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Abstract Acute stress alters anti-bacterial defenses, but the
neuroimmunological mechanisms underlying this association
are not yet well understood. Metallothionein (MT), a cysteine-
rich protein, is a stress response protein that is induced by a
variety of chemical, biological, and psychological stressors,
and MT has been shown to influence immune activities. We
investigated MT’s role in the management of anti-bacterial
responses that occur during stress, using a C57BL/6 (B6)
strain that has targeted disruptions of the M¢/ and M2 genes
(B6-MTKO), and a B6 strain that has additional copies of M¢
(B6-MTTGN). The well-characterized listeriosis model was
used to examine immune mechanisms that are altered by a 1-h
stress treatment (cold-restraint, CR) administered just prior to
bacterial infection. Intriguingly, MT gene doses both greater
and lower than that of wild-type (WT) B6 mice were associ-
ated with improved host defenses against Listeria
monocytogenes (LM). This augmented protection was dimin-
ished by CR stress in the MTKO mice, but transgenic mice
with additional MT copies had no CR stress-induced increase
in their listerial burden. During the transition from innate to
adaptive immunity, on day 3 after infection, oxidative burst
and apoptosis were assessed by flow cytometric methods, and
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cytokine transcription was measured by real-time quantitative
PCR. MT gene expression and CR-stress affected the expres-
sion of IL-6 and TNF«. Additionally, these genetic and envi-
ronmental modulations altered the generation of ROS re-
sponses as well as the number of apoptotic cells in livers and
spleens. Although the level of MT altered the listerial re-
sponse, MT expression was equally elevated by listerial infec-
tion with or without CR stress. These results indicate the abil-
ity of MT to regulate immune response mechanisms and dem-
onstrate that increased amounts of MT can eliminate the im-
munosuppression induced by CR.
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Introduction

The concept of stress-induced immune suppression is widely
acknowledged, yet the molecular underpinnings of this com-
plex physiologic phenomenon remain ill defined. The current
analysis focused on the immunomodulatory role of the stress
protein, metallothionein (MT), in a well-defined model of
bacterial infection. M T synthesis is associated with early fetal
development (Webb 1987), and it is inducible with a wide
range of stressful conditions, including exposure to metal tox-
icants and reactive oxygen species (Ghoshal and Jacob 2001),
infection and inflammation (Manuel et al. 1992), and psycho-
logical stress (Hidalgo et al. 1986). In previous studies, MT
has been shown to modulate in vitro immune activities, such
as lymphoproliferation (Borghesi et al. 1996) and chemotaxis
(Yin et al. 2005), and to modify the severity of chronic inflam-
matory disease (Laukens et al. 2009; Devisscher et al. 2014)
and autoimmune disease (Lynes et al. 2006). We have dem-
onstrated that manipulations of MT expression (MT
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deficiency or excess) can enhance host defenses against
Listeria monocytogenes (LM) (Emeny et al. 2009), yet the
functional contributions made by MT to bacterial resistance
during stress have not been explored.

Primary infection with the Gram-positive bacterium LM
activates both innate and adaptive immune cells to produce
cytokines required for bacterial clearance (Poston and
Kurlander 1992). Successful host resistance to listeriosis, as
measured by a decline in viable LM, is mediated by NK and
CD8" T cells (Unanue 1997) and usually begins 3 days after
infection with a relatively low (<10* cfu) inoculum of LM
(Cao et al. 2003a). Day 3 of infection is the time point when
innate immunity begins to transition to adaptive immune
mechanisms (Unanue 1997).

The experimental model of 1 h cold-restraint (CR, 4 °C) is
known to elicit both physical and psychological stress (Pare
and Glavin 1986). CR was chosen as the additional stressor,
because it is known to elicit oxidative stress (Simmons et al.
1991), and oxidative stress affects MT expression (Ghoshal
and Jacob 2001). We have shown that mice subjected to CR
prior to LM infection become sicker than those infected with-
out CR. Neither cytokine profiles nor depletion of B or T cells
can explain the stress-induced inhibition of host defenses (Cao
et al. 2003b); however, some stress-induced
immunomodulation appears to act through the betal-
adrenoceptor (31AR) (Cao et al. 2003b; Emeny et al. 2007).

