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Abstract

Many eukaryotic cells can detect gradients of chemical signals in their environments and migrate accordingly 1. This guided cell migration is
referred as chemotaxis, which is essential for various cells to carry out their functions such as trafficking of immune cells and patterning of
neuronal cells 2, 3. A large family of G-protein coupled receptors (GPCRs) detects variable small peptides, known as chemokines, to direct cell
migration in vivo 4. The final goal of chemotaxis research is to understand how a GPCR machinery senses chemokine gradients and controls
signaling events leading to chemotaxis. To this end, we use imaging techniques to monitor, in real time, spatiotemporal concentrations of
chemoattractants, cell movement in a gradient of chemoattractant, GPCR mediated activation of heterotrimeric G-protein, and intracellular
signaling events involved in chemotaxis of eukaryotic cells 5-8. The simple eukaryotic organism, Dictyostelium discoideum, displays chemotaxic
behaviors that are similar to those of leukocytes, and D. discoideum is a key model system for studying eukaryotic chemotaxis. As free-living
amoebae, D. discoideum cells divide in rich medium. Upon starvation, cells enter a developmental program in which they aggregate through
cAMP-mediated chemotaxis to form multicullular structures. Many components involved in chemotaxis to cAMP have been identified in D.
discoideum. The binding of cAMP to a GPCR (cAR1) induces dissociation of heterotrimeric G-proteins into Gγ and Gβγ subunits 7, 9, 10. Gβγ
subunits activate Ras, which in turn activates PI3K, converting PIP2 into PIP3 on the cell membrane 11-13. PIP3 serve as binding sites for proteins
with pleckstrin Homology (PH) domains, thus recruiting these proteins to the membrane 14, 15. Activation of cAR1 receptors also controls the
membrane associations of PTEN, which dephosphorylates PIP3 to PIP2 

16, 17. The molecular mechanisms are evolutionarily conserved in
chemokine GPCR-mediated chemotaxis of human cells such as neutrophils 18. We present following methods for studying chemotaxis of D.
discoideum cells. 1. Preparation of chemotactic component cells. 2. Imaging chemotaxis of cells in a cAMP gradient. 3. Monitoring a GPCR
induced activation of heterotrimeric G-protein in single live cells. 4. Imaging chemoattractant-triggered dynamic PIP3 responses in single live cells
in real time. Our developed imaging methods can be applied to study chemotaxis of human leukocytes.

Video Link

The video component of this article can be found at https://www.jove.com/video/3128/

Protocol

1. Preparation of chemotactic competent cells of Dictyostelium discoideum

1. To generate D. discoideum cells that are chemotactic to the chemoattractant cAMP, harvest cells growing in D3-T rich media from a shaking
culture at 22°C.

2. Wash the cells twice in non-nutrient developmental buffer (DB buffer containing 5 mM Na2HPO4, 5 mM KH2PO4, 2 mM MgCl2, and 0.1 mM
CaCl2).

3. Re-suspend cells in DB buffer at a density of 2x107 cells/ml.
4. Shake 10 ml cells in a 250 ml flask at 100 rpm at 22°C for one hour.
5. Deliver 100 μl of 7.5 μM cAMP stock to the 10 ml cells every six minutes over 6 hours to achieve a final concentration of 75 nM cAMP,

a process designated as cAMP pulsing treatment. After 5-6 hours of cAMP pulsing treatment, D. discoideum cells become chemotactic
competent toward cAMP gradient.

6. Collect cells by centrifugation at 200 g for 5 min and then resuspend cells with DB buffer containing 2.5 mM caffeine, and shake at 200 rpm at
22°C for 20 min to basolate cell to a chemotactic situation.

2. Imaging chemotaxing cells in a visible and manipulatable chemoattractant gradient

1. Backfill a micropipette with a freshly prepared 30 μl solution of 1 μM cAMP and Alexa 594 at 0.1μg/μl in DB buffer.
2. Attach the Femtotip to a micropipette holder and connect the tubing to a pressure supply apparatus, Eppendorf FemtoJet system.
3. Attach the micropipette assembly to a micromanipulator (Eppendorf TransferMan NK2) motorized micromanipulator to provide a steady

pressure in order to establish a stable gradient.
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4. Mount a one-well LabTek chamber filled with 6 ml of DB buffer over a 40X oil lens on a confocal microscope and use bright-field optics, center
the Femtotip into the field of view.

