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ABSTRACT

CADMIUM INDUCED KIDNEY DYSFUNCTION IN RODENTS 
AND ITS RELEVANCE TO BIOMONITORING 

- EXPERIMENTAL AND ENVIRONMENTAL FINDINGS.

PerE. Leffler
Department of Occupational and Environmental Medicine,

Department of Environmental Health, Umeå University, S-901 87, Umeå, Sweden

This thesis addresses the problem of subclinical renal changes which previously has not usually been 
detected in environmentally based studies. The investigation comprising the present thesis relates 
observations of renal dysfunction in free-living bank voles, environmentally exposed to metals, to 
findings of the mechanisms of cadmium induced nephrotoxicity in laboratory rats and mice.
A single injection of cadmium-metallothionein (CdMT), at the dose 0.4 mgCd/kg b.w, caused a 
transient, dose dependent cadmiuria which appeared within four hours in laboratory rats. Multiple 
injections of CdMT, given as an initial dose of 0.4 and four additional doses of 0.1 mgCd/kg b.w. 
injected at two hours interval, extended the period of CdMT-presence in urine with a factor 2-3, 
indicating a longer exposure time for the tubule to cadmium compared to a single injection. Dose 
dependent proteinuria, calciuria, and polyuria appeared at, or above, the dose level 0.4 mgCd/kg b.w.
A transient proteinuria was reversed within three days after a single CdMT dose. Multiple CdMT 
injections, prolonged the proteinuria with a factor three. Polyuria occurred as a transient peak after a 
single dose, while multiple doses extended the polyuria with a factor 4-6. Calciuria occurred with a 
transient peak within eight hours, indicating a reversible effect after a single CdMT dose. However, 
multiple CdMT injections resulted in a progressive calciuria that was still elevated compared to controls 
(p<0.05) at day 13 after injections. This indicated that multiple CdMT injections may produce 
irreversible renal dysfunction.
The time course, demonstrating that cadmiuria was followed by calciuria and proteinuria, may reflect 
different sequential steps in the development of nephrotoxicity. The order of appearance, was the 
same after a single dose as in the initial phase after multiple doses. The hypothesis was advanced that 
cadmium may perturb cellular calcium homeostasis in the renal tubules, resulting in an intracellular 
accumulation of calcium leading to tubular cellular death.
Calcium uptake in vitro was decreased to about 50% in basolateral membrane vesicles isolated from 
rats, at four hours after a single CdMT dose in vivo. This indicated a specific inhibition of the calcium 
pumps (Ca/MgATPase) in the proximal renal tubules. This was in agreement with an emerging calciuria 
at this time and an accumulation of calcium in kidney cortex at 24 hours.
Spontaneously diabetic mice were especially susceptible to CdMT nephrotoxicity and showed 
significant calciuria, proteinuria and glucosuria at a lower CdMT dose compared to normal mice. The 
combined effect of diabetes and CdMT on the kidney may be explained by a combined effect on the 
calcium pumps of the renal tubules.
Studies on bank voles from metal polluted woodland, demonstrated proteinuria and polyuria. This 
indicated for the first time, that renal dysfunction may occur in free living mammals, and that this 
effect may occur at relatively low levels of cadmium in kidney of herbivores. The results are discussed 
from the aspect of defining critical levels of cadmium in free-living rodents. The indices of kidney 
function offer a sensitive and realistic approach to estimate the environmental impact of metal 
pollution to free-living small mammals in the ecosystem.

Keywords: nephrotoxicity, cadmium, cadmium-metallothionein, single dose, multiple dose, renal 
dysfunction, proteinuria, polyuria, calciuria, calcium reabsorption, membrane vesicles, diabetes, rodent, 
bank vole, Clethrionomys glareolus, biomonitoring, environmental impact.
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1 INTRODUCTION

1.1 BACKGROUND
Environmental pollution poses a historic threat to human civilisation and sustainable development 
of the society. It seems obvious that the human population suffers from several chronic diseases 
induced by agents in the environment, e. g. lung cancer, hypersensitivity, renal disease etc. The 
cradle of the human civilisation, the ecosystem, also shows signs of severe imbalances, e. g. 
depletion of flora and fauna, forest death. One may raise the objection that anthropogenic 
pollution is only a fraction of the naturally occurring pollution from emitters like vulcanos, forest 
fires etc. However, natural emissions are normally separated in time and position, giving the 
environment a recovery period, while anthropogenic emissions tends to concentrate in both 
aspects. For almost a century a common belief has been that "the solution of pollution is dilution " 
(Anonymous). However, in the longer perspective we now know that the consequences were an 
accumulation of persistent and semi-persistent chemicals at different levels of the local and global 
ecosystems and hence "the solution by dilution was illusion". In order to better control the 
consequences of pollution, a new strategy for handling emissions and waste should employ 
methods for assessing and monitoring the threats to human and environmental health that arise 
from the existing emissions, the contaminated land areas and from the introduction of new 
chemical compounds to the environment. However, since an efficient methodology is available to 
perform a careful identification of risk to biota (OECD, 1981), the focus can now be set not only 
on the emissions in general, but directly on the hazardous components of the waste and the 
emissions.

How then, do we identify hazardous components? This question is a major concern in the field of 
environmental toxicology. Having its roots in environmental medicine and environmental health, 
this discipline provides methods that can identify the presence of hazardous components of an 
exposure, and the corresponding relevant biological effects, emerging from a primary toxic attack 
on target tissues in organisms. While toxicokinetic studies may reveal the tissue under attack, 
mechanistic studies provide a basis for characterization of the relevant toxic effects. Biomonitoring 
benefits from both areas and enrols efficient methods to establish dose-effect relationships and 
dose-response relationships respectively. These are adequate techniques to estimate the cause and 
the size of an environmental impact. Relevant dose-response models provide a crucial piece of 
evidence for setting biological limit values with an acceptable precision, above which a certain 
fraction of the population under study will show early signs of the biological effect at hand. By 
employing these methods it is possible to identify relevant hazardous components also from a 
complex pollution mixture.

From the perspectives of the society as well as from plain humanity, it is desirable to seek signs 
of mild toxic effects, since this offers a possibility to react on early warnings with preventive 
measures to halt an ongoing exposure to the specified toxic component. This will limit the extent 
and severity of toxic impact and thereby the cost for the rehabilitation of organisms as well as the 
clean-up of the contaminated area. In the environmental medicine field, it has been a goal for 
several decades to monitor chronic dose situations in order to establish such early warnings of 
immediate relevance to occupational safety applications. Several body functions have been 
identified as highly sensitive to toxic agents: haemopoesis, liver, kidney, immune, lung, dermal, 
reproduction etc. The present thesis has the objective to summarize recent findings concerning 
disturbances in the kidney function of three mammalian species, experimentally or 
environmentally exposed to the metal cadmium, a well known nephrotoxic agent to humans as well 
as rodents. The general idea has been to further explore the mechanisms of cadmium
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nephrotoxicity as a basis for the use of selected variables as early warnings in field studies of metal 
exposed populations.

1.2 RENAL FUNCTION AND CADMIUM NEPHROTOXICITY
The mammalian kidney is a priori, an organ highly exposed to toxic compounds. It takes a critical 
position in the flux of substances through the body. Hydrophilic compounds show a preference 
for this excretory pathway. In man, about 25% of the cardiac output at rest is directed to the 
kidneys, indicating a considerable blood flow through the paired organ. The kidney is a 
metabolically active tissue, highly dependent on a continuos oxygen delivery and with a central 
role in the body homeostasis. The nephrons constitute the functional and morphological units of 
the kidney (106 nephrons per kidney in humans) and is composed of a vascular part, the 
glomerulus, followed by an epithelial part, the tubule. According to the prevailing terminology the 
tubule is further divided into a proximal, an intermediate (including the loop of Henle), and a distal 
tubule followed by the collecting duct (WHO, 1991). Some parts of the human nephron seem to 
be more susceptible to certain causes of renal injury. Glomerular damage is mostly 
immunologically related while tubular and interstitial disorders are related to toxic (chemical) and 
infectious agents (Cotran et al., 1989). In general, the kidney is sensitive enough to show signs of 
dysfunction at very low exposures, not least since xenobiotics are concentrated in the primary 
urine due to the action of the nephron. Yet the kidney is robust enough to admit the survival of 
several incidents of kidney disturbances. In fact, the functional reserve capacity of the human 
kidney is large (Cotran et al., 1989), and the ability to modulate its function, e.g. by 
haemodynamic change, can compensate for minor nephrotoxic damage (Bemdt and Davis, 1989).

