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INTRODUCTION

Macrophages have several functionally different phenotypes/subtypes. M0 macrophages are naïve/unpolarized macrophages. One of the most common subtypes of activated macrophages are M1 proinflammatory "killer" macrophages, which produce damaging reactive oxygen species and express nitric oxide synthase iNOS, and M2 anti-inflammatory "repair" macrophages, which produce enzyme Arginase-1 that depletes L-arginine and deprives iNOS of its substrate [START_REF] Liu | Mouse macrophage polarity and ROCK1 activity depend on RhoA and nonapoptotic Caspase 3[END_REF][START_REF] Liu | ROCK inhibition impedes macrophage polarity and functions[END_REF][START_REF] Liu | Dissonant response of M0/M2 and M1 bone-marrow-derived macrophages to RhoA pathway interference[END_REF][START_REF] Liu | Macrophage/monocyte-specific deletion of Ras homolog gene family member A (RhoA) downregulates fractalkine receptor and inhibits chronic rejection of mouse cardiac allografts[END_REF].

Macrophages, like all eukaryotic cells, contain an actin-filament cytoskeleton. Macrophage migration occurs via dynamic rearrangements of actin filaments. Our recent studies showed that pharmacologic or genetic interference with the small GTPase RhoA pathway, which is the master regulator of actin, causes extreme elongation of macrophages (hummingbird phenotype), disrupts the Golgi/endosomal pathway, prevents macrophage migration into the graft (through the clustering of the CX3CR1 receptor) and inhibits chronic rejection in the rodent model system (4-7).

Here we were interested in finding out if an external magnetic field, in conjunction with transduction processes, could induce cytoskeletal rearrangements in macrophages and change their shape and molecular and organellar phenotype.

It is already known that external mechanical force applied to the cell has a direct impact and can affect the cell cytoskeleton [START_REF] Ghibaudo | Substrate Topography Induces a Crossover from 2D to 3D Behavior in Fibroblast Migration[END_REF][START_REF] Ladoux | Physically based principles of cell adhesion mechanosensitivity in tissues[END_REF]. It is also known that nonuniform magnetic fields can create such magnetic force-driven stimuli. The cell responds to the external stimuli by remodeling the cytoskeleton, which is visco-elastic and provides a continuous mechanical coupling throughout the cell as it changes. This, in turn, induces an internal cell stress and changes in certain cellular components and components such as actin-filament polymerization, focal adhesions, etc. Such conversion of mechanical forces to biochemical interactions is referred to as mechanotransduction. There are reports that changes in ion-channel activity at the plasma membrane of cells may convey mechanical stresses from the cell membrane to internal organelles, causing changes in gene transcription and inducing apoptosis [START_REF] Janmey | The cytoskeleton and cell signaling: component localization and mechanical coupling[END_REF]. Other reports show that pathways of mechanically induced cell damage can include activation of the Caspase-3 protease pathway [START_REF] Liu | Cyclic-stretch induces the apoptosis of myoblast by activation of Caspase-3 protease in a magnitude-dependent manner[END_REF] and TNF-related apoptosis-inducing ligand (TRAIL/Apo2L) [START_REF] Oh | Role of elevated pressure in TRAIL-induced apoptosis in human lung carcinoma cells[END_REF] and also cleavage of Caspases 3 and 9 [START_REF] Boccafoschi | Overstressed mechanical stretching activates survival and apoptotic signals in fibroblasts[END_REF].

In spite of outstanding recent progress in research of the influence of electromagnetic fields on the biology of cells and the expanding use of magnetic materials in biomedical applications, surprisingly little is known about the influence of a magnetic field at the cellular level [START_REF] Miyakoshi | Effects of static magnetic fields at the cellular level[END_REF][START_REF] Murabayashi | Application of magnetic field for biological response modification[END_REF].

The nature and strength of interactions of electromagnetic fields with cell or tissue mainly depend on electric-and magnetic-field-produced polarizations. The ability to induce such polarizations is measured by electric and magnetic-field susceptibilities. There are significant differences between interactions of both fields with cells/tissue, because for a typical tissue the electric susceptibility is 10 5 -10 6 times larger than the magnetic-field susceptibility and, as a result, the presence of the electric field can cause significant cell/tissue damage, whereas magnetic-field interactions with cell/tissue are relatively weak.

