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Short Abstract: We describe techniques and methods used to apply direct current (DC) electric fields (EFs) to cell and tissue cultures in order to investigate galvanotaxis/electrotaxis and other cellular responses to DC EFs. 

Long Abstract: 

Small direct current (DC) electric fields (EFs) are present in many biological systems, such as in wounds, and during development and regeneration 1-3


[ ADDIN EN.CITE ]
.  Cells and tissues generate these endogenous EFs by regulating the transport of ions and the electrical resistance of cells and tissues. Ion (charged particle) flux across cell membranes or epithelial/endothelial barriers inevitably produces ionic currents and corresponding EFs.  There is an enduring interest to determine what role these naturally occurring EFs may play on cells, tissues and organisms. Application of EFs induces dramatic directional cell migration and cell re-orientation. The EFs also affect proliferation, gene expression, regeneration and various other important biological phenomena 4-9


[ ADDIN EN.CITE ]
. Application of a DC EF is not a commonly available technique in most laboratories. We have described detailed protocols to the application of DC EFs to cell and tissue cultures previously 10


[ ADDIN EN.CITE , 11]
. We now present a video demonstration of the techniques. We describe detailed protocols on how to make the electrotactic chamber, seed the cells into the chamber, build electrical circuitry, monitor cellular responses, and quantitatively analyze responses.  Some tricks on ensuring success will be given.  
Protocol Text: 

1)  Preparation of Electrotactic Chambers:
Electrotactic chambers are prepared in cell culture dishes (Fig. 1a,b,c). Strips of glass coverslip (2.2 cm × 1.1 cm) are cut from a No.1 cover glass (2.2 cm × 2.2 cm) with a diamond knife. The strips of coverglass are sterilized in an autoclave. To create a glass well into which the cells are seeded, glue four pieces of coverglass together with 3140 silicone. Be sure to align two coverglass strips parallel to each other and perpendicular to the other two to create a rectangular well. The glass wells will dry overnight and should be autoclaved before use. Sterilized silicone grease (DC4) is used to glue two coverglass strips onto the base of the cell culture dish to create the base of the chamber and the glass well is placed on top and held in place with DC4. DC4 is also used to create grease dams at either end of the chamber.1
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2) Preparation of Cells and Tissue Samples: 
Dictyostelium cells will be used as an example. 

Dictyostelium cells are cultured axenically in sterile plastic dishes containing 10 ml HL5 medium, and incubated at 21-23 °C. Cells are sub-cultured when sub-confluent or when they have reached a density of 2-4×106 ml-1, which takes 2-3 days, depending on the strain. 1:100 to 1:200 dilutions are made in fresh medium and added to a new dish. Exponentially growing Dictyostelium cells can be used to test electrotactic responses. 
3) Preparation of Agar-Salt Bridges:

a) The agar-salt bridge is made from a glass tube approximately 13 cm long with an inner diameter of ~3 mm   which is bent into a U-shape by heating in a Bunsen flame. Glass bridges are autoclaved before use.
b) 1.5 % agar is dissolved in Steinberg’s solution by heating and continuously stirring on a hot plate.

c) Glass bridges are filled with agar gel using a disposable plastic Pasteur pipette creating one continuous flow of agar to prevent air bubbles. The agar will solidify in ~2–5 min depending on temperature.
d) On cooling, the agar gel contracts slightly so it is helpful to add a couple of additional drops onto each end to ensure the agar can contact the medium in the reservoirs and the saline solution in the beakers.
4) Completion of the Electrotactic Chamber:
Once the cells are sufficiently confluent the glass well is removed and replaced by a coverglass slide, pressed down onto the strips that make up the edges of the chamber, using DC4, to create a roof. The reservoirs at each end of the chamber are filled with medium. Two holes are made, one at either end, on the lid of the tissue culture dish by heating the end of a glass tube in a Bunsen flame to melt holes in the plastic.
5) Completion of the Electrical Circuitry:

