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Abstract
Background: Metallothionein (MT) is a cysteine-rich, metal-binding protein that can be induced
by a variety of agents. Modulation of MT levels has also been shown to alter specific immune
functions. We have noticed that the MT genes map close to the chemokines Ccl17 and Cx3cl1.
Cysteine motifs that characterize these chemokines are also found in the MT sequence suggesting
that MT might also act as a chemotactic factor.
Results: In the experiments reported here, we show that immune cells migrate chemotactically in
the presence of a gradient of MT. This response can be specifically blocked by two different
monoclonal anti-MT antibodies. Exposure of cells to MT also leads to a rapid increase in F-actin
content. Incubation of Jurkat T cells with cholera toxin or pertussis toxin completely abrogates the
chemotactic response to MT. Thus MT may act via G-protein coupled receptors and through the
cyclic AMP signaling pathway to initiate chemotaxis.
Conclusion: These results suggest that, under inflammatory conditions, metallothionein in the
extracellular environment may support the beneficial movement of leukocytes to the site of
inflammation. MT may therefore represent a "danger signal"; modifying the character of the
immune response when cells sense cellular stress. Elevated metallothionein produced in the
context of exposure to environmental toxicants, or as a result of chronic inflammatory disease,
may alter the normal chemotactic responses that regulate leukocyte trafficking. Thus, MT synthesis
may represent an important factor in immunomodulation that is associated with autoimmune
disease and toxicant exposure.

Background
Initiation of an immune response is accompanied by
physiological changes that can produce a stressful environment for both the cells involved in the immune
response, and for bystander cells that are part of adjacent
but uninvolved tissues. These stresses can be further
increased by the presence of infectious microorganisms.
The changes to the environment include increases in reactive oxygen and reactive nitrogen species, products of cel-

lular metabolism, and agents that initiate apoptotic or
necrotic cell death.
Cells react to stressful environments with a broad range of
different homeostatic responses. These responses can
include the synthesis of a host of stress response proteins,
including the heat shock proteins, acute phase cytokines,
and metallothionein. Metallothionein is a novel member
of this type of response with a unique biochemistry and
an intriguing array of physiological roles. Metallothionein
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is small (about 7 kDa) and extremely thiol-rich [1]. The
thiols participate in complexing with divalent metal cations [2]. When metallothionein binds to essential divalent
metals (e.g. zinc and copper) it may serve as a metal reservoir for apoenzymes and zinc-finger transcription regulators [3,4]. Metallothionein that is induced by other
divalent metal cations (e.g. mercury, cadmium,) protects
essential cellular functions [5] and enhances the survival
of both cells and whole organisms that are exposed to
toxic heavy metals. The thiol-rich nature of metallothionein also enables it to regulate the redox potential
of cells, and thus serves as a way of indirectly regulating
redox-sensitive transcription via NF-kB [6]. There are also
reports that link metallothionein to a much more direct
interaction with NF-kB [7,8]. Metallothionein has also
been found to be released to the extracellular environment in a number of different compartments, including
cell culture media, serum, urine, bronchoalveolar spaces,
liver sinusoids, and inflammatory lesions [9-12]. Extracellular metallothionein has been shown to have significant
immunomodulatory effects both in vivo and in vitro [1316] however the molecular mechanism(s) of this effect
have yet to be elucidated.
Leukocyte movement is an essential component of the
normal response to inflammatory signals. A variety of
chemotactic agents can be produced by local immune
cells, damaged bystander cells, and by invading microorganisms. In aggregate, these soluble signals determine the
infiltration and departure of cells that participate in the
inflammation, and serve as essential regulatory components of the immune response. Stress responses alter these
patterns of leukocyte trafficking in various ways. For
example, psychological stress in humans has been shown
to increase both the magnitude of the cellular influx at an
inflammatory site and the chemotactic index of peripheral
blood mononuclear cells [17]. Restraint stress in hamsters
has similarly increased leukocyte trafficking and delayed
type hypersensitivity responses [18]. Xenobiotics may
alter leukocyte trafficking in similar ways to diminish
immune competence.
We have found that metallothionein has significant
chemotactic activity for both cell lines and primary leukocytes. For most of the work described in this report we
have used a new assay of chemotactic cell movement. The
ECIS/taxis assay is sensitive enough to detect the response
of a single cell, and allows automated, real-time quantification of cell movement (21). These results suggest that
cell movement in stressful environments may be influenced by the presence of metallothionein, and that this
protein could be an important therapeutic target for the
manipulation of inflammation in vivo.
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Results
Cysteines present in the primary amino acid sequence of
metallothionein are arranged in cys, cys-cys, cys-X-cys,
and cys-X3-cys motifs. These motifs are also found in
chemokine molecules, and serve to differentiate chemokine families from one another. A comparison of the
sequences of metallothionein and the chemokine Ccl17 is
shown in Figure 1A. In addition to having similar cysteine
motifs, Ccl17 is also located near the MT genes in both
mice and humans (Figure 1B). Combined with our previously published observations of the impact extracellular
metallothionein has on developing T-dependent humoral
immunity [15] information suggested that metallothionein might display chemotactic activity.
Naïve splenocytes and thioglycollate-elicited leukocytes
respond chemotactically to metallothionein in the
Boyden chamber assay at a level similar to that observed
when the cells are exposed to guinea pig serum used as a
source of activated complement (Figure 2A). To avoid the
heterogeneity of primary cell populations, the chemotactic dose response of cells to metallothionein was characterized using Jurkat T cells. Previous studies have shown
that these T cells express CXCR4 (the stromal derived factor-1α (SDF-1α) receptor), and exposure to an SDF-1α
gradient has previously been shown to induce a chemotactic response [19]. Using the Boyden chamber assay, we
found that these cells also respond to metallothionein
(Figure 2B) in a dose-dependent manner. The dose
response curve shows a peak response at 14.3 µM, and the
shape of the curve is consistent with that of other chemokines [20].
In addition to the Boyden chamber assay, chemotaxis was
assessed using a recently developed technology called
ECIS/taxis. This assay employs a miniature under-agarose
chemotaxis chamber in which cell arrival on a surface
microelectrode is measured by changes to electrical current flow through the electrode [21]. Unlike the Boyden
chamber assay, the under-agarose configuration allows
the establishment of stable and shallow chemotactic gradients that more accurately reflect the subtle gradients
found in vivo than the Boyden chamber assay. In ECIS/
taxis measurements, the total normalized resistance to
current flow is proportional to the number of cells that
occupy the surface of the target electrode. If no chemoattractant is added, few cells move out of the well and those
that do never reach the target electrode and no change in
resistance is recorded (Figure 3). In the presence of a gradient of metallothionein, the initial arrival of a small
number of cells at the target electrode is indicated by the
appearance of small, rapid resistance fluctuations. Over
time as more cells accumulate on the electrode, a gradual
increase in resistance is observed. The concentration of
metallothionein added to the chemoattractant well that
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Figure 1 features of metallothionein gene and protein
Structural
Structural features of metallothionein gene and protein. A: Clustal alignment of Ccl17 and metallothionein (MT) protein sequences. Amino acid similarity is set at 85% (gray). Identical amino acids are boxed. B: Mouse chromosome 8 showing
expanded region from map position 43 to 47 shown on left. Homologous human genes and their chromosomal map positions
are indicated on the right. Synteny map generated by the Mouse Genome Database [63].
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Figure 2
Chemotactic
responses of cells to metallothionein in the modified Boyden chamber assay
Chemotactic responses of cells to metallothionein in the modified Boyden chamber assay. A. Mouse splenocytes
or Thioglycollate-elicited cells respond to guinea pig serum (as a source of activated complement) and to metallothionein. Cells
that had migrated to the lower side of the filters were counted in at least six fields of view per well. Data are means of six fields
in each of six replicates. The data shown is representative of three experiments and is expressed as the average ± standard
deviation. B. Dose response curve of chemotaxis to metallothionein. Different concentrations of metallothionein were loaded
into the lower wells of the Boyden chambers and Jurkat T cells were added to the upper wells.
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Figure
Dose
response
3
of Jurkat T cells to metallothionein measured by ECIS/taxis
Dose response of Jurkat T cells to metallothionein measured by ECIS/taxis. Jurkat T cells were added to the cell
wells and the indicated chemoattractant was loaded into the opposing well. SDF-1α is used as a positive control. The resistance measured at the electrode between the two wells is shown. Inset: A 3 hour window of data on an expanded scale is
shown to highlight the arrival of cells on the electrode. Arrows indicated the time of arrival of the first cells leading to the
appearance of small fluctuations in resistance.

