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Abstract
Many signaling events involve the translocation of signaling molecules to or from the plasma membrane;
however, suitable techniques to quantify the temporal relationships between such signaling events are lacking.
Here, we describe an evanescent wave microscopy technique that allows parallel measurement of the recruitment
and dissociation of cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) labeled proteins to and
from the plasma membrane in individual living cells. The selective excitation of fluorescence in a zone less than
100 nm above a cover glass enables selective imaging within the plasma membrane of adherent cells, with
markedly improved resolution, lower background, and minimal phototoxicity compared to confocal microscopy
and other microscopy-based assays. In the microscope design we have developed, the beams from heliumcadmium (442 nm) and argon (514 nm) lasers are merged and focused through a dove prism at an angle that
yields total internal reflection. In this configuration, evanescent wave-excited fluorescence at the glass-water interface can be detected with either high or low magnification, to allow for high-resolution imaging or the study of
many cells in parallel. We applied this technique to make parallel measurements of the time-course of insulintriggered activation of phosphatidylinositol 3-kinase (PI3K) and GLUT4 glucose transporter insertion into the
plasma membrane of individual differentiated 3T3L1 adipocytes using a phosphatidylinositol-3,4,5-trisphosphate
[PI(3,4,5)P3]-binding pleckstrin homology domain fused to CFP, and GLUT4 conjugated to YFP. The technique
should have wide applicability to various cell types and diverse signaling processes.

Introduction
To achieve a quantitative understanding of signal transduction processes, it is necessary to measure changes in second messenger
concentration in individual cells over time, as well as the temporal relationship between different cellular signaling steps and their
functional responses. Our ability to study the spatiotemporal dynamics of complex cellular processes has improved remarkably with
the advent of techniques utilizing green fluorescent protein (GFP) and its color variants cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) (1). The translocation of signaling molecules to or from the plasma membrane is one of the most common
signal transduction events. Such translocations can be detected using fluorescently labeled signaling molecules and evanescent wave
microscopy, also known as total internal reflection microscopy. This microscopy technique, first adapted to biological applications
by Daniel Axelrod (2), has subsequently been used to study various membrane-associated events, including the exocytosis of synaptic (3) and secretory (4) vesicles and the translocation of signaling proteins and protein domains (5, 6). In evanescent wave microscopy, a laser beam is directed at a coverslip bearing adherent cells at such an angle (less than about 28°) that it is completely reflected at the interface between the coverslip and the aqueous solution bathing the adherent cells. This technique allows for fluorescence excitation by an evanescent wave, which travels through a zone of around 100 nm above the glass-water interface, so that
molecules in the plasma membrane are selectively excited, whereas molecules in the cell interior are not [for reviews, see (7, 8)].
It is often critical to be able to measure two or more plasma membrane signaling events or cell functions simultaneously to gain insights into the temporal relationship between these processes. We have developed a dual color evanescent wave microscopy technique for tracking the concentrations of CFP- and YFP-conjugated proteins in the plasma membrane. This method allowed us to
measure phosphatidylinositol 3-kinase (PI3K) activity in parallel with the insertion of the GLUT4 glucose transporter into the plasma membrane of individual differentiated 3T3L1 adipocytes (9).
Insulin stimulation of muscle and adipose cells leads to activation of PI3K (10, 11), an enzyme that catalyzes the phosphorylation of
phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] to generate the ubiquitous lipid signaling molecule phosphatidylinositol-3,4,5trisphosphate [PI(3,4,5)P3]. An increase in the PI(3,4,5)P3 concentration triggers the translocation of vesicles carrying GLUT4 from
storage sites within the cell to the plasma membrane (10, 11). The insertion of GLUT4 into the plasma membrane, which leads to
enhanced uptake of glucose, is a key event for maintaining glucose homeostasis in humans. Indeed, an attenuated response to insulin
resulting in defective glucose uptake is a hallmark of type II diabetes mellitus (10, 11).
The evanescent wave microscopy technique described here is based on the use of a construct consisting of the PI(3,4,5)P3-binding pleckstrin
homology (PH) domain from Akt conjugated to CFP (CFP-AktPH) as a marker for PI(3,4,5)P3 signaling. This construct translocates to the
plasma membrane upon activation of PI3K and the concomitant production of PI(3,4,5)P3 (Fig. 1A). The insertion of GLUT4 into the plasma membrane is quantified by monitoring YFP-conjugated GLUT4 (GLUT4-YFP), which translocates to the plasma membrane in response
to PI(3,4,5)P3 signals. The evanescent field of excitatory light is achieved using a prism that directs a laser beam at an angle of 15° to 20°,
yielding total internal reflection at the interface between the coverslip and the cytoplasm (Fig. 1B). The fluorescence intensity in this volume
increases as CFP-AktPH or GLUT4-YFP translocates to the membrane.
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Fig. 1. The principle of detecting PI3K activity and
GLUT4 glucose transporter insertion into the plasma
membrane using evanescent wave microscopy with
cyan and yellow fluorescent protein conjugated probes.
(A) The PI(3,4,5)P 3 -binding PH domain from Akt
(AktPH) conjugated to CFP translocates to the plasma
membrane (PM) upon activation of PI3K by receptor agonists such as insulin. PI(3,4,5)P3 stimulates fusion of
vesicles carrying YFP-conjugated GLUT4 glucose
transporters to the plasma membrane. (B) Evanescent wave excitation of the region of plasma membrane adhered to the
coverslip using a laser beam sent through a dove prism at an angle of 70°. The intensity of the fluorescence excited by the
evanescent wave increases as the fluorescent protein constructs translocate to the plasma membrane.