In humans, an acute nephrotoxic attack results in an acute renal failure with signs as anuria or 
oliguria, but this state is often reversible. According to epidemiological statistics, millions of 
people in the Western world are affected each year by nonfatal kidney diseases like infections, 
kidney stones and urinary obstruction (Cotran et al., 1989). More common is a chronic impact, 
often occurring as an insidious alteration of kidney function which can remain undetected 
(subclinical) for a long time. Such a case may initially show no sign of disease but may develop to 
mild renal damage like tubular proteinuria, or worse effects. If glomerular injury occurs, this may 
result in uraemia representing a more severe form of renal disease, eventually fatal. The incidence 
of chronic renal disease was in the last decade estimated to 50-100 per million in the Western 
world and the primary aetiology was considered unknown (Bernard, 1988). In view of the high 
renal vulnerability and an increased mammalian exposure to nephrotoxins, it is indeed likely that 
environmental pollutants are involved in the development of chronic renal diseases of unknown 
aetiology (WHO-ILO-UNEP, 1989).

Very little is known from the literature about nephrotoxic effects in free-living small mammals. 
Data from field studies are mainly focused on internal pollutant burden in target organs (Ma, 
1994). Such exposure data are available for several species from ecotoxicological studies. The bank 
vole (Clethrionomys glareolus, Schreber) is a suitable animal model for field studies. This species 
is a mainly herbivorous small mammal that includes leafy parts of plants as well as seeds in their 
diet, although insects can be included to a minor extent (Hansson, 1985). The broad pattern of 
food render the bank vole suitable for studies of multipathway uptake of metal pollutants in the 
environment. However, there are no "epizoological" effect data available to compare with the 
situation in humans.

Nephrotoxic effects of cadmium were reviewed by Kjellström (1986). Chronic cadmium exposure 
in animals include increased proteinuria, glucosuria, aminoaciduria and decreased tubular 
reabsorption of peptide enzymes and hormones as well as glomerular function depending on the 
exposure conditions. Chronic cadmium exposure in humans include renal effects such as tubular
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dysfunction, glomerular injury and kidney stones. Low level Cd exposure produces a tubular 
dysfunction characterized by low-molecule-weight proteinuria. At slightly higher Cd exposure 
levels, a glomerular damage with a decreased glomerular filtration rate (GFR) may occur with an 
increased possibility of uraemia as a result (Elinder and Järup, 1996). The currently used overall 
renal function tests are related to the GFR, i.e. the production rate of primary urine (ultrafiltrate) 
into the proximal tubule from the filtration of blood plasma through the glomerulus. This is often 
measured as the filtration rate of creatinine, an excretory product resulting from the metabolism of 
creatine phosphate during muscular activity or from the dietary intake of meat (Levey et al., 
1988). A direct estimate of the GFR is a good measure of overall kidney function, but only 
relatively massive impairment is possible to detect with routine screening procedures in humans 
(Bemdt and Davis, 1989). Adaptive changes (functional reserve) may mask an injury until a 
considerable part (up to 50%) of the renal parenchyma is irreversibly lost. Similarly, GFR must be 
reduced by 30-50% before an abnormal increase in serum creatinine can be detected as an indirect 
measure of impaired kidney function (Bernard, 1988).

A number of renal functional tests have been developed based on the concept of tubular 
dysfunction, a highly sensitive nephrotoxic effect traced by disturbances in the physiological 
reabsorption of various low molecular weight urinary components such as amino acids (Axelsson 
and Piscator, 1966), B2-microglobulin and retinol binding protein (Bernard, 1988), glucose 
(Peterson et al., 1969), as well as a general proteinuria (Piscator, 1962a)(Nordberg and Piscator, 
1972). Urinary excretion of calcium (Ca), was suggested an indicator of tubular dysfunction since 
the association to the occurrence of renal stones (review by Kjellström, 1986). Hypercalciuria 
could be linked to a decreased renal reabsorption of calcium. Recently, a high frequency of diabetic 
disorders was observed in Belgium among people with early signs of Cd induced calciuria (Buchet 
et al., 1990) indicating that this state of disease may interact with renal effects from other causes 
in increasing the sensitivity for renal dysfunction. The mechanism of interaction was not defined, 
however.

Renal calcium reabsorption is a critical step in calcium homeostasis. The diffusible Ca fraction (60- 
65 %) in blood is readily filtered through the glomerulus to the primary urine. This portion must 
be efficiently reabsorbed unless a considerable urinary loss of Ca will occur. A series of transport 
mechanisms, mainly located to the proximal tubules of the nephrons, serve this purpose under 
hormonal control mainly by parathyroid hormone and vitamin-D, permitting only 0.5-1 % of the 
filtered Ca to be voided in the urine (Massry and Cobum, 1973). Calcium is absorbed to the 
tubular cells, mainly through voltage operated calcium channels (VOC's) located in the luminal 
brush-border plasma membrane (Tsien and Tsien, 1990) and this uptake process can be enhanced 
by several mechanisms. The main regulative calcium transport mechanism, however, is the Ca2+- 
Mg2+ -ATPase (Ca/Mg-pump or CaMgATPase) located in the basolateral plasma membrane, 
exporting calcium ions to the surrounding tissue and to blood (Ramachandran and Brunette, 1989).

1.3 CADMIUM METABOLISM
The injection of CdMT in controlled studies on laboratory animals was introduced twenty years 
ago as a model for inducing renal tubular damage (Nordberg et al., 1975a) (Cherian et al., 1976) 
(Webb and Etienne, 1977) (Fowler and Nordberg, 1978). This CdMT injection model was 
employed in the laboratory studies of this thesis to produce tubular damage in less than 12 hours 
compared to the three to she months necessary when inorganic Cd is used (Goyer et al., 1984). 
The difference in latency before nephrotoxic effects occur, is due to the complicated metabolism of 
inorganic cadmium before it appears in the renal tissue. A comprehensive theory for cadmium 
metabolism, as proposed by Nordberg et al. (1985), is summarized in figure 1.3. Inorganic Cd 
initially binds to circulating albumin, or is present as a free and diffusible fraction in the blood. In 
chronic exposure, these two forms are taken up by the liver where they induce the synthesis of
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Figure 1.3 Cadmium metabolism (modified from Nordberg et al, 1985).

metallothionein (MT), which binds Cd ions in complexes (CdMT) with a molar ratio of maximum 
six. Several metal ions can induce MT synthesis, and hence Zn, Cu, and Hg can also be present in 
the complex. By the binding of Cd to newly synthesized MT, the liver cells are well protected 
from toxic attacks. Elimination from liver is via the bile bound to glutathione (GSH) (Nordberg et 
al., 1977) or to blood as CdMT-complexes. Released to blood, the CdMT-complexes are readily 
filtered through the glomeruli due to a low molecular weight (6000-7000 D). They are 
subsequently reabsorbed by the epithelial cells of the proximal tubules. By this mechanism Cd is 
transferred from the liver to the kidney, where it accumulates. The cellular uptake probably 
follows a general uptake mechanism for low molecular weight proteins. First, the protein binds to 
receptors, specific to certain amino acid sequences, appearing in receptor coated pits in the brush 
border membrane of the epithelial cells. The protein is incorporated through an endocytotic 
process, probably pinocytosis, forming protein containing vacuoles in the cell. The vacuoles fuses 
with lysosomes, forming secondary lysosomes, in which the CdMT complexes are enzymatically 
degraded (Squibb and Fowler, 1984). The subsequent release of free Cd2+ into the cytosol, 
initiates an interaction with sensitive cellular sites creating the toxic effects. These ”sensitive sites” 
remain unidentified.

1.4 AIM
The general objective of the present thesis was to study the mechanisms of cadmium- 
metallothionein induced nephrotoxicity and to elucidate certain dose and effect relationships in a 
field study. Using the CdMT injection model, the specific objectives were to study the inter
relationship between Cd and urinary indications of tubular damage after single and repeated 
exposure, to study the impact of CdMT on calcium transport in proximal tubules, to study a 
possible interaction of Cd with diabetes-like conditions. Using the bank vole as a field model, the 
specific objective was to study if renal effects could be detected in chronic environmental exposure 
to cadmium along a mixed metal pollution gradient. The following specific investigations were 
defined to enable these studies:

1 * renal effects in vivo from a single dose of injected CdMT
2* renal effects in vivo from multiple, short interval CdMT injections
3* calcium membrane transport disturbances in vitro after a single CdMT injection in vivo
4* a possible combined nephrotoxic effect of CdMT and diabetes-like conditions
5* possible nephrotoxicity in free-living bank voles, along a mixed metal pollution gradient.
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2 MATERIALSAND METHODS

The following is a general characterization of the methods used. For further details, see the 
individual papers I-VI. All animal studies were approved by the Umeå Committee for Ethical 
Review.