elicited the highest resistance increase (Figure 3) and the
fastest movement of responding Jurkat T cells (data not
shown) was 14.3 µM. This dose optimum is similar to that
measured with the Boyden chamber assay. The average
speed of the fastest Jurkat T cells, 1.56 ± 0.12 µm/min, was
calculated from the time of arrival of the first cells at the
target electrode. This speed is comparable to the speed of
the Jurkat T cell response to a gradient of SDF-1α (1.43 ±
0.1 µm/min, Figure 3). We also tested metallothionein's
effect on WBC 264-9C cells. These cells have been shown
to exhibit chemotactic movement toward a source of activated complement [22]. In the ECIS/taxis assay, WBC
264-9C cells are chemotactic toward both activated complement and metallothionein (Figure 4). The metallothionein response was dose-dependent, and the
optimal dose was similar to that found with Jurkat T cells
(data not shown). The average speed of WBC 264-9C cells
responding to a gradient of guinea pig serum used as a
source of activated complement was 1.32 ± 0.2 µm/min,

compared to 0.75 ± 0.03 µm/min for cells responding to
metallothionein. However, the population response was
nevertheless robust since total resistance (indicating the
absolute number of responding cells) ultimately reached
a level that approximates that produced by cells responding to activated complement.
In light of the potential for contaminants (e.g. small liver
peptides that co-purify with the MT) in the commercially
available metallothionein preparations, we affinity-purified metallothionein from commercial preparations using
an anti-metallothionein monoclonal antibody (UC1MT)
coupled to CNBr-activated Sepharose. The purified metallothionein also stimulates Jurkat T cell chemotaxis (Figure
5A). In addition, the chemotactic response to the original
metallothionein (data not shown) or the affinity-purified
metallothionein (Figure 5A) could be blocked by preincubation of the purified metallothionein with either
UC1MT or E9 monoclonal anti-metallothionein
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Figure 4
ECIS/taxis
264-9C
cells
assessment of the chemotactic response by WBC
ECIS/taxis assessment of the chemotactic response
by WBC 264-9C cells. Cell wells were loaded and guinea
pig serum (1:2 dilution), PBS, or 20 µM metallothionein was
added to the chemoattractant wells. Serum complement is
activated by exposure to agarose to generate a control
chemotactic gradient. Inset: A 3 hours window of data on an
expanded scale showing the arrival of cells on the electrode.

