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Low ambient temperature decreases cadmium accumulation in the
liver and kidneys of the bank vole (Clethrionomys glareolus)
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The inportance of photoperiod and ambient temperature on the accomulation of cadmium in the liver and
kidneys of bank voles was determined in the present study, Males and females, aged 1 month, were given
3.0 g Cd mI! drinking water and divided into four groups according to photoperiod (16 h light/8 h dark
and 8 h light/16 h dark) and ambient temperature (20 or 5°C); liver and kidneys were removed for cadmium
as well as copper, iron and zine analyses at the end of 6 weeks, Bank voles exposed to 5°C in both photo-
perinds consumed approximately 30% less water containing cadmium than those kept at 20°C. However,
the total accumulation of cadmium in the liver and kidneys of males and females exposed to the low temper-
atures was 4.3-4.8 and 2.2-3.3 times less than that in animals maintained at room temperature in the long
and short photoperiod, respectively. Simultaneously, the low temperature brought about an increase in the
copper concentrations in the liver (12-43%) and kidneys (47-78%), giving rise to an inverse correlation
between the cadmium accumulation and the tissue copper concentration, In contrast to cadmium and copper,
the concentrations of iron and zinc were affected primarily by photoperiod. These findings indicate that
ambient temperature is an important determinant of cadmium retention in the bank vole. It appears that
low temperature decreases tissue cadmium accumulation not only by reducing cadmium intake but also

through changes in copper metabolism.
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Introduction

Cadmium is a hcavy metal that is commonly consid-
cred to be a toxic clement for humans and animals
(Chmiclnicka & Cherian 1986}). It is well known that
mosl of the absorbed cadmium after oral exposurc
is lound mainly in the liver and kidneys (Schenkel
1994). There is also considerable experimental
cvidence that ils accumulation in the organs is
primarily dose- and lime-dependent (Kotsonis &
Klaasscen 1978). In addition. the tissue concentration
of cadmium can be modulated by several other
factars such as: dietary copper, zinc, iron. calcium
and protein (Flanagan er al. 1978, Revis 1981, Jacobs
¢ al. 1983, Foulkes 1985, Nordberg er al. 1985,
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Elschans er al. 1987, Felley-Bosco & Diezi 1992), the
chemical form in which cadmium occurs in the diet
{Groten et af. 1991a), and strain, sex and age ol
amimals (Rummler et al. 1989. Shaikh er al. 1993).
A previous work from our laboratory (Wlostowski
19923 has demonstrated that cadmium concentra-
tions in the liver of [ree-living rodents, the bank vole.
captured in spring and summer are 20 10 50-fold
greater than those in animals caught in winter,
despite the fact that cadmium levels in food (stom-
ach contents) remain generally constant (1.5 pg g
dry weight) over a year. Thus, the reascens for these
dramatic differences are unclear. As photoperiod
and ambicnt temperature in winter and spring or
summer in the temperate zone are distinetly differ-
ent, and bank voles are sensitive lo changes in
daylength (‘Tahka 1978), it cannot be ruled out that
these two environmental factors may affect, in some
way, tissue cadmium accumulation in these animals.
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Thercfore, the main purpose of the present work
was to cxamine in laboratory conditions the effect
of day length and ambient temperature on cadmium
accumulation in the liver and kidneys of bank voles.
Since there are scveral reports which indicate that
copper, zinc and iron status can affect the retention
ol cadmium (Fox et al. 1984, Leon & Johnson 1985,
Panemangalore 1993, Rimbach e al 1995), the
concentrations of copper, iron and zinc in both
organs werc also determined to establish a rela-
tionship, il any, belween Lhe tissue status of these
¢lements and cadmium accumulation.

Materials and methods

Animals and experimental design

Bank voles from our own laboratory stock were used
throughout the study. One-month-old males and females,
weighing 9-11 g, were randomly allocated into four groups
according to photoperiod (16 or 8 h} and ambient temper-
ature (20+1 or 5+1°C) at 60-70% relative humidity:
(1) 16 h light/8 h dark, 20°C; (2) 16 h light/8 h dark, 5°C;
(3) 8 h light/16 h dark, 20°C; and (4) 8 h light/16 h dark,
5°C. Males and females were housed separately in
groups of four or five in stainless-steel cages fitted with a
plastic floor and a wirc-mesh front and top. The cages
(40 %25 x 15cm) were divided into the nesting part
(10 x 25 x 15 cm) with hay as a bedding material, and the
running compartment (Buchalczyk 1970). For 6 weeks,
bank voles reccived ad fibiium distilled water (control) or
water containing 3.0 ng Cd ml™' and wheat grains which
are considered to be an adequate quality food for the bank
vole (Meese 1971, Sawicka-Kapusta er al. 1987). The food
contained (by AAS analysis) 3542 pg Zn g, 5-7 g
Cu g™, 150-170 pg Fe g™ and less than 0.1 pg Cd g (dry
weight). In addition, an identical amount of carrot
containing less than 0.1 ng Cd g ' drv weight was offered
to all animals (1 g vole! week™") which ate it completely.
Water and food intakes were measured weekly.