2.1 ANIMAL MODELS AND ANIMAL TREATMENT
Three different species of rodents were used in the present thesis. Male Wistar rats, used in 
papers I-IV, were obtained from ALAB, Stockholm. Rats were housed separately for one to two 
weeks prior to the experiments and, 24 hours before injections, placed in separate metabolic cages 
to collect a baseline urine sample. Rats were fed tap water and pellets (R34, Ewos AB, Södertälje, 
Sweden; Ca 0.9%; Mg 0.2%; Zn 39 ppm) ad lib. during the entire experiment with the exception 
of paper IV, where rats were fed a zinc (Zn) reduced diet (pellet code R543; ANALYCEN AB, 
Linköping, Sweden). Zinc content in pellets was in this case 9 ppm. Since pellets were also 
reduced in magnesium (Mg 83 ppm), Mg was supplemented in drinking water (0.15%).

The interaction study of Cd and “diabetes“ (paper V), used male, non-inbred, obese 
hyperglycaemic mice (Umeå ob/ob) and their lean litter mates (‘normal mice’). These animals 
provided a suitable model for type-2 diabetes-like conditions and were obtained at six months of 
age from a local stock (Dept. Histology and Cellular biology, Umeå University). Mice were 
conditioned for one week prior to the experiments which were performed in separate metabolic 
cages, and were fed ad lib. tap water and pellets (R3, Ewos AB, Södertälje, Sweden) during the 
entire experiment. The animal room used for rats and mice was temperature and tight controlled 
(22-23 °C; 12/12 hours dark/light cycle).

The field study used bank voles (Clethrionomys glareolus, Schreber), which has a fairly small 
habitat range. This is preferable since this dependency on the site restricts the animal to certain 
levels of polluted soil and diet, which hypothetically would limit also the variation of intake of 
pollutants. The species has a life span of 6-12 months (extremes up to 18 months) resulting in a 
quick population turn-over. In practice, several generations of voles may appear during the breeding 
season that ends in August/October in northern Sweden (Nyholm and Meurling, 1979). It was 
considered suitable to perform kidney studies after the reproductive season in order to avoid 
disturbances from sex hormones, e.g. testosterone related proteinuria. The autumn generally also 
offers a bigger population with a wider span in ages, which gives a better probability to catch 
animals and to evaluate the health status in a wider range of the population. Animals were captured 
in common life traps for small mammals, from two areas in the pollution gradient of a smelter: the 
Burön area close to the smelter (heavy exposed area) and the Vindeln area with background 
pollution (control area). Animals were collected in the morning after over-night trapping, and 
immediately transported to a temporary laboratory kept at outdoor ambient temperature (5-10 °C). 
Electric light was on from 6.00 a.m. and turned off at 5.00 p.m. After adaptation to the experimental 
conditions for 24 hours in metabolic cages, with free access to oat meal and tap water, urine samples 
were collected during the next 24 hour period. The animals were weighed and sexed and age was 
determined by root development of the tooth Ml (Pucek and Zejda, 1968).

2.2 DOSING AND SAMPLING
Cadmium-metallothionein (CdMT) was prepared from rabbit liver (paper I) or rat liver (papers II- 
V) according to methods described by (Nordberg et al., 1975a)(Nordberg et al., 1975b), modified 
for the Wistar rat. The Cd/Zn-ratio was higher than a factor three on weight basis for all studies on
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rats, and a factor two in the mice study (paper V). Injections were performed subcutaneously 
(s.c.) in the neck region, using injection doses of CdMT ranging from 0.01 to 0.8 mgCd/kg body 
weight (bw). Injection volumes were in the range 0.2 to 1.5 ml giving an addition less than 10% to 
the total blood volume. Control groups were injected the corresponding volume of saline. 
Injections started at zero hours and in the time studies (papers I-III), urine samples were collected 
during the preceding 24 hours (baseline sample) and at four, six or twelve hour intervals during the 
first day and continued for thirteen days at 24-hour intervals in two studies (paper I and III). Two 
studies used 24 hours urine collection (papers V and VI). Urine production was recorded by 
volume or weight. All animals were killed by cervical dislocation and kidneys and other tissues 
were excised and weighed under clean conditions using washed and repeatedly rinsed (double 
deionized water) stainless steel standard instruments, and were placed in acid washed 
polyethylene tubes.

2.3 PROTEIN, CREATININE AND METALLOTHIONEIN ANALYSES
Protein analyses in urine, were performed according to the biuret method (Piscator, 1962b), with 
bovine serum albumin as standard. Membrane vesicle protein content was measured using the 
biuret method (paper I, IV) (Piscator, 1962b). Urinary creatinine was determined as described by 
Hare (Hare, 1950). Metallothionein (MT) in rat kidney cortex (paper I) and in rat urine samples 
(paper II), was analysed by the Cd/Hb affinity assay (Eaton and Toal, 1982), using 109Cd. 
Measurements were performed on a automated g-counter equipped with a Nal(Tl) detector 
(Beckman, Autogamma). In mice urine (Paper V), MT was analysed by an ELISA technique 
(enzyme linked inumino sorbent assay) (Jin et al., 1992).

2.4 METAL ANALYSES
2.4.1 FAAS
Three types of media were analysed for metals by flame atomic absorption spectrophotometry 
(FAAS; Varian type AA875). Urine samples were analysed for Cd, Zn, Ca (Papers I, II, III, V) 
and Mg (Paper II). Urine collection was done in acid washed tubes from metabolic cages carefully 
cleaned and rinsed with double deionized water. Samples were pretreated with concentrated nitric 
acid (p.a. quality) for at least 48 hours and diluted to appropriate levels with double deionized 
water. Quality control was achieved by standard addition of metals to a random urine sample from 
the study. Recovery of metals were (mean; N=8): Cd 106%, Zn 93%, Ca 108%, and Mg 85%. 
Kidney cortex and kidney cortex homogenate were analysed for Cd, Zn, Ca, and Mg. Kidneys 
were carefully removed from the capsule and cortex was peeled off using carefully rinsed scissors. 
The kidney cortex samples (Papers I, V) were dried at 100 °C for 16 hours prior to dry ashing at 
450 °C. Ashed samples were dissolved in nitric acid 1 M (p. a quality) and diluted to proper 
levels with double deionized water. Quality control was achieved by analysing certified reference 
material (NIST; bovine liver). The recovery of separate metals were (mean; N=5): Cd 109%, Zn 
99%, Ca 103%, and Mg 102%. Kidney cortex homogenate (Paper IV) was prepared in sucrose 
solution (8%). The samples were treated with concentrated nitric acid (p. a. quality) for at least 48 
hours and diluted to proper levels with double deionized water. Quality control was done by 
analysing certified reference material (NIST; bovine liver). The recovery of separate metals were 
(mean; N=5): Cd 109%, Zn 97%, Ca 113% and Mg 102%.

2.4.2 ICPMS
Inductively coupled plasma mass spectrometry (ICPMS) was performed by the Environmental 
Research Laboratory at the University of Agricultural Science in Umeå. Whole kidneys (cortex + 
medulla) and urine samples were wet digested in concentrated nitric acid heated with microwave 
technology in a closed Teflon bomb system (CEM/MDS 200). The samples were completely 
dissolved and evaporated to dryness, redissolved in nitric acid (0.1 ml) and finally diluted to 10 ml 
with Millipore water. Multielement analyses were performed on an ICPMS-instrument (Perkin-
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Elmer, ELAN 5000). Quality control of metal measurements was achieved by comparison to a 
certified ICPMS multistandard reference solutions (SPEX, lot number 2-24 AS). Analysed metals 
were cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), vanadium (V) and zinc (Zn).

2.5 45Ca ASSAYS IN ISOLATED MEMBRANE VESICLES
Membrane vesicles were isolated from excised kidneys, quickly transferred to ice-cold saline. The 
capsule was removed, cortices were peeled off and homogenised in sucrose solution (8%; pH=7) 
in a Potter homogeniser with ten strokes of a Teflon pestle. The subsequent vesicle preparation 
was done according to a sequential centrifugation scheme (Kinsella et al., 1979)(Talor et al., 1985), 
adapted for rat (Paper I) resulting in a homogenate, a luminal and a basolateral vesicle fraction. All 
vesicles were dialysed overnight and resuspended in Ca2+-free buffer to an appropriate protein 
concentration. The basolateral and luminal fractions were analysed for purity using the activities 
of g-glutamyl transférase (gGT) (Persijn and van der Slik, 1976) and alkaline phosphatase (ALP) 
(Hausamen et al., 1967) as markers for luminal membrane, with kidney cortex homogenate as a 
reference. Luminal membrane vesicles showed ten fold higher specific activities of ALP and gGT 
compared to basolateral membrane vesicles (luminal/basolateral ALP-ratio: 11; gGT -ratio: 14; 
N=8) which were in accordance with the levels reported by others (ALP-ratio: 7; gGT-ratio: 6) 
(Kinsella et al., 1979).
Radiotracer calcium (45Ca) uptake and binding assays were performed on vesicles (Paper I, IV) 
using a rapid filtration technique, collecting vesicles on separate 0.45 jim porosity filters (Talor et 
al., 1985). Excess 45Ca was washed away with buffer and ice-cold distilled water was used to lyse 
vesicles to perform the binding assay. Filters were dissolved in 1 ml acetone before adding a 
scintillation cocktail (Aquasol or Ready Safe, Beckman) for ß-scintillation counting (Beckman LS 
6000IC) using an automated counting protocol.