antibodies. Neither of the two anti-metallothionein antibodies nor the isotype-matched IgG1 (MOPC 21) stimulated cell movement to the target electrode on their own
(data not shown).
G protein activation has been shown to play a role in the
chemotactic response and this pathway can be inhibited
by cholera toxin (CTX) [23] or pertussis toxin (PTX)
[24,25]. Jurkat T cells (106 cells/ml) were pre-incubated
with 0.133 µg/ml CTX or 200 ng/ml pertussis toxin and
then placed in a metallothionein gradient. The chemotactic effect of metallothionein on Jurkat T cells could be
blocked by CTX (figure 5B) and by PTX (figure 5C). PTX
was also capable of blocking the chemotaxis of Jurkat cells
to SDF-1α.
A more direct assessment of chemotaxis was done using
time-lapse video microscopy of cells moving in the presence of a metallothionein or SDF-1α gradient. When Jurkat T cells were exposed to a gradient similar to that
present in the ECIS/taxis assay, they could be observed to
move out of the cell well and continue up the gradient
toward the chemoattractant well. Tracks of the outlines of
these cells show persistent directional movement (Figure
6D, E). In the absence of a gradient few cells exit the cell
well (data not shown), and those that do show little
directional movement (Figure 6A–C). The speed, persist-
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ence and chemotactic indices of individual cell movements are consistent with the speeds calculated using the
ECIS/taxis measurements of population movement
(Table 1). In order to assess the role of chemokinesis in
this process, cells were overlaid with a pre-formed agarose
sheet containing a uniform concentration of metallothionein, SDF-1α or medium alone. The MT-exposed
cells moved more rapidly than control cells, but the movement lacked directional persistence and was much slower
than movement in a spatial gradient (Table 1 and Figure
6A–C). Similar results were obtained using a checkerboard analysis of cell movement in the Boyden chamber
format (Table 2). Metallothionein added to the same side
of the filter as the cells, or to both sides of the filter in
equal concentration resulted in fewer cells reaching the
lower surface of the filter than in wells where the metallothionein was added to the opposite side of the filter
from the cells. This data supports the conclusion that metallothionein induces both chemotaxis and chemokinesis
in Jurkat T cells.
Another hallmark of cellular responses to chemokines is a
change in the amount and distribution of polymerized
actin. Signal transduction through G protein coupled
receptors causes reorganization of the actin cytoskeleton,
leading to the formation of new F-actin rich lamellipods
that extend in the direction of movement. This reorganization can be assessed by in vitro measurements of
polymerized actin from cell extracts of stimulated cells
with phalloidin [26]. Metallothionein stimulated a 19%
increase in total F-actin within 30 seconds and a 79%
increase by 2 minutes (Figure 7). The extent and timing of
this response is consistent with receptor activation in
other cell types [27,28].

Discussion
Cells of the immune system operate in a complex microenvironment where they are presented with a host of different and often conflicting signals [29,30]. The ways in
which cells integrate and respond to these signals can ultimately govern the way in which the immune system will
respond to antigen exposure. In some cases, the outcome
is an activated immune response that is designed to eliminate the source of antigen. In other instances, the cells
become anergic or undergo apoptosis and thus fail to initiate or participate in an immune response to that antigen.
An early aspect of many immune responses is the directional movement of cells toward a site of infection or
other injury. This directional movement is a response to
chemotactic factors produced by some infectious organisms, to chemokines produced by cells already at the site
of inflammation, or to other agents. Cells that express
receptors for these signals can detect the gradient(s) of
diffusing chemoattractants, and move toward the source
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Table 1: DIAS analysis of chemokinetic and chemotactic movement. Jurkat T cells were cultured under agarose in the presence of
uniform concentrations or in a gradient of the stimuli. Cells were imaged over time and their motile behavior quantified. Persistence
is an indicator of the rate of directional change. Chemotactic index is a measure of the proportion of movement in a designated
direction (1 = toward a source, 0 = random movement, -1 = away from the source).

Stimulus (n = number of analyzed cells)

Average translational speed
(µm/min)

Persistence (µm/
minute-degree)

Chemotactic
index

Media control (7)
Uniform concentration of metallothionein (10)
Uniform concentration of SDF-1α (10)
Metallothionein gradient (7)
SDF-1α gradient (7)

0.66 ± 0.29
2.110 ± 0.73
1.69 ± 0.82
6.6 ± 3.2
3.31 ± 1.48

0.18 ± 0.11
0.5 ± 0.22
0.53 ± 0.34
2.042 ± 1.09
1.17 ± 0.49

0.19
0.07
0.09
0.73
0.72

Table 2: Checkerboard analysis of chemokinetic cell movement induced by metallothionein. Metallothionein has both chemokinetic
and chemotactic activities. Significant chemotactic movement is measured when metallothionein is presented from below the filter.
Chemokinetic movement is indicated when metallothionein is present above the filter, or in both chambers. The data is
representative of three independent experiments.

Cell number migrated to lower side of membrane
Metallothionein (µM) above filter
Metallothionein (µM)
below filter

0

2.5

5.0

10

0
2.5
5.0
10

14.0 ± 4.3
55.3 ± 17.0
192.8 ± 45.4
80.2 ± 23.7

90.8 ± 17.5
61.3 ± 23.9
93.6 ± 20.1
96.0 ± 21.8

43.0 ± 3.2
38.7 ± 12.5
67.0 ± 12.5
68.0 ± 21.2

20.6 ± 9.2
25.5 ± 13.2
37.0 ± 12.1
30.8 ± 10.3

of the agent. This chemotactic response is an essential
aspect of lymphocyte trafficking.
In this report, we show that metallothionein can direct the
chemotaxis of primary and transformed leukocytes. While
metallothionein has been historically thought of as an
intracellular protein, there are numerous reports that
describe its presence in serum, urine [31], broncho-alveolar spaces [10], liver sinusoids [32], and other extracellular
locations. While the mechanism(s) by which metallothionein is released from cells has yet to be determined,
heat shock protein 70 [33], Interleukin 1β [34] and
fibroblast growth factor [35] are among a set of proteins
that lack signal sequences and nevertheless are released
from cells by a non-traditional secretory mechanism.
These results indicate that stress response proteins may
gain access to the extracellular environment via
mechanisms other than cell lysis, and suggest that a thorough understanding of the immunomodulatory roles
played by metallothionein must include the extracellular
compartment.