5. Turn on the pressure supply and set the compensation pressure (Pc) for 70 hPa to establish a gradient of the cAMP/Alexa 594 mixture.
6. Visualize cAMP gradient by monitoring the mixture of desired concentration of cAMP and Alexa 594 fluorescence using excitation with a 543

nm laser line.
7. Use auto-positioning function of the micromanipulator to put micropipette to the desired positions and set them as Position 1, Position 2, and

Position 3 to manipulate the gradient to which cell are exposed to.

3. Immobile nonpolarized cell system facilitates imaging signaling events involved in cAMP
gradient sensing

1. After caffeine treatment, remove an aliquot of cells and centrifuge at 500g for 3 min.
2. Remove buffer and dilute cells to 5x105 cells/ml with fresh DB buffer containing 2.5 mM caffeine.
3. Apply 1 ml of cell suspension to a single-well chamber or 0.4 ml to each well of a four-well chamber.
4. Allow cells to adhere for 10 min, carefully pipette off the buffer to remove unattached cells and replace with the same volume.
5. Locate the desired cells under microscope and start imaging.
6. For an experiment designed to monitor dynamics of signaling components in the cells exposing to a steady gradient, treat the cells with 5.0

μM (final concentration) Latrunculin B for 10 min prior to the experiments.

4. Simultaneous monitoring heterotrimeric G protein activation and PIP3 production

1. cAMP pulsing develop cells co-expressing GαCFP and YFPGβ (G cells) and cells expressing PIP3 indicator PH-GFP (PH cells) 7.
2. Mix these two types of cells with 1:1 ratio and plate them in one-well or 4-well chambers.
3. Create and save the emission fingerprint reference curve CFP, YFP and GFP using Lambda Stack Acquisition mode within the spectral range

from 464 to 624 nm with a 10 nm width.
4. Simultaneously image G protein activation in G cells and PIP3 production in PH cells using with same Lambda Stack Acquisition mode within

the spectral range from 464 to 544 nm with a 10 nm increments.
5. Apply Linear Unmixing function of Zeiss 510META software using saved CFPand YFP and emission fingerprints to mathematically calculate

the contribution of each fluorophore in the Lambda Stack to separate the CFP and YFP intensity into individual channels in G.
6. With the same strategy, apply Linear Unmixing function using saved GFP and background emission fingerprints to mathematically calculate

GFP intensity in PH cells.

5. Representative results:

1. An excellent model system of D. discoideum for GPCR mediated chemotaxis. A social amoeba, D. discoideum exhibits a striking
chemotaxis during the life cycle. Due to its genetic and biochemical advantages, D. d provides a powerful system to study chemotaxis.

2. Chemotaxis of cells under a visible and manipulatable chemoattract fields. Here, we first show a simple methodology to obtain a linear
relationship between cAMP concentration and the intensity of a fluorescent dye Alexa 594 by a dilution series of 2 μM cAMP mixed with 10
μg/mL Alexa 594 (Fig. 2A). Next, we provide an easy way to visualize the gradient, moreover, to establish a quantitative measurement of
cAMP concentration of a gradient by the intensity of Alexa 594 (Fig. Fig. 2B).

3. Cell motility is uncoupled with cell polarization and directional sensing.  An actin polymerization inhibitor eliminates pre-existing
morphological polarity and also prevents cell movement while maintaining the cells' capability of directional sensing (Fig. 3A). Employment
of visible and manipulatable cAMP stimulation guarantees the input, for example uniformly applied stimulations or a gradient. This method
allows a quantitative analysis of cAMP-induced redistribution of key signaling components in the gradient sensing machinery. Measured
spatiotemporal dynamics of these signaling components allow us to understand how the signaling network achieves adaptation to uniform
stimulations while generating polarized biochemical responses to gradients (Fig. 3B).