2.6 STATISTICS
Group differences were compared for statistical significance using the non-parametric ranked sum 
test, Wilcoxon’s signed ranks test (WT) or Mann-Whitney U-test (MWU), and the parametric 
Dunnett's t-test, Student's t-test or the Bonferroni test (BT) of analysis of variance for groups of 
different size, the last two based on log-transformed data.
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3 RESULTS

The differences between groups stated in this result section are statistically significant if not 
commented otherwise. The degree of significance was given in the individual Paper I-VI.

3.1 RENAL EFFECTS
3.1.1 CADMIUM DOSE
The injected dose of CdMT was validated by the measurement of cadmiuria or Cd concentration 
in kidney. Table 3.1.1 shows the different dose estimates used. Cadmiuria (Cd-U)? adjusted over 
creatinine (CR), was estimated after CdMT injection on the peak at 4 hours (Papers I-III) or at 24 
hours levels (Paper V) depending on the design of the different studies.

Table 3.1.1. Dose estimates in different Papers (I-VI).
Paper Injected subcutaneous dose Kidney cortex Cadmiuria Cadmiuria

CdMT mgCd/kg bw 
a QM TLL ÛJ. M M

pgCd/g w/w jiigCd/mgCR pgCd/mgCR

I 0 0.01 0.4 2-27 0.1-5
II 0 0.4 0.8 0-25
III 0 0.2* 0.4* 0.3-7
IV 0 0.4 0.2 -12
V 0 0.1 0.4 0-22 0.2 - 2.5
VI 0 .04 - 20**

* = initial dose (given) with four additional CdMT injections of 0.1 mg Cd/kg bw. 
** = recalculated from whole kidney readings using the multiplication factor 1.25.

The four hour peak of Cd-U in Paper III, recorded as excretion rate per day, was recalculated for 
table 3.1.1 using creatinine readings from the early phase, although creatinine clearance was 
reduced at the high dose. These readings may therefore be underestimated and are used only for an 
approximate comparison. In Paper IV, kidney cortex Cd concentration (Cd-CX) was recalculated 
from raw data. Whole kidney data from Paper VI, were used to calculate Cd-CX concentrations 
assuming the same conversion factor in bank voles as in man ([Cd]cx=[Cd]Kidney* 1,25) (Nordberg 
et al., 1985). However, since this ratio may vary with species, age, and the condition of the 
kidney, the comparison made is not absolute. The time related in vivo studies (Paper I-III), 
recorded cadmiuria ranging from zero hours up to 3 or 14 days. Cadmiuria appeared always with 
an initial peak at 4 hours, reflecting the non-reabsorbed part of the injected dose of CdMT. For 
single injections this corresponds well to the injection dose and the renal tubules were apparently 
able to reabsorb only a fraction of the CdMT load. For comparison between groups, cadmiuria 
was also measured at later phases, e.g. at 24 hours.

A good correlation was seen between injected dose and kidney cortex tissue dose of Cd in a two 
species plot using rats and mice data (R2=0.827; Papers I, IV, V), and in a single species plot using 
mice data(R2 = 0.916; from Paper V), as shown in figure 3.1.1.A-B. Figure 3.1.1.C, presents the 
kidney cortex Cd concentrations in different studies of the present thesis. There were clear 
injection-dose related increases in Cd-CX in each separate study. In the single dose studies 
(Papers I, IV and V), 24 hours Cd-CX levels were increased 10-100-fold compared to controls in 
the dose range 0.1-0.4 mgCd/kg bw. Bank voles (Paper VI), showed a 60-fold increase in Cd-CX 
under chronic exposure conditions compared to the control area. Kidney Cd concentration from 
exposed bank voles were in level with the highest Cd-CX concentrations recorded in the 
experimental studies.
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ngCd/gCX jX]

Injected DOSE mg/kg bw

pgCd/gCX = 0,26 + 46,4 * Inj DOSE; RA2 = ,827

|igCd/gCX

Injected DOSE mg/kg bw

A;gCd/gCX =1,1+ 43,2 * Inj DOSE; RA2 = ,916

Figure 3.1.1.A-B. Correlation between injected CdMT dose and kidney cortex tissue Cd dose in 
A/ rats and mice (papers I, IV, V) given single/multiple injections plotted as the average readings of 
groups, and in B/ mice (paper V) given a single CdMT injection plotted as the average readings of 
groups ± geometric standard deviation.___________________________________________________
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Figure 3.I.I.C. Cadmium concentration in renal cortex from laboratory rats and mice, at 24 hours 
after single/multiple CdMT injection, and in bank voles (calculated from whole kidney), 
chronically exposed to Cd in the environment. Mean ±sem. S=single dose; 0=obese mouse.
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Figure 3.1.2. Proteinuria in laboratory rats and mice after single/multiple CdMT injection, and in 
free-living bank voles chronically exposed to Cd in the environment. Mean ±sem. S=single dose; 
Mx=multiple dose; 0=obese mouse.
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Figure 3.1.3. Urine excretion in rats after single/multiple CdMT injection, and in free-living bank 
voles chronically exposed to Cd in the environment. Mean ±sem.
S=single dose; Mx=multiple dose.
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Figure 3.1.4. Calciuria in laboratory rats and mice after single/multiple CdMT injection, and in 
free-living bank voles chronically exposed to Cd in the environment. Mean ±sem.
S=single dose; Mx=multiple dose; 0=obese mouse.
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Figure 3.1.5. Calcium concentration in renal cortex from laboratory rats and mice at 24 hours after 
a single CdMT injection, and calcium concentration in whole kidney in bank voles chronically 
exposed to Cd in the environment. Mean ±sem. # = whole kidney
S—single dose; Q=obese mouse. B Ca-CX 24h___________^ Ca-KIDNEY chronic____________________

3.1.2 PROTEINURIA
Proteinuria data from Papers I, II, III, V, VI are presented in figure 3.1.2. Data from the single dose 
studies (Papers I and II) were combined in figure 3.1.2. In Paper III proteinuria, recorded as 
excretion rate per day, was recalculated using creatinine readings from the corresponding time 
point, although creatinine clearance was reduced at the high dose. These readings may therefore be 
slightly wrong in the early phase and are used only for an approximate comparison. In each 
separate study proteinuria was clearly dose-dependent. In the single dose studies (Papers I and 
II), 24 hours proteinuria was increased three-fold at the dose 0.4 mgCd/kg bw, and eight-fold at 0.8 
mgCd/kg bw compared to controls. In the multiple injection study (Paper III), proteinuria was 
increased four to five-fold at 24 hours and at 7 days at the higher dose intensity (0.4 + 0.1*4 
mgCd/kg bw) compared to controls. In the single dose study on obese mice (Paper V), controls 
showed a four-fold increase at the dose 0.4 mgCd/kg bw compared to zero dose, while obese 
diabetic mice reacted already at the lower dose 0.1 mgCd/kg bw compared to obese diabetic 
controls. Bank voles (Paper VI), showed a three-fold increase in proteinuria in the exposure area 
compared to the control area.

3.1.3 URINE PRODUCTION
Urinary excretion data from Papers II, III, and VI, are presented in figure 3.1.3. In each separate 
study urine production was dose-dependent. In the single dose study (Paper II), the early peak at 
eight hours was increased two-fold at the dose 0.4 mgCd/kg bw, and eight-fold at 0.8 mgCd/kg bw, 
compared to controls. In the multiple injection study (Paper III), urine production compared to 
controls, was increased two-fold at the 24 hour peak at both dose levels used, and two-fold at the
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13 day peak only at the higher dose level (0.4 + 0.1*4 mgCd/kg bw). Bank voles (Paper VI), 
showed a three-fold increase in urine production in the exposure area compared to the control area.

