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Abstract

A substantial database indicates that a large number of environmental pollutants, chemicals and therapeutic agents
to which organisms are exposed cause immunotoxicity. The suppression of immune functions may cause increased
susceptibility of the host to a variety of microbial pathogens potentially resulting in a life-threatening state. Evalu-
ation of the immunotoxic potential of chemical xenobiotics is of great concern and, therefore, we have investigated
the impact of exposure of inorganic metals, specifically cadmium (Cd) and manganese (Mn) on Encephalomy-
ocarditis virus (EMCV), Semliki Forest virus (SFV), and Venezuelan Equine Encephalitis virus (VEEV) infection.
Pretreatment with a single, oral dose of Cd or Mn increased the susceptibility of mice to a sub-lethal infection
of these viruses as observed by increased severity of symptoms and mortality compared to untreated controls. An
early onset of virus infection was found in brains of Cd and Mn treated animals. Histopathological observations of
the brain indicate evidence of inflammation and greater tissue pathology in Cd-or Mn-exposed mice compared to
control animals. Meningitis and vascular congestion was seen in virus infected mice in all the metal treated groups,
and further, the perivascular inflammation appeared earlier in treated mice compared to control. Encephalitis was
maximum in Cd pretreated mice. Widespread environmental contamination of metals and the potential for their
exposure and subsequent infection of humans or animals is indicative that further studies of these and all other
metals are important to understand the effect of environmental pollution on human health.

Introduction

There is a wide spread low dose repeated exposure
of the population to a variety of chemical pollutants
of environmental or occupational origin. Experimental
animal data indicate that a large number of environ-
mental contaminants and chemicals agents, in addition
to manifesting toxic effects, have potential to impair
the functional integrity of the immune system (Burns
et al. 1996; Burchiel 1999). It is apparent that the
suppression of the immune system is characteristically
associated with the increased susceptibility to differ-

ent kinds of infectious diseases. Numerous metals
are responsible for immunologically mediated dis-
eases in humans (Pelletier & Druet 1995). Cadmium
(Cd) and Manganese (Mn) have noticeable clinical
importance and are known to elicit a number of im-
munomodulatory effects leading to enhanced suscepti-
bility to microbial agents. The mechanisms involved in
these processes are not completely elucidated (Bernier
1995).

The combination of significant toxicity at low
doses, long biological half-life and the low rate of ex-
cretion from body, categorizes Cd as a unique metal,
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Fig. 1. Effect of Cd and Mn on the viral kinetics in mice brain infected with SFV. The hollow bars represent the virus titers of brain samples
collected from mice without metal but SFV infected (SFV controls) while the filled bars represent the viral titers of brain from metal pretreated
and SFV infected mice. Viral titers were measured as TCID5p/ml of 10% brain homogenate.

as exposure at low doses become toxic over the pe-
riod of time, due to accumulation in the body (Belilies
1994). Levels of Cd in urban environments are ris-
ing due to its increased use in industrial settings as
electrodes in nickel-Cd batteries, pigments in plastics,
ceramics and glasses, stabilizers for polyvinyl chlo-
ride, as well as steel coatings and alloys (ATSDR:
Toxicological Profiles for Cd -update 1999, Alonso
et al. 2001). Human exposure to Cd occurs in form
of food and water intake. Furthermore, cigarettes and
tobacco leaves contain large amounts of Cd and ciga-
rettes smoke may contribute up to 3 ug per day to
the smoker’s daily Cd intake (ATSDR, Toxicological
Profile for Cadmium). Major toxic effects of Cd in-
clude lung damage, emphysema and cancer, kidney
and liver damage, osteomalacia, testicular tumors, ter-
atogenic malformations, anemia, hypertension, and
deficiencies of iron, copper and zinc (Beliles 1994),
and alterations in synaptic neurotransmission (Minami
et al. 2001).

Studies on the evaluation of host resistance dur-
ing co-exposure of Cd to herpes simplex virus (HSV)
(Thomas et al. 1985), EMCV (Exon et al. 1986),

cytomegalovirus (Daniels et al. 1987) and Influenza
virus (Chaumard et al. 1991) have been reported
earlier. More recently, Fawl and colleagues reported
reactivation of HSV in latently infected mice after Cd
administration and Glynn (1998) has shown an in-
crease in intestinal absorption of Cd during Coxsackie
virus infection in mice.

