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ABSTRACT 

The convoluted (CPT) and straight (SPT) portions 

of the renal proximal tubule are susceptible to injury by 

a wide variety of chemical agents. These agents often 

affect the CPT or SPT selectively by proposed mechanisms 

usually attributed to tubular concentration, blood flow 

delivery patterns and tubuloglomerular feedback responses 

within the intact kidney. The innate cellular responses 

to chemical exposures remain virtually unexplored. 

Hence, the basic goal of this research was to develop an 

in vitro system that was conducive to examining the 

innate cellular differences in susceptibility between the 

CPT and SPT following in vitro exposure to mercuric 

chloride (H9C1 2), potassium dichromate (K 2Cr 207 ) or 

hypoxic conditions. 

A renal cortical slicing technique was developed 

for these studies to position the CPT and SPT within 

discrete regions of slices made perpendicular to the 

cortical-papillary axis. An incubation vessel that could 

maintain the morphological and biochemical viability of 

slices for at least 12 hr was also developed. The 

selective necrosis of CPT induced by K2Cr 207 or hypoxic 

xiv 
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exposure, and SPT induced by HgC1 2 , observed ~ vivo was 

reproduced in renal cortical slices exposed in vitro. 

Innate cellular uptake mechanism were then investigated 

since the tissue distribution of each metal was found to 

be most concentrated within their respective injured cell 

type. The transport of PAH, TEA, phosphate, su1 fate, 

glutathione and cysteine were examined as potential 

mechanisms for selective accumulation of these metals. 

K
2

Cr
2

0
7 

caused a dose-dependent reduction in the uptake 

rate of sulfate by cortical slices, while phosphate, PAH, 

and TEA uptake were unaffected. A1 though HgC1 2 has a 

high affinity for sulfhydryl groups its uptake as a 

complex to glutathione or cysteine was not enhanced. 

H9C1 2 also had no affect on the uptake rate of PAH or TEA 

even though both HgC1
2 

and K
2

Cr 207 were ab1 e to reduce 

the steady state accumulation of these organic 

sUbstrates. 

This research demonstrates that i nj u ry to 

specific regions of the proximal tubule relates to an 

innate susceptibility of the intoxicated cell type 

independent of phys i 01 og i ca 1 feedback or blood del i very 

patterns proposed as mechanisms of selective injury from 

in vivo studies. 



INTRODUCTION 

Advances toward an effective therapy and 

prevention of acute renal failure have been limited since 

the basic pathophysiological mechanisms responsible for 

its onset are largely unknown (Flamenbaum, 1973; 

Rasmussen et al, 1985). Acute renal failul4 e remains a 

clinically significant problem since, with the advent and 

widespread usage of renal dialysis techniques, the 

mortality associated with post-traumatic acute renal 

failure was only reduced from 91% to 53% (Bullock et al, 

1985 ; Ken n e dy eta 1, 1973 ; Lor do nan d Bur to n , 1972 ; 

Mentzer et al, 1985). Hence, investigations focused at 

understanding basic pathophysiological mechanisms leading 

to renal injury may provide insight to new clinically 

relevant therapies for this condition. 

Since acute renal failure can be induced by 

changes in renal hemodynamics (ischemia from crush 

injuries, hemorrhage or hypotension) and a wide variety 

of chemical agents including: metals, organic solvents, 

glycols, antibiotics, analgesics, radiocontrast 

materials, insecticides and several natural products 

(Finn, 1977; Schreiner and Maher, 1965), these 

1 
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etiological probes have been used to develop animal 

models in an effort to delineate common patho-

physiological mechanisms leading to acute renal failure 

(Porter, 1982; Stein et al, 1978; Trifillis et al, 

1981). Although the injury caused by several of the 

agents listed above is often localized to specific 

regions of the nephron, primarily the proxim,ll tubules 

(Weinberg, 1985; Hook and Hewitt, 1986), the mechanisms 

for regioselective injury by chemical toxicants remain 

largely unknown. As most studies of acute renal failure 

are done in vivo, the mechanism(s} responsible for 

regioselective injury have been difficult to determine 

due to the complex anatomical and physiological 

interactions among the various nephron segments. Hence, 

the goal of thi s research was to develop an in vi tro 

system in which mechanisms of regioselective injury to 

proximal tubular segments could be studied free from 

several anatomical and physiological interactions 

inherent to in vivo systems. 

The Kidney as a Target Organ for Toxicity 

The mammal ian kidney performs several functi ons 

critical to the maintenance of total body homeostasis and 

survival in terrestrial environments. The nephron, which 

is the functional unit of the kidney, has the major tasks 

of: eliminating waste products, conserving eSSential 
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substances (sugars, amino acids, electrolytes, etc.), 

regulating acid/base balance, biotransforming chemicals 

for elimination, and synthesizing or modifying hormones 

to regulate calcium balance (vitamin D), blood pressure 

(reni n) and erythrocyte producti on (erythropoi eti n) (Hook 

and Hewitt, 1986). To perform this diversity of tasks, 

the kidney has developed into a highly structured organ 

con t a i n i n g s eve r a 1 s p e cia 1 i zed c ell ty pes. The sen e ph ron 

cell types are located in the cortex and medulla which 

divide the kidney into physiologically distinct areas 

which must work together in order to maintain total body 

homeostasis (Valtin, 1983; Berndt, 1976a). 

Reasons for Enhanced Renal Susceptibility 

The kidney has unique features, inherent to its 

major functions, which make this organ more vulnerable to 

to x i c ins u 1 t t han 0 the r 0 r g a n s 0 f the body. 0 n e s u c h 

feature is that al though adul t human kidneys represent 

less than 1% of total body mass, they receive 

approximately 25% of cardiac output (Valtin, 1983). 

Since this blood flow rate to the kidney is five times 

faster (rate per unit organ weight) than other highly 

perfused organs (i.e. the brain and heart; Brezis et al, 

1984), delivery of blood borne chemical toxicants to 

this organ is very high. Over 90% of the blood entering 

the kidney is delivered to cortical regions (less than 
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10% perfuses the medulla) where sugars, amino acids, 

electrolytes and other components, including 

nephrotoxicants, can be filtered through the glomerulus 

into the proximal tubul es. Over 99% of the essenti al 

substances (glucose, amino acids, etc.) and 70% of the 

sodium (reabsorbed iso-osmotically with water) contained 

in the glomerular filtrate is reabsorbed across the 

proximal tubule back into the blood. The remaining 

nephron segments (descending thin and ascending thick 

limbs of Henle, distal tubules and collecting ducts) 

concentrate the filtrate further by reabsorbing most of 

the remaining water and electrolytes (less than 1% of the 

filtered load ends up in the urine). These latter 

nephron segments functi on primari ly to regul ate overall 

acid/base and water balance of the organism (Valtin, 

1983). The process of reabsorbing water, electrolytes 

and essenti al substances along the nephron, allows 

chemical toxicants that are not reabsorbed to be 

concentrated in the nephron to levels several times 

greater than their plasma concentration (Mudge, 1985). 

Chemicals may also be either reabsorbed from or secreted 

into the lumen of the nephron (usually across the 

proximal tubules) by specific renal transport processes, 

possibly making these cell types more susceptible to 

intoxication (Mudge, 1985). Other factors which enhance 

renal susceptibility to intoxication are the distribution 
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of biotransformation enzymes and differences in metabolic 

fuel requi rements between the cortex and medull a (Bonner 

et al, 1982; Klein et al, 1981; Zenser and Davis, 1984). 

Biotransformation enzymes may activate chemicals to 

reactive species that are more prone to cause tissue 

injury while, the requirements for particular metabolic 

fuels by the cortex and medulla may result in renal 

failure in times of metabolic stress (i .e. starvation, 

diabetes) • 

The Proximal Tubule 

In light of the high cortical blood flow, huge 

reabsorptive functions and renal concentrating 

mechanisms, it is not surprising that the proximal 

tubules, which by mass are the predominant nephron 

segment within the cortex, are most susceptible to 

intoxication (Hook and Hewitt, 1986). The renal proximal 

tubule can be subdivided into 3 segments based mostly on 

anatomical differences by comparing: the relative heights 

of thei r brush border to the epi thel i al cell thi ckness, 

the amount and orientation of mitochondria, and the 

degree of basal membrane invaginations (Kaissling and 

Kriz, 1979; Trump et al, 1985). The convoluted proximal 

tubules (CPT, pars convoluta) begin at the Bowmans 

capsule of glomeruli and end at the medullary rays 

consisting of segment 1 and most of segment 2. The 
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straight proximal tubules (SPT, pars recta) begin in the 

cortical medullary rays as a short extension of segment 2 

but consist mostly of segment 3 which extends through the 

remaining cortex into the outer stripe of the medulla. 

To complement the anatomical heterogeneity, the 

proximal tubul ar segments al so have functional 

heterogeneity which can be conveniently divided as to 

functions most active in the CPT or SPT (Berndt, 1981; 

Hook and Hewitt, 1986; Trump et al, 1985). The CPT is 

the primary site for bulk reabsorption of sugars, most 

amino acids (Schafer, 1981; Hook and Hewitt, 1986), 

phosphate (Bonjour and Caverzasio, 1984; McKeown et al, 

1979) and sulfate (Lechene et al, 1974). The SPT has the 

greatest capacity for: secretion of organic acids 

(Schafer, 1981), biotransformation of chemicals (Dees et 

al, 1980), and breakdown of gl utathione for conservation 

of its essential amino acids (Shimada et al, 1982). This 

functional heterogeneity has been proposed to explain why 

several nephrotoxicants cause acute tubular necrosis to 

selective regions of the proximal tubule (Weinberg, 

1985). 

Mechanisms for Regioselective Acute Tubular Necrosis 

The term "acute tubular necrosis" came from early 

studies that bel ieved the essenti al event which caused 

the oliguria associated with acute renal failure was 
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tubul ar epi thel i al necrosi s medi ated by ei ther a di rect 

nephrotoxic or ischemic event (Flamenbaum, 1973; Oliver 

et al, 1951). It was later determined that acute tubular 

necrosis was more of an effect than a cause of the 

oliguric acute renal failure which is now believed to be 

mediated by either hemodynamic or nephrotoxicant induced 

changes in renal function (Stein et al, 1978; Finckh et 

al, 1962). Regardless of the terminology used, the list 

of chemicals which cause injury to selective renal 

proximal tubular segments is continually growing (Table 

1) and the mechanism(s) responsible for this selective 

injury remain largely unknown (Weinberg, 1985). 

As most of the studies examining hemodynamic and 

nephrotoxic induced renal failure \'1ere done in vivo, the 

proposed mechanism(s) leading to selective acute tubular 

injury are based on one or more of the unique functional 

aspects of the kidney. In the following sections, the 

proposed mechanisms for regioselective proximal tubular 

injury are discussed using mercuric chloride, potassium 

dichromate and ischemic models as examples. These models 

were chosen since there is an extensive literature 

available for each and they are directly nephrotoxic 

(requi re no metabol i c conversi on to express thei r 

to x i city) to d iff ere n t s e g men t s 0 f the pro xi mal tub u 1 e 

(Table 1). As well as being site-specific probes, these 

compounds express their affects within a 24 hr time frame 
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Chemical Agents with Selective Sites of 
Action along the Renal Proximal Tubule as 
Determined from In Vivo Studies. 

Convoluted 
Proximal Tubule 

Aminoglycosides 
Chromate 
Cephaloridine 
Citrinin 
Ethylene dibromide 

Straight 
Proximal Tubule 

Cyclosporine 
Mercuric ion, Uranyl 
Cis-platinum 
Bromobenzene 
Dibromochloropropane 
Carbon tetrachloride 
Hexachloro-1,3-butadiene 
Acetominophen . 
Maleic acid 

List adapted from Weinberg (1985). 
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(Table 2) thus allowing the full sequence of events 

leading to renal injury to be studied over short time 

periods. Other chemicals listed in the subchronic or 

chronic columns of Table 2 are used as experimental 

probes less frequently due to the extended time frame 

required to perform these studies. These probes are 

however the subject of many investigations aimed at 

identifying ways to avoid the renal side effects of these 

chemicals that are administered for various 

pharmacological" purposes. 

Hemodynamic Mechanisms for Selective Injury 

Renin-Angiotensin induced Ischemia. Much 

controversy exists concerning the role of the renin

angiotensin system as a mediator of nephrotoxicant 

induced acute renal fai 1 ure (Lamei re et al, 1982; Stei n 

et al, 1978). One proposal for the regioselective acute 

tubular necrosis to the SPT induced by mercuric chloride 

(Table 1) is based on renin-angiotensin induced ischemic 

reactions (Haagsma and Pound, 1979; Zalme et al, 1976) 

whi ch often resul tin i nj ury to the SPT (Gl aumann and 

Trump, 1975; Kreisberg et al, 1976). Mercuric chloride 

exposure resul ts in rapi d i nj ury to the brush border 

membrane inhibiting the reabsorption of sodium and other 

essential substrates (Zalme, 1976; Haagsma and Pound, 

1979). This inhibition of reabsorption results in 
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Table 2. Time Frame for Chemically Induced Toxicity to 
Renal Proximal Tubules following In Vivo 
Exposure. 

Acute 
« 24 hr) 

Acetominophen 
Bromobenzene 
Carbon Tetrachloride 
Cephaloridine 
Chloroform 
Chromate 
Maleic acid 
Mercuric ion 
Methoxyflurane 
Uranyl 

Sub-Acute 
( day s ) 

Aminoglycosides 
Cis-platinum 
Citrinin 

List adapted from Weinberg (1985). 

Chronic 
(weeks/months) 

Cyclosporine 
Lead 
Mithramycin 
Nitrosoureas 
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increased sodium and chloride concentrations at the 

macula densa cells of the distal tubule stimulating the 

release of renin from the juxtaglomerular apparatus. 

Renin is a proteolytic enzyme that cleaves angio

tensinogen (an alpha-2-globulin made in the liver) into 

angiotensin I. This peptide is further processed by 

converting enzyme, located in the lungs and kidneys, to 

angiotensin II, which directly constricts vascular smooth 

muscl es and increases renal vascul ar resi stance (Stei n 

and Fried, 1985; Valtin, 1983). The kidney is very 

susceptible to reductions in blood flow (especially once 

perfusion pressure drops below the autoregulatory range) 

which can induce an ischemic state in the renal tubules 

as they have a high demand for oxygen (Brezis et al, 

1984). Renin-angiotensin induced renal ischemia 

following initial metal exposure results in further 

tubular damage forming a cyclical feedback loop that 

ultimately ends with renal failure (Flamenbaum, 1973). 

'Nephrotoxins can also trigger the release of vasoactive 

substances other than renin (i.e. catacholamines, 

thromboxane, and vasopressin) which result in similar 

reductions of renal blood flow and ischemic injury (Stein 

and Fried, 1985). 

Cortical 

patterns within 

determine the 

Blood Flow Patterns. Blood flow 

the cortical region of the kidney can 

regioselective site of injury by 
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nephrotoxi ns wi thi n the organ. Over 90% of renal blood 

flow is directed to the cortex where it flows through the 

glomerulus before entering into the peritubular capillary 

network. This network first perifuses the CPT prior to 

reaching the SPT and returning to venous drainage 

(Beeuwkes and Bonventre, 1975; Kaissling and Kriz, 

1979). Hence, chemical nephrotoxicants carried "in the 

blood first expose the CPT by filtration across the 

glomerulus and via the post-glomerular capillary network 

before exposing any other tubular cell types. If the 

nephron has a high extraction capacity for a 

nephrotoxicant, it is likely that the CPT will be 

affected before more distal nephron sites as this 

segment has first access to the toxicant. This has been 

proposed as one of the mechanisms for regioselective CPT 

~njury induced by potassium dichromate (Biber et al, 

1968; Berndt, 1976). It should be pointed out here that 

the identification of a blood delivery mechanism as being 

responsible for selective intoxication to the CPT versus 

a selective transport process that accumulates the 

toxicant within the CPT, is difficult to assess from in 

vivo studies. 

Patterned blood flow through the renal cortex may 

a 1 so ex p 1 a i nth e en han c e d sus c e p t i b i 1 i ty 0 f the S P T to 

ischemic injury. In controlled hypovolemic reduced blood 

flow models of ischemia, the SPT is more susceptible to 



13 

injury than the CPT (Kreisberg et al, 1976). Since the 

peritubular capillary network perfuses the CPT first, 

this tubular segment, which has higher oxygen demands 

than the SPT (Kashgarian et al, 1976; Shanley et al, 

1986), is able to extract most of the oxygen from the 

peritubular capillary leaving the SPT hypoxic in the 

process. In models of ischemia where the renal artery is 

clamped, the CPT is injured first, but only sublethally, 

and recovers once the cl amp is removed whi le the SPT 

remains hypoxic by the II no reflow hypothesis ll of Glaumann 

and Trump (1975). This IIno reflow hypothesis ll states 

that the SPT, upon removal of the clamp, remains ischemic 

as debris from the peritubular capillaries perfusing the 

CPT washes down to impact the distal capillaries 

surrounding the SPT. 

Tubular Mechanisms for Selective Injury 

Passive Concentration. Concentration of 

chemicals along the nephron can occur either by passive 

or active mechanisms which were briefly discussed in 

earlier sections. Passive concentration of chemicals 

wi thi n the tubul ar 1 umen occurs as water and essenti al 

substrates are actively reabsorbed back into the blood. 

This process allows the renal concentrations of a 

chemical to reach levels several times greater than the 

concentrations found in blood and other organs. As many 
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pharmacological and toxicological interactions depend 

upon the concentration of a substance at its receptor or 

site of action, passive concentration may allow chemicals 

to become toxic within the kidney as they concentrate 

above their toxic 'threshold level (Mudge, 1985). This 

mechanism of concentration has been one of several 

proposals described for mercuric chloride to explain its 

regioselective affect on the SPT (Cuppage and Tate, 1967; 

Rodin and Crowson, 1962; Siegel and Bulger, 1975). 

Indeed several chemicals cause mechanical injury to the 

nephron as they concentrate to their limits of solubility 

(i .e. sulfonamides and oxylate forming glycols). 

Active Concentration. Due to acti ve secretory 

and reabsorptive processes within the proximal tubules, 

several chemicals can reach high intracellular and 

lumenal concentrations within specific tubular regions. 

Regioselective injury is possible as several of these 

processes are more or less localized to specific tubular 

segments. In fact, proposals to explain the 

regioselective injuries induced by mercuric chloride and 

potassium dichromate, have included the existence of 

specific, as yet unknown, uptake processes located within 

the SPT or CPT respectively (Biber et al, 1968; Berndt, 

1976; McDowell et al, 1976; Zalme et al, 1976). Many 

other chemicals such as penicillin, cephaloridine, and 

probenecid are known to util ize the active organic acid 
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and base transport systems to maintain or express their 

pharmacological and sometimes toxicological effects. 

One other major mechanism to explain 

regioselective injury within the proximal tubular 

segments relates to the distribution of biotransformation 

enzymes. Several of the chemi cal s 1 i sted in Tabl e 1 

(bromobenzene, hexachloro-l,3-butadiene, acetomenophen) 

are believed to selectively injure the SPT as this is the 

nephron site most concentrated in cytochrome P-450 (Dees 

et al, 1982). 

It should also be kept in mind that the various 

mechanisms described above for regioselective injury to 

proximal tubular segments are not exclusive of one 

another. One or more of these mechanisms may function in 

concert to result in regioselective injury. 

Interpretation of the mechanism(s) responsible 

for regioselective injury to renal proximal tubules, from 

.:!..!!. vivo studies, must allow for the complex anatomical 

and physiological interactions within the kidney. The 

innate cellular responses to 

administered in 

considerations 

interpret in 

vivo, independent 

mentioned 

light of 

above, 

this 

chemical toxicants 

of the physiological 

are difficult to 

complexity. Hence, 

appropriate in vitro systems which isolate or eliminate 

several of the anatomical and physiological features of 
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the kidney can provide powerful tool s for asking 

mechanistic questions related to regioselective injury. 

In Vitro Renal Toxicity Studies 

Several different in vitro models have been 

developed to study di fferent aspects of the kidney, each 

with their relative advantages and disadvantages (Bach et 

al, 1985; Acosta et al, 1985). These in vitro models can 

be categorized as being based from either isolated cells, 

tissue chunks or isolated organs which differ mainly by 

the degree of tissue isolation required. 