In the present study, we evaluated the in vivo effects of MT
gene dose with regard to host defense against LM when in-
fection is preceded by the additional stress of CR. The LM
burden was measured in livers and spleens, RT-PCR analyses
were used to detect changes in IL-6 and TNFo expression,
and flow cytometric analyses were used to assess oxidative
burst and apoptosis.

Materials and methods
Mice and listeria monocytogenes

All ofthe in vivo studies were performed using congenic mice
bred at the University of Connecticut vivarium and housed at
the AAALAC-approved Wadsworth Center animal facility,
Albany NY, in accordance with the Institutional Animal
Care and Use Committee guidelines. The congenic MT-I/II
knockout mice and the congenic MT-I transgenic mice were
derived from the original strain constructs (129S7/SvEvBrd-
Me1™ B pge2™1Brify (Masters et al. 1994) and STOCK
Tg(Mt1)174Bri/J (Palmiter et al. 1993), respectively) that
had been obtained from the Jackson Laboratory (Bar Harbor,
ME). The MtI™"#" M12"™" construct carries targeted disrup-
tions in both the Mz-1 and Mt-2 genes while the Tg(Mtl)
construct carries an additional 56 copies of the Mt/ gene.
This transgene construct includes both a minimally marked
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MT-1 gene and the flanking 10 and 7 kb regions that are found
on the 5° and 3’ ends of the endogenous gene. The flanking
regions retain responsiveness to standard inducing signals,
including divalent heavy metal cations, endotoxin, and dexa-
methasone, and confer the same tissue specificity that has
been observed with endogenous MT-1, though the increased
copy number enables higher mRNA and protein production.
The flanking regions also confer responsiveness to the devel-
opmental regulatory signals that are associated with fetal liver
expression of MT (Palmiter et al. 1993). Genotyping protocols
for the selection of heterozygotes at each generation were
provided by the Jackson Laboratory. Each congenic strain
was produced by 8 to 9 generations of backcrossing to the
C57BL/6 J background strain, followed by incrossing of the
heterozygotes to produce the new congenic strains. New strain
production was performed at the University of Connecticut,
where these strains are bred and maintained. Age-matched
male mice (C57BL/6-Mt1™"%" M2™!B" abbreviated B6-
MTKO, and C57BL/6-Tg(Mt1)174Bri, abbreviated B6-
MTTGN) were received from the colony at the University of
Connecticut and allowed at least 1 week of habituation in the
Wadsworth Center animal facility before use in experiments.
Age and sex matched wild-type controls (B6-WT) were ob-
tained directly from Jackson Laboratory.

Our LM stock was originally isolated from a meningitis
patient, and it has been maintained as previously described
(Schell and Lawrence 1977). Six mice per strain were infected
intravenously with LM (14,000 cfu), half of each group re-
ceived CR stress treatment prior to infection. LM burden,
apoptosis, and oxidative burst were examined on day 3 of
the infection.

Determination of listeria burden in liver and spleen

To determine the bacterial load in mice following inoculation,
enumeration of viable LM was performed as previously de-
scribed (Cao et al. 2002). Mice were sacrificed by lethal CO,
anesthesia, and the spleen and liver were removed aseptically
and homogenized in sterile 0.9 % NaCl. Immediately after
aseptic removal, a portion of the liver and spleen homogenates
was aliquoted and stored in 1 % NP40 (Sigma) at —80 °C until
mRNA analysis. For the enumeration of viable LM, serial
dilutions of organ homogenates were plated in quadruplicate
on blood-agar plates and cultured overnight. Bacterial colo-
nies were counted in the following day. Bacterial burdens are
expressed as the estimated number of viable LM colony
forming units (cfu) per organ.

RT-PCR of cytokine production in liver and spleen
An RNeasy RNA isolation kit and protocol from Qiagen, Inc.

(Valencia, CA) was used to obtain RNA from the liver and
spleen homogenates. RNA was eluted from midi columns
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with two 250l aliquots of RNase-free water. The concentra-
tion and purity of the RNA were determined by measuring the
absorbance at 260 nm and the 260/280 nm ratio using a
Beckman DU 640 spectrophotometer (Fullerton, CA). RNA
integrity was further assessed by agarose gel electrophoresis.