Trace element analysis

At the end of the 6 week experimental period, bank voles
were weighed and anesthetized with dietyl ether, and the
liver and both kidneys werce removed. The organs were
dried to a constant weight at 100°C. A portion of the liver
(about 150 mg) and both kidneys were then placed in
calibrated glass tubes with 1.5 ml of concentrated nitric
acid. After 20 h of sample digestion at room temperature,
0.5ml of 72% perchloric and 0.1 ml of concentrated
sulfuric acids were added and the mixture was heated at
100°C (1 h). then at 150°C (1 h) and finally at 200°C (1 h)
(Wlostowski er al. 1988). The residue, after digestion
(about 0.3 ml), was made up with double-distilled water
to 5.0ml (first solution). A portion of the first solution
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(200 pl) was evaporated to dryness in a quartz crucible at
130°C and thec residue was redissolved in an appropriate
amount of 0.015N HNO; (second solution). Cadmium
analyses of these solutions were carried out by elec-
trothermal atemic absorption spectrophotometry using
AAS 3 Carl Zeiss Jena instrument with an EA 3 furnace
attachment. The conditions were as [ollows: wavelength
228.8 nm. drving at 110°C for 15s. ashing at 250°C for
5 s and atomizing at 1200°C for 5§ s. The concentrations of
copper, iron and zinc of the [irst solutions were deter-
mined by atomic absorption spectrophotometry in an
air-acetylene flame. Aldrich standard solutions and 0.015
N HNO; were used to prepare the standard curves.
Quality assurance procedures included the analysis of
reagent blanks and appropriate standard reference
materials [(National Institute of Standards and Techno-
logy, Craithersburg. MD), havine liver (1577b) and CL~1
cabbapge leaves (AGH. Poland)]. The recoveries of
cadmium, copper. iron and zinc by this method amounted
to 90-95%.

Staristical analysis

Dala were expressed as means = SD. The effect of
photoperiod, temperature, sex and their interactions were
determined by a 2 x 2 x 2 analysis of variance (ANOVA).
The least significant difference {LSDD)) test was applicd
when appropriate. Differences at P < 0,05 were considered
statistically significant. A relationship between cadmium
accumulation in the liver and kidneys and the tissue
concentrations of copper, iron and zinc was evaluated by
using the simple regression analysis. All statistical analyscs
were performed on log-transformed data.

Results

Bank voles receiving water containing 3.0 pg Cd
m! ! showed no significant differences in water and
food consumption, final body and organ weights as
well as tissue concentrations of copper, iron and zinc
as compared with the control animals. The concen-
trations of cadmium in the liver and kidneys of all
control voles did not exceed 0.1 pg g™! dry weight,
Therefore, to simplify presentation of the data only
bank voles receiving cadmium were taken into
further analysis.

During the 6 week experimental period, there
were no significant differences in water (cadmium)
intake between males and females. A bank vole
exposed 1o 5°C in both photoperiods (16 h light/8 h
dark and 8 h light/16 h dark) consumed on avcrage
145 + 10 ml, whereas that kept in 20°C consumed 185
+12 ml 6 weeks™, respectively. Therefore, the total
cadmium intake was approximately 435 and 555ug
6 weeks™, respectively. In contrast, the ambient
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Table 1. Effect of pholoperiod, ambient temperature and sex on body and organ weights of bank voles

Group Sex (n Body weight Liver dry weight Kidneys dry weight
(2) (mg) (mg)
16 h light/8 h dark
2000 male (13) 198+ 3.0¢ 289 = 56¢ 52+ 7
3¢ male (14) 204 + 220 208 + 447 56 + o
200 [emale (14 142+ 10 213 =230 37 &£ 3
s female (1 6400 215 + 68" 42 + ¢
8 h light/16h dark
200C male (15) P31 LY 178 = 440 34 + b
S male (14 136+ 1.2% 186 = 21+ 38 + 3
200C female (13} 1254 200 166 = 23" 324 3k
30C [cmale (14) 13,1 + [.7° 186 + 220 37 + g
Source of variation Analysis of variance, P value
Photoperied (P) 0.0000 0.0000 0.0000
Temperature (T) NS 0.0163 0.0240
Sex (S) 0.0000 0.0000 0.0000
PxT NS NS NS
PxS 0.0000 0.0001 0.0000
TS NS NS NS
Px1 xS NS NS NS

Data are means + SD. All voles received water confaining cadmium (3.0 pg ml N for 6 weeks. Means in the same column marked with
a different superscript letter are (P < 0.05) significantly different. NS, not significant.

