
S-(1,2-dichlorovinyl)-L-cysteine induced
cellular injury in rabbit renal cortical slices

Item Type text; Dissertation-Reproduction (electronic)

Authors Wolfgang, Grushenka Hope Isabella.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:17:48

Link to Item http://hdl.handle.net/10150/184504

http://hdl.handle.net/10150/184504


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the original text directly from the copy 
submitted. Thus, some dissertation copies are in typewriter 
face, while others may be from a computer printer. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these will 
be noted. Also, if unauthorized copyrighted material had to 
be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the upper 
left-hand comer and continuing from left to right in equal 
sections with small overlaps. Each oversize page is available 
as one exposure on a standard 35 mm slide or as a 17" x 23" 
black and white photographic print for an additional charge. 

Photographs included in the original manuscript have been 
reproduced xerographically in this copy. 35 mm slides or 
6" x 9" black and white photographic prints are available for 
any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order. 

I 
I IU· ·1 
Accessing the World's Information since 1938 

300 North Zeeb Road, Ann Arbor, M148106-1346 USA 





Order Number 8824295 

S-(1,2-dichlorovinyI)-L-cysteine induced cellular injury in rabbit 
renal cortical slices 

Wolfgang, Grushenka Hope Isabella, Ph.D. 

The University of Arizona, 1988 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark_.../_. 

1. Glossy photographs or pages V 

2. Colored illustrations, paper or print 

3. Photographs with dark background V 
4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is t~xt on both sides of page 

7. Indistinct, broken or small print on several pages ,/ 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages __ 

15. Dissertation contains pages with print at a slant, filmed as received ,/ 

16. Other ________________________________________________ __ 

u· 'I 





S-(1,2-DICHLOROVINYL)-L-CYSTEINE INDUCED CELLULAR INJURY 
IN RABBIT RENAL CORTICAL SLICES 

by 

Grushenka Hope Isabella Wolfgang 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

198 8 

1 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Grushenka Hope Isabella Wolfgang 

entitled S-(1,2-Dichlorovinyl)-L-Cysteine Induced Cellular Injury in 

Rabbit Renal Cortical Slices 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of ___ ~~~~~P~h~i~lo~s~o~p~h~Y _________________________________________ ___ 

Date I I 

Date 
+;/J¢£i 

7//?/pcP 
Date ~ i 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Datf' 7 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under the rules 
of the Library. 

Brief quotations from this dissertation are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
special permission for extended quotation from or 
reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of 
the Graduate College when in his or her judgment the 
proposed use of the material is in the interests of 
scholarship. In all other instances, however, permission 
must be obtained from the author. 



4 

DEDICATION 

To the late Pierre Brunet who encouraged me to 

achieve academic success in addition to athletic success at 

a time when it seemed of little importance. 



5 

ACKNOWLEDGMENTS 

I would like to extend my thanks to A. Jay Gandolfi 
and Klaus Brendel for their support and encouragement as 
co-advisors which enabled me to complete these studies. I 
would also like to thank David Nelson, Steve Wright and 
Dean Carter for serving on my committee and providing ideas 
for and criticisms of this work. Electron microscopic 
studies could not have been completed wi thout the 
assistance of Ray Nagle and his staff. I would like to 
extend a special thanks to Jim Stevens for not only 
providing the labelled compounds and the isomer but for his 
enlightening and enthusiastic conversations. 

My arrival in Tucson, dealing with administration, 
and many lunch hours have been made easier and more 
enjoyable by Pam Murray. I would like to thank Chuck Ruegg 
for stimulating my interest in the kidney, teaching me 
numerous techniques and sharing a special friendship 
outside the lab. My days in Tucson were made better by the 
friendship and support of Andrea Hubbard, Larry Vernetti, 
Pam Shubat, Nancy Shipp and Sue Conners. The number of 
other students and laboratory personnel I have had the 
pleasure of meeting and working wi th are too numerous to 
name, however their friendship and assistance is 
appreciated. 

I would like to thank my parents for their never 
ending support and belief in my abilitities. I extend a 
special thanks to Tucson's finest; Ron Thompson, John Meech 
and Layton Dickerson for their friendship and support. And 
finally a special thanks to Mark Hogan for sharing his life 
and providing me with emotional and financial support which 
allowed me to grow as a person as well as a scientist. 



6 

TABLE OF CONTENTS 

Page 

·LIS'!' 0[<' ILLUSTRATIONS •...•.•....•.......•..•••.•.•....•... 9 

LIST OF TABLES ......••...•.....•.........••...•.......... 12 

ABSTRACT ....••.....••...••.............•..•.............. 14 

I NTRODUCT I ON .•••.••.••..•.••..•..•••••.•..••••••.•••.•••• 16 

Suceptibility of the Kidney ..........••••........... 17 
Metabolism by the Kidney ............................ 20 
In Vitro systems to Study Nephrotoxicty .••.......... 21 
Postulated Mechanisms for Regioselective Damage ..... 23 
Organic Nephrotoxins .............•....•.••....•.•... 24 
DCVC •.•••••••••••••..••••••.•.•.•••.•••••••••••••.•• 28 

Metabolism of DCVC ................•............. 31 
Transport of DCVC ......•.......•...•.•..•.....•. 32 
Subcellular Targets ..............•.............. 32 

A~alogs of DCVC •••••••••••.•••••••••••.••.•••••••••• 33 
Renal Cortical Slices as a Model System .......•..... 35 
Statement of the Problem ..................•.....•... 39 

MATERIALS AND METHODS •.........•..............•......•... 41 

Chemicals ........................................... 41 
Buffers and Media ................................... 42 
Preparation of Renal Slices ...•..•.....•.......•.... 43 

An i rna 1 s •••••••••.•••.••••••••••••••••••••••••••• 4 3 
Slice Preparation ............................... 44 
Incubation Systems ......•..•...............•.... 44 

Exposure of Slices .................................. 45 
Biochemical Assays .................................. 46 

Potassium Analysis .......••...••.....•.•..••.... 47 
DNA Analysis ................................... o47 
Intracellular Enzymes ....•....••................ 48 
ATP Content .••....•........................•...• 49 
Oxygen Consumption ............•................• 50 

Functional Assays ................................... 51 
Steady state Organic Ion Accumulation ........... 51 
Kinetic Accumulation of PAH ..................... 52 

3 5 
Uptake of S-DCVC .............................. 53 
Competition for Uptake of 35S-substrates ........ 54 

a-lyase Activity ................................ 54 
Histopathological Techniques ........................ 55 

Light Microscopy ................................ 55 
Electron Microscopy ............................. 58 
Autoradiography ................................. 58 

Experimental Design of Inhibitor Studies ............ 61 



7 

Covalent Binding .................................... 62 
Continuous versus Pulsed Exposure to DCVC ..•..•...•• 63 
In Vivo Toxicity of D-DCVC and L-DCVC ......•••.....• 63 
Statistical Analysis ..•.•....•...•.••.••.••••.•••... 64 

RESULTS •••..•••••••••••••.••••••••••••••••••••••••••••••. 65 

Chapter 1: Characterization of Renal Cortical Slices as a 
Model for Organic Nephrotoxins .••••...•••..... 65 

Biochemical and Structural Integrity of Incubated 
Slices .............................................. 65 
In Vitro Exposure of Renal Cortical Slices .......... 70 

Cephaloridine ................................... 70 
Gentamicin ...................................... 77 
Hexachlorobutadiene (HCBD) ..•.•.•..••.•.....•... 77 
S-(1,2-dichlorovinyl)-L-cysteine (DCVC) ......•.. 87 

Chapter 2: Further Delineation of DCVC-induced Toxicity .. 95 
Alterations in Intracellular Enzymes ................ 95 
Alterations in Energy Status .....•......•••.•...•... 98 
Toxici ty of Continuously Exposed Slices versus Short 
Term Exposures .........................•..•........ 101 
Progression of Cellular Events in Slices Exposed to 
DCVC .•.•••..••.•..••..••.••.•....••.•••••.••.•..••. 1 05 

Chapter 3: Transport and Metabolism .......•...•...•..... 109 
Transport via the Organic Anion System ..•.......•.. 109 
Characteristics of DCVC uptake ........•............ 113 
Evidence for Transport via an Amino Acid Transport 
System ............................................. 117 
a-lyase Activity in Renal Cortical Slices .......... 117 
Inhibition of Toxicity by AOAA .......••...•..•..... 120 
Covalent Binding of DcvC ............•.............. 125 
Localization of DCVC in Renal Cortical Slices ...... 125 

Chapter 4: Analogs of DCVC .....•.•.........•..•......... 130 
Toxicity of N-acetyl-DCVC .......•.•.•.......•...... 130 
Transport of N-acetyl-DCVC ...........••..•......... 135 
Metabolism of N-acetyl-DCVC .....•...•.............. 137 
O-DCVC ............................................. 141 

DISCUSSION .............................................. 154 

In Vitro Exposure of Renal Cortical Slices to Organic 
Nephrotoxins ....................................... 155 

Indicators ..................................... 155 
Cephalor idine ...... _ ........................... 157 
Gentamicin ..................................... 159 
Hexachlorobutadiene ............................ 160 
S-(1,2-dichlorovinyl)-L-cysteine ............... 162 

Transport of DCVC .................................. 166 
Metabolism of DCVC ................................. 169 



8 

Role of N-acetylation in DCVC Toxicity ............. 170 
Toxicity of the Optical Isomer D-DCVC ••............ 174 
Localization of Injury to the S3 Segment ......•.... 175 
Progression of Events in DCVC Toxicity .••...•.•.... 180 
Future Di rections .................................. 181 

APPENDIX: LIST OF ABBREVIATIONS ...........•............ 185 

REFERENCES ••.•••••.••••.•.•••••••.••.•••..••.•.•.••••... 188 



9 

LIST OF ILLUSTRATIONS 

Figure Page 

1. Metabolism of S-substituted Glutathione 
Conjugates .......... ' ............................. . 30 

2. Postulated Mechanism of DCVC Induced 
Nephrotoxicity ....................... ., ............ 34 

3. Localization of Cell Types within the Renal Cortical 
Slice ............................................. 59 

4. Histopathology of Renal Cortical Slices Incubated 
for 2 or 4 hr In Vitro ............................ 69 

5. Intracellular K+ Content of Renal Cortical Slices 
Exposed to Cephaloridine •••••.•.•••.••..•..••.••.• 71 

6. Intracellular LDH Content of Renal Cortical Slices 
Exposed to Cepha1oridine ••.••.•..•..••.•..•...•... 72 

7. Inhibi tion of the Steady state Accumulation of PAH 
in Renal Cortical Slices Exposed to Cephaloridine.73 

8. Inhibi tion of the Steady state Accumulation of TEA 
in Renal Cortical Slices Exposed to Cephaloridine.74 

9. Histopathology of Renal Cortical Slices Exposed to 
C~phaloridine for 24 hr •.••.••..•••••••••..•••.... 75 

10. Intracellular K+ Content of Renal Cortical Slices 
Exposed to Gentamicin •.••...••••.•.•.•....•..•..•• 78 

11. Histopathology of Renal Cortical Slices Exposed to 
Gentamicin for 24 hr .............................. 79 

12. Intracellular K+ Content of Renal Cortical Slices 
Exposed to HeaD ................................... 81 

13. Intracellular LDH Content of Renal Cortical Slices 
Exposed to HCBD •..•.......•..•.•.•.•.•....•.....•. 82 

14. Inhibition of the Steady State Accumulation of PAH 
in Renal Cortical Slices Exposed to HCBD .......... 83 

15. Inhibition of the Steady State Accumulation of TEA 
in Renal Cortical Slices Exposed to HCBD .•........ 84 

16. Histopathology of Renal Cortical Slices Exposed to 
HeBD for 12 hr .................................... 85 



10 

17. Intracellular K+ Content of Renal Cortical Slices 
Exposed to DCVC .................•....•............ 89 

18. Intracellular LDH Content of Renal Cortical Slices 
Exposed to DCVC ••......•.•...•.•..••.•.....•...••. 90 

19. Inhibi tion of the Steady State Accumulation of PAH 
in Renal Cortical Slices Exposed to DCVC •.•....... 91 

20. Inhibi tion of the Steady Stata Accumulation of TEA 
in Renal Cortical Slices Exposed to DCVC •.......•. 92 

21. Histopathology of Renal Cortical Slices Exposed to 
Deve for 12 hr .................................... 93 

22. Effects of DCVC on the Intracellular Levels of the 
Cytosol ic Enzyme LDH and the Brush Borde r Enzymes 
GGT and ALP ..••..•...••.••..•.•••..•••.•••.•••.••• 96 

23. Micrographs of Renal Cortical Slices Stained with 
Periodic Acid - Schiff's •.........•.•....•.....•.. 97 

24. Electron Micrograph of a Slice Exposed to 5xl0- 5 M 
DCVC for 8 hr .................................... 102 

25. Electron Micrographs of a Control Slice Incubated 
for 6 hr and a Slice Exposed to 5xl0- s M DCVC for 6 
hr ............................................... 103 

26. The Effect of Probenecid on the Accumulation of PAH 
in Renal Cortical Slices .•..........•.....•...••. ll0 

27. The Effect of DCVC on Kinetic Accumulation of PAH in 
Renal Cortical Slices ..............•...•.....•... 112 

28. Time Course of DCVC Uptake in Renal Cortical 
Slices ................................. G ••••••••• 114 

29. Concentration Dependence of DCVC Uptake in Renal 
Cortical Slices .................................. 115 

30. Edie-Hofstee plot of DCVC uptake ................. 116 

31. Inhibition of Renal Cortical Slice ~-lyase activity 
by DCVC and ADAA ...•............•......•.•••..••. 121 

32. Effect of ADAA on DCVC Toxicity in Renal Cortical 
Slices: Intracellular K+ ......................... 122 

33. Effect of ADAA on DCVC Toxicity in Renal Cortical 
Slices: Intracellular LDH ........................ 123 



11 

34. protection from DCVC Toxicity by AOAA .•...•...••. 124 

35. Total and Covalently Bound DCVC in Slices Exposed to 
5xlO- s

M DCVC ....................... "' ............. 126 

36. Autoradiograms of Slices Exposed to 35S-DCVC ..•.. 128 

37. Intracellular K+ Content of Renal Cortical Slices 
Exposed to N-acetyl-DCVC ...............•.......•. 131 

38. Intracellular LDH Content of Renal Cortical Slices 
Exposed to N-acetyl-DCVC ..........•.••••....•.... 132 

39. Histopathology of Renal Cortical Slices exposed to 
N-acetyl-DCVC for 12 hr .....•.....•.........•.... 133 

40. Effect of Probenecid and AOAA on N-acetyl-DCVC 
Toxicity in Renal Cortical Slices: 
Intracellular K+ .........•.....................•. 139 

41. Effect of Probenecid and AOAA on N-acetyl-DCVC 
Toxicity in Renal Cortical Slices: 
Intracellular LDH .....••...............•......••. 140 

42. Total and covalentl¥ Bound N-acetyl-DCVC in Slices 
Exposed to 5x10- M N-acetyl-DCVC: Effect of 
Probenecid ....................................... 142 

43. Total and Covalently Bound N-acetyl-DCVC in Slices 
Exposed to 5x10-5M N-acetyl-DCVC: Effect of AOAA.143 

44. Protection from N-acetyl-DCVC Toxicity by probenecid 
and AOAA ••••••••••••••••••••••••••••••••••••••••• 144 

45. Intracellular K+ Content of Renal Cortical Slices 
Exposed to D-DCVC ..•.•.•..•....•.•............... 148 

46. Intracellular LDH Content of Renal Cortical Slices 
Exposed to D-DCVC ....•.•.......•••.•......•....•• 149 

47. Histopathology of Renal Cortical Slices Exposed to 
D-DCVC for 12 hr ................................. 1S0 

48. Histopathology of Renal Cortical Slices Taken from 
Animals Exposed in Vivo to L-DCVC or D-DCVC for 
48 hr ............................................ 153 

49. Renal Metabolism of DCVC ......................... 171 



12 

LIST OF TABLES 

Tables Page 

1. Selective 5i tes of Action of Agents Toxi c to the 
Proximal Tubule In Vivo ..•..•........•......•..••. 19 

2. Assays to Determine the Viability and Toxicity of 
Renal Cortical Slices ....•..••.•..••...•.....•...• 36 

3. Locations of Renal Tubular Enzymes .••...••........ 38 

4. Maintenance of Intracellular K+ and LDH in Renal 
Cortical Slices ................................... 66 

5. Maintenance of Energy Status in Renal Cortical 
Slices ............................................ 67 

6. Maintenance of Functional Parameters in Renal 
Cortical Slices .................................... 68 

7. Effect of DCVC on Oxygen Consumption in Renal 
Cortical Slices ................................... 99 

8. Effect of DCVC on ATP Content in Renal Cortical 
Slices ........................................... 100 

9. Time Course of Toxicity in Slices Exposed 
Continuously to DCVC versus Slices Exposed for 30 
min or 1 hr: Intracellular K+ .•••.•............•. 106 

10. Time Course of Toxicity in Slices Exposed 
Continuously to DCVC versus Slices Exposed for 30 
min or 1 hr: Histological Damage .•............•.• 107 

11. Progression of Cellular Events in Slices Exposed to 
DCVC •••.•••••••..••..•..•.•.••••.••.•••.•••••••.. 108 

12. Lack of Inhibition of DCVC Toxicity in Renal 
Cortical Slices by Probenecid .................... 111 

13. Inhibition of L-DCVC uptake in Renal Cortical 
Slices ........................................... 118 

14. Effects of Selected Amino Acids and Cysteine 
Conjugates on the Toxicity of DcvC ............... 119 

15. Effect of DCVC and N-acetyl-DCVC on Kinetic 
Accumulation of PAH .............................. 136 

16. Inhibition of N-acetyl-DCVC Uptake in Renal Cortical 



17. 

Slices ••••••• 

A Compa rison 
L-DCVC ••••••• 

of the In Vivo Toxici ty of D-DCVC 

13 

.138 

and 
.152 



14 

ABSTRACT 

The proximal tubule of the kidney is a target for a 

wide variety of chemical agents, both inorganic and organic. 

An in vitro model to investigate the site-specific toxicity 

of organic nephrotoxins was developed and validated using 

biochemical, functional, and histological parameters. The 

in vitro toxicity of cephaloridine, gentamicin, hexachloro

butadiene and S-(1,2-dichlorovinyl)-L-cysteine (DCVC) was 

investigated and the histopathological lesions induced in 

vi tro were compared to those observed in vivo. All four 

organic nephrotoxins induced a proximal tubular lesion 

similar to that observed in vivo. 

DCVC was chosen for additional study. After 

determining the progression of cellular events resul ting 

from DCVC exposure, the transport, metabolism and 

localization of DCVC was investigated. DCVC was found to be 

transported into the proximal tubule via an amino acid 

system rather than the postulated organic anion system. 

Aminooxyacetic acid (an inhibitor of ~-lyase activity) 

partially inhibited the the covalent binding and toxicity of 

DCVC indicating that metabolism of DCVC by ~-lyase to a 

reactive thiol is partially responsible for the toxicity. A 

second enzyme system (L-amino acid oxidase) may playa role 

in the resulting nephrotoxicity. DCVC is localized to the 

proximal tubule and mitochondria appear to be the 
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subcellular targets. The site-specific 53 lesion produced 

by DCVC may be attributed to innate susceptibility of the 53 

region. 

The chemical form of a toxin may affect the transport 

and metabol ism of that compound. The N-acetyla ted 

derivative of DCVC is an anion and was shown to be 

transported by the organic anion system. Probenecid, an 

inhibitor of organic anion transport, almost completely 

inhibited the toxicity of N-acetyl-DCVC. N-acetyl-DCVC 

produced a lesion similar to that produced by DCVC. 

N-acetyl-DCVC is not metabolized by ~-lyase and thus must be 

deacetylated to DCVC prior to being metabolized and 

producing toxicity. The optical isomer of DCVC, D-DCVC, 

proved to be less toxic yet exhibited the same selecticity 

of injury as DCVC. 

This research demonstrates that an in vitro model 

which reflects the in vivo toxicity of a compound can be 

utilized to study the mechanisms (transport, metabolism and 

localization) of selective injury. 
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INTRODUCTION 

The kidney is a major site for drug and chemical 

related target organ toxicity. A wide variety of chemical 

agents can induce acute renal damage including: metals, 

organic solvents, analgesics, antibiotics, radiocontrast 

materials, insecticides and natural products. Researchers 

have endeavored to find common patho-physiological mecha

nisms leading to acute renal failure in hopes that a better 

understanding of nephrotoxicity will serve to provide a 

basis for improved screening of potential nephrotoxins and 

improved prevention and management of clinical 

nephropathies (Bach and Lock, 1987). 

The 

logically 

kidney consists of a large number of morpho

and biochemically distinguishable cell types. 

Unique properties of the individual cell types render them 

specifically sensitive to toxic insult. Injury by chemical 

agents is often localized to specific regions, the proximal 

tubule most often being affected (Weinberg, 1985; Hook and 

Smith, 1985; Table 1), however, mechanisms for regio

selective injury remain largely unknown. 