A two-step process was employed for cytokine mRNA
quantification. First, cDNA was prepared from 2 pg of total
RNA using a ¢cDNA archive kit from Applied Biosystems,
Inc. (Foster City, CA) according to the manufacturer’s direc-
tions. Relative cytokine gene expression was achieved by the
TagMan method with primers, probes, and master mixes from
Applied Biosystems. Gene expression TagMan kits used for
these experiments were for mouse IL-6 (Mm00446190 m1),
TNF-a¢ (Mm00443258 m1), IFN-y (Mm01168134 m1), and
GADPH (Mm99999915 g1). The gapdh (GenBank:
NM _008084) reference gene was used as the endogenous
control for normalization of the cytokine mRNA quantities;
GAPDH was run in quadruplicate for each RNA sample. The
overall % CV for GAPDH was 1.44, which indicates that
GADPH was a good control for the treatment groups. We
performed the amplifications in an Applied Biosystems 7500
real-time PCR instrument under the following conditions:
50 °C for 2 min, then 95 °C for 10 min followed by 40 cycles
of 95 °C for 30 s and 60 °C for 1 min. Readings were taken
during the second step of each cycle. Relative cytokine gene
expression was calculated according to the formula: gene ex-
pression=2"EXPC-GAPDH €Y 1000, where Ct refers to cycle
threshold number. The real-time PCR analysis conformed to
general MIQE guidelines (Bustin et al. 2009).

Flow cytometric analysis of lymphocytes

On day 3 of the LM infection (injection=day 1), spleens and
livers were removed aseptically from three mice per strain for
use in flow cytometry assays for analysis of oxidative burst
and apoptosis. A portion of livers and spleens was placed into
digestion buffer containing collagenase IV (Sigma;
200 pg/ml) and DNase I (Sigma; 50 pg/ml) and was coarsely
chopped with a sterile razor blade before 37 °C incubation for
20 min. Splenocytes were then homogenized as described
above, while livers were pipetted through a Teflon mesh.
Red blood cells were lysed, cells were washed twice with
PBS, and total cell numbers were determined. Leukocytes
(1x10° per tube) were used for flow cytometric staining pro-
cedures. The acquisition and analysis of all specimens were
performed on a BD FACS Calibur using CellQuest software.
Lymphocyte and macrophage populations were selected for
analysis based on forward and side scatter parameters.

Oxidative burst assay

Uncultured leukocytes were used to measure oxidative burst
using dihydrorhodamine 123 (DHR-123, Molecule Probes,

Eugene, OR) to quantify the presence of oxidants based on
the conversion of fluorogenic DHR 123 to fluorescent rhoda-
mine 123. Briefly, cells were resuspended in 0.5 ml sample
buffer (SB; HBSSS without Ca**, Mg®" and phenol red,
Sigma) containing 0.1 % BSA and 1 mM EDTA and 18 pl
of'a 1:10 dilution (with SB) of stock DHR (29 mM in DMSO).
Following a 15-min incubation in a 37 °C water bath, cells
were centrifuged at 800xg and resuspended in 1 ml
PharmLyse (BD BioSciences) and incubated for 10 min at
room temperature. After centrifugation and one wash with
SB, cells were resuspended in 0.5 ml SB and analyzed by flow

cytometry.
Apoptosis assay

Splenocytes isolated from three mice per strain on day 3 post-
inoculation were assayed for apoptosis and cell death using
Annexin V (BD Biosciences) and 7-amino-actinomysin (7-
AAD:; Sigma) as described previously (Mondal et al. 2005).

Measurement of MT The amount of MT in spleen and liver
homogenates was measured by an inhibition ELISA, as pre-
viously described (Emeny et al. 2009).

Statistical analysis

LM burdens and cytokine levels were log transformed to
achieve normal distributions for statistical analyses.
Differences in mean levels of bacterial burden, cytokine tran-
script, cell death, and oxidative burst between stress treated or
control conditions within each strain were determined using
the 7 test. Error bars represent the standard error of the mean
(SEM). Comparisons between B6-MTTGN, B6-MTKO, and
B6-WT strains under each experimental condition were ana-
lyzed using one-way ANOVA and Tukey’s Multiple
Comparison Post Test. Statistical analyses were performed
with the software package SAS (Version 9.1 for Windows,
SAS-Institute, Cary, North Carolina, USA). Differences were
considered significant if p<0.05.