There are mixed reports about the influence of magnetic fields on cell growth and functions, and most but not all studies suggest that there is no obvious observable effect, even at as high as 10 T or higher values of uniform magnetic fields. In addition, although such fields in some studies have been shown to affect cell differentiation and viability; they did not have longlasting, damaging effects [START_REF] Valiron | Cellular disorders induced by high magnetic fields[END_REF]. Furthermore, the nonuniform magnetic fields, in contrast to the uniform fields, were proven to generate sufficiently large magnetically induced mechanical forces able to affect cell morphology, differentiation and functionality [START_REF] Qian | Large gradient high magnetic fields affect osteoblast ultrastructure and function by disrupting collagen I or fibronectin/αβ1 integrin[END_REF][START_REF] Shi | Effects of microgravity modeled by large gradient high magnetic field on the osteogenic initiation of human mesenchymal stem cells[END_REF]. As a result a few in vitro studies carried out recently for spatially modulated magnetic fields showed a clear magnetic field-cell interaction [START_REF] Kauffmann | Diamagnetically trapped arrays of living cells above micromagnets[END_REF][START_REF] Denegre | Cleavage planes in frog eggs are altered by strong magnetic fields[END_REF][START_REF] Winkleman | A magnetic trap for living cells suspended in a paramagnetic buffer[END_REF]. Although there are many technical challenges to generate sufficiently high fields and gradients, recent progress in fabrication of strong permanent magnets based on rare-earth elements and also use of patterned magnetic microstructures have allowed generation of highly nonuniform magnetic fields, resulting in local gradients' magnitudes reaching up to extremely high, such as 10 6 -T/m, values [START_REF] Zablotskii | Life on magnets: stem cell networking on micro-magnet arrays[END_REF].

In these studies, we have designed a permanent rare-earth magnet setup with well-defined magnetic fields and field-gradient patterns; and we have investigated the effect of these fields and results from the presence of magnetic force on cultured, unpolarized/naïve mouse peritoneal macrophages.

MATERIAL AND METHODS

Magnetic field/field-gradients generation

Experiments with cultured macrophages were carried out, using a pair of permanent neodymium-iron-boron (NdFeB) flat planar magnets to generate the desired magnetic-field patterns. The magnets' dimensions were 5 mm by 10 mm by 1.9 mm, and they were zinc-plated and axially magnetized in a direction perpendicular to the 5-mm by 10-mm plane (Digi-Key, ND105236). Two combinations of the magnetization direction were selected for the planar alignment of two identical magnets: a parallel NS-NS and anti-parallel NS-SN configuration.

The adjacent surfaces of the magnets were highly polished and, by using custom-made nonmagnetic tools, they were framed together with no gaps left between their surfaces. The magnets used in experiments had the following parameters: remanence magnetization B r (min) 1.24 T, coercivity H cB (induction curve) 950 kA/m, and coercivity H cJ (polarization curve) 1750 kA/m. A fiber-epoxy G-10 material was used to make a holder for the chamber slide containing macrophages in culture medium and generating a magnetic-field NdFeB magnet structure. A 0.1mm-thick cover glass separated the macrophages from the magnets. A custom-made chamber slide containing macrophages in culture medium was placed atop the NdFeB magnets. The replacement of a 1-mm-thick standard microscope slide with a much thinner (0.1-mm thick) cover glass allowed us to decrease the distance between the magnetic structure and the macrophages, which settle and grow on the bottom surface of the chamber.

Magnetic-field simulations of the magnetic field, magnetic-field gradient and magnetic-force distribution were carried out to analyze the forces exerted by the gradient field on the macrophages. All calculations were performed using the magnetic-fields module of COMSOL Multiphysics 5.0, an interactive full-wave, finite element-based software package [START_REF] Multiphysics | User's guide[END_REF]. AC/DC and Mathematics software modules were employed for the calculations. Also, Ansoft (Maxwell) similar numerical method software was used for some simulations. The magnets' geometry, material parameters, and field boundary conditions were selected according to the experimental magnet configuration and used magnetic materials. The magnetization strength of the 2 permanent magnets used in experiments was defined through their known remanence and coercivity values. The geometry of the magnets' configuration was modeled so as to be very close to the experimental setup dimensions, as shown in Figures 1 and2.

The magnetic field is calculated in a magnetostatic configuration. The magnetic-field gradient is obtained by taking the derivative of the z-component of the B-field. As the last step, from the formula , the magnetic field was calculated, using the field calculator option in the Maxwell software.