Table 2. Effect of photoperiod, ambient temperature and sex on the concentrations and contents of cadmium in the
liver and kidnevs of bank voles

Group Sex (m Liver Kidneys
pg g ! dry wt pg organ”! pg gl dry wi wg organ’!
16 h Light/8 h dark
20°C male (13) 0.96 1+ 0380 0.27 + 0.10¢ 248 + 048 0.13 £ (1.03¢
¢ male (14) 022+0.12" 0.06 = 0.05" 053 £0.10 0.03 £ 0.02°
200C female (14 LA+ 0.30¢ .29 = 0.10° 380 £ 1.52¢ .14 + 0.05
C female (1 0.30 £ 0.20°4 0.06 x 0.05 0.77 £ 0.37b 0.03 + 0.01°
8 h light/16 h dark
200 male (15) 1.27 £ 0.34¢ 0.23 £ 0.07 2.15 + 0.46¢ (.08 + 0.03¢
5°C mulce (14) 0.40 £ 0.204 .07 = 0.05" 0.95 £ 0.20¢ 0.03 £ 0.02"
2000 female (13) L13 £ 033 0.20 £ 0.07° 3.19+1.221 0.10 + 0.03¢
5°C female (14) 0.35+ (.18 0.06 + 0.03" 1.06 + 0.32¢ 0.04 + 0.02°

Source of variation

Photoperiod (P)
Temperature (T)
Sex (S)

PxT

P xS

TxS

PxTx8

0.0074
0.0000
0.0085
NS
NS
NS
NS

Analysis of

NS
0.0000
NS
NS
N§
NS
NS

variance, P value

0.0080
0.0000
0.0073
NS
NS
0.0391
NS

(10009
(.0000
NS
0.0217
NS
NS
NS

Dala are means x SD. All voles received water containing cadmium (3.0 pg ml™') for 6 weeks, Means in the same column marked with
a different superscript letter are (£ < 0.05) significantly different. NS, not significant.
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Table 3. Effect of photoperiod. ambient temperature and sex on the concentrations of copper. iron and zinc in the

liver and kidneys of bank voles

Group Sex (n) Copper Iron Zine
Liver Kidneys Liver Kidneys Liver Kidneys
16 h light/8 h dark
20°C male (13) 2494700 2334+ T = 1507 3606 + 6Y! 115+ 17 153 + [§®
3¢ male (14) 356+ 8B0¢ 3435+« 727 = 218 372+ 97 13414 149 1+ [&
200C female  (14) 239+ 600 243+ 1190 + 460" 641 = 1800 N7z 140 165 = |5
5°C female (10} 3452400 3554+ ° ,0" 1280 = 380 396 + 1200 78« 200 147 = 13
8 h light/16h dark
20°C maie (15) 283+ 607 287 = 10.0"" 974 = 2400 63] + 65" N2+ 130 166 + 22¢
5°C male (14) 318 +530 435+ 12.0° U5 + 2480 594 + 780 81 ¢ 13P 155 1 1R
20°C female  (13) 284 1680 260478 1210 £ 3140 S50+ 1500 82+ 8" 16517
5°C female (14} 3Bex79 47221500 113022600 600 = 80" 86+ 4h 158 + 24°
Source of variation Analysis of variance. P value
Photoperiod (1) NS 0.0027 0.0148 0.0108 0.0001 NS
Temperature (T) 0.0000 0.0000 NS NS NS NS
Sex (S) NS NS (0.0000 0.0034 (.0004 NS
PxT NS 0.0303 NS NS NS NS
PxS NS NS 0.0249 0.0006 (.0001 NS
TxS NS NS NS NS NS NS
PxTx§ NS NS NS NS NS NS

Data are means ( wg g of dry wt) = SD. All voles reccived water containing cadmium (3.0 g ml ') for 6 weeks, Means in the same
column marked with a different superseript letter are (7 < 0.03) signiticantly different. NS, not significant.

temperature did not affect food consumption by
these animals. The food intake in malcs from the
long photoperiod group (16h light/8h dark)
amounted to 117.7+8¢g (at 5'C) and 1152 x6¢g
vole™ 6 weeks™? (al 20°C) and was aboul 115% that
of the remaining voles.