4. Systemic measurements of kinetics of chemosensing signaling network upon exposure to a steady gradient.  It is critical to measure
the dynamics/kinetics of directional-sensing signaling components to understand how each component contributes to the establishment of
intracellular polarization when cells experience first gradient. Application of live cell imaging with a high tempo-spatial resolution, we first show
a biphasic PIP3 production of cell which is exposed to a steady cAMP gradient (Fig. 4A-C). Applying live cell imaging, we have systematically
measured dynamics of directional-sensing specific signaling network from cAMP stimulation to PIP3 production (Fig. 4D, E).

5. Simultaneous monitoring heterotrimeric G protein activation and PIP3 production upon uniformly applied cAMP stimulation. Förster
resonance energy transfer (abbreviated FRET) provides an efficient approach to monitor heterotrimeric G protein activation (dissociation)
upon cAMP stimulation. Here, we described an convenient easy-adopt system for a simultaneous measurement of heterotrimeric G protein
activation and PIP3 production by monitoring the FRET change and membrane translocation of PIP3 probe, PH-GFP in G and PH cells,
respectively (Fig. 5). A uniformly applied cAMP stimulation triggers a persistent G protein activation while which triggers a transient PIP3
production.
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Figure 1: An excellent model system of D. discoideum for GPCR mediated chemotaxis. A. Scheme shows a brief signaling pathway of
directional sensing. B. cAMP gradient induces rapid chemotaxis of D. discoideum cells. Cells express PIP3 probe, PH-GFP (Green). Gradient
(Red) is visualized by Alexa 594. Scale bar=50μm.
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Figure 2: Chemotaxis of cells under a visible and manipulatable chemoattract fields. A. Graph shows a linear relationship between cAMP
concentration and the intensity of a fluorescent dye Alexa 594 by a dilution series of 2 μM cAMP mixed with 10 μg/mL Alexa 594. B. Quantitative
measurement of cAMP concentration of a gradient by the linear relationship of cAMP concentration and intensity of fluorescent dye Alexa 594 in
A.
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Figure 3: Cell motility is uncoupled with cell polarization and directional sensing. A. Image shows that immobile cells by the treatment of
actin polymerization inhibitor Latrunculin B maintain the capability of directional sensing. Cells express PIP3 probe, PH-GFP (Green). Gradient
(Red) is visualized by Alexa 594.  B. Manipulatable cAMP stimulation and immobile cell system allows to address key questions of directional
sensing. Scale bar=10μm.

 

Figure 4: Systemic measurements of kinetics of chemosensing signaling network upon exposure to a steady gradient. A. Montage
shows a biphasic PIP3 production (Green) of cell which is exposed to a steady cAMP gradient (Red). B. Image shows the regions of interests
(ROIs) for measurement of kinetics of PIP3 production presented in C. C. Kinetics of PIP3 production in the cells exposed to a steady gradient. D.
Scheme shows the signaling network of directional sensing from cAMP stimulation to PIP3 production. Their kinetics upon exposure to a steady
gradient is presented in the same color solid lines in E.

 

Figure 5: Simultaneous monitoring multi-events of GPCR signaling networks. A. Scheme shows simultaneous measurement of
heterotrimeric G protein activation and PIP3 production by monitoring the FRET change and membrane translocation of PIP3 probe, PH-GFP
in G and PH cells, respectively. B. Montage of rainbow images of G and PH cells shows that a uniformly applied cAMP stimulation triggers a
persistent G protein activation at the cell peripheral, while which triggers a transient PIP3 production. The time points are before (0s) and after
stimulation for 4.9s, 10.2s and 20.4s. C. Kinetics of G protein activation and PIP3 production upon a uniformly applied cAMP stimulation.