To keep magnets as close as possible to the cells, we modified chamber slides, replacing the existing microscope slide with a much thinner microscope cover glass. The 1-well chamber slides were modified as follows: the chamber was detached from the microscope slide, and all silicone was removed. The indented edges of the chamber were coated, using the wooden end of a Q-tip, with Dow Corning high-vacuum grease; and the chamber was firmly attached to the 24x60-mm microscope cover glass. The thusly constructed chamber slide was placed in a holder containing magnets (or without magnets present for control purposes) and sterilized with 70% ethanol in a cell-culture hood for 3 days before use. Just before seeding the macrophages, we removed the ethanol and rinsed the chamber slides 3 times with sterile PBS and once with Modified Eagle Medium.

Animals and peritoneal macrophages

Generation of RhoA-deficient Lyz2 Cre+/-RhoA flox/flox mice was described previously [START_REF] Liu | Dissonant response of M0/M2 and M1 bone-marrow-derived macrophages to RhoA pathway interference[END_REF]. Committee and animal protocol AUP-0317-0006 (IS00003962), entitled, "Tolerance Induction in a Rodent System" was used. Mice euthanasia was performed according to the TMHRI Euthanasia of Rodents Procedure, by isoflurane overdose via a vaporizer inhalation, followed by cervical dislocation and thoracotomy to ensure death.

Peritoneal macrophages were collected in PBS from the peritoneal cavity of euthanized C57BL/6 (wild-type) or RhoA-deficient Lyz2 Cre+/-RhoA flox/flox (RhoA KO) mice. The collected cell suspension was centrifuged at 1700 RPM for 5 min, supernatant was discarded, and the cells' pellet was resuspended in Dulbecco Modified Eagle Medium supplemented with 10% FBS, 100U/mL penicillin and 100ug/mL streptomycin. The macrophages from C57BL/6 mice were seeded in the magnets' chamber slides. For control, the C57BL/6 macrophages were grown on slides without magnets. The macrophages from RhoA KO mice were seeded only on chamber slides without magnets.

After overnight incubation at 37° and 5% CO 2, the medium was replaced with fresh medium.

After another overnight incubation, macrophages were fixed in chamber slides.

Fixation, actin, vinculin, Golgi and TRPM2 staining

Macrophages were fixed in chamber slides in 1% formalin in 1 x PBS with 0.05% Triton for 

Western blotting

Macrophages collected from chamber slides were pelleted for 5 min at /3200-rpm centrifugation, resuspended in 1× loading buffer with Halt™ Protease Inhibitor Cocktail and boiled for 5 min. The lysates were resolved on SDS-PAGE and blotted (Trans-Blot® Turbo™)

to an LF PVDF membrane. Blots were blocked in 5% fat-free milk in TBST at room temperature for 2 hrs. Subsequently blots were incubated with primary antibodies (GAPDH, Cell Signaling

Technology at 1:1000 dilution, Arg-1, R&D systems, at 1:5000 and iNOS, eBioscience, at 1:5000 dilution) in blocking solution, overnight at 4°. After washing 3 times (20 min each wash) in TBST, blots were incubated with 1:5000 dilution of secondary antibodies (Goat anti rabbit HRP, Santa Cruz, Rabbit anti-Sheep IgG (H+L) HRP, Invitrogen™, and Goat antirat HRP, Santa Cruz), washed 3 times (20 min each wash) in TBST; and protein bands were visualized on X-ray film, using GAPDH-SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher) or Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore).

RESULTS

Magnetic-field generation

Two different configurations of each pair of the magnets were used for experiments: NS-NS and NS-SN, where N and S are north and south magnetic poles, respectively. However, results presented in this article, for consistency, were selected only for the NS-SN configuration. In this configuration, due to a much higher gradient above the interface between the 2 magnets, a proportionally stronger influence of the magnetic field compared with the parallel configuration was observed. In Figure 1, 2D simulations of the magnetic field, magnetic-field gradient and magnetic force are shown.

Calculations were done for the NS-SN configuration, along the y-axis. Simulations presented in Figures 1A, 1B and 1C indicate that, above the interface of the 2 polarized in opposite directions magnets, there is a very steep gradient due to a large change of field magnitude along only a 200-300-m distance. Also, steep gradients exist on both magnets' edges. A plot of mechanical force acting on the macrophages placed above the magnets is shown in Figure 1D. It can be seen that the force distribution map follows the gradient magnitude change.

