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A STUDY ON BEHAVIORAL, NEUROTOXICOLOGICAL,
AND IMMUNOTOXICOLOGICAL EFFECTS
OF SUBCHRONIC ARSENIC TREATMENT IN RATS
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Albert Szent-Gyorgvi Medical Center, 5zeged, Hungary

Adale Wiatar r3is were rreated for 4, 8, and 12 wk with 3.33, 6.66. 133, or 26.6 mg/ig of
inorganic arsenic (NaAsO,) per os by gavage. Changes in behavioral and efectrophysio-
logreal parameters (spontancous apen-beld exploration; electracorticogram mean fre-
quency and power spectrum; liency and duration of somatosersory, visual, and auditory
evoked potentials; conduction velocity, and relative and absalute refractory period of a
peripheral nervel were determined, Treated rats exhibited hypoactivity of horizantal
ambulation in the open field and showed depressed rates of grooming. The electraphysio-
lopical data, recorded from anesthelrized rats, did not show any significant dose- and time-
dependent changes. Changes in humaoral immune response, tested after 4 wk of treat-
ment, were not marked, The weipht of organs responsible for immune response fthymus,
iplpen, adrenals), was significantly reduced, as were delayed-type hypersensitivity (DTH)
reaction and mean cell volume (MCV) of red blood cells 2 hematdlogical parameter.
Plague-forming cell {PFC) assay proved 1o be insensitive in this shori-time esposure. These
results sugpest that subchronic low-level ewpoiure 10 Jrsenic Can JifeCt IMmune rsponses
and/or spontancous behawvar of rats.

Arsenic is an element naturally occurring in the earth’s crust, ubiqui-
tously present in the rocks and soil and especially in groundwaters, It is very
widely distributed in the environment so that all humans are exposed to low
levels of arsenic. The anthropogenic contribution to environmental arsenic
originates mostly from mininF, smelting, and refining of certain ores and
also from burning of coal (Polissar et al., 1990; Van der Sloot et al., 1992;
Zhou, 1993). Another source is the extensive use of pesticides containing
organic or inorganic arsenic such as white arsenic as rodenticide, cacodylic
acid as herbicide, sodium arsenite or hexaflurate as insecticides, or (methyl-
arsenidyl) bisdimethyldithiocarbamate as fungicide (Martin & Worthing,
1977), and arsenic pesticides for tick control (Ng et al., 1998). The principal
source of nonoccupational arsenic intake (at 25 to 50 pg/d) is food, with
drinking water and air being mostly minor sources (Schwarz et al., 1991;
Larsen et al., 1992; Boppel, 1995), However, in some regions of the United
States (Engel & Smith, 1994) as well as in Taiwan (Brown & Chen, 1995},
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India (Das et al., 1995) and southeast Hungary (Bérzsdnyi et al,, 1992),
arsenic levels in drinking water exceed the U.S. Environmental Protection
Agency (EPA) limit of 50 pg/L. Up to 600 pg/L was found in the United
States and up to 3700 in India, which can result in approximately 16 and
75 pg’kg/d of exposure, respectively.

Inorganic arsenic has long been recognized as a human poison. Being
carcinogenic for skin, bladder, liver, and kidney (Tsai et al,, 1998; WHO,
1971), arsenic is positioned among the top hazardous substances by the
Agency for Toxic Substances and Disease Registry (ATSDR] and the U.S. EPA
(ATSDR, 1999). Bevond that, it causes reproductive dvsiunction (Golub et
al., 1998} and can damage the respiratory, gastrointestinal, cardiovascular,
and hemopoietic systems (WHO, 1971; Engel & Smith, 1994; Chen et al,,
1995, 1996; Winski & Carter, 1998 and the skin (Lin et al,, 1998; Bernstam
& Nriagu, 2000).

Arsenic affects the central and peripheral nervous system of humans (Liu
et al., 1994; Mazumder et al,, 1998; Bernstam & Nriagu, 2000), producing,
for example, abnormal electromvography and allered nerve conduction ve-
locity. Arsenic-induced neuropathy was reported in epidemiological studies
(Ramirez-Campos et al., 1998), In Japanese infants exposed 10 inorganic
arsenic, delayed neurological disturbances (e.g., severe hearing loss) in com-
bination with electroencephalographic (EEG) abnormalities were found 15
vr after exposure (Liu et al., 1994, Children living near an arsenic-emitting
coal-fired power plant exhibited moderate hearing loss (Bencko et al., 1988).
Exposure to elevated levels of arsenic in drinking water increases the risk of
cerebrovascular disease and cerebral infarction (Chiou et al.,, 1997). In ani-
mal experiments, arsenic was found to atfect the nervous system at different
levels, In rats treated chronically with inorganic arsenic altered transmitter
levels. abnormal behavior (Nagaraja & Desiraju, 1993, 1994) as well as elec-
trophvsiological and motility changes (Dési et al., 1998b) were observed.