In asking questions concerning the mechanism(s) 

of selective injury to segmental regions of the renal 

proximal tubule, isolated cell and tubular suspension 

techniques are not easily appl icable as current methods 

for obtaining and growing specific proximal tubular 

segments in sufficient yield are not available. These 

cell and tubular preparations have been used in a variety 

of studies investigating how in vitro exposure to 

xenobiotics modifies, subcellular macromolecules, 

exzymatic reactions, and organelle functions, in the 

process of intoxication and cellular transformations into 

neoplasia (Acosta et al, 1985; Hard, 1982; Jones et al, 

1986). Recently Bach et al (1986) used isolated proximal 

tubules, glomeruli, and medullary interstitial cells to 

demonstrate in vitro, a dose-dependent selective 
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intoxication by hexachlorobutadiene-N-acetylcysteine, 

adriamycin and 2-bromoethanamine hydrobromide, 

respectively. This report demonstrates that in vitro 

exposure following isolation of appropriate target cell 

types can induce the same pattern of injury seen 

following in vivo exposure. Furthermore since chemical 

ex po sur e was don e ~ v i t r 0 , the tar get c ell ty pes m u s t 

have innate characteristics which render them susceptible 

to injury by the particular agents. 

Although no methods are currently available to 

isolate the different segments of the proximal tubule 

from one another (aside from tedious microdissection 

techniques which provide 10\'1 yields), a renal slicing 

preparation that takes advantage of the highly structured 

a nat 0 my 0 f the kid n e y co u 1 d pro vi de a tis sue sec t ion i n 

which different proximal tubular segments are localized 

within discrete areas of the slice (Kaissling and Kriz, 

1979). Renal sl ices have been used in several studies 

for the e val u a t ion 0 f n e p h rot 0 x i city i n vi t r 0 (B a c han d 

Lock, 1982; Hirsch, 1976; Kacew and Hirsch, 1981). 

However, since the vi ab i 1 i ty of most in vitro 

preparations using slices, has been difficult to maintain 

beyond 6 to 8 hr (Bach et al, 1985), most of the work 

done in slices concerning in vitro evaluations of 

nephrotoxicity are done following in vivo administration 

of the chemical agent. In terms of examining innate 
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cellular responses to regioselective nephrotoxins, 

administration of chemicals via the renal artery (the 

route of entry in any in vivo exposure) allows the 

complex anatomical and physiological functions inherent 

to this organ to have a potentially significant role in 

the local distribution and concentration of chemicals 

within the nephron. Similar reasoning explains why the 

isolated perfused kidney model would be inappropriate for 

ask i n g the s e ty pes 0 f que s t ion s • Hen c e ,on 1 y w hen the 

time limits for maintenance of in vitro slice viability 

are increased will a systematic assessment of innate 

cellular responses to chemicals exposed in vitro be 

possible. 

Preparation and Maintenance of Positional Renal Slices 

From the above discussion it is apparent that 

renal cortical slices are amenable to the investigation 

of questions related to innate responses within different 

proximal tubular segments. One reason for selecting this 

model is that both CPT and SPT segments can 

simul taneously be represented wi thi n di screte areas of 

renal cortical tissue slices. Thus, regioselective 

intoxication should induce a characteristic pattern of 

injury within focal areas of the slice corresponding to 

the discrete localization of the susceptible cell type. 

Several other characteristics of this technique (Table 3) 
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List of Characteristics Unique to the Renal 
Tissue Slice Technique 

Renal Slices: 

1) are easy to prepare without the need 
for harsh mechanical or enzymatic 
treatment 

2) are easy to handle 

3) maintain cell-cell contacts within 
their original tissue matrix 

4) are free from blood flow delivery 
patterns, passive concentrating 
mechanisms, and hemodynamic feedback 
responses 

5) prepared from a single animal may 
provide enough samples to examine a 
full dose and time response with 
reduced variability as the genetic 
composition among slices is identical 
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make it uni que from other in vi tro systems (Bach and 

Lock, 1982). 

Methods for Tissue Slicing. Tissue slicing 

methods using the Stadie Riggs (Stadie and Riggs, 1944), 

Vibratome (Smith, 1970), or hand-made sl icing techniques 

(Forster, 1948; Bach and Lock, 1982; Berndt, 1976b), do 

not allow for easy immobilization, specific orientation, 

or rapid isolation of reproducible slices of uniform 

dimensions. Hence, cortical sl ices are most often used 

for in vitro experimentation without any particular 

orientation made during isolation. 

The Stadie Riggs microtome is most often used to 

prepare slices even though it must be assembled and 

dissembled to make and remove each slice (Berndt, 

1976b). The number of sl ices that can reasonably be 

made wi th the Stadi e Ri ggs mi crotome is 1 imi ted by the 

non-physiological conditions and time consuming mechanics 

of this device. 

In 1980, Krumdieck developed a mechanical tissue 

slicer that could rapidly prepare thin tissue slices of 

uniform thickness and dimensions under conditions that 

minimize trauma to the tissue. This instrument also had 

the advantage of allowing tissues to be rigidly 

orientated such that slices could be made from any chosen 

plane within a tissue. Since the work of Kaissling and 

Kriz (1979) demonstrated that the CPT and SPT segments 
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could be discretely localized within renal cortical 

tissue sections made perpendicular to the cortical 

papillary axis, the Krumdieck tissue slicer may provide a 

means of rapidly preparing renal cortical slices with 

t his s t ric tor i en tat ion . u n de r p hy s i 01 0 g i cal con d i t ion s • 

A sl ice prepared under conditions which minimize tissue 

damage (Krumdieck et al, 1980; Smith et al, 1985) may 

also have a better chance of surviving in culture for 

long periods of time. 

Incubation Systems. Warburg (1923) and Trowell 

(1959) were credited with the development of slice 

incubation systems that were used widely in in vitro 

studies. Smith et al (1985) found Trowell culture to be 

inadequate for long term maintenance of liver slice 

viability. Hence these investigators developed a new 

method for long term (20 hr) cul turing of 1 iver sl ices, 

based on a combination of standard Trowell culture and 

roller bottle techniques. 

I n dee d s eve r ali n ve s t i gat 0 r s h a ve had d iff i c u 1 ty 

maintaining tissue explants in culture for more than 8 hr 

(Bach et al, 1985; Smith et al, 1987; Brendel, 1987). 

Many reasons may account for this lack of long term 

vi abi 1 i ty rangi ng from how much ti ssue damage occurred 

during the preparation of tissue explants to the usage of 

buffers or media insufficient to support long term 

survival (Bach et al, 1985). Some methods of incubation 
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may actually induce mechanical tissue injury during the 

process of maintaining adequate oxygenation in culture 

(Brendel et al, 1987). Hence, as most acute nephro-

toxicants require at least 6 to 12 hr to induce 

pathological changes discernible at the light microscopic 

level (Zalme et al, 1975; Table 2), an incubation system 

which could maintain viability for at least 12 hr needed 

to be developed in order to investigate questions related 

to regioselective injury to proximal tubular segments in 

vitro. 

Objectives 

The overall objective of this research project 

was to determi ne the basi c underlyi ng mechani sm( s) 

involved in regioselective acute tubular necrosis to 

renal proximal tubular segments. To achieve this 

objective, laboratory efforts were sequentially focused 

on three research areas. 

Before questions could be asked concerning the 

above mechani sms, an in vi tro method for mak i ng renal 

cortical slices with an orientation that allows for easy 

identification of proximal tubular segme~ts based on 

their position within this highly organized tissue needed 

to be developed. At the same time, an incubation system 

that could maintain the structural and biochemical 
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v i a b i 1 i ty 0 f s 1 ice s 0 v e r 12 h r nee de d to bed eve lop e d 

and characterized. 

Following development and characterization of the 

in vitro system, research efforts were focused on the 

investigation of whether model compounds which induce 

regioselective injury to the CPT or SPT following in vivo 

exposure would produce the same pattern of injury in 

vitro. Mercuric chloride and potassium dichromate were 

chosen for these studies as they are direct acting 

(require no bioactivation to express their toxicologic 

effects) compounds that consistently induce 

regiosel ective injury to the SPT or CPT, respectively 

(Biber et al, 1968; Weinberg, 1985) (Table 1). The 

response to in vitro hypoxic exposure was a 1 so 

investigated as it also induces selective injury (Shanley 

et a 1 , 1986) and this event i s often linked to the toxic 

cascade leading to acute tubular necrosis and renal 

failure (Flamenbaum, 1973). 

If regioselective i nj u ry following in vitro 

exposure had the same pattern of injury as seen following 

in vivo administration, studies would then be directed 

toward identifying the metal distribution within the 

slice. This investigation would identify if the 

regioselective injury to proximal tubular segments was 

due to selective accumulation within the injured cell 

type, or due to the lack of cytoprotective mechanisms 
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within the affected cells. Contingent on the metal 

distribution within the slice, studies would focus on 

identifying the uptake process or the differences in the 

locations of proximal tubular cytoprotective mechanisms. 

In the final analysis it is my goal to provide a 

model system capable of investigating mechanisms of renal 

injury induced by a wide variety of chemicals. 



MATERIALS AND METHODS 

Chemicals 

Most of the chemicals used in these studies were 

common 1 aboratory reagents (analytical grade or better) 

available from commercial vendors. However, some were 

less common and are listed here (in alphabetical order): 

BioRad Protein Assay Kit (Bio-Rad Laboratories, Richmond, 

CAl, biotin (Gibco Laboratories, Grand Island, NY), 

bovine serum albumin fraction V (BSA, United States 

Biochemical Corp., Cleveland, OH), choline chloride (US 

Biochemicals), 3,5-diaminobenzoic acid dihydrochloride 

(Aldrich Chemical Company, Milwaukee, WI), calf thymus 

deoxyribonucleic acid (DNA, Sigma Chemical Company, St. 

Louis, MO), r14CJ-glucose (uniformly labeled, purity >98% 

; ICN Radiochemicals, Irving, CAl, gum arabic (Sigma), N-

2- hydroxyethyl pi perazi ne-N '-2-ethanesul foni c aci d (HEPES) 

and its sodium salt (Sigma), hydroquinone (1,4 

benzenediol, Sigma), I-inositol (US Biochemicals), DL

lactic acid (Sigma), linoleic acid (Sigma), lipoic acid 

(Sigma), mercuric chloride (Sigma), [203HgJ-mercuric 

chloride (purity >99%; New England Nuclear (NEN), Boston, 

MA) , mercury orange (1-(4-chloromercuriphenylazo)-

25 
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naphthol-2; Sigma), 

[glycyl-1- 14 C]-PAH 

p-aminohippuric 

(purity >97%; 

acid (PAH, Sigma), 

NEN), ph1 ori dzi n 

(ph1 oreti n-2 '-B-D-g1 ucosi de, Si gma), potassi urn di chromate 

(J.T. Baker Chemical Company, Phillipsburg, NJ), [32 p ]_ 

mono potassium phosphate (purity >99.9%; ICN), probenacid 

(Sigma), quinine sulfate (Baker), silver nitrate crystals 

(Sigma), sodium selenite (Sigma), r35 S]-sodium sulfate 

(purity >99%; ICN), tantalum powder (metallurgic grade; 

Fanstee1 Metallurgical Corp., North Chicago, I L ) , 

tetraethylammonium bromide (TEA, Eastman Kodak Co., 

Scientific Products Inc., Tempe, AZ), [1_14 C]-TEA (purity 

>99%; NEN), vitamin B12 (US Biochemicals), r3 H]-Water 

( I C tn . 

Culture Medium and Buffers 

The cu1 ture medi urn used in these studi es was a 

serum-free mixture (1:1) of De1becco ' s Modified Eagles 

and Ham's Nutrient Mix F-12 (DME/F12). This medium has 

been used to maintain renal epithelial cells in culture 

in the absence of fibroblastic overgrowth (Taub and Sato, 

1980; Detrisac et a1 1984). A protein-free medium was 

required as protein caused foaming in the custom built 

incubation chamber described in a later section. The 

DME/F12 medium was prepared as described by Morton (1970) 

except, the phenol red, antibiotic and antimycotic 

components were omitted. These components were excluded 
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as phenol red inhibits renal organic acid transport 

(Smith et al, 1938), and some antibiotics have been shown 

to be nephrotoxicants (Browning and Tune, 1983; 

Kaloyanides, 1984). The bicarbonate component of this 

medium was substituted with HEPES (24 mM) to allow pH 

stability independent of aeration with carbon dioxide 

containing gas mixtures. Details for the preparation of 

DME/F12 are included in Appendix A. 

A Krebs-Ringers buffer was used in which the 

bicarbonate fraction was replaced with HEPES for the same 

reason given above. The Krebs-Hepes buffer composition 

was as follows (mM): sodium chloride, 132; sodium 

acetate, 10; potassium chloride, 4.8; potassium phosphate 

monobasic, 1.2; calcium chloride, 2.5; magnesium sulfate, 

1.2; and HEPES, 13. With the exception of a few 

experiments in which phosphate and sulfate concentrations 

were altered for experimental purposes (chromate toxicity 

studies), this buffer was used for the renal slice 

preparation, organic acid and base transport and in 

hypoxia studies described in later sections. The media 

and buffers used in these studies were aerated and pH 

adjusted to 7.4 at the temperature used in the particular 

experiment. 



28 

Preparation of Positional Renal Slices 

The technique of positional renal slicing was 

developed in our laboratory to separate the kidney into 

its four major zones and allow identification of 

s p e c i f i c r en a 1 c ell ty pes bas e don the i r r e 1 at i ve 

position within the slice (Kaissling and Kriz, 1979). 

Treatment of Animals 

Male New Zealand White rabbits (1.5 - 2.3 kg) 

were used in these studies as they are the largest 

laboratory animal available with uni-papillary kidneys in 

which a detailed anatomical analysis has been done 

(Kaissling and Kriz, 1979). These rabbits were obtained 

from Blue Ribbon Ranch (a local breeding farm; Tucson, 

AZ) and housed (one per cage) in the Division of Animal 

Resources at the University of Arizona. Animals were 

allowed free access to food (Purina Rabbit Chow) and 

water while being maintained in temperature controlled 

rooms with a 12 hr light/dark cycle. The animals were 

not treated with any chemical s prior to experimentation 

as all chemical manipulations were done in vitro. 

Rabbits were killed by a pellet gun discharge to the base 

of the skull. Their kidneys were removed, decapsulated, 

and prepared for positional renal slicing as described in 

the following section. 
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Krumdieck Tissue Slicer 

Renal tissue was prepared for positional renal 

slicing by making cylindrical cores (up to 7 per kidney, 

6 mm in diameter) through each kidney along its cortical-

papi 11 ary axi s. Cores were made by gently pushi ng the 

kidney against a piece of thin wall stainless steel 

tubing mounted to a motor rotating at approximately 300 

rpm. Cores were then sl iced perpendicular to this axis 

using a modified version of the mechanical slicer 

previously described by Krumdieck et al (1980) which 

rapidly slices tissues \tlith reproducible precision under 

oxygenated Krebs-Hepes buffer. The cutting mechanism in 

this modified tissue slicer was the only significant 

difference from the original instrument. The knife is 

now supported on a long rectangular shaft that rapidly 

vibrates back and forth along a grooved track. The 

t~ue core was rigidly orientated in a manually operated 

a rm that is drawn across the vi brati ng kni fe to make a 

sl ice. A pi ston wei ght was pl aced above the core to 

maintain a constant pressure for advancement of the core 

while slicing. As the slice is being cut by the blade a 

circulating current of buffer sweeps the slice into the 

collection chamber. This produces slices consisting of 

short tubular segments as they are cut perpendicular to 
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the tubular axis of the kidney at any selected thickness 

between 100 and 500 urn (Figure 1). 

Collection of Slices 

The h i g h 1 y s t r u c t u red a nat 0 my 0 f the kid n e y i s 

separated into its four major zones by making slices with 

the specific orientation described above (Figure 2). As 

the focus of these studies was on the regioselective 

differences between straight and con vol uted segments of 

the proximal tubule, only slices obtained from the 

cortical region were used. Furthermore, since the outer 

cortex consists primarily of convoluted proximal tubules 

from superficial nephrons (Kaissling and Kriz, 1979) the 

first two slices from each core were discarded allowing 

collection of the next eight slices which contain all the 

r en a 1 c ell ty pes 0 f the cor t ex. Up to 100 cor tic a 1 

slices (300 urn thick) from a single rabbit were pooled 

and stored in ice cold Krebs-Hepes buffer prior to the 

experimental exposures. 

Incubation Vessel for In Vitro Studies 

Exposures were carried out in vessels designed to 

support several slices on a porous surface submerged 

beneath a constantly circulating aerated medium (Figure 

3). Thi s vessel was developed si nce early experiments 

using dynamic organ culture (Smith et al, 1985) caused 
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The Krumdieck Tissue Slicer (top) and its 
Cutting Mechanism (bottom). 
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damage to the brush border membranes of renal cortical 

slices. 

Vessel Construction 

The incubation vessel s used in these experiments 

were essentially the same as the glass versions used 

earlier (Ruegg et al, 1987), except they were constructed 

from Teflon to improve durability. Teflon rod (1.5 inch 

00) was cut and faced on a lathe into two inch segments. 

A hole was bored 1.75 inches deep into this Teflon 

cylinder using a 1 inch drill bit. A supporting ledge 

was made one inch from the mouth of the vessel by opening 

the internal diameter by 0.25 inches with a lathe cutting 

bit mounted to a boring bar. The porous surface was made 

from a 1.25 inch di ameter di sc of sta i nl ess steel screen 

(94 x 94 mesh, 0.004 wire diameter) fitted, through its 

center, wi th aD. 75 inch 1 ength of thi n wall sta i nl ess 

steel tubing (0.1875 inch 00) held in place by a larger 

concentric restraining ring of the same material (Newark 

Wire and Cloth Co., Newark, NJ). This assembly was then 

secured to the ledge of the Teflon vessel using a silicon 

O-ri ng (1.25 inch 00). A 23 gauge butterfly needl e was 

placed through a pilot hole drilled into the base of the 

vessel (with a 25 gauge needle) such that its point 

extended into the lower portion of the central tube to 

serve as a gas port (Figure 3). 
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Aeration Manifold 

Aeration in this system provides circulation of 

the medium, ensures constant gas concentrations in 

solution and maintains pH throughout the experiment. To 

assure equal gassing rates to several vessel s at once, a 

gassing manifold was made using high resistance PE-20 

tubing. Ten, two foot lengths of PE-20 tubing were cut, 

placed side by side and bound together with a string at 

one end. The bound end was then placed through the tip 

of a tapered tubing connector (Cole-Palmer Instrument Co, 

Chicago IL) such that the ends extended out the other 

si de by 1 inch. The 1 umen of the connector was then 

filled with silicon cement and allowed to dry. Once dry 

the short ends of the PE-20 tubi ng were cut fl ush wi th 

the edge of the connector. The distal ends of the PE-20 

tubing were fitted with quick-disconnect luer taper 

adaptors (Cole-Palmer) and connected to luer lock triple 

stopcocks fitted into the tubing attached to the 23 gauge 

butterfly needle of each vessel (Figure 4). 

Preparation of Vessels for Slices 

The incubation vessels were set up prior to the 

preparation of slices by loading either buffer or medium 

(20 ml) into each vessel. Protein-free solutions were 

used to avoid foaming once the gas flow was started. The 
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Incubation System used for In Vitro Exposures 
of Positional Renal Slices.--

View of the complete set up with the gas 
manifold, conical covers and stand. 
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screens and a-rings were then fitted into each vessel and 

the gas port was opened. A circulating current of 

oxygenated medium was created by generating a constant 

stream of gas bubbl es in the lower part of the central 

tubes. Finally, plastic 50 ml conical centrifuge tubes 

(VWR Scientific Inc., San Francisco, CAl, with their 

threads removed and the conical tips punctured, were 

inverted into the inner di ameter of each vessel resti ng 

on the upper surface of the silicone a-rings. These 

tubes functioned to maintain a head space above the 

medium identical to the gas mixture being injected 

through the gas port, and to provide a protective cover 

against airborne debris (Figure 4). It was also found 

that these covers were required to induce hypoxic injury 

to slices within these vessels. 

Unl ess stated otherwi se, all exposures were done 

at room temperature (22 °C) to control bacterial 

contamination in the system. At this temperature our 

incubation vessel remained free of bacterial overgrowth 

for at least 18 hr. 