Figure 2 shows the locations of the most characteristic areas above magnets, where highly elongated and magnetic-field-unaffected macrophages were observed.

For the elongated case, 2 such locations were selected, the first above the magnets' interface, where the maximum gradient was created, and the second close to the magnet corners along the diagonal line of the whole structure. In the first and second locations, the longest macrophages and waves of long-range, aligned, elongated macrophages were observed. The calculated distribution of the magnetic field-induced-force component present above the magnets is also marked.

Analysis of macrophage phenotype

For our experiments isolated peritoneal M0 macrophages from C57BL/6 mice were seeded on modified chamber slides with the cover glass bottom placed on magnets (see Material and Methods) and grown for 48 hr. For control the C57BL/6 macrophages were grown on slides without magnets. Subsequently, macrophages were fixed; stained for actin, vinculin (focal adhesion marker) and Golgi complex with GM130 protein Golgi marker; and analyzed by fluorescence microscopy. The morphology of macrophages and Golgi and vinculin staining were compared to that of RhoA-deleted macrophages, which were grown without magnets.

Phenotype of macrophages exposed to a magnetic field

When we looked at distribution of actin-stained macrophages on the slides, we found that, while macrophages grown without magnets had uniform distribution on the slide surface (Figure 3A, B), the macrophages grown on magnets were aligned in distinct rows or waves and extremely elongated within these rows (Figure 3C,D,E).

The calculation of the number of elongated macrophages within 2 mm 2 areas (from 5 different magnet setups) within the rows shows that there is a statistically significant difference in the number of elongated macrophages counted on the magnet and outside the magnet (Figure 3F).

Analysis of macrophage morphology showed that macrophages grown in control chambers without magnets were slightly elongated, with an average length around 50 m (Figure 3A,B and Figure 4B). In contrast, macrophages grown on magnets had an extremely elongated tail and average length > 150 m (Figure 3E, F; Figure 4 A,C). A degree of this extreme elongation was very similar to the elongation of the hummingbird phenotype macrophages with deleted RhoA (Figure 4 A,D).

Analysis of focal adhesions and Golgi complex in magnetic field-exposed macrophages

We showed previously that the hummingbird phenotype of RhoA-deleted macrophages was caused by inability to disassemble vinculin-rich focal adhesions in the macrophage tail [START_REF] Liu | Dissonant response of M0/M2 and M1 bone-marrow-derived macrophages to RhoA pathway interference[END_REF]. To see if a similar mechanism was responsible for elongation of macrophages grown on magnets, we immunostained them with anti-vinculin antibody.

Figure 5 shows that in control macrophages vinculin-positive staining was concentrated in the macrophage body, around the nucleus and in the area occupied by the podosomes (Figure 5A-C).

In magnet-grown macrophages vinculin staining was present in the macrophage body; in the podosome area; and, surprisingly, also in the nuclei (Figure 5 Golgi staining showed that in control macrophages the Golgi complex was very compact and situated in close vicinity to the nucleus (Figure 6A). In contrast, macrophages grown on magnets showed vesicular GM130 staining in the cytoplasm of the cell body and complete absence of a defined Golgi complex (Figure 6B). In comparison, in the RhoA-deleted macrophages Golgi staining was highly diminished, but some of the staining was still present in the vicinity of the nucleus (Figure 6C).

All these observations indicate that the applied magnetic field had a profound effect on the macrophage actin cytoskeleton and actin-dependent molecules and structures, such as vinculin (focal adhesions) and the Golgi complex.

Molecular-marker expression in magnetic field-exposed macrophages

Western blot analysis with anti-iNOS and anti-Arg-1 antibodies, which are the markers of M1 and M2 macrophage subtypes, respectively, showed that, while control and magnet-grown M0 macrophages did not express the M1 marker iNOS protein, the expression of the M2 marker Arg-1 was highly upregulated in magnet-grown MO macrophages (Figure 7).

This indicates that a magnetic field induced both morphological (elongation) and molecular changes in M0 macrophages toward the M2 (anti-inflammatory) phenotype. Although Arg-1 is the signature marker of M2 macrophages, a low level of Arg-1 expression in MO macrophages is quite common because, although these macrophages are theoretically nonactivated, they often show, depending on the mouse state and environment, some degree of activation.