There are nol many reports on immune effects of arsenic exposure in
humans. Bencko et al. (1988) found lower immunoglobulin G (18G) levels
in individuals exposed lo airborne arsenic. However, the effect on the
hemopoietic system (ATSDR, 1999; Winski & Carter, 1998) suggests a sup-
pressive effect on the cell mediated immune defense. The immunotoxic
potential of low-dose arsenic was demonstrated in vitro in human and ani-
mal cultures (McCabe et al.,, 1983; Burns et al., 1991) and also in vivo in
mice (Blakley et al., 1980; Gainer & Prv, 1972) and rats (Savabieasiahani et
al.. 19981. Due to the paucity of data on humans, the relevance of these
findings remains to be determined in terms of human correlates and possi-
ble clinical consequences.

Our aim in this studv was to investigate the simultaneous adverse behav-
toral. neurophysiological. and immunotoxicological potential of inorganic
arsenic in rats. The dose range applied. NaAsO. at 3.33-26.6 mg/kg/d (equal
to 1.92-15.4 mg Askgd. is definitely higher than the average human expo-
sure level. All the same, the lower pant o1 a dose-response curve based on
the range chosen may be relevant to the exposure of human populations
with unusually high exposures from drinking water (described earlien or
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from workplace settings. Rats are also much less sensitive to inorganic ar-
senic exposure than humans are, due to differences in kinetics and me-
tabolism. In rats, on one hand, a significantly higher fraction of inorganic
arsenic will be bound to the erythrocytes resulting in lower free arsenic
level in plasma and body fluids (ATSDR, 1999). On the other hand, the
methylation rate of arsenic in rat liver is over 10 times higher than in
human liver, with methylation being a detoxifying step itself and facilitating
the excretion by urine (ATSDR, 1999; Styblo et al., 1999).

METHODS

Animals and Treatment

Male Wistar rats were obtained from the specific-pathogen-free (SPF)
breed of the Research Institute of Laboratory Animals, Gédallo, Hungary.
Most of the chemicals used were purchased at REANAL Factory of Labora-
tory Chemicals, Budapest, Hungary; exceptions were the Iyophilized com-
plement, Freund’s complete adjuvant (FCA), and sheep red blood cells
(SRBC), from HUMAN Serum Production and Medicine Manufacturing Co.
Ltd., Budapest, Hungary; RPMI-1640, from Sigma, USA; and keyhole limpet
hemocyanin (KLH), from Calbiochem, USA.

Rats at the age of 4 wk (weighing 110-130 g) were used in immuno-
toxicity investigation and rats of 10 wk (weighing 240-260 g) were used
for behavioral and neurotoxicological experiments. The rats were kept
under conventional conditions (temperature 20-22°C, humidity 60-70%,
12-h light-dark cycle with light on from 06:00 to 18:00) and fed with
standard rodent feed. Food and water were available ad libitum. Treatment
of rats used in behavioral and electrophysiological experiments (10 rats/
dose) was done by gavage with 6.6, 13.2, or 26.4 mg/kg body weight of in-
organic arsenic (NaAsQ,; dissolved in distilled water to 1 ml/kg body weight
administration volume) for 4, 8, or 12 wk on a 5-d/wk schedule. Controls
received distilled water only, For immunotoxicology, 3 = 10 rats/dose were
treated for 28 d as described earlier with 3.33, 6.66, 13.3, or 26.6 mg/kg
NaAsO,. The animals were observed daily for symptoms of intoxication;
body weight was recorded weekly.

Behavioral Investigation

The behavioral test was conducted on the day following the last arsenic
administration. Investigation of motility and spontaneous exploration was
performed in an automatic open field «OF) apparatus (40 x 40 x 40 cm size;
Actiframe, Gerb Electronic, Berlin, Germany) (Schulz et al., 1997; Nagymaj-
ténvi et al., 1997; Dési et al., 1998a). Infrared (IR} sensors at a distance of
1.11 cm at 2 different levels of the OF detected horizontal as well as vertical
movements. Rats were individually placed into the OF for a 10-min session
between 08:00 and 12:00 (that is, in the first part of the light phase). Illumi-
nation at the floor of the OF was 10 = 2 lux; background white noise was
about 30 dB. The movement signals (IR beam interruptions) were stored and
processed by computer.
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Neurophysiological Investigation