As can be seen from Table 1. the {inal body, liver
and kidneys weights were affected primarily by
photoperiod, sex and their interaction. Males
exposed to the long photoperiod were 26-38%
heavier than females kept under the same condi-
tions, and males and females from the short
photoperiod group {8 h light/16 h dark). In conse-
quence, the highest absolute weights of liver and
kidneys were also recorded in males from the long
photoperiod group.

The cadmium levels of the organs are presented
in Table 2. Due to significant differences in the
absolute weight of the liver and kidneys, the data
were expressed as micrograms per gram of dry
weight (concentration) and micrograms per organ
(content). The concentrations of cadmium in the
liver were affected significantly by temperature,
photoperiod and sex, while the content was influ-
enced only by temperature. In the long photoperiod
group, the concentrations and contents of cadmium
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in the hiver of males and females exposed to 20°C
were 4.4 to 4.8-fold greater than those in voles kept
at 5°C. In the short photoperiod group. the ratio
amountcd to 3.1-3.3. The concentrations ol cad-
mium in the kidneys were allecled significantly by
ambient lemperature, photoperiod. sex and temper-
alure x sex inleraction, whereas the conlent of
cadmium in both kidneys was affected by tempera-
ture, photoperiod and their interaction. The levels
of cadmium in the kidneys of males and females
from the long photoperiod group cxposed to 20°C
were 4.4-4.9 times as much as those in voles main-
tained at 5°C; this ratio reached 2.1-3.0 in the short
photoperiod group. The lower ratios observed in the
short photoperiod group were primarily due to
decreased accumulation of cadmium in the kidneys
(significant) and liver (not significant) of bank voles
kept at 20°C as compared with the respective long-
day animals.

The retentions of copper. iron and zinc in the
organs are presented in Table 3. The concentrations
of copper in the liver were affected significantly by
temperature, whereas in the kidneys by temperature,
photaperiod and their interaction. In general, copper
cancentrations in the liver and kidnevs of all bank
voles exposed to 5°C were 12 43 and 47-78%.
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Table 4. Relationship of total cadmium accumulation by the liver and kidneys to hepalic or renal concentrations of

capper. iron and zinc in bank voles (1 = 100)

Comparison Regression equation Coefficient of F value
corrclation
Liver Cd conwenl versus hepatic Cu log Cd= 1.8 - 13 log Cu -0.45 0.0013
Kidney Cd content versus renal Cu log Cd= 1.6 - |3 1log Cu —0.60) (L0006
Liver ('d content versus hepatic Fe log Cd = =20 ~ 0.03 log, Fe -0.02 NS
Kidney Cd content versus renal Fe log Cd=-26 - 0.02 log Fc ~0.008 NS
Liver €d content versus hepatic Zn log Cd= 2.6 +0.07 log Zn +0.01 NS
Kidney €d content versus renal Zn log Cd ——.7 + 0.36 log #n +0.04 NS

respectively, higher than those in animals kept at
20°C. In the short-day voles kepl at 5°C. the renal
copper increased significantly as compared with the
respective long-dayv animals. In contrast to copper,
the iron congentrations i the liver and kidneys were
affected significantly by sex, photoperiod and their
interaction. Iron levels in the organs ol all long-day
males were significantly lower than those in the
remaining voles. The concentrations of zinc in the
liver were also affected significantly by photoperiod,
sex and their interaction. Regardless of temperature,
the hepatie zine in the long-day males was signifi-
cantly higher than that i the other males and
(emales. Renal zine was unaffected by photoperiod,
temperature and sex.

The regression analysis showed {Table 4) that
among the trace elements studicd only the copper
concentrations appeared (o be inversely correlated
with the total cadmium content in the liver and
kidneys of bank voles.

Discussion

The prescent work demonstrated the importance ol
the ambicnt temperature in the accumulation ol
cadmium by the liver and kidneys in the bank vole.
Both the male and female voles exposed o a low
temperature (8°C) in a long and short photoperiod
had 2.3 to 4.8-fold less cadmium in the organs than
voles kept at room temperature (20°C) (Table 2).
Several factors such as decreased intake and absorp-
tion, increased excretion and/or antagonistic inter-
actions between cadmium and some essential trace
elements could account for the clfect of low temper-
aturc on the tissuc levels of cadmium. Indeed,
cadmium intake in voles exposed 10 5°C was signil-
icantly lower (about 30%) than that in volcs main-
tained at 20°C, which could contribute essentially to
a lower retention of cadmium in the former group
of anmimals. However. the difference in cadmium