3.1.4 CALCIURIA
Calciuria data from Papers I, II, III, V, VI, are presented in figure 3.1.4. Data from the single dose 
studies (Papers I and II) were combined in figure 3.1.4. In Paper III, calciuria recorded as excretion 
rate per day, was recalculated using creatinine readings from the corresponding time point, 
although creatinine clearance was reduced at the high dose. These readings may therefore be 
slightly wrong in the early phase, and are used only for an approximate comparison. In each 
separate study calciuria was clearly dose-dependent. In the single dose studies (Papers I and II), 
the peaks at 8 and 24 hours were increased two to four-fold at the doses 0.4 and 0.8 mgCd/kg bw, 
compared to controls. In the multiple injection study (Paper III), calciuria showed a similar 
pattern in the early phase compared to the single dose studies. However, the calciuria peak was 
18-fold higher compared to controls at termination of the study (day 13), at the higher dose level 
used (0.4 + 0.1*4 mgCd/kg bw). In the single dose study on obese mice (Paper V), the lean 
controls showed a four-fold increase in calciuria at the dose 0.4 mgCd/kg bw compared to zero 
dose, while obese diabetic mice reacted already at the lower dose 0.1 mgCd/kg bw compared to 
obese diabetic controls. Bank voles (Paper VI), showed a slight increase in calciuria (8%; non
significant) under chronic exposure conditions compared to the control area.

3.1.5 KIDNEY CALCIUM ACCUMULATION
Calcium concentration in kidney cortex (Ca-CX), from Papers I, IV, V, and in whole kidney (Ca
ll) from Paper VI, are presented in figure 3.1.5. In each separate study Ca-CX increased with 
dose. In the single dose studies (Papers I and III), the difference in Ca-CX-level at 24 hours, 
compared to controls, was four-fold at the dose 0.4 mgCd/kg bw. In the single dose study on 
obese mice (Paper V), the lean controls showed a 50% increase in Ca-CX at the dose 0.4 mgCd/kg 
bw compared to zero dose, while obese diabetic mice showed a 75% increase compared to obese 
diabetic controls. In bank voles (Paper VI), a slight and statistically non-significant increase in 
whole kidney Ca-levels were indicated under chronic exposure conditions, compared to the control 
area.

3.2 TIME COURSE
The Papers I, II, III, IV, studied the renal excretion of urinary components and the efficiency of 
tubular reabsorption of Ca, in relation to time.

3.2.1 INTER-RELATIONSHIPS OF URINARY COMPONENTS AND CADMIUM 
The excretory pattern after a single CdMT dose, is presented in figure 3.2.1.A (redrawn from 
Paper II). Cadmiuria appears within four hours followed by calciuria within eight hours. 
Proteinuria appears at its maximum at 24 hours and then declines. Urine excretion reaches a 
maximum at 8 hours. All peaks are reversed within one to three days.
The excretory pattern after multiple CdMT injections, is seen from figure 3.2.l.B (from Paper 
III). All peaks appear in a first phase of increase reversing within one to three days. Cadmiuria 
appears within six hours with a peak that extends to day 2 as a result of the multiple injections of 
CdMT. Calciuria within 6-12 hours followed by proteinuria appearing with a first peak at 24 
hours. Urine excretion appears with a first peak at 8 hours. However, urine excretion, proteinuria 
and calciuria appears in a second excretion phase. The broad peaks of proteinuria and urine 
excretion, starts at day 2 and extends to day 8 when proteinuria is reversed, but urine excretion 
appears at increased levels later in the time course. Calciuria is progressively increased to reach its 
highest levels at the end of the experiment at the highest dose level (0,4 + 4*0.1 mgCd/kg bw).
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3.2.2 RENAL CALCIUM TRANSPORT IN VITRO
Paper IV presents data which indicate that the Ca2+ homeostasis was perturbed by different 
mechanisms in luminal and basolateral plasma membrane vesicles after a CdMT injection in vivo. 
Luminal vesicles (figure 3.2.2.A), showed an increased 45Ca uptake at 4 hours post injection 
(p<0.01) and then declined to 70-80 % of controls. Basolateral vesicles (figure 3.2.2.B) showed an 
overall significant decrease in uptake (p<0.01) and binding of 45Ca (pO.OOl), down to 40% of 
the level of controls. The decrease in 45Ca uptake appeared already at 4 hours post injection 
(p<0.05; MWU-test) and stayed at a decreased level at 12 and 24 hours (p<0.01). The early 
decrease in uptake, appeared before the decrease in basolateral 45Ca binding, and was statistically 
significant at 12 hours (pO.Ol) and 24 hours (p<0.001).
Figure 3.2.3 shows the cadmium and calcium accumulation in kidney cortex after a single CdMT 
injection (0.4 mgCd/kg bw). Cadmium is clearly increased within four hours (p<0.001). Calcium 
accumulates slowly but is statistically significant within 24 hours (pO.OOl).
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Figure 3.2. l.A. Urine excretion, proteinuria, calciuria, and cadmiuria after a single dose CdMT injection in 
rats, of 0.4 and 0.8 mgCd/kg bw. Meanisem. ** = p<0.05 compared to controls (rank sum test).
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Figure 3.2. l.B. Urine excretion, proteinuria, calciuria, and cadmiuria after multiple CdMT injections in rats, 
with 0.2 or 0.4 and four additional doses of 0.1 mgCd/kg bw. Mean±sem. * = p< 0.05 Wilcoxon rank sum

♦ CONTROLSHIGHDOSE D LOW DOSE
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Figure 3.2.2. Relative 45Ca uptake and binding in (A) luminal and (B) basolateral membrane vesicles at different times 
after a single CdMT injectioa 45Ca activity expressed as a ratio (sample/control).
(Mean ± standard error; * p<0.05, ** pcO.Ol, *** pcO.OOl, MWU-test)
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Figure 3.2.3. Cadmium and calcium concentration in kidney cortex homogenate over protein concentration after a single 
CdMT injection. (Mean±sem; N=8; * p<0.05, ** p<0.01, *** pcO.OOl, MWU-test).
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4 DISCUSSION

4.1 RENAL EFFECTS
4.1.1 CADMIUM DOSE
The good agreement in dose estimates between different rodent species in this thesis, indicated 
that it reasonable to compare bank voles kidney Cd concentrations with the corresponding 
readings from the laboratory rat and mouse studies. The Cd concentration in kidney cortex 
(measured in Papers I, IV, V, VI) is considered an excellent dose estimate (Nordberg and Nordberg, 
1988), since the kidney is the critical organ in Cd toxicity under chronic and subchronic exposure 
conditions (Nordberg, 1992). The fact that CdMT has a high specificity for the kidney, was based 
upon mice studies showing that after CdMT administration, up to 90-95 % of the Cd was found 
in the kidneys (Nordberg and Nordberg, 1975c). This was confirmed by the high correlation of 
injected CdMT dose to kidney cortex Cd concentration in figure 3.1.1.A-B. The basis for this is 
mainly the free filtration of MT through the glomerulus, the efficient uptake of CdMT by the 
tubular cells, and the induction of MT de novo synthesis. These factors interact to trap Cd in the 
tubular epithelium resulting in tissue accumulation.

According to figure 3.1.1.A-B, the injection dose of 0.4 mgCd/kg bw corresponds to a tissue dose 
in the range 10-30 pgCd/g kidney cortex. In figure 3.1.1.C, the highest average Cd-CX readings 
were found for rats (SRat0.4) given a single CdMT injection dose of 0.4 mgCd/kg bw. Mice 
(OLeanO.4) showed slightly lower levels than rats, indicating a certain species difference. In a 
fraction of the Cd-exposed bank voles, kidney cortex Cd concentrations were in level with those of 
the mouse and rat specimens showing Cd-CX levels which gave tubular dysfunction after CdMT 
injection. However, this comparison should not be used uncritically since the appearance of toxic 
effects are also related to the susceptibility for tissue damage, which varies among species and 
exposure conditions, e.g. in relation to MT levels in the kidney.

The acute CdMT injection model produces nephrotoxic effects similar to those occurring in 
chronic Cd exposure. The injection model takes the advantage of a specific delivery of CdMT to 
the kidney and a sensitivity to nephrotoxicity that can be modulated by the induction of M T by 
different means. A model summarizing the mechanisms determining the expression of tubular 
cadmium nephrotoxicity was recently advanced by Nordberg (1996), assuming that the rate of 
influx of CdMT to the renal tubular cell compartment and the rate of MT synthesis de novo, 
regulates the pool of ”free" intracellular Cd2+ that can interact with membrane targets in the 
tubular cells. Hence, the absolute kidney concentration of Cd is of less interest without 
considering the protective capacity given by the corresponding MT level in the kidney. Therefore, 
renal effects may appear at different threshold doses along a wide range of renal Cd concentration 
and the capacity of M T synthesis may be of major importance to explain the difference in 
sensitivity to Cd nephrotoxicity among species. Thus, a comparison of the effects observed in 
bank voles to those in laboratory rats and mice is valid, although the exposure conditions varies 
between the different studies. However, a correct evaluation of the kidney Cd dose, must relate 
the bank vole study to other chronic Cd exposure studies, and discuss the level of MT-protection 
in the renal tissue of this animal species.