This investigation was done 1-3 d after the behavioral one. The rats
were anesthetized with urethane (1g/kg ip) (Bowman & Rand, 1980) and
placed in a stereotaxic frame. The skull was opened and silver electrodes
were placed on the primary somatosensory, visual, and auditory centers
{Par1, Oc1B, Tel areas described by Zilles, 1982). Aifter recovery from the
surgery (30 min), an electrocorticogram (ECoG) was simultaneously re-
corded from these areas for 5 min. The analyzed ECoG parameters were
mean amplitude, mean frequency, and power spectrum. Cortical sensory
evoked potentials were subsequently recorded with the same electrodes.
Somatosensory electric stimulation was performed by electrodes pricked
into the whiskery part of the nasal skin. The parameters of the rectangular
stimuli were 1 Hz, 3-4 V, and 0.2 ms. The visual stimuli were flashes (1
Hz, 60 lux) provided by a flashbulb device and conducted via an optical-
fiber conductor to the contralateral eye. Acoustic stimulation was per-
formed by clicks (1 Hz, 40 dB), produced by a small earphone put into
the contralateral ear of the rat. Fiity evoked potentials of each modality
were recorded and later averaged. On the averaged potentials, latency
and duration were measured oftline. Conduction velocity of the tail nerve
of the rats was measured as described by Miyoshi and Goto (1973) at
room temperature (21-22°C). Relative and absolute refractory periods
were calculated according to Anda et al. (1984). All neurophysiological
recording and data analysis were performed using Neurosys software (Ex-
perimetria Ltd, UK). Finally, the rats were sacrificed with an overdose of
urethane. The weights of brain, liver, heart, lung, kidneys, thymus, and
adrenal glands were recorded and relative organ weights were calculated.

Immunotoxicological Investigation

General Toxicology and Hematology Parameters The animals (10/
dose, described earlier) were sacrificed on d 29 and weights of brain, thy-
mus, lung, heart, liver, spleen, kidneys, adrenals, testes, and popliteal lymph
nodes were recorded. Blood from the abdominal aorta was taken for hema-
tological studies. White blood cell (WBC) count, red blood cell (RBC) count,
hematocrit (Ht), mean cell volume of RBECs IMCV), and the cell content of
the femoral bone marrow were determined with a PS-3 blood cell counter
Medicor, Budapest, Hungaryi. The cellularity of the bone marrow was de-
termined from one of the temurs as described earlier (Institdris ot al,, 1995),

IgM-PFC Assay  Another 10 animals/dose were immunized ip with 2 x
10" SRBC in 0.2 ml phosphate-bufiered saline (PBS) at a pH 7.2 on d 25 of
treatment. Four days later, the spleen was removed and the lgM-tvpe plaque-
forming cell (PFC) number (calculated for 10" cells and for the whole spleen)
was determined (Institoris et al,, 1995},

Delayed-Type Hypersensitivity Assay  Animals in a separate set of 10
animals/dose were immunized on d 14 of treatment by s¢ administration
imo the base of tail of 1 mg KLH in 0.4 ml antigen preparation (KLH dis-
solved in sterile PBS plus an equal volume of FCAL. The delaved-type hvper-
sensitivity (DTH) reaction was challenged on d 29 of treatment by injecting
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17.5 pg KLH in 50 pl PBS into the left hind footpad. Footpad thickness was
measured just before and 24 and 48 hours after challenge by means of a
Microstat micrometer. The specific footpad swelling (D%) was calculated as
described (Institdris et al., 1995).

Statistics

Data were checked for normality by means of the Kolmogorov-Smirnov
test, Effects of the treatment on behavioral outcomes were tested ina 3 x 4
(treatment schedule x doses) design following square-root transformation of
the data and equal cell content, using two-way analysis of variance (ANOVA;
dose x treatment time) following Bartlett's test or, in the case of nonnormality,
Kruskal-Wallis ANQVA. Group differences were checked post hoc by subse-
quent Dunnett’s test. The probability level was set at p < .05. The other
groups of data (general toxicology, electrophysiology, immunology) were
analyzed by univariate ANOVA. Post hoc analysis of group differences was
performed by a subsequent least significant difference (LSD) test.

RESULTS

General Toxic Effects

In the animals treated for 4 wk from their wk 4 of age, there was a clear
dose-dependent reduction in the body weight gain, which was significant
versus contral in the group receiving 26.6 mp/kg NaAsO, (Figure 1). In the
groups treated for 4, 8, or 12 wk from their wk 10 of age on, arsenic pro-
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FIGURE 1. Etfect o 4 wh of treaiment with MNaAsCY, on the body weight gan of male Wistar rats (4-5
wh old ar the begmmning of treatmens). Values are given as mean = standard errar of mean of 10 rats
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TABLE 1. Orpan Weights Following 28 d of Arsenic Treatment (immunotoxicity Study)