Results

Altered MT gene dose enhances resistance to LM infection
On day 3 post-infection bacterial burdens in livers of B6-WT
mice were significantly higher than those of B6-MTTGN or
B6-MTKO mice, when comparisons were made without treat-
ment stratification (Fig 1a). Bacterial burdens in the spleens of
infected, non-CR-stressed B6-WT mice were highest, follow-
ed by the LM burdens of B6-MTTGN mice, and were lowest
in B6-MTKO mice (Fig. 1b). Similarly, CR-stressed B6-WT
mice had significantly higher LM burdens in spleens com-
pared to those of either the CR-stressed B6-MTTGN or B6-
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Fig. 1 CR stress impairs host defenses against LM in MTKO mice. Six
mice from each strain were infected intravenously with 14,000 cfu LM,
three mice per strain received CR stress prior to LM inoculation. Livers
(a) and spleens (b) were collected 3 days post-inoculation, and organ
homogenates were plated to determine total bacterial burden (cfu) in
each tissue. Statistical comparisons of log transformed LM cfu levels
between strains were analyzed by ANOVA. Between treatment group

MTKO mice. CR stress-treated B6-MTKO mice had signifi-
cantly increased LM burdens in the spleen compared to un-
treated B6-MTKO mice; whereas B6-MTTGN mice
displayed the least effects of CR stress on the LM burden.
LM infection caused significant wasting (loss of body weight
expressed as a percentage of initial body weight) of B6-WT
mice compared to that of either MT congenic strain on both
day 2 and day 3 (Fig. 2). There were no differences due to CR
stress in any of the three strains. The B6-WT mice had the
greatest body burden of LM, and they experienced the greatest
wasting effect, which supports the influence of infection on
the neuroimmune induction of sickness behavior (Kelly et al.
2003).

Cytokine production differs by strain and treatment IL-6
production in livers from control B6-WT mice was signifi-
cantly higher than that of infected control B6-MTTGN mice
(Fig. 3a). CR stress reduced IL-6 mRNA expression of

105

B6-MTKO B6-WT B6-MTTGN

comparisons within each strain were measured by ¢ tests. Error bars
represent the standard error of the mean (SEM). In the liver, statistically
significant differences were observed between strains, without
stratification of CR stress treated or control groups, *p<0.05. In the
spleen, I versus II versus III indicate significantly different cfu levels
between all strains p<0.001

infected B6-WT mice. IL-6 expression was lower in the CR-
stressed B6-MTTGN mice than in the CR-stressed B6-MTKO
mice. No differences in liver expression of either TNFx
(Fig. 3¢) or IFNYy (data not shown) were observed.

Cytokine expression in the infected spleens differed signifi-
cantly between B6-WT mice and the MT congenic strains
(Fig. 3b, d). IL-6 expression in infected B6-WT spleens was
significantly higher than the levels of either B6-MTTGN or
B6-MTKO infected mice, under both CR-stressed and control
conditions. CR stress appeared to cause an increase in IL-6
expression in the spleens of B6-MTKO infected mice; how-
ever, this difference was not significant (p=0.0568, Fig. 3b).
A similar pattern for another acute phase cytokine, TNF o, was
also observed in these strains under infection and stress
(Fig. 3d). TNFx expression caused by infection alone was
greater in B6-WT mice than in B6-MTKO mice and B6-
MTTGN, but the latter comparison did not achieve signifi-
cance. In CR stress-treated animals, TNFo was higher in
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% 100 —o— B6-MTKO CR —o— B6-WT CR —o— B6-MTTGN CR
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Fig. 2 Weight loss induced by LM infection. Six mice from each strain
were infected intravenously with LM at a standard inoculum of
14,000 cfu. Half of each group was treated with CR stress prior to
bacterial infection. Significant wasting (loss of body weight expressed
as a percentage of initial body weight) was measured on day 2 and 3
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after LM inoculation. Irrespective of stress treatment, B6-WT mice
exhibited greater wasting on both days 2 and 3 compared to mice of
either MT congenic strain, *p<0.05 and **p<0.001 as assessed by
one-way ANOVA