Fluid Mechanics Within Vessels 

Trypan Blue Dye. 

medium circulating in the 

1 ayered on the surface 

To exami ne the flow rate of 

vessel, trypan bl ue dye was 

of the screen pri or to 
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commencement of gas injection. The time that it takes 

for the medi urn to become a homogenous bl ue color is an 

indication of the flow within the system. 

Tantalum Exposures. To examine if medium flovls 

through the slice or simply flows around its perimeter, 

experiments using tantalum were performed. Tantalum 

powder is an inert insoluble black particulate, with a 

mean diameter of 2.5 microns, previously used as a 

respired radioopaque material in chest X-ray studies 

(Nadel et a1, 1968). A small amount (enough to turn the 

solution black) was added to a vessel and maintained in 

suspension by the circulation current. Positional 

cortical slices were incubated in vessels without 

tantalum and transferred to the tantalum containing 

vessel after various incubation time points. Fifteen 

minutes later the slices were removed from the tantalum 

containing vessel and prepared for histopathological 

examination (in cryostat sections) of the particulate 

distribution throughout the slices. 

Phloridzin Inhibited Glucose Transport. As 

another test of tubular lumen availability to medium 

flow, gl ucose transport was measured in corti cal sl ices. 

In renal tissue, glucose is reabsorbed primarily at the 

brush border surface which lines the lumen of the 

proximal tubules. This active transport process is 

sodium gradient dependent and is also selectively 
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inhibited by 1 mM phloridzin (Aronson and Sacktor, 1975; 

Lotspeich, 1961). Slices were incubated in DME/F12 

medium (121 mM sodium) with or without phloridzin (1 mM) 

for up to 6 hr. Uptake o~ [14C]-D-glucose (50 uM, 12.3 

mCi/mmol) was measured in Krebs-Hepes buffer of normal 

sodi urn (140 mM) or low sodi urn (10 mM) content (prepared 

by replacing the sodium chloride in Krebs-Hepes buffer 

wi th an equimol ar amount of chol i ne chl ori de (132 mM)). 

Half of these vessels contained 1 mM phloridzin to serve 

as an inhibitor for the uptake of glucose. [3 H]-Water (4 

uCi) was also added to each vessel as a normalizing 

factor for the glucose uptake. After a time course of 

incubation, slices and a 0.05 ml aliquot of buffer were 

removed from each vessel and prepared for 1 iquid 

scintillation counting. 

Radioactive Tracer Procedures 

Liquid Scintillation Counting 

Radioisotopes that were counted by liquid 

scintillation include: 14C labeled glucose, p-

aminohippuric acid (PAH), tetraethyl ammonium (TEA); 32p 

labeled phosphate; 35 S labeled Sulfate; and 3H labeled 

water. Following incubation, slices were removed from 

their vessels, blotted on tissue paper and placed into 1 

ml of 3% Tri ton. Sl ices were then sonicated using a 

mi cro ul trasoni c cell di srupter (Kontes, Vi nel and, NJ) 
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and transferred to plastic scintillation vials 

con t a i n i n g 9 m 1 0 f 1 i qui d sci n till at ion co c k tail ( Sa f e ty 

Solve; high flash point cocktail; Research Products 

International Co., Mount Prospect, IL). Samples were 

then counted in coincidence against a 133 Ba external 

standard using a Tracor Analytic Mark III Liquid 

Scintillation Counting System, model 6880 (Elk Grove 

Village,IL). The 14 C, 32 p, and 35 S labeled substrates 

were counted and expressed as a ratio of the [3 H]-water 

counts in each sampl e. A buffer sample (0.05 ml) was 

also counted for the ratio of radiolabels and used to 

calculate the accumulation factor for the particular 

substrate. A slice/medium ratio of one indicates that no 

accumulation of the substrate occurred within the slice. 

Since 3H water was added as a marker of total water 

content, each slice can be compared to each another as 

differences between slice volumes are normalized by the 

water 1 abel. Since a ratio of the radiolabels was 

measured in both the slice and buffer no correction is 

needed for the difference in volumes (tissue versus 

buffer volumes) used in the assay. 

Accumulation factor = 

Slice labeled substrate 
Sllce [ A]-water 

Buffer lab31ed substrate 
Buffer [ A]-water 
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Gamma Counting 

Slices exposed in vitro to [203HgJ-mercuric 

chloride were blotted and placed into 12 x 75 plastic 

tubes for gamma counting (in coincidence) on a Tracor 

Analytic Gamma Counting System (Model 1197, Elk Grove 

Vi 11 age, I L) wi th the scal er set for 203 H9 (i. e. course 

(4.0), fine (1.0), base (5.0), and window (2.5)). A 

buffer sample (0.05 ml) was also counted to calculate an 

accumulation factor equal to the slice to buffer ratio of 

counts times 5 to correct for the volume difference 

between a slice (10 mg slice contains approximately 0.01 

ml of water) and the buffer (0.05 ml). 

In Vitro Exposure of Slices to Mercuric Chloride, 
Potasslum 01chromate, or HYPOX1C Gondltlons 

In Vitro Metal Exposures 

Aliquots (representing less than 1% of the final 

medium volume) from concentrated aqueous stock solutions 

of mercuric chloride or potassium dichromate were added 

to DME/F12 medium to obtain a final concentration of 0, 

0.01, 0.1, or 1.0 mM. These solutions were gassed 

(95/5%; 02/C02)' pH adjusted to 7.4, and placed into 

individual vessels. Positional renal cortical slices (8) 

were placed into each vessel and exposed in vitro to the 

various concentrations of the metals. I n a ty pic a 1 

experiment, four slices were removed from each 
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concentration following a 0, 2, 4, 8, and 12 hr 

exposure. One sl ice 

for histopathological 

from each time point was prepared 

examination while the remaining 

three sl ices were analyzed for their potassium, DNA, and 

protein content. Each experiment generates a full dose 

and time response for the particular metal using slices 

from a single rabbit. 

In Vitro Hypoxia 

To simulate ischemic conditions (lack of oxygen 

and blood borne nutrients) followed by a post-ischemic re

perfusion period, positional renal cortical slices were 

placed into covered vessels containing Krebs-Hepes buffer 

gassed with nitrogen (100%) for a period of 0.75, 1.5, 

2.25, 3 or 5 hr. Following hypoxic exposure, slices were 

transferred to oxygen conditions (95/5%; 02/C02) in 

DME/F12 medium to simulate a post-ischemic re-perfusion 

period of 1, 3, or 6 hr. Concurrent control slices were 

incubated under oxygen conditions throughout the 

experiment in vessels containing DME/F12 medium. Four 

slices were removed following each hypoxic period and at 

each post-hypoxic re-perfusion time pOint. Control 

slices were removed after 0, 3, 7 and 11 hr of 

incubation. As with the metal exposures, one slice from 

each time point was prepared for histopathological 

examination while the remaining three slices were 
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analyzed for their potassium, DNA, and protein content. 

Each experiment generates a full time course for hypoxia 

and re-perfusion using slices from a single rabbit. 

Histopathological Techniques 

Fixation, Embedding, Cutting, and Staining of Tissues 

Following in vitro exposure, slices harvested for 

histopathological analysis were fixed in a flat position 

in a phosphate buffered formaldehyde-glutaraldehyde 

sol uti on (1.16 g NaH 2 P0 4 • H20; 0.27 g NaOH; 10 ml of 40% 

formaldehyde; 2 ml of 50% glutaraldehyde to 88 ml of 

water, and adjusting the pH to 7.4 (McDowell and Trump, 

1976)). After a minimum of 24 hr fixation, slices were 

dehydrated in a graded series of ethanol solutions (30, 

50, 70, 80, and 90%; v/v) for 15 min each and then in 95% 

ethanol (two changes for 15 min each) before 

infiltrating with the glycol methacrylate monomer of JB-4 

embedding plastic (Polysciences Inc., Warrington, PA). 

The infiltration solution was made by dissolving 0.9 g of 

benzoyl peroxi de into 100 ml of monomer (sol uti on A of 

embedding kit). Infiltration was carried out over a 3 hr 

period with a fresh change of infiltrate added after 1 

hr. 

Following infiltration, slices were embedded in 

plastic boats (Fisher Scientific, Phoenix, AZ) filled 

wi th ice col d embeddi ng pl asti c. The embeddi ng pl asti c 
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was made by mixing 1.5 ml of hardener (solution B of 

embedding kit) for every 100 ml of the infiltrate 

solution described above (use only fresh infiltrate 

stock). This procedure was done in an ice bath to retard 

the temperature dependent polymerization of the embedding 

solution. Two slices were then positioned side by side, 

flat against the bottom of each boat. A numbered 

aluminum chuck (Fisher Scientific, Phoenix, AZ) was then 

pl aced on the upper shel f of each boat and embeddi ng 

plastic added to completely fill each boat. 

After hardening at room temperature overnight, 

the blocks of embedded tissue were removed from the boats 

and 2 urn sections were made on a JB-4 microtome (Sorvall 

Instruments, Newtown, CT) equipped with glass knifes made 

on a Sorvall glass knife maker. Sections were floated 

onto the surface of distilled water containing a few 

drops of ammonium hydroxide. Sections were then lifted 

onto glass microscope slides (placed in the water 

perpendicular to its surface) by capillary action as the 

sl ide is removed from the bath. The sl i des were then 

dried on a hot plate at 60 °c and allowed to cool before 

staining. 

Sections were stained with either toluidine blue, 

hematoxylin and eosin, or periodic acid Schiffs' 

reagent. Toluidine blue (1%) stain was prepared by 

mixing 1 g of toluidine blue into 100 ml of 1% sodium 
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borate. This solution was then filtered before adding 

it dropwise onto the plastic sections. The slides were 

then heated on a hot plate (60 °C) until the dye began to 

evaporate. The slides were then washed in tap water 

until the blue dye stopped leaching from the section. 

Staining of plastic sections with hematoxylin and eosin 

(H&E) was done by the method descri bed by Castro (1985). 

Briefly, slides were stained with Gills hematoxylin for 

15 min, washed in water for 5 min, blued in Scotts tap 

water for 2 min, rinsed again for 5 min and stained with 

eosin for 2 to 6 min until the desired level of 

counterstaining was achieved. Periodic acid Schiffs' 

staining was done by soaking slides in: 0.5% periodic 

acid (in distilled water) for 15 min; distilled water for 

2 min; Schiffs' reagent for 15 min; and tap water for 7 

min • F 0 11 0 \'1 i n g S chi f f s' rea g e n t the s 1 i de s we res t a i ned 

with hematoxylin as described by Castro (1985). Schiffs' 

reagent was used in double strength by adding twice the 

reagents (with the exception of water) to the solution 

described by Allen and Dowling (1981). 

After staining, covers1ips were mounted over the 

sections using Permount (Po1ysciences Inc. Warrington, 

PA). Sl i des were di pped into abso1 ute ethanol, followed 

by ethanol /xy1 ene (1: 1), and 100% xy1 ene before p1 aci ng 

them onto covers1ips containing a few drops of Permount. 

The slides were allowed to dry overnight in a horizontal 
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position (not stacked). Slides were then examined for 

any histopathological changes which could be photographed 

using a Nikon optiphot microscope equipped with a Nikon 

HFX-I I camera system (All en and Associ ates, Phoeni x AZ). 

Each sl i de was numbered con sec uti vely and exami ned bl i nd 

(unaware of the dose or group) under the low power (4x) 

objective to identify damaged areas (away from edge 

artifacts; i.e. the cut surfaces of the slices are dead 

and may be present in the fi el d due to the pl ane of 

sectioning) before switching to higher power (lOx or 

40 x) 0 b j e c t i ve s to ide n t i f Y the c ell ty p e ( s ) i n j u red i n 

the section. Several areas from each slide were examined 

and the histopathological changes recorded. 

In studies where the slice thickness was 

measured, the tissue was fixed and dehydrated through 50% 

ethanol. Several sl ices were then bi sected and skewered 

with a fine needle (cactus spine) to stack all the pieces 

in a row with their cut diameter portions aligned. 

Dehydration and infiltration was completed on this unit 

whi ch was embedded such that the cut di ameter porti ons 

rested flat on the bottom of the boat. Using this 

orientation, the thickness of each slice across its 

diameter can be determined on the microscope fitted with 

a calibrated ocular micrometer. 
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Silver Amplification of MercurY-Se1enide Complexes 

To determine the cellular localization of 

mercuric ion within a slice, two micron plastic sections 

of slices exposed to mercuric chloride in vitro were 

treated with sodium selenite and silver enhanced in a 

physical developer (Danscher and Moller-Madsen, 1985). 

Slides from chromate and hypoxic exposed slices were also 

developed to serve as tissue controls in this procedure. 

Slides were soaked in a 1 mg/m1 solution of sodium 

selenite for 4 hr, followed by a 1 hr wash in distilled 

water. Sl ices were then developed by soak i ng them for 

1.5 hr in a foil covered staining dish containing the 

physical developer at 26 °C. The developer was prepared 

by making 4 stock solutions of the following composition 

and mixing them in the ratio indicated in parenthesis. 

Solution 1 (240 m1) was a 50% solution of gum arabic made 

by di ssol vi ng 100 g of thi s acaci a tree gum into 200 m1 

of distilled water at 90 °c (add slowly). Solution 2 (40 

m1) was a citrate buffer made by adding 12.75 g of citric 

acid and 11.75 g of sodium citrate to 4Q m1 of distilled 

wa ter and adj usti ng the fi na1 vol ume to 50 m1. Sol uti on 

3 (60 m1) consisted of 3.4 g of hydroquinone (1,4 

benzenediol) dissolved in 60 m1 of water. Solution 4 (60 

m1) was a silver lactate solution prepared from silver 

nitrate. To make silver lactate, dissolve 0.232 g 'of 

silver nitrate in 10 ml of distilled water in a 50 m1 
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centrifuge tube. Add approximately 35 ml of 1 N 

potassium hydroxide to precipitate silver hydroxide out 

of solution. Centrifuge, decant and wash twice with 

distilled water. After the 1 ast decant add 40 ml of 

distilled water and 1.2 ml of DL-lactic acid and vortex 

until the solution turns clear (silver lactate). Bring 

the final volume up to 60 ml before use. After staining 

the sl i des were ri nsed for 40 mi n in runni ng 40 °c tap 

water to remove the residual developer. 

Mercury Orange Localization of Thiols 

Since mercuric chloride binds strongly to 

s u 1 f hy dry 1 g r 0 ups, the tissue distribution of free 

sulfhydryls in control slices was examined using the 

modified Bennett's thiol stain described by Mescon and 

Flesch (1952). The stain was prepared by mixing 3 mg of 

mercury orange into 100 ml of absol ute ethanol for 2 hr 

at room temperature. This solution was then filtered and 

diluted with 25 ml of distilled water to make a final 

concentration of 80% ethanol (store in dark bottle at 4 

°C). Histopathological slides of control slices were 

then soaked in this stain for 3 hr and washed in ethanol 

and xylene before adding a coverslip. 
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Electron Probe X-Ray Microanalysis 

Electron probe elemental analysis is a technique 

used to quantitate the elemental composition (for 

elements heavier than sodium) of any substance 

circumscribed by the electron beam of a transmission 

electron microscope (Moreton, 1981; Lechene, 1980). 

Briefly, slices exposed in vitro to either mercuric 

chloride or potassium dichromate were prepared for thin 

sectioning by standard electron microscopic techniques. 

These sections were not stained or osmicated with any 

electron dense materials as this procedure would increase 

the background X-ray emission spectrum detected. 

Sections were placed onto the stage of a Jeol JEM-100CX 

II transmission electron microscope (Peabody, MA) and 

analyzed by electron probe using a Kevex model 8000 

(Foster city, CAl. This instrument detects and records 

the number of photons generated at several wavelengths in 

the X-ray spectrum for 6 min at a beam voltage of 10 or 

20 kiloelectron volts. Elemental identification was made 

by a computer which quantitates the number of photons 

detected at any specific X-ray wavelength. 

Indicators of Slice Viability/Toxicity 

The biochemical determination of intracellular 

potassium, DNA and protein were made after removing 

slices, at appropriate time intervals following 
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incubation, from the vessels and blotting off the excess 

fluid on tissue paper. Slices were then placed into 

individual microfuge tubes containing 0.5 ml of distilled 

water and homogenized using a micro ultrasonic cell 

disrupter from Kontes Inc. (Vineland, NJ). Aliquots were 

then removed for biochemical analysis. Slices used in 

radioactive studies were handled as above except after 

blotting they were placed into 1 ml of 3% Triton before 

homogenization. 

Potassium Analysis 

The intracellular potassium content of slices was 

measured by a flame photometric method similar to the one 

described by Gottschall et al (1984). A 0.4 m1 aliquot 

from each sample homogenate was used to measure the 

i ntrace11 ul ar potassi urn (from the supernatant) and DNA 

content (from the pe11 et) of each sl ice. Ali quots were 

transferred to Falcon 2054 tubes (VWR Scientific, Phoenix 

AZ) for this combined procedure. Bovine serum albumin 

(0.05 m1 of a 5 mg/m1 solution) was added to each sample 

as it helps to pellet the DNA following subsequent 

addition of 0.02 m1 perch10ric acid (70%). After 

centrifugation (1400 x g) the supernatant fraction was 

assayed for its potassium content on a flame photometer 

(Model CA-51, Perkin Elmer, Danbury, CT) set on its urine 

potassium mode and calibrated against a series of 
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These 

standards were made by appropriate dilutions of a 10 mM 

stock solution of KCl (Matheson Coleman and Sell Chemical 

Co., Horwood, OH) and used to convert the sample 

readings, by linear regression analysis, to a 

concentration of potassium in each sample. Corrections 

were made in this value to account for the dilution 

factors in the preparation of the sample ( i . e • 

multiplying by 1.175 for the albumin and acid additions 

and times 0.5 to cancel out the original homogenate 

water volume, wi 11 result in a value of umol 

potassium/slice). 

DNA Analysis 

The DNA content of each slice was used to 

normalize the potassium data and measured using a 

modification of the method described by Kissane and 

Robi ns (1958).. The pellet obtained from potassium 

analysis was washed in 3.7 ml of ice cold acid alcohol 

(3.6 ml ethanol (100%) and 0.1 ml of HC1) by shaking the 

tubes (capped) in a horizontal position for 30 min. The 

tubes were then allowed to stand upright at 4 °c for at 

least 2 hr, followed by centrifugation (1400 x g). The 

supernatant fraction was then discarded and the pellet 

allowed to dry overnight in the hood. After drying, 0.1 

ml of diaminobenzoic acid (DASA; 30% solution, w/v) was 
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added to each tube and heated (after capping) for 35 min 

between 70 and 80 °C. The tubes were allowed to cool and 

1 m1 of filtered HC1 (1 N) was added to maximize the 

f1 uorescent properties of the DABA-DNA conjugate. The 

DNA content of each sample was then determined using an 

Aminco-Bowman Spectrophotof1uorometer (American 

Instrument Co., Silver Spring, MD) calibrated with DNA 

standards. The standard curve ranged from 0 to 50 ug of 

DNA prepared from a 0.1 mg/m1 (in 1 N ammonium hydroxide) 

solution of DNA taken through all the steps beginning 

with the addition of BSA from the potassium analysis 

protocol. Measured values for each sample were converted 

to ug of DNA by linear regression analysis from the 

standard curve and corrected for the aliquot volume (i.e. 

times 1.2) to generate values of ug DNA/slice. As this 

assay measures a content instead of a concentration 

(un1 ike the potassium assay), the DNA measured from the 

homogenate represents the DNA content of the slice 

without further correction. 