4.1.2 CADMIUM EFFECTS
From the laboratory studies, it was clear that the CdMT injection dose of 0.4 mgCd/kg bw, 
produced statistically significant elevations of the effect variables studied in rats and mice. The 
tendencies in each separate study was that polyuria, proteinuria, and calciuria were increased at 
the dose 0.4 mgCd/kg bw in the acute phase (<24 hours), with the exception of obese mice reacting 
already at the lower dose 0.1 mgCd/kg bw (figure 3.1.2-4). The multiple dose study on rats,
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showed higher levels of proteinuria, urine excretion and calciuria also in later phases, 7 and 13 days 
(figure 3.2.2.C). Since no effects were seen at the lower doses used (0.01 and 0.1 mgCd/kg bw), an 
injection threshold dose for renal dysfunction may be deduced from the laboratory studies in the 
range 0.1-0.4 mgCd/kg bw.

Urinary excretion of calcium (Ca) was first linked to renal stones by Friberg (1950). Studies on 
cadmium workers by Ahlmark et al. (1961), indicated that changes in the reabsorption of calcium 
may occur before the tubular dysfunction results in proteinuria. Hypercalciuria has later has been 
used as a sensitive indicator of kidney damage in epidemiological studies (Lauwerys et al., 1993). 
The experimental studies on rat from the present thesis, gives support to this view. Single 
injections of cadmium-metallothionein (CdMT) (Paper I, II and IV), gave a clear dose-dependent 
increase in calciuria. Multiple short-interval injections (Paper III) also resulted in a dose- 
dependent calciuria with levels at the end of the experiment, that were about seven times higher 
compared to controls. Calcium concentration was increased in kidney cortex 24 hours after a single 
CdMT injection (Paper I and IV). The two bank vole groups showed much higher readings of 
calciuria compared to the laboratory studies, but bank voles from the polluted area did not differ 
significantly from controls in calciuria or in whole kidney Ca concentrations. The reason for this is 
unclear, but in the case of kidney calcium accumulation, the difference may be due to that whole 
kidneys were analysed from bank voles, while kidney cortex was analysed from laboratory 
rodents.

Proteinuria and urine production, but not calciuria, were significantly elevated in bank voles from 
the polluted area compared to controls (Paper VI). These levels were similar to those from 
laboratory animals showing signs of renal dysfunction (figure 3.1.2-4). Still, bank voles from the 
control area showed low readings of proteinuria, at levels comparable to the control groups of the 
laboratory studies (figure 3.1.2), indicating similar baseline readings. Proteinuria and polyuria 
observed in bank voles, were plotted against whole kidney cadmium concentrations (Paper VI; 
Figures 3-4). Above the tissue concentration 4 pgCd/g whole kidney, some readings of polyuria 
and proteinuria occurred in the exposed group that clearly differed from the control group. The 
question if this constitutes a biological threshold concentration, is discussed in a later section of 
this thesis.

4.2 TIME COURSE
Working at low doses, CdMT expresses a high specificity for its target tissue, the proximal tubule 
in the kidney cortex. This offered a possibility to follow temporal sequential steps of Cd toxicity 
appearing in urine, since big deviations from the controls were present. From figures 3.1.A and 
3.2.A-E (Papers I and II) it was obvious that a single nephrotoxic injection of CdMT resulted in a 
peak of cadmiuria within 4 hours, calciuria at 4-8 hours, magnesuria at 8-12 hours, proteinuria at 
12-24 hours. Zincuria and MT-uria appeared in two peaks, of which the first paralleled the 
cadmiuria and reflected overflow of the injection CdMT also containing traces of Zn. The second 
peaks reflected de novo synthesis of M T in the kidney, also binding Zn in the new complexes 
leaking out in the urine.

The same order of appearance of the excretion variables, was observed in the first phase after 
multiple CdMT injections (figure 3.3.A-F; data from Paper III). Under these exposure conditions, 
proteinuria appeared with a peak in the initial phase preceded by cadmiuria and calciuria. This 
indicated a sequential relationship between the variables in the initial phase, similar to that 
discussed previously after single CdMT injections (Nordberg, 1989). However, in this study 
(Paper III) proteinuria and calciuria appeared again in later peaks suggesting a continuation of the 
nephrotoxic effect. This may reflect the involvement of mechanisms of damage different to those 
of the initial phase, mainly related to the cell membrane (Cherian, 1976).
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4.2.1 PERTURBED RENAL CALCIUM TRANSPORT
The molecular targets of Cd2+ nephrotoxicity (sensitive sites) have been in focus since Fowler and 
Nordberg (1978) introduced a Msuicide-bagM theory. This theory suggested that Cd induces tubular 
damage by specifically disrupting the normal secondary lysosome formation based on experiments 
at the CdMT injection dose 0.6 mg/kg bw. The result would be a decreased proteolytic capability 
in the lysosomes, an increased cellular protein excretion linked to a Ca excretion, and an attendant 
tubular proteinuria as well as calciuria. The "suicide-bag” theory was based on the fact that, 
although calciuria occurred at 24 hours after CdMT injection, no increase in Ca excretion was seen 
during the first eight hours. However, according to the present thesis prominent peaks of calciuria 
appeared already at six to eight hours (Paper I, II and III). This gave a clear indication that the 
calciuria may be linked to an early attack of free Cd2+ ions on cellular sites involved in the cellular 
Ca homeostasis.

In general, the intracellular Ca homeostasis is carefully balanced as a result of the important 
function of Ca as a second messenger for normal cell functions, e.g. stimulated by hormones. 
Intracellular Ca stores in the endoplasmic reticulum or the mitochondrion, and a high Ca 
concentration outside the cell, serve as Ca depots. Figure 4.2 partly summarises the Ca 
metabolism of a proximal tubular epithelial cell. Brush-border (luminal) membrane Ca transport, is 
mainly performed through Ca-channels, both voltage-dependent and voltage-independent. Voltage 
operated Ca-channels (VOC's) of the L-type (L=long lasting)(Tsien and Tsien, 1990), were 
identified in cultured renal tubular cells by Rose et al. (1993). Elevated cytoplasmic Ca is mainly 
removed by Ca-pumps, located in the basolateral plasmamembrane (PM) and in the smooth 
endoplasmic reticulum (SER), the main intracellular Ca2+ depot. Also, at higher cytoplasmic Ca2+ 
concentrations (>0.5 pM) Ca2+ ions are removed by Ca-uniporter channels into the mitochondrion 
(Clapham, 1995). The Na/CaATPase-exchange pump is less represented in the proximal tubules, 
where instead the CaMgATPase (Ca2+ pump) dominates the exit transport of Ca2+ 
(Ramachandran and Brunette, 1989). Because of the complexity in the regulation of cellular 
calcium homeostasis, the cellular reactions may be difficult to predict. However, recent theories 
have linked imbalances in cellular calcium homeostasis to an increased cytoplasmic calcium 
concentration which may lead to cellular death (Orrenius et al., 1988).

The main findings in Paper IV of the present thesis, offer four indications of importance for 
calcium homeostasis: an increase of Cd in kidney cortex at four hours after CdMT injection in 
vivo, an increased uptake of Ca in luminal membrane vesicles at 4 hours, a decreased uptake (< 
50%) of Ca in basolateral membrane vesicles from 4-24 hours, an increase at 24 hours of Ca in 
kidney cortex. The high specificity of CdMT for kidney cortex, explains the quick appearance of 
Cd in the tissue. The overall accumulation of Ca in kidney cortex at 24 hours, can be explained in 
different ways. Calcium transport was affected in the two steps of renal reabsorption studied 
here, the luminal absorption and the basolateral expulsion of Ca2+. Since renal Ca reabsorption has 
a defined main direction, the question of membrane orientation is important for the study of 
transcellular Ca2+ transport. The ideal in vitro orientation for this purpose, would be right-side out 
luminal vesicles representing Ca2+ absorption into the renal cells in vivo, and inside out basolateral 
vesicles representing Ca2+ expulsion by the renal cells in vivo. According to the protocol for 
vesicle isolation (Kinsella et al., 1979) the yield of right-side out luminal vesicles was 86% 
indicating a good quantitative agreement with the in vivo situation, but for basolateral (antiluminal) 
vesicles the yield for inside out orientation was only 13.1%. This indicates a limitation of the 
model, since it underestimates the in vivo transport through Ca2+ pumps in basolateral vesicles. 
The basolateral vesicle model, therefore, has too low sensitivity for absolute Ca2+ uptake 
measurements and an estimation of renal calcium reabsorption. However, it can still be used for a 
relative assessment of toxic effects on the Ca2+ pump mechanism.
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Figure 4.2.1 Cellular calcium metabolism in renal proximal tubules.