Metallothionein affects infection and psychological stress

1017

Fig. 3 MT levels and CR stress

Spleen

cause differential expression of
IL-6 and TNF«. On day 3 post

1000

1000
B I Control]

inoculation, RNA from isolated
livers (a, ¢) and spleens (b, d) was
assayed for inflammatory
cytokines. IFNy levels also were
measured but no differences
between strains or treatment
groups were observed (data not
shown). Statistical comparisons
of log transformed mRNA
cytokine levels between strains
were analyzed by ANOVA.
Comparisons between treatment
groups within each strain were
measured by ¢ tests. Error bars

it i A

100

IL-6 mRNA

. [CCR

_
o
o

represent the standard error of the 10 T

1000

mean (SEM), ¥p<0.05 1000

@)

100

TNF-o mRNA

10

1 T

O

*

Ll I ]

100

Ll

10

1

B6-MTKO B6-WT B6-MTTGN

B6-WT mice compared to either congenic strains. Within each
strain, no differences were observed in TNFo expression due
to the CR stress treatment.

ROS levels are altered by MT gene dose and CR stress
treatment in the liver and spleens of LM-infected mice
There were no differences in reactive oxygen species (ROS)
produced by hepatic lymphocytes in any of the LM-infected
mice, irrespective of genotype or CR stress (Fig. 4a). Kupffer
cell (hepatic macrophage) ROS production was lower in in-
fected B6-MTKO mice when compared to either B6-WT or
B6-MTTGN mice (Fig. 4b). CR stress significantly lowered
the ROS burst in Kupffer cells of infected B-MTTGN mice
compared to control B6-MTTGN mice, and it diminished
ROS production by Kupffer cells from infected B6-WT mice,
but this change did not reach statistical significance.

A striking result was the significantly (p<0.001) higher
levels of ROS observed in splenic lymphocytes harvested
from infected B6-MTTGN mice compared to the other two
strains, under both CR stress-treated and control conditions
(Fig. 4c). In all strains, CR stress reduced the levels of ROS
produced by splenic lymphocytes, albeit to a statistically sig-
nificant level in only the infected WT mice; with B6-MTKO

T

B6-MTKO B&6WT B6-MTTGN

mice, the effect was nearly significant (p=0.056). A similar
ROS production pattern was observed in splenic macro-
phages. Splenic macrophages from infected B6-MTTGN
mice produced significantly higher levels of ROS than from
B6-MTKO mice under either control or CR stress-treated con-
ditions. The ROS production by splenic macrophages was not
altered by CR stress (Fig. 4d).

Splenic apoptosis is increased by a lack of MT Early apo-
ptosis (measured by Annexin-V labeling) of splenic lympho-
cytes was higher for cells from infected B6-MTKO mice com-
pared to those from infected B6-MTTGN mice under control
conditions (Fig. 5a). CR stress significantly increased late ap-
optosis (measured by Annexin-V'/7AAD" labeling) in lym-
phocytes from infected B6-MTKO mice to levels higher than
those found in cells from infected B6-MTTGN or B6-WT
mice (Fig. 5b). Less early-apoptosis was observed in macro-
phages from B6-MTTGN mice than in macrophages from B6-
WT mice (Fig. 5¢). A significant stress-induced increase in
early apoptosis was only observed in macrophage populations
from B6-MTKO. No differences were observed in late apo-
ptosis of splenic macrophages due to either genetic or stress
conditions (Fig. 5d).
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MT protein expression The expression of MT protein in
spleen and liver homogenates was measured by a competition
ELISA, as previously described (Emeny et al. 2009).
Although the B6-MTTGN mice display improved host de-
fenses against LM in comparison to B6-WT mice, their splen-
ic and hepatic baseline MT levels were similar, and after LM
infection, while splenic MT levels increased in both strains,
the levels still did not differ between the strains. However,
hepatic MT levels of B6-MTTGN mice were significantly
greater than those of B6-WT mice after LM and LM+CR
(Table 1). Interestingly, due to the slight (non-significant) de-
cline of MT in the B6-WT spleens due to LM+CR and the
slight (non-significant) elevation of MT in the spleens of the
B6-MTTGN mice, there was a significant difference in
spleens between these strains with LM+CR. Not surprisingly,
the hepatic levels of MT were greater than the splenic levels.
Although the non-treated B6-WT and B6-MTTGN mice had
equivalent levels of hepatic MT, listeria-infected B6-MTTGN
mice had greater increases of hepatic MT (about 4 fold) than
the B6-WT mice (<3 fold). Similar to observations in spleen,
CR did not significantly increase the hepatic MT levels of
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LM-infected B6-WT or B6-MTTGN mice above those infect-
ed without CR.