Advantages of Evanescent Wave Microscopy
Evanescent wave excitation of fluorescence in the adherent region of the cell membrane provides several advantages over confocal
and other microscopy-based assays. First, the resolution is better than in confocal microscopy, since the optical section depth using
evanescent wave microscopy is less than 100 nm, compared to 400 nm to 1 µm as is typical for confocal imaging of low light level
samples. Second, the lower background in evanescent wave microscopy results in an improved signal-to-noise ratio and therefore increased sensitivity to small changes in membrane fluorescence. Also, photobleaching and phototoxicity are greatly reduced compared to other microscopy techniques, because most of the sample is not illuminated during imaging. Therefore, imaging can be performed over longer periods and with better temporal resolution without damaging the sample. Moreover, membrane translocation is
detected simply as an increase in fluorescence. Because no subcellular image analysis is required, measurements of PI(3,4,5)P3 signals and GLUT4 membrane insertion can be performed simultaneously in many cells with low-magnification microscopy.

Experimental Setup
We built a dual color evanescent wave microscopy setup around a Zeiss Axioskop 2 upright microscope (Fig. 2), but the arrangement could easily be adapted to other types of microscopes. A helium-cadmium laser provides 442 nm light to excite CFP, and the
514-nm line of an argon ion laser is used to excite YFP. The output from the lasers is controlled with electronic shutters, and the two
beams are merged with a dichroic mirror, homogenized with a rotating diffuser, and refocused through a dove prism polished at a
70° angle to yield total internal reflection. This angle provides an optimal balance between the two competing limitations of having
sufficient illumination depth of the evanescent field (the closer the incident light is to 90°, the shallower the depth of the evanescent
wave field), and minimizing incident light transmitted through the glass-water interface (due to the presence of cells with a slightly
higher refractive index at the surface, air bubbles in the oil, or reflections or refractions from uneven surfaces). The shape of the
prism allows near normal incidence of the two laser beams, thus avoiding differential refraction of the 442 and 514 nm light. The
size and position of the illuminated area can be varied by adjusting the position of the focusing lens and of an adjustable mirror in
front of the prism.
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Fig. 2. Schematic diagram of
the evanescent wave microscope for parallel imaging of
cyan and yellow fluorescent
protein. Adj., adjustable mirror
or lens; Ar, argon ion laser;
CCD, charge coupled device;
Diff., holographic diffuser; DM,
dichroic mirror; He/Cd, heliumcadmium laser; Obj., microscope objective.