Metallothionein is synthesized in response to acute phase
cytokines (e.g. IL-1, IL-6, and TNF-a) that are secreted at
sites of inflammation [36-38] in a variety of contexts in
which immune activities are changing. Metallothionein is
also synthesized in cells exposed to glucocorticoids, a signal that is often associated with stressful environments
[39]. Furthermore, metallothionein can be induced by
reactive oxygen species, by endotoxin [40], and in cells
exposed to divalent metal cations [1]. With all of these different initiators, it is not surprising that elevated metallothionein levels are detected in the context of neoplastic
disease [41,42], autoimmune disease [43], chronic
inflammation [44], and infection [45]. Previous work
from our laboratory and others has shown that metallothionein can have significant immunomodulatory
activities. For example, metallothionein can diminish T
dependent humoral responses and it can alter the proliferative capacity of lymphocytes [16], diminish cytotoxic T
cell function [46], and it can alter the effector function of
macrophages
[47].
Inadequate
expression
of
metallothionein in the context of inflammatory disease
can dramatically shorten life span [43], and exogenous
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Figure 5 of MT chemotaxis
Inhibitors
Inhibitors of MT chemotaxis. A: Monoclonal anti-metallothionein antibody blocks the chemotactic response of Jurkat T
cells to 20 µM metallothionein gradient. Affinity-purified metallothionein (20 µM) was incubated with antibody (clone UC1MT
or E9) and then added to the chemoattractant well. Controls were performed with metallothionein alone (MT), medium alone
(-), or metallothionein preincubated with isotype-matched control antibody (not shown). B: Cholera toxin (CTX) inhibits
chemotactic response to metallothionein. Jurkat T cells were preincubated with or without 0.133 µg/106 cells/ml CTX at 37°C
for 1 h and then added to the cell well. Chemotactic responses of toxin-treated cells to MT (CTX-MT) were compared to
untreated cells (MT) and untreated cells without an MT gradient (-). C: Pertussis toxin (PTX) blocks the chemotactic response
to metallothionein. Jurkat T cells were preincubated with or without 200 ng/106 cells/ml PTX at 37°C for 16 h. Chemotactic
responses of toxin-treated cells to MT (PTX-MT) was compared to untreated cells (MT) and untreated cells without an MT
gradient (-). Each figure is a representative more than four independent experiments performed in triplicate.

metallothionein can diminish the severity of a collageninduced arthritis [48].
There are a multitude of studies which show that different
forms of stress originating from external sources can alter
normal immune function [49]. Psychological, physical
and chemical agents which induce stress each affect the
immune system. In some instances, these stressors suppress effective immune functioning, which renders the
individual susceptible to infectious pathogens. In other
instances, the immune modifications result in undesirable increases in immune recognition of self antigens, ultimately resulting in autoimmune disease. These stressors
are known to induce metallothionein synthesis and may
alter immune functions in part via their effect on
metallothionein.
We have demonstrated metallothionein-induced chemotactic cell movement in the traditional Boyden chamber
assay, by computerized analysis of time-lapse images of
cell movement, and using the ECIS/taxis assay. We have
shown that the response of Jurkat T cells to a metallothionein gradient corresponds well with chemotactic
responses of leukocytes to other agents. Jurkat T cells and
WBC 264-9C migrate in response to a metallothionein
gradient at speeds which are similar to those found in
other systems [50,51]. In addition, the pattern of the dose
response to metallothionein is a bell shaped curve similar

to other classical chemokines [20]. One important consideration is whether the chemotactic response to metallothionein
occurs
at
physiologically
relevant
concentrations. Chemoattractants can act over an
extremely wide concentration range (e.g. 4 logs) [52,53]
because the cells sense the local spatial differential in chemoattractant concentration. Our work shows that 1 to 10
µM metallothionein can stimulate chemotaxis of cells in
both Boyden and under-agarose assays. Higher
concentrations of metallothionein used in the ECIS/taxis
assay refer to the concentrations added to the micro-volume chemoattractant wells, which are then diluted in the
process of diffusion away from the source. The metallothionein amounts used in these experiments represent
biologically reasonable concentrations, given that metallothionein has been measured at concentrations of 1 µM
in serum (which would be substantially diluted from the
source tissue concentration) in normal patients, and in
individuals undergoing some form of stress (inflammation, cancer, toxicant exposure, etc.) [54].
The chemotactic response to metallothionein can be
blocked by monoclonal antibodies to metallothionein
while isotype-matched antibody has no effect. This blockade of the response is an important control, since commercial
metallothionein
preparations
contain
contaminating peptides from the liver tissue source (D.
Lawrence, personal communication). Since both cholera
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Figure
Cell
lothionein
movement
6 and SDF-1α
in the presence and absence of metalCell movement in the presence and absence of metallothionein and SDF-1α. Images at 3 minute intervals
(over a 75 minute time period) are presented for untreated
cells (A), cells treated with a uniform concentration of
MT(0.5 µM) (B), or SDF-1α (100 ng/ml) (C), or cells moving
under agar in a chemotactic gradient of MT (20 µM) (D) or
SDF-1α (200 ng/ml) (E). Each panel has the same number of
images and represents the same total time interval. The line
at the bottom of panels D and E represents the direction of
the chemoattractant gradient from high (wide) to low (narrow). Only cells that have exited the cell well and are clearly
visible under the agarose were analyzed.

toxin and pertussis toxin block the metallothionein-initiated chemotaxis, it is likely that G protein mediated signaling is involved in the response. Another common aspect
of chemotactic signaling is an activation of the actin
polymerization machinery in response to a sharp increase
in chemoattractant concentration [26,55]. Metallothionein causes an increase both in total F-actin content
and in peripheral F-actin. It will be of great interest to
determine the receptor for metallothionein and the signal
transduction pathway that leads to actin polymerization.
It is intriguing to speculate that once outside the cell, metallothionein serves as one of the many signals designed to
draw immunocompetent cells to sites of cellular stress.
Our observation(s) that metallothionein and anti-metallothionein injections modify immune activity in vivo suggest that there is an appropriate range of extracellular
metallothionein in which leukocytes ordinarily function
[14,15]. A pair of recent reports suggest that cytosolic constituents of apoptotic cells are released to the extracellular
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Figure
Actin
reorganization
7
in metallothionein-stimulated cells
Actin reorganization in metallothionein-stimulated
cells. Jurkat T cells were treated with metallothionein at 2
µM and then harvested and fixed at various times after stimulation. Cells were stained with rhodamine phalloidin and Factin fluorescence quantified using a plate fluorimeter. (RFU
= relative fluorescent units). Values reported represent the
average of 3 replicates ± standard deviation. *** represents
significant difference from the medium alone control (p <
0.001). This data is representative of 3 independent
experiments.