Protein Analysis 

The protein content of each slice was measured 

from a 0.1 m1 aliquot of homogenate using a modified 

BioRad assay described for use in microtiter plates 

(Redinbaugh and Campbe 11 , 1985). The homogenized samples 

remaining in the microfuge tubes after removal of the 
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aliquot (0.4 ml) for potassium and DNA analysis was 

centrifuged (10,000 x g, 5 min) in a Microfuge B (Beckman 

Instruments, Palo Alto, CA). The supernatant fraction 

was then used in the protein analysis usually in a 

diluted form to fit on the standard curve. Protein 

standards were made from BSA ranging from 0 to 1.0 mg/ml 

in 0.05 mg/ml steps. Ten ul of each standard was placed 

into the well of a f1 at bottom 96 well Dynatech Immulon 

Microtiter Plate (0.350 ml capacity, Flow laboratories, 

McLean, VA) begi nni ng in the upper 1 eft hand corner in 

quadrupl icate. BioRad protein dye binding reagent was 

then added (0.2 ml of 1: 5 di 1 uted reagent) to each well 

using a Eppendorf repeater pipet and the plate was shaken 

on a microtiter plate shaker (Flow Laboratories). The 

absorbance of the standards was then read on a Titertek 

Multiskan MC Elisa Plate Reader (Flow Laboratories) at 

620 nm using the upper left corner of each plate to 

adjust the zero blank. The standard curve is 

consistantly byphasic producing two linear portions above 

and below the 0.3 mg/ml protein concentration. A protein 

sample from a control group is then diluted and 0.010 ml 

added to a plate to determine the degree of dilution 

required to place these samples on the upper half of the 

standard curve. Once this dilution factor was determined 

all samples were diluted appropiately and 0.010 ml 

aliquots used for protein analysis as described above. 
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The absorbance values for each sample were converted from 

the standard curve using linear regression analysis and 

corrected for the dil ution made. Further correction was 

made since the 0.010 ml sample originally came from a O.S 

ml homogenate of the slice (; .e. multiply each value by 

SO). The protein content is then expressed as ug 

protein/slice. 

Steady State Accumulation of Organic Acid and Base 

During the time course of an experimental 

protocol organic acid (p-aminohippuric acid; PAH) and 

base (tetraethylammonium; TEA) transport can be measured 

in separate vessels containing Krebs-Hepes buffer and 

radiolabeled transport substrates. The substrate for 

PAH accumulation was made by mixing equal parts of PAH 

(9.7 mg/SO ml water), [14 C]_PAH (4 uCi/ml, Specific 

Activity 42 mCi/mmol) and [3 H]-Water (80 uCi/ml). The 

substrate for TEA accumulation was made by mixing equal 

parts of TEA (10.7 mg/SO ml water), [14 C]_TEA (4 uCi/ml, 

Specific Activity 4.8 mCi/mmol), and [3 H]-Water (40 

uCi/ml). An aliquot (0.4S0 ml) of either mixture was 

then added to 20 ml of Krebs-Hepes buffer previously 

gassed and pH adjusted to 7.4. Forty minutes prior to 

each time point slices were transferred into the vessels 

containing the radiolabeled transport substrates and 

removed 40 min later to measure the 14C to 3H ratio in 
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the slice and buffer (0.050 ml) by liquid scintillation 

procedures described in an earlier section. 

Uptake Mechanisms 

The mechanism of metal uptake into slices was 

investigated both by competing for its toxicity with 

potential competitive substrates and by measuring the 

uptake kinetics of these substrates in the presence of 

increasing concentrations of the metal. 

Metal Interactions with PAH and TEA Uptake Kinetics 

To i denti fy if a metal is uti 1 i zi ng the PAH or 

TEA transport system to gai n access to renal tubul es, 

slices were incubated in buffer containing the 

radiolabeled transport substrates described in the 

previous section. Each vessel contained Krebs-Hepes 

buffer with 0.45 ml (equal to 10 uM PAH or TEA) of either 

PAH or TEA transport substrate and one of the foll owi ng 

chemicals: probenacid (0.2 mM, a PAH transport 

inhibitor), quinine sulfate (1 mM, a TEA transport 

inhibitor), metal of interest (either mercuric chloride 

of potassium dichromate) at concentrations of 0.1, 1.0, 

10.0 or 100 uM. One vessel contained only the transport 

substrate to serve as a control uptake condition. 

Slices were placed into each vessel and removed following 

o (dip the slice), 3, 6, 10, 15, and 20 min of 

incubation. The 14C to 3H ratio was then determined for 
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each slice and a buffer aliquot as described in the 

liquid scintillation counting section. 

Phosphate and Sulfate Interactions with Chromate 

Si nce chromate is structurally simil ar to both 

phosphate and sul fate, two di fferent protocol s were used 

to evaluate the interaction of phosphate and sulfate with 

chromate. One was to compete for the toxicity of 

chromate, as measured by the intracellular potassium/DNA, 

by altering the phosphate or sulfate concentrations of 

the Krebs-Hepes buffer. The other protocol was to 

measure the uptake kinetics of radiolabeled phosphate or 

sul fate in the presence of increasing concentrations of 

potassium dichromate. 

The initial toxicity studies for potassium 

dichromate were done in DME/F12 medium which contains 

0.95 mM phosphate and 0.4 mM sulfate. Hence, the buffer 

concentrations prepared for phosphate competition of 

chromate toxicity were 0.01, 1.0 and 100 mM. For sulfate 

com pet i t ion 0 f c h rom ate to x i city, K reb s - H e pes b u f fer was 

prepared with sulfate concentrations of 0.02, 0.5 and 10 

mM. Phosphate adjustments in Krebs-Hepes buffer were 

made by replacing the potassium phosphate with the 

appropriate amount of sodium phosphate and recovering the 

loss of potassium by adjusting the potassium chloride 

concentration to 6 mM. Only in the 100 mM phosphate 
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buffer was the sodium content altered by reducing the 

sodium chloride concentration to 31 mr~ (chloride was not 

recovered in the 100 mM phosphate buffer). Sulfate 

composition of the Krebs-Hepes buffer was altered by 

either decreasing the magnesium sulfate content to the 

proper sulfate concentration and recovering the magnesium 

by additions of magnesium chloride or (in the case of the 

10m r~ s u 1 fat e b u f fer) sup P 1 erne n tin g the b u f fer wit h 8. 8 

mM sodium sulfate to boost the sulfate composition 

(adj ustments were not made for the sl i ght increase in 

sodium content in thi s buffer). The competition studies 

were then carried out by incubating slices in the various 

phosphate and sulfate buffers in the presence of 0.1 mM 

potassium dichromate and removing them after 0, 2, 4, and 

8 hr for ana1ysi s of thei r i ntrace11 u1 ar potassi urn/DNA 

content. 

To determine if chromate uses ei ther the 

phosphate or su1 fate carrier mediated uptake process to 

gain entry in the renal tubules, competitive uptake 

studies, using radio1abe1ed phosphate or sulfate, were 

performed at 37 °c in scintillation vials (4 m1 of 

buffer) in the presence of increasing concentrations of 

chromate. The phosphate or sulfate concentration of 

Krebs-Hepes buffer was adjusted to 1 uM by the procedures 

stated in the previous paragraph. Labeled [35 S]_su1 fate 

(1.4 mCi/m1, Specific Activity of 43 Ci/mg) or [32 p]_ 
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phosphate (1.0 mCi/ml, Specific Activity of 1.0 Ci/mmol) 

we reo b t a i ned f res h 1 Y mad e and lOu C i 0 f act i vi ty, 0 f 

either label, was added to 20 ml of their respective 

buffer. [3 H]-water (10 uCi) was al so added to these 

buffers before dividing them into five parts each and 

adding potassium dichromate to reach final concentrations 

of 0, 0.1, 1.0, 10, 100 and 1000 uM. The [3 H]-water was 

added in these experiments to serve as a volume marker as 

described earlier. Slices were then incubated, removed 

at 10 mi n interval s out to 40 mi n, and prepared for 

liquid scintillation counting as described earlier. 

sulfate 

windows 

experiments 

as 35 S has 

were counted on the 14c and 

the same energy as 14c, whi 1 e 

phosphate experiments were counted for 32p and 3H• 

Cysteine and Glutathione Interactions with Mercury 

the 

In these experiments the uptake of [203 H9 ]_ 

mercuric ion (Specific Activity of 2.05 mCi/mg) was 

measured in slices before and after complexing with 

either cysteine or glutathione. Cysteine and glutathione 

(at concentrations of 0.1, 1.0 and 10 mM) were dissolved 

in 0.1 N HCl and incubated overni ght ina 1 mM sol uti on 

of 203 H9 • Slices were then incubated at 37 °c in 

scintillation vials containing 0.04 ml of the 

203H9:Sulfhydryl compound molar ratios and 3.96 ml of 

K rebs-Hepes buffer (1: 100 di 1 uti on to 10 uM mercury per 
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vial). Slices were removed at 10 min intervals out to 50 

mi n, and prepared for gamma counti ng as descri bed in an 

earlier section. 

Statistical Analysis 

Since several slices are prepared from an 

individual rabbit and exposed in vitro under various 

conditions, the experimental unit becomes the individual 

slice. Hence, each slice provides a data point for 

statistical analysis. To account for biological 

variations, each experiment is repeated using additional 

rabbits. Data gathered from several experiments under 

the same conditions are then pooled and compared to 

concurrent control values by analysis of variance (ANOVA) 

followed by Duncan's multiple comparison post hoc test 

for statistical differences (p < 0.05). This analysis 

was done on a leading edge computer using the Number 

Cruncher Statistical System software purchased from Dr. 

Jerry L Hintze, 865 East 400 North, Kaysville, Utah, 

84037. 



RESULTS 

Characterization of the Positional 
Renal Sllclng Technlque 

The structural complexity of the kidney was 

reduced to four defined cell populations by preparing 

positional slices perpendicular to the cortical-papillary 

axis (Figure 2). The Krumdieck slicer (Figure 1) allows 

tissues to be sliced rapidly (up to 40 slices per min) 

from any plane within an organ with minimal tissue 

trauma. The precision mechanics of this instrument 

produces slices in the 300 urn range that are both uniform 

(thickness variation across the diameter of individual 

slices were < 5%) and reproducible (overall thickness 

variation between slices = 13%) (Table 4 and Figure 5). 

Similar results were obtained by Smith et al (1985) using 

liver tissue. 

Reducing Structural Complexity of the Kidney 

Since the nephrons were cut perpendicular to 

their tubular axis, slices (300 urn) consisted of short 

tubul ar segments havi ng one of four di fferent cell ul ar 

populations. Slices obtained from the inner medulla 

contain collecting ducts and thin limbs only. Slices 

60 
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Table 4. Thickness Measurements made from Positional 
Renal Slices Prepared with the Krumdieck 
Ti ssue Sl i cer •. 

Location 
Slice 

No. 

Cortex 

Outer Stripe 

Inner Stripe 

Inner Medulla 

Overall Thickness b 

Average individual 
slice coefficient 
of variation 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 

Thickness a 
(Mean + SD) 

296 ± 14 
298 ± 30 
264 '± 17 
246 ± 10 
254 ± 10 
308 ± 15 
310 ± 7 
242 ± 10 

248 ± 9 
238 ± 7 
322 ± 13 

360 ± 22 
366 ± 18 
334 ± 23 
282 ± 23 

338 ± 18 
322 ± 18 
300 ± 10 
314 ± 10 
314 ± 4 
262 ± 12 

296 ± 38 

4.9 ± 2.0 

Coefficient 
of Variation 

4.9 
10.3 
6.5 
4.0 
3.9 
4.9 
2.4 
4.1 

3.7 
3.2 
4.2 

6.2 
5.1 
7.1 
8.4 

5.5 
5.8 
3.4 
3.2 
1.2 
4.5 

13.0 

a From four random poi nts along the di ameter of 
~ndividual slices in micrometers. 

Mean ± SD, between slice comparison. 
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Uniform Thickness of Positional Renal Slices 
Prepared with the Krumdieck Tissue Slicer. 

Transverse sect; ons through the di ameters of 
renal slices demonstrating a mean thickness 
of approximately 300 uM with a between slice 
coefficient of variation of about 10%. The 
slices presented come from all four regions 
of the kidney. 
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from the inner stripe of the outer medulla contain 

collecting ducts, thin 1 imbs, and ascending thick 

tubules. A slice from the outer stripe of the outer 

medulla has all the components of the inner stripe plus 

straight proximal tubules (pars recta), whereas cortical 

slices contain glomeruli, convoluted proximal tubules 

(pars con vol uta), and all of the other renal cell types 

mentioned, except thin limbs. Vascular components are 

present in all four regions (Table 5). 

As most of the renal zones only differ by one 

cell type (Table 5) they could be used in a comparative 

study to determine which cell type was responsible for a 

particular event. However, since the focus of these 

stu die s was to i n v est i gat e d iff ere n c e sin sus c e p t i b i 1 i ty 

between the convoluted proximal tubule (CPT) and straight 

proximal tubular (SPT) cell types, cortical slices were 

used as both segments are present in this region. Up to 

eight cortical slices could be obtained from each of the 

14 renal cores, providing 112 cortical slices from a 

single rabbit for in vitro study. Prior to in vitro 

exposure, cortical sl ices were pooled and stored in ice 

cold Krebs-Hepes buffer. The slices were then removed at 

random and transferred to the incubation chambers for in 

vitro exposure. 
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Table 5. Cell Types Present within Slices obtained 
from Each Zone of the Rabbit Kidney 

Ce I I Types 

Vascular 
components 

Collecting 
Ducts 

Thin Limbs 
of Henle 

Cortex 

+ 

+ 

Ascending Thick + 
1 imbs of Henl e 

Straight 
Proximal 
Tubules 

+ 

Convoluted + 
Proximal 
Tubules 

Glomerulus + 

Number of Sa 
Slices (300 urn) 
per Core 

Major Zones of the Kidney 

Outer 
Stripe 

+ 

+ 

+ 

+ 

+ 

3 

Inner 
Stripe 

+ 

+ 

+ 

+ 

4 

Inner 
Medulla 

+ 

+ 

+ 

12 

a Number after two superficial cortical slices are 
discarded. 
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Localization of Renal Cell Types 

Identification of the various cell types within a 

positional cortical slice was based on the 

ultrastructural analysis of the kidney done by Kaiss1ing 

and Kriz (1979) using the same orientation. Proximal 

tubu1 ar segments are local i zed to di screte areas wi thi n 

positional cortical sl ices. The SPT segments are 

localized adjacent to collecting ducts and ascending 

thick limbs of Henle which collectively make up the 

medullary rays. The CPT are located outside these rays 

along with glomeruli and vascular components (Figure 6). 

Characterization of the Slice Incubation System 

Fluid Mechanics Within Incubation Vessels 

Flow of Trypan Blue Dye. The flow mechanics of 

medium in the incubation chamber developed for these 

studies (Figure 3 and 4) was tested by layering trypan 

b1 ue dye on the surface of the ti ssue supporti ng screen 

mounted in a chamber loaded with medium. The dye 

remained on the surface of the screen until gas bubbles 

were generated in the lower portion of the central tube. 

Upon commencement of gas flow the dye was immediately 

pull ed through the screen into the lower part of the 

chamber and up the central tube acting as a "bubb1e 

e1 evator". The ci rcu1 ati on speed can be contro11 ed by 

adjusting the rate of gas bubble formation. At slow 
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Figure 6. 
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Localization of Cell Types Within Rabbit 
Positional Cortical Slices. 

A) Schematic representation of a positional 
cortical slice (Kaissling and Kriz, 1979). 
B) Histo-pathological section of a freshly 
isolated positional cortical slice (100x). 
Key: Collecting ducts (CD), Ascending thick 
limbs of henle (AT), and Straight proximal 
tubules (SPT) make up the medullary rays 
(within dotted lines). Glomeruli (G), 
Convoluted proximal tubules (CPT), and 
vascular components surround the rays. 
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rates (one bubble per second) the dye moves in a 

pulsatile fashion through the screen into the lower 

chamber. Faster rates of bubble formation (where 

i n de pen den t bub b 1 e s are s till dis c ern i b 1 e) c a use the dye 

to flow more evenly, almost as laminar sheets, into the 

lower well of the incubation chamber. The media 

circulation time, assessed at the fast rate of bubble 

formation, was less than 1 min as determined by visual 

observation of a homogeneous blue coloration of the 

medium in the entire system. 

Tantalum Exposures and Phloridzin Inhibited 

G 1 u cos e T ran s p 0 r t • I nan e f for t to de term i n e i f the 

luminal spaces of renal tubules within a tissue slice 

remain open to the flow of medium, experiments using 

tantalum powder and phloridzin inhibited glucose 

transport were performed. The tissue distribution of 

tantalum powder following incubation of positional 

cortical slices for 0, 2, and 6 hr was concentrated on 

the outer surfaces of the slice in large aggregated 

clumps (Figure 7). Only in a few sections was the powder 

observed within the slice, in the lumen of collecting 

duct tubules. Although tantalum powder is a particulate 

with an approximate diameter of 3 urn (Nadel et al, 1968), 

the accumul ati on of cl umps on the surface of sl ices may 

have prevented entry into the tubular lumina. The 

experiments measuring glucose uptake into slices 
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Distribution of Tantalum Powder in Renal 
Cortical 51 ices. 

Most of the powder (black particulate) is 
c1 umped on the surface of the sl ices viewed 
in cross section. A) Freshly isolated 
cortical slice exposed for 15 min to 
tanta1 urn. B) Cortical sl ice incubated for 6 
hr, prior to the 15 min tantalum exposure. 
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following 0, 2 and 6 hr of incubation demonstrates that 

glucose is reaching its brush border transport site as 

uptake was inhibited by both phloridzin (blocks the 

glucose carrier) and low sodium concentrations in 

solution (glucose uptake is sodium dependent; Aronson and 

Sacktor, 1975) (Figure 8). This result indicates that 

the brush border membranes which line the lumen of 

proximal tubules have access to the medium containing 

gl ucose. However, thi s does not prove that medi urn flows 

through the slice, as the cut surfaces of the slice has 

exposed brush border which may be capable of transporting 

glucose. Another indication that medium flows through 

the slice, at least initially, is the observation that no 

red blood cells are found in the histopathological 

sections. Since renal tissue is harvested without in 

situ vascular perfusion, the erythrocytes within 

capillary spaces must wash out of the slice during the 

cutting or incubation process. 

Structural and Biochemical Integrity of Incubated Slices 

Cortical slices have consistently maintained 

thei r cell ul ar i ntegri ty and bi ochemi cal vi abil i ty over 

a 12 hr in vitro incubation time course. Cellular 

i n t e g r i ty was mea sur e d by his top a tho log i cal e x ami nat ion, 

while biochemical viability was monitored by the 
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~ Control 
1 mM Phloridzin 

10 140 140 140 mM Sodium 
Preincubation 

0 0 2 6 period (hr) 

Phloridzin Inhibited Sodium Dependent Glucose 
Uptake in Rabbit Renal Cortical Slices. 

The slopes were calculated by subtracting the 
accumulation factors (AF) at 1 min from the 3 
min AF and dividing by 2 (3 min - 1 min). 
The AF at 1 min ranged from 1.7 to 2.0. The 
low sodium conditions (10 mr~) were achieved 
by replacing sodium chloride with choline 
chloride. 
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maintenance of intracellular potassium content and 

organic ion transport capabilities. 

Maintenance of Structural Integrity. The general 

mar ph a logy oft h e pro x i mal tub u 1 e s, inc 1 u din g par s r e c t a 

localized within medullary rays and pars convoluta 

localized outside these rays, were well preserved as 

determined by light microscopic appearance from 2 to 12 

hr, with the exception of some cell swelling in the 

apical portions resulting in an apparent occlusion of the 

tub u 1 a r 1 u min abe gin n i n gat 2 h r ( Fig u r e 9). A f a a my 

vacuolation in the dark cells of collecting ducts was 

also apparent by 2 hr, but was localized only in this 

cell type. The nuclei in all cell types remain unchanged 

without evidence of hyperchromatism, pyknosis, or 

karyorrhexis for at least 12hr in vitro. Long term 

m a i n ten a n ceo f mar p halo g i cal i n t e g r i ty for 30 h r i nth i s 

incubation vessel has been achieved (Ruegg et al, 1987) 

but not on a consistent basis. Hence, all the studies 

done herein were completed within a 12 hr time course. 

Maintenance of Functional and Biochemical 

Characteristics. The intracellular potassium content and 

organic ion transport capability of slices remained 

constant throughout the 12 hr time course (Fi gure 10). 

Potassium content serves as a nonspecific indicator of 

viability as most cells maintain a high intracellular to 

extracellular potassium ratio. Loss of cellular 
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Histopathology of Rabbit Positional Cortical 
Sl ices Incubated In Vitro for 2 hr (top) and 
12 hr (bottom). 

Note the swell i ng in the api cal membranes of 
most tubul es by 2 hr as compared to control 
(Figure 6b) and the general maintenance of 
morphological characteristics by 12 hr. 
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Figure 10. Maintenance of Intracellular Potassium 
Content (top) and Organic Acid (PAH) and Base 
(TEA) Transport Capabilities (bottom) 
following In Vitro Incubation of Positional 
Cortical Slues. 