For epifluorescence excitation, the laser beams are reflected to the back of the microscope using a motorized flipper mirror. After
passing through a beam-expanding lens system, the light is reflected down to the sample with a dichroic mirror. Fluorescence is collected with water immersion or dry objectives [63×, numerical aperture (NA) 0.95, or 10×, NA 0.3] and detected at 470 nm for CFP
or 535 nm for YFP using interference filters mounted in a filter wheel in front of a cooled charge-coupled device (CCD) camera or
in filter cubes in the microscope turret (used for visual inspection of cells only). CFP and YFP images are acquired in parallel by alternately opening one of the two laser shutters and simultaneously positioning the filter wheel to select the appropriate emission filter. The filter wheel and shutters, as well as data acquisition, are under computer control.
The coverslip with the attached cells forms the bottom of a perfusion chamber consisting of a Teflon ring sealed against the coverslip with silicon vacuum grease. The chamber is mounted on a custom-built stage such that the coverslip is kept in contact with the
dove prism with a layer of immersion oil. To view different regions of the coverslip, the stage (but not the prism or microscope) can
be moved in the x-y direction using motorized linear translators. When the stage moves, the sample slides over the prism on the layer
of immersion oil. We use a dual heating system. First, the microscope stage is heated to 37°C with an airstream incubator, and second, the perfusion medium is heated with an inline solution heater before entering the perfusion chamber. Cannulas attached to inflow and outflow tubing are attached to the microscope stage with a screw clamp and reach into the bath on opposite sides of the
chamber. Medium is constantly superfused at a rate of about 0.5 ml/min using a peristaltic pump.

Materials

Cell Culture and Perfusion Chamber
22 mm × 22 mm glass coverslips (Fisher Scientific)
35 mm plastic cell culture dishes (Falcon)
3T3L1 cells (ATCC, #CL-173)
75 cm2 tissue culture flasks
Immersion oil (Carl Zeiss)
Kimwipes
Silicon vacuum grease, C-200 (Huntington)
Teflon rings: 22 mm outer diameter, 19 mm inner diameter, 3 mm high (custom-made)
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Reagents
Unless otherwise specified, all reagents were from Sigma-Aldrich.
100% ethanol
Bovine serum albumin (BSA) (Sigma-Aldrich, #A7030)
CaCl2
cDNA for CFP-AktPH and GLUT4-YFP
Dexamethasone (Sigma-Aldrich, #D1756)
D-Glucose (Sigma-Aldrich, #G7528)

Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen Life Technologies, Gibco, #41965-039)
Fetal calf serum (FCS) (Invitrogen Life Technologies, Gibco, #10108-165)
HCl
Hepes
Insulin (Sigma-Aldrich, #I5500)
Isobutylmethylxanthine (IBMX) (Sigma-Aldrich, #I7018)
KCl
MgSO4
NaCl
Phosphate-buffered saline without Ca2+ and Mg2+ (PBS) (Invitrogen Life Technologies, Gibco, #10010)
Poly-L-lysine (Sigma-Aldrich, #P5899)

Equipment

Cell Culture and Transfection
CO2 incubator
Electroporation apparatus (optional)
Laminar flow hood

Solution Superfusion and Thermoregulation
Air stream incubator (ASI400, Nevtek)
Solution heater (SF-28, TC-324B, Warner Instruments)
Peristaltic pump

Light Sources
Argon ion laser (100 mW) (Coherent)
Electronic laser shutters (Uniblitz LS 6, Vincent Associates)
Helium-cadmium laser (100 mW) (Kimmon Electric)
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Microscope, Camera, and Optical Equipment
Cooled CCD camera (Micromax 5MHz, Roper Scientific)
Dichroic mirrors (455DCLP, 51017bs, Chroma Technology)
Dove prism (purchased with 45° angles from Edmund Optics; then one side was ground and polished to a 70° angle to accept the
incoming laser beam)
Emission filters (S471/30m, S535/30m, Chroma Technology)
Filter changer (Lambda 10-2, Sutter Instruments)
Holographic diffuser (0.5°) LSD, Physical Optics)
Motorized XY translation stage and controller (7600XY, MC1000e, Siskiyou Design Instruments)
Objective lens (Achroplan 63×, WI, NA 0.95; Achroplan 10× NA 0.3)
Upright microscope (Zeiss Axioskop-2, Carl Zeiss)

Data Acquisition and Analysis
Computerized data acquisition and analysis system and software. We use MetaMorph data analysis and acquisition software from
Universal Imaging. Analysis could also be performed with free software such as ImageJava.

Recipes

Recipe 1: Cell Culture Medium
Add FCS to DMEM to a final concentration of 10% (v/v).