It is reasonable to assume that the reduced expulsion through Ca-pumps and initially increased 
influx through VOC's would result in an intracellular accumulation of calcium. However, since the 
intracellular calcium concentration was not measured in this study, only explanatory hypotheses 
can be given concerning a possible cytotoxic effect on the renal tubular epithelium. Possible targets 
for free cytoplasmic Cd2+ ions, are the high-voltage activated, voltage-operated Ca2+ selective 
channels (L-type VOC's) identified in the renal tubular epithelium (Rose et al., 1993), or the Ca2+ 
pumps and their support systems like calmodulin, ATP, and Mg (Talor et al., 1985). Several 
explanatory hypotheses can be raised concerning the significance for toxicity of a first aspect of 
increased uptake of external Ca2+ through the luminal plasma membrane. A physiological process 
of vesicle secretion was hypothesised in Paper IV, suggesting that CdMT or Cd2+ may trigger a 
secretory activity releasing vesicles to the tubular lumen. The normal entrance of Ca2+ through the
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plasma membrane, can be enhanced by a membrane hyperpolarisation created by an increased 
potassium(K+)-channel activity triggered by second messengers (Clapham, 1995). The 
plasmamembrane will then be forced to a more negative potential, drawing Ca2+ faster across the 
plasma membrane. This mechanism may, however, be complicated by other intracellular 
alterations in non-excitable cells. The cytoplasmic Ca2+ concentration can thus be enhanced by 
second-messengers acting on plasma membrane SMOC's (second-messenger operated Ca2+ 
channels), or by receptor agonists operating ROC's (receptor operated Ca2+ channels) in the 
plasma membrane (review by Clapham, 1995), or in intracellular Ca2+ stores via cytoplasmic 
second-messengers (Tsien and Tsien, 1990). Other hypothesis can be deduced from the literature. 
In fibroblasts, Cd-ions have been reported to stimulate inositol polyphosphate (IP) synthesis via 
a plasmamembrane receptor not identified yet (Bingham-Smith et al., 1989). This indicates that Cd 
ions can interact directly with the IP transduction pathways. However, it is not known if this 
mechanism is valid also for renal tubular cells. Cell death was efficiently inhibited in a pituitary 
cell-line (GH4C1) (Hinkle et al., 1987), by dihydropyridine compounds that blocks VOC's 
specifically. The study showed that the major absorption route of Cd2+ ions was through L-type 
VOC's, but the finding is not comparable to CdMT exposure. Jin et al. (1986) showed that Cd2+ 
ions are taken up more efficiently than CdMT, by isolated non-pretreated tubular cells. However, 
literature data concerning Ca2+ channels in kidney are limited (Spedding and Pauletti, 1992). For 
this reason and because CdMT (not Cd2+-ions) was used in the present thesis, it is still uncertain 
if cadmium can affect the luminal plasma membrane externally to produce toxicity in renal tubular 
cells.

A second aspect of a disturbed Ca-homeostasis, concerns the energy dependent Ca2+ pump 
(CaMgATPase) situated in the basolateral membrane (Gmaj et al., 1979). It is considered the main 
exit port for Ca in the proximal tubular cells (Ramachandran and Brunette, 1989). In Paper IV, 
CdMT injections resulted in a rapid decrease in Ca uptake in basolateral vesicles. The Ca2+ pumps 
rely on the availability of Mg2+, ATP, and calmodulin (Gmaj, P. et al., 1983). Several explanatory 
hypotheses can be advanced concerning the toxic mechanism of Cd, involving calmodulin, ATP or 
a direct effect on the Ca-pump (CaMgATPase). An explanatory ATP deficiency hypothesis can 
be advanced based on the observation that cadmium ions can inhibit F-type H+-pumps in bovine 
heart mitochondrion, which disturbs the synthesis of ATP (Hatefi, 1985) (Pedersen and Carafoli, 
1987). Since ATP in vesicles of the present study, represented the available ATP in cells at the 
time of vesicle isolation, it is possible that an ATP depletion could have affected the energy 
dependent CaMgATPases. A direct effect on the mitochondrion was suggested by Cherian et al. 
(1976) reporting swollen mitochondria on histological findings after CdMT injections in vivo on 
rats. Also Liu et al. (1996), studying the expression of MT and stress proteins, observed increased 
swollen mitochondria and cellular death in rat kidney tubule cell primary culture in relation to 
CdCh concentration in the media. Zinc pretreatment of rats in vivo, increased the levels of MT 
and a 70 kDa stress protein, and decreased the signs of cytotoxicity.

Another explanation involves the activation of the Ca pump by calmodulin, an activator of ionic 
pumps as well as other cellular activities (Klee and Vanaman, 1982)(Klee et al., 1986). Calmodulin 
regulates the Ca2+ pump by shifting the enzyme from a low Ca2+-affinity/low-pumping to a high 
Ca2+-affinity/high-pumping velocity state (Levy et al., 1986b). The ion binding sites on the 
calmodulin molecule, normally designed for Ca2+, also shows a high affinity for Cd2+ ions. If Cd- 
calmodulin complexes occur that can alter Ca2+ pump activity, this makes calmodulin a target 
candidate for cellular Cd toxicity. Nordberg et al. (1994) used CdCl2 pretreated and non-pretreated 
rats, to demonstrate the difference in Cd binding to renal cellular membrane components. After the 
injection of a normally nephrotoxic challenge dose of radioactive 109CdMT to the rats, the 109Cd 
appeared mostly in high molecular weight fractions (HMW) in the non-pretreated rats. Most 
interesting was the high concentration (88 % of membrane bound 109Cd) in the HMW fraction,
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indicating that a HMW membrane protein may be a molecular target in unprotected renal tubular 
cells.

4.2.2 COMBINED NEPHROTOXIC EFFECT OF DIABETES AND CADMIUM 
In Paper V, several indications were given that the intracellular Ca2+ homeostasis was affected by 
the combined treatment of CdMT injection and the diabetes like conditions in the ob/ob mice. 
Kidney dysfunction apparently developed at a lower CdMT injection dose (0.1 mg/kg bw) 
compared to controls, as indicated by increased proteinuria, glucosuria and calciuria. Recent 
findings indicate that intracellular Ca2+ homeostasis is perturbed in insulin dependent diabetes 
mellitus (IDDM; type I diabetes) and non-insulin dependent diabetes mellitus (NIDDM; type II 
diabetes)(Levy et al., 1994). The CaMgATPase of the kidney proximal tubular basolateral 
membrane, exerts the main control over cytoplasmic Ca2+ concentration and participates at the 
same time, in the tubular reabsorption of Ca. Several hormones (insulin, parathyroid hormone 
(PTH), atrial natriuretic peptide (ANP)) physiologically regulates the speed of this CaMgATPase 
in order to modulate the reabsorption of Ca2+ (Levy et al., 1986a)(Sahai and Ganguly, 1990). In 
diabetes this hormonal regulation of the Ca2+ pumps is disturbed. In streptozotocin induced 
diabetic rats, with mild insulin deficiency, the CaMgATPase activity in basolateral membrane 
preparations was higher compared to controls (Levy et al., 1986b). Insulin treatment gave a 17- 
40% increase in CaMgATPase activity in control rats, but had no effect in diabetic rats probably 
due to an already elevated basal enzyme activity level due to the induced diabetes.
According to Paper V, baseline Ca levels in kidney cortex were lower in diabetic controls 
compared to normal mice controls. This may indicate an adaptation in diabetic mice, to a higher 
capacity to remove a cytoplasmic accumulation of Ca2+ under normal environmental conditions. 
Facing the highly potent nephrotoxic CdMT, the lack of response to hormonal regulation of the 
CaMgATPase in chronic diabetes, may contribute to the development of intracellular Ca2+ 
overload. An increased Ca2+ overload is linked to the induction of nephropathy (Sahai and 
Ganguly, 1990). This supports the hypothesis that an elevated intracellular Ca2+ concentration, 
under diabetic conditions, initiates a tubular damage at a lower dose after CdMT injection. This 
may also explain why diabetes is an important risk factor for tubular dysfunction among humans 
under chronic cadmium exposure.