Cation channel distribution

The TRPM2 (the cation channel transient receptor potential melastatin 2/Transient Receptor Potential Cation Channel Subfamily M Member 2) is a Ca 2+ -permeable cation channel that belongs to the ion transport protein family. Studies in the gastric inflammation mice model showed that TRPM2-deficient macrophages have disrupted Ca 2+ homeostasis and are unable to control intracellular calcium levels, which results in calcium overloading [START_REF] Kashio | Redox signal-mediated sensitization of transient receptor potential melastatin 2 (TRPM2) to temperature affects macrophage functions[END_REF][START_REF] Beceiro | TRPM2 ion channels regulate macrophage polarization and gastric inflammation during Helicobacter pylori infection[END_REF]. Our preliminary data show that macrophages exposed to magnetic field gradient cluster TRPM2 in the vicinity of the nucleus (Figure 8).

Such a clustering may render the channels nonfunctional and disrupt normal Ca 2+ homeostasis.

Because it is known that actin polymerization and organization are Ca 2+ -dependent, such a disruption may cause changes in the macrophage actin cytoskeleton and actin-related functions.

In summary, we showed that the exposure of macrophages to the magnetic field causes macrophage elongation and disrupts actin-dependent molecules and structures, such as the Golgi complex, vinculin (focal adhesions) and receptors. These changes mimic the changes caused by macrophage-specific deletion of RhoA (Figure 9).

DISCUSSION

Two possible forces acting on macrophages can be defined: (i) the Lorentz force, as sketched in Figure 10A, and (ii) the susceptibility buoyance volume force (from Archimedes' principle)

acting on a cell suspended in a buffer medium and subjected to a nonuniform magnetic field, as is shown in Figure 10B.

The Lorentz force will be created due to the magnetic-field interaction with ionic currents in the membrane. Such force will be present in both uniform and nonuniform (inhomogeneous) fields. There are reports about the influence of static magnetic fields on cells where modified cell shape, structural changes in plasma membrane and increased level of intracellular Ca 2+ have been observed. One example of such changes was reported by Chionni et al., [START_REF] Chionna | Cell shape and plasma membrane alterations after static magnetic fields exposure[END_REF] where lymphocytes and U937 cells in the presence or absence of apoptosis-inducing drugs were strongly affected by the presence of a static magnetic field.

The second force leading to interaction of a static magnetic field with cells is caused by the difference between physical characteristics between cells and the cell medium. From Archimedes' principle in the presence of a magnetic -field gradient, there will be force acting on cells. The magnetic energy experienced by a cell placed in a magnetic field can be written as ,

where is the dipole moment, with  and V representing the susceptibility and volume of the cell, respectively, and μ 0 being the permeability of free space equal to 4π x 10 7

H/m. Since the volume of a biological cell is relatively small, we assume that the magnetic field and susceptibility are constant over the cell volume. Rewriting the magnetic energy equation as , and using the magnetic-force equation, defined as , results in the following formula:

(2)

As can be seen from this equation, the magnetic force is dependent on the product of the magnetic induction (in T units) with the magnetic-field gradient (in T/m). Since it is directly proportional to the product of the two, it is often referred to as the "force product"; and it is given in T 2 /m units. This force is a result of magnetic buoyancy and the diamagnetic repulsive forces. The close-to-interface gradient magnitude is estimated as 10 4 T/m, and it is relatively large, but smaller than gradients achieved for periodically patterned structures [START_REF] Kauffmann | Diamagnetically trapped arrays of living cells above micromagnets[END_REF][START_REF] Zablotskii | High-Field Gradient Permanent Micromagnets for Targeted Drug Delivery with Magnetic Nanoparticles[END_REF][START_REF] Gassner | Magnetic forces produced by rectangular permanent magnets in static microsystems[END_REF].

The nature and strength of interactions of electromagnetic fields with cell or tissue mainly depend on electric-and magnetic-field-produced polarizations. The ability to induce such polarizations is measured by electric and magnetic-field susceptibilities. There are significant differences between interactions of both fields with cells/tissue, because for a typical tissue the electric susceptibility is 10 5 -10 6 times larger than the magnetic-field susceptibility; and, as a result, the electric-field presence can cause significant cell/tissue damage, whereas magnetic field interactions with cell/tissue are relatively weak. Cells are mostly diamagnetic and, in principle, when suspended in a nonmagnetic medium, they are expelled by the magnetic field.