compartment and support the progression of the inflammatory process [56,57]. These reports further suggested
that release of the cytosolic components of these dying
cells might represent one of the signals central to the
"Danger Hypothesis" proposed by Matzinger et al.
[58,59]. This hypothesis holds that an active immune
response cannot be mounted without a signal indicating
that cellular damage has occurred. While other reports
have suggested that heat shock proteins can fill this role
[60], metallothionein is another potential candidate for
the danger signal.

Methods
Cells
Jurkat T cells, (TIB-152, American Type Culture Collection
(ATCC), Bethesda, MD) were maintained in complete
RPMI 1640 media with L-glutamine containing 10% heatinactivated FBS (Mediatech, Herndon, VA), 1% Sodium
Bicarbonate, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 1% sucrose, and 1 mM sodium pyruvate as recommended by ATCC. WBC 264-9C cell lines (HB-8902,
ATCC) were kept in Minimum Essential Medium (Eagle)
with Earle's balanced salt solution (BSS) containing 10%
heat-inactivated fetal bovine serum. All cells were cultured
in a humidified incubator with 5% CO2 in air at 37°C.
The WBC 264-9C is a macrophage-like cell line that is
chemotactic to N-formylmethionyl-leucyl-phenylalanine
[61]. Media was replenished every three days.
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Reagents
SDF-1α (Synthetic Human SDF-1α) was purchased from
BD Biosciences (Bedford, MA). BSA (DNase, RNase, and
Protease-free) and Hema-3 stain set kit were purchased
from Fisher Scientific Inc. (Pittsburgh, PA). A mixture of
Cd, Zn-metallothionein I and II purified from rabbit liver,
mouse IgG1, kappa (MOPC21) purified immunoglobulin,
and pertussis toxin, were purchased from Sigma Chemical
Co. (St Louis, MO). SeaKem® GTG® Agarose was obtained
from BioWhittaker Molecular Applications (Rockland,
ME). Metallothionein monoclonal antibodies UC1MT
(IgG1, kappa) [14,15], available from StressGen, Inc., Victoria, BC and E-9 (IgG1, kappa), purchased from Zymed
Laboratories Inc. (San Francisco, CA) were used in some
experiments. Cholera toxin was purchased from List Biological Laboratories, Inc. (through Cedarlane, Ltd.,
Hornby, ONT Canada). Guinea pig serum was purchased
from Colorado Serum Company (Denver, CO).
Affinity purification of metallothionein
UC1MT was first purified on ProteinG-Sepharose (Sigma)
according to manufacturer's instructions. The purified
antibody was then coupled to CNBr-activated Sepharose
(Sigma) according to manufacturer's instructions. Metallothionein I and II, prepared in PBS, was mixed with the
immobilized UC1MT and allowed to bind. After
unbound proteins were washed away from the affinity
matrix, the specifically captured protein was eluted with
0.1 M glycine HCl, pH 2.8, adjusted pH to 7.4 and dialyzed against PBS.
Boyden chamber assay
The micro-Boyden assay was done using a 48 well chamber apparatus (NeuroProbe, Cabin John, MD). Polyvinylpyrrolidone (PVP)-free polycarbonate membrane
filters with 5 µm pores were obtained from the same
source. The lower chambers of the apparatus were loaded
with 30 µl of diluted chemoattractant in media, PBS vehicle in media, or media alone and then covered with the
membrane and the upper chambers. Fifty microliters of
cell suspension (2 × 106 cells/ml) was then added to the
upper chambers. After incubating for 2 hours in a humidified incubator at 37°C in 5% CO2, the filters were collected, cells that remained on the upper surface of the
filter were removed and the filters were processed according to manufacturer's instructions. The numbers of
migrated cells were counted under 400× magnification.
For each of six replicate wells, the numbers of cells in at
least six fields were determined and the mean and standard deviation was calculated.
ECIS/taxis assay
This assay was done as previously described with minor
modifications [21]. Linear electrode ECIS chambers
(Applied Biophysics, Inc. Troy, NY) were used in the
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assays described here. Target electrodes were 0.02 × 2 mm,
and were used in an orientation in which the long axis of
the target electrode was oriented perpendicularly to the
direction of cell migration. All the chambers containing
electrodes were pre-treated with 10 mM cysteine for 15
min at room temperature to stabilize the electrical performance of the gold electrodes, washed three times with
sterile distilled water, and dried in a standard biosafety
laminar-flow hood. Then 250 µl of molten 0.5% agarose
gel (dissolved in RPMI 1640 with 10% FBS) was added to
each chamber and allowed to cool. Two wells were cut
with a sharpened 14 gauge cannula equally distant on
either side of the electrode and separated a combined
intrawell distance of approximately 1.9 to 2 mm. Then 7
µl of cell suspension (15 × 106 cells/ml for Jurkat T cells
and 10 × 106 cells/ml for WBC 264-9C cells) was placed
into the cell well and an equal volume of chemoattractant
or vehicle control was dispensed into the opposite well. A
1 volt AC current of 4000 Hz is passed through the electrode, and the resistance of the circuit was calculated. Cell
movement was assessed by measurements of changes in
the resistance caused by arrival of cells at the target electrode. Data is reported as the change in resistance at the
target electrode normalized to the initial resistance of the
system. In addition to the general increase in resistance
caused by cells covering the electrode, rapid fluctuations
in resistance are indicative of changes in the shape and
surface adherence of cells, and of continuing cell viability
and movement.
Trough chemotaxis assay
For some chemotaxis experiments,3.5 ml of 0.5% agarose
(dissolved in medium with 10% FBS and 20 mM HEPES)
was loaded into a 35 mm Petri dish. After the agarose
solidified, 2 wells separated by about 2 mm were cut in
the agarose. One well was loaded with 7 µl of chemoattractant or media and the opposing well was loaded with
7 µl of cell suspension. The Petri dish was then sealed with
Parafilm to retain moisture and incubated on the microscope stage at 37°C. Temperature was maintained by
enclosing the microscope in a Styrofoam box in which a
constant temperature airstream was provided by an AirTherm feedback regulated heater (WPI, Inc., Sarasota FL).
Chemokinesis in the under-agarose environment was
investigated by seeding cells to the surface of the Petri dish
in liquid media. After the cells had settled, the overlying
media was removed and the cells were overlaid with a pregelled layer of agarose containing a uniform concentration of the different stimuli or medium alone. Images of
the cells were taken at regular intervals using a CCD-72
analog video camera (Dage, Michigan City, IN) and Scion
frame grabber controlled by Scion Image (Scion, Inc., Frederick, Maryland) software. The images were compiled
into movies using public domain Image J software [62].
The trajectories of cells were analyzed from these movies
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using Dynamic Image Analysis System (DIAS) software
(Solltech, Inc., Oakdale, IA). Trajectories of a number of
cells from each condition (see n in table 1) were tracked
and analyzed from the movies. Each cell was tracked for
the same total time interval and the data is presented as
the mean of all cells analyzed.
Measurements of actin polymerization: Cells were spun at
200 × g for 5 minutes and resuspended in RPMI 1640 containing 10% FBC at a density of 2 × 106 cells/ml. Cells
were stimulated with either SDF-1α (data not shown) or
2 uM metallothionein at 37°C and then fixed with 3.7%
formaldehyde for 15 minutes in Buffer F on a rotator at
room temperature (5 mM KCl, 138 mM NaCl, 4 mM
NaHCO3, 0.4 mM KH2PO4, 1.1 mM Na2HPO4, 2 mM
MgCl2, 2 mM EGTA, 5 mM PIPES, pH 7.2). The fixed cells
were centrifuged and resuspended in 1 ml of 0.5% Triton
X-100 in Buffer F for 20 minutes and stained in 1 uM
TRITC-Phalloidin in Buffer F on a rotator for 1 hour at
room temperature. They were then pelleted, washed with
5 ml Buffer F twice, and re-suspended in 850 µl of Buffer
F. The TRITC-Phalloidin fluorescence in the cell
suspension was measured using a Spectramax M2 fluorimeter (Molecular Devices, Sunnyvale, CA) at 544 nm
excitation and 580 nm emission. In each well, the raw
fluorescence of 9 points were measured and used to calculate the average well fluorescence.