In vivo studies have traditionally been utilized to 

assess the severity and specificity of toxicity of a 

compound towards a target organ whereas in vi tro studies 

have been used to determine the mechanism of previously 

described toxicity. Renal slices have been used here in an 



17 

effort to bridge in vivo and in vitro approaches to nephro

toxicity. Dose and time responses to a compound as well as 

the location of a pathological lesion can be assessed with 

in vitro slices. In addition, slices can be manipulated in 

numerous ways to investigate mechanisms of toxicity. 

Susceptibility of the Kidney 

The primary function of the kidney is the excretion 

of wastes and the maintenance of total body homeostasis. 

Among other functions, the kidney regulates extracellular 

volume, controls electrolyte and acid/base balance and 

produces hormones (Hook and Hewitt, 1986). 

The structure and function of the kidney renders it 

susceptible to toxic injury by drugs and chemicals. The 

kidney receives 20-25% of cardiac output but comprises less 

than 1% of total body mass. The renal cortex receives 90% 

of the blood flow, whereas the medulla is perfused by only 

10% of blood flow (Valtin, 1983). Any toxicant carried in 

the blood will be delivered to the kidney in significant 

amounts relative to other organs. In addition, the concen

tration of a toxicant may increase in the tubule as sal t 

and water are reabsorbed along the length of the tubule. A 

normal kidney selectively reabsorbs approximately 98-99% of 

salts and water (Hook and Hewitt, 1986). 

and 

Anatomically the 

the medulla. The 

kidney is composed of the cortex 

renal cortex, which contains the 
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glomeruli, proximal and distal tubules, is highly vascular, 

receives high blood flow and contains many active transport 

processes (Rush et aI, 1984). The specialized functions of 

the proximal tubule make it particularly prone to toxic 

insult. Solutes (sodium, potassium, chloride, bicarbonate, 

organic ions, and sugars) can be reabsorbed by passive or 

active mechanisms. Since proximal tubules have the 

capability to secrete organic anions and cations, both 

reabsorption and secretion of chemicals can result in 

increased concentrations of toxicants wi thin the proximal 

tubular cell (Mudge, 1985 )-. The exact location of each 

transport system varies from species to species, although 

the essential functions (rebsorption and secretion) appear 

to be the same (Berndt, 1982). 

The proximal tubule is subdivided into a convoluted 

and a straight portion. Ultrastructurally these portions 

can further be divided into three segments: S1' S2 and S3 

(Kai ssling and Kriz, 1979). The transi tion from S1 to S2 

occurs within the convoluted portion; the transition from 

S2 to S3 occurs wi thin the straight portion. The 

transitions are gradual, 

functional differences exist 

however 

between 

morphological 

the segments. 

and 

The 

anatomical differences include variations in mitochondria, 

lysosomes, distribution of endoplasmic reticulum, heights 

of brush borders and thickness of basal lamina (Kaissling 

and Kriz, 1979). Functionally, the S1 and S2 segments are 



Table 1 

SELECTIVE SITES OF ACTION OF AGENTS 
TOXIC TO THE PROXIMAL TUBULE IN VIVO 

CONVOLUTED PROXIMAL TUBULE 
Aminoglycosides 

Chromate 

Cephaloridine 

Citrinin 

Ethylene dibromide 

From Weinberg (1985) 

STRAIGHT PROXIMAL TUBULE 
cyclosporine 

Mercuric ion, uranyl 

Cis-platinum 

Bromobenzene 

Dibromochloropropane 

Carbon tetrachloride 

Hexachloro-1,3-butadiene 

Acetaminophen 

Maleic acid 

Dichlorovinylcysteine 

19 
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the primary sites for the reabsorption of sugars and amino 

acids (Hook and Hewitt, 1986). The straight segments 

contains considerable secLetory activity. A gradual 

decrease in sal t reabsorpti ve capaci ty is also obse rved 

along the proximal tubule. The abili ty to biotransform 

toxicants may also be localized to specific regions (see 

next section). The anatomical and functional heterogeneity 

may account for the susceptibility of specific regions of 

the kidney to n~phrotoxins. 

Metabolism by the kidney 

Once delivered to the kidney a chemical may act 

directly or indirectly to produce a toxic response. 

Metabolism may occur via several vastly different pathways. 

Cytochrome P-450 (mixed function oxidase activity) is 

present primarily in the cortical regions with a cortico

papillary gradient being evident (Zenzer, Mattammal and 

Davis, 1978). Furthermore, the cortical cytochrome p-450 

activity is not equally distributed. It appears that 

activity is limited to the S2 and S3 segments (Dees et aI, 

1982) . Al though renal cytochrome P-450 content is 

generally only 10-20% of that seen in the liver it has been 

suggested that numerous chemicals are metabolized via this 

pathway to toxic metabolites. Among the chemicals 

postulated to be activated by the renal cytochrome P-450 

system are acetaminophen (Jones et aI, 1979; Ross et aI, 
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1980; Newton, Bailie, and Hook, 1983), chloroform (Smith 

and Hook, 1984) and cephaloridine (McMurtry and Mitchell, 

1977). 

prostaglandin endoperoxide synthetase converts 

arachadonic acid to the hydroxyendoperoxide PGH 2 • During 

this conversion structurally unrelated compounds can be co

oxygenated (Marnett, Wlodawer and Samuelsson, 1975). 

Prostaglandin endoperoxide synthetase 

primarily to the medulla, with much lower 

is localized 

concentrations 

being present in the cortex (Zenzer, Mattammal and Davis, 

1978) . Acetaminophen is among the chemicals shown to be 

co-oxygenated by this mechanism (Mohandas et aI, 1981). 

Glutathione conjugates formed in the liver can be 

cleaved by y-glutamyltransferase and dipeptidases (removing 

the glutamyl and glycine residues) to yield corresponding 

cysteine S-conjugates (Monks and Lau, 1987). Cysteine 

conjugates can then be detoxified by N-acetylation 

(mercapturic acid formation) or alternatively they may be 

metabolized by cysteine conjugate j3-lyase to an unstable 

reactive thiol (Tateishi, Susuki and Shimizu, 1978). This 

activation system has been implicated in the toxicity of 

numerous halogenated hydrocarbons (Elfarra and Anders, 

1984). 

In Vitro Systems to study nephrotoxicity 

In vitro systems have been utilized to study toxic 
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compounds under rigidly controlled conditions. These 

systems are devoid of many of the variables inherent in 

whole animal studies, such as blood flow, hormonal factors 

and nervous system controls (Acosta et"al, 1985). Systems 

utilized to study the kidney include the isolated perfused 

organ (Ross et aI, 1980), renal sl ices (Rose, Bianchi and 

Schuette, 1985), isolated proximal tubules (Brendel and 

Meezan, 1975), primary cell suspensions and cultures (Jones 

et aI, 1979), and established cell lines (Schaeffer and 

Stevens, 1987a). 

Each of these systems has its advantages and di s

advantages. The isolated perfused kidney, being an intact 

organ, maintains structural integrity however this system 

suffers from limited viability and the lack of repro

ducibility. Isolated proximal tubules and primary cultures 

also have limited viability but have proven useful in short 

term toxicity studies. Established cell lines can be 

maintained indefinitely however they lose many of their 

differentiated functions associated with intact tissue. 

Renal slices were chosen as an experimental model as 

they can be maintained for at least 24 hr. Advantages of 

precision cut renal slices (Ruegg, 1987a) as an 

experimental model are as follows: 1) easy to prepare and 

no need for harsh mechanical or enzymatic treatment, 2) 

easy to manipulate, 3) maintain cell-cell contacts wi thin 

original tissue matrix, 4) are free from the influence of 
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blood flow, concentration mechanisms and hemodynamic 

feedback, 5) a large number of samples (100 plus) can be 

obtained from a single animal, 6) both biochemical and 

histological analyses can be performed and correlated, 7) 

site-specific damage can be assessed (Ruegg et aI, 1987b). 

Disadvantages include heterogeneity of cell types which may 

mask biochemical changes and degeneration of tissue after 

24-30 hr. 

Results obtained from in vitro systems must be 

interpreted with care as these systems may not mimic all in 

vivo parameters. For instance, concentration along the 

tubular length may contribute to a high level of compound 

in the 53 region, yet this type of concentration effect can 

not be mimicked by most in vitro systems. 

A key to the use of in vitro systems is whether or 

not the toxicity profiles observed correlate with what 

actually occurs in vivo. The precision-cut renal slice 

system proved to correlate well to in vivo resul ts when 

intoxicated with inorganic compounds such as mercuric 

chloride and potassium dichromate (Ruegg et aI, 1987c). 

The lesions induced in vitro were specific for the same 

regions as animals exposed in vivo. 

Postulated Mechanisms for Regioselective Damage 

Although all cell types of the kidney are 

susceptible to damage by various nephrotoxins the proximal 
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tubule appears to be sensitive to the majority of these 

toxins (Table 1). This susceptibility has been postulated 

to be due to four factors, 1) concentration of a compound 

by passive diffusion, 2) ischemia due to altered renal 

hemodynamics, 3) local metabolism of compounds, and 4) 

selective accumulation of compounds by active mechanisms 

(Ishmael, Pratt and Lock, 1982). In addition, we must 

consider the possibility of innate susceptibility; the 

presence of intracellular sites which are particularly 

prone to injury. 

The chronology of toxicity is dependent on several 

factors: the potency of the toxin, the concentration of 

the toxin and how widespread the damage may be. The extent 

of injury reflects the availability of susceptible cells. 

The renal slice system allows us sufficient time to study 

compounds that exhibit acute and subchronic time frames of 

toxicity. 

Organic Nephrotoxins 

Once in the kidney, a chemical may act directly or 

indirectly to produce a toxic response. Three independent 

mechanisms have been envisioned for chemicals inducing 

renal damage (Rush et aI, 1984). 1) A chemical may enter 

renal cells and interfere directly with an essential 

metabolic or functional process, 2) a chemical may be 

metabolized to a highly reactive intermediate that may bind 
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covalently or initiate lipid peroxidation or 3) a chemical 

may be metabolized by extrarenal enzymes to a stable 

metabolite that may enter the systemic circulation. Once 

in the kidney the stable metabolite may result in toxicity 

by either mechanism I or 2. 

Once wi thin a cell, a toxicant produces damage by 

disrupting essential metabolic and biochemical functions 

such as mitochondrial respiration, membrane transport and 

integrity, and calcium flux (Hook and Smith, 1985). 

Detoxification of chemicals and repair capacity of affected 

cellular consti tuents balance the ul timate toxic response 

that is observed. 

Organic nephrotoxins thought to induce direct damage 

include cephaloridine and gentamicin (Rush et aI, 1984). 

These compounds are selectively transported and accumulated 

within target tubules, although this occurs by different 

mechanisms (Tune, Fernholt and Schwartz, 1974; Kaloyanides, 

1984). 

Examples of compounds that undergo intra renal 

metabolism include chloroform and S-(1,2-dichlorovinyl)-L

cysteine (DCVC). Chloroform is metabolized by cytochrome 

P-450 to phosgene which subsequently covalently binds 

macromolecules. Unfortunately chloroform activation and 

nephrotoxicity is species dependent, being observed only in 

male mice (Hook and Smith, 1985). DCVC is activated by 

t3-lyase to a toxic thiol which can also covalently bind 



26 

macromolecules, however this reactive product appears to be 

formed in most laboratory animals. 

Sequential organ metabolism, the formation of a 

metabolite in the liver and subsequent translocation to the 

kidney, has been postulated for acetaminophen, bromobenzene 

and hexachlorobutadiene (Rush et aI, 1984; Lau, Monks and 

Gillette, 1984; Nash et aI, 1984). All of these compounds 

are then proposed to undergo sequential renal metabolism: 

acetaminophen by cytochrome p-450 or prostaglandin 

endoperoxide synthetase metabolism, bromobenzene by 

cytochrome P-450 metabolism and glutathione conjugate 

processing, and hexachlorobutadiene by glutathione 

conjugate processing and ~-lyase activation. 

The first objective of these studies was to 

determine if known organic nephrotoxins produced similar 

toxicity in an in vitro system as was shown to be caused by 

in vivo administration of a compound. Four organic 

nephrotoxins were 

hexachlorobutadiene 

chosen; cephaloridine, gentamicin, 

and S-(1,2-dichlorovinyl)-L-cysteine. 

When administered in vivo all four of these compounds cause 

necrosis of the proximal tubules (Silverblatt, Turck and 

Bulger, 1970; Houghton et aI, 1976; Ishmael, Pratt and 

Lock, 1982; Hassall, Gandolfi and Brendel, 1983). 

Cephaloridine is a 

antibiotic. Cephaloridine 

tubular damage as it is 

broad-spectrum cephalosporin 

is believed to cause 

actively transported 

proximal 

into the 
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proximal tubule via the organic anion system and 

accumulates in these cells since secretion across the 

luminal membrane to the tubular lumen is minimal (Tune, 

Fernholt and Schwartz, 1974; Tune and Fernholt, 1973). The 

high concentration of drug in these cells correlates with 

the pathological lesion which manifests as extensive damage 

to all portions of the proximal tubule with the exception 

of the first few convolutions (Silverblatt, Turck and 

Bulger, 1970). 

Gentamicin is an aminoglycoside antibiotic. Genta

micin apparently undergoes a multistep uptake process on 

the apical side of proximal tubules resulting in the uptake 

and concentration of gentamicin within the lysosomes 

(Saito, Inui and Hork, 1986). Resulting alterations 

include phospholipidosis of the proximal tubular cells 

(Kaloyanides, 1984) and subsequent necrosis (Houghton et 

aI, 1976). 

Hexachlorobutadiene (HCBD) is 

chlorination of hydrocarbons in the 

perchloroethylene, trichloroethylene 

a byproduct of 

manufacture of 

and carbon 

tetrachloride and has become a widespread envi ronmental 

pollutant (Rush et aI, 1984). The proposed mechani sm for 

HCBD toxicity is that of enzymatic conjugation with 

glutathione followed by renal metabolism to a cysteine 

conjugate (Nash et aI, 1984). The enzyme, f3-lyase, is 

responsible for the cleavage of cysteine, leaving a 
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postulated reactive thiol product. In vivo HeBD produces 

damage ini tially to the straight portion of the proximal 

tubule, with subsequent damage to all proximal tubules 

(Ishmael, Pratt and Lock, 1982). 

In the late 1950's trichloroethylene-extracted soy-

bean oil meal was observed to cause aplastic anemia in 

cattle. McKinney et al (1959) postulated that trichloro-

ethylene reacted with cysteine residues in the meal to 

produce S-(1,2-dichlorovinyl)-L-cysteine (DeVe), the agent 

responsible for toxicity. Subsequent studies found Deve to 

cause primarily renal tubular necrosis in the rat, mouse, 

guinea pig, rabbit, cat and dog (Terracini and Parker, 

1965) with no evidence of bone marrow changes. Further 

studies showed that Deve was metabolized by f3-lyase to 

pyruvate, ammonia, and a reactive product (Anderson and 

Schultze, 1965a; Stonard and Parker, 1971). Deve has since 

become a model cysteine conjugate due to its being a potent 

and specific nephrotoxin causing injury to the proximal 

tubule both in vivo and in vitro (Elfarra, Jacobson and 

Anders, 1986a; Elfarra, Lash and Anders, 1986b; Lash and 

Anders (1986a). 

Deve 

neve was selected for study due to its potency, 

specificity and the ability to represent a common mechanism 

for any compound which undergoes glutathione conjugation. 
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The formation of mercapturic acids represents a 

major route of detoxification of a wide variety of reactive 

electrophiles. (Duffel and Jakoby, 1982). Mercapturate 

formation requires four distinct steps: 1) thioether 

formation wi th glutathione, catalyzed by glutathione 

transferases or occurring spontaneously, 2) transfer of the 

y-glutamyl group of the GSH moiety, catalyzed by y-glutamyl 

transpeptidase, 3) cleavage of glycine by dipeptidases, 4) 

N-acetylation of the remaining thioether of cysteine, 

catalyzed by N-acetyl transferases (Figure 1) . The 

activities of the enzymes that catalyze mercapturate 

formation are higher in kidney than in liver with the 

exception of glutathione tranferase activity (Tate, 1980). 

Detoxification of xenobiotics appears to be diverted 

between the 3rd and 4th steps by an enzyme known as 

cysteine conjugate l3-lyase. This enzyme cleaves cysteine 

conjugates into reactive products which may damage cells. 

The result of this diverted pathway is then toxicity rather 

than excretion. 

Many nephrotoxins, particularly halogenated hydro

carbons, are metabolized by this diverted pathway. HCBD, 

tetrafluoroethylene, chlorotrifluoroethylene and bromo

benzene have all been postulated to be metabolized in this 

manner (Elfarra and Anders, 1984). More recently, 

compounds of different classes, such as acetaminophen, have 

been proposed to be activated by this pathway. DCVC serves 
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as a model for the final step in the activation process, 

the conversion of a cysteine conjugate to a reactive 

product. 

Metabolism of DCVC 

DCVC is metabolized to its ultimate toxic species, a 

reactive thiol, by cysteine conjugate a-lyase (Anderson and 

Schultze, 1965a). This reaction has been shown by several 

investigators to playa role in the nephrotoxicity of DCVC 

(stevens, Hayden and Taylor, 1986; Lash and Anders, 1986a; 

Lash, Elfarra and Anders, 1986b). The reactive thiol is 

postulated to covalently bind to macromolecules (proteins 

and DNA) in order to produce toxicity. a-lyase activity is 

present in bovine liver (Anderson and Schultze, 1965a), in 

rat liver and kidney (Dohn, 1982), rabbit kidney, and in 

many species of bacteria (Larson, 1985). The enzyme has 

been isolated, purified and characterized (Stevens and 

Jakoby, 1983; Stevens, 1985; Lash, Elfarra and Anders, 

1986c; Stevens, Robbins and Byrd, 1986b). The enzyme is 

present in both the cytosol and mitochondrial fractions and 

appears to have multiple forms. The enzyme catalyzes a 

a-elimination reaction which resul ts in cleavage between 

the a-carbon of cysteine and sulfur. This enzyme has been 

shown to be· pyridoxal phosphate dependent (Stevens and 

Jakoby, 1983) and can thus be inhibi ted by 

DL-propargylglycine and aminooxyacetic acid, inhibitors of 



32 

pyridoxal phosphate-dependent enzymes (Beeler and 

Churchich, 1976; Washtien, Cooper and Abeles, 1977). These 

inhibitors have proven to decrease the toxicity of DCVC in 

vivo and in vitro (Elfarra, Lash, and Anders, 1986b; Lash 

and Anders, 1986a; Lash, Elfarra and Anders, 1986b). 

Transport of DCVC 

In order for a chemical to produce toxicity it must 

first be taken up by the target cells. Two broad systems 

exist in the kidney for the transport of organic anions and 

cations (Somogyi, 1987). In addi tion numerous transport 

systems exist for the uptake of sugars and amino acids. It 

has been shown that in vivo administration of probenecid, 

an inhibitor of organic anion transport, decreases the 

toxici ty of DCVC. Thi s has led to the proposal that the 

organic anion system plays a role in DCVC-induced 

nephrotoxicity (Elfarra, Jakobson and Anders, 1986a; 

Elfarra, Lash and Anders, 1986b). Although there is good 

evidence for the transport of glutathione conjugates in 

isolated kidney cells'by the organic anion system (Lash and 

Jones, 1985), the evidence for the cysteine conjugates 

utilizing this system is less clear. In fact, Schaeffer 

and Stevens (1987a,b) using LLC-PK1 cells have proposed 

that DCVC is taken up by an amino acid transport system. 

Subcellular Ta~gets 

Within the affected cells several potential sub-
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cellular targets exist. These targets include the plasma 

membrane, mitochondria, lysosomes, endoplasmic reticulum 

and the nucleus (Weinberg, 1985). Previous studies have 

shown that mitochondrial respiration is inhibited by DCVC 

(Stonard and Parker, 1971; Lash and Anders, 1986a; Lash, 

Elfarra and Anders, 1986b), indicating that mitochondria 

may be the target within the cell where DCVC exerts its 

toxicity. (Figure 2). 

Analogs of DCVC 

As early as 1965 schultze suggested that the 

D-isomer (optical isomer) of DCVC and the N-acetylated form 

(mercapturic acid) of DCVC were not cleaved by f3-lyase. 

This would suggest that these forms would be less toxic or 

non-toxic. Studies in the LLC-PKl cell line have shown 

that D-DCVC is taken up by the cells but is not metabolized 

by f3-lyase and exhibi ts Ii ttle toxici ty (Stevens, Hayden 

and Taylor, 1986a). In vivo studies by Anderson and 

Schultze (1965b) found the D-isomer to be one half to one 

third as toxic as the L-isomer when given to calves. 

Numerous transport and metabolizing systems demonstrate 

stereospecificity, this may also be true for systems which 

transport and activate DCVC. 