However, buffer medium can be either dia-or paramagnetic; and in such a case the response of cells to the presence of a magnetic field [START_REF] Denegre | Cleavage planes in frog eggs are altered by strong magnetic fields[END_REF][START_REF] Eguchi | Cleavage and survival of Xenopus embryos exposed to 8 T static magnetic fields in a rotating clinostat[END_REF] mainly depends on the difference between susceptibilities of the cell and medium. Most biological cells are weakly diamagnetic. The force direction will depend on the sign of the magnetic susceptibility difference . For positive ,

U = V cB 2 / 2m 0 F(x, y, z) = ÑU B 16
cells will be attracted to the highest gradient lines; whereas for the negative sign, repulsion will take place. Our experiments showed that cells are attracted to the highest gradient line (as defined in Figure 10), clearly indicating that macrophages are more diamagnetic than medium.

In Figure 11 we present a plot of the magnetic force calculated for two reverse-polarized (NS-SN) magnets as a function of the x, y position. A good correlation between the calculated directions of magnetic field-induced forces above magnets and experimentally observed alignment of elongated macrophages is shown. Two characteristic locations were selected: the first one above the maximum of the gradient lines between two magnets and the second one close to the magnet corner, where two force components perpendicular to each other exist. These forces are related to the magnets' edge-introduced gradients. Elongated macrophages were observed along the maximum gradient lines and along a diagonal line very close to corners.

The cellular response to external mechanical stimuli results in several induced internal forces, and such forces for the actin network are believed to be in the range of 10 pN to a few nN [START_REF] Giardini | Compression forces generated by actin comet tails on lipid vesicles[END_REF][START_REF] Noireaux | Growing an Actin Gel on Spherical Surfaces[END_REF]. One other force is the adhesion force exerted by the cell to the substrate through focal adhesion, and the magnitude of this force is in the range of 1-100 nN [START_REF] Balaban | Force and focal adhesion assembly: a close relationship studied using elastic micropatterned substrates[END_REF][START_REF] Stricker | Spatiotemporal Constraints on the Force-Dependent Growth of Focal Adhesions[END_REF]. A single protein stretching is reported to require 2-10 pN [START_REF] Grashoff | Measuring mechanical tension across vinculin reveals regulation of focal adhesion dynamics[END_REF], whereas a single stress fiber stretching needs a larger force of 10 nN [START_REF] Deguchi | Tensile properties of single stress fibers isolated from cultured vascular smooth muscle cells[END_REF][START_REF] Zablotskii | Effects of high-gradient magnetic fields on living cell machinery[END_REF]. High magnetic-field gradients interacting with diamagnetic materials cause an effect analogous to microgravity [START_REF] Beaugnon | Levitation of organic materials[END_REF][START_REF] Kuznetsov | Intracellular magnetophoresis of amyloplasts and induction of root curvature[END_REF][START_REF] Yamaguchi | Magnetic Field Effects on Materials: Fundamentals and Applications[END_REF] and produce forces of an order of pN. Estimation of magnitude of such forces in our system is in the same range.

The nonhomogeneous magnetic field generated by our magnets was sufficiently high that the resulting magnetic force applied to peritoneal mouse macrophages caused extreme elongation (hummingbird phenotype) and acquisition of the anti-inflammatory M2 phenotype. This elongated M2-like phenotype mimics the phenotype resulting from the pharmacological (Y27632 inhibitor) or genetic (macrophage-specific deletion of RhoA) interference with the RhoA pathway (4-7). This suggests that application of a magnetic-field gradient may potentially replace the RhoA interference approach to change macrophage phenotype, functions and migration.

Although the elongated phenotype of RhoA-deleted and magnet-grown macrophages is very similar, the mechanism of the extreme elongation in magnetic-versus RhoAinterference seems to be different. In the RhoA interference situation, the elongated macrophages permanently accumulated vinculin-rich focal adhesions in the tail, which caused inability of the tail to detach from the substrate while the front of the macrophage was moving forward [START_REF] Liu | Macrophage/monocyte-specific deletion of Ras homolog gene family member A (RhoA) downregulates fractalkine receptor and inhibits chronic rejection of mouse cardiac allografts[END_REF]. In contrast, the magnetic interference did not result in accumulation of focal adhesions in the tail. Surprisingly, magnetic-field exposure caused aggregation of vinculin in macrophage nuclei. It is known that the cell nucleus contains a pool of nuclear actin that participates in regulation of chromatin status and gene transcription. Thus, it is possible that magnet-induced changes in actin distribution affect not only cytoplasmic but also nuclear actin and by doing so also influence actin-binding molecules such as vinculin, causing its influx into the nucleus. In addition, the effect of a magnetic field on macrophage Golgi differs from the effect of RhoA deletion. Magnetic interference seems to cause dispersion of Golgi staining, while the RhoA-deletion highly reduces Golgi staining. Thus, further studies are needed to establish what cytoskeletal changes are responsible for extreme macrophage elongation during magnetic interference and how they affect subcellular architecture and organelles.