Manganese (Mn), while ubiquitous in the envi-
ronment, is the twelfth most abundant element in the
earth’s crust. Metallic Mn is mainly used in steel pro-
duction, whereas its compounds are commonly used
in dry cell batteries, fertilizers, varnishes, ceramics,
fungicides, as disinfectant, and as preservative of flow-
ers and fruits. Mn is a natural component of most
foods and is an essential element. Food is the main
route of exposure to humans. The central nervous sys-
tem is the primary target of Mn toxicity, however,
elevated incidents of respiratory problems, bronchitis,
and pneumonia have also been reported (Beliles 1998,
ATSDR: Toxicological Profile for Mn 2000). Alter-
ations of humoral and cellular immunity following Mn
treatment to mice have been studied earlier (Srisuchart
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Fig. 2. Represents the pattern of appearance of the VEE virus at different time intervals in brain tissue of mice pretreated with either cadmium
(0.13 mg kg) or manganese (419 mg kg). Vehicle treated mice were used as controls (untreated). Level of detection was at 160 plaque forming
units (PFU)/gram tissue. Virus titers are represented as the (PFU)/gram tissue.

1987), but its interaction with viral multiplication has
not yet been attempted.

Evaluation of the immunotoxic potential of chem-
ical xenobiotics is of great concern and we have there-
fore initiated studies on the impact of inorganic metals
during viral infections. Mice were orally gavaged with
Cd or Mn followed by a sub-lethal challenge of either
SFV or EMCY, or lethal VEE infection. Animals were
monitored for morbidity, mortality, mean survival time
(MST), severity of symptoms/infection, histopathol-
ogy and expression of inflammatory cytokine mRNA
levels. Data reported in this paper demonstrate that
mice given Cd or Mn prior to viral infection showed
earlier appearance of symptoms and higher mortal-
ity, reduced survival time, significantly enhanced viral
titers in brains, greater neuronal tissue damage and
up regulated expression of mRNA levels of IL-12p40,
IL-1Ra, IL-1alpha and beta.

Materials and methods

Chemicals

CdClp, MnCl, and all other chemicals used were of
highest purity grade procured from Sigma Chemicals
Co.

Animals, cells, and viruses

CD-1 mice of either sex, weighing 10-12 g and six-
week-old female C57BL/6 mice were obtained from
Charles River Laboratories and National Cancer In-
stitute, respectively. All the animals were maintained
in compliance with the United States Public Health
Service policy on humane care and use of labora-
tory animals in an AAALAC-accredited facility and
approved by the institutional ethical committee. SFV
was obtained from the American Type Culture Collec-
tion, Rockville, MD, and EMCV was originally ob-
tained from C. Buckler (NIAID, NIH). Both SFV and
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EMCYV were passaged by intracerebral (I.C.) injection
in 10-12 g old CD-1 mice. Mice showing symptoms
were sacrificed and 10% brain (w/v) homogenate was
made in phosphate buffered saline (PBS). Viral titer-
ations were carried out by cytopathic effect assay and
were represented as TCID5o/ml. Cell lines were grown
in Eagle’s minimum essential medium with 10% fe-
tal bovine serum. Molecularly cloned virulent VEE
strain, V3000 (Davis et al. 1989; Grieder et al. 1996)
was used in these experiments and was 100% fatal in
mice regardless of the routes of infection. Virus stocks
were generated by standard procedure and titer were
determined using plaque assay with BHK cells, VEE
virus stocks were stored at —80 °C and experiments
were carried out in a biosafety level 3 laboratory.