Each point represents the mean ± SE from at 
least 16 slices from 4 experiments. 
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potassium content reflects either the inability of the 

sodium/potassium ATPase pump to maintain an intracellular 

potassium gradient or loss of membrane integrity which 

woul d al so el iminate this gradient. Organic ion 

transport occurs primarily in the proximal tubules and 

serves as a functional indicator of proximal tubular 

vi ab il i ty . 

In Vitro Exposure of Positional Renal Slices 

Structural and biochemical analysis of slices 

exposed in vitro to mercuric chloride (H9C1 2 ), potassium 

dichromate (K 2Cr 207 ) or hypoxic conditions demonstrate 

both dose- and time-dependent changes to specific 

segments of the proximal tubule. 

Mercuric Chloride 

Selective necrosis to the straight proximal 

tubule (SPT) was observed following an 8 to 12 hr 

exposure to 100 uM H9C1 2 • At this concentration the 

convoluted proximal tubules (CPT), collecting ducts and 

ascending thick limbs of Henle appeared histologically 

intact. Prior to 8 hr no morphological changes were 

apparent at the 1 ight microscopic level. HgC1 2 
concentrations of 10 uM had no effect on slice morphology 

over the 12 hr time course while 1 mM resulted in 

necrosis to all cell types within the slice by 2 hr 

(Figure 11). 
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A 

B 

Figure 11. Pathological Injury following In Vitro 
Exposure of Renal Cortical Slices to~gC12. 

A) Control slice incubated for 12 hr in 
DME/F12 medium. B) Selective injury to SPT 
within medullary rays following 100 uM HgCl? 
for 12 hr. C) Injury to all cell types within 
the slice following 1 mM HgCl for 2 hr. D) 
10 uM HgCl for 12 hr showing 2no change from 
control (Af. All photographs represent 100x 
magnifications of the slice. 
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Figure 11. (Continued). 
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Intracellular potassium content was normalized to 

DNA since this parameter was more stable than protein in 

control and toxin exposed slices over time (Figure 12). 

This relationship was also apparent from the 

histopathological examination of slices exposed to 1 mM 

HgC1 2 , in whi ch cell ul ar protei n content was lost whi 1 e 

nuclei were still present in most cells (Figure 11). 

Following H9C1 2 exposure, slice potassium content 

normalized to DNA showed a dose dependent response 

similar to that observed in the histopathological 

analysis. Slices exposed for 2 hr to HgC1 2 (1 mM) showed 

a 90% drop (below controls) in their potassium content 

which remained at these levels throughout the time 

course. Following 100 uM HgC1 2 exposures, intracellular 

potassium content reached a plateau 60% below controls by 

4 hr. Intracellular potassium content following 10 uM 

HgC1 2 exposures remained at control levels throughout the 

experiment (Figure 13). 

Potassium Dichromate 

In contrast to the mercuric chloride lesion 

described above, K2Cr207 induced a selective necrosis to 

the CPT following a 4 hr in vitro exposure at 1 mM 

1 eavi ng the SPT, coll ecti ng ducts and ascendi ng thi ck 

limbs of Henle (cell types of the medullary ray) 

histologically intact. By 12 hr of exposure to 1 mM 
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Figure 12. Effects of Incubation Time on DNA and Protein 
Content in Positional Cortical Slices. 

Each point represents the mean ± SE of at 
1 east 8 sl ices from 3 control experiments. 
Stars denote points significantly different 
from the a hr control (p < .05). 
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Figure 13. Intracellular Potassium Content of Positional 
Renal Cortical Slices following In Vitro 
Exposure to HgC1 2• 

Each point represents the mean ± SE from four 
experiments. Stars denote points 
significantly different from concurrent 
control value (p < .05). 
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K2Cr 207 , the lesion progressed to involve all the cell 

types within the slice. 

necrosis to the CPT was not observed until 8 to 12 hr of 

exposure. Low concentrations of K
2

Cr
2

0
7 

(10 uM) caused 

no detectable pathological changes from control (Figure 

14) • 

The intracellular potassium content of slices 

incubated in 1 mM K2Cr 207 was depl eted by 65% in the 

first 2 hr and was 90% depleted by 12 hr (percent change 

from concurrent control s). At 100 uM 

intracellular potassium content of slices decreased 45% 

in the fi rst 2 hr and conti nued to drop to a 1 evel 70% 

below controls by 12 hr. No changes in potassium content 

were observed in slices exposed to 10 uM K2Cr 207 through 

8 hr (Figure 15). 

In Vitro Hypoxia 

Examination of slices immediately following the 

in vitro hypoxic exposure showed a progressive time

dependent lesion which initially affected the CPT leaving 

all other cell types intact. Longer exposures caused 

injury to the SPT and collecting ducts within the 

medullary rays. Post-hypoxic re-oxygenation of slices 

for up to 24 hr did not alter this pattern of injury or 

its severi ty. Histopathological evidence of selective 

injury to the CPT was first observed following 1.5 hr of 
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Figure 14. Pathological Injury following In Vitro 
Exposure of Renal Cortical 'Sl ices to!<2Cr207. 

A) Selective injury to CPT following 1 mM 
K Cr 0 for 4 hr. B) Injury progressed to 
i~vo~v~ all cell types by 12 hr at 1 mM 
K Cr 0 • C) 10 uM K Cr 0 exposure for 12 hr; 
s~ow~ 7no patho10giga1 2 Jhanges from control 
(Figure 11). All photographs represent 100x 
magnifications of the slice. 
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Figure 14. (Continued). 
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Figure 15. Intracellular Potassium Content of Positional 
Corti cal Sl ices foll owi ng In Vi tro Exposure 
to K2Cr207 • 

Each point represents the mean ± SE from 
three experiments. Stars denote points 
significantly different from concurrent 
control value (p < .05). 
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hypoxic exposure, but widespread injury to the CPT was 

most apparent by 2.25 hr. Slices exposed for 3 hr still 

demonstrated this focal lesion but effects on the SPT 

were al so observed. At 5 hr all areas of the sl ice were 

injured with the exception of the ascending thick limbs 

of Henle which remained relatively well preserved (Figure 

16) • 

The intracellular potassium data .following 

hypoxic injury correlates well, but always precedes the 

histopathological progression of injury. As slices are 

incubated in hypoxic conditions their potassium content 

gradually falls reaching a plateau level 60% below 

controls by 2.25 hr. Potassium levels during the post-

hypoxic re-oxygenation period return to control levels in 

s 1 ice sex p 0 sed to hy pox i c per i 0 d s 0 f 1. 5 h r 0 r 1 e s s • 

With longer hypoxic periods (2.25 hr or greater) 

potassium content only returns to a fraction of control 

levels with no recovery in potassium content following 5 

hr of exposure (Figure 17). 

Localization of Metals within 
Renal Cortlcal S11ces 

Si nce in vi tro exposure of renal corti cal sl ices 

to HgC1 2 and K2Cr 207 results in selective injury to 

different segments of the proximal tubule, some innate 

cellular function located within these segments is 

probably responsible for rendering them susceptible to 
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A 

B 

Figure 16. Pathological Injury following In Vitro 
Ex po sur e 0 f R e n a 1 Cor tic a 1 S 1 ice s ro Hy pox 1 c 
Conditions. 

A) Control slice incubated 5 hr in oxygenated 
Krebs-Hepes buffer followed by 6 hr in 
oxygenated DME/F12 medium. B) 2.25 hr of 
hypoxic exposure in buffer. C) 2.25 hr of 
hypoxic exposure in buffer followed by 6 hr 
of re-oxygenation in DME/F12 medium; no signs 
of progressive injury or repair were 
observed. D) 5 hr of hypoxic exposure in 
buffer. All photographs represent 100x 
magnifications of the slice. 
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C 

D 

Figure 16. (Continued). 
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Figure 17. Intracellular Potassium Content of Positional 
Renal Cortical Slices following In Vitro 
Hypoxic Exposure and Re-oxygenation. --

Each point represents the mean ± SE from 
three experiments. Stars denote points 
significantly different from concurrent 
control value (p < .05). 
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the particular metal. The selective SPT or CPT injury 

induced by H9C1 2 and K2Cr 207, respecti vely, coul d be a 

result of selective uptake mechanisms for these metals by 

the respective cell types. Al ternatively, the 

distribution of cytoprotective agents for the particular 

metal may be local i zed to the protected cell type 1 eavi ng 

the other regions of the proximal tubule susceptible. 

Hence, the tissue distribution of metals following in 

vitro exposure was investigated to determine if the metal 

was concentrated within the injured cell type (supporting 

a selective uptake mechanism) or evenly distributed among 

all of the cortical cell types (supporting a 

cytoprotective mechanism). 

Silver Amplification of Mercury-Selenium Complexes 

Histopathological sections, of slices exposed in 

vitro to HgC1 2 , were allowed to complex with selenium 

prior to placing them into a photographic developer which 

deposits silver onto mercury-selenium complexes (Danscher 

and Moller-Madsen, 1985). Since silver may non-

selectively bind to dead tissues, slices exposed to 

K2Cr 207 or hypoxic conditions were also developed to 

compare the selectivity of this enhancement technique for 

mercury complexes of selenium. Slices exposed to 100 u~' 

HgC1 2 for at 1 east 8 hr had 1 arge amounts of si 1 ver 

deposited in their SPT segments {most concentrated in the 
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nuclei) and within the vascular and interstitial spaces. 

The CPT~ collecting ducts and ascending thick limbs of 

Henle had some silver deposits, but this density was 

comparable to background staining within the section 

(Figure 18). No silver deposits were observed in slices 

exposed to; hi gh doses of HgC1 2 (1 mM), 10\'/ doses of 

HgC1 2 (10 uM), K2Cr 207 (any dose) or hypoxic conditions. 

The selective accumulation of silver within the nuclei of 

SPT indicates that HgC1 2 probably gains entry into this 

cell type prior to binding to the nuclear components 

supporting a selective uptake mechanism localized to the 

SPT for H9C1 2 . 

Mercury Orange Localization of Thiols 

To exami ne if the HgC1 2 accumul ates wi thi n the 

SPT due to its high affinity for tissue sulfhydryl 

groups, the distribution of free sulfhydryl groups within 

cortical sl ices was determined using Bennett's mercury 

orange sulfhydryl stain (Bennett, 1951; Mescon and 

Flesch, 1952). Even staining was observed among the 

various renal cortical cell types following exposure to 

mercury orange. Furthermore, the nuclei within all the 

various cell types stain a brighter orange than the 

surrounding cytoplasm indicating a higher sulfhydryl pool 

present in the nuclear portions (Figure 19). 



Figure 18. Silver Amplification of 
Complexes in Renal Cortical 
~ Vitro Exposure to HgC1 2. 
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Mercury-Selenide 
S 1 ice s f 0 1 1 0 \'/ i n 9 

Selective accumulation of silver within the 
SPT and interstitial spaces (arrows) 
foll owi ng In Vi tro exposure to 100 uM HgCl 
for 12 hr.--Selenlde complexing was performe~ 
on the pathological section just prior to the 
silver amplification process. 



Figure 19. Ti ssue Di stribution of 
within Positional Renal 
following application of 
Orange Thiol Stain. 

Sulfhydryl 
Cortical 

Bennett's 
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Groups 
Slices 

Mercury 

Note that nuclear and cytoplasmic staining is 
approximately equal among all cell types 
within the section (100x). 
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Electron Probe X-ray Microanalysis for Metals 

Sl ices exposed to ei ther K2Cr 207 or HgC1 2 were 

exami ned by el ectron probe analysi s to determi ne if the 

metal had accumul ated wi thi n the affected cell type or 

was evenly distributed throughout the slice. Chromium 

was detected within the nuclei of the CPT by X-ray 

microanalysis of a slice exposed to 1 mM K2Cr 207 for 4 

hr. Chromium was not detected within the cytoplasmic 

compartment of CPT or wi thi n nucl ei of coll ecti ng ducts 

(Table· 6). Although other cell types within the 

medullary ray have not been analysed yet, these results 

provide preliminary evidence for a selective accumulation 

process for K2Cr 207 within the CPT. 

The electron dense granules within a HgC1 2 (1 mM) 

exposed tissue section were identified as mercury by 

their characteristic X-ray energy lines (Table 6). This 

identification was made just above the lower limit of 

detection for this instrument (1000 photon counts) and 

the tubular location could not be determined as this dose 

had caused severe tissue damage (Figure 11). No mercury 

was detected in the CPT or SPT by X-ray analysi s of 

sections exposed to 100 uM HgC1 2 (the dose that induces 

selective injury to the SPT). Since a cold stage was not 

available on this microscope, this result was not 

surpri si ng as mercury has been shown to vapori ze out of 

tissue sections under the electron beam if a cold stage 



Table 6. 

93 

Metal Distribution within Renal Cortical 
Sl ices as Determi ned by E1 ectron Probe X-ray 
Microanalysis 

Chromium Analysis 
(Following Exposure to 100 uM K2Cr 207 ) 

Counts within Nuclei of X-ray 
Energy Element CPT CD 

5.41 Cr <1000 ND 

ND = not detectable 
CPT = convoluted proximal tubules 
CD = collecting ducts 

Mercury Analysis 

X-ray 
Energy 

9.98 
11. 82 

Element 

Hg 
Hg 

ND = not detectable 

Counts at Electron 
Dense Granules 

1 mM H9C1 2 100 uM HgC1 2 

1223 
<1000 

ND 
ND 
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is not used to dissipate the beam heat (Carmichael and 

Fowler, 1980). 

Transport Mechanisms which might explain the 
Regloselectlve Proxlmal Tubular InJury of Metals 

Once these metal s were found to be accumul ated 

wi thi n the cell type that becomes i nj ured, questi ons as 

to the mechani sm( s) responsible for this selective 

accumulation by different proximal tubular cell types 

were asked. Most of these studies were based on the 

measurement of functional processes of the kidney that 

are more or less localized to a particular segment of the 

proximal tubul e. 

Metal Interactions with Organic Acid and Base Transport 

Steady state accumulation of organic acid (p

amino hippuric acid, PAH) and base (tetraethylammonium, 

TEA) were measured in slices following an in vitro 

Both of these 

metals were able to inhibit the accumulation of PAH and 

TEA in a dose- and time-dependent manner. At doses of 

100 uM or 1 mM, both metals caused a rapid inhibition of 

the PAH and TEA transport systems. The slice PAH and TEA 

transport capabil i ty remained at control levels 

following 10 uM HgC1 2 • In contrast, exposure to 10 uM 

K2Cr207 inhibited PAH transport with no effect on the TEA 

transport at this dose (Figure 20). 
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Figure 20. Inhibition of PAH and TEA Transport in Renal 
Cortical Sl ices following In Vitro Exposure 
to HgC1 2 or K2Cr 2 07 • 

Each pOint represents the mean ± SD of 4 
slices. Each graph represents the typical 
response from a single rabbit. 
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To i nvesti gate whether ei ther HgC1 2 or K2Cr207 
utilize the PAH or TEA transport systems to gain access 

to the renal tubules, competition for the uptake rate of 

either organic substrate by these metals was examined. 

Since the kinetic uptake curves for PAH and TEA begin to 

plateau after 20 min (Figure 21), the competition between 

PAH and TEA for metal uptake was measured at this time 

point. The results presented in Table 7 demonstrate that 

the metals do not utilize the PAH or TEA transport system 

to gain access to the renal tubules since the 

accumulation factors did not decrease in the presence of 

increasing metal concentrations. In contrast, the 20 

min accumulation of TEA and PAH was slightly stimulated 

in the presence of 10 uM and 100 uM HgC1 2 , respectively. 

The probenacid and quinine groups (competitive inhibitors 

of PAH and TEA respectively) serve as positive controls, 

demonstrating that these organic ion transporters can 

indeed be inhibited. 

Phosphate and Sulfate Interactions with Chromate 

At pH 7.4 the potassium dichromate:chromate 

equilibria is shifted in favor of chromate 200 times more 

than dichromate (Berndt, 1976; Cotton and Wilkinson, 

1972) • 

Ra ti 0 

= Cr04 <===> HCr0 4- <===> 

at pH 7.4 200 10 
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Figure 21. Kinetic Accumulation of PAH and TEA in 
Positional Renal Cortical Slices. 

Each point represents the mean ± SE of at 
least four slices from 3 separate 
experiments. 



99 

Table 7. Effect of HgC1 
Accumulation of 
Cortical 51 ices 

and K?Cr 20Z on the Kinetic 
PAH and TEA in Positional 

Control 

Probenacid 
(200 uM) 

Quinine 
(1 mN) 

H9C1 2 or K2Cr 207 

0.1 uM 

1 uM 

10 ut4 

100 uM 

HgC1 
PAH ~EA 

3.29 3.17 
3.70 4.15 

0.87 4.01 
0.89 3.69 

1.98 0.86 
1.68 0.77 

3.06 3.77 
3.53 3.63 

4.07 4.16 
3.65 3.81 

4.45 5.89 
3.57 6.05 

7.33 3.17 
6.44 3.49 

3.83 5.07 
4.78 5.88 

2.24 5.34 
4.60 5.85 

4.45 5.38 
4.92 5.25 

5.07 4.75 
5.25 5.56 

4.46 4.53 
4.68 4.67 

values in the table represent the accumulation 
factor of the organic substrate (at 10 uN) measured 
at 20 mln. Each value represents a single slice 
from two independent experiments. 
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Hence, competition studies were done to investigate if 

either phosphate or sulfate could inhibit the toxicity of 

chromate. In these studies 100 uM K2Cr 207 caused the 

same degree of toxicity independent of the 100 fold 

excess of sulfate (Figure 22) or 1000 fold excess of 

phosphate (Figure 23) concentrations in solution. Since 

intracellular potassium/DNA content was the measured 

endpoi nt in these studi es over an 8 hr time course, it 

was conceivable that chromate could accumulate early 

wi thi n the ti ssue (ei ther vi a the sul fate or phosphate 

carrier) with the toxicity endpoint being a delayed 

resul t of thi s accumul ati on, thereby mask i ng thi s uptake 

mechanism. Subsequent studies showed that the uptake of 

[35SJ-sulfate, from a buffer containing 1 uM 

concentrations, was inhibited in a dose dependent manner 

by increasing concentrations of K2Cr 207 • The 30 min 

sulfate accumulation was decreased by 22, 53, 72 and 96 

percent (below control) at chromate:sulfate molar ratios 

of 1, 10, 100 and 1000, respectively (Figure 24). 

Statistically significant differences (p < 0.5) from the 

control sulfate accumulation rate were noted at 

chromate:sulfate ratios of 10, 100, and 1000. The 

accumulation of [32pJ-phosphate (1 uM in solution) was 

affected much less by increasing concentrations of 

chromate (Figure 25) reaching statistical significance 
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Figure 22. Effect of Increasing Sulfate Concentrations 
on Chromate Toxicity in Positional Renal 
Cortical Sl ices. 

Each poi nt represents the mean ± SE from 4 
slices. Stars denote significant differences 
from the 0.02 mM sulfate group. Crosses 
den 0 t e s i g n i f i can t d iff ere n c e s fro mO. 02 m r~ 
and 0.5 mM sulfate groups (p <0.05). All 
chromate points are statistically different 
from controls by 2 hr. 
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Figure 23. Effect of Increasing Phosphate Concentrations 
on Chromate Toxicity in Positional Renal 
Cortical Slices. 

Each point represents the mean ± SE of 4 
slices. Stars denote points significantly 
different from 0.1 mM phosphate (p < 0.05). 
All chromate points are significantly 
different from controls after 2 hr. 
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uM K2Cr207 

0 0.0 
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E f f e c t 0 fIn c rea sin g K? C r Z ~Z; Con c e n t rat ion s 
on the Kinetic Uptake crf 1 S]-Sulfate into 
Positional Renal Cortical Slices. 

Each poi nt represents the mean ± SO of 4 
slices from two independent experiments. 
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Figure 25. Effect of Increasing K.,?Cr:zP..7 Concentrations 
on the Kinetic Uptake or [ pJ-Phosphate into 
Positional Renal Cortical Sl ices. 

Each point represents the mean ± SD of 4 
slices from two independent experiments. 
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only at the chromate:phosphate molar ratio of 1000 (53 

percent below controls by 40 min). 