Our preliminary hypothesis is that magnetic-field forces have changed the ionic currents and/or distorted the macrophage membrane. Our preliminary results indicate that magnet-exposed macrophages cluster the cation channel receptor TRPM2. Receptor clustering may render it nonfunctional, which disrupts Ca +2 homeostasis. This, in turn, will affect actin polymerization (which is ion current dependent) and lead to macrophage elongation. Similar clustering of the CX3CR1 receptors (which direct macrophages to the transplanted organs) was observed in RhoA-deleted macrophages) (4-7). Our previous studies showed that, under control conditions, polarization of the M0 macrophage toward the M2 phenotype is accompanied by macrophage elongation, which in turn induces an M2-specific geneexpression pattern [START_REF] Liu | Mouse macrophage polarity and ROCK1 activity depend on RhoA and nonapoptotic Caspase 3[END_REF][START_REF] Liu | ROCK inhibition impedes macrophage polarity and functions[END_REF][START_REF] Liu | Dissonant response of M0/M2 and M1 bone-marrow-derived macrophages to RhoA pathway interference[END_REF][START_REF] Liu | Macrophage/monocyte-specific deletion of Ras homolog gene family member A (RhoA) downregulates fractalkine receptor and inhibits chronic rejection of mouse cardiac allografts[END_REF]. This suggests that, when a macrophage is forced, by application of a magnetic field, to elongate, it will switch on the expression of M2-specific genes such as Arg-1.

We also observed that macrophages were aligned according to the magnetic forces' pattern, as shown in Figures 10 and11. We believe that the rotational magnetic-field forces, due to high diamagnetic anisotropy of elongated macrophages, are responsible for such behavior. In addition, we observed that macrophages were arranged in distinctive rows/waves, in which macrophages closely followed each other. The wound-healing studies showed that fibroblasts form the rows of cells with special ''leader'' cells that drag a column of "follower" cells behind them [START_REF] Omelchenko | Rho-dependent formation of epithelial "leader" cells during wound healing[END_REF][START_REF] Gov | Collective cell migration patterns: follow the leader[END_REF]. These studies showed that the leader cell, which is the first cell that had elongated, reorganized the actin cytoskeleton. These cytoskeletal changes in the leader cell induced cytoskeletal changes and directional movement of the followers. It is possible that a similar mechanism is responsible for the creation of macrophage long rows/waves in response to the magnetic-field force.

The cellular cytoskeleton undergoes extensive rearrangements, not only in healthy cells but also in cancer cells. The deregulation of cytoskeleton structure in many types of human cancer is responsible for the increased divisions and migratory activity of tumor cells and is linked with poor patient outcome. Thus, a magnetic field-initiated transduction technique of introducing local mechanical forces on cells, while developed for macrophages can be adapted and implemented for cancer cells.

Making the surrounding medium/tissue more paramagnetic can increase magnetic force acting on cells. Magnetic resonance imaging contrast agents such as paramagnetic gadolinium can be used to increase magnetic force on cells due to its paramagnetism [START_REF] Winkleman | A magnetic trap for living cells suspended in a paramagnetic buffer[END_REF]. Correlation between biochemical cell processes and cell deformation induced by forces generated by a magnetic-field gradient will lead us to a better understanding of the magnetic-field interaction with the cells. 

Figure 2. Experimental setup.

A sketch describing an experimental configuration of two permanent magnets covered by a very thin glass plate is presented. Three of the most characteristic areas above the magnets, where highly elongated and magnetic-field unaffected macrophages were present, are marked as #1, #2 and #3 rectangular shapes, respectively. #1 refers to the interface where the maximum of the gradient was created, #2 marks an area close to the magnet corners along the diagonal line of the whole structure. #3 marks an area outside of the magnetic field. A calculated distribution of the magnetic field-induced force component present above the magnets is also included here. 