Body Brain Organ 1o 100 g body weight
Daoses weigh weight
(mpg) gl ig Thymus Liver Spleen
26.6 2402 7020 1.69 = 004 0199 = 001" 5522030 0.266 = 0.02
133 285 = 6.05 173003 0241 = 0.02 4.60 2 0.04 0227 £ 0.00
6.66 298 = 7.07 1.80 = 0.04 0257 = 0.02 444 =005 0.237 = 0.01
333 294 £ 8.10 1.80 = 0.02 0282 = 0,02 4.29 = 0.06 0.21212 0,01
Contraol 290 = 5.46 1.86 = 0.02 0.263 = 0.01 405 =010 0.210 = 0.01

Kote, Data are means = 5EM of n = 10 rats per group,
*Adrenal weight is expressed as mig/100 p body weipht or mgfp brain weight,
*Significant at p < .05 compared to control.

duced no significant effect on body weight gain (see Table 2). Relative
organ weights were altered by As treatment in both treatment schemes
(Table 1 and 2), but the significance and in some cases the direction of
change were dissimilar. In the rats treated for 4 wk from wk 4 of age, the
relative weights of thymus, liver, spleen, adrenals, and testes increased
significantly, while thymus weight cecreased. When the same treatment
duration started from wk 10 of age, the relative weight of thymus and
liver decreased and that of the lungs increased significantly, By the end of
8 wk of exposure, the weights of thymus, liver, and kidney decreased,
whereas following 12 wk of treatment the weights of the liver, kidney, and
lungs were changed significantly.

TABLE 2. Org.;m Wﬂghtu Following 4=12 wk of Arserig Treatment (Behavior and Noeurotosic ity Studes)

Crgan 1o 100 g body weight

Doses Weeks of Body weight Brain weipght

{mgkgl treatemient g ) Thymus Livee

266 4 J1i=80 174 = 0.04 0.13 + 0.001 2.81 =005
133 s =91 173 = 0.05 0.15 =001 298 =00%
b.66 342 =13 181 £ 0.03 013 =000 3.07 = 007"
Conteol J20=310 181 =003 07 =0 342 =000
26.6 8 366 = 13 177 =0.03 012 = 0.00* 2,82 =010
133 jos = 7.7 .89 = 0.04 0.0 = 0.0 2,81 =007
6,66 83 =12 179 = 003 011 =0 2.89 = 008
Contral 366 = 10 1.85 = 0.03 0.4 =00 351 =013
2b6.6 12 4312 =18 1,80 = 0.06 0.08 = 0.0 115 =008
133 430 =13 185 =004 0.09 =0.01 270=0.06
bbb 414 =13 181 = 0.04 010 = 0.01 257 = 007
Control 435 =10 186 =003 0.09 + 0,01 261 =08

Nore. Data are means = SEM of n = 10 rats per group
“Sipnificant a1 p < .05 compared 1o control
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/100 g! Oregan 1o brain weighy

Adrenals* Testes Thymus Liver Kidneys Adrenals?
220=083 V.27 = 0.04" 0.281 = 0.02° 7.85 = 0.47° 1.09 £ 0.03" 313 =2 1.47
174 =110 112 0,04 0-3%4 « 002 755+ 0,15 1,24 £ 0,03 286+ 1.82
I7.8 = 0.68 1.6 £ 0.04 0425+ 0.03 7352014 1,24 = 0.04 294 = 0.87
177 =1.08 1.08 = 0.03 0456 = 0.02 7.00 2017 1.19 =002 290+ 1,85
18.3 = 0. 1.6+ 0.02 0.412 £ 0.02 6.32 £ 0.17 1.20 = 0.03 285 =144

Behavioral and Neurophysiological Effects

Treated rats exhibited some dose- and treatment time-dependent alter-
ations in their open field behavior. Decreased horizontal ambulation (hypo-
activity) and decrease in grooming activity were observed (Figure 2).

Hematological and Immunotoxic Effects

Among the hematological parameters (Table 3), MCV showed a signif-
icant decrease. Immunotoxicological efiects evoked by the arsenic treat-
ment are represented in Table 4. The maximum intensity and the duration
of DTH reaction, however, were significantly diminished by the highest
dose of arsenic.

g gl Cirgan 1o brain weight

kidnevs Lung Thymius Livier Kitlnpvs Lung

O.bb = 007 0.50 = 0.02° 0.22=001° 310=022 135 =005 N.490= 0.04

78 = 004 051 = 0.03 025 =002 Frizoa¥ 1,25 =010 041 =003
0.72 =002 (.45 = 0.02 024 z0.02° 584 =031 1.30 = 0.04 0.85 =004
0062 0,01 040+ 0.01 0.29 =001 606 =017 117 =013 0.7 =002
Qar = (0] 046 = (003 023 = 0. 364 =034 138 =00¥ 0.95 =006
0.67 = 0004 (.46 = 002 021 =0.02 3EE =010 1.39°= 0.09 (197 = 0.04
069 2 0.01 (a5 = 0.01 022« 0.02 AT =027 1.45 = h03” 096 = 0.03

