.52 3569.98 3.539820053 

4313.07 4287.53 4.251308039 

4151.35 4125.81 4.090954284 

2060.00 2034.46 2.017272451 

1255.25 1229.71 1.21932115 

489.37 463.83 0.459911466 

584.87 559.33 0.554604662 

404.06 378.52 0.375322183 

395.54 370.00 0.366874162 

550.55 525.01 0.520574604 

750.28 724.74 0.718617243 

460.67 435.13 0.43145393 

704.09 678.55 0.672817466 

271.25 245.71 0.24363419 

761.52 735.98 0.729762285 

Absorb  42.32356014 

166.28 140.74 0.155829737 

4228.23 4202.69 4.653290313 

225.23 199.69 0.221100186 

3279.5 3253.96 3.602840216 

27285.5 27259.96 30.18269437 

2903.05 2877.51 3.186028331 

Partition  42.00178315 

Recovery 84.32534329 

 