  The electrotaxis chamber is placed on the microscope stage. The chamber is aligned so that the cathode and anode are on the left and right, respectively. This ensures that the EF vector runs horizontally as viewed down the microscope and recorded in the imaging system. 
a) Set the power supply to the off position.

b) Connect the power supply positive and negative outputs to the silver/silver chloride wires in the beakers of saline.
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c) Place the agar bridges to connect the beakers to each end of the electrotaxis chamber. Freshly prepared agar bridges are suggested for each experiment. Use an LED light to check whether the electrical connections are creating a complete circuit or not, before proceeding to the next step (Fig. 2a,b).
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6) Application of a Direct Current Electric Field:
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a) Place two measuring electrodes in the developing buffer reservoirs at the ends of the electrotaxis chamber (Fig. 3). 
b) Set the voltage dial on the power supply to minimum and turn on the power supply.

c) Slowly turn up the voltage until the required voltage is read on the meter. The actual output from the power supply will be much higher than this due to the voltage drop caused by the resistance in the beakers of saline and the agar bridges.

d) Adjust the strength of the EF to any desired level during the experiment. Measure the voltage across the chamber regularly to avoid fluctuation.

e) If required, add fresh medium, drugs, or chemical agents via the reservoirs at the ends of the chamber. 

7) Imaging Cell Migration in an Electric Field:

a) Adjust the orientation of the electrotaxis chamber so that it is aligned with the microscope stage, with the anode and cathode at the left and right, respectively, so that the EF vector flows horizontally as viewed down the microscope. 

b) View the cells in the electrotaxis chamber under the microscope and then find the optimal field(s) for time-lapse imaging. 

c) Select the time interval you want between acquisition of images, and the total length of the experiment (or total number of images) in the programmable image acquisition software. Time-lapse recordings are made at 1 min intervals for Dictyostelium cells.
8) Secrets of Success: 

Sterile technique is required in all procedures in this experiment. Any infection will influence the result. To keep Dictyostelium cells healthy, optimal temperature, CO2 concentration, cellular density, and fresh medium should be maintained. In order to obtain a great experimental result, a suitable voltage and time scale is very important, for too weak a voltage or a short time scale, will not produce significant migration, so we often apply a field strength of 100 mV/mm for 30min to 1 hours. In the process of electrotaxis chamber manufacture, use silicon glue to tightly fix the two slides being 2.2 cm in length and 1.1 cm in width to the central area of the dish. Their distance apart should be ~1 cm. If multiple position recording is required, make sure the cables connecting the beakers and the power supply are free to move with the stage. Maintaining a closed DC electrical circuit is essential and an LED can be used to indicate a continuous current.

Challenging steps:
a) Chamber Construction: When constructing the chamber, be sure that all parts are tightly connected with each other, in order to prevent leakage of medium out of the chamber. When cutting the glass strips, be careful to avoid being cut. Strips are glued to the base of the dish. Strips will be damaged if too much or uneven pressure is applied, so be gentle when gluing them to the bottom of dish with DC4.  

b) Agar-Salt Bridge Preparation: When the temperature of the agar gel drops to room temperature, its viscosity increases and air bubbles often are trapped in the glass tube. When air bubbles emerge in the agar salt bridge it should be placed into a breaker of water and boiled. During boiling the agar gel in the bridge melts and the bridge is empty and clean. The glass tube is then ready to be autoclaved and filled with fresh melted agar.

c) Complete and well connected circuitry: The many places of connection in the circuit may get lose, the current flow through the chamber may fluctuate or completely cut off. Then the cells will not be exposed to electric fields/currents at all. We have developed a easy technique to monitor the connection, namely using LED light in the circuitry.