068 = 002 0.37 = (0.0 622 = 0.02 fr4t = A% 1.63 = (LU6 1.09 =« 0,04

061 =002 0422 0.0 0.20=0.01 3.64 =z 1247 1.45 = (L.02° VO = .04
06t 2002 6= 0.01 022 =003 6,58 = 10.20 1.42 = u05° 1.12 = 0.0+
Oodd = 0.02 048 = 003 « D25 =002 593 =033 145 = Q. 1.08 =0.07*
(b = 0.04 045 =002 025 =002 633 =018 Y202 002 0.69=0.02
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FIGURE 2. The efiect of subchronic arsenic treatment of different doses (v axis: 1 = cantrols, 2 =
.66, 3 =133, 4 = 26,6 mg/kg body weizhti on (ar total horizontal open field ambulation and on
statignan' movements {proomisg: in mule Wistan rats at differen tme intervals (4, 8, and 12 wk) of
tredtment. y Axis: breaks of infrared sensors. Values are given as mean = standard error of mean of 10
ratE per proup. Asterisk indicates significantly different from control {p < .05
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]
TABLE 3. Effect of 256 d of Arsenic Treatment on Certan Hematological Parameters

Hematology

Dase “RBC Hi MLV Cellfemur
{mi/kg) {= 10%ml) (%) il = 10%
26460 585 =0.16 138=1.02 57820459 1.25 =011
13.30 6.34 =015 go=10 59.8 = 0.46 1322018
b.66 5.90 = 0.25 351 = 162 59.3+0.39° 143 =012
333 6.29=20.10 38.5 £0.56 60.2 2037 1.20 =01
Caontrol 5982025 Ibbz 1.66 60.7 2033 144 0113

Note. Data are means = SEM of # = 10 rais per group,
“Significant at p < .05 compares to control,

DISCUSSION

In this study, several toxicological paramelerfs. were found to be altered
by arsenic exposure at the two higher doses (in one case also at the 6.66-
mg/kg dose). Significantly reduced body weight gain was observed in the 4-
wk-old (juvenile) rats treated with 26.6 mg/kg arsenic for 28 d from d 15
on, This finding is in line with the results of Mahaffey et al. (1981), who ex-
posed young adult Sprague-Dawley rats with 50 ppm arsenic in the diet for
10 wk and found a 20% retardation of body weight gain accompanied by
decreased food consumption. Decreased body weight gain, however, did
not appear in rats 10-22 wk old (young adults), which indicates an age-
related sensitivity to arsenic exposure. Sprague-Dawley rats seem, irrespec-
tive of differences in the doses and treatment schedule, to be more sensitive
to arsenic exposure than Wistar rats as regards body weight gain.

In the 4-wk-old rats, the organ weight of thymus (related to weight or
brain weight) decreased (at 26.6 mg/kg arsenic), while weights of the
adrenals and liver increased (at 26.5 mg/kg and at 26.6 and 13.3 mg/kg, re-
spectively). The increasing adrenal and decreasing thymus weight, together

TABLE 4. Eifect of 28 d of Arsenic Treatment on the Immune Funchion Parameters Invistigated

PFC assav DTH reaction, specilic
footpad swelling (%)

Dose Spleen cells PFCAD™ cells PFCapleen

imaikgl = 10" {x 10" =107 24k 48h
26.64 BBT = D&T LA =03 1.07 =0.14 21 =13 10.5 = 30
1332 878 =036 1422012 1.26 =014 01 =235 155 =25
G.06 8.90 = 0.60 144 = 050 129011 259=34 8r=26
3.33 9.10 = 0.9 131 2013 121 =019 235=1.4 138=1.5
Contral 9.56+1.09 1.33£0.71 1282016 i JE S S 13.8=1.8

MNave, Data are means = SEM o 0 = 10 rats per group
"Sigrlrln:.:n! amp < 053 compared W control.
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with the depressed DTH reaction, may be due to increased glucccorticoid
production of the adrenals, suggesting that arsenic acts as a stressor at the
26.6-mg/kg dose. In the 10-wk-old rats (in which body weight gain effects
were negligible), reduced thymus and liver weights (at 13.3 and 26.6 mg/kg
arsenic) were seen but the relative adrenal weight was not affected. This
points to an age dependence of arsenic action, also seen in the effect on
body weight gain (described earlier) and the stressorlike activity of the 26.6-
mg/kg dose.