Treatment

Acute, oral, median lethal dose (LDsg) in mice (10—
12 g body weight) was determined based on the scien-
tific values reported in the literature and was 2.6 mg kg
for CdCl; and 2.09 g kg for MnClI2 respectively. Re-
spective metal salts were dissolved in sterile water and
gavaged orally. Control animals were gavaged with
equal amount of sterile water. Mice were administered
with a single oral dose of either 0.13 mg kg (1/20
LDsgp), 0.26 mg kg (1/10 LD5g) CdCl; or 419 mg kg
(1/5 LDsp) MnCl,. All animals were subsequently
inoculated either with SFV, EMCYV, or VEE. Ani-
mals were observed daily morning, noon, and evening
for the appearance of virus-induced symptoms, mor-
bidity and mortality. The animals were assigned to
groups, which consisted of 6 mice in the group for
survival studies and 3 mice for viral titration studies.
All experiments were repeated at least three times.
Animals were sacrificed on the third day for EMCV
and on fourth day for SFV. Finally, brains from same
group were collected and pooled and divided in three
parts: the first was used for virus titration; the sec-
ond for RPA; and the remaining was placed in 10%
formalin. For viral kinetics studies, animals were sac-
rificed every 24 h post infection till day 5. We also
observed effects of repeated dose of metal on viral
multiplication, where mice were gavaged for two more
consecutive days after the first day.

Viral titration and mean survival time

Viral titers (TCID50) in brains were determined by
cytopathic effect assay in a 10% brain (W/V) ho-
mogenate. SFV titers were assayed in BHK cell lines,
while EMCV was assayed in LB cells. BHK and
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Fig. 3a. Effect of Mn pretreatment (419 mg kg) on cytokine mRNA
levels in brain of mice infected with SFV at day 3 post-infection.
Figure is representative of a typical Ribonuclease protection assay
(RPA) autoradiograph and represents results from three independent
experiments.

LB cells were grown in Eagle’s minimum essential
medium with 10% fetal bovine serum. Viral kinet-
ics was performed from day 2 post infection and was
followed till day 5. Mean survival time (MST) was cal-
culated as reported earlier (Maheshwari ez al. 1991).
For VEE titrations, tissues were homogenized in PBS
containing 1% donor calf serum resulting in a 20%
(W/W) suspension, which was aliquoted, and frozen
at —80 °C prior to plaque assay titration’s on BHK
cells, in BL-3 lab.

Histopathology

To evaluate tissue damage, formalin fixed and paraffin-
embedded sections of brains of mice infected with
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Fig. 3b. Effect of Cd pretreatment (0.13 mg kg) on cytokine mRNA
levels in brain of mice infected with EMCYV at day 4 post-infection.
Typical Ribonuclease protection assay (RPA) autoradiograph repre-
senting results from three independent experiments.

SFV or EMCYV, and treated with either metals were
examined post-infection. Tissue sections (5 ©) were
stained with hematoxylin and eosin (H&E), and ex-
amined microscopically. Leukocyte migration in the
blood vessels, perivascular inflammatory infiltrate,
and neuronal destruction in the form of neuronopha-
gia, perikaryolysis and karyorrhexis were looked for
as features of encephalomyelitis.

Ribonuclease protection assay of cytokines

We analyzed the expression of cytokine mRNA lev-
els in brains, spleens and livers of mice treated with
Cd or Mn, and infected with SFV or EMCYV, us-
ing the RiboQuant Multiprobe Ribonuclease Protec-
tion Assay (RPA) kit (Pharmingen). RPA was also
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performed on samples from untreated infected mice.
Animals from each group were sacrificed and brains
were collected, snap-frozen, and stored at —80 °C.
RNA was isolated from the frozen tissue samples us-
ing TRIzol (Life Technologies Inc.), quantitated, and
equalized on formaldehyde agarose gels. For RPA,
the protocols used were according to the manufac-
turer’s instructions. Briefly, 20 mg of each RNA
sample was hybridized at 56 °C for 12-14 h with a
32p_UTP-labeled probe. The probe was prepared by
transcribing the mouse cytokine mck-2b template set
using T7 RNA polymerase. After hybridization, sam-
ples were subjected to RNase digestion for 45 min
at 30 °C. Ribonuclease-protected bands were then re-
solved on denaturing urea-PAGE gels, followed by
autoradiography. The template used allowed us to
study the differential regulation of IL-1 «, IL-18
IL-10, IL-12(p35), IL-12(p40), IL-1Ra, interferon
(IFN), IGIF, and macrophage inducing factor (MIF).
L-32 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNAs served as housekeeping gene con-
trols in the assay, to assure equal loading of RNAs.
Quantitations for the band intensities were done using
the NIH Image 1.62 software. The mRNA expression
was expressed in terms of arbitrary units.