http://www.biomedcentral.com/1471-2172/6/21

7.

8.
9.
10.
11.
12.

13.
14.

15.

16.
17.
18.

Authors' contributions
XY designed and carried out all of the experiments drafted
the manuscript. DAK and MAL conceived of the study,
and participated in its design and coordination and
helped to author the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
This work was supported by grants from NIBIB (EB000208) to MAL and
DAK, from NIGMS to DAK (GM40599) and from NIEHS (ES007408) to
MAL. We thank Dr. Lawrence E. Hightower and Dr. Lisa A. Borghesi for
careful reading of the manuscript.

References
1.
2.
3.

4.

5.
6.

Hamer DH: Metallothionein. Annu Rev Biochem 1986, 55:913-951.
Furey WF, Robbins AH, Clancy LL, Winge DR, Wang BC, Stout CD:
Crystal structure of Cd,Zn metallothionein. Science 1986,
231(4739):704-710.
Ejnik J, Munoz A, Gan T, Shaw CF, Petering DH: Interprotein metal
ion exchange between cadmium-carbonic anhydrase and
apo- or zinc-metallothionein.
J Biol Inorg Chem 1999,
4(6):784-790.
Zeng J, Heuchel R, Schaffner W, Kagi JH: Thionein (apometallothionein) can modulate DNA binding and transcription
activation by zinc finger containing factor Sp1. FEBS Lett 1991,
279(2):310-312.
Theocharis SE, Margeli AP, Koutselinis A: Metallothionein: a multifunctional protein from toxicity to cancer. Int J Biol Markers
2003, 18(3):162-169.
Sakurai A, Hara S, Okano N, Kondo Y, Inoue J, Imura N: Regulatory
role of metallothionein in NF-kappaB activation. FEBS Lett
1999, 455(1-2):55-58.

19.

20.

21.
22.

23.
24.

25.

26.

27.