  Breeding and all experiments were performed according to Methodist Hospital Research Institute's animal care protocol and met NIH standards in concordance with the "Guide for the Care and Use of Laboratory Animals" (DHHS publication No. (NIH) 85-23 Revised 1985), the PHS "Policy on Humane Care and Use of Laboratory Animals" and the NIH "Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research and Training." All studies carried out here were approved by Houston Methodist Institutional Animal Care and Use

  30 min at room temperature, washed 3x15 min with PBS-0.05% Tween 20, and blocked overnight at 4 º C in Casein blocker in PBS (Biorad) with 0.05% Tween 20. Subsequently, macrophages were incubated with 1:200 dilution of anti-vinculin-FITC conjugated antibody (Sigma, USA), anti-GM130 (Golgi marker) antibody (Biorbyt or Sigma), anti-TRPM2 antibody ThermoFisher, USA) and rhodamine-phalloidin (Molecular Probes, Eugene, OR; 3 L of methanolic stock solution of 200 U/mL per 200 L of blocking buffer) in casein blocking buffer, in the dark, at room temperature for 3 hr. After washing, the GM130-and TRPM2-bound macrophages were incubated with FITC-conjugated secondary antibodies in blocking solution for several hours. Next, macrophages were washed 3 times, 1 hr each, in PBS-0.05% Tween 20, at room temperature, in the dark, mounted in Antifade with Dapi (Molecular Probes) and observed with a (wide-field nonconfocal) Nikon fluorescent microscope.

  F-I), but in contrast to the RhoAdeleted macrophages (Figure5D, E), was absent in the tail (Fig.5 H, I). Calculation of the number of cells with the nuclear vinculin showed that in magnet-exposed macrophages 95 of the total 136 counted had vinculin present in the nuclei. In contrast, only 2 control macrophages of a total 119 counted had vinculin in the nuclei. The extreme elongation of magnet-grown macrophages and the disruption of their vinculin localization indicate the disruption of the normal actin cytoarchitecture. Because one of the organelles whose organization depends on actin is the Golgi complex, we also stained macrophages with Golgi marker anti-GM130 protein antibody.

Figure 1 .

 1 Figure 1. Magnetic field and magnetic field-induced mechanical force patterns. (A) Theoretically calculated magnetic induction vector component B z in the YZ plane; (B) magnetic-

Figure 3 .

 3 Figure 3. Distribution and phenotype of macrophages on magnets.Distribution and phenotype of M0 macrophages grown on control (A, B) and magnet (C, D, E) slides are shown. Macrophage actin is stained with rhodamine-phalloidin (red). Macrophages grown on slides without a magnetic field applied exhibit roundish or only slightly elongated shapes (A, B). Grown-onmagnets macrophages are significantly elongated, some with an unusually thin tail and overall length
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 456 Figure 4. Hummingbird phenotype of magnet-exposed and RhoA-deleted macrophages.Macrophages stained with rhodamine-phalloidin (red) to visualize actin. (A) Graph shows that the average length of elongated magnet-exposed and RhoA-deleted macrophages (grown without magnets) is very similar; the length differences are statistically nonsignificant (P=0.8425). Control macrophage (B) is slightly elongated, while magnet-grown (C) and RhoA-deleted, grown without magnets (D) macrophages

Figure 7 .

 7 Figure 7. Macrophage markers expression.Western blot analysis of M1 (inflammatory) and M2 (anti-inflammatory) markers' expression with anti-iNOS and anti-Arg-1 antibodies. The control and magnet-grown (Mag 1, Mag 2) M0 macrophages did not

Figure 8 .

 8 Figure 8. TRPM2 distribution in macrophages. Macrophages were stained with rhodamine-phalloidin (red) for actin and with anti-TRPM2 antibody and FITC-conjugated secondary antibody (green). Nuclei were stained with DAPI (blue). (A, B) The control macrophage shows uniform distribution of TRPM2 (arrows) in the cytoplasm of the macrophage body and tail. (C, D) In macrophages exposed to the magnetic-field gradient, the TRPM2 is clustered around the nucleus (arrows) and absent in the tail. Panels A, C are merged images of actin and DAPI

Figure 9 .

 9 Figure 9. The summary of magnet and RhoA-deletion effects on actin and actin-related structures in the M0 macrophages.Diagram of actin and actin-dependent structure changes caused by magnetic-field exposure in
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