Results

Effects of Cd and Mn on mortality and mean survival
time (MST) mice

Mice administered with a single oral dose of
0.13 mg kg (1/20 LDsp) CdCl or 419 mg kg (1/5
LDs0) MnCl; and infected with virus showed the early
appearance of disease symptoms such as roughen-
ing of fur and paralysis of hind limbs followed by
increased mortality when compared to controls (Ta-
ble 1). We also studied the effect of co-exposure of
repeated doses of Cd and Mn in mice, where mice
were treated for three consecutive days. Data showed
that both Cd at 0.26 mg kg and Mn at 419 mg kg en-
hance the mortality with a consistently shorter MST
compared to control (Table 2).

Effect of Cd and Mn on virus titers

Kinetic studies with SFV showed that virus appeared
on day 1 post-infection (p.i.) in both the Cd- and
Mn-treated groups, while the virus titer was below
detectable levels in the brain of untreated mice. A
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Table 1. Effect of Cd or Mn on sub lethal infection of SFV or EMCV on mice.

Virus Treatment? # Died/Total # Mortality (%)
Virus alone 0/6 0
EMCV CdCl, (0.13 mg kg) 1/5 20
CdCl, (0.26 mg kg) 2/6 33
MnCl, (419 mg kg) 2/6 33
Virus Alone 2/10 20
SFV CdCl, (0.26 mg kg) 10/10 100
MnCl; (419 mg kg) 7/10 70

4Mice were given CdCl, or MnCl, (dissolved in sterile water) by oral gavage
in a single dose. Sub lethal dose of EMCV or SFV was injected i.p. and s.c.
respectively in 0.25 ml PBS per mouse. Virus alone animals were gavaged with
sterile water. Animals were observed for 14 days to record the mortality.

Table 2. Effect of repeated administration of Cd and Mn in infection in mice.

Treatment? Days of observation (Cumulative mortality) No. Died/Total No. Mortality MST
(%) (Days)
1234567891011 12 13 14
Virus Alone 23 4/6 66 9.7
CdCl; (0.26 mg kg) 36 6/6 100 5.5
MnCl, (419 mg kg) 346 6/6 100 59

4Mice were given CdCl, or MnCl, (dissolved in sterile water) by oral gavage. Lethal dose of SFV was injected 5
hours after CdCl, or MnCl, administration. Mice were continued to be gavaged with the same dose of Cd or Mn
for the next two consecutive days post infection. The lethal dose of SFV and repeated doses of toxic chemicals may
account for the increased mortality. Virus alone group represents control mice where test agents were replaced with
equal volume of water. Mean survival time (MST) was calculated as described.

time-dependent progression of virus titer was ob-
served (Figure 1). Brain tissue from Cd or Mn groups
exhibited significantly higher virus titers on earlier
days as compared to virus control untreated groups
(Figure 1), however, no significant difference in viral
titers was found at later time points.

Treatment of mice with Cd, 5 h prior to infection
with 103 plaque forming units (PFU) of virulent VEE
resulted in earlier appearance of VEE in the brains
of infected mice. Both Cd (0.13 mg kg) as well as
Mn (419 mg kg) treatment increased the viral titers
in brains of infected mice at early time points (Fig-
ure 2). Specifically, following rear footpad inoculation
of VEE in low dose Cd-treated mice, VEE titers of ap-
proximately 10* PFU/gram fresh tissue were detected
at 24 h p.i. In contrast, from vehicle-treated mice, virus
could not be isolated from brain tissues at that time
point at a detection level of 160 PFU/gram tissue. At
48 h p.i, VEE titers in the brains of Cd- and Mn-treated
mice was more than 8-fold elevated when compared to
those in untreated controls. At 72 and 96 h p.i, VEE

brain titers in both Cd- and Mn-treated and untreated
mice were determined to be at similar levels.