Discussion

The results of these experiments indicate that the levels of MT
expression differentially affect LM infections as well as infec-
tions that occur in the presence of additional physical/
psychological stress from CR. Paradoxically, both greater
and lesser amounts of MT than those of B6-WT mice can be
associated with lower LM burdens even with additional CR
stress. This correlates with other observations of ours: that
MTKO mice have heightened humoral responses (Crowthers
et al 2000) while injections of MT can suppress a humoral
response (Lynes et al. 1993).

Influences of MT expression were observed for IL-6 and
TNF« production, ROS generation, and levels of apoptosis in
immune cells of the liver and spleen. Interestingly, enhanced
MT expression of B.-MTTGN mice prevented an increased
LM burden with LM+CR, and even though host defenses
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Fig. 5 CR stress treatment
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were improved in B6-MTKO mice, there was still an in-
creased LM body burden with CR. This suggests that there
are differential immune response mechanisms ongoing in the
three strains, and MT levels likely are affecting both host
defenses and LM pathogenesis. As previously reported
(Emeny et al. 2007; Cao et al. 2002), catecholamine release
from the sympathetic nervous system suppresses host

B6-MTKO B6-WT B6-MTTGN
Annexin-V/ITAAD"

defenses, and CR exacerbates this suppression. CR influences
catecholamine effects on hepatic glutathione expression
(Simmons et al. 1991). Since MT affects oxidative stress, it
is posited that the CR induced elevation of LM burden in the
livers of B6-MTKO and B6-WT mice that have less MT than
the B6-MTTGN mice is due to elevated oxidative stress in the
B6-KO and B6-WT strains.

Table 1 MT protein expression

3 days after LM infection with Strain Spleen Liver
and without CR treatment*
Control* LM LM+CR - LM LM+CR
B6-WT ND** 4.1+0.5 3.1+0.9 2.5+0.5 7.4+33 63+2.8
B6-MTTGN ND 4.8+0.9 6.0+0.5" 22+0.4 20.4+3.02¢ 24.4+2.3%4

#Mean=SD of ug MT per mg protein; *Non-infected mice; ND not detectable

#Spleens from B6-TTGN mice differed (p=0.0082) from those of B6-WT mice after LM+CR

® Livers from B6-TTGN mice differed (p=0.0072) from those of B6-WT mice after LM

“Livers from B6-TTGN mice differed (p<0.001) from those of B6-WT mice after LM+CR

9Livers from LM and LM+CR treated B6-TGGN mice differed (p<0.001) from non-treated (control) B6-

MTTGN mice
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The level of the acute phase cytokine IL-6 was significantly
higher in spleens from B6-WT mice than in mice with manip-
ulations of MT gene dose, which reflects their differences in
LM burdens. For all three strains, the splenic levels of IL-6
were correlated well with the LM burden. The higher levels of
IL-6 in the B6-WT mice also correlated well with their greater
losses of body weight, which is a good indicator of the degree
of sickness behavior (Kent et al. 1992). IL-6 expression is
implicated in the establishment of sickness behavior, and in-
creased levels of IL-6 have been reported to increase sickness
behavior (Dyatlov and Lawrence 2002; Harden et al. 2008). It
has been reported that with greater LM burdens the levels of
IL-6 rise in conjunction with the levels of corticosterone, as
indicators of the occurrence of elevated stress (Kim et al.
2001). Surprisingly, IL-6 mRNA expression in the liver did
not correlate well with the LM burden. In the liver, mice ex-
pressing excess MT had the lowest levels of IL-6, implicating
a role for MT in anti-inflammatory regulation. Interestingly,
IL-6 has been shown to be an inducer of MT, and this mech-
anism (in association with glucocorticoid-mediated control)
can be responsible for increases in MT synthesis during re-
straint stress (Hernandez et al. 2000). Although the MT levels
modified host defenses against LM, the infection with or with-
out the extra stress from CR significantly increased the expres-
sion of MT only in the B6-TGGN mice. Our results further
underscore the close interplay between redox regulation and
inflammation (Loukili et al. 2010).