Uptake of Glutathione and Cysteine Conjugates of Mercury 

Sin c e H g C 1 2 has a hi 9 h a f fin i ty for s u 1 f hy dry 1 

groups, and gamma-glutamyl transpeptidase is most 

concentrated on the brush border surface of the SPT 

(Shimada et al, 1982), the uptake rate of glutathione or 

cysteine conjugates of HgCl 2 were measured. The uptake 

rate of radiolabeled HgCl 2 (10 uM) complexed with either 

cysteine or glutathione in molar ratios 

(mercury:sulfhydryl compound) of 0.1, 1 and 10, was not 

any faster than the uptake rate for HgCl 2 in the absence 

of any sulfhydryl containing compounds (Table 8). This 

result would indicate that HgCl 2 gains access to the SPT 

independent of the glutathione or cysteine carrier 

mediated processes. Al though thi s mechani sm of uptake 

does not seem to explain the selective accumulation of 

mercury by the SPT, the uptake of HgCl 2 at 37 °c is 

approximately 2 times faster than its uptake rate at 4 °c 

(Figure 26). This result may indicate that HgCl 2 may 

accumulate by an active process which is inhibited at 4 

°C. Alternatively, the reduced uptake at 4 °c may 

reflect a change in membrane permiability to H9C1 2 • In 

any event, the identification of the mechanism of HgC1 2 
accumulation remains unknown. 
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Table 8. Effect of Glutathione an~03 Cysteine 
Concentrations on the Uptake of HgC1 2 into 
Positional Renal Cortical Slices. 

HgCl 
conj~gates 
of 

Cysteine 

Glutathione 

s u I thy dry I : H 9 C I 2 
Molar ratio 

40 min Accumulation Factors a at 
Sulfhydryl Concentrations 

of (in uM) 
o 1 10 100 

10.5 

10.8 

11. 5 

11.3 

1:10 

8.1 

8.0 

1 : 1 

8.5 

6.4 

10:1 

a each val ue represents the mean of two sl ices 
from a single experiment. 
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§l ices Incubated in 20ME/F12 Medium at 4 or 37 

C. 



DISCUSSION 

To investigate the mechanism{s) underlying regio

selective acute tubular necrosis of renal proximal 

tubular segments, research efforts were directed toward 

three major goals. The first goal was to develop an .!2:!. 

vitro system that was conducive to examining differences 

in susceptibility between the major proximal tubular 

segments. The techniques for the preparation and 

incubation of positional renal slices described here 

demonstrates that sl ices made with specific orientation 

can provide an effective tool for identifying proximal 

tubular cell types. These cell types can also maintain 

the i r v i a b i 1 i ty for at 1 e as t 12 h r ina new i n vi t r 0 

incubation chamber. The second goal was to analyze the 

proximal tubular targets of injury following in vitro 

exposure to well characterized model agents (H9C1 2 , 

K2Cr 207 or hypoxia) which induce regiose1ective injury 

in vivo. Since the regiose1ective pattern of injury 

following in vivo exposure to these model agents could be 

reproduced in this in vitro system, the third goal was to 

examine the underlying mechanism{s) responsible for the 

regional effects of these model agents. The 

108 
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localization and transport of H9C1 2 and K2Cr 207 within 

positional renal slices demonstrates that innate cellular 

mechani sms may expl ai n why these agents affect di fferent 

proximal tubular cell types. 

Development of a New In Vitro System 

The techni ques for prepari ng and i ncubati ng 

positional renal slices were developed (Ruegg et al, 

1987) for these studies as existing methods for making 

and maintaining viable slices had several limitations. 

One limitation was the lack of a commercially available 

slicing apparatus that induced minimal tissue damage 

while rapidly preparing, with specific orientation, thin 

tissue slices of uniform dimensions. Such a system was 

developed to prepare brain and liver slices by Dr. Carlos 

Krumdieck et al (1980) and utilized here to prepare 

positional renal slices. A second limitation was the 

lack of an appropriate incubation system that could 

maintain the viability of renal tissue slices for at 

1 east 12 hr. Such a system was therefore developed for 

use in these studies. 

Positional Renal Slicing 

Slicing renal tissue perpendicular to its 

cortical-papillary axis provides a means of reducing the 

structural compl exi ty of the kidney into four di sti nct 

cellular populations (Figure 2). Since these cellular 
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populations differ from each other by a limited number of 

cell types (Table 5), cross comparative studies could be 

done using slices from the different regions to examine 

which cell type was involved in producing a particular 

biological event. In practice however, one may find it 

difficult to isolate sufficient numbers of slices from 

the outer or inner stripe of the medulla as these regions 

are narrow compared to cortical or inner medullary 

regions (Figure 2 and Table 5). 

Slice Dimensions. The Krumdieck tissue slicer 

used in these studies proved to be a precision instrument 

as it was able to produce slices with fairly uniform 

dimensions (Figure 5). Although the within slice 

t hi c k n e s s va ria b i 1 i ty for r en a 1 s 1 ice s pre par e din the 

300 um range was less than 5%, comparison of slice 

thickness between the four renal zones yielded a 

variation of about 13% (Table 4). In the studies done by 

Smith et al (1985), the between slice thickness variation 

for liver slices prepared in the 400 um range with the 

same instrument was only 5%. This discrepancy in 

thickness variations can partially be explained by 

differences in the sample means used for thickness 

determinations (300 um versus 400 um). Alternatively, 

thickness variations could be a function of tissue 

differences (liver versus kidney) as the kidney is more 

heterogeneous in its cellular composition. This latter 
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hypothesis is somewhat supported by the data presented in 

Table 4, where slices obtained from a single renal core 

cut under constant pressure (Figure 1) were slightly (not 

statistically significant, p < 0.06) thicker from the 

inner medulla as compared to the cortex. This within 

core thickness difference may be due to differing elastic 

compressions of the various renal zones under constant 

pressure, such that once the slice is swept away from the 

cutting mechanism (into the collection basket) it may 

spring back to a wider thickness. The Krumdieck tissue 

sl icer was adjusted to make cortical sl ices 300 urn thick 

since this thickness was within the theoretical 

limitations for oxygen diffusion to the center of slices 

(Berndt, 1976b), and provided sl ices that were easily 

handled without being friable. 

Unique Features of the Krumdieck Slicer. Unlike 

other methods for tissue slicing, the instrument 

developed by Krumdieck et al (1980) allows slices to be 

made: rapidly, under physiological conditions, from any 

pl ane wi thi n the ti ssue, wi th uni form dimensi ons. The 

combination of these features allows up to 100 cortical 

slices to be made with strict orientation and placed in 

culture within 20 min of killing the animal. The 

p hy s i 01 0 g i cal con d i t ion san d r e 1 at i ve s pee dun de r w hi c h 

slices are made induces minimal tissue damage (compared 
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to other slicing methods) and may provide a "healthier" 

slice with better chances of survival in vitro. 

Orientation of Slicing. Since positional renal 

cortical sl ices were made perpendicular to the cortical

papillary axis of the kidney, identification of renal 

cell types can easily be made by their anatomical 

location within the slice (Kaissling and Kriz, 1979) 

(Figure 6). By using cortical slices made with this 

orientation, a predictable lesion following in vitro 

exposure to a cell-specific renal toxicant should be 

expressed only in those cell types affected by the 

toxicant. This, of course, assumes that the mechanism of 

to x i city for the c ell - s p e c i f i c to x i can tis de pen den ton 

innate functions localized to the injured cell type. 

Following in vitro exposure, HgC1 2 (Figure 11), K2Cr 207 

( Fig u r e 14) and hy pox icc 0 n d i t ion s ( Fig u r e 16 ) i n d u c e d 

regioselective damage to different segments of the 

proximal tubule providing insight into the mechanisms 

underlying regioselective injury by these model agents. 

Alternatives to Animal Testing. Although in 

vitro systems will never totally replace the need for in 

vivo studies, they represent a significant savings on the 

number of animals needed to study chemical responses. 

Positional slices (300 urn thick) made with the Krumdieck 

tissue slicer produce 8 cortical slices from each of 14 

renal cores, totalling 112 cortical slices from one adult 
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Since slices can be exposed under different 

experimental conditions each slice represents an 

independent sample which can be used as a single point 

for statistical analysis. A full dose and time response 

can be measured in one experiment by dividing the slices 

obtained from a single animal into different exposure 

groups. In light of the growing opposition to use of 

animals in biomedical research and recent cuts in 

research budgets (Berndt, 1976b; Dagani, 1984), the use 

of in vi tro systems offers 

evaluating the safety of 

industrial agents. 

a less expensive means 

new pharmacological 

for 

and 

Summary. Many attributes 

technique described above make the 

renal sl ices an appropriate model 

of the slicing 

use of positional 

system to study the 

mechanisms underlying regiose1ective acute tubular 

necrosis in vitro. However, before these studies could 

be done an incubation system needed to be developed that 

co u 1 d m a i n t a ins 1 ice v i a b i 1 i ty for at 1 e as t 12 h r sin c e 

most chemical nephrotoxicants administered in vivo 

require 6 to 12 hr to express their pathological 

responses. 
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In Vitro Incubation System 

An in vi tro i ncubati on chamber (Fi gure 3 and 4) 

was developed since early attempts to maintain renal 

slice viability in the dynamic organ culture system 

described by Smith et al (1985) were initially 

un s u c c e s s f u 1 • Ad e qua t e v i a b i 1 i ty was 0 n 1 y a chi eve din 

thi slatter system by recent changes made in the way 

cortical sl ices were incubated within the dynamic organ 

culture system (i.e. at the medium air interface without 

medium washing over the slice) and by increasing the 

frequency of aeration (personal observation). Since the 

initial results from the dynamic organ culture system 

were interpreted as a mechanically induced injury to 

renal cortical sl ices as they dipped into and out of the 

culture medium, the incubation system developed for these 

studies was designed to minimize mechanical stresses 

placed on renal slices during incubation. 

Vessel Design and culture conditions. The 

construction of Teflon vessels (Figure 3) can easily be 

done on a 1 athe as thi s materi al cuts well wi th standard 

lathe tools. This system was designed to minimize 

mechanical stresses during the incubation of slices, by 

incorporating a "bubble elevator" which allows the 

process of aeration to: gently circulate the medium, 

ensure constant gas concentrations in solution, and 

maintain pH throughout the experimental procedures. 
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Protein free solutions must be used in this 

system as including protein would cause intense foaming 

during the bubbling process. Hence, serum free DME/F12 

medium was used in these experiments as it has often been 

use d for 1 0 n g - t e r m m a i n ten a n ceo f r e n a ·1 c e 11 sin c u 1 t u r e 

(Taub and Sato, 1980; Detrisac et a1, 1984). This 

culture medium was made without phenol red or antibiotics 

as these substances may inhibit normal transport 

functions in the kidney (Smith et a1, 1938; Browning and 

Tune, 1983) masking a possible mechanism for 

regioselective chemical entry into slices. 

Since no antibiotics were added to the culture 

medium, most chemical exposures were done at 25 °c to 

limit the chances of bacterial overgrowth within the 

initial 12 hr incubation time course. Longer culture 

periods (18 hr) at 25 °c or periods as short as 6 hr at 

37 °c are often contaminated by bacterial overgrowth. 

Incorporation of conical covers into the system helps to 

limit the chances of bacterial contamination and provides 

a confined space for maintenance of an atmosphere equal 

to that being supp1 ied to the gas port (Figure 4). In 

fact, these covers were required to consistently induce 

hypoxi c i nj ury wi thi n pasi ti anal corti cal sl ices (Fi gure 

16). The high resistance gassing manifold assured equal 

flow rates within several vessels at once, and proved to 

be an effective way to easily adjust the rate at which 
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bubbl es ri se up the central tube to power the "bubbl e 

elevator". 

Toxicity studies using the slice support system 

are limited to the use of non-volatile compounds. 

However, modifications of the system can be made to study 

volatile compounds by enclosing the vessel and re

circulating the gas mixture back to the injection port. 

This design should maintain medium flow mechanics and 

constantly expose slices to volatile compounds bubbled 

through the medium. Other modifications in vessel design 

and construction allow protein solutions to be used. 

These modifications have been included in the recent 

review by Brendel et al (19B7) discussing new 

developments for tissue slicing and culturing. 

Fluid Mechanics Within Vessels. The movement of 

trypan blue dye layered on the slice support screen 

(Figure 3) demonstrated that circulation of the medium 

below the screen was nearly laminar and the circulation 

time required to produce a homogenous blue coloration of 

the medium was less than one min. As the bubbles escape 

out the end of the central tube dye patterns become 

turbulent but return to a more laminar patterns once 

nearing the surface of the support screen. Therefore, 

despite the turbulent medium patterns in the upper 

portions of the upper chamber, sl ices do not migrate on 
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their supporting screen as they are gently held against 

it by essentially laminar circulation currents. 

Tantalum Distribution and Phloridzin Inhibited 

Glucose Transport. The absence of red blood cells in 

histopathological sections of positional cortical slices 

following incubation, indicates that medium flows through 

the slices at least during the initial isolation and 

incubation. To determine if medium continues to flow 

through the slices during incubation, tantalum exposure 

and phloridzin inhibited glucose uptake were measured. 

The resul ts foll owi ng tantal urn exposure (an inert 3 urn 

diameter particulate, Nadel et a1, 1968) demonstrated 

that this particulate could not gain access to tissue 

spaces, even at the initial incubation time, except 

within an occasional collecting duct lumen (Figure 7). 

Clumping of the tantalum on the surface of slices may 

indicate that this powder forms aggregates in the 

incubation system too large to gain entry into tissue 

spaces. 

Further experimentation demonstrated an active 

accumulation of glucose within cortical slices that was 

inhibited by phloridzin and low sodium concentrations in 

solution (Figure 8). Since the sodium dependent 

transport of gl ucose is local i zed to the brush border 

membrane within the lumen of proximal tubules (Aronson 

and Sacktor, 1975), inhibition by phloridzin (a selective 



inhibitor of this transport site; 

low sodium concentrations indicate 

medium is reaching this transport 

result would indicate that medium 
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Lotspei ch, 1961) and 

that gl ucose in the 

site. Although this 

flows through the 

slices, one must remember that slices have two cut 

surfaces with exposed brush border membrane. Hence, this 

uptake and inhibition of glucose uptake might also be a 

simple function of the exposed brush border on the 

surfaces of the sl ices or at the exposed ends of some 

tubular segments. 

Structural and Biochemical Integrity of Cortical 

Slices following Incubation. The general maintenance of 

morphological and biochemical integrity within slices, 

requires adequate delivery of oxygen and nutrients to all 

areas of the tissue. Structural integrity of slices was 

well maintained throughout a 12 hr incubation time 

course, wi th the excepti on of some cell swell i ng in the 

apical portion of most cells (Figure 9). This cell 

swelling appears to occlude the proximal tubular lumina 

while collecting duct lumina remain open. This 

morphological appearance also correlates with the 

tantal urn resul ts where parti cul ate was only found wi thi n 

collecting duct lumina. 

Positional cortical slices maintain their 

intracellular potassium content and capacity to transport 

organic acids and bases throughout a 12 hr incubation 
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time course (Figure 10). Intracellular potassium levels 

act a sag e n era 1 non s p e c i f i c i n d i cat 0 r 0 f v i a b i 1 i ty, as 

most cells maintain a high intracellular to extracellular 

potassium ratio. These levels were normalized to slice 

DNA content since this parameter, unlike protein, stays 

constant throughout the incubation (Figure 12). Loss of 

i ntracell ul ar potassi urn content refl ects ei ther the 

inability of the sodium/potassium ATPase to maintain this 

gradient or loss of membrane integrity across which a 

gradient could not be maintained. Organic acid and base 

transport primari ly occurs wi thi n proximal tubular 

segments and thus serves as a functional measure of 

viability within these nephron segments. 

Summary. Although the morphological appearance 

and tan tal urn di stri buti ons suggest that medi urn does not 

flow through the slices, the maintenance of morphological 

and biochemical integrity for at least 12 hr in this 

incubation system (Figure 9 and 10; Ruegg et al, 1987), 

indicates that adequate nutrients and oxygen are reaching 

the slice interior. Furthermore, the focal lesions 

observed foll owi ng in vi tro exposure to H9C1
2

, K
2

Cr 20
7 

and hypoxia, penetrate the entire thickness of the slice 

indicating that these metals gain access to interior 

regions of the slice, at least by diffusional processes. 
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This methodology offers a means of studying cell-

specific nephrotoxicity in a controlled in 

environment. 

In Vitro Exposure of Renal Cortical Slices to 
Regloselectlve Nephrotoxlc Agents 

vitro 

ischemia induce regioselective acute renal tubular 

necrosis in vivo have been difficult to determine due to 

the complex anatomical and physiological interactions 

within the intact kidney. In vivo parameters that could 

account for selective acute tubular injury include blood 

del i very patterns, tubular concentration, renin-

angiotensin induced feedback ischemia, and innate 

cellular events which may predispose a particular cell 

type to injury. In vitro exposure of slices to HgC1 2, 

or hypoxic conditions demonstrates that 

selective injury to proximal tubular segments can occur 

in a system independent of patterned blood delivery, 

tubular concentration or feedback ischemia responses. 

Hence, these data suggest that innate cellular processes 

have a significant role in the production of selective 

acute tubular injury by these agents. 
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Morphological Changes Induced by Metals 

Exposures. In vivo exposure to HgCl 2 

consistently results in necrosis to the SPT by 12 hr 

(Zalme et al, 1976). In vitro exposure of slices to this 

metal (100 uM) al so induces a regioselective injury to 

the SPT by 12 hr (Figure 11b). Zalme et al (1976) 

concluded that selective necrosis to the SPT occurred 

either as a result of renin-angiotensin induced changes 

in renal hemodynamics producing an ischemic state in the 

kidney or by gradual accumulation of H9Cl 2 within the 

SPT. The in vi tro resul ts presented here support the 

1 at ter hypothesis as a renin-angiotensin feedback 

response can not occur in a sl ice preparation. Also, 

since the tubules within a slice are not connected the 

hypothesis that selective injury to the SPT is a result 

of concentration of HgCl 2 in the urine as it passes to 

more distal portions of the proximal tubules (Cuppage and 

Tate, 1967; Rodin and Crowson, 1962; Siegel and Bulger, 

1975) is not supported by these experiments. Although 

the in vitro time course for selective tubular necrosis 

matches that seen by Zalme et al (1976), the possible 

additive or potentiating effects of feedback ischemia or 

tubular concentration of HgCl 2 in the .!..!!.... vivo setting 

cannot be excluded. However, these data do demonstrate 

that selective necrosis to the SPT by HgCl 2 can occur 

directly, independent of the above considerations. 
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!2~2Q7 Exposures. In contrast to the HgC1 2 

lesion (Figure 11b), K2Cr 207 exposure results in 

sel ecti ve i nj ury to the CPT whi ch surround the medull ary 

rays (Figure 14a). Morphologically the collecting ducts 

and ascending thick limbs of Henle appear unaffected 

following exposure to 100 uM concentrations of K2Cr 207 or 

HgC1 2 • The in vitro selective injury to the CPT 

following K2Cr 207 exposure demonstrates that this cell 

type is susceptible due to some innate cellular process 

localized to the CPT. This observation agrees with the 

in vivo studies of Biber et al (1968) which suggested 

that sel ecti ve i nj ury to the CPT may be due to speci fi c 

(as yet unkno\'1n) cellular functional activities of this 

ce 11 type. Be rnd t (1976) .1 a ter demon s tra ted tha t K2C r 207 

accumulates in renal cortical slices by an active 

transport process, but did not identify or characterize 

this process. Another possible explanation for selective 

injury by K2Cr 207 , is that renal blood flow patterns.:!...!!. 

vivo would deliver this toxic metal directly to the CPT. 

Localized lesions following in vitro exposure however 

refute this hypothesis as the metal is dissolved in the 

bathing solution which peri fuses the slices. 

Comparisons of Metal Dose Response Data. The 

maj or di fferences between the HgC1 2 and K2Cr 207 1 esi ons 

are in thei r sel ecti vi ty for di fferent segments of the 

proximal tubul e and in the shape of thei r dose-response 
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relationships. The selective necrosis to the SPT by 

HgCl 2 occurs only after an 8 hr exposure to 100 uM 

concentrations (Figure 11b). Hi gher doses of HgCl 2 (1 

mM) result in injury to all cell types within the slice 

by 2 hr (Figure 11c). In contrast, .:!..!!. vitro exposure to 

1 mM K2Cr 207 results in selective injury to the CPT by 4 

hr (Figure 14a) while 12 hr of exposure at this 

concentration is required to injure all cortical cell 

types (Figure 14b). 

also cause selective necrosis to the CPT, but only after 

8 hr of exposure. Slices exposed to lower doses of 

either metal (10 uM) demonstrate no pathological changes 

from control by 12 hr (Figures 11a, 11d, and 14c). These 

data demonstrate that HgCl 2 has a very narrow dose range 

under which regioselective necrosis occurs when compared 

to the dose range for K2Cr 207 induced necrosi s. Dose

and time-response relationships for these metals are also 

demonstrated by changes in biochemical indicators of 

viability and function. 