Up-regulation of cytokine mRNAs

Cytokine profile studies with RPA reveal that SFV
and EMCYV infection led to an up-regulation in mRNA
levels of various cytokines including IL-12p40, IGIF,
IL-1Ra, IL-10 and IL-la & B as compared to the
vehicle-treated brain RNA levels. We also observed
that following treatment with Cd or Mn, there was
a further significant increase in RNA transcripts for
IL-1Ra (0.4675 4 0.017 Units from 0.2481 4+ 0.0183
Units), IL-10 0.1382 £ 0.043 Units from 0.0831 +
0.003 Units) and IL-12 (p40) (0.1926 £ 0.013 Units
from 0.1391 4 0.006 Units) in brains of SFV-infected
mice. RPA results shown in Figure 3a exhibit the up-
regulation of the above mentioned cytokines in brains
of SFV-infected and Mn-pretreated (419 mg kg) mice.
In EMCV-infected mice, a moderate increase in IL-
6, and IL-1-a & B was also seen in brains from Cd
(0.13 mg kg) pretreated mice (Figure 3b). Similar ob-
servations were noted following pretreatment of mice
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Fig. 4. Histopathological evidence of tissue pathology in brain tissue of Cd and Mn pretreated SFV infected mice. Enhanced perivascular
inflammation is seen in cortex region (arrow heads) in sections from Cd (0.13 mg kg, p.o) group animals on day 4. Significant meningitis is
seen (arrows) in section from Mn (419 mg kg, p.o) pretreated mice brain as compared to SFV alone. H & E staining of paraffin embedded brain
tissue sections of meninges and cortex regions at magnification 40x and 60 x, respectively.

with Mn at 419 mg kg (data not shown). Cd & Mn per
se had no effect on the mRNA levels of cytokine inves-
tigated. These patterns were reproducible in repeated
experiments.

Histopathological studies

Histopathological evaluation shows that all the in-
fected animals showed features of encephalomyelitis.
There was no pathology on day 3 and only a mild
vascular inflammation was noted on day 4, in brain
tissue of control animals (i.e., vehicle treated and
virus infected mice). Perivascular inflammation and
encephalitis (day 4) appeared earlier in metal pre-
treated SFV infected mice (Figure 4). Furthermore,
Mn pre-treatment in mice at 419 mg kg dose caused
significant meningitis (Figure 4). In EMCV and metal
pretreated mice, the perivascular inflammation was
significant at day 2 post infection and perichimal in-
flammatory neuronal damage was significant on day 3.
Mn pretreatment caused greater meningitis while en-
cephalitis was maximized in Cd treated (0.26 mg kg)
animals (Figure 5). Overall, the intensity of inflamma-
tion and neuronal destruction was higher in the tissues

of animals treated with Cd & Mn when compared with
untreated infected mice.

Discussion

All living organisms are constantly combating a vari-
ety of infectious microbes. The invasion of pathogenic
microorganisms may create a potentially-life threat-
ening situation in the host if they are not eliminated
by host immune mechanisms. Exposure to a variety of
environmental pollutants may subsequently affect the
susceptibility to disease as well as the course and com-
plications of the disease process (Ilback et al. 1992).
Exposure to several environmental contaminants can
result in immunosuppression leading to decreased re-
sistance to infections in experimental animals and
humans (Krzystynika et al. 1995). This is particularly
true for systemic exposure to toxic metals (Lawrence
1984). Although, the emission of Cd and several other
metals are being controlled more efficiently, some of
these metals remain of great significance as environ-
mental pollutants (Gainer 1977; Ilback 1992). Exon
et al. (1979) reported that Cd treated mice were more
susceptible to EMCV infection.
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Fig. 5. Represents H & E staining in brain tissue sections exhibiting tissue pathology in Cd (0.13 mg kg, p.o) and Mn (419 mg kg, p.o)
pretreated EMCYV infected mice of meninges and cortex regions at magnification 40x and 60x, respectively. Significant meningitis is seen in
(arrows) section from Cd as well as Mn pretreated mice in meninges area as compared to EMCYV alone or the saline treated group. Enhanced
perivascular inflammation is seen in cortex region (arrow heads) in sections from Cd group animals on day 2 as compared to the saline treated
group (EMCV control). Not much difference is seen in cortex region of Mn treated group.