Arsenic penetrates the blood-brain barrier and accumulates in the brain
(Zheng et al., 1991), which can explain its central nervous system (CNS)
effects seen in humans and animals. Several of the neurotransmitter systems
involved in central functions were found affected in rats (Nagaraja & Desi-
raju, 1994). The hypoactivity exhibited by the treated rats in our experiments
may be the result of an interaction with dopaminergic neurotransmission
(Svensson et al., 1994). The efiect on spontaneous and evoked cortical activ-
ity also seen in our previous investigations (Dési et al., 1988b) may be
due to an arsenic effect on muscarinic cholinergic receptors (Fonseca et al.,
1991) involved in the ascending cholinergic modulation of cortical activity
(Metherate et al., 1992; Danoghue & Caroll, 1987).

The immunosuppressive effect of arsenic is well documented in the liter-
ature. In studies in vitro, NaAsO, produced a decreased PFC number (Burns
et al,, 1991; Yoshida et al., 1987), and reduced the phytohemagglutinin
(PHA}-induced lymphoproliferation in human and cattle peripheral blood
lymphocytes at 2.5-3 pM and 6-10 pM concentration in the culture me-
dium, respectively (McCabe et al., 1983). Oral arsenic exposure of mice
resulted in decreased PFC response and antibody titre (Blakley et al., 19801
and in decreased host resistance against pseudo-rabies and encephalomyo-
carditis viruses (Gainer & Pry, 1972), while pulmonary exposure reduced the
antibacterial activity in the lungs {Aranyi et al.,, 1985). In wild cotton rats
treated with 5 and 10 ppm NaAsQ, in drinking water for 6 wk, decreased
food intake and depressed PHA hvpersensitivity reaction were found, but
the lymphoproliferative capacity of T and B cells, the tumaoricidal activity of
LAK cells, and the phagocytic activity of macrophages were unchanged
(Savabieasfahani et al., 1998). In our experiment with Wistar rats, the PFC
assay failed to detect an immunosuppressive effect after 4 wk of arsenic ex-
posure at the 3.33-26.6 mg/kg dose range. With the highest dose, however,
a decrease in the maximum DTH reaction and time course of DTH reaction
was observed, These results support the notion that the immune system of
rats may be less sensitive to arsenic exposure than that of mice.

In large and densely populated regions, millions of people are exposed
to arsenic, especially through food and drinking water (Engel & Smith, 1994;
Brown & Chen, 1995; Das et al., 1995). Beyond the well-known symptoms
of chronic arsenic intoxication (anemia), effects on the nervous and immune
systems seem to be important components of chronic intoxication. The ma-
jority of the changes in the parameters investigated in our study—except for
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body weight, certain organ weights, and DTH—were not significant. Hence
-one cannot speculate that life-long exposure to low doses of arsenic may
result in alterations in CNS function and immune defense.

REFERENCES

Agency for Toxic Substances and Disease Registry. 1999, ATSDR HarDat database. Atlanta, CA;
LS. Depanment of Health and Human Services.

Anda, €, Dura, G,, and Lorinczi, 1. 1984, Eflects of carbon monoxide on the peripheral nevves.
Egtsrséptudomdny 28:270-277

Aranyi, C, Bradof, |. N, O'Shea, W. |, Grsham, |. A, and Miller, F. |. 1985, Eficcts of anenic -
oxide inhalation exposure on pulmonary antibactenal defenses in mice. | Toxical. Environ, Health
15:163-172.

Bencka, V., Wagner, V., Wagnerava, M, and Batora, |, 1988, Immunalogical profiles in warkers of a
pawer plant burning coal rich in arsenic coment. | Myg Fpideminl. Microbiol, Immunel, 32;
137-146

Bernitam, L, and Nriagu, |, 2000, Molecular aspects of arsenic stress, | Taxicol. Environ. Health &
3:193-322.

Blakley, B. R.. Siwadia, C. 5. and Mukkur, T, K. 1980, Eifect of methyimercury, tetraethyl lead, and
sodium arenite on the humoral immune response in mice. Toxieol Appl. Pharmacol, 52:245-
154,

Boppel, P. 1995, Arsenic, lead and cadmium in hame.-made preserves of fruits and vegetables from
reviowus vears. Peaches since the harvest year 1931, 2. Lobensm, Unters, Forsch, 201:14=16,

Barzsonyi, M., Bereczky, A, Rudnai, P, Csanidy, M., and Haevith, A, 1992, Epidemiological studics
an human subjects exposed 1o arsenic i drnking water in south-east Hungary [leter]. Arch
Towical bf:77=248,

Bowman, W, and Rand, M. |, eds, 1980, Texibook of pharmacalogy, p. 715, Oxford: Blackwaell

Brown, K. G, and Chen, €. |. 1995, Significance of exposure assessmoent 1o analysis of cancer rik
fram inorganic arsenic in drinking water in Tabwan, Bk Anal 15475384,

Burm. L. AL Sihoeska, E. E., Saady, |, 1. and Mumson. A E. 1991, Evidence for arseric a3 the immuno-
suppressive component of gallium arsenide. Toucol Appl. Pharmacol. 110:157-169.