Acetylation of DCVC to the mercapturic acid is the 

major route of metabolism and does not lead to toxicity 

(Bhattacharya and Schultze, 1967). The N-acetyl derivative 
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Postulated mechanism of DCVC induced nephro
toxicity. DCVC must gain access to the inside 
of proximal tubule cell before being 
metabolized by ~-lyase to a reactive thiol 
which can bind to targets within the cell. 
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of DCVC is not a substrate for ~-lyase (Anderson and 

schultze, 1965a; Bhattacharya and Schultze, 1967), however 

both acetylase and deacetylase acti vi ties are present in 

the kidney and as such, N-acetyl DCVC formed either in the 

liver or the kidney can be deacetylated to the toxic DCVC 

form (Weber, Radke and Tannen, 1980; Suzuki and Tateishi, 

1981). 

Renal Cortical Slices as a Model System 

To reach my first objective of correlating the 

toxicity of organic nephrotoxins in vitro and in vivo an in 

vitro system needed to be developed that would allow me to 

investigate not only biochemical al terations but to also 

monitor the development of site-specific lesions. The 

hallmark of the renal cortical slice system utilized in 

these itudies is the ability to identify cell types within 

a slice. 

Renal cortical slices were prepared using a 

mechanical Krumdieck slicer thus eliminating problems 

experienced with other slicing methods [ie. lack of 

reproducibility), (Ruegg et aI, 1987a)]. A battery of 

assays were utilized to assess viability and toxicity of 

renal slices. Listed in Table 2 are those assays used to 

determine biochemical, functional and histopathological 

alterations. 

Intracellular K+ is an indicator of membrane 
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Table 2 

ASSAYS TO DETERMINE THE VIABILITY 
AND TOXICITY OF RENAL CORTICAL SLICES 

FUNCTIONAL HISTOLOGICAL 

intracellular K+ PAH transport Light microscopy 

36 

intracellular TEA transport Electron microscopy 
enzymes 

amino acid 
oxygen consumption transport 

ATP content ~-lyase activity 

Autoradiography 

-, 
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integrity as well as the function of the Na+ /K+ ATPase 

pump. The pump, located in the basolateral membrane, 

functions to maintain electrochemical gradients: high 

potassium inside the cell, high sodium outside the cell 

(Jorgensen, 1986). The gradients provide the force for the 

secondary active transport of glucose, amino acids and 

protons (Cohen, 1986). The energy for secretion of organic 

acids is also derived in this manner. 

Enzymes derived from the kidney can be measured in 

vivo (urine) or in vitro. Enzymes are not uniformly 

distributed in the kidneys and as such can serve as 

indicators of site-specific damage. Listed in Table 3 are 

the tubular locations and the subcellular locations of 

selected renal cortical enzymes. 

Oxygen consumption and ATP content are indicators of 

the general energy status of a slice. Since mitochondria 

are the major energy source for most cells, these measures 

are also an indicator of mitochondrial function. 

PAH and TEA accumulation in kidney cortical slices 

requires intact cellular metabolism and thus these assays 

serve as integrated functional measures. Recent studies 

have shown that PAH uptake is indi rectly coupled to + Na ; 

dica rboxylates are co-transported wi th Na + into the cell 

and subsequently exchanged for extracellular PAH (Shimada, 

Moewes and Burckhardt, 1987). The transporter for PAH is 

located basolaterally and exhibits heterogeneity; PAH 
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Table 3 

LOCATIONS OF RENAL TUBULAR ENZYMES 

ENZYME TUBULAR LOCATION CELLULAR LOCATION 

Alanine aminopeptidase SPT>CPT microsomal/cytosol 

Alkaline phosphatase CPT>SPT>distal brush border 

~-galactosidase SPT>CPT>distal lysosomal 

y-glutamyl transferase SPT>CPT>distal brush border 

Lactate dehydrogenase distal>proximal cytosol 

~-N-acetyl- CPT>SPT = distal lysosomal 
glucosaminidase 

Adapted from Smith and Hook (1982); Stonard (1987) 
SPT - straight proximal tubule 
CPT - convoluted proximal tubule 
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secretion is 3-5 times higher in the 52 segments than in 51 

and 53 segments (Woodhall, 1978; Grantham, 1982). The 

organic cation transporter also exhibits heterogeneity 

(51 )52>5 3 ) of activity (Grantham, 1982). 

Blood urea nitrogen (BUN) is a commonly used indi

cator of glomerular function. An increase in BUN is 

indicative of reduced renal clearance of urea, a breakdown 

product of metabolism. Although this test is commonly used 

clinically it is relatively insensitive (Hook and Hewitt, 

1986). 

Light and electron microscopy are useful tools for 

localizing chemically induced damage. At the light level 

regiospecific damage can be assessed, whereas subcellular 

injury can be examined using electron microscopy. Using a 

radiolabel, the intracellular binding si tes of chemicals 

can be determined by autoradiography. 

5tatement of the Problem 

The purpose of these studies is to determine if the 

renal slice model is a good model for the study of organic 

nephrotoxins. If in vi tro systems are to be used for 

mechanistic studies, processes that occur in vivo must also 

occur in vitro. The toxicity induced by a compound in vivo 

should be mimicked by the compound in vitro. 

The first objective of these studies was to 

determine if four known nephrotoxins, cephaloridine, 
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gentamicin, HcaD and DCVC, exhibited similar toxicity in 

vitro as in vivo. Dose- and time-responses were determined 

for all four organic nephrotoxins in order to assess 

toxicity. Histopathology was performed on slices to 

ascertain the site of damage. From these studies a 

chronology of events can be established and correlation to 

in vivo studies can be attempted. 

After establishing a model, the second objective of 

these studies was to select a compound whose toxicity 

correlated well with observed in vivo toxicity and utilize 

the advantages of an in vi tro system to determine more 

precisely the mechanism of action. Using DCVC as our model 

compound we will investigate the role of transport, 

metabolism and innate susceptibility on the production of 

site-specific nephrotoxicity. 
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MATERIALS AND METHODS 

Chemicals 

L-DCVC was synthesized by the method of McKinney et 

al (1959) and was characterized as described by Gandolfi et 

al (1981). N-acetyl-DCVC was synthesized by acetylation of 

DCVC with acetic anhydride. D-DCVC, synthesized from 

D-cysteine, was a gift from Dr. James stevens (W Alton 

Jones Cell Sci. Ctr., Lake Placid, NY). The D-DCVC was 

characterized by equivalent retention times to L-DCVC on 

reverse phase HPLC (Stevens, Hayden and Taylor, 1986a), 

equivalent Uv-visible spectra (absorbtion maxima ,257 nm), 

and essentially equivalent melting points (157-159°C; 

MCKinney et aI, 1959). The stereospecificity for 

metabolism was determined by L-amino oxidase (from Croteous 

adamantous) and D-amino oxidase (hog kidney) activities 

(Marcotte and Walsh, 1976). S-(2-benzothiazolyl)cysteine, 

the substrate for the ~-lyase assay, was synthesized by the 

method of Dohn and Anders (1982). 

35 S-labeled DCVC and N-acetyl-DCVC we re gi fts from 

Dr. James Stevens (W Alton Jones Cell Sci. Ctr., Lake 

Placid, NY). Specifications of the synthesized material: 

S.A. 24.3 pCi/pmol, 98+% radiochemical purity. The 

N-acetyl DCVC was synthesi zed from the labeled DCVC by 

acetylation using of acetic anhydride in basic methanol. 

Cephaloridine, gentamicin, aminooxyacetic acid, 
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probenecid, paraaminohippurate (PAH), S-methyl-L-cysteine, 

S-ethyl-L-cysteine, S-benzyl-L-cysteine, 2-amino-2-

norbornanecarboxylic acid (BCH), L-leucine, L-phenylalanine 

were obtained from Sigma Chemical Company (st. Louis, MO). 

Hexachlorobutadiene and 2-mercaptobenzothiazole were 

purchased from Aldrich Chemical Company (Milwaukee, WI). 

Tetraethylammonium (TEA) was purchased from Eastman Kodak 

(Rochester, 

specialized 

sections. 

NY) • 14C and 3 H radiolabels and other 

reagents will be described in the following 

All other chemicals were of analytical grade or 

better and were obtained from commercial sources. 

Buffers and Media 

A Krebs-Hepes buffer was utilized in the preparation 

of renal slices and in transport experiments. The buffer 

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

sodium acetate (10 mM), potassium chloride (4.8 mM), 

potassium phosphate monobasic (1.2 mM), calcium chloride 

(2.5 mM), magnesium sulfate (1.2 mM) and HEPES (13 mM, 

Sigma) . 

HEPES 

A mix of the HEPES acid and the sodium salt of 

(60/40) was utilized to obtain a neutral pH. In 

studies of the sodium dependence of transport, equimolar 

calcium chloride replaced the sodium. 

The culture medium utilized in these studies was a 

serum-free mixture of Dulbecco's Modified Eagles and Hams 

Nutrient Mix F-12 (DME-F12). The media was prepared as 
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described by Ruegg (1987a) or purchased from Sigma Chemical 

Company (after 1986). If purchased from Sigma, the media 

was prepared without sodium bicarbonate or phenol red and 

supplemented with HEPES (24 mM final). This medium has 

been utilized to support the growth of renal epithelial 

cells in culture (Taub and Sato, 1980). Serum-free media 

was utilized due to the nature of the incubation system. 

Phenol red was omitted from the media as it has been shown 

to inhibit renal organic acid transport. Media and buffers 

were oxygenated with 95% 02/ 5% CO2 and the pH adjusted to 

7.4 prior to use. 

Potassium borate buffer used in the f3-lyase assay 

was prepared from 0.2 M boric acid (Sigma) and 0.2 M 

potassium tetraborate (Sigma). The two components were 

mixed, the pH adjusted to 8.6, and the buffer was diluted 

to 0.1 M. 

preparation of Renal Slices 

Animals 

Male New Zealand Whi te rabbi ts (1.5 kg to 2.4 kg) 

were purchased from Blue Ribbon Ranch (Tucson, AZ). The 

animals were housed individually in temperature controlled 

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

allowed free access to food (Purina Rabbit Chow) and water. 

Rabbits 

of the 

were killed by a pellet gun discharge to the base 

brain. Kidneys were removed, decapsulated and 
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placed in cold buffer before preparation of the slices. 

with the exception of the one in vivo study animals 

received no treatment before being killed, all exposures 

were carried out in vitro. 

Slice preparation 

Using a piece of stainless steel tubing 7 cm in 

length mounted on a drill press, cylindrical cores (6 mm 

outer diameter) were taken through each kidney along the 

cortico-papillary axis. Cores were sliced perpendicular to 

this axis using a modified version of a mechanical slicer 

(Krumdieck et aI, 1980). This slicer produces slices of 

reproducible thickness (Ruegg et aI, 1987a); slices for 

these studies were appoximately 300 pm thick. The slices 

were cut under oxygenated Krebs-Hepes buffer, pH 7.4. 

Although slices can be prepared from all four major 

zones of the kidney, only cortical slices were utilized in 

these studies as this was the target area for the selected 

compounds. In order to have all cell types of the cortex 

represented in the slice, the first two slices from each 

core were discarded. As many as 100 cortical slices (from 

14 cores) could be obtained from a single rabbit. As 

slices were prepared they were pooled and stored in cold, 

oxygenated Krebs-Hepes buffer until the time of 

experimental exposure (less than 30 min). 

Incubation systems 



45 

Two separate incubation systems were used throughout 

the course of the experiments. The dynamic organ cuI ture 

(Smith et aI, 1985) was utilized solely for exposure of the 

slices to the volatile compound hexachlorobutadiene. This 

incubation system consists of a stainless steel screen and 

2 stainless steel supporting rings. Slices were placed on 

these "rollers" and put into a scintillation vial 

containing 1.7 ml of media. Vials were oxygenated and 

incubated on a modified hot dog roller. 

Exposure to non-volatile compounds were carried out 

in a submersible incubation vessel (Ruegg et aI, 1987a). 

These vessels, contructed of teflon, were filled with 20 

mls of buffer or media. A stainless steel screen, held in 

place wi th an O-ring, was placed on a ledge below the 

surface of the media. Up to eight slices per vessel could 

be placed on the screen and incubated in this manner. 

Oxygenation occured through a gas port in the bottom of the 

vessel. This manner of delivery provided not only constant 

oxygenation but also served to circulate the media. The 

vessels were covered with plastic tubes during incubation 

to protect slices from airborne debris. Short-term 

transport studies were carried out in scintillation vials 

(in a shaking water bath) to prevent the use of excess 

label. 

Exposure of Slices 
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Varying concentrations of DCVC (10- 6 _10- 3 M) , 

cephaloridine (10- 4 -10- 2 M) and gentimicin (10- 3 -10- 2 M) were 

prepared by making a stock solution of the highest 

concentration in DME/F12 medium and diluting the stock 

solution with media to obtain lower concentrations. HCBD 

was solubilized in dimethylsulfoxide and diluted with media 

to designated concentration (final concentration of DMSO 

<1%). Slices were exposed to toxins at room temperature 

(to prevent bacterial overgrowth) over a time course of 

12-24 hr. Concurrent controls (media alone or containing 

solvent) were run at each time point. Slices were removed 

at designated time points for biochemical and histological 

analysis. In a typical time course experiment 5 slices 

would be removed from each concentration at each time 

point. One slice would be designated for histology, the 

remaining slices for biochemical analysis. 

Biochemical Assays 

Slices were removed from the incubation system, 

blotted on a tissue to remove excess media, and placed in a 

an individual microfuge tube containing 0.5 ml deionized 

water. 

disruptor 

Samples were disrupted using a Kontes cell 

(Vineland, NJ) . Intracellular and 

intracellular enzymes were analyzed from the same samples. 

DNA content was quantified to normalize the biochemical 

values. Protein content of the slice was found to be 
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inadequate for 

slices were too 

et aI, 1987a) and normalization (Ruegg 

small (6-7 mg) to reliably measure wet 

be the most reliable weights. As such DNA proved to 

normalizing factor. 

Potassium analysis 

Intracellular K+ 

(Stacey, 1978). A 

was measured by flame photometry 

0.4 ml aliquot from each sample 

homogenate was used to determine intracellular potassium 

and DNA content. Aliquots were transfered from the 

microfuge tube into Falcon 2054 tubes (VWR Scientific, 

phoenix, AZ). Bovine serum albumin (Sigma) was added to 

each sample to help pellet the DNA (0.05 ml of a 5 mg/ml 

solution). Perchloric acid (0.02 ml of 70%) was 

subsequently added to precipi tate the samples. Samples 

were vortexed and centrifuged (1400 x g, 10 min) before 

assaying the supernatant fraction for K+. The pellet was 

saved for DNA analysis. The flame photometer (Model CA-51, 

Perkin-Elmer, Danbury, CT) was set on the urine potassium 

mode and calibrated using standards prepared from potassium 

chloride (Mallinkrodt, Paris, KT). A range of standards 

from 0-1.2 mM were utilized. Sample values were calculated 

by linear regression, and after dilution corrections, 

values were expressed as nmoles K+/pg DNA. 

DNA analysis 

The DNA content of each slice was measured using a 
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fluorometric assay adapted from Kissane and Robins (1958). 

To extract interfering lipid from the samples 3.75 ml of 

acid alcohol (3.65 ml 100% ethanol and 0.1 ml HCI) was 

added to the pellet obtained from the potassium analysis. 

The tubes were capped and shaken horizontally for 30 min, 

the tubes were subsequently placed upright in a 4° C cooler 

for 2-4 hr. After centrifuging (1400 x g, 10 min) the 

samples, the supernatant was discarded and the pellets left 

to dry overnight in a hood. When the samples were dry, 0.1 

ml of a 30% solution of diaminobenzoic acid (Aldrich) was 

added to each tube. Samples were capped and placed in a 

75°C water bath for 35 min. Tubes were removed and allowed 

to cool before adding 1 ml of filtered IN HCl (acid 

enhances the fluorescence of the diaminobenzoic acid - DNA 

conjugate). Samples were vortexed and read on an 

Aminco-Bowman Spectrophotofluorometer (American Instrument 

Co., Silver Spring, MD) set at 410 nm excitation and 500 nm 

emmission wavelengths. DNA (Type 1 trom calf thymus, 

Sigma) standards (0-40 pg) were prepared from a stock 

solution of 0.1 mg/ml (in 1 N ammonium hydroxide to 

increase stability) and carried through the same procedure 

as the samples. The measured values were converted to pg 

DNA by linear regression analysis and after correction for 

volume these values were utilized to normalize all other 

biochemical data. 

Intracellular enzymes 
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Intracellular concentrations, rather than leakage of 

enzymes, were measured due to the small mass of tissue 

compared to the large volume of media (50 mg of tissue in 

20 ml media). Enzyme assays were run (within 24 hr) on the 

remaining 0.1 ml of homogenate left after potassium 

analysis. Intracellular lactate dehydrogenase (LOH), 

intracellular y-glutamyl transpeptidase (GGT) and 

intracellular alkaline phosphatase (ALP) were measured 

spectrophotometrically using Sigma kits 228-10, 418-10, and 

245-10, respectively. Kinetic assays were run on a OU-7 

spectrophotometer (Beckman, Irvine,CA) set at 340 nm (LOH) 

or 405 nm (GGT, ALP). The change in absorbance over 3 min 

was determined and the resul ts we re expressed as uni ts 

enzyme/slice and were normalized with ONA values. One unit 

of LOH activity is defined as that amount of enzyme that 

will catalyze the formation of one micromole of NAOH per 

minute. One unit of GGT activity is defined as the amount 

of enzyme that will catalyze the formation of one micromole 

of p-nitroaniline in one minute, likewise ALP activity 

(unit) is defined as the amount of enzyme required to 

produce one micromole of p-nitrophenol in one minute. 

ATP content 

Slices for 

designated times, 

ATP analysis were incubated for 

removed, blot ted and placed in a 

microfuge tube containing 0.5 ml 5% trichloroacetic acid 
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(TCA) to prevent breakdown of ATP. Samples we re then 

sonicated and centrifuged in a Biofuge B (American 

Scientific Products, McGaw Park, IL) in order to obtain the 

supernatant fraction, which was removed and stored at -80°C 

until analyzed. The pellets were resuspended in 1.25 ml 

acid alcohol and tranferred to Falcon 2054 tubes before 

carrying out DNA analysis. Supernatant fractions were 

thawed on the day of assay and diluted 1 to 200 (0.01 ml 

sample in 2 ml) with 0.025 M Hepes, pH 7.5, in order to 

prevent TCA from interfering with the assay. Aliquots (0.2 

ml) of the diluted samples were transferred to plastic 

cuvettes (Helena Plastics, San Rafael, CA). ATP content 

was determined with a luciferin-luciferase assay (Turner 

Design, Mountain View, CA; Lundin et aI, 1986), utilizing 

0.1 ml luciferin-luciferase per sample. Peak mv output 

from samples was measured on a Luminometer 1251 (LKB -

wallac, Turku, Finland) interfaced with an Apple II 

computer. Resul ts were calculated from a standard curve 

prepared from a 0.01 mg/ml stock ATP (Turner Design). The 

final data was expressed as nmoles ATP/pg DNA. 

Oxygen consumption 

02 consumption was monitored using a Clark-type 

electrode (Yellow Springs Instrument Co., Yellow Springs, 

OR) attached to a chart recorder (Brendel and Meezan, 

1975). The apparatus was calibrated to air or oxygenated 
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buffer (95% °2/5% CO2 ), After incubation slices were 

removed and placed two at a time in a basket constructed of 

stainless steel screen. The basket was positioned at the 

top of the incubation chamber and was adequately exposed to 

the buffer contained in the chamber. The incubation well 

(1.9 ml), which contains the oxygen electrode, was heated 

to 37° C and stirred magnetically. Oxygen consumption was 

moni tored for 5 min, the sl ices were removed and used to 

determine DNA content for normalization. Values were 

expressed as nmoles 02/min/pg DNA. 

Functional assays 

steady state organic ion accumulation 

During the course of an experiment slices were 

removed for the assessment of the accumulation of the 

organic anion, PAH, and the organic cation, TEA. 

Accumulation was determined by the uptake of either 14C PAH 
14 3 or C TEA (New England Nuclear, Boston, MA) and H20 (ICN 

Irvine, CA) was used as a volume marker. Slices were 

incubated in media and subsequently transferred (40 min 

prior to time point) to vessels containing Krebs-Hepes 

buffer and radiolabeled substrate. Substrate for PAH 

accumulation consisted of equal parts cold PAH (1 mM), 

14C_PAH (4 pCi/ml, S.A. 42 mCi/rnrnol) and 3 H20 (80 pCi/ml). 

Substrate for TEA accumulation consisted of equal parts 

cold TEA (1 mM), 14C_TEA (4 pCi/ml, S.A. 4.8 mCi/mmol) and 
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Substrate (0.45 ml) was added to 20 ml 

of incubation buffer. After the 40 min incubation slices 

were removed, blotted and placed in microfuge tubes 

containing 1 ml of 3% Triton. Slices were then sonicated 

using a micro ultrasonic cell disrupter (Kontes) and 

transferred to plastic scintillation vials ( 20 ml ) 

containing 9 ml of liquid scintillation cocktail (Safety 

Solve, Research Products International Co., Mount Prospect, 

IL). Samples were shaken and counted in coincidence 

against a 133 Ba external standard using a Tracer Analytical 

Mark III Liquid Scintillation Counting System, model 6880 

(Elk Grove Village, IL). The 14C labeled substrates were 

counted and expressed as a ratio of 14C to 3 H20 . A sample 

of the buffer (0.05 ml) was taken, placed in 0.95 ml of 3% 

Triton, and counted as above. Results were then expressed 

as a slice (14 C/3 H20 ) to medium (14 C/3 H20 ) ratio. A ratio 

of one indicates that no accumulation has taken place. 