The studies on the adverse effects of Mn on
the immune system including host susceptibility to
pathogens are obscure, although Mn exerts its chronic
deleterious effects on neurochemical functions. Man-
ganese ranks third among heavy metals that pos-
sess immunosuppressive properties (Lawrence 1981).
Specifically, heavy metals have been ranked according
to immunosuppressive properties as follows: Hg > Cu
> Mn > Co > Cd > Cr (Lawrence 1981). Our results
demonstrated for the first time, that Mn significantly
increased the susceptibility of mice to EMCV, SFV,
and VEE.

The earlier appearance of virus-induced symp-
toms, increased mortality and morbidity, greater tissue
pathology significantly elevated viral titers, clearly

demonstrate the early viral presence in brain, fol-
lowing treatment with Cd and Mn. We also noted a
concomitant up-regulation of inflammatory cytokines
at the mRNA levels. Interestingly, these effects were
not restricted to any one virus, but were observed
following infection with different virus such as SFV,
EMCYV, or VEE.

Cytokines play an important role in SFV en-
cephalitis. SFV has previously been used as a tool
to study mechanisms in neuro-immunology. Various
interleukins including IL-1ee, IL-2, IL-4 and IL-6
have been shown to be up-regulated in the CNS of
SFV-infected mice (Potvin et al. 1997; Morris et al.
1997). In our studies, following SFV or EMCYV infec-
tion, we observed an augmentation of mainly IL-1Ra,



IL-12p40 and IL-1 in brains, at the mRNA levels.
Treatment of mice with Cd and Mn further enhanced
the mRNA levels of these cytokines. Cd and Mn by
itself had no effect on cytokine up-regulation.

IL-1Ralevels are increased by a number of viruses.
IL-1Ra has been reported to be up-regulation in mono-
cytes/macrophages by cytomegalovirus (Kline et al.
1994), in uninfected monocytes by Tat gene of HIV-
1 (Rautonen 1994), and in neutrophils by Epstein-
Barr virus (EBV) (Roberge et al. 1996). Elevated
IL-1Ra/IL-18 ratios, have been reported in serum
of hepatitis patients (Sekiyama et al. 1994). Re-
cently, significant production of IL-1Ra levels by
human monocytes, that exceeded production of IL-1¢
and IL-18, was seen in HIV infection. Additionally,
higher IL-1Ra concentrations were reported in the
cerebrospinal fluid of HIV-infected patients. We pro-
pose, that in our studies, the up-regulation of IL-1Ra
in mice treated with Cd and Mn may have been re-
sponsible for disrupting immune responses in the early
stages of SFV infection. This could have led to early
onset of the virus in tissue, an accelerated dissem-
ination and ultimately have the potential for greater
virus replication and increased severity of disease.
Our investigations reveal that Cd and Mn pretreat-
ment increased mortality, viral titer, tissue pathology
and up-regulated cytokines like IL.-1Ra at mRNA lev-
els. These alterations may affect host defense system
of mice. However, additional research is required to
determine the total effects, sites and mechanism of
interaction of the pollutant with the pathogen within
the host.

Inducers of inflammatory cytokines, like lipopo-
lysaccharide (LPS) (Xioa ef al. 2001), and certain
inflammatory cytokines (Tsao ef al. 2001) have been
shown to alter the blood brain barrier (BBB) per-
meability. Some recent reports also demonstrate that
inflammatory cytokines modulate the expression of
certain matrix metalloproteinases (MMP), in particu-
lar, MMP-9. MMPs have been implicated for weaken-
ing of the basement membrane and may contribute to
the disruption of BBB (Lukes et al. 1999) in certain
CNS disorders, like multiple sclerosis. Disruption of
BBB may facilitate the early entry of virus in brain
tissue and account for the increased viral titers in our
study. Currently, we are investigating the effect of
these metals on BBB permeability that may help the
virus to gain an early entry.

Widespread environmental contamination by these
metals, and their potential for simultaneous exposure
and infection of humans and animals are clearly in-
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dicative that further in depth studies not only of these
metals, but contaminants in general, are needed to un-
derstand the total effect of environmental pollution on
human health.
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