With CR, which was administered prior to LM inoculation,
the bacterial burden was significantly increased in spleens of
B6-MTKO, suggesting that MT is required during an en-
hanced stress response to facilitate optimal antibacterial de-
fenses. This was observed in B6-MTKO liver as well, but the
difference did not achieve significance. Stress-induced in-
creases in IL-6 production were only observed in B6-WT
mice. The MT changes in the liver were in reasonable agree-
ment with the changes of LM burden, cytokines, and ROS;
however, there was less consistency with the MT expression
in the spleens and the biomarkers assessed after LM and LM+
CR. The major source of MT comes from the liver, not the
spleen, so more inconsistency in the spleen seems reasonable.
The LM and CR effects need to be considered in a more
systems biology manner. Only spleens and livers were
assayed, because these are the two organs with the greatest
LM burden after the intravenous injection of LM. The MT
levels may be more fluid along with cytokines, and thus, the
spleen levels may not reflect the localized level along with the
LM burden. The ROS expression would be expected to be
mainly local to the spleen and liver but their levels as well
as those of MT and cytokine may not be temporally positively
correlated, that is, as the LM burden continues to rise the MT
levels may be already declining in the spleen.

ROS production was enhanced in splenic macrophages of
B6-MTTGN mice compared to B6-MTKO mice regardless of
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stress treatment. This apparently beneficial consequence of an
increased amount of MT on ROS production was abrogated
by the stress from CR, as ROS production was diminished in
the B6-MTTGN Kupffer cells. The ROS production of splenic
lymphocytes in WT mice also was diminished by CR, which
supports the suggestion that CR, which has been shown to
influence the redox state of immune cells (Emeny and
Lawrence 2007) prior to infection, may limit the antimicrobial
capacities of immune cells needing to generate ROS to aid
intracellular killing of LM. CR induced immediate enhance-
ment of perforin expression in the liver indicating early innate
immunity, which may interfere with later phagocyte functions
(Emeny et al. 2007). CR also seems to enhance early produc-
tion of nitric oxide within 2 h of LM infection (work in prog-
ress). Thus, the suggestion is that early innate immunity may
delay onset of acquired immunity or lower adaptive killing
potential similar to compensatory anti-inflammatory response
(CARS) inhibiting systemic inflammatory response syndrome
(SIRS) as can occur with sepsis (Shubin et al. 2011).

Analyses of apoptosis corroborate previous reports, in that
apoptosis was increased in mice lacking MT (Emeny et al.
2009; Ren et al. 2014; Yang et al. 2015). Increased apoptosis
in MTK O mice may be due to a lack of zinc caused by a deficit
in its carrier protein MT (Zalewski et al. 1993). Alternatively,
zinc deficiency has been shown to cause increased suscepti-
bility to LM by diminishing DTH responses without altering
bacterial clearance (Carlomagno et al. 1986). The stress-
associated increased apoptosis observed in splenic macro-
phages of B6-MTKO mice may explain the stress-associated
increase in splenic LM burden.

Overall, these results provide evidence for a role of MT in
generating an efficient oxidative burst in macrophages and
lymphocytes and in preventing the initiation of apoptosis in
macrophages. In addition to the MT level affecting the redox
status of cells (Maret 2011; Vasak and Meloni 2011;
Torreggiani et al. 2013), MT may be affecting cation levels,
including Ca*", which directly and indirectly can affect oxi-
dative and ER stress (Dai etal. 2012; Hu etal. 2013) as well as
immunity.

There is a growing body of data to suggest that MT plays
many and varied roles in the mounting of an effective immune
response. In addition to the data discussed above, MT has
been found to stimulate lymphocyte proliferation and chemo-
taxis (Lynes et al. 1990; Yin et al 2005). MT has also been
shown to influence the progression of bacterial and viral in-
fections (Emeny et al. 2009; Raymond et al. 2010), to influ-
ence the progression of autoimmune disease and the onset and
severity of inflammation (Youn et al. 2002; Lynes et al. 1999;
Inoue et al 2009; Waeytens et al. 2009). Alteration of MT gene
dose or the extracellular pool of MT proteins can also influ-
ence the progression of an immune response (Emeny et al.
2009; Canpolat and Lynes 2001; Devisscher et al. 2014).
Taken together, these results suggest that MT will be an
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important target for manipulation of immune function in in-
stances where overexpression is deleterious, and where inad-
equate MT is not conducive to an effective immune response.
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