Kinetic accumulation of PAH 

To identify whether DCVC or N-acetyl DCVC were 

gaining access to the cell via the organic anion transport 

system, slices were incubated in the presence of increasing 

concentrations of either DCVC or N-acetyl DCVC and a single 

fixed concentration of 14 C-PAH (as above). The kinetic 

uptake (0-40 min) of ldC_PAH was then measured as described 

above. One vessel se rved as a control uptake of PAH, a 
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second contained probenecid as a positive 

control, the remaining vessels contained the test competing 

substrates DCVC or N-acetyl-DCVC. Slices were incubated 

for designated times, removed, blotted, and slice to medium 

ratios were determined as described in the previous 

section. 

Uptake of 35S-DCVC 

Slices were incubated in scintillation vials (in a 

shaking water bath, room temperature) in the presence of 

0.2 pCi/ml labeled DCVC in 2 ml Krebs-Hepes buffer. After 

incubation (0-60 min) slices were removed, washed in 

Krebs-Hepes buffer, blotted and placed in 1 ml 3% Triton. 

The counting procedure was the same as described for 

14C-labeled substrates. The data was expressed as nmoles 

DCVC/slice. 

In order to better characterize the nature of DCVC 

uptake, slices were incubated in the presence of increasing 

concentrations of DCVC (0 - 2 mM). Each slice was exposed 

to a concentration of DCVC spiked with 0.1 pCi/ml 35S-DCVC. 

Results are expressed as nmoles DCVC/slice. This same data 

was plotted as an Edie-Hofstee plot and subsequently 

analyzed by a PCNONLIN nonlinear estimation program 

(Statistical Consultants, Inc.) of one-site saturation with 

diffusion in order to determine the J and K
t 

of DCVC max 

uptake. 
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Nonspecific uptake was determined by exposure of the 

slices to similar conditions except that incubations were 

carried out on ice. Microwaving slices or incubation in 

the presence of 10-2 M DCVC proved to be no better estimates 

of non-specific binding. The non-specific component (30-35 

% of total) was subtracted from the final unless indicated. 

Competition for uptake of 35S-substrates 

Slices were exposed to 35S-labeled DCVC or N-acetyl 

DCVC (0.1 - 0.2 pCi/ml) in the presence of a variety of 

test compounds (10- 3M) to determine if there was 

competition for entry in the cell. Test compounds chosen 

were based on studies by Schaeffer and Stevens (1987a). 

For DCVC studies, slices were exposed to 2x10- 5-10- 4 M DCVC, 

35 S DCVC, and the test compound for 5 or 15 minutes before 

washing in Krebs-Hepes buffe rand dete rmining uptake by 

liquid scintillation counting. In the case of N-acetyl 

- 5 DCVC, studies were conducted in the presence of 5x10 M 

N-acetyl DCVC, 35 S N-acetyl-DCVC, and test compound. The 

results were expressed as the percent inhibition of uptake 

of DCVC or N-acetyl DCVC alone. 

~-lyase activity 

The production of 

S-(2-benzothiazolyl)cysteine 

2-mercaptobenzothiazole from 

(SBC) was measured spectro-

photometrically by the method of Dohn and Anders (1982). 

After incubation, a slice was sonicated in 1 ml 0.1 M (pH 
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8.6) potassium borate buffer and this homogenate was 

subsequently incubated with 1 ml of 2xl0- 3 M SBC (in borate 

buffer) for 15 min at 37° C. TCA (0.4 ml of a 50% 

solution) was added after incubation to precipitate 

protein. The samples were centrifuged and the absorbance 

of the supernatant read on a Beckman DU7 spectrophotometer 

set at 321 nm. Samples were quantified by comparison with 

standards prepared from 2-mercaptobenzothiazole (0-200 

nmol) . Blanks were determined by adding the homogenate 

after the TCA step, values were subtracted from sample 

readings. Data is expressed as nmoles 

mercaptobenzothiazole produced/min/mg DNA. 

Inhibitors of ~-lyase activity (DCVC or AOAA) were 

assessed by incubating slices in the presence of the 

inhibitor and then performing the above assay. 

Histopathological techniques 

Light Microscopy 

Slices for histological examination were removed 

from the incubation system and fixed flat in a phosphate 

buffered formaldehyde-glutaraldehyde solution (4-FIG: 5.80 

g NaH 2 P0
4 

.H
2
0, 1.35 9 NaOH, 20 ml 25% glutaraldehyde, 50 ml 

commercial formaldehyde and 430 ml distilled water; 

McDowell and Trump, 1976). Slices were left in fixative 

for a minimum of 24 hr and a maximum of one month. After 

fixation slices were dehydrated in a series of ethanol 
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solutions (30, 50, 70, 80, 90, 95, 95% v/v) for 15 min each 

solution. Slices were then infiltrated with a glycol 

methacrylate monomer (JB4, Polysciences Inc. ,Warrington, 

PA) solution composed of the plastic and a catalyst (0.9 mg 

benzoyl peroxide/100 ml plastic; solution A). Slices were 

infil trated for one hr, solutions were changed and slices 

infiltrated for an additional two hours. A hardener 

(solution B, 1.5 mls) was then added to the remaining 

plastic, this done on ice to prevent rapid polymerization. 

Slices were placed flat in the bottom of plastic molds 

(Fisher Scientific, Phoenix, AZ) and embedding plastic 

added to fill the molds just below the surface of the upper 

shelf. An aluminum chuck (Fisher Scientific, Phoenix, AZ) 

was then placed on the upper shelf and additional plastic 

added around the chuck if needed. Blocks were allowed to 

harden at room temperature for 24 - 72 hr before removal 

for sectioning. 

Two micron sections were cut with glass knives (made 

on a Sorvall Glass Maker) on a JB-4 microtome (Sorvall 

Instruments, Newtown, CT). Sections were floated on the 

surface of a water bath containing several drops of 

ammonium hydroxide. Sections were lifted on to clean glass 

microscope slides and slides were placed on a 60° C hot 

plate to affix the sections to the slide. Slides were 

allowed to cool and were placed in storage boxes until 

staining procedures could be carried out. 
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Sections were routinely stained with toluidine blue, 

some sections were stained with periodic acid - Schiff's to 

enable us to visualize brush borders. Toluidine blue stain 

(1%) was prepared by mixing 1 g toluidine blue 

(Polysciences Inc.) into 100 ml of 1% sodium borate; stain 

was filtered prior to each use. 

hot plate (60° C) wi th enough 

Slides were placed on a 

drops of stain added to 

completely cover the section. The stain was heated for one 

min, slides were then rinsed in distilled water (5 - 10 

min) . 

Periodic - acid Schiffs' procedure was as follows: 

25 min in 0.5% periodic acid, 5 min in tap water, 25 min 

in Schi ffs' reagent (prepared double strength; Allen and 

Dowling, 1981) and a 10 min rinse in tap water. These 

initial steps stain the glycogen present in brush borders 

and basement membranes a bright pink. Slides are then 

placed in Gills hematoxylin (10 min), rinsed 2 min in tap 

water, and blued for 30 sec in ammonia water before 

counterstaining 8 min in 0.5% light green and a final 2 min 

rinse in distilled water. This procedure stains the nuclei 

purple and the cytoplasm pale green. 

After staining, coverslips were mounted; slides were 

first dipped in 50/50 solution of ethanol and xylene 

followed by a dip in 100% xylene. A drop of Permount 

(Polysciences Inc.) was placed on each slide and a 22 mm 

square coverslip was affixed onto the slide. Slides were 
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then examined on a Nikon optiphot microscope equipped with 

a Nikon HFX-II camera (Allen and Associates, Phoenix, AZ). 

Slides were examined at low power (4x) for gross lesions 

and high power (lOx or 40x) for more specific damage. 

Site-specific damage of proximal tubules was determined by 

anatomical location within the slice, identification of 

other cell types was by differential morphology (Ruegg, 

1987c; Kaissling and Kriz, 1979). The straight proximal 

tubules are localized adjacent to collecting ducts and 

ascending thick limbs of Henle; these cell types 

collectively make up the medullary rays. The convoluted 

proximal tubules are located outside the rays along with 

glomeruli and other vascular components (Figure 3). 

Electron Microscopy 

Slices for electron microscopy (control and treated) 

were taken at 0, 2, 4, 8 and 12 hr. Slices were fixed flat 

in Karnovsky's solution (Karnovsky, 1965) for 4 hr and 

subsequently transferred to 7.5% sucrose overnight. Thick 

sections were prepared, regions were selected, and grids 

were prepared by the pathology department (Tucson, AZ). 

Final sections were stained with lead citrate (Venable and 

Coggeshall, 1965) and uranyl acetate (Watson, 1958). 

Transmission electron microgaphs were taken on a TEM/SCAN 

100CX (Japan Electron Optics Laboratories). 

Autoradiography 
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-- - -

Localization of cell types wi thin the renal 
cortical slice. 

A) Schematic representation of a posi tional 
cortical slice (Ruegg, 1987a; Kaissling and 
Kriz, 1979). Cell types represented; 
collecting ducts (CD), ascending thick limbs 
of Henle (AT), and straight proximal tubules 
(SPT) make up the medullary rays demarcated by 
the dashed circle. Glomeruli (G), convoluted 
proximal tubules (CPT) and vascular components 
surround the medullary rays. 

B) Cell types in a histopathological section 
of renal cortical slice (100x). 
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Methods for autoradiography were adapted from Rogers 

(1979) and Williams (1977). Slices were exposed to 0.5 

pCi/ml 35S-DCVC in DME/F12 medium for 5 min - 8 hr. Slices 

were fixed flat in phosphate-buffered 4-FIG overnight, the 

following day slices were dehydrated and embedded in 

methacrylate plastic (see light microscopy). After 2 days 

two micron sections were cut and affixed to clean slides as 

previously described. Samples of fixative, ethanols and 

embedding solutions were counted by liquid scintillation 

spectroscopy to determine the amount of radioactivity 

extracted from the slices. In addition, six serial plastic 

sections were counted to assess variability among sections. 

In a darkroom fitted with a safelight (temperature 

20° C, humidity 30-40 %) NTB-3 emulsion (Eastman-Kodak) was 

placed in a 43° C water bath and allowed to stand for 30 

min. A Copeland jar (Fisher Scientific) was also placed in 

the water bath. The emulsion, when liquid, was diluted 1:1 

with distilled water and aliquots separated into 20 ml 

scintillation vials. Before use the emulsion was heated in 

the water bath for 30 min, poured into the dipping jar and 

checked for the presence of bubbles. Two slides at a time 

were then slowly dipped in the emulsion back to back 

ensuring that only the side with the section was coated. 

The slides were drained onto a paper towel and dried in a 

vertical position in a wire rack for 1 hr. After drying, 

slides were placed in a open black slide box containing 
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silica gel and left in the dark overnight. The following 

morning the boxes were closed, taped and covered in foil 

prior to placement in a 4° C cooler for exposure. 

Autoradiograms 

development. 

were exposed for 2-7 days before 

Under the safelight, slides were transferred to 

stainless steel racks and developed by the following 

protocol: 2 min in Dektol (Eastman - Kodak) diluted 1: 2 

with distilled water, rinse in distilled water containing 

1% acetic acid, 8 min in sodium thiosulfate (30%), 15 min 

in running tap water and a final rinse in distilled water. 

After drying, autoradiograms we re stained wi th toluidine 

blue (0.5%) and coverslipped before being examined by light 

microscopy. 

Experimental Design of Inhibitor Studies 

Studies were designed to determine whether 

inhibi tors of transport (probenecid) or metabolism (AOAA) 

could influence the toxicity of DCVC or N-acetyl-DCVC. 

Slices were pre incubated for 30 min with the inhibitors 

probenecid (2x10- 4 M) or AOAA (10- 3 M) before transferring 

slices to DME/F12 medium containing both the inhibitor and 

the toxin (DCVC, N-acetyl DCVC). Toxicity was assessed by 

intracellular K+, intracellular LDH and histological 

examination. The effectiveness and the toxicity of the 

inhibitors themselves were determined prior to conducting 
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the studies. 

Covalent Binding 

A soxhlet extraction apparatus comprised of a 500 ml 

flask, a condenser, and an extraction chamber (VWR 

Scientific, San Francisco, CA) was utilized in these 

studies. Slices were incubated for various times in 

Krebs-Hepes buffer containing 0.1 pCi/ml 35S-labeled DCVC 

or N-acetyl DCVC. Slices were removed and dipped in 80% 

cold methanol. Slices for total uptake were placed in 0.5 

ml TS-2 tissue solubilizer (Research Products International 

Corp.). Slices to be extracted were placed on Whatman 5.5 

cm filter paper and envelopes were constructed and stapled. 

Envelopes were labeled with India ink and placed into the 

extraction chamber. The flask was fill ed two-thi rds full 

with methanol made slightly basic with triethylamine. The 

solvent was heated to boiling and extraction took place 

over 24 hr. This procedure was repeated with ethylacetate 

and again with methanol. The envelopes were removed, 

allowed to dry, opened, and the slices were placed in 0.5 

ml of tissue solubilizer. When tissue was adequately 

dissolved it was added to a scintillation vial containing 9 

ml of Safety Solve and 0.5 ml 0.5 N acetic acid~ Samples 

were vortexed, allowed to dark equilibrate overnight and 

counted by liquid scintillation spectroscopy. The data was 

expressed as nmoles of compound/slice after correction for 
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non-specific binding. 

Some slices were pre incubated with the inhibitor 

probenecid or AOM and subsequently exposed to the toxin 

plus the inhibitor. Total and covalent binding were 

determined in the same manner as above. 

continuous versus Pulsed Exposure to DCVC 

These studies were designed to assess whether slices 

could recover from DCVC exposure as has been noted in in 

vivo studies. cortical slices were exposed to 5x10- s M DCVC 

for 30 min or 1 hr before being transferred to clean media 

for 6 - 24 hr. As controls, slices were also incubated in 

the absence of 5x10- s M DCVC and in the continuous presence 

of 5x10- 5 M DCVC over the same time course. The toxicity to 

the slices was evaluated by intracellular and 

histopathological alterations observed at 6, 12 and 24 hr. 

In Vivo Toxicity of D-DCVC and L-DCVC 

Male NZW rabbits (1.1-1.6 kg) received an 

intraperitoneal injection of 25 mg/kg D-DCVC or L-DCVC. 

The compounds were prepared in isotonic saline at a 

concentration of 10 mg/ml. The pH of the solutions were 

made basic with NaOH. Control rabbits received an equal 

volume of isotonic saline. Blood samples we re collected 

(in heparinized tubes) from the central ear vein at 24 and 

48 hr. Blood (plasma) urea nitrogen (BUN) was determined 

spectrally (570 nm, Gilford Stasar II visible spectrometer) 
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using Sigma kit 640-A. Duplicate sampleS were run on each 

animal at each time point. Animals were killed at 48 hr, 

the kidneys were removed, decapsulated and cored as 

described previously. positional cortical slices were 

prepared from each animal and light microscopy was 

performed to determine the localization of the lesion. 

Statistical Analysis 

Each slice was treated as a separate experimental 

unit. To account for biological variation experiments were 

repeated in more than one animal. Values from these 

experiments were pooled and compared to concurrent control 

values by analysis of variance (ANOVA) followed by 

Newman-Keuls multiple comparison post-hoc test. A 0.05 

level of probability or less was used as the criteria of 

significance. The analysis was performed on an IBM PC 

using the Number Cruncher Statistical System purchased from 

Dr. Jerry L Hintze, Kaysville, utah. 
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RESULTS 

Chapter 1: Characterization of Renal Cortical Slices 
as a Model for Organic Nephrotoxins 

Biochemical and structural integrity of incubated slices 

Renal cortical slices in·these studies remained viable over 

a 24 hr incubation period as determined by numerous 

biochemical assays (Table 2 ) and histopathological 

evaluation. Intracellular K+ and intracellular LDH were 

both well maintained over a 12 hr time course (Table 4), 

these parameters were also well maintained out to 24 hr 

(see next section). Energy status of slices, ascertained 

by measurement of ATP content and O2 consumption, was also 

maintained over a 12 hr incubation period (Table 5). This 

is an important consideration as in vivo the kidney has a 

high oxygen demand, and, in fact, utilizes 10% of the whole 

body oxygen consumption (Cohen, 1986). Intregrated 

functional activity [organic anion (PAH) and organic cation 

(TEA) transport] was not altered by in vitro incubation 

(Table 6). 

The morphology of all five cell types (straight 

proximal tubules, convoluted proximal tubules, ascending 

thick limbs of Henle, collecting ducts and glomeruli) was 

preserved as determined by light microscopy of slices 

incubated for 2 24 h r ( F i gu r e 4). Collecting ducts 

experience the greatest osmolar changes during slice 
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Table 4 

MAINTENANCE OF INTRACELLULAR K+ AND LDB 
IN RENAL CORTICAL SLICES 

Intracellular K+ Intracellular LDH 
(nmoles K+/P9 DNA) (Units LDH/ms DNA) 

33.78 + 3.31 8.85 + 0.61 - -
39.31 + 3.41 8.61 + 1.10 - -
42.99 + 2.66 10.39 + 0.44 -
41.46 + 1.35 9.37 + 0.67 - -
39.64 + 2.96 9.23 + 0.47 - -

66 

Slices were incubated in DME/F12 medium over a 12 hr time 
course. Values are the mean + SE of 8 slices from 2 
separate experiments. No significant differences (p < 0.05) 
were observed over the time course. 
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Table 5 

MAINTENANCE OF ENERGY STATUS 
IN RENAL CORTICAL SLICES 

Time ATP Content 02 Consumption 
(hr) (nmoles/P9 DNA) (nmole/min/P9 DNA) 

0 46.36 + 2.98 0.95 + 0.13 - -
2 45.13 + 2.01 1.01 + 0.14 - -
4 41.42 + 3.24 0.98 + 0.21 - -
8 40.88 + 2.72 0.81 + 0.14 - -
12 44.79 + 4.13 0.77 + 0.08 - -

Slices were incubated in DME/F12 medium over a 12 hr time 
course. Values are the mean + SE of 6-8 slices from 2-3 
separate experiments. No statistical differences (p < 0.05) 
were observed over the time course. 
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Table 6 

MAINTENANCE OF FUNCTIONAL PARAMETERS 
IN RENAL CORTICAL SLICES 

PAH Accumulation TEA Accumulation 
(S/M ratio) (S/M ratio) 

4.12 + 0.23 5.90 + 0.18 - -
4.63 + 0.17 5.40 + 0.34 - -
4.31 + 0.22 5.73 + 0.18 - -
4.04 + 0.13 5.27 + 0.17 - -
3.64 + 0.10 5.21 + 0.15 - -

68 

Slices were incubated in DME/F12 medium over a 12 hr time 
course. Values are the mean + SE of 8-12 slices from 2-3 
separate experiments. No statTstical differences (p< 0.05) 
were observed over the time course. 
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Figure 4. 
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Histopathology of renal cortical slices 
incubated for A) 2 hr or B) 24 hr in vitro 
(toluidine blue, lOOx). 

Morphological characteristics are well main
tained over a 24 hr time course. Swelling of 
apical membranes is the only change from 
freshly cut tissue. 
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preparation and thus appearance in fresh slices is 

abnormal. However by 2 hr and throughout 24 hr they regain 

their normal morphology. Swelling of apical membranes 

occurs early but does not seem to drastically effect 

function at this site (Ruegg, 1987a). Brush borders appear 

unaffected and nuclei remain unchanged. 

In Vitro Exposure of Renal cortical Slices 

Evaluation of biochemical and histological 

parameters after in vitro exposure to organic nephrotoxins 

demonstrated concentration and time-dependent changes to 

specific segments of the renal cortical slice. 

Cephaloridine 

Cephaloridine produced a concentration-dependent 

decrease in intracellular K+. Decreases were noted as 

early as 4 hr with high concentrations of cephaloridine, 

with the lower concentrations demonstrating an effect 

between 8 and 12 hr (Figure 5) . Intracellular LDH was 

altered between 12 and 24 hr by the two highest 

concentrations (5x10- 3 M and 10- 2 M, Figure 6) • PAH and TEA 

accumulation were decreased by 10- 3 M and 5x10- 3 M 

cephaloridine in a time dependent manner (Figures 7 and 8). 