intake was probably too small to bring about over
4-fold differences in the tissue levels of cadmium.
Itis also unlikely that the low temperature enhanced
the excretion of cadmium; the idea is supported by
Sawicka-Kapusta et «f. (1987) who have not found
any significant cffect of temperaturc on the rate of
cadmium elimination [rom the bank vole body.
ITuman and animal studies have demonstrated
that the accumulation of cadmium in the liver
and kidneys can be modulated by esscntial metals,
particularly copper. iron and zinc {(Bremner &
Campbel 1980, Fox er al. 1984, Chmiclnicka &
Cherian 1986, Groten er «f. 1991b, Panemangalore
1993). Those siudies emphasize the rale of adequale
or high capper, iron and zinc status in decreasing
the retention of cadmium in the tissues. and arc
supported by our observations, especially those
concerning the relations between cadmium and
copper. For instance, Panemangalore (1993) found
that copper-adequate rats receiving water containing
S50 pg Cd ml™ for 12 weeks accumulated 4-fold less
cadmium in their livers and kidneys than rats
exhibiling a low tissue copper status. Le. 60 and 45%
that ol the normal copper concenlrations in the liver
and kidneys. respectively. Our voles exposed Lo the
low ambient temperature had 12-43 and 47-78%
more copper in the liver and kidneys, respectively,
than voles kept at room temperalure (Table 3}
Furthermore, there was an inverse correlation
between the cadmium content and copper concen-
trations in both organs {Table 4). Thus it is rcasan-
able to conclude that copper 1ons could inhibit. at
least to some degree. the accumulation ol cadmium
in the tissucs of bank voles kept at low lemperature.
However, the main location and mechanism of
this inhibition remain to be established. At the
moment al least one point should be stressed; in
conirast Lo most studies carricd out so far, the tissue
copper changes observed in this work were not due
to changes in copper intake. Rather, the changes in
copper concentrations might reflect a response of
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the bank vole body to coid and thus were regulated
by metabolic processes. It is noteworthy that an
clevation of hepatic copper in free-rangimg bank
voles and common shrews caught 1n cold months has
also been observed (Hyviirinen 1972, Wiostowski
et al. 1988). Nevertheless, further studies are
required to examine this aspect of copper metabo-
lism in more detail.

Although the precisc mechanism by which low
ambicnt temperature decreases cadmium retention
in bank volcs remains to be determined. one may
conclude that this environmental factor could be
responsible. at least to some extent, for dramatic
seasonal changes in the liver cadmium accumulation
observed by Wiostowski (1992). It cannol be
excluded, however, that other, particularly dietary,
factors could also account for the ditferent accumu-
lation of cadmium 1n the liver of bank volcs during
winter and spring or summer. For example. calcium
and protein  have been shown (o affect
the tissue concentration ol cadmium (Washko &
Cousins 1977, Revis 1981, Felley-Bosco & Diezi
1992); both dietary calcium restriction and high
dietary protein enhance cadmium intestinal absorp-
tion and tissue accumulation. Since the content of
calcium n the bank vole’s food in winter is higher
and dietary protcin lower than those in spring
{Wlostowski ef al. 1988), it 1s possiblc that these two
factors could also contribute significantly to a lower
accumulation of cadmium in the liver of bank voles
during winter. [n addition, one may speculate that
a different chemical form, if any, in which cadmium
occurs in the vole’s food in particular seasons could
have an important effect on tissue cadmium reten-
tion. The speculation is based on a previous work
(Groten er al. 1991a) which demonstrated that rats
ted cadmium bound to the protein metallothionein
consistently showed less total accumulation of
cadmium in the liver {2-fold) and kidneys (1.5-fold)
than rats fed the same amount of cadmium but in
the form of CdCl,. It should be noted. however, that
after exposure to dietary cadmium-metallothionein
thc ratio of kidnev to liver concentrations of
cadmium was higher than after CdClL,. Furthermore,
tfrequent obscrvations indicate that there is a gradual
redistribution of cadmium from the liver to the
kidncvs, which may result in a decrease of liver
cadmium concentration (Nordberg ez al. 1983). Thus
it is reasonable to assume that not only low ambient
temperature but also several other factors could
diminish the accumulation of cadmium in the liver
of free-living bank voles during winter.

In conclusion, the results of this study emphasize
the role of low ambient temperature in decreasing
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the retention of cadmium in the liver and kidneys
of bank voles receiving low levels of cadmium in
their drinking waler. A question arises. however,
whether or not a low ambienl lemperature also
allects lissue cadmium accumulation in the animals
exposed to high levels of dietary cadmium. To obtain
an answer to this question would be important, espe-
cially from a toxicological point of view.
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