Chen, C. )., Heueh, Y. M. Lai, M. S, Shyu, M. P, Chen 5. Y, Wy, M, M., Kuo, T. L, and Tai, T. ¥,
19495, Increased prevalence of hvperiension and long-lerm arsenic exposure. Hypertension 25
33-60,

Chen, €. |, Chiow, H. Y, Chiang, M. H., Lin, L. |, and Tai, T. Y. 1996, Dose-respanse relationship
between ischemic heart disease monality and long-erm arsenic exposure. Arreroscler. Thramb,
Vage, Bl 16:504-510,

Chiou, H. Y., Huang, W. 1, Su, €. L., Chang. 5. F.. Hew. Y. H., and Chen, C. |. 1997. Dose-response
relationship between prevalence of cercbrovascular disease and ingested inorganic arsenic. Stroke
BTIT-1723

Das. D Chatterjee, A, Mandal, B, K., Samanta. G, Chakraborti. D Chanda. B. 1995, Amenic in
ground water in sin districts of West Bengal, India: the bigeest arsenic calamity in the world.
Part 2. Anaivst 120:917-924

Desi. 1, Nagvmajényi, L., and Schulz, M, 1998a. Behavioural and neurotoxicological changes
caused by cadmium treatment of rats during development. | Appl. Tovcol, 18:63-70.

Dési, 1, Nagvmajuényil, L. Schulz, H., and Papp. A 1998h. Behavioural and neurophysiclogical
changes caused by arsenic in dilferent developmental stages. Tovico!, Lett. 95(suppl )68,

Donaghue. | P, and Cartol, K. L. 1987, Colinergic modulation of sénsory responses in ral primary
somatic sensary cortes. Brain Red. 408:367-371

Engel. R. K. and Smith, A. H. 1994, Arsenic in drinking water and mortality from vascular disease:
An ecolege analviis in 30 counties in the Umited States. Arch. Eaviron, Health 49418427

Formeca, ML Lunt, . G.. and Aguitar, |. 5 1921 Inhibition of muscanmc cholinergic receptors by

thsulfide <ectucing agents and anenicals. Difierential efiect on locust and rat, Brochem. Pharmaceol
4173522



1 i H. SCHULE ET AL,

Cainer, |. H., and Pry, T. W. 1972, Effects of arsenicals on viral infections in mice. Am. | Vel Res
13:2299-2107.

GColub, M. §., Macintosh, M. 5., and Baumrind, N. 1998, Developmental and reproductive toxicity of
inorgamic arsenic: Animal studies and human concerns, | Toxicol Enviran. Health B 1:199-241,

Institdeis, L., Siroki, ©., and Ddsl, 1 1995, Immunotoxicity study ol repeated small doses of
dimethoue and methylparathion administered 1o rats over three generations. Mum. Exp. Toxicol
14:879-883.

Larsen, E. H., Maseholm, L, and Nielsen, M. M. 1992, Atmosphenic depasition of trace elements
araund point sources and human health risk assessment. I, Uplake of arsenic and chromium by
vegetables grown near 3 wood preservation iactory. Sci. Total Environ. 126:263-275.

Lin, H. T, Huang ¥. L., and Wang, M. ¥. 1998, Arsenic species in drinking water, hair, fingernails,
and unne of patients wath blackfoot disease. | Toxicol. Environ, Health A 53:85-9].

Liy, H. ¥, Li, H. M, and Dang, K. Y. 1994, Neuropsychiatric disturbances and newro-electrophysio-
lagical examination in patients with arsenic paisoning. Chung Hua Nei Ko Tsa Chih 313:587-
509,

Mahaffey, K. R, Capar, 5. G, Claden, B. €., and Fowler, B, A, 1981, Cancurrent exposure 1o lead,
cadmium, and arsenic. Elfects an toxicity and tissue metal concentrations in the rat. | Lab. Chin
Mued, 98:463-280.

Martin, H., and Warthing, C. R., eds. 1977, Pesticide manual, Sth ed. British Crop Prolection
Council, Notingham, England; Boots.

Mazumder, D. N Das-Cupta, |, Santra, A, Pal, A, Ghose, A, and Sarkar, 5. 1958, Chronic anemg
towicity in west Bengal—The wont calamity in the world. ). Indian Med. Assoc. 96:4-7.

meCabe, M., Maguire. D, and Nowak, A 1983, The efficts of Jnenic compounds on human and
bovine lymphocyte mitogenesis in vitro, Esviron, Res. 31:323-329,

Mitherate, R, Cox, € L., and Ashe, | H. 1992, Cellular bases of neoconical activation: Modulaion
ol neural oscillations by the nucleus Basalis and endogenous acelylchobhne, | Newroscr, 12
A701-4711.