Site-specific damage to the straight proximal 

tubules occured between 8 and 12 hr with exposure to 10- 3 M 

cephaloridine (Figure 9B). 5x10- 3 M cephaloridine induced a 

similar lesion between 4 and 8 hr with an increasing number 
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Cephaloridine-intracellular K+ 
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2 4 8 12 24 

Hours 

Intracellular K+ content of renal cortical 
slices exposed to cephaloridine. Each point 
represents the mean + SE of 8 or more slices 
from 2-3 separate experiments. * indicate a 
significant difference (p < 0.05) from con
current control value. 
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Figure 6. Intracellular LDH content of renal cortical 
slices exposed to cephaloridine. Each point 
represents the mean + SE of 8 or more slices 
from 2-3 separ-ate experiments. * indicate a 
significant difference (p < 0.05) from con
current control value. 
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Cephaloridine-PAH accumulation 
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Figure 7. 
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Inhibition of the steady state accumulation of 
PAH in renal cortical slices exposed to 
cephaloridine. Each time point represents the 
mean + SE of 8 or more slices from 2-3 
separate experiments. * indicate a significant 
difference (p < 0.05) from concurrent control 
value. 



6 

5 

0 4 

.... 
CO .. 
:E 3 
....... 
tJ) 

2 

1 

o 

Figure 8. 

74 

Cephaloridine-TEA accumulation 
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Inhibition of the steady state accumulation of 
TEA in renal cortical slices exposed to 
cephaloridine. Each time point represents the 
mean + SE of 8 or more slices from 2~3 
separate experiments. * indicate a 
significant difference (p < 0.05) from 
concurrent control value. 
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Figure 9. 
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Histopathology of renal cortical slices 
exposed to cephaloridine for 24 hr A) lO-4 M B) 
lO-3 M or C) 5xlO- 3M (toluidine blue, lOOx). 

No damage was apparent at the low concen
tration. A SPT lesion was evident after 
exposure to lO-3 M. The SPT lesion was extended 
to include a portion of the CPT after exposure 
to the highest concentration. 
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of segments being affected by 24 hr (Figure 9C). The 

highest concentration (10- 2
M) produced a similar 

histological profile to 5x10- 3 M cephaloridine. 

Gentamicin 

Only the highest concentration of gentamicin (10- 2
M) 

caused alterations in intracellular K+ (Figure 10). Other 

biochemical and functional parameters were not 

investigated. Histopathological investigation demonstrated 

minimal damage to S3 

between 12 and 24 

segments and ascending thick segments 

hr in slices exposed to 5x10- 3 M 

gentamicin 

lesion by 

(Figure lIB). 

12 hr, by 24 

10- 2 M gentamicin produced an S3 

hr most proximal tubules were 

damaged (Figure 11C). In addition most ascending thick 

segments were injured by 24 hr. This pattern of injury is 

unique to in vitro exposure and may be due to alternative 

delivery mechanisms not utilized in vivo. 

Hexachlorobutadiene (HCBD) 

The lowest concentration of HCBD (10- s M) produced no 

alterations in assessed parameters with the exception of 

minor decreases in intracellular K+ (Figure 12). The 

intermediate concentration (10- 4 M) manifested signi ficant 

changes in all four parameters between 4 and 8 hr (Figure 

12-15). The highest concentration (10- 3 M) elicited 

significant decreases in intracellular K+ by 4 hr (Figure 

12), and intracellular LDH by 8 hr (Figure 13). The 
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Figure 10. Intracellular K+ content of renal cortical 
slices exposed to gentamicin. Each point 
represents the mean + SE of 4 slices from a 
single experiment. '* indicate a significant 
difference (p < 0.05) from concurrent control 
value. 
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Figure 11. 
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Histopathology of renal cortical slices 
exposed to gentamicin for 24 hr A) 10- 3

M B) 
5x10- 3 M or C) 10- 2 M (toluidine blue, 100x). 

No damage was apparent at the low concen
tration. After exposure to 5x10- 3 M gentamicin 
S1 segments and ascending thicks were injured. 
A I cell types except glomeruli and collecting 
ducts were injured after exposure to 10- 2 M 
gentamicin. 
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Hexachl orobutadi ene-int racell ul ar K+ 
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Figure 12. 
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Intracellular K+ content of renal cortical 
slices exposed to HeBD. Each point represents 
the mean + SE of 8 slices from 2 separate 
experiments. * indicate a significant 
difference (p < 0.05) from concurrent control 
value. 
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Hexachl orobutadi ene-intracellul ar LDH 
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Figure 13. 
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Intracellular LDH content of renal cortical 
slices exposed to HeBD. Each point represents 
the mean + SE of 8 slices from 2 separate 
experiments. * indicate a significant 
difference (p < 0.05) from concurrent control 
value. 
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Hexachl orobutadi ene-PAH accumulati on 
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Figure 14. 

o control 
810- 5 M 
610- 4 M 
410- 3 M 

I I 

2 4 8 12 
Hours 

Inhibi tion of the steady state accummulation 
of PAH in renal cortical slices exposed to 
HCBD. Each point represents the mean + SE of 
8 slices from 2 separate experiments. * 
indicate a significant difference (p < 0.05) 
from concurrent control value. 
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Figure 15. 
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Inhibi tion of the steady state accummulation 
of TEA in renal corti cal sl ices exposed to 
HeBD. Each point represents the mean + SE of 
8 slices from 2 separate experiments. * 
indicate a significant difference (p < 0.05) 
from concurrent control value. 
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Figure 16. 
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Histopathology of renal cortical slices 
exposed to HeBD for 12 hr A) 10- 5 M B) 10- 4 M or 
e) 10- 3 M (toluidine blue, 100x). 

No damage was apparent at the low concen
tration. After exposure to 10- 4 M HeBD a SPT 
lesion was evident. All proximal tubules were 
damaged with the high concentration of HeBD. 
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functional capacity of slices exposed to the highest 

concentration deteriorated rapidly, accumulation of PAH was 

diminished by 2 hr and completely depressed by 4 hr (Figure 

14) . TEA accumulation was significantly al tered by 2 hr 

and completely inhibited by 8 hr (Figure 15). 

Slices exposed to 10- 4 M HCBD developed a straight 

proximal tubular lesion between 4 and 8 hr. By 12 hr the 

lesion expanded to include some convoluted segments (Figure 

16B). The high concentration (10- 3
M) of HCBD produced a 

selective straight proximal tubular lesion as early as 4 

hr, with all proximal tubules being damaged by 8 hr. At 12 

hr, not only were all proximal tubules damaged, but 

collecting ducts and ascending thicks appeared shriveled 

( F i gu r e 16 C) . 

S-(1,2-Dichlorovinyl)-L-cysteine (DCVC) 

In vitro exposure to lowest concentration of DCVC 

(10- 6 M) did not result in measurable toxicity (Figure 

17-21) . 10- 5 M DCVC diminished PAH accumulation between 4 

and 8 hr (Figure 19), decreased intracellular K+ (Figure 

17) and TEA accumulation (Figure 20) between 8 and 12 hr, 

but had no significant effect on intracellular LDH (Figure 

18). Higher concentrations produced significant alterations 

in intracellular K+, PAH and TEA accumulation between 2 and 

4 hr, with changes in intracellular LDH being observed by 8 

hr. 10- 4 M ncvc completely inhibited transport functions by 
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8 hr (Figure 19 and 20). 

An S3 pattern of injury was observed between 8 and 

12 hr in slices exposed to 10- s M OCVC (Figure 21B). A 

similar pattern was observed after 8 hr with 5x10- s M OCVC, 

the lesion expanded somewhat by 12 hr (Figure 21C). The 

highest concentration (10- 4 M) caused a selective straight 

proximal tubular lesion by 4 hr, with all proximal tubules 

exhibiting damage at 8 and 12 hr (Figure 210). 
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Intracellular K+ content of renal cortical 
slices exposed to DCVC. Each point represents 
the mean + SE of 8-12 slices from 2-3 separate 
experiments. * indicate a significant 
difference (p < 0.05) from concurrent control 
value. 
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Dichlorovinylcysteine-Intracellular lDH 

12 

10 

<C 8 
2 
C 
en 
E 6 
"-
:E: 
C 
..J 

:,) 4 

2 

Figure 18. 

o 

o control 
010-6 M 
~ 10-SM 
... Sx10- 5 M 
D10-4 M 

2 4 8 12 
Hours 

Intracellular LDH content of renal cortical 
slices exposed to DCVC. Each point represents 
the mean + SE of 8-12 slices from 2-3 separate 
experiments. * indicate a significant 
difference(p < 0.05) from concurrent control 
value. 
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Dichlorovinylcysteine-PAH accumulation 
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Inhibi tion of the steady state accummulation 
of PAH in renal corti cal sl ices exposed to 
DCVC. Each point represents the mean + SE of 
8slices from 2 experiments. * indIcate a 
significant difference (p < 0.05) from con
current control value. 
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Dichlorovinylcysteine-TEA accumulation 
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Figure 20. 
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Inhibi tion of the steady state accummulation 
of TEA in renal corti cal sl ices exposed to 
DCVC. Each time point represents the mean + 
SE of 8 slices from 2 separate experiments. * 
indicate a significant difference (p < 0.05) 
from concurrent control value. 
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Figure 21. 
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Histopathology of renal cortical Stices 
expos~d to DCVC for 12 hr A) 10- 6 M B) 10- M C) 
5x10- M or D) 10- 4 M (toluidine blue, 100x). 

No damage was apparent at the low concen
tration. After exposure to 10- 5 M DCVC a SPT 
lesion was evident. All proximal tubules were 
damaged with the higher concentrations of 
DCVC. 
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Chapter 2: Further Delineation of DCVC-induced Toxicity 

Initial studies were undertaken to determine the 

time and concentration dependence of DCVC toxicity as well 

as determining the in vitro specificity of cellular injury. 

The intermediate concentration of 5x10- s M DCVC was chosen 

for many of the following studies as this concentration 

proved potent enough to produce damage within a 12 hr time 

course, but not too potent as to produce rapid 

deterioration of renal cortical slices. 

Alterations in Intracellular Enzymes 

Alterations in enzymes localized to specific tubular 

segments and or subcellular locations can help us determine 

the si te of acti on of a chemi cal. Three enzymes wi th 

differing distributions were chosen to investigate DCVC 

toxicity. Exposure to 5x10- 5 M DCVC resul ted in a time 

dependent decrease in the brush border enzymes y-glutamyl 

transpeptidase (GGT) and alkaline phosphatase (ALP) as well 

as the cytosolic enzyme lactate dehydrogenase (LDH)(Figure 

22). These enzymes vary in their tubular distribution from 

being highest in the straight proximal tubule (GGT) to 

being highest in the convoluted proximal tubule (ALP) or 

the distal tubule (LDH). The results were expressed as a 

percent of control in order to compare all three enzymes on 

the same scale. GGT was the first enzyme to be affected, a 

25% loss of enzyme was evident by 4 hr with greater than 
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Figure 22. Effects of DCVC (5x10- s M) on the intracellular 
levels of the cytosolic enzyme LDH and the 
brush border enzymes GGT and ALP. Control 
values expressed as units enzyme/mg DNA were 
10.95 + 0.51 (LDH), 45.68 + 5.37 (GGT), and 
39.56 + 3.91 (ALP). Each poTnt represents the 
mean + SE of 8-12 observations from 2-3 
separate experiments. * indicate a 
significant difference (p < 0.05) from 
concurrent control value. 



A 

B 

Figure 23. 
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Micrographs of renal cortical slices stained 
with Periodic acid - Schiff's. A) control (8 
hr) B) DCVC treated (5xlO- 5 M, 8hr). 

Note the loss of brush borders in the SPT with 
DCVC exposure. 
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50% loss by 8 hr. A 25 % loss of ALP was apparent by 6 hr. 

LDH was not affected until 7 hr, however loss of all 3 

enzymes was approximately equivalent at 8 hr (Figure 22) 

when a pathological lesion was already evident. The order 

of enzyme leakage (GGT, ALP, then LDH) correlates well with 

the specific tubule segments seen by histology to be 

subsequently damaged (straight proximal tubules then 

convoluted proximal tubules). In addi tion, loss of the 

brush border enzymes preceded the loss of the cytosolic 

enzyme. 

PAS staining of a slice incubated for 8 hr in the 

absence of any toxin illustrates the maintenance of brush 

borders (Figure 23A). A slice exposed to 5xlO- 5 M DCVC for 

8 hr and stained wi th PAS demonstrates a loss of brush 

borders in the straight proximal tubules, with convoluted 

tubules retaining their brush borders (Figure 23B). Loss 

of brush borders can also be demonstrated with electron 

microscopy (Figure 25B). 

Alterations in Energy Status 

The maintenance of the energy status of cells is 

highly dependent on structurally and functionally intact 

mitochondria. Time-dependent decreases in the biochemical 

indicators of mitochondrial function, 02 consumption and 

ATP content, were manifested between 4 and 8 hr in renal 

cortical slices exposed to 5xlO- 5 M DCVC (Table 7 and 8). 
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Table 7 

EFFECT OF ncve ON OXYGEN CONSUMPTION 
IN RENAL CORTICAL SLICES8 

TIME(hr) CONTROLb 5x10- s M DCVCb 

0 0.95 + 0.13 -
2 1.01 + 0.14 0.86 + 0.08 - -
4 0.98 + 0.22 0.91 + 0.10 - -
8 0.81 + 0.14 0.41 + 0.06* - -

12 0.77 + 0.08 0.41 + 0.08* - -

a Oxygen consumption was measured polarographically with a 
Clark-type electrode at 37°C. Two slices were measured for 
5 min after incubation with or without DCVC. Data is 
expressed as mean + SE of six observations from 3 separate 
experiments. -
b nmoles 02/min/ug DNA 
* Significantly different from control (p < 0.05) 
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Table 8 

EFFECT OF DCVC ON ATP CONTENT 
IN RENAL CORTICAL SLICESA 

TIME(hr) CONTROLb 5x10- 5 M DCVCb 

--
0 46.36 + 2.98 -
2 45.13 + 2.01 47.74 + 2.29 - -
4 41.42 + 3.24 39.29 + 2.43 - -
8 40.88 + 2.72 23.48 + 1.57* - -

12 44.79 + 4.13 13.61 + 0.71* - -

a ATP content was measured in slice homogenates using a 
luciferin-luciferase assay. Results are the mean + SE of 8 
~b~~~r:~i~~~/!~O~Nt-3 separate experiments. 

* Significantly different from control (p < 0.05) 
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No further alterations in 02 consumption were observed 

however ATP content continued to decline (Table 8). 

Electron microscopy was utilized to assess 

mitochondrial structure. Mitochondria of the straight 

proximal tubule appeared abnormal between 4 and 6 hr with 

more severe mitochondrial damage being evident by 8 and 12 

hr. Mi tochondria of the collecting ducts and ascending 

thick segments remained intact (Figure 24). At higher 

magnification various stages of damaged mitochondria "."ere 

evident (condensed, low and high ampli tude swelling) as 

early as 6 hr in the straight proximal tubule (Figure 25B). 

In the adjacent tubule (an ascending thick) mi tochondria 

display normal morphology. 

Toxicity of Continuously Exposed Slices 
versus Short Term Exposure 

In order to determine whether the cascade of events 

leading to cell death due to DCVC exposure was reversible 

slices were exposed to DCVC for short periods (30 min, 1 

hr), removed and placed in fresh media for 24 hr to allow 

recovery to take place. Continuous exposure to 5x10- 5 M 

DCVC resulted in a 66 % loss of intracellular K+ (Table 9). 

Short term exposure of 30 min or one hour followed by 

incubation in toxin-free media resulted in a less severe 

but time-dependent loss of intracellular K+. Therefore, 

incubation in toxin-free media for 24 hr produced no 

evidence of recovery from DCVC exposure. 



Figure 24. 
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Electron micrograph of a slice exposed to 
5xlO- s M DCVC for 8 hr. 

Note the 
segments 
collecting 
normal. 

specificity of injury; the 53 
are severely damaged whereas 
ducts and ascending thicks appear 
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Figure 25. Electron micrographs of A) 
incub~ted for 6 hr, B) a 
5xlO- M DCVC for 6 hr. 
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a control slice 
slice exposed to 

Note the high amplitude swelling of mito
chondria in the 5 segment of the treated 
slice. The mitocbondria of the ascending 
thick segment appear normal. 
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Continuous exposure to 5xlO- 5 M DCVC induced a 

progessive pathological lesion beginning in the S3 segment 

and progressing to all of the proximal tubules (Table 10). 

Short term exposure produced a less severe lesion, but 

progressive injury was noted over the subsequent toxin-free 

exposure. In fact the lesions produced by 1 hr of exposure 

versus continuous exposure were equivalent at the 24 hr end 

point. Again no evidence of recovery was noted with short 

term exposure followed by incubation in toxin-free media. 

Progression of Cellular Events in Slices Exposed to DCVC 

A compilation of the biochemical, functional and 

histological data generated in the previous sections 

results in the postulated progression of events listed in 

Table 11. Biochemical and histological changes are compared 

over a 12 hr time course in order to show a correlation 

between biochemical and structural alterations as well as 

the progression of injury in renal cortical slices exposed 

to DCVC. 
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Table 9 

TIME COURSE OF TOXICITY IN SLICES CONTINUOUSLY EXPOSED TO 
DCVC VERSUS SLICES EXPOSED FOR 30 MIN OR 1 DR 

Intracellular K+ (percent control) 

Time Continuous 30 Min 1 Hr --
6 hr 63.1 + 4.7 94.8 + 5.6 89.2 + 3.2 - - -

12 hr 34.0 + 2.5 74.4 + 5.4 64.0 + 1.7 - - -
24 hr 33.4 + 1.4 61.2 + 2.1 53.5 + 2.8 - - -

Control value 38.29 nmoles K+/pg DNA, slices were exposed 
to 5xlO- 5 M DCVC continuously or to DCVC 30 min or 1 hr 
before being transferred to fresh media. Values are mean + 
SE of 4-8 slices from 2 separate experiments. 
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Table 10 

TIME COURSE OF TOXICITY IN SLICES CONTINUOUSLY EXPOSED TO 
DCVC VERSUS SLICES EXPOSED FOR 30 MIN OR 1 HR 

Time 

6 hr 

12 hr 

24 hr 

Control 

o 

o 
o 

Histological damage 

Continuous 30 Min 

+ 0 

+++ + 

+++ ++ 

1 Hr 

o 

++ 

+++ 

Slices were exposed to 5x10- s M Deve continuously or to Deve 
30 min or 1 hr before being transferred to fresh media. 

o no histological alterations observed 
+ evidence of a S3 lesion 
++ all S3 segments damaged 
+++ all proximal tubules damaged 
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Table 11 

PROGRESSION OF CELLULAR EVENTS IN SLICES EXPOSED TO DCVC 

Time 

o hr 

2 hr 

4 hr 

6 hr 

8 hr 

10hr 

12hr 

Biochemical changes Histological changes 

~ intracellular K+ 

~ PAH and TEA accumulation 
~ ATP content, 02 consumption mitochondrial damage 
~ brush border enzymes 
~ cytosolic enzyme 

loss of brush borders 
membrane damage 
53 necrosis 

necrosis of all 
proximal tubules 
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Chapter 3: Transport and Metabolism of DCVC 

With a profile of the cellular events in 

DCVC-induced toxicity already established it was then of 

interest to determine how DCVC gains access to the cell and 

what happens to the compound once inside of the cell. 

Transport via the organic anion system 

In vivo probenecid provides protection against DCVC 

toxicity suggesting that DCVC uptake is via the organic 

anion system. Thi s obse rva ti on prompted the use of thi s 

compound in vitro. The effectiveness of the organic anion 

inhibitor probenecid in vitro was determined over a 12 hr 

time course in order to determine the usefulness of this 

tool in renal cortical slices. Probenecid (2xIO- 4 M and 

5x10- 4 M) completely inhibited the accumulation of PAH by 2 

hr (the earliest measured time point) and continued to 

inhibit accumulation throughout the 12 hr time course 

(Figure 26). The lower concentration of probenecid had no 

effect on biochemical (intracellular K+ or LDH) or 

histological parameters (data not shown) and was selected 

for use in all subsequent studies. 

The toxicity of 5x10- 5 M DCVC as determined by 

intracellular K+ and LDH was not decreased by preincubation 

with probenecid and concurrent exposure to DCVC and 

probenecid over a 12 hr time course (Table 12) . 

Histopathological evaluation also showed no effect of 
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PAH ACCUMULATION 
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The effect of probenecid on the accumulation 
of PAH in renal cortical slices. Values 
represent the mean + SD of 4 slices. 
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Table 12 

LACK OF INHIBITION OF DCVC TOXICITY 
IN RENAL CORTICAL SLICES BY PROBENECID 

Intracellular K+ Intracellular 

111 

LDH 
(nmoles K'/pg DNA) (Units LDH/mg DNA) 

control 40.12 + 2.15 7.97 + 0.37 

Deve 16.82 + 1.50* 6.08 + 0.33* 

Deve + probenecid 14.48 + 0.72* 5.80 + 0.43* 

a All slices incubated for 8 hr, those with probenecid 
(2x10- 4 

M) were preincubated for 30 min. Concentration of 
DeVe; 5x10- 5 M. Data is expressed as mean + SE of 7 
observations from 2 separate experiments. 
* Significantly different from control (p < 0.05). 



112 

Effect of DCVC on kinetic accumulation of PAH 
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Figure 27. 