Discussion

The processes of reaching chemotactic competent stage of cells

For wild type D. discoideum cells, it takes about 5 ˜ 6 hours pulsing development at room temperature to induce them into a well-chemotactic
competent stage during which cells display a well polarized cellular morphology and rapid cell migration (Fig. 1). Several factors, such as cAMP
concentration for pulsing, temperature, and different genetic backgrounds, may affect the process of reaching chemotactic competent stage. A
cAMP gradient guides the cells to move toward the source of cAMP, a directed cell migration designated as chemotaxis. However, cells that have
not reached the chemotactic competent stage due to insufficient development or their genetic background may not show two typical features:
polarized morphology and rapid cell movement. On the other hand, cells that have passed the chemotactic competent stage because of over-
development often form clumps of the cells, which are very difficult to separate into individual cells for imaging experiments..
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1. Imaging chemotaxing cells in a visible and manipulatable chemoattractant gradient

It is a technical advance to apply fluorescently labeled and manipulatable chemoattractant stimulation into an experimental system. Historically,
we had applied either homogenously applied stimulation (also called uniform stimulation) or gradient stimulation to observe cell morphology and
behaviors. However, an "blind" stimulation shows no tempo-spatial information on how the stimuli reaches cells, therefore casts doubts on any
"abnormal" observations of cell responses. Here, we show an application of fluorescent dye (Alexa594, Molecular Probe) with chemoattractant
to establish a linear relationship between the concentration of chemoattractant and intensity of monitored fluorescent day and (Fig. 2A, B). An
acquisition combination of green fluorescent protein (GFP) and a red emission of fluorescent dye (Alexa594) which allows us to monitor both a
stimulation and cell responses upon this stimulation (Fig. 2C).

According to the experimental requirement, there are more combinations available. While considering a new fluorescent dye, it is critical to
confirm the fluorescent is suitable for your experiment, especially for a gradient experiment, it is important to confirm the diffusion co-efficiency of
your stimuli and fluorescent dye. Also, in order to obtain a linear relationship of stimuli concentration and intensity of the mixed fluorescent dye, it
is necessary to acquire the maximum concentration of stimuli without saturation of intensity.

2. Immobile nonpolarized cell system facilitates live cell imaging

Chemotaxis is a complicated cellular process; however, it can be dissected into three basic aspects: cellular polarization, motility, and directional
sensing. Morphologically, the polarization of the a is referred to a clearly defined leading front and trailing end of a cell. Many signaling
components involved in chemotaxis localize in either the fornt or the back in a polarized cells. Directional sensing is the capability of a cell to
translate an extracellular gradient into a polarized intracellular biochemical polarization. As shown in Fig. 3A, the treatment of cells with actin
polymerization inhibitor (Latrunculin B) rapidly eliminates cell motility and its original polarization. Strikingly, cells are still able to establish an
intracellular polarization, such as an accumulation of PIP3 in the front of the cells facing the gradient (shown as a crescent by PIP3biosensor,
PH-GFP), indicating that directional sensing of the cells can be uncoupled from cell polarization and cell motility. This non-polarized cell system
allows us to determine the kinetics of signaling components essential for chemosensing without the complication of cell motility and previous
polarization. Pro and con, the treatment of actin polymerization inhibitor abolishes all the dynamics that dependents on actin-cytoskeleton.

3. Monitoring signaling network by multi-spectral live cell imaging

Engagement of cAMP to its receptor triggers activation of heterotrimeric G protein. As a subsequently, Gβγ subunit dissociates from Gα subunit
and activates downstream effectors to induce cell responses such as PIP3 production. Technical advances on tempo-spatial resolution of
fluorescent microscopy allow a simultaneous imaging of several signaling events at subcellular level in live cells. In this section, we first show
a simultaneous imaging of two signaling molecules along with monitoring cAMP gradient (Fig. 4A). Next, we present spectral imaging of G
activation and its downstream cell response of PIP3 production (Fig. 4B). Förster resonance energy transfer (abbreviated FRET), also known
as fluorescence resonance energy transfer, resonance energy transfer (RET) or electronic energy transfer (EET), is a mechanism describing
energy transfer between two chromophores. There are three criteria for occurrence of FRET: overlap of donor emission and acceptor excitation,
appropriate orientation, and short distance (<10 nm). The distance/orientation requirement of two molecules facilitates FRET to be an efficient
way to detect protein-protein interaction or intromolecular conformation change of a protein. Here, we used the common used CFP/YFP
FRET pair (Gα-CFP/Gβ-YFP) to monitor the dynamic dissociation of G protein α/βγ subunits in live cells. As a clever experimental design we
described here is to mix two different types of cells in order to simultaneously monitor both G protein activation and PIP3 production when it is
not convenient to measure all dynamics in one cell.
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