Biochemical Changes Following In Vitro Exposure to Metals 

I ntracell ul ar Potassi urn Content. Changes in the 

intracellular potassium levels of slices exposed to HgC1 2 
or K2Cr207 correlate with, but always precede, the 

histopathological progression of injury. The potassium 

levels of slices exposed to 1 mM HgC1 2 (Figure 13) 
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decline by 90% over the first 2 hr. In contrast, slices 

exposed to 1 mM K2Cr 207 demonstrate a more gradual 

decline in their intracellular potassium content reaching 

1 eve1 s 60% and 90% below control s by 2 hr and 12 hr, 

respectively (Figure 15). Exposure to intermediate doses 

of either metal (l00 uM) reduces sl ice potassium content 

significantly below controls (between 45% and 70%), while 

10 uM doses do not significantly alter slice potassium 

content from control levels by 12 hr. 

Since these changes in intracellular potassium 

content always precede the histopathological changes 

evident by 1 ight microscopy, the percent drop in sl ice 

potassium levels do not equal the degree of pathological 

damage observed at any given time point. In fact, as 

demonstrated in slices exposed to hypoxic conditions 

(Figure 17; discussed later), low potassium levels may 

totally recover if the agent responsible for inducing 

to x i city i s rem 0 v e d p rio r to c a u sin g i r rever sib 1 e 

damage. Although intracellular potassium content serves 

as an early measure of overall cell integrity,· it 

provides no information as to which cell type(s) are 

being injured. Hence, histopathological examination of 

slices following toxicant exposure over a time course, 

allows for the determination of relative susceptibilities 

among cortical cell types within slices. 
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Organic Acid (PAH) and Base (TEA) Transport. 

Since Cross and Taggarts' (1950) initial use of the renal 

sl ice technique to measure the transport capabilities of 

organic acids and bases ~ vitro, several investigators 

have used this technique as a sensitive indicator of 

general proximal tubular function following in vivo 

exposure to nephrotoxicants (Berndt, 1976b; Hirsch, 1976; 

Kacew and Hirsch, 1981). The accumulation of PAH and 

TEA in positional cortical slices following in vitro 

exposure to 100 uM or greater concentrations of HgC1 2 and 

K2Cr 207 (Figure 20), was significantly inhibited from 

control 1 evel s. At 10 uM doses of ei ther metal, the 

accumulation of PAH and TEA were mostly unchanged from 

controls with the exception of K2Cr 207 , which caused a 

time dependent inhibition of PAH accumulation after 2 

hr. These data demonstrate that organic transport 

processes are effected prior to changes in intracellular 

potassium content or morphological changes. 

As mentioned above, several investigators have 

used organic ion transport capabilities as a sensitive 

indication of nephrotoxicity by a variety of chemical 

agents. Since most organic ion transport studies are 

measured in renal tissue pre-exposed in vivo, where 

distribution and toxicity of the chemical agent may 

depend on several anatomical and physiological aspects of 

the intact organ, comparing results from ~ vivo studies 
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to these in vitro results is difficult. In 1975, Berndt 

performed a study of PAH and TEA accumulation following a 

2 hr in vitro exposure of rabbit renal cortical slices to 

K2Cr207 • The results following a 2 hr exposure to 

K2Cr207 (Figure 20) found here are identical to those 

described by Berndt (1975). Si nce Berndt I s study was 

only 2 hr long, he did not observe the decline in PAH 

accumulation at later time points (Figure 20). Whil e 

these data demonstrate that organic ion transport is a 

sensitive early indicator of metal toxicity, the 

s e 1 e c t i v e i n h i bit ion 0 f P A H t ran s p 0 r t by lOu r~ do s e s 0 f 

K2Cr207 may indicate a possible uptake mechanism for this 

metal. This hypothesis is supported by the work of 

Shimomura et al (1981) demonstrating that the PAH 

transporter is most active within segment 2 of the rabbit 

CPT. 

Hypoxic Injury in Positional Cortical Slices 

Renin-angiotensin induced ischemic reactions are 

often cited as a mechanism by which nephrotoxicants 

induce a selective injury to the proximal tubule 

(Fl amenbaum, 1973; Haagsma and Pound, 1979; Stein and 

Fried, 1985). Hence, hypoxic exposure of slices was 

performed in vitro to investigate the relationship of 

this injury to those of HgC1 2 and K2Cr207 • 
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Morphological Changes. Selective injury to the 

CPT first became apparent following 1.5 hr of hypoxic 

exposure in vitro, and was well established by 2.25 hr 

(Figure 16b). This pattern of injury affecting the CPT 

is identical to that observed from in vivo clamping 

studies and is probably due to the CPT having a higher 

oxygen demand than the SPT (Kashgarian et al, 1976; 

Shanley et al, 1986). 

The SPT, coll ecti ng ducts, and ascendi ng thi ck 

limbs of Henle were morphologically unaffected following 

2.25 hr of hypoxic exposure, while 5 hr of hypoxic 

exposure resulted in injury to all cell types within the 

slice with the exception of the ascending thick limb of 

Henle (Figure 16d). This relative protection of the 

ascending thick limb of Henle is also indicative of in 

vivo clamped models of ischemia where no flow is going 

through the tubules and hence no metabolic work is being 

don e by t his c ell ty p e ( B r e z i set a 1 , 1984 ) • 

Alternatively the ascending thick limbs of Henle may have 

a high glycogen content enabling this cell type to 

survive longer in hypoxic conditions. In reduced renal 

blood flow ischemic models (Kreisberg et al, 1976) the 

ascending thick limbs of Henle become injured rapidly as 

do the SPT. Since blood delivery to the nephron perfuses 

the CPT before reaching the SPT segments, in reduced flow 

ischemia (at pressures below the autoregulatory range) 
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oxygen can be extracted by the CPT leaving the SPT 

relatively hypoxic. The in vitro results presented here 

resemble the clamped models of ischemia much better than 

the reduced renal blood flow models. This in vitro 

hypoxic injury probable resembles the 2...!!.... vivo clamping 

model s since both of these experimental designs 1 ack a 

patterned delivery of oxygen. 

In comparing the pathological findings induced by 

long term hypoxia to the injury following high dose metal 

exposures (Figures 11c, 14b, and 16d) it is interesting 

to note that the ascending thick limbs of Henle are 

injured by both metals while in hypoxia they are 

relatively protected. A1 though the i ni ti a1 pattern of 

injury seen following K2Cr 207 is identical that observed 

following early hypox i c exposures, the relative 

protection of the ascending thick limbs of Henle 

following longer hypoxic exposures suggests that the 

injury seen following HgC1 2 and K2Cr 207 proceeds by 

separate mechanisms apart from hypoxic considerations. 

Post-Hypoxic Re-Oxygenation. The resu1 ts of 

clamped ischemia models by Venkatacha1am et a1 (1978) 

suggest that the CPT is only sublethally injured while 

the SPT sustains lethal injury such that upon re

oxygenation (removal of the vascular clamp) the CPT 

quickly recover while the SPT segments become necrotic. 

In this study, post-hypoxic re-oxygenation of slices 
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exposed for 2.25 hr of hypoxia demonstrated no repair or 

progression of the injury from that seen following the 

initial hypoxic injury (Figure 16c). Although repair 

processes may require other humoral factors not present 

in this in vitro system ,the SPT segments did not 

progress to a necrotic state. This result supports the 

hypothesis made by Glaumann and Trump (1975) that the SPT 

injury following in vivo renal vascular clamping and 

reflow is a resul t of the .. no-refl ow" phenomenon as the 

capillary network surrounding the SPT remain closed after 

the clamp is removed. 

Another hypothesis of re-perfusion injury relates 

to the generation of oxygen free radicals after an 

initial ischemic state (McCord, 1985). The hypoxic 

injury seen in the in vitro experiments presented here 

occurs during the initial hypoxic state prior to re

oxygenation, indicating that hypoxic injury does not 

require subsequent exposure to oxygen to produce 

pathological changes. Furthermore, no additional changes 

were observed following re-oxygenation, but this could 

result from the diffusion of hypoxanthine (required for 

ischemia induced superoxide production) from the slice as 

it is submerged beneath a constantly circulating 

solution. 
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Intracellular Potassium Content. As seen 

following in vitro metal exposures, the intracellular 

potassium levels following hypoxic exposures (Figure 17) 

correlate with, but always precede the in vitro 

pathological results observed. All hypoxic exposures 

resulted in a significant decline in potassium levels 

from the initial control level. Post-hypoxic re

oxygenation following hypoxic intervals of 1.5 hr or 

1 e s s c a use d com p 1 e t ere c 0 v e r y 0 fin t race 1 1 u 1 a r po t ass i u m 

levels to control levels. Intracellular potassium levels 

were only partially recoverable following 2.25 or 3 hr of 

hypoxia and were not recoverable at all following 5 hr of 

hypoxic exposure. These resul ts are very similar to the 

isolated proximal tubule studies of Takano et al (l985) 

which demonstrated a ~apid decline of intracellular 

potassium content which was only recoverable at early 

time points, and studies by Kahng et al (1978) describing 

the "po int-of-no-return" following in vitro ischemia. 

One difference however is the delayed time course of 

hypoxic injury in my studies which is probably due to the 

lower temperature conditions used in these 

experiments. 

Maintenance of intracellular potassium levels 

serve as an indicator of membrane integrity and cellular 

activity of the sodium/potassium ATPase which pumps 

potassium into cells by an active process requiring ATP. 
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The recoverable potassium levels following re

oxygenati on in thi s hypoxi a model, is probably due to 

regeneration of ATP which drives the sodium/potassium 

pump. Longer hypoxic exposures resulting in membrane 

damage to the CPT demonstrate a limited recovery of 

potassium content, which is probably occurring within the 

more vi a b 1 e cell types of the s 1 ice ( S P T, co 11 e c tin g 

ducts, ascending limbs of Henle). These results also 

demonstrate that the interpretation of cellular injury 

based on intracellular potassium data alone could be 

misleading, as this measure of intoxication can recover 

provided irreversible injury has not occurred. 

Conditions for Hypoxic Injury. Reproducible 

induction of hypoxic injury in vitro, requires a 

combination of experimental conditions. The first 

con d i t ion ism a i n ten an ceo f a ve r y low dis sol ve doxy g e n 

content within the incubation vessel. Hypoxic injury 

could only be reliably produced in covered vessels 

containing buffer gassed with nitrogen. Simply placing 

slices into uncovered vessels and gassing with nitrogen 

does not induce sufficient hypoxia to injure renal 

cortical slices. This is probably due to the surface 

turbu1 ence created in the bubb1 ing process which seems 

to be enough to allow re-introduction of gas from the 

IIheadspace ll (room air if no covers are used). A second 

condition is the requirement of a buffer low in nutrients 
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( K reb s - H e pes) ashy pox i c i n j u r y co u 1 d not be i n d u c e din 

slices incubated for up to 5 hr in covered vessels 

containing a nutrient medium (DME/F12) gassed with 

nitrogen. Slices incubated in buffer gassed with oxygen 

for extended periods maintain their structural and 

biochemical integrity very well (Figure 16d and control 

curve of Figure 17). This result demonstrates that both 

low oxygen and nutrients are required to induce hypoxic 

injury in vitro. 

Summary. In vitro exposure of renal cortical 

slices to H9C1 2 , K2Cr 207 , or hypoxic conditions results 

in selective injury to different segments of the proximal 

tubule. Si nce the exposures were done ina controll ed 

environment free from several in vivo anatomical and 

physiological considerations, the selective patterns of 

injury to the proximal tubules are probably due to innate 

cellular sensitivities of a particular cell type 

rendering it susceptible to the particular agent. This 

in vitro system can therefore be used as a tool for 

identifying mechanism(s) of injury based on innate 

cellular characteristics versus those based on integrated 

organ characteristics inherent to overall renal function. 

From thi s poi nt several maj or di recti ons coul d 

have been taken to investigate the innate mechanisms 

responsibl e for regioselective injury by these metal s or 
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hy pox i a . Sin c e H g C 1 2 and K 2 C r 2 ° 7 are bot h met a 1 s w hi c h 

effect different regions of the proximal tubule, and the 

results indicated that injury by these metals occurred 

independent of hypoxic mechanisms, the remaining 

investigations, aimed at identifying why the CPT and SPT 

respond differently, were limited to HgC1 2 and K2Cr 207 • 

Innate Cellular Mechanisms Responsible for the 
Regloselectlve InJury of Metals 

The sel ecti ve SPT or CPT i nj ury induced by HgC1 2 

and K2Cr 207 , respectively, could be a result of selective 

uptake mechani sms for these metal s by thei r respecti ve 

cell type s. Al ternatively, the distribution of 

cytoprotective mechanisms for the particular metal may be 

localized to the protected cell types leaving 

regions of the proximal tubule susceptible. 

other 

Hence, 

localization studies were done in an effort to determine 

if the metals were concentrated within the injured cell 

types (indicative of a selective uptake process) or 

evenly distributed among several cell types (indicating a 

cytoprotective mechanism for selective injury). 

Localization of Metals within Renal Cortical Slices 

Silver Amplification of HgC1 2 • Using the silver 

amplification technique of Dansher and Moller-Madsen 

(1985), the tissue distribution of HgC1 2 following in 
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vitro exposure to 100 uM for at least 8 hr, was found to 

be concentrated locally within the SPT (Figure 18). The 

density of staining obtained from this procedure 

demonstrates that HgC1 2 concentrates within the nucleus 

and subcellular organelles of SPT cells, as well as in 

the interstitial and vascular compartments throughout the 

sl ice. Very little staining is seen in the CPT, 

collecting ducts or ascending thick limbs of Henle. 

Silver amplification of slices exposed to K2Cr 207 or 

hypoxi a do not stai n demon strati ng that HgC1 2 must be 

present for this reaction to occur. Also, slices exposed 

to 1 mr~ HgC1 2 did not stain but this may be a result of 

the rapid and severe necrosis induced by such high 

concentrations of this metal. The observation that 

nuclei stain only within the SPT (Figure 18) strongly 

suggests that HgC1 2 is selectively accumulated by some 
, 

innate cellular process localized to this tubular 

region. 

The idea of determining the tissue distribution 

of HgC1 2 is not new. In the autoradiographic studies of 

Lippman et al (1951) and, Berlin and Ullberg (1963) the 

tissue distribution of radiolabeled H9C1 2 was expressed 

as a dark zone at the cortical medullary junction of the 

kidney. Although these papers are often cited as 

evi dence of sel ecti ve accumul a ti on of HgC1 2 wi thi n the 

SPT, the ori gi nal authors made no such cl aim and in fact 
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cautioned against it since they felt the toxic effects of 

this metal could alter the autoradiographic patterns. 

The observation that HgC1 2 had a high affinity for 

vascular and interstitial components following in vitro 

exposure of slices (Figure 18), may indicate that this 

metal concentrates between the cortical medullary 

junction in vivo as this is where renal blood flow enters 

the kidney (Kaiss1ing and Kriz, 1979). Attempts made to 

localize H9C1 2 by autoradiography following in vitro 

exposure of 203H9C12' demonstrated a very high 

concentration of HgC1 2 within the vascular compartments 

of the slice. Focal dark areas were al so noted over 

tissue regions, but identification of the cell types 

responsible for these patterns was impossible due to poor 

resolution of the radiograph. 

Electron Probe X-ray Microanalysis of Metals. 

The tissue localization of K2Cr 207 within positional 

cortical sl ices was found, by electron probe analysis, 

only within nuclei of CPT. Chromium could not be 

detected in other cellular compartments of the CPT or 

within the nuclei from collecting ducts (an unaffected 

cell type located inside the medullary ray, Table 6) • 

Although this provides evidence for selective 

accumulation of K2Cr207 within the affect CPT cells, the 

nuclei of the SPT need to be examined to clearly 
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demonstrate selective accumulation among the proximal 

tubul ar cell types. 

Prior to the localization of HgC1 2 by silver 

amplification techniques, attempts were made to 

quantitate HgC1 2 by electron probe analysis (Table 6). 

These efforts were unsuccessful since this metal is 

volatile under the electron beam if a cold stage specimen 

holder is not used (Carmichael and Fowler, 1980). 

Thiol Distribution in Cortical Slices by Mercury Orange 

HgC1 2 is thought to cause tissue injury by 

binding to sulfhydryl groups which are critical to 

multisubunit enzyme structure and function (Glazer, 1976; 

Phillips et al, 1977). Hence, the tissue distribution 

of thi 01 s was exami ned to determi ne if H9C1 2 accumul ated 

wi thi n the SPT due to a hi gher content of thi 01 s wi thi n 

thi s cell type when compared to the CPT. Si nce mercury 

has a v e r y s t ron g a f fin i ty for s u 1 f hy dry 1 g r 0 ups ( K s P = 

10- 53 ; Layde, 1962), thiol stains incorporate mercury 

into their structure to direct the stain to the 

sulfhydryl sites of the tissue (Bennett, 1951). Figure 

19 demonstrates that the sulfhydryl levels of renal 

cortical tissue is evenly distributed among the various 

cell types. Furthermore, the amount of nuclear staining 

is equi val ent among the vari ous cell types and darker 

than the cytoplasm. This result provides further 



137 

evidence supporting a selective uptake process for HgC1 2 
within the SPT. Since the nuclei of all cortical cell 

types have the same sul fhydryl content, the presence of 

nuclear staining only in the SPT following silver 

amplification techniques, demonstrates that H9C1 2 did not 

gai n access to the other renal cell types as easily as it 

did to SPT. 

Summary. Since these localization experiments 

indicate that the regioselective injury induced by metals 

is a function of a selective accumulation within the 

injured cell types, studies were directed toward 

investigating the relationships between these metals and 

transport functions that are more or less localized to 

different proximal tubular segments. 

Metal Interactions with Organic Acid and Base Transport 

Rabbit proximal tubular segments have a 

heterogeneous distribution in their ability to transport 

and accumulate PAH and TEA (Schale et al, 1983; Shimomura 

et al, 1981). As discussed earlier, both HgC1 2 and 

K2Cr207 inhibit the accumulation of PAH and TEA in a dose 

dependent fashion with PAH transport being more sensitive 

to inhibition by K2Cr207 (Figure 20). To investigate 

whether ei ther HgC1 2 or K2Cr 207 uti 1 i ze the PAH or TEA 

transport systems to gain access to the renal tubules, 
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competition for the uptake rate of either organic 

substrate by these metals was examined. 

The 20 min kinetic accumulation of PAH and TEA 

{Figure 21} in positional cortical slices remained 

essentially constant despite the presence of increasing 

concentrations of either HgC1 2 or K2Cr 207 {Table 7}. 

This result demonstrates that although the PAH and TEA 

carrier mediated transport systems are inhibited by both 

metals in a dose- and time-dependent manner {Figure 20}, 

nei ther metal uti 1 i zes these transport systems to ga in 

access to the proximal tubules. Hence, these metals 

probably gain access to their regioselective sites by 

some other process and then inhibit the activities of 

organic acid and base transport. 

Phosphate and Sulfate Interactions with Chromate 

Since K2Cr 207 induced a selective injury to the 

CPT following ~ vitro exposure, the interaction between 

this metal with phosphate and sulfate transport sites was 

investigated as a possible uptake mechanism. Both 

phosphate {P04=} and sulfate (S04=) are conserved after 

filtration by active reabsorption from the CPT (Bonjour 

and Caverzasio, 1984; Lechene et al, 1974; McKeown et al, 

1979). Since K2Cr 207 at pH 7.4 exists mostly as chromate 

(Cr04=) (Cotton and Wilkinson, 1972) which is 

structurally simil ar to both sul fate and phosphate 
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(Jennette, 19B!) , competition for the toxicity 

(potassium/DNA ratio) and kinetic uptake interactions of 

K2Cr 207 with sulfate or phosphate were investigated. 