5 10 20 

Minutes 

o control 
G 10-6M DCVC 
/:).10-5M DCVC 
A 10-4M DCVC 
o 2x 1 0-4M probenecid 

30 40 

The effect of Deve on kinetic accumulation of 
PAH in renal cortical slices. Increasing 
concentrations of Deve were incubated in the 
presence of a constant concentration of PAH. 
Probenecid served as a positive control. 
Values represent the mean of 2 slices. 
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probenecid on DCVC induced toxicity (data not shown). This 

data suggests that DCVC is not transported via the organic 

anion system. 

To explore this further, competition between DCVC 

and the organic anion PAH was investigated. The kinetic 

accumulation of PAH was not affected by increasing 

concentrations (10- 6 M to 10- 4 M) of DCVC indicating that 

DCVC is not competing for entry into the cell by the 

organic anion system (Figure 27). probenecid, however, 

provided complete inhibition of PAH accumulation. 

Characteristics of DCVC uptake 

Using 3S S labelled DCVC the uptake of DCVC in renal 

cortical slices was shown to be time and concentration 

dependent (Figure 28-30). The uptake of DCVC appears to be 

non-linear over the first 5 min and then increases over 

time in a linear fashion (Figure 28). A steady-state does 

not appear to be achieved over this time course. 

Replacement of sodium in the incubation buffer with choline 

had only a slight (10%) effect on the transport process 

indicating that uptake is primarily sodium independent 

(data not shown). 

Uptake over a 5 min period was determined over a 

range (10-2000 pM) of DCVC concentrations (Figure 29). 

Uptake appears to be non-saturable over this concentration 

range. Analysis of an Edie-Hofstee plot shows this data 
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Figure 28. Time course of OCVC uptake in renal cortical 
slices. Slicj~ were incubated in the presence 
of 2xlO- 5 M s-OCVC and uptake measured by 
liqid scintillation counting. Results are 
expressed as the mean + SO of 4 slices. 
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concentration dependence of OCVC uptake in 
renal cortical slices. Slices were incubated 
f~r 5 min in the presence of 10-2000 pM 
3 S-OCVC and uptake measured by liquid 
scintillation counting. Results are expressed 
as the mean + SO of 4 slices. 
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Edie-Hofstee plot of DCVC uptake. Calculated 
kinetic parameters of uptake are: J , 0.74 
nmol/S min/slice; K

t
, 81.0 pM and Dm~KO.0063 

ml/S min/slice. 
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best fits a one-site model with diffusion (Figure 30). 

Calculated parameters indicate a Jrnax of 0.74 nmoles/5 

min/slice and a Kt of 81,uM. A large diffusion component 

was evident (D = .0063 ml/5 min/slice). 

Evidence for transport via an amino acid transport system 

In order to assess the the specificity of transport 

systems 

slices, 

responsible for DCVC 

DCVC (2xIO- s M) uptake 

uptake in renal 

in the presence 

cortical 

of 10- 3 M 

amino acids, non-toxic S-cysteine conjugates, and transport 

inhibitors was investigated ( Table 13) . S-cysteine 

conjugates were the best inhibitors followed by large 

neutral amino acids. Probenecid had very little effect on 

the uptake of DCVC. Increasing the concentrations of test 

compounds to 10- 2 M had little effect on the uptake of DCVC, 

however increasing the concentration of DCVC to 5x10- s M or 

10- 4 M decreased the effectiveness of 10- 3 M test componds 

slightly (data not shown). 

Since the uptake of DCVC appears to be decreased by 

neutral amino acids and S-cysteine conjugates, these 

compounds were tested for their ability to prevent 

DCVC-induced toxicity over a 12 hr time course (Table 14). 

Phenylalanine provided no protection whereas the S-cysteine 

conjugates provided partial protection. Minimal 

protection was evidenced by histological evaluation. 

a-lyase activity in renal cortical slices 
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Table 13 

INHIBITION OF L-DCVC UPTAKE IN RENAL CORTICAL SLICES 

Test com12oundB Percent inhibition 
5 Min 15 Min 

Large, neutral amino acids 
leucine 25 + 3 24 + 2 
phenylalanine 22 - 6 25 - 4 + + 

S-Cysteine conjugates 
S-methyl-cysteine 38 + 7 40 + 6 - -S-ethyl-cysteine 40 + 5 40 + 5 -S-benzyl-cysteine 48 + 5 55 + 3 

Organic anion inhibitors 
probenecid 4 + 6 9 + 4 

System L analog 
BCH 20 + 5 26 + 4 

B Slices were incubated with 2x10- 5M [35SJDCVC in the 
presence of 10- 3 M test compound and analyzed for kinetic 
uptake of DCVC at 5 and 15 min. Results are expressed as 
mean + SE of 4 observations from 2 separate experiments. 
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Table 14 

EFFECT OF SELECTED AMINO ACIDS AND CYSTEINE CONJUGATES 
ON THE TOXICITY OF DCVC 

Additions 8 Intracellular K+ 
(nmoles/pg DNA) 

Control 31.24 + 1.76 -
nevc 10.50 + 0.88 -
Phenylalanine 10.08 + 1.71 -
S-methyl-cysteine 15.68 + 1.42 -
S-benzyl-cysteine 14.88 + 1.35 -

Slices were e~posed for 8 hr to 5x10- s M nevc in the 
presence of 10- M test compound. nata expressed as the mean 
± SE of 4-8 observations from 2 separate experiments. 
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Levels of biotransformation and metabolic enzymes 

are known to decrease in cultured cells, thus the activity 

of ~-lyase was measured over a 12 hr time course to ensure 

activity was maintained (Figure 31). Although fluctuations 

in activity were observed, ~-lyase appeared functional 

throughout the time course. Aminooxyacetic acid (AOAA, 

10- 3 M and 10- 4 M) inhibi ted ~-lyase acti vi ty almost 

completely by 1 hr and continued to inhibit activity 

throughout the 12 hr period. 5x10- 5
M DCVC also inhibited 

~-lyase acti vi ty, but to a lesse r extent than AOAA. The 

inhibition by DCVC occured over time and is most likely due 

to a suicide inhibition of the enzyme (stevens and Jakoby, 

1983). 

Inhibition of DCVC toxicity by AOAA 

The toxicity of DCVC is postulated to be due to 

metabolism by ~-lyase to a reactive thiol. Blockage of 

this metabolic pathway should diminish the toxicity of 

DCVC. Preincubation of slices with 10- 3 M AOAA and 

subsequent incubation in the presence of both AOAA and DCVC 

resulted in partial protection against DCVC induced 

toxici ty as measured by intracellular K+ (Figure 32) and 

intracellular LDH (Figure 33). At 8 hr substantial 

protection was observed, however by 12 hr the protection 

was less complete. AOAA itself was determined to be 

non-toxic as assessed by intracellular and 
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Figure 31. 

Hours 

Inhibition of renal cortical slice a-lyase 
acti vi ty by DCVC and AOAA. Enzyme acti vi ty 
was measured using S-(2-benzylthiazolyl)
cysteine as a substrate. Each point 
represents the mean + SE of ~ 3 observations. 
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EFFECT OF AO,t.J., O~I DCVC TOXICITY 
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Effect of AOM on DCVC toxicity in renal 
corti~al slices. Slices were exposed to 
Sx10- M DCVC in the presence and absence of 
AOAA (10- 3 M, 30 min preincubation). Toxicity 
was determined by decreases in intracellular 
K+. Each point represents the mean + SE of 12 
slices from 3 separate experiments. * 
Significantly different from concurrent 
control. ** Significantly different from AOM 
treated. p < 0.05. 
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Figure 33. Effect of AOAA on Deve toxicity in renal 
corti~al slices. Slices were exposed to 
5x10- M Deve in the presence and absence of 
AOAA (10- 3

M, 30 min preincubation). Toxicity 
was determined by decreases in intracellular 
LDH. Each point represents the mean + SE of 
12 slices from 3 separate experiments. * 
Significantly different from concurrent 
control. 
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Protection from neve toxicity by AOAA. A) 
Histopathology of a renal cortical slice 
exposed to 5x10- S M neve for 8 hr (toluidine 
blue, 100x). B) Histopathology of a renal 
cortical slice pre incubated (30 min) with 
10- 3 M AOAA and exposed to 5x10- S M neve and 
10- 3 M AOAA for 8 hr (toluidine blue, 100x). 

At this time point the SPT lesion induced by 
neve is almost completely ameliorated by AOAA. 
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histopathology (data not shown). 

A distinct 53 lesion produced by 5x10- s M DCVC at 8 

hr (Figure 34A) was ameliorated by pretreatment with AOAA 

(Figure 34B). By 12 hr slices exposed to DCVC exhibited 

damage to all proximal tubules, slices preincubated wi th 

AOAA presented a lesion limited to the 53 segments. 

Covalent binding of DCVC 

Reactive thiols produced by a-lyase metabolism are 

postulated to covalently bind to macromolecules prior to 

inducing damage. Approximately 40% of the total amount of 

DCVC taken into the slice was determined to be covalently 

bound (Figure 35). AOAA inhibited covalent binding of DCVC 

by 40%, but also inhibited total uptake by the same 

percentage. It should be noted that AOAA had no effect at 

5 min indicating that AOAA is not competing for transport 

into the cell but rather is inhibiting metabolism of DCVC 

once inside the cell. 

Localization of DCVC in renal cortical slices 

Autoradiography was utilized to determine the 

location of covalently bound 35 S-DCVC wi thin the slice. 

Silver grains within the tubules represent compound that 

has been transported, metabolized and covalently bound to 

structures within the cells. Silver grains were 

concentrated in the proximal tubular segments, however no 

differences were noted between the convoluted and straight 



126 

Covalent Binding DCVC 
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Figure 35. Total and covalently bound DCVC in slices 
after exposure to 5xlO- s M DCVC. Inhibition of 
uptake and binding by lO-3 M AOAA. Each point 
represents the mean + SE of 4-8 slices from 2 
separate experiments~ AOAA significantly (p < 
0.05) decreased total and covalent binding at 
all time points except 5 min. 
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segments (Figure 36). Relatively few grains were observed 

in glomeruli, collecting ducts or ascending thick tubules. 

The amount of DCVC bound increased steadily over the 8 hr 

observation period, however distribution among the cell 

types remained the same. 
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Figure 36. 
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Autoradiograms of slices exposed to 35S-DCVC. 
Slices were incubated with A) no label B) 
label for 15 min C) 2 hr or D) 8 hr. Slices 
were exposed for 4 days and subsequently 
developed. 

Silver grains are localized to the proximal 
tubules, however distribution of grains 
between the SPT and CPT is equivalent. 
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Chapter 4: Analogs of OCVC 

The chemical form of a toxin plays an important role 

in how that chemical is handled by the body. The formation 

of mercapturic acids produces a more water soluble product 

and one that is readily excreted by the organic anion 

system. It has been demonstrated that N-acetylcysteine 

conjugates of hexachlorobutadiene (Nash et aI, 1984) and 

1,1-dichloro-2,2-difluoroethylene (Commandeur et aI, 1987) 

caused kidney damage similar to that induced by the parent 

compounds. It is postulated that these N-acetylated 

compounds are deacetylated to the cysteine conjugate in 

order to induce this identical toxicity. Here, the 

toxici ty of N-acetyl-OCVC was determined and the role of 

acetylation in transport and metabolism investigated. 

Toxicity of N-acetyl-OCVC 

Concentration and time-dependent decreases in 

intracellular K+ and intracellular LOH were observed over a 

10- 5 M to 10- 3 M range of N-acetyl-OCVC (Figure 37 and 38). 

The lowest concentration had little effect, 10- 4 M 

N-acetyl-OCVC produced decreases in K+ content by 4 hr and 

lowered LOH content by 8 hr. The highest concentration 

induced alterations in intracellular K+ by 2 hr and 

intracellular LDH by 4 hr. 

Histopathology of slices exposed 

N-acetyl-OCVC demonstrated minor damage to 53 

to 10- 5 M 

segments at 
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Intracellular K+ content of renal cortical 
slices exposed to N-acetyl-DCVC. Each point 
represents the mean + SE of 8 observations 
from 2 separate experiments. * indicate a 
significant difference (p < 0.05) from 
concurrent control value. 
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N--ocetyl-DCVC 
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Intracellular LDH content of renal cortical 
slices exposed to N-acetyl-DCVC. Each point 
represents the mean + SE of 8 observations 
from 2 separate experiments. * indicate a 
significant difference (p < 0.05) from 
concurrent control value. 



A 

B 

Figure 39. 

133 

Histopathology of renal cortical Stices 
exposed to N-acetyl-DCVC for 12 hr A) 10- M B) 
10- 4 M or C) 10- 3 M (toluidine blue, 100x). 

Exposure to the low concentration resulted in 
minor damage to the SPT. 10-4M N-acetyl-DCVC 
induced a SPT lesion and the highest concen
tration caused necrosis of all the proximal 
tubules. 
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12 hr (Figure 39A). A selective straight proximal tubular 

lesion was observed by 8 hr with 10- 4 M N-acetyl-DCVC, with 

a greater number of tubules being damaged at 12 hr (Figure 

39B) • The highest concentration produced an 53 lesion 

between 2 and 4 hr, all proximal tubules were damaged by 8 

hr. Collecting ducts, ascending thicks and glomeruli 

remained intact throughout the 12 hr exposure (Figure 39C). 

Damage to 52 segments was noted earlier than wi th DCVC 

exposure and 53 segments contained wi thin the medullary 

rays (from superficial nephrons) appeared to be the last of 

the straight proximal tubules to be damaged. 

Transport of N-acetyl-DCVC 

N-acetylation of DCVC changes the zwitterion DCVC to 

an anion. Thi s al te ra ti on should enable N-acetyl-DCVC to 

be transported by the organic anion system. The ability of 

N-acetyl-DCVC and DCVC itself to compete with PAH for entry 

into the cell was examined (Table 15) . Kinetic 

accumulation of PAH was substantially inhibited by the high 

concentration (10- 3 M) of N-acetyl-DCVC, and partially 

inhibited by the lower concentration. The high 

concentration of DCVC (10- 3 M) inhibited the accumulation of 

PAH but this dose is extremely toxic and has been 

demonstrated to alter transport by 15 min (Hassall, 

Gandolfi and Brendel, 1983). The lower concentration of 

DCVC failed to compete for entry into the cell. 
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Table 15 

EFFECT OF DCVC AND N-ACETYL-DCVC 
ON KINETIC ACCUMULATION OF PAH 

5 Min 15 Min 10 Min 

Control (PAH) 1.64 + 0.19 3.38 + 0.08 5.05 + 0.70 - - -

Probenecid 0.86 + 0.07 1.01 + 0.06 0.99 + 0.03 
(2xlO- 4 M) -
Deve 1.36 -I- 0.17 2.65 + 0.22 3.88 + 0.08 
(10-3 M) - - -
Deve 1.73 + 0.12 3.09 + 0.36 5.60 + 0.59 
(10- 4M) - - -
N-Acetyl-DCVe 0.94 + 0.02 1.54 + 0.09 2.30 + 0.11 
(10- 3M) - - -
N-Acetyl-DCve 1.41 + 0.23 2.66 + 0.36 4.49 + 0.23 
(10-4 M) - - -

Slices were incubated in the presence of high (10-3 M) and 
low (10- 4 M) concentrations of Devc and N-acetyl-DCVC prior 
to the measurement of PAH accumulation. Probenecid served as 
a positive control. Values are the mean + S.D. of 3 slices. 
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To further ascertain whether N-acetyl-DCVC utilizes 

the the organic anion system the ability of test compounds 

such as amino acids and cysteine conjugates to inhibit the 

uptake of N-acetyl-DCVC was investigated (Table 16). DCVC 

inhibited the uptake of N-acetyl-DCVC by 23%, 

S-benzyl-cysteine (the best inhibitor of DCVC uptake) 

inhibi ted uptake by 38%. The neutral amino acid 

phenylalanine had no effect. probenecid provided 

substantial inhibi tion (80%) of N-acetyl-DCVC uptake, yet 

PAH only inhibited 20% of uptake. 

Since probenecid prevents the uptake of 

N-acetyl-DCVC, this compound should prevent the toxicity of 

N-acetyl-DCVC. Probenecid almost completely blocked the 

toxicity of 10- 4 M N-acetyl-DCVC as determined by 

intracellular K+ and LDH (Figure 40 and 41). Slices 

exposed to N-acetyl-DCVC and probenecid failed to develop a 

pathological lesion wi thin the 12 hr time frame (Figure 

44) . 

Metabolism of N-acetyl-DCVC 

N-acetyl-DCVC is not metabolized by ~-lyase 

(Bhattacharya and Schultze, 1967) and thus must undergo 

deacetylation (Suzuki and Tateishi, 1981) prior to being 

metabol i zed. Presuming tha t deace tyla tion produces DCVC 

which is metabolized via f3-lyase to produce a reactive 

thiol which covalently binds to macromolecules, the 



Table 16 

INHIBITION OF N-ACETYL-DCVC UPTAKE 
IN RENAL CORTICAL SLICES 

Test compounda Percent inhibition 

L-DCVC 23 + 2 -
S-benzyl-cysteine 38 + 5 -
phenylalanine 3 + 6 -
probenecid 80 + 3 -
para-aminohippurate 20 + 3 -

138 

a Slices incubated for 5 min in the presence of 5x10- 5 M 
N-acetyl-DCVC AND 10- 3 M test compound. Data expressed as 
the mean + SE of 8 observations from 2 separate 
exper iments.-
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Effect of probenecid and AOAA on N-acetyl-DCVC 
toxicity. Slices were exposed to lO-4 M 
N-acety!-DCVC in the presence or absence of 
probenecid (2xlO- 4 M) or AOAA (lO-3 M). Slices 
were preincubated with inhibitors for 30 min. 
Toxicity was determined by decreases in intra
cellular K+. Each point represents the mean + 
SE of 4 slices. 
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EFFECT OF PROBENECID AND AOAb.. 
ON N-ACETYL-DCVC 

10t T - -e _______ /1------,,'- -i __ -::----~ a+;# ::----- _A.. ----=1 i 6r~ --.~<~~========! 
4t e--e control 

I A-A DCVC 

Figure 41. 

24- II-II DCVC + probenecid 
I +-+ DCVC + AOM 
! 

O~I----~l~----~t'------~l-----~l------+I----~Ir--
o 2 4 6 8 10 12 

Hours 

Effect of probenecid and AOAA on N-acetyl-DCVC 
toxicity. Slices were exposed to 10- 4 M 
N-acetyl-DCVC in the presence or absence of 
probenecid (2xlO- 4 M) or AOAA (lO-3 M). Slices 
were preincubated with inhibitors for 30 min. 
Toxicity was determined by decreases in 
intracellular LDH. Each point represents the 
mean + SE of 4 slices. 
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covalent binding of N-acetyl-DCVC and the ability of 

probenecid (Figure 42) or AOAA (Figure 43) to prevent 

covalent binding was investigated. Approximately 50% of 

the N-acetyl-DCVC entering the cell was covalently bound by 

1 hr. Probenecid, by inhibiting 80% of the total uptake, 

also inhibi ted covalent binding of N-acetyl-DCVC. AOAA 

decreased the total uptake of N-acetyl-DCVC only at later 

time points indicating that no competi tion for transport 

was occuring. Covalent binding of N-acetyl-DCVC was only 

partially inhibited (50%) by decreasing metabolism with 

AOAA. 

Inhibition of metabolism, like inhibition of 

transport, should decrease the toxi ci ty of N-acetyl-DCVC. 

The toxicity of N-acetyl-DCVC (10- 4 M) as determined by 

intracellular K+ and intracellular LDH was partially 

inhibited by preincubation with AOAA (10- 3 M; Figure 40 and 

41) . As wi th DCVC, less protection was observed at 12 hr 

than at 8 hr. Histopathology reflected the partial 

protection obse rved wi th biochemi cal paramete rs. A less 

severe S3 lesion was observed at 8 hr with AOAA than with 

N-acetyl-DCVC alone. This lesion progressed by 12 hr, 

however the lesion remained less severe than with the toxin 

alone. 

D-DCVC 

In vivo studies suggested that the optical isomer of 
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Figure 42. Total and covalently bound N-acetyl-DCVC in 
slices after exposure to sxlO-sM 
N-acetyl-DCVC. Inhibition of uptake and 
binding by 2xlO- 4 M probenecid. Each point 
represents the mean + SE of 4-8 slices from 2 
separate experiments: Probenecid significantly 
(p < 0.05) decreased total and covalent 
binding at all time points. 
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Total and covalently bound N-acetyl-DCVC in 
slices after exposure to sx10- s M 
N-acetyl-DCVC. Inhibition of uptake and 
binding by 10- 3 M AOAA. Each point represents 
the mean + SE of 4-8 slices from 2 separate 
experiments. AOAA significantly (p < 0.05) 
decreased covalent binding at all time points 
and significantly decreased total binding at 
60 min. 
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Protection from N-acetyl-DCVC toxicity by 
probenecid and AOAA. Histopathology of renal 
cortical slices exposed to A) 10- 4 M N-acetyl
DCVC for 8 hr, B) 30 min preincubation with 
2x10- 4 M probenecid followed by an 8 hr 
exposure to 10-4M N-acetyl-DCVC and 
probenecid, and C) 30 min preincubation wi th 
10- 3 M AOAA followed by an 8 hr exposure to 
10- 4 M N-acetyl-DCVC and AOAA (toluidine blue, 
100x). 