Mivoshi, T, and Gota, 1L 1971 Seral in vive detesminations of nerve conduction velacity in rat taily
Physiological and pathological changes. Electroencephologr. Chin, Newrophvsiol. 35:125-131

Nagaraga, T. N, and Desseagu, T. 1993, Regional alterations in the lovels of bram biogemc amines,
glutamate, GABA. and GAD activity due to chromic consumption of inorganic arsemc in devels
oping and adul! rats, Bl Emveron. Contam. Towcol. 50:100-107

Nagarapa, T. N, and Desiraju, T 1994 Effects on operant leaming and braen acetylcholine evierase
activity o rats following chrome inorganis arsemic mtake, Hum. fxp Toucol 13:333-156,

Nagvmaptenve, L, Schulz, H., and Deésd, 1 1997 Bebavioural and lunctional neumtosicologcal
chanpes caused by cadmium in a theee-gonerational study in rats. Hum [xp. Tosicol 160691 -
6%,

Ng | € Kratzman, 5 M, B4, L, Crawley, H,, Chiswell, B, amd Moore, M. R, 1998. Speciation and
absolute bioavailabality: Risk assessment of arsenic-contaminated sites in a residential suburh (n
Canbwra. Analvst 123:889=892.

Polissar, L., Lown-Coble, K., kalman, . A, Hughes, |. P. van Belle, G.. Covern. D. 5., Burbacher,
T. M., Bolgano. 0., and Motiet, . K. 1990, Pathwass of human exposure 1o arsenic in a gom-
munity surrounding 3 copper smelter, Environ. Reg. 33.29-47,

RamirerCampos: |, Ramo-Peek. | . Mantinez-Barros, M., Zamora-Peraity. M., and Martingg.
Cerrato, . 1998, Peripheral neuropathy caused by acute anenic posoning. Cac, Med. Alen
T34 241248,

Savabicasfabani, M. Lochmiller, B, L. Raffery, O P, and Sinclair, | A, 1995, Sensitivity of wild cot
ton rats (Sigmodon hispidus) 1o the immunotoxic efiects of low-level arsenic exposure. Arch.
Enviran. Contam. Toxicol 34,289-295,

Schulz, H.. Nagymajenwr, L, Papp. A and Deési, 1 1947, Behavioural and neurophysiological cons
sequrnoes of subchronic mercun eaposure morare. Centr, Eur. | Orcup, Environ, Med, 1:210-
2zl

Schwars, 1., Busch, A andd Lenk, R 19581, Preliminan studies of the content of lead, cadmium and
arsenic m feed, cattle and tood of animal ongin from dilivtent production regions of Sasome. D
Tararet], Wochemarhre. 98 169-172


Seri.il

EFFLCTS OF SUBCHRONIC ARSENIC TREATMENT IN RATS 1193

Styblo; M., Del Raza, L. M., LeCluise, E. L, Hamilon, G, A, Wang, C., Cullen, W. R., and Thomas,
D. |. 1999, Metabolism of assenic in primary cultures of human and rat hepatocytes. Chem, Res.
Toricpl. 12:560-565.

Sviemsson, K., Carlsson, A, Huff, . M, Kling-Peterien, T, and Waters, N. 1994, Behavioral and neu-
rechemical data suggest functional differences between dopamine D2 and D3 receptors, Eur, [
Pharmacal. 263:235-243,

Tsal, 5 M., Wang, T. N, and Ko, ¥. €. 1998, Cancer morality trends in a blackioot disease endemic
community of Taiwan following water source replacement. | Towicol, Enviran, Health A 55:
389304

Van der Sloot, H. A, De Groot, G. |, Hoede, D.. and Wijkstra, |. 1922, Mobility of trace elements
desived from combustion residues and products containing these residues in soil and ground-
water, Gavt, Rep, Announce. Index 18,

Winski, 5 L, and Caner, D, E. 1998, Argenale ety i human erythiotytes: Characterization of
morphaloge changes and determination af the mechamsm of damage. . Toxicol, Environ, Mealth
A 53:345-355,

Waorld Health Organization. 1971, Arsenic, Envirormental Health Criteria, Ceneva: WHO.

Yoshida, T, Shimamura, T., and Shigeta, 5. 1987. Enhancement of the response in vilra by arsenic. [,
Immungpharmacol, 9411415,

Zheng, W, Perry, D, Fi, Nebsan, B L, and Aposhian, H, V. 1991, Choroid plexus protects cere
brospinal Muid against Woxic metals, FASER |, 5:2188-2193,

Zhow, O X, 1992, Investigation of chronic arsenic poisoning caused by high arsenic coal pollution.
Chung Hua Yu Fang | Hseeh Tsa Chih 27:147-130,

Zilles, K. 1982, The cortex of the rat. A stereotavic atlas. New York: Springer Vierlag,