Butcher HL, Kennette WA, Collins O, Zalups RK, Koropatnick J:
Metallothionein mediates the level and activity of nuclear
factor {kappa}B (NF-kB) in murine fibroblasts. J Pharmacol Exp
Ther 2004.
Kim CH, Kim JH, Lee J, Ahn YS: Zinc-induced NF-kappaB inhibition can be modulated by changes in the intracellular metallothionein level. Toxicol Appl Pharmacol 2003, 190(2):189-196.
Bruwer M, Schmid KW, Metz KA, Krieglstein CF, Senninger N, Schurmann G: Increased expression of metallothionein in inflammatory bowel disease. Inflamm Res 2001, 50(6):289-293.
Hart BA, Garvey JS: Detection of metallothionein in bronchoalveolar cells and lavage fluid following repeated cadmium
inhalation. Environ Res 1986, 40(2):391-398.
Nordberg GF, Garvey JS, Chang CC: Metallothionein in plasma
and urine of cadmium workers.
Environ Res 1982,
28(1):179-182.
Penkowa M, Espejo C, Ortega-Aznar A, Hidalgo J, Montalban X, Martinez Caceres EM: Metallothionein expression in the central
nervous system of multiple sclerosis patients. Cell Mol Life Sci
2003, 60(6):1258-1266.
Borghesi LA, Lynes MA: Nonprotective effects of extracellular
metallothionein. Toxicol Appl Pharmacol 1996, 139(1):6-14.
Canpolat E, Lynes MA: In vivo manipulation of endogenous
metallothionein with a monoclonal antibody enhances a Tdependent humoral immune response. Toxicol Sci 2001,
62(1):61-70.
Lynes MA, Borghesi LA, Youn J, Olson EA: Immunomodulatory
activities of extracellular metallothionein. I. Metallothionein
effects on antibody production.
Toxicology 1993, 85(23):161-177.
Lynes MA, Garvey JS, Lawrence DA: Extracellular metallothionein effects on lymphocyte activities. Mol Immunol 1990,
27(3):211-219.
Redwine L, Snow S, Mills P, Irwin M: Acute psychological stress:
effects on chemotaxis and cellular adhesion molecule
expression. Psychosom Med 2003, 65(4):598-603.
Bilbo SD, Dhabhar FS, Viswanathan K, Saul A, Yellon SM, Nelson RJ:
Short day lengths augment stress-induced leukocyte trafficking and stress-induced enhancement of skin immune
function. Proc Natl Acad Sci U S A 2002, 99(6):4067-4072.
Bleul CC, Farzan M, Choe H, Parolin C, Clark-Lewis I, Sodroski J,
Springer TA: The lymphocyte chemoattractant SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry. Nature 1996,
382(6594):829-833.
Corcione A, Tortolina G, Bonecchi R, Battilana N, Taborelli G, Malavasi F, Sozzani S, Ottonello L, Dallegri F, Pistoia V: Chemotaxis of
human tonsil B lymphocytes to CC chemokine receptor
(CCR) 1, CCR2 and CCR4 ligands is restricted to non-germinal center cells. Int Immunol 2002, 14(8):883-892.
Hadjout N, Laevsky G, Knecht DA, Lynes MA: Automated realtime measurement of chemotactic cell motility. Biotechniques
2001, 31(5):1130-1138.
Fung M, Lu M, Fure H, Sun W, Sun C, Shi NY, Dou Y, Su J, Swanson
X, Mollnes TE: Pre-neutralization of C5a-mediated effects by
the monoclonal antibody 137-26 reacting with the C5a moiety of native C5 without preventing C5 cleavage. Clin Exp
Immunol 2003, 133(2):160-169.
Maghazachi AA, al-Aoukaty A, Schall TJ: C-C chemokines induce
the chemotaxis of NK and IL-2-activated NK cells. Role for G
proteins. J Immunol 1994, 153(11):4969-4977.
Su SB, Silver PB, Zhang M, Chan CC, Caspi RR: Pertussis toxin
inhibits induction of tissue-specific autoimmune disease by
disrupting G protein-coupled signals.
J Immunol 2001,
167(1):250-256.
Backlund PSJ, Meade BD, Manclark CR, Cantoni GL, Aksamit RR:
Pertussis toxin inhibition of chemotaxis and the ADP-ribosylation of a membrane protein in a human-mouse hybrid
cell line. Proc Natl Acad Sci U S A 1985, 82(9):2637-2641.
Segall JE, Tyerech S, Boselli L, Masseling S, Helft J, Chan A, Jones J,
Condeelis J: EGF stimulates lamellipod extension in metastatic mammary adenocarcinoma cells by an actin-dependent mechanism. Clin Exp Metastasis 1996, 14(1):61-72.
Condeelis J, Hall A, Bresnick A, Warren V, Hock R, Bennett H, Ogihara S: Actin polymerization and pseudopod extension during
amoeboid chemotaxis. Cell Motil Cytoskeleton 1988, 10(12):77-90.

Page 11 of 12
(page number not for citation purposes)

BMC Immunology 2005, 6:21

28.
29.
30.

31.

32.
33.

34.

35.

36.

37.

38.

39.
40.
41.

42.

43.

44.

45.

46.
47.