Complete protection from N-acetyl-DCVC 
toxicity was observed with probenecid, partial 
protection with AOAA. 
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DCVC (D-DCVC) was one third to one half as toxic as L-DCVC 

and yet was not metabolized by ~-lyase (Anderson and 

Schultze 1965a,b). The toxicity of the optical isomer was 

assessed in renal cortical slices by intracellular K+ and 

LDH (Figure 45 and 46). A concentration and time-dependent 

decrease in viability was observed over a concentration 

range of 10- s M to 10- 3 M. The lowest concentration had 

minimal effects by 12 hr. The intermediate concentration 

(10- 4 M) produced dec reases in biochemical parameters 

between 4 and 8 hr. The highest concentration induced 

damage between 2 and 4 hr. 

Histopathology demonstrated a straight proximal 

tubular lesion between 4 and 8 hr with 10- 4 M D-DCVC, with a 

greater number of tubules being affected by 12 hr (Figure 

47B). The high concentration induced a straight proximal 

tubular lesion by 4 hr, by 12 hr all proximal tubules were 

damaged (Figure 47C). Although less potent than the 

L-i some r, D-DCVC in vi tro produced similar responses and 

site-specific damage to its optical isomer. 

The site-specific damage produced by D-DCVC was 

unexpected as this isomer is not metabolized by ~-lyase 

(Bhattacharya and Schultze, 1967). To ascertain whether 

the toxicity of D-DCVC is an anomoly of in vitro 

incubation, an in vivo study comparing the D and L isomers 

of DCVC was undertaken. The L-isomer of DCVC proved to be 

slightly more toxic than the D-isomer (Table 17) although 
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both compounds exhibited substantial toxicity. 

Histopathology of the kidney cortex showed both compounds 

produced a straight proximal tubular lesion by 48 hr, the 

lesion produced by L-DCVC being more severe (Figure 48). 

The lesions observed in vivo corresponded well with the 

prior in vitro studies. 
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D-DCVC 

2 4 6 8 10 12 

Hours 

Intracellular K+ content of renal cortical 
slices exposed to D-DCVC. Each point 
represents the mean + SE of 8 observations 
from 2 separate experiments. '* indicate a 
significant difference (p < 0.05) from 
concurrent control value. 
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D-DCVC 
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Intracellular LDH content of renal cortical 
slices exposed to D-DCVC. Each point 
represents the mean + SE of 8 observations 
from 2 separate experiments. * indicate a 
significant difference (p < 0.05) from 
concurrent control value. 
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Histopathology of renal corti~al slices 
exposed to D-DCVC for 12 hr A) 10- M B) 10- 4 M 
or C) 10- 3 M (toluidine blue, 100x). 

No damage was evident with low concentration 
of D-DCVC. 10-4M D-DCVC induced a SPT lesion 
and the highest concentration caused necrosis 
of all the proximal tubules. 
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Table 17 

A COMPARISON OF THE IN VIVO TOXICITY OF D-DCVC AND L-DCVC 

BUN (mg/dl) 

24 hr 48 hr 

Control 16.1 + 2.8 17.1 + 1.9 -
L-DCVC 72.0 + 20.1 131.2 + 37.6 - -
D-DCVC 59.7 + 6.9 110.1 + 19.1 - -

Rabbits received 25 mg/kg IP of L- or D-DCVC. Controls 
received an equal volume of saline. Values are x + SE, n=3. 
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Histopathology of renal cortical slices taken 
from animals exposed in vivo to 25 mg/kg 
L-DCVC (A) or D-DCVC (BT f0r-48 hr (toluidine 
blue, lOOx). 

Si te-specific SPT lesions were evident wi th 
both compounds, the lesion being more severe 
in animals receiving L-DCVC. The lesions 
produced in vivo correlated well wi th those 
observed prevIOUSly in vitro. 
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DISCUSSION 

In order to utilize an in vitro system to 

investigate toxin-induced selective injury of the proximal 

tubule the selected system must be validated. The renal 

cortical slice system proved to be a viable system for 

acute studies of organic nephrotoxins. Of major importance 

is the abili ty to correlate biochemical and pathological 

damage in vitro and then be able to parallel these events 

with in vivo observations. In light of the current 

controversy over animal rights and the ever shrinking 

research budgets, an in vi tro system that compares well 

with in vivo occurances would be invaluable as a screening 

tool for new agents as well as a mechanistic tool for basic 

scientists. Four organic nephrotoxins were investigated 

using the renal cortical slice system; biochemical, and 

pathological changes we re moni tored and cor related. One 

model compound was selected to investigate the utility of 

this system for mechanistic studies. 

On the mechanistic level, in vitro studies have 

proven an effective approach to determining how chemicals 

cause injury to a specific tissue or target within that 

tissue (Acosta et aI, 1985). S-(1,2-dichlorovinyl)-L

-cysteine was chosen as the model compound for mechanistic 

study due to its potency, specificity, and relevence to 

other halogenated hydrocarbons. In addition to biochemical 
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and pathological alterations, the transport, metabolism, 

and localization of DCVC was investigated to give insight 

into the regioselective damage. Use of the N-acetylated 

compound allowed us to better mimic and explore what has 

been postulated to occur in vivo. 

In Vitro Exposure of Renal Cortical Slices 
to organic Nepfirotoxins 

Indicators 

In all of the studies intracellular K+ proved to be 

a sensitive although non-specific indicator of toxicity. 

Changes in K+ content always preceded the development of a 

pathological lesion, and in many cases this indicator was 

the first to be altered. 

Transport is a sensitive indicator of general 

proximal tubular function which has been utilized by many 

investigators after in vivo dosing to assess toxicity 

(Hirsch, 1976). This indicator has more recently been 

utilized to assess nephrotoxicity of compounds in vitro 

(Goldstein et aI, 1986; Ruegg, 1987a). Here, accumulation 

of the organic ions PAH and TEA proved to be both sensitive 

and specific for proximal tubular damage, although 

segmental differences could not be ascertained by these 

methods. Changes in transport occurred early, either in 

parallel with decreases in intracellular K+ or in some 

cases preceded changes in intracellular PAH 
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accumulation was affected prior to TEA accumlation in most 

instances. In all cases transport was altered prior to the 

development of a pa thologi cal lesion. Minor decreases in 

PAH accumulation were observed at later time points; it may 

be possible to prevent decreases in transport by the 

addition of dicarboxylate acids to the medium which should 

energize the cotransporter (Shimada, Moewes and Burckhardt, 

1987). 

The measurement of LDH excretion in the urine is a 

standard indicator of nephrotoxicity (Stonard, 1987). LDH 

leakage has also been utilized as a standard indicator of 

cytotoxicity for in vitro studies. In our studies, loss of 

this enzyme was consistantly the least sensitive indicator. 

Loss of intracellular LDH was concomitant with the 

development of a pathological lesion. This lack of 

sensitivity may be attributed to two factors, the 

distribution of the enzyme (higher in the distal tubule 

than the proximal tubule) or the inherent difficulty in 

determining the intracellular changes versus the leakage 

into media. The sensitivity and selectivity of other 

enzymes and indicators will be discussed in a later 

section. 

organic 

location 

Light microscopic 

nephrotoxins was 

of damage. 

evaluation of slices exposed to 

invaluable in determining the 

All four compounds expressed 

the straight proximal tubule being site-specific toxicity, 
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the initial site of injury in all instances. 

Cephaloridine 

The observations that cephaloridine-induced toxicity 

is limited to the proximal renal tubule, that there is 

transport of cephaloridine into the renal cortex, and that 

transport and toxici ty are blocked by various transport 

inhibitors strongly suggest that the nephrotoxicity of 

cephaloridine is related to its transport (Tune and 

Fernholt, 1973). It has since been shown that 

cephaloriciine is transported into the proximal tubule cell 

via the organic anion system and concentrates at this 

location as little movement occurs across the luminal 

membrane into the tubular fluid (Tune, 1975). Although 

cephaloridine was once postulated to undergo cytochrome 

P-450 metabolism (McMurtry and Mitchell, 1977) more recent 

studies indicate that inducers (phenobarbital) and 

inhibitors (piperonyl butoxide) of cytochrome P-450 alter 

the concentration of cephaloridine within the tubule rather 

than influencing metabolism (Ruo, Braselton and Hook, 1982; 

Tune et aI, 1983) . In vivo reports have local i zed the 

cephaloridine induced necrosis to the proximal tubule, but 

have varied as to which segment (convoluted versus 

straight) is most prone to injury (Silverblatt, Turck and 

Bulger, 1970; Tune, 1972; Ruo et aI, 1983; Hook and Smith, 

1985). 

.. , 
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Our in vitro studies also suggest that accumulation 

may play a role in toxicity as lesions appear similar at 

different concentrations but develop at different rates. 

The lesion induced in renal cortical slices is limi ted 

primarily to the straight proximal tubules and occurs 

within the time frame of in vivo studies. This observation 

correlates with some of the previously cited in vivo 

studies. Accumulation of cephaloridine would be expected 

to be highest in the 52 segment (region of highest anionic 

transport, Woodhall et aI, 1978) so one might postulate 

that this would be the target segment. Our studies 

indicate that although concentrations of cephaloridine may 

be higher in 52 segments, 53 segments appear to be more 

susceptible to injury. This may be explained by the 

effects of cephaloridine on mitochondrial function and the 

fact that there are fewer mi tochondria in the 53 segments 

(Tune et aI, 1979; Kaissling and Kriz, 1979). PAH 

accumulation was decreased by cephaloridine but not to the 

extent one would have expected; this may be rationalized by 

the number of 52 segments which remain unaffected and thus 

can continue to accumulate the anion. None of the 

biochemical or functional indicators were completely 

inhibited as would be anticipated by the regioselective 

damage, only straight segments were damaged whereas the 

convoluta, glomeruli, ascending thicks and collecting ducts 

all remained viable. 
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The mechanism of action of cephaloridine has been 

postulated to be lipid peroxidation based on the 

observations that conjugated dienes and malondialdehyde are 

produced by exposure to cephaloridine and antioxidants 

decrease the toxici ty of cephaloridine (Goldstein et aI, 

1986; Kuo et aI, 1983). Renal cortical slices would be a 

good model for further investigation ,of this mechanism as 

transport as well as peroxidation can be monitored in a 

system which displays the same susceptibility as in vivo. 

Gentamicin 

Aminoglycoside nephrotoxicity appears to be a direct 

consequence of its transport and accumulation by renal 

proximal tubular cells. Studies have implicated that 

aminoglycosides undergo a multistep uptake process at the 

apical side of renal tubular cells involving binding to 

anionic sites on brush border membranes, endocytotic uptake 

and transfer to lysosomes (Saito, Inui and Hori, 1986). 

Once inside the cell gentamicin results in 

phospholipidosis, the production of myeloid bodies and 

subsequent proximal tubular necrosis (Giurgea-Marion et aI, 

1986). 

In vitro gentamicin produced a proximal tubular 

lesion, however ascending thick segments were also 

affected. Even with high concentrations of gentamicin 

alterations of biochemical parameters did not occur until 
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late. Gentamicin is classified as a sub-chronic toxin; the 

use of high concentrations for short times may have 

disturbed the normal kinetics of uptake and thus influenced 

alternate cell types. The development of longer term 

cultures in the future will allow us to better investigate 

sub-chronic toxicity using more appropriate dose levels. 

Hexachlorobutadiene 

Hexachlorobutadiene (HCBO) undergoes metabolism via 

conjugation with glutathione in the liver and excretion in 

the bile (Nash et al ,1984). Biliary metabolites are 

reabsorbed by the kidneys and further degraded to the 

cysteine conjugate which is then presumably N-acetylated to 

the mercapturic acid (Lock and Ishmael, 1985). The 

cysteine conjugate of HCBO is metabolized via the ~-lyase 

pathway to produce a reactive thiol (Green and Odum, 1985) 

capable of inducing proximal tubular damage. Site-specific 

S3 necrosis is evident after in vivo administration of HCBO 

(Ishmael, Pratt and Lock, 1982). 

Incubation in vitro indicates that the kidney may be 

able to solely biotransform HCBO to a toxic metaboli te. 

The kidney possesses both GSH-transferases and all of the 

enzymes necessary for mercapturic acid production (Monks 

and Lau, 1987) and thus should be capable of producing the 

reacti ve metabol i te in the absence of the live r. The 

production of an identical site-specific lesion in vitro 
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and in vivo supports this hypothesis. Previous in vitro 

studies have had mixed success in producing HCBD toxicity. 

Kluwe, Harrington and Cooper (1981) found high 

concentrations of HCBD (10- 3-10- 2 M) decreased K+, PAH 

accumulation and O2 consumption, however Lock and Ishmael 

(1979) found no effect of concentrations up to lO-4 M HeBD. 

Our studies show 10- 4 M HCBD produced substantial changes in 

all parameters measured. The accumulation of organic ions 

was completely inhibited by 10- 3M HeBD indicating all 

proximal tubules were affected. This was confirmed by the 

histopathological studies. Organic anion accumulation was 

affected prior to cation accumulation which correlates well 

with the proposal that HeBD conjugates are transported in 

vivo via the organic anion system (Lock and Ishmael, 1985). 

Solvent effects have been suspected with HeBD. 

However, the specificity of the injury in vitro (S3) and 

the ability to decrease the toxicity of HeBD with 

aminooxyacetic acid (an inhibitor of metabolism) should 

allay these fears. 

It should be pointed out that control values for 

biochemical and functional parameters are the same in these 

studies which utilized an alternative incubation system 

(roller culture) from the previous studies (submersion 

culture). 

The renal slice system provides a good model for the 

production and progression of HeBD-induced nephrotoxicity. 
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The system enables one to investigate the transport and 

metabolism of this compound but due to the complexity of 

activation this compound was not pursued further. 

S-(1,2-dichlorovinyl)-L-cysteine 

S-(1,2-dichlorovinyl)-L-cysteine (DCVC) is a potent 

and speci fi c nephrotoxin and has been used as a model 

cysteine conjugate in numerous in vitro studies (Lash and 

Anders, 1986a; stevens, Hayden and Taylor, 1986a). DCVC is 

metaboli zed by l3-lyase to a reactive thiol, pyruvate and 

ammonia (Anderson and Schultze, 1965; Stonard and Parker, 

1971), this being the final activation step in the 

metabolism of toxic glutathione conjugates (Monks and Lau, 

1987). 

DCVC proved to be the most potent toxin of the four 

organic compounds investigated. Biochemical, functional 

were evident with and histopathological alterations 

concentrations as low as 10- 5 M DCVC. 

least potent (in the 10- 2 -10- 3 M 

The antibiotics were 

range) while 

(10- 5 -10- 4 M) . demonstrated an intermediate potency 

earliest alterations in DCVC induced toxicity are 

HCBD 

The 

in 

intracellular K+ and transport. Changes in ATP content and 

02 consumption follow shortly thereafter. Leakage of 

enzymes is the last parameter to be altered by in vitro 

exposure to DCVC. 

The renal tubule is highly dependent on oxidative 
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phosphorylation for generation of ATP (Mandel, 1985). 

Furthermore, the ATP pool turns over rapidly in these 

cells, and there is a close coupling between oxidative 

phosphorylation and ATP-dependent functions, particularly 

active transport (Balaban et aI, 1980; Mandel and Balaban, 

1981) . Loss of K+ is most likely due to a disruption of 

the Na+/K+ ATPase pump, energy to maintain the ion 

gradients is lost and K+ leaks out of the cell. Studies 

have indicated that more than 50% of cellular oxygen 

consumption 

demands of 

may 

the 

be directed toward supporting the ATP 

Na+/K+ ATPase (Harris et aI, 1981). 

Transport reflects an energy dependent process present only 

in the proximal tubules. 

processes between 4 and 

DCVC completely inhibi ts these 

8 hr reflecting the selective 

damage to proximal tubules seen by histopathology. Changes 

in ATP content and 02 consumption of renal cortical slices 

occurred later than anticipated for a compound believed to 

initially damage mitochondria (Lash, Elfarra and Anders, 

1986a). In isolated kidney cells, DCVC (10- 3 M) decreased 

ATP and cellular respiration (state 3) by 30 min (Lash, 

Elfarra and Anders, 1986a). Our studies utilized much 

lower concentrations of DCVC, however changes in energy 

status may also have been partially masked by the presence 

of heal thy collecting ducts, ascending thick segments and 

glomeruli within the cortical slice. Attempts to imitate a 

known model of nystatin (State 3 respiration) and ouabain 
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(respiration coupled to Na+/K+ ATPase) induced changes in 

cellular respiration (Harris et aI, 1981) failed in renal 

cortical slices, most likely due to the inability of these 

agents to penetrate into the slice. 02 consumption in our 

studies was ind~cative only of basal respiration and not 

state 3 respiration shown previously to be more severely 

affected by OCVC (Lash, Elfarra and Anders, 1986a). A 

decline in ATP is not associated with irreversible cell 

damage thus decreases in energy charge or loss of AMP may 

be better indicators of cell death (Farber, 1973). 

Indicators of membrane integrity (intracellular 

enzymes) were the last parameters to be affected. However, 

the order in which leakage occured gives us insight into 

the sites of damage. y-glutamyl transpeptidase (GGT), 

contained predominantly in straight proximal tubules, was 

the first enzyme to be affected. Leakage of alkaline 

phosphatase (ALP), highest in the convoluted segments 

followed, whereas loss of lactate dehydrogenase (LOH), a 

predominantly distal tubule enzyme, was the final enzyme to 

be affected. This correlates well with the progression of 

the OCVC-induced lesion from the straight to the convoluted 

segments of the proximal tubule as evidenced by histology. 

In addition, the brush border enzymes (GGT, ALP) were 

affected prior to the cytosolic enzyme LOH indicating that 

brush borders are damaged prior to other membranes. It 

would appear from the chronology of biochemical events that 
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the alteration in energy status within the cell is 

responsible for the initial damage to cells with membrane 

damage ensuing. 

Histopathological techniques allowed us to follow 

the progression of DCVC induced lesions from an initial S3 

lesion to a lesion encompassing all proximal tubular 

segments. This lesion was site-specific to the proximal 

tubule, all other cell types remain morphologically intact. 

The chronology and specificity of the in vitro lesion 

corresponded well to the lesion observed in vivo (Hassall, 

Gandolfi and Brendel, 1983). 

Specialty stains (PAS and Oil red 0) allowed further 

investigation into the type of damage induced by DCVC. PAS 

staining demonstrated the loss of brush borders, this was 

confi rmed by electron microscopy. Oil red 0 stains for 

fats. were negative (not shown) indicating no lipid 

accumulation occured due to DCVC exposure. MTT (3-4,5 

dimethylthiazol-2-yl)2,5 diphenyltetrazolium) is a 

tetrazoleum salt which is cleaved by active mitochondria to 

a blue product (formazan). MTT is thought to be converted 

to its colored product by mitochondrial dehydrogenases and 

cytochrome C (Slater, Sawyer and Strauli, 1963). Renal 

cortical slices were incubated with MTT, the formazan was 

extracted and quantitated by spectrometry. Slight 

decreases in formazan production were noted with DCVC 

however the presence of many healthy cells within the slice 
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made this assay less effective than it would be in other 

systems such as isolated cells or isolated proximal 

tubules. The dye was unstable in ethanol and thus could 

not be utilized as a mitochondrial stain using our 

histology procedure. Mitochondrial damage was instead 

assessed by electron microscopy which revealed extensive 

damage to the mitochondria as early as 4-6 hr. 

Correlation of biochemical and histological 

parameters allows us to 

cellular injury induced 

speculate on the progression of 

by DCVC. As energy dependent 

parameters are first to be altered and mitochondria are the 

first organelles to display damage, mitochondria appear to 

be the initial targets of DCVC. Anders et al (1988) have 

presented considerable evidence that mitochondria are 

indeed the targets of DCVC. They showed alterations in 

mitochondrial function, structural integrity, and 

metabolism occuring prior to cytotoxicity and postulated 

that complex II (succinate dehydrogenase) may be the site 

of action. Visible loss of the brush border is preceded by 

a loss in brush border enzymes and changes in transport on 

the luminal surface. Since leakage of the cytosolic enzyme 

LDH occurs last and membrane damage other than to the brush 

border is not readily identified, membrane damage appears 

to be a later event in DCVC induced toxicity. 

Transport of DCVC 
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Three sites of entry contribute to the intracellular 

concentration of cysteine conjugates, 1) basolateral influx 

or efflux, 2) influx at the luminal membrane, and 3) entry 

of the N-acetylcysteine conjugate with subsequent 

deaceylation to yield the cysteine conjugate (Schaeffer and 

Stevens, 1987b). The evidence presented here indicates 

that DCVC is not taken up by the organic anion system but 

may be taken up by one or more of the amino acid systems. 

The N-acetyl derivative of DCVC, an organic anion, is 

however transported by the probenecid sensitive organic 

anion system. 