4.3 RELEVANCE OF NEPHROTOXICITY TO BIOMONITORING
The concept of biomonitoring has developed as a complement to strict exposure assessment to 
provide a measure of internal dose of certain chemical compounds and the corresponding relevant 
biological effect (WHO, 1993). A relative lack of sensitive biological methods to characterize 
pollution and its adverse environmental effects, has been addressed recently and the use of small 
mammals in ecological hazard assessment has been suggested for biomonitoring purposes (Ma, 
1994). However, since population effects are complicated by natural factors, e.g. seasonal 
variations and predation, direct population studies are often not ideal in environmental pollution 
studies. The use of direct target tissue functional tests could offer a solution to estimate the extent 
and severity of the environmental pollution. The mammalian kidney is the target of, or is in 
contact with, many organic and inorganic chemicals with the potential to cause kidney 
dysfunction. In the field study of the present thesis (Paper VI), a methodology was developed 
that takes the advantage of a heavy metal pollution gradient. Close to the emission point of 
pollution, the effects on bank vole kidney functions were considerable according to Paper VI. In 
theory, it would be possible to estimate an approximate point along the pollution gradient where 
kidney disturbances will no longer appear in bank voles. The degree of pollution at this point, 
constitutes a critical level with respect to the deposition and emission from the source, as well as 
to the dose of cadmium in kidney. In this respect, indices of kidney function offers a highly 
sensitive and realistic technique to assess the environmental impact in mammals inhabiting a 
hazardous site.
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4.3.1 BANK VOLE KIDNEY CADMIUM THRESHOLD DOSE
In chronic exposure to Cd, a renal concentration range of 100-300 mgCd/kg wet weight (ww) has 
been widely accepted as critical tissue concentration for adult animals and humans (Nordberg, 
1996). Bank voles compared to species controls (Paper VI), showed statistically significant 
proteinuria and polyuria, a nephrotoxic pattern similar to chronic Cd exposure in laboratory rats. 
However, these effects occurred at far lower renal Cd concentrations in bank voles (6.4 mg/kg ww) 
compared to laboratory rodents (100-300 mgCd/kg). There are several possible explanations to 
these findings. First, the low kidney Cd level in bank voles could correspond to the late 
impairment phase of the kidneys under nephrotoxic attack. In chronic laboratory exposure, 
cadmium initially shows a successive accumulation in kidney over time accompanied by slight 
renal dysfunction (subclinical), until an upper limit of tissue Cd is reached (Kjellström, 1986). 
When this limit is exceeded, nephrotoxic effects occur and the tissue starts to impair. This will 
also successively eliminate the depot of Cd stored in the tissue bound in CdMT-complexes, and 
the tissue Cd levels decreases accompanied by clinical signs of nephrotoxicity like reduced GFR, 
proteinuria etc. However, the captured bank voles showed no difference in creatinine clearance 
(GFR) or plasma creatinine which indicated that their kidneys had not accumulated Cd up to 
severe nephrotoxic levels. Instead, bank vole kidney Cd levels may represent an early 
accumulative phase, corresponding to slight changes in renal function.

Second, bank voles may have expressed low levels of MT for genetic or inhibitory reasons. During 
the Cd accumulation phase, the induced metallothionein (MT) synthesis counteracts the toxicity 
of Cd in the liver and liver and cells are well protected by this mechanism. However, also the 
kidney is capable of MT synthesis, although with a lower capacity compared to the liver 
(Sendelbach and Klaassen, 1988). This MT synthesis de novo, may counteract the Cd2+ released 
intracellularly, which was demonstrated on rats pretreated with CdCl2 or CdMT, which protected 
them from nephrotoxic effects after a challenge dose of CdMT (Jin et al., 1987)(Jin et al., 1992). 
There are certain differences in tissue capacity to synthesize MT (Sendelbach and Klaassen, 1988) 
and species differences are also very likely to occur. The hypothesis may be advanced that bank 
voles may be more susceptible to Cd nephrotoxicity due to lower MT tissue levels.

Third, rather than being the cause itself, Cd could be an indicator of undetected nephrotoxins in 
this environment. Although Cd was the only toxic metal in this polluted environment, present in 
kidney at statistically higher levels in animals from the heavily polluted area, and at 
nephrotoxically relevant tissue doses, there is still a possibility that some other factor may have 
caused the observed effects. For example no organic chemical compounds were analysed in tissues. 
Still, it seems plausible that the renal effects observed were caused by Cd since this is considered a 
well known nephrotoxin. Some support to this view was given by a laboratory study, reporting a 
negative calcium balance and an disrupted Ca metabolism in bank voles, fed inorganic CdCl2 for 75 
days at the concentration 5-10 mg Cd/kg dry weight in food pellets (Shore et al., 1991). Similar 
effects were produced at 50 mg Cd/kg water for 90 days in rats fed a low calcium diet, a 
considerably higher exposure level (Kawamura et al., 1978, as reviewed by Kjellström, 1986). This 
gives an indication that the sensitivity to chronic Cd exposure nephrotoxic effects in free-living 
bank voles, may be higher than in laboratory rodents. Furthermore, this supports the view that 
there may be a causal link between the bank vole kidney cadmium dose and the renal effects 
reported in Paper VI. However, there is a need for further laboratory experiments on bank voles to 
clarify the question of causality.

As mentioned previously, the occurrence of renal effects may strongly depend on the renal 
capacity of MT synthesis which probably differs among species. Thus, the evaluation of the 
kidney Cd dose, must relate the bank vole study to other chronic Cd exposure studies. The dose-
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effect relationships for proteinuria and polyuria observed in bank voles, suggested a threshold 
tissue dose at about 4 jugCd/g whole kidney (Paper VI; Figures 3-4). At this level, the first cases of 
high degree polyuria and proteinuria appeared in bank voles from the polluted site. This threshold 
was lower compared to literature data reporting similar changes or slight histological changes in the 
range of 35-300 mgCd/kg wet weight (ww) in adult animals (WHO, 1992), and concentrations 
above 10 mgCd/kg ww whole kidney, causing ultrastructural changes in the proximal tubules of the 
kidney in laboratory rats (Chmielnicka et al., 1989). The difference may reflect a higher sensitivity 
to nephrotoxic Cd in bank voles compared to rats, a view supported by (Shore and Douben, 
1994), stating that the bank voles are poor accumulators of Cd in tissue and may therefore be 
highly sensitive to Cd. Since a high sensitivity to Cd nephrotoxicity and a low capacity to retain 
Cd in tissue, may both be linked to a low capacity for MT synthesis, there is a certain need to 
investigate the capacity of MT synthesis among rodents. Slightly above the 4 pgCd/g level in bank 
vole kidney, there was a relative lack of high readings of the urine production and proteinuria, 
suggesting a possible bias connected with the sampling method used. The hypothesis may be 
advanced that animals affected by severe kidney dysfunction may become inactive and hence may 
not be trapped. This explanatory hypothesis, is also applicable to the observation that calciuria 
was not seen in the field study. Only a few cases of high calciuria appeared above the dose level 4 
pgCd/g (unpublished data). Since calciuria is considered a sensitive marker of tubular dysfunction 
(Papers I-V), the hypothesis may be advanced that its absence at higher Cd-levels in kidney 
cortex, correlates with the absence of individuals which were highly sensitive to the Cd insult on 
the kidney. An effect on the calcium balance is still likely, since a negative calcium balance was 
observed in laboratory studies on bank voles (Shore et al., 1991).

5 CONCLUSIONS

1 * Single CdMT injections caused dose related retention of Cd in kidney cortex and transient, 
reversible effects like proteinuria, calciuria, magnesuria. Cadmiuria always preceded the 
appearance of calciuria followed by proteinuria which indicated a sequential relationship among 
these factors in the development of nephrotoxicity.

2 * Multiple CdMT injections performed within a limited time interval caused calciuria, which 
was unreversed at termination of the study, and reversible proteinuria, polyuria, creatinineuria that 
were more severe compared to similar single doses of CdMT. This indicated that an extended 
inflow of CdMT into the renal tubular compartment may be an important factor for the 
development of nephrotoxicity.

3 * Calcium uptake in basolateral membrane vesicles in vitro, was decreased from 4-24 hours, 
indicating an inhibition of calcium pumps (CaMgATPase) after a single CdMT injection in vivo. 
Increased calcium in kidney cortex at 24 hours, suggested an intracellular accumulation of calcium.

4 * Calciuria and proteinuria occurred at a lower dose of CdMT in diabetic compared to normal 
mice. The interaction of CdMT with the abnormal metabolism in diabetic mice resulted in 
increased sensitivity to CdMT suggesting a combined inhibitory effect on the basolateral 
CaMgATPase-pump.

5 * Kidney dysfunction was for the first time detected in wild bank voles in an environmentally 
metal polluted area. Renal effects in bank voles were associated to increased cadmium levels in 
kidneys, and the effects were comparable to those of laboratory rats and mice, experimentally 
exposed to CdMT.
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