d) Quantitative Analysis of Cell Migration: We use the following methods to analyze and quantify directional cell migration, migration rate, and cell directedness. Directedness and migration rate are quantified by tracing the positions of cell nuclei. Time-lapse images are imported into ImageJ. Cell tracks are marked by using the MtrackJ tool and plotted. We mainly use two parameters to quantify cell migration. The directionality of electrotaxis is calculated as the cosine value of the angle the cell moves at relative to the EF vector. A cell moving perfectly directly toward the cathode will have Directedness of 1, whereas a cell moving away from the anode will have Directedness of -1. Randomly moving cells will have an average directional migration of zero (see Fig.4). For migration speed we use trajectory and displacement speeds. Trajectory speed is the total distance a cell traveled divided by time. Displacement speed is the straight-line distance between the start and end points divided by time. Elongation of cells is given by a long:short axis ratio. Reorientation of cells is given by an orientation index (Oi) calculated by the equation Oi=cos2θ where θ is the angle of the long axis of the cell relative to the EF vector.
Troubleshooting:
Problem: After applying the EF to the electrotactic chamber the voltage meter cannot detect a voltage between the two bridges. Solution: Slides should be nearer to the bottom of chamber or agar bridges may need changed.

Problem: Unstable voltage across the chamber. Solution: Change to new electrodes.
Problem: The operator may be injured when heating the glass tube in the Bunsen ﬂame. Solution: Wear protective glasses and heat-resistant gloves.

Problem: When agar gel is heated up it may splash form the container. Solution: Put the agar gel in a bigger breaker.
Problem: Electric current is discontinued. Solution: Install an LED in the circuit and the luminous LED indicates a continuous electric current.
Problem: pH of the medium changes too quickly. Solution Add sufficient medium to the reservoirs.

Problem: Temperature of the chamber increasing too quickly. Solution: Add sufficient medium to the reservoirs.

Problem: Medium leaks onto the coverslip roof. Solution: Extend the DC4 dams onto and across the coverslip roof.

Problem: Cells become infected during EF exposure. Solution: Do all preparations in as sterile conditions as possible and minimize the size of the holes on the lid for the agar bridges. Also change agar bridges frequently.
Representative Results:
We use the following methods to analyze and quantify directedness and migration rate. Directedness and migration rate are quantified by tracing the positions of cell nuclei. For each field of view photographed during the experiment, a “movie” or “image stack” is made consisting of all of the images taken at that field of view. This movie shows the movement of the cells in that field of view during the experiment. Individual images can be taken out for a montage to show cell migration. For cell-tracking analysis, each cell, at the starting point (time zero) of EF application, is assumed to be at the origin of a theoretical graph, with the X axis parallel to the field direction (Fig. 4).


Discussion:
We describe the preparation of an experimental system to allow the application of an EF to cells or tissues, using Dictyostelium as an example, and methods to quantitatively analyze cellular responses to the EF.  
Possible Modifications:
a) If a component with an LED and alarm could be constructed this could not only indicate a continuous current as the LED alone does, but could also give an audible warning if the circuit is broken. This could be helpful to our experiment. 

b) Electrotactic chamber size can be modified to accommodate however many cells are required, e.g. for Western blot analysis many cells will be required and therefore longer cover glass strips (50 x 11 mm2) should be used and cut to the desired size.
Applications:
The applied DC EF system has proven to be very efficient and stable, and we have used it to study cellular responses to endogenous electrical activities in a variety of cell types. This experimental system may also be modified to study the effects of EFs on wound healing in epithelial tissue from skin or cornea, and also to study the effects of EFs on angiogenesis in the aortic ring or chick CAM, and possibly genetic effects in the chick embryo.
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Fig. 4. Analysis and quantification of cell migration. A schematic diagram shows the method for calculation of migratory directedness of a cell. The cell begins at the starting point at time zero. If the cell moves directly toward the cathode (in this case to the left), the angle q between the line of directionality and the field line is 0; therefore, cos((0p)/180) = 1. If the cell moves perpendicular to the field line, the angle q is 90, and cos((90p)/180) = 0. If the cell moves toward the anode on the right, the angle q is 180, cos((180p)/180) = −1. The average directedness value of a group of cells (n = cell number) gives a quantification of how directionally the population of cells migrated in an EF: Mean directedness = Sn(cos((qp)/180))/n. Scatter plots can be created to show positions of cells after certain time points in an EF, with the start points of all the cells placed at the origin in the center.
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