Rao KM, Varani J: Actin polymerization induced by chemotactic peptide and concanavalin A in rat neutrophils. J Immunol
1982, 129(4):1605-1607.
Heit B, Tavener S, Raharjo E, Kubes P: An intracellular signaling
hierarchy determines direction of migration in opposing
chemotactic gradients. J Cell Biol 2002, 159(1):91-102.
Gouwy M, Struyf S, Catusse J, Proost P, Van Damme J: Synergy
between proinflammatory ligands of G protein-coupled
receptors in neutrophil activation and migration. J Leukoc Biol
2004.
Evering WE, Haywood S, Bremner I, Wood AM, Trafford J: The protective role of metallothionein in copper-overload: II. Transport and excretion of immunoreactive MT-1 in blood, bile
and urine of copper-loaded rats. Chem Biol Interact 1991,
78(3):297-305.
Danielson KG, Ohi S, Huang PC: Immunochemical localization
of metallothionein in rat liver and kidney. J Histochem Cytochem
1982, 30(10):1033-1039.
Hightower LE, Guidon PTJ: Selective release from cultured
mammalian cells of heat-shock (stress) proteins that resemble glia-axon transfer proteins.
J Cell Physiol 1989,
138(2):257-266.
Andrei C, Dazzi C, Lotti L, Torrisi MR, Chimini G, Rubartelli A: The
secretory route of the leaderless protein interleukin 1beta
involves exocytosis of endolysosome-related vesicles. Mol Biol
Cell 1999, 10(5):1463-1475.
Backhaus R, Zehe C, Wegehingel S, Kehlenbach A, Schwappach B,
Nickel W: Unconventional protein secretion: membrane
translocation of FGF-2 does not require protein unfolding. J
Cell Sci 2004, 117(Pt 9):1727-1736.
Penkowa M, Hidalgo J: IL-6 deficiency leads to reduced metallothionein-I+II expression and increased oxidative stress in
the brain stem after 6-aminonicotinamide treatment. Exp
Neurol 2000, 163(1):72-84.
Hernandez J, Carrasco J, Belloso E, Giralt M, Bluethmann H, Kee Lee
D, Andrews GK, Hidalgo J: Metallothionein induction by
restraint stress: role of glucocorticoids and IL-6. Cytokine
2000, 12(6):791-796.
Schroeder JJ, Cousins RJ: Interleukin 6 regulates metallothionein gene expression and zinc metabolism in hepatocyte monolayer cultures. Proc Natl Acad Sci U S A 1990,
87(8):3137-3141.
Karin M, Herschman HR: Glucocorticoid hormone receptor
mediated induction of metallothionein synthesis in HeLa
cells. J Cell Physiol 1980, 103(1):35-40.
Suzuki KT, Yamamura M: Induction of hepatic zinc-thionein in
rat by endotoxin. Biochem Pharmacol 1980, 29(16):2260.
Zelger B, Hittmair A, Schir M, Ofner C, Ofner D, Fritsch PO, Bocker
W,
Jasani
B,
Schmid
KW:
Immunohistochemically
demonstrated metallothionein expression in malignant
melanoma. Histopathology 1993, 23(3):257-263.
Schmid KW, Ellis IO, Gee JM, Darke BM, Lees WE, Kay J, Cryer A,
Stark JM, Hittmair A, Ofner D, et al.: Presence and possible significance of immunocytochemically demonstrable metallothionein over-expression in primary invasive ductal
carcinoma of the breast. Virchows Arch A Pathol Anat Histopathol
1993, 422(2):153-159.
Lynes MARCAMCRCKCLJCYJSIBSLD: Metallothionein-mediated changes in cell populations of autoimmune mice. In Metallothionein IV Edited by: Klaassen C. Basel , Birkhauser Verlag;
1999:437-444.
Min KS, Kim H, Fujii M, Tetsuchikawahara N, Onosaka S: Glucocorticoids suppress the inflammation-mediated tolerance to
acute toxicity of cadmium in mice. Toxicol Appl Pharmacol 2002,
178(1):1-7.
Sobocinski PZ, Canterbury WJJ, Mapes CA, Dinterman RE: Involvement of hepatic metallothioneins in hypozincemia associated with bacterial infection.
Am J Physiol 1978,
234(4):E399-406.
Youn J, Lynes MA: Metallothionein-induced suppression of
cytotoxic T lymphocyte function: an important immunoregulatory control. Toxicol Sci 1999, 52(2):199-208.
Youn J, Borghesi LA, Olson EA, Lynes MA: Immunomodulatory
activities of extracellular metallothionein. II. Effects on macrophage functions. J Toxicol Environ Health 1995, 45(4):397-413.

http://www.biomedcentral.com/1471-2172/6/21

48.

49.
50.
51.

52.
53.
54.

55.
56.
57.
58.
59.
60.
61.
62.
63.

Youn J, Hwang SH, Ryoo ZY, Lynes MA, Paik DJ, Chung HS, Kim HY:
Metallothionein suppresses collagen-induced arthritis via
induction of TGF-beta and down-regulation of proinflammatory mediators. Clin Exp Immunol 2002, 129(2):232-239.
Padgett DA, Glaser R: How stress influences the immune
response. Trends Immunol 2003, 24(8):444-448.
Allen WE, Zicha D, Ridley AJ, Jones GE: A role for Cdc42 in macrophage chemotaxis. J Cell Biol 1998, 141(5):1147-1157.
Jones GE, Prigmore E, Calvez R, Hogan C, Dunn GA, Hirsch E,
Wymann MP, Ridley AJ: Requirement for PI 3-kinase gamma in
macrophage migration to MCP-1 and CSF-1. Exp Cell Res 2003,
290(1):120-131.
Foxman EF, Campbell JJ, Butcher EC: Multistep navigation and
the combinatorial control of leukocyte chemotaxis. J Cell Biol
1997, 139(5):1349-1360.
Varnum B, Soll DR: Effects of cAMP on single cell motility in
Dictyostelium. J Cell Biol 1984, 99(3):1151-1155.
Nakayama A, Fukuda H, Ebara M, Hamasaki H, Nakajima K, Sakurai H:
A new diagnostic method for chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma based on serum metallothionein, copper, and zinc levels. Biol Pharm Bull 2002,
25(4):426-431.
McRobbie SJ, Newell PC: Chemoattractant-mediated changes
in cytoskeletal actin of cellular slime moulds. J Cell Sci 1984,
68:139-151.
Shi Y, Zheng W, Rock KL: Cell injury releases endogenous adjuvants that stimulate cytotoxic T cell responses. Proc Natl Acad
Sci U S A 2000, 97(26):14590-14595.
Shi Y, Rock KL: Cell death releases endogenous adjuvants that
selectively enhance immune surveillance of particulate
antigens. Eur J Immunol 2002, 32(1):155-162.
Matzinger P: Tolerance, danger, and the extended family. Annu
Rev Immunol 1994, 12:991-1045.
Matzinger P: An innate sense of danger. Semin Immunol 1998,
10(5):399-415.
Moseley P: Stress proteins and the immune response. Immunopharmacology 2000, 48(3):299-302.
Aksamit RR: A human-mouse hybrid cell line that stably
expresses chemotaxis to N-formylmethionyl-leucyl-phenylalanine. Biochem Biophys Res Commun 1986, 138(2):1001-1008.
Rasband WS: ImageJ. National Institiutes of Health, Bethesda, MD, USA
1997, http://rsb.info.nih.gov/ij/:.
Mouse Genome Database (MGD) TJLBHM: . http://www.informatics.jax.org:.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 12 of 12
(page number not for citation purposes)