Kinetic analysis of DCVC uptake demonstrates the 

existance of a specific transport system in renal cortical 

slices. Location of the uptake site, whether luminal, 

basolateral or both, is not clear. Studies investigating 

the sodium dependence of transport and the partial 

effecti veness of BCH, an inhibi tor of the basolaterally 

located system L, indicate a basolateral location (Rabito 

and Karish, 1982). Transport systems for amino acids in 

the renal epithelium have not been clarified unlike those 

for organic ion transport, thus discrimination of any 

single transporter for DCVC is not possible at this time 

(Grantham, 1982, Rabito and Karish, 1982). 

In vivo reports of the effectiveness of probenecid 

in decreasing the toxicity of DCVC (Elfarra, Jakobson and 

Anders, 1986a) prompted the investigation of this inhibitor 
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in vitro. Probenecid, in renal cortical slices, failed to 

prevent the uptake or toxicity of DCVC. In addition, DCVC 

did not compete with the organic anion PAH for entry into 

the cell. In complete contrast, probenecid did inhibit the 

uptake and the toxicity of the N-acetylated derivative of 

DCVC. The N-acetyl derivative also competed with PAH for 

uptake into the cell. This evidence strongly suggests that 

the uptake of DCVC itself is not via the organic anion 

system yet the transport of the N-acetyl derivative is most 

definitely via the organic anion system. Inoue, Okajima 

and Morino (1984) found that a cysteine conjugate in plasma 

is rapidly taken up by the liver and converted to the 

N-acetyl derivative which is translocated back into the 

plasma. This mercapturic acid can be transported into the 

kidney where its fate may be excretion or deacetylation 

back to a cysteine conjugate (Suzuki and Tateishi, 1981). 

Enzymes responsible for N-acetylation and N-deacetylation 

are independent systems which may oppose each other in vivo 

(Weber, Radke and Tannen, 1980), thus both DCVC and 

N-acetyl-DCVC should be present in vivo. The renal 

cortical slice system proved effective in separating and 

examining the transport of each form of DCVC. 

It seems logical that a cysteine conjugate would be 

transported by a system which recognizes cysteine. Knowing 

that Dcve is not transported by the organic anion system, 

having evidence for its transport by amino acid systems in 
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LLC-PK1 cells (Schaeffer and Stevens, 1987a,b), and the 

indication that a similar transport system is utilized in 

renal cortical slices supports the suggestion of DCVC 

transport by one or more amino' acid systems. Further 

characterization of these systems is needed before a 

definitive answer can be illucidated. Another possibility 

is the transport of DCVC by the organic cation system, as 

the amino function of DCVC is exposed and renders cationic 

properties. 

Metabolism of DCVC 

To ascertain the role of cysteine conjugate B-Iyase 

in the nephrotoxicity of DCVC, the inhibitory effects of 

aminooxyacetic acid (AOAA), an inhibitor of pyridoxal 

phosphate-dependent enzymes, were studied. The inhibition 

of toxicity, metabolism and covalent binding by AOAA 

suggests that the metabolism by ~-lyase to a reactive 

fragment (1, 2-dichlorovinyl-thiol) is responsible for the 

ensuing toxicity. 

The incomplete protection of renal proximal tubular 

cells from DCVC toxicity by AOAA has been suggested to be 

due to the relatively rapid nonenzymatic rate of DCVC 

degradation (Lash and Anders, 1986a). perhaps a better 

explana ti on is the presence of a second enzyme system as 

has been proposed by Stevens, Robbins and Byrd (1986b). 

These researchers have shown that the ~-lyase purified from 
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rat kidney cortex is capable of catalyzing both 

transamination and ~-elimination reactions with DCVC as a 

substrate. Although the toxicity of DCVC may be associated 

with ~-lyase catalyzed ~-elimination to form 1,2 

dichlorovinyl thiol, ~-lyase may also catalyze a 

transamination reaction to yield the tt-keto acid 

S-(1,2-dichlorovinyl)-3-mercapto-2-oxo-propionic acid. The 

ability to catalyze the ~-elimination reaction is dependent 

on a source of tt-keto acids (Elfarra, Lash and Anders, 

1987) which act as amino group acceptors; if an tt-keto acid 

source is absent the enzyme would accumulate in the 

inactive form and be unable to accept another substrate. 

stevens, Robbins and Byrd (1986b) have proposed that 

L-amino oxidase may catalyze the oxidative deamination of 

DCVC to S-(1,2-dichlorovinyl)-3--mercapto-2-oxyproprionic 

acid which may then undergo a c-s cleavage reaction to 

generate 1, 2-dichlorovinyl thiol and pyruvate. using 

vinylglycine, an inhibi tor of L-amino acid oxidase 

(Marcotte and walsh, 1976) stevens (personal communication) 

has been able to inhibit the metabolism of DCVC not 

previously inhibi ted by AOAA. This information suggests 

that both ~-lyase and L-amino acid oxidase metabolism 

contribute to the nephrotoxicity of DCVC (Figure 49). 

Role of N-acetylation in DCVC toxicity 

N-acetylated DCVC produced a similar toxici ty 
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DCVC 

NH3 
transamlnatio 

DCVSH DCVMOP 

,pyruvate 

Renal metabolism of DCVC. DCVSH c 1,2 
dichlorovinylthiol; DCVMOP = S-(1,2-dichloro
vinyl)-3 mercapto-oxopropionic acid; KA = keto 
acid; AA c amino acid. From Anders et al 
(1988). 
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profile to DCVC although the N-acetyl derivative was less 

potent. The development of a site-specific straight 

proximal tubular lesion was similar wi th both compounds 

with the exception that the N-acetylated compound affected 

some S2 segments prior to damaging all S3 segments. This 

can be explained by the probable concentrations within 

segments: S2 should transport N-acetyl-DCVC into the cell 

at a greater rate than will S3 segments (Grantham, 1982). 

The N-acetylated derivative of DCVC has been 

isolated from rats dosed wi th trichloroethylene (Dekant, 

Metzler and Henschler, 1986) suggesting that a cysteine 

conjugate (DCVC) is formed in vivo and subsequently 

acetylated prior to urinary excretion. Derr and Schultze 

(1963) demonstrated that 41.5 % of radiolabelled DCVC given 

to rats was excreted in the N-acetylated form. As 

N-acetyl-DCVC is not a substrate for ~-Lyase (Anderson and 

Schultze, 1965; Bhattacharya and Schultze, 1967) it is 

postulated that N-acetyl-DCVC must be deacetylated to DCVC 

and then undergo metabolism by ~-lyase to produce 

nephrotoxicity. The ability to inhibit the toxicity and 

covalent binding of N-acetyl-DCVC wi th the inhibi tor of 

~-lyase (AOAA) suggests that this is indeed the case. The 

N-acetylcysteine conjugate of hexachlorobutadiene was shown 

to cause lesions in the kidney identical to those described 

for hexachlorobutadiene itself (Nash et aI, 1984) 

suggesting that acetylation and deacetylation of cysteine 
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conjugates is a common mechanism in halogenated hydrocarbon 

toxicity. 

The lesser potency of N-acetyl-DCVC seen in renal 

cortical slices may only be due to the limited time frame 

examined. Since N-acetyl-DCVC requires an additional 

activation step (deacetylation) the time frame of toxicity 

may be delayed, and at a later time point (24 hr) toxicity 

may in fact be equivalent to that produced by DCVC itself. 

Metabolism of DCVC and its N-acetyl derivative is 

postulated to produce a reactive intermediate which reacts 

with proteins (including ~-lyase itself), nucleic acids and 

thiols (Anderson and Schultze, 1965b; Bhattacharya and 

Schultze, 1967). Covalent binding of 35 S labelled DCVC and 

N-acetyl-DCVC to renal cortical slices is representative of 

this occurring. Prevention of covalent binding by ADAA 

demonstrates the role of metabolism, whereas the prevention 

of covalent binding of N-acetyl-DCVC by probenecid 

illustrates the importance of transport in the ultimate 

production of toxicity. 

It must be remembered that both DCVC and 

N-acetyl-DCVC should be present in vivo although the ratio 

of one to the other is unknown. The ratio of the two forms 

in the proximal tubule will be dependent on transport in 

and out of the cell and acetylation, deacetylation rates 

both in the kidney and other organs. In addition, 

metabolism of the compounds serves as a sink that will 
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decrease the amount of either form in the cell and in turn 

increase the transport into the cell. The renal sl i ce 

system is an effective model for determining the role of 

each of these components in the production of 

nephrotoxicity. 

Toxicity of the optical isomer, D-DCVC 

Amino acid metabolism is in general stereospecific. 

The optical isomer of DCVC, D-DCVC, is not metabolized by 

B-lyase (Anderson and Schultze, 1965; Stevens, Hayden and 

Taylor, 1986a) however a similar S3 lesion is induced in 

vi tro and in vivo. Transport of the D-isomer has been 

demonstrated to occur in LLC-PK1 cells and even seems to 

use the same transporte r as L-DCVC (Stevens, Hayden and 

Taylor, 1986b). Both in vivo and in vitro the D-isomer 

appears to be less potent in inducing nephrotoxicity. In 

vivo plasma BUN levels were essentially equivalent while 

the pathological lesion was more severe with L-DCVC, thus 

demonstrating the insensitivity of BUN as an indicator of 

specific nephrotoxicity. In vitro, decreases in 

intracellular K+ and LDH due to L-DCVC exposure were 

observed at concentrations 5-10 fold lower than those for 

D-DCVC. It can be postulated that D-DCVC is metabolized by 

D-amino acid oxidase to a reactive thiol similar to the 

pathway postulated for L-amino acid oxidase (Stevens, 

Robbins and Byrd, 1986b). It is known that higher levels 
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of the D-amino acid oxidase are present in the kidney than 

of the L-amino acid oxidase (Hamilton, 1985) and this 

increased activity may be sufficient to produce toxic 

thiols responsible for toxicity. 

Localization of injury to the 53 segment 

All of the compounds investigated here demonstrated 

a selecti vi ty for the 53 segment of the proximal tubule. 

Many other nephrotoxins also show selectivity for this 

particular region (Weinberg, 1985). Why is this segment 

more susceptible to injury than any other? Suggestions of 

concentration of a compound along the nephron and ischemia 

due to altered renal hemodynamics (Ishmael, Pratt and Lock, 

1982) can be excluded by the use of an in vi tro slice 

system. concentration along tubules can not occur in the 

short unconnected tubular segments present in the slices, 

and incubation under high oxygen tensions prevents ischemic 

damage. Slices are sufficiently thin to allow adequate 

oxygenation and indeed severe conditions (no oxygen, 

decreased nutrients) must be inflicted on slices to induce 

hypoxic damage (Ruegg, 1987a). Suggestions of tubular 

accumulation and/or regional metabolism of compounds seem 

more probable. 

Accumulation of toxins within the proximal tubule by 

active mechanisms would account for selective toxicity. 

The accumulation of the antibiotics cephaloridine and 
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gentamicin has demonstrated that this may be the cause of 

selective necrosis by these agents although mechanisms of 

uptake and subsequent events differ (Ka1oyanides, 1984; 

Tune, 1975). Cysteine conjugates also appear to be actively 

accumulated, however metabolism of these compounds may also 

playa significant role in the production of site-specific 

nephrotoxicity. 

Investigations into the localization of ~-lyase have 

demonstrated a uniform distribution of the enzyme along the 

proximal tubule as determined by immunocytochemical 

techniques (Jones, Qin and Stevens, 1988). staining for 

the presence of the enzyme was negative in all other cell 

types. Our autoradiography results also support this 

observation. Silver grains, representative of the binding 

of 35 S-DCVC, were evenly distributed among the proximal 

tubule segments implying that the activity of ~-lyase was 

equivalent in the different segments. Similar to the 

distribution study I found little binding in regions other 

than the proximal tubule. Localization of binding due to 

N-acetyl-DCVC should follow the same pattern as similar 

metabolism is suspected. 

The interpretation of the autoradiography is 

complicated by the use of glutaraldehyde as a fixative. 

Glutaraldehyde cross1inks amino acids to structural 

proteins, thus the 

material metabolized 

silver grains represent not only 

to a reactive metabolite but also 
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"free" DCVC which has been crosslinked to proteins. The 

use of a fixative not containing glutaraldehyde would 

clarify this problem. Interpretation of these resul ts may 

also be complicated by the possibilities of differential 

transport and the presence of a second enzyme 

(L-amino-oxidase), the distribution of which is yet 

unknown. 

Transport of the N-acetyl derivative of DCVC should 

be 3-5 times higher in 52 segments yet 53 are still the 

first to be damaged. It should be noted that more 52 

segments were damaged by the N-acetylated derivative than 

by DCVC itself although the lesions were essentially 

identical. The distribution of amino acid transporters may 

help clarify transport of DCVC but it seems unlikely that 

transport is solely responsible for regional selectivity. 

From our resul ts is does not .appear as if the 

site-specificity of damage within the proximal tubule can 

be attributed to either transport or metabolism. 

Considering that compounds which do not require activation 

(mercuric chloride), and compounds which are metabolized by 

different routes (acetaminophen, bromobenzene, D-DCVC etc) 

induce similar site specific damage this is not 

particularly surprising. 

It is also possible that the S3 segments are 

innately susceptible to chemical damage. Innate 

susceptibility may include both transport and metabolism: 
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differences in the influx and efflux of cysteine conjugates 

in each of the regions may account for selective damage. 

Acetylation versus deacetylation rates within segments may 

alter the concentration of DCVC itself. It has been 

demonstrated that N-acetylation of DCVC and the analog 

dichlorovinyl-homocysteine by cysteine S-conjugate 

N-acetyltransferase (Duffel and Jacoby, 1982) differ. K 
m 

values for the analogs were similar however the V
msx 

for 

DCVC N-acetylation was four times higher than the V for max 

dichlorovinyl-homocysteine (Elfarra, Lash and Anders, 

1986b). 

Subcellular localization of B-Iyase as well as 

effect the toxicity of 

both cytosolic and 

acetylases and 

DCVC. B-Iyase 

mitochondrial 

deacetylases may 

is present in 

fractions (Anders et aI, 1988) with 

mitochondrial enzymes being postulated to be localized both 

in the matrix and in the outer membrane. Specificity of 

the var ious a-lyase enzymes could influence the toxi ci ty i 

perhaps the majority of metabolism of DCVC occurs in the 

mitochondria, the target site. N-acetyl transferase is 

present in both particulate and soluble forms (Weber, Radke 

and Tanen, 1980) the role these forms play in DCVC-induced 

toxicity is unknown. 

Protective mechanisms (glutathione, other radical 

scavengers, rate of repair) may also be unequal in the 

segments leaving the S3 segment more vunerable to injury. 
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studies in the liver have indicated that repair mechanisms 

differ in periportal and pericentral locations (Zieve, 

1986), this heterogeneity of repair may also be the case in 

the kidney. Glutathione concentrations have been reported 

to be lower in zone 3 of the liver (Smith et aI, 1979) 

making this area more susceptible to hepatotoxins. Again a 

similar situation may present itself in the kidney. 

An interesting possibility for the specificity in 

the S3 region is the unequal distribution of mitochondria 

along the tubule. Kaissling and Kriz (1979) demonstrated 

that mitochondria were large and very numerous within the 

Sl segment as well as being rod-shaped and lying within the 

lateral cell processes. within the S2 segment mitochondria 

are fewer in number and lose their parallel arrangement and 

become randomly distributed. The mitochondria of the S3 

segment are fewest in number, smaller, are randomly 

distributed and have lost their rod-like shape. It is 

possible then that compounds such as DCVC which are 

postulated to have mitochondrial targets inflict damage 

initially in the region with the fewest mitochondria. This 

observation is supported by the chronology of events; 

necrosis being observed in S3 segments, followed by S2 

segments and finally S1 segments. 

It should be mentioned that although the liver has 

~-lyase activity which is capable of metabolizing DCVC 

(Stonard and parker, 1971) only minor hepatic toxicity has 
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been observed in rats and no hepatic toxicity observed in 

rabbits (Terracini and Parker, 1965). This organ 

specificity has been attributed to different forms of the 

enzyme and differing subcellular locations (stevens, 1985). 

It may also be that the liver parenchyma are resistant to 

the reactive thiols produced due to more efficient 

scavenging or more effective repair systems. Also qui te 

probable in vivo is the greater acetylating capacity of the 

liver rendering DCVC more soluble and easily transported 

out of the cell. 

Progression of events in DCVC toxicity 

Studies of pulsed versus continuous exposure to DCVC 

demonstrated that an irreversible sequence of events had 

occurred as early as 30 min. Lesions induced by pulsed 

exposure to the compound were similar, although not as 

severe, to those lesions produced by continuous exposure. 

It can be postulated that sufficient uptake and metabolism 

of DCVC had occurred in the short term exposures to trigger 

the cascade of events leading to cell death. Slices which 

were continuously exposed to DCVC presumably had access to 

a greater concentration of compound yet the sequence of 

events remains the same, although the time frame was 

shifted. 

Transport, metabolism and covalent binding were 

observed to be early events, DCVC was transported into the 
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cell even as early as 1 min, metabolism and subsequent 

covalent binding were observed by 5 min. A substantial 

amount of covalent binding was observed by 1 hr yet no 

biochemical changes were observed with 5xlO- s
M DCVC until 

2-4 hr and histopathological changes were not noted until 6 

hr. It is of interest to find the linking events between 

uptake and metabolism and expression of toxicity and 

ultimately the development of a necrotic lesion. The renal 

slice system is uniquely applicable to the study of these 

events. 

Future directions 

Renal cortical slices proved to be a good 

experimental model for selected organic nephrotoxins. 

Slices, free of complicating events inherent in in vivo 

studies, can be utilized to identify innate cellular 

processes responsible for site-specific toxicity in the 

kidney. 

The studies of cephaloridine, gentamicin and HCBD 

could be continued by exploring transport mechanisms which 

seem to be important in the resulting toxicity. In 

addition the progression of events and the ultimate 

intracellular targets should be investigated. Of these 

compounds HCBD is of particular interest as it undergoes 

extensive metabolism yet still demonstrates a similar 

pattern of injury to other non-metabolized compounds or 
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lesser metabolized compounds. 

None of the organic toxins discussed were 

metabolized by the renal cytochrome P-450 system. It is of 

interest to know whether the kidney is able to solely 

activate compounds via this metabolic route. 

studies wi th acetaminophen did not produce 

renal cortical slices I however the actual 

acetaminophen was not investigated. 

Preliminary 

toxicity in 

metabolism of 

studies of 

bromobenzene in phenobarbital induced renal cortical slices 

or slices supplemented with liver microsomes demonstrated 

substantial toxicity within 6 hr. This compound and others 

postulated to be metabolized by cytochrome P-450 

(chloroform, furans, N-(dichlorophenyl)-succinimides, 

diethystilbesterol etc) should be investigated in renal 

cortical slices to assess the role of cytochrome P-450 in 

the resulting toxicities. 

The studies with DCVC illustrated the importance of 

transport and metabolism in the induction of site-specific 

toxicity. The studies also demonstrated that the chemical 

form of a compound can profoundly alter transport and 

metabolism 

biochemical 

and resulting toxicity. 

and pathological events were 

A sequence of 

shown to occur, 

which implicated the mitochondria as the subcellular target 

of DCVC. The ultimate question, of why the 53 segment is 

so susceptible to injury, has not yet been answered. 

'rhis susceptibili ty can be investigated along 
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several paths. The rates of influx and efflux in the 

different segments could account for unequal concentrations 

within segments and the ultimate toxicity to that region. 

Investigations would require better techniques to identify 

activites in each of the proximal tubular segments. 

Protecti ve mechani sms such as thiol levels, repai r 

processes and metabolic routes to non-toxic metaboli tes, 

may significantly differ between segments. 

More specific studies which would complement the 

work presented here include: further characterization of 

amino acid transport systems and their role in DCVC uptake; 

determination of the activities of acetylases and 

deacetylases in the kidney; and studies to discriminate the 

influence of ~-lyase from L-amino acid oxidase in the 

production of reactive thiols. An interesting study would 

be to determine the effect of a direct mitochondrial toxin 

such as dinitrophenol in renal cortical slices. If such a 

compound produced site-specific S3 damage our hypothesis of 

susceptibility due to fewer mitochondria would be 

supported. It would also be of interest to assess the role 

of calcium, particularly the ability of mitochondria to 

sequester calcium, in cell death. Assessment of 

alterations in mitochondrial enzymes such as succinate 

dehydrogenase, NADH dehydrogenase, isocitrate dehydrogenase 

etc. may give some insight into the target of DCVC within 

mitochondria (ie site along the electron transport chain). 
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On a more global scale, four projects can be 

proposed. 1) Specific markers for individual cell types 

and even specific proximal tubular regions need to be 

determined and developed. This would allow for more precise 

determination of regional damage with the ultimate goal of 

using the markers in non-evasive diagnosis of regional 

injury. 2) The long term maintenance of renal cortical 

slices would allow the study of sub-chronic and possibly 

chronic renal toxins. Studies to date have had marginal 

success up to 72 hr. 3) Compounds that have specificity 

for sites other than the proximal tubule (ie distal tubule, 

collecting duct or glomeruli) should be investigated. This 

may give us insight into why the proximal tubule is so 

susceptible. Toxins specific for the medullary regions 

should also be examined. And finally 4) studies utilizing 

slices from human tissue should be undertaken to insure 

that animal work is valid and relevant. 
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