Al though increasing concentrations of either 

phosphate or sulfate did not protect against the loss of 

i ntracell ul ar potassi urn content foll owi ng 100 uM K2Cr 207 
(Figure 22 and 23), kinetic accumulation of sulfate 

(Fi gure 24) was reduced ina dose-dependent manner by 

increasing concentrations of K2Cr 207 while phosphate 

accumulation (Figure 25) was much less effected by 

These data suggest that the 

accumulation of K2Cr 207 is mediated mainly by the sulfate 

transport system. The observati on that sul fate uptake 

reaches a plateau by 30 min may indicate that K2Cr 207 
accumulates very quickly within the slices, which may 

explain why the toxicity of K2Cr 207 could not be blocked 

by excess sulfate over a 12 hr time course (Figure 22). 

The relationships among chromate, phosphate and 

sul fate transport systems are well supported by several 

studies. Brazy and Dennis (l98!) demonstrated in 

isolated rabbit CPT that the carrier responsible for 

sulfate reabsorption was independent of the phosphate 

carrier located in the same tubular region. Since 

chromate is more closely related to sulfate (both 

oxyani ons of group VI el ements) than phosphate (oxyani on 

of group V element), interactions between chromate and 
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sulfate are more likely (Jennette, 1981). In fact, 

chromate has been shown to inhibit sulfate uptake in 

bacteria (Salmonella typhimurium), yeasts (Saccharomyces 

cerevisiae) and human leukocytes while phosphate uptake 

was unaffected by 

(Jennette, 1981). 

chromate 

To my 

in most of 

knowledge, 

these species 

experimental 

evidence for the interactions among chromate, sulfate and 

phosphate in the kidney have not been described. Berndt 

(1976) determined that the accumulation of chromate 

within the kidney occurred by an active transport process 

but did not identify or characterize this process. The 

dose-dependent decrease in sulfate accumulation following 

K2Cr 207 (Figure 24) indicates that chromate may gain 

access to the CPT via the sulfate carrier mediated 

transport system. Al ternatively, the increasing 

concentrations of K2Cr 207 may inhibit sulfate transport 

by a noncompeti ti ve mechani sm. To answer thi s questi on 

either several concentrations of sul fate need to be used 

such that the data could be fit to a line Weaver-Burke 

plot, or the uptake of a single dose of K2Cr 207 in the 

presence of increasing sulfate concentrations should be 

tested. 
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Cysteine and Glutathione Interactions with HgC1 2• 

The fo11 owi ng evi dence suggest that cystei ne and 

gl utathi one may have a ro1 e in the uptake process for 

HgC1 2 • The nephrotoxic effects of H9C1 2 were prevented 

following glutathione depletion with diethy1 maleate 

which resulted in a marked reduction in the renal tissue 

levels of this metal (Johnson, 1982). From these 

ex per i men t s the de p 1 e t ion 0 f non - pro t e ins u 1 f hy dry 1 

content was highly correlated with the reduced 

accumulation of HgC1 2 in the kidney. Later experiments 

by Berndt et a1 (1985) determined that inhibition of 

gamma-g1 utamyl transpepti dase (GGT) resul ts ina marked 

increase in the excretion of both glutathione and mercury 

into the urine with a concomitant reduction in the tissue 

1 eve1 s of mercury as compared to control animal s. Si nce 

GGT and cystei ne transport activities are most 

concentrated within the SPT of the kidney (Shimada et a1, 

1982; Vo1k1 et a1, 1982), which is also where H9C1 2 

accumulates (Figure 18), the transport rates of cysteine 

and glutathione conjugates of HgC1 2 were examined. 

In vitro, the uptake rate of cysteine and 

gl utathione conjugates of HgC1 2 were not increased over 

the uptake rate of H9C1 2 alone (Table 8). In fact, 

slower uptake rates were observed as the Su1fhydry1/H9C1 2 
ratio was increased. This may be due to HgC1 2 
sequestration by the sulfhydryl compound, reducing the 
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available HgC1 2 for uptake. These results can be 

contrasted to similar experiments performed ~ vivo using 

cadmium bound to cysteine and metallothionein, which 

demonstrated a marked increase in the uptake rate of 

these conjugates when compared to cadmium alone (Min et 

al, 1986). Since both the liver and kidney can acetylate 

cysteine, the possibility still exists that an N-acetyl 

cysteine conjugate of HgC1 2 formed in the liver and 

transported to the kidney may have an accelerated uptake 

rate. In any event, this experiment suggests that H9C'2 

does not gain access to the SPT as a glutathione or 

cysteine conjugate in renal cortical slices incubated by 

themselves. It would be interesting to examine if an N

acetyl cysteine conjugate of HgC1 2 gained access to renal 

cortical slices at a faster rate than HgC1 2 alone. 

Although the role of glutathione in the tissue 

distribution of HgC1 2 remains unkno\'1n, the suggestion by 

Johnson (1982) that the distribution of non-protein 

sulfhydryls in renal tissues may explain the distribution 

of HgC1 2 is still viable. The tissue distribution of 

thiols by Bennetts reagent (Figure 19) includes both 

protein and non-protein bound sulfhydryl groups (Bennett, 

1951). Hence, it is possible that the SPT has a greater 

non-protein sulfhydryl content than the CPT which is 

overshadowed by the more even distribution of protein 

bound sul fhydryl following the Bennetts reaction. 
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Although the simple distribution of non-protein 

sulfhydryls may have a role, it may not totally explain 

the regioselective accumulation of HgC1 2 since Figure 26 

demonstrates a two fold increase in the uptake rate of 

H9C1 2 at 37 °c versus 4 °C. This increases uptake rate 

of HgC1 2 at 37 °c may indicate an active accumulation 

process for HgC1 2 into the slice or it could be that 

diffusion of HgC1 2 across lipid bilayers at 4 °c is much 

slower. Hence, further research will be required to sort 

out the nature of the regioselective uptake of H9C1 2 by 

the SPT. 

Future Directions 

These studies demonstrated that positional renal 

slices can be used to identify innate cellular processes 

responsible for the regional effects of some 

nephrotoxicants, independent of several anatomical and 

physiological aspects inherent to in vivo studies of the 

kidney. After determining that well characterized model 

agents (metals) could induce focal injury..:!..!!. vitro, these 

studies systematically progressed to investigate the 

localization of these metals and possible uptake 

mechanisms responsible for their regioselective effects 

on different segments of the proximal tubule. The next 

logical progression using these metals would be to 
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determine what the intracellular targets are that lead to 

irreversible injury. 

Jennette (1981), Glazer (1976) and Phillips et al 

(1977) have described several intracellular targets 

affected by HgC1 2 and K2Cr 207 • Most of these targets 

are enzymes critical to the maintenance of normal 

cellular functions. Aside from the use of histochemical 

techniques, the use of this renal slice preparation for 

asking questions about regional differences in 

biochemical responses may not be appropriate since, no 

matter how they are cut, slice preparations will always 

contain a mixed population of cell types. A better 

approach to the determination of intracellular targets 

woul d be to use i sol ated cell or enzyme systems obtai ned 

from the different proximal tubular segments. As the 

bulk separation of proximal tubular segments has not been 

achi eved yet, future developments in methodology shoul d 

focus on techniques to separate the various proximal 

tubular segments, in sufficient yield, to allow a 

systematic characterization of the heterogeneous 

biochemical and functional properties of each individual 

segment. This development and characterization would 

provide the tools for probing deeper into the mechanisms 

responsible for regioselective injury by nephrotoxicants 

as they could be exposed directly to the target cell type 

(Table 1). This technique might also prove to be 
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to the development of 

non-invasive clinical tests specific for the various 

nephron segments. 

The potential uses of the positional renal 

slicing and culturing technique have yet to be thoroughly 

explored. Although H9C1 2 , K2Cr 207 and hypoxia were used 

in these studies since they are well characterized direct 

acting probes, other chemical compounds may be amenable 

to study within this system. Recently, this system has 

proven successful in the study of acute acting agents 

which require bioactivation to express their nephrotoxic 

effects (Wol fgang, 1987). Since extrarenal tissues may 

have a significant role in altering a chemical to a 

nephrotoxic species, it can be expected that some 

chemical nephrotoxicants will fail to cause injury to 

renal slices incubated alone in this .:!..!!-. vitro system. 

Interactions between different regions of the kidney or 

with other tissues could influence the expression of 

nephrotoxic injury. By using various regions of the 

kidney or other organ slices in a co-incubation 

procedure, the interactive sequence of events required 

for the expression of nephrotoxicity may be determined. 

Indeed several possible applications for this system have 

yet to be explored. 
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One drawback of several in vitro systems is their 

inability to maintain slices in culture for extended 

peri ods of time, thus prohi bi ti ng the study of subacute 

and chronic acting toxicants (Table 2). This limitation 

wa s parti ally overcome by the development of the 

incubation chamber described here. Slices have 

maintained their biochemical viability (intracellular 

potassium content) in this system for up to 30 hr when 

free of bacterial contamination (Ruegg et a1, 1987). 

Maintenance of bacterial free conditions in the absence 

of antibiotics however is difficult unless sterile 

conditions are developed for all phases of this 

preparation. Future methodological developments should 

therefore also be aimed at maintaining sterility during 

the preparation and incubation of sl ices. Only once a 

steri1izab1e system is developed can the affects on 

chronic and subchronic agents be tested in a slice 

preparation (Table 2). Most of the data presented in 

this dissertation has been presented at both national or 

international meetings and published in various places 

(see Appendix B for complete listing). 



APPENDIX A 

DME/F12 MEDIUM 

The chemical composition of DME/F12 medium, made 

by mixing equal parts of Delbecco's Modified Eagles with 

Ham's Nutrient Mix F-12, is presented below: 

Salts: 
CaCl 2 anhydrous (2H 20) 
Cu(S04} 5H,,0 
Fe OJ0 3 } 3 9A 2 0 
Fe(S04} 7H 20 
KCl 
MgS0 4 anhydrous (7H 20) 
MgC1 2 anhydrous (6H 20) 
NaCl 
Na?HP0 4 anhydrous 
NaA 2 P0 4 H20 
ZnSo 4 7H 20 

Amino Acids: 
[-Alanlne 
L-Arginine HCl 
L-Asparagine H20 
L-Aspartic acid 
L-Cysteine HCl 
L-Glutamic Acid 
L-Glutamine 
Glycine 
L-Histidine HCl H20 
L-Isoleucine 
L-Leucine 
L-Lysi ne HCl 
L-Methionine 
L-Phenylalanine 
L-Proline 
L-Serine 
L-Threonine 
L-Tryptophane 

147 

mg/L 
11'0":'01 (154.4) 

.001245 
0.05 
0.417 

311.8 
48.845 (98.6) 
28.61 (61.6) 

7000 
71.02 
62.5 

0.4315 

mg/L 
4":45 

147.5 
7.5 
6.65 

48.8 
7.35 

365.0 
18.75 
31.3 
54.47 
59.0 
91. 25 
17.25 
35.48 
17.25 
26.25 
53.45 

9.02 



L-Tyrosine (disodium salt) 
L-Valine 

Vitamins: 
Blotln 
D-Ca-pantothenate 
Choline chloride 
Folic acid 
I-Inositol 
Nicotinamide 
Pyridoxal HCl 
Riboflavin 
Thiamine HCl 
Vitamin 812 
Other Components: 
D-Glucose 
HEPES acid 
HEPES sodium salt 
Sodium Pyruvate 
Hypoxyanthine sodium salt 
Linoleic acid 
Lipoic acid 
Putrescine HCl 
Thymidine 

55.79 
52.85 

mg/L 
0:-0-0365 

2.24 
8~98 
2.65 

12.6 
2.0185 
2.031 
0.219 
2.17 
0.68 

mg/L 
3 1 '5T':"U" 
3600 
2400 

55.0 
2.385 
0.042 
0.105 
0.081 
0.365 
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One liter of DME/F12 medium was prepared by 

adding 20 ml of MEM Vitamin solution (Gibco #320-1120), 5 

ml of MEM Non-essential Amino Acid solution (Gibco #320-

1140), and 20 ml of MEM Amino Acid solution (Gibco #320-

1135) to 800 ml of distilled water (q.s. to one liter 

after all components of medium have been added). To 

complete the amino acid components, the medium was 

supplemented with glycine, proline and serine as 

indicated in the following tables. To complete the 

vitamin components, the medium was supplemented with 

biotin (soluble in 1 arge amount of water (3.65 mg/100 

ml)), choline chloride, I-inositol, and vitamin 812 • 
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5 ml per Supplement 
Non-essential (100x) 1L of DME/F12 DME/F12 
Amino acids mg/L mg/L mg/L 
L-Alanlne lf9"O """""2f.45 
L-Asparagine H2O 1500 7.5 
L-Aspartic acid 1330 6.65 
L-Glutamic Acid 1470 7.35 
Glycine 750 3.75 14.0 
L-Proline 1150 5.75 11.0 
L-Serine 1050 5.25 21.0 

20 ml per Supplement 
(50x) 1L of DME/F12 DME/F12 

MEM Amino acids mg/L mg/L mg/L 
L-Arglnlne ACl 63~ 120':""4 
L-Cysteine HCl 1200 24.0 
L-Glutamine 14600 292.0 
L-Histidine HCl 2100 42.0 
L-Isoleucine 2625 52.5 
L-Leucine 2620 52.4 
L - Ly sin e H C 1 3625 72.5 
L-Methionine 755 15.1 
L-Phenylalanine 1650 33.0 
L-Threonine 2380 47.6 
L-Tryptophane 510 10.2 
L-Tyrosine 1800 36.0 
L-Valine 2340 46.8 

20 ml per Supplement 
(1 OOx) 1L of DME/F12 DME/F12 

MEM Vitamins mg/L mg/L mg/L 
NaCI 85UU- 17U---
Biotin 0 0 0.00365 
D-Ca-pantothenate 100 2 
Choline chloride 100 2 7.0 
Folic acid 100 2 
I-Inositol 200 4 8.0 
Nicotinamide 100 2 
Py ri doxa 1 HCl 100 2 
Riboflavin 10 0.2 
Thiamine HCl 100 2 
Vitamin B12 0 0 0.68 
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Inorganic sal ts, along with "other components", 

weighing more than 3 mg were added directly to the 

medium. Chemical additions of less than 3 mg were 

diluted from stocks with the appropriate volume being 

added to deliver the desired amount of reagent. All 

components containing calcium or magnesium were added at 

the end after pH adjustment to avoid precipitation. 

Linoleic acid was available as a viscous liquid (900 

mg/ml) whi ch was di spersed in ethanol (4.2 mg/ml of 100% 

ethanol). Lipoic acid (10.5 mg/ml) was also soluble in 

e t han 0 1 • Bot h the s e fat ty a c ids we rea d d e din O. a 10m 1 

volumes to the medium which was stirring vigorously. The 

medium was finally brought to its final one liter volume, 

gassed with oxygen/carbon dioxide (95/5%) for 15 minutes 

and pH adjusted to 7.4. The calcium and magnesium salts 

were then added and the medium was filter sterilized 

using a 0.2 micron filter (Nalgene, city, state). This 

prepared medium approximates the chemical composition of 

commercially available DME/F12, but there are differences 

between the two solutions. 
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PRESENTATIONS AND PUBLICATIONS 

Manuscripts 

Ruegg CE, Gandolfi AJ, Nagle RB, Krumdieck CL and Brendel 
K (1987); Preparation of positional renal slices 
for stu dy 0 f cell - s p e c i f i c to x i city. J 0 urn a 1 0 f 
Pharmacological Methods. 17:111-123. 

Ruegg CE, Gandolfi AJ, Nagle RB, Brendel K (1987); 
Di fferenti a1 patterns of i nj ury to the proximal 
tubule of renal cortical slices following in 
vitro exposure to mercuric chloride, potassTUfu 
d1chromate or hypoxic conditions. Toxicology and 
Applied Pharmacology (In Press). 

Abstracts and Presentations 

Ruegg CE, Gandolfi AJ and Brendel K (1987); Regio
selective acute tubular necrosis in renal 
cortical slices following HgC1? and K2Cr~07: 
Localization and transport s~udies. Tnird 
International Symposium on Nephrotoxicity. 

Gui1dford, England, August 1987. 

Ruegg CE, Gandolfi AJ, Brendel K and Nagle RB (1987); 
Selective in vitro necrosis of proximal tubular 
segments 1n renal cortical slices. The 
Toxicologist 7(1):88. 

Wo1 fgang GHI, Ruegg CE, Brendel K and Gando1 fi AJ (1986); 
Comparison of renal cortical slices incubated in 
two in vitro systems. 4th annual meeting of 
MountaTn west Chapter of the Society of 
Toxicology, Tucson, AZ. 

Ruegg CE, Gandolfi AJ, Brendel K and Nagle RB (1986); 
Differential toxicity of ischemia and mercuric 
chloride in rabbit renal cortical slices. The 
Toxicologist 6(1):174. 
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Ruegg CE, Gandolfi AJ, Brendel K and Nagle RB (1985); In 
vitro site specific toxicity of mercuric chloride 
in rabbit renal cortical slices. The 
Pharmacologist 27(3):130. 

Ruegg CE, Gandolfi AJ, Brendel K and Krumdieck CL (1985); 
Positional renal slices for study of site 
specific toxicity. The Toxicologist 5(1):57. 

Seminars and Lectures 

Mechanisms 
necrosis of 
of Ari zona, 
June 1987. 

underlying regioselective acute tubular 
r en alp r 0 x i mal tub u 1 a r s e g men t s • Un i v e r s i ty 
Department of Pharmacology and Toxicology, 

Mechanisms for chemically-induced regioselective renal 
proximal tubular lnJury. University of Arizona, 
Department of Pharmacology and Toxicology, December 1986; 
Mayo Clinic, Department of Physiology and Biophysics, 
February 1987; Duke University, Integrated Department of 
Toxicology, March 1987; University of Alabama Birmingham, 
Department of Medicine, March 1987. 

Nephrotoxicology and mechanisms of acute renal failure. 
Biotoxicology lecture, University of Arizona, Department 
of Pharmacology and Toxicology, September 1986. 

Toxic responses to ischemia 
Identifying mechanisms of renal 
slices. 6th annual Arizona 
graduate student research forum, 

and mercuric chloride: 
cell i nj ury in corti cal 
Health Sciences Center 
April 1986. 

Patterns of necrosis in rabbit renal cortical slices 
following mercuric chloride and ischemic lnJury. 
University of Arizona, Department of Pharmacology and 
Toxicology, January 1986. 

Model system to study site specific toxicity of the 
kidney. University of Arizona, Department of 
Pharmacology and Toxicology, January 1985. 
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APPENDIX C 

LIST OF ABBREVIATIONS 

Radioactive Barium-133 

Radioactive Carbon-14 

Radioactive Mercury-203 

Tritium 

Radioactive Phosphorus-32 

Radioactive Sulfur-35 

Less than 

Greater than 

Percent 

Analysis of Variance 

Adenosine Triphosphate 

Bovine Serum Albumin 

Degrees Celsius 

Curie(s) 

Convoluted Proximal Tubules 

Chromate 

Diaminobenzoic Acid 

Delbecco's Modified Eagles/Ham's 
Nutrient Mix F-12 

Deoxyribonucleic Acid 
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x 9 

HEPES 

HgC1 2 
hr 

mCi 

MEM 

min 

m1 

mm 

mmo1 

mM 

nm 

P 

PAH 

PE-20 

pH 

Grams 

Times Gravity 

N-2-hydroxyethy1p;perazine-N ' -2-
ethanesu1fonic acid 

Mercuric Chloride 

Hour(s) 

Potassium Dichromate 

Solubility Product Constant 

Kilogram(s) 

Mill icuries 

Minimal Essential Medium 

Minute 

~1 ill il i t e r 

Mi 11 imeter( s) 

Millimole 

Mill i-Molar 

Nanometers 

Normal 

Not Detectable 

Oxygen/Carbon Dioxide mixture 

Outside Diameter 

P robab il i ty 

p-Aminohippuric acid 

Polyethylene tubing (.015" 10; .043" 00) 

-Log of the Hydrogen ion concentration 

Phosphate 
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q . s . 

TEA 

SD 

SE 
= 

S04 

SPT 

u C i 

ug 

urn 

umol 

u ~1 

v/v 

w/v 

Quantum sufficit, as much as suffices 

Tetraethylammomium bromide 

Standard Deviation 

Standard Error 

Sulfate 

Straight Proximal Tubule 

Microcurie 

Microgram(s) 

Mi crometer( s) 

Micromole 

Micro Molar 

Volume/Volume mixture 

Weight/Volume mixture 
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