Recipe 2: Insulin Stock
Dissolve 5 mg of insulin in 1 ml 0.01M HCl to yield a 5 mg/ml stock solution. Filter-sterilize, dispense into 15-µl aliquots, and store
at −20°C.

Recipe 3: IBMX Stock
Dissolve 10 mg of IBMX in 900 µl of 100% ethanol to make a 50 mM stock solution. Dispense into 75 µl aliquots and store at −20°C.

Recipe 4: Dexamethasone Stock
Dissolve 5 mg dexamethasone in 5.1 ml of 100% ethanol to yield a 2.5 mM stock solution. Dispense into 10 µl aliquots and store at −20°C.

Recipe 5: Cell Differentiation Medium
Reagent

Amount

Final Concentration

Insulin Stock (Recipe 2)

15 µl

5 µg/ml

IBMX Stock (Recipe 3)

75 µl

250 µM

Dexamethasone Stock (Recipe 4)

1.5 µl

250 nM

Prepare in 15 ml of Cell Culture Medium (Recipe 1).
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Recipe 6: Cell Maintenance Medium
Add 5 µg/ml of insulin to Cell Culture Medium (Recipe 1).

Recipe 7: Cell Superfusion Buffer
NaCl

125 mM

KCl

5.0 mM

CaCl2

1.3 mM

MgSO4

1.2 mM

D-Glucose

20 mM

Hepes

25 mM

BSA

0.5 mg/ml

Dissolve chemicals in distilled H2O and adjust pH to 7.40 at 37°C.

Recipe 8: Insulin Superfusion Solution
Add 1 µl of Insulin Stock (Recipe 2) to 8720 µl of Cell Superfusion Buffer (Recipe 7) for a final concentration of 100 nM insulin.
Prepare fresh Insulin Superfusion Solution each time.

Instructions

Cell Culture, Differentiation, and Transfection
3T3L1 fibroblasts are grown to confluence. One day after confluence, differentiation is initiated by replacing the Cell Culture
Medium (Recipe 1) with Cell Differentiation Medium (Recipe 5). After 2 days in Cell Differentiation Medium, the cells are committed to differentiate and the medium is changed to one maintaining the insulin concentration, but lacking dexamethasone and
IBMX (Cell Maintenance Medium, Recipe 6). After another 2 days, cell differentiation occurs and the medium is replaced by
regular Cell Culture Medium (Recipe 1). The cells can be used for experiments 7 to 14 days after induction of differentiation.
3T3L1 adipocytes can be transfected by microinjection of cDNA (12) or electroporation of cells in suspension (13). We transfect
the cells with cDNA by electroporation using a custom-built microelectroporator device (14).
1. Seed 3T3L1 fibroblasts in 75 cm2 tissue culture flasks at 4 × 105 cells per flask and grow to confluence in Cell Culture Medium (Recipe 1) at 37°C, 10% CO2 in a humidified atmosphere.
2. One day post-confluence, initiate differentiation by replacing the Cell Culture Medium with Cell Differentiation Medium
(Recipe 5) and grow for 2 days at 37°C, 10% CO2 in a humidified atmosphere.
3. Replace the Cell Differentiation Medium with Cell Maintenance Medium (Recipe 6) and grow for 2 days at 37°C, 10% CO2
in a humidified atmosphere.
4. Replace the Cell Maintenance Medium with Cell Culture Medium (Recipe 1) and grow for 2 days at 37°C, 10% CO2 in a humidified atmosphere.
5. Six days after initiating differentiation, plate the cells onto poly-L-lysine-coated 22 mm × 22 mm coverslips (2 × 105
cells/coverslip) in 35 mm culture dishes and grow in 3 ml per dish Cell Culture Medium (Recipe 1) at 37°C, 10% CO2 in a
humidified atmosphere.
Note: Glass coverslips are coated by exposure to a solution of 0.1 mg/ml sterile poly-L-lysine in water for 10 min, washed
three times with distilled water, and dried in a laminar flow hood.
6. Transfect the cells with the CFP-AktPH and GLUT4-YFP constructs 1 to 5 days after plating on the coverslips. Either microinjection or electroporation may be used to transfect 3T3L1 fibroblasts (12, 13).
7. Incubate the cells in Cell Culture Medium (Recipe 1) for 12 to 24 hours at 37°C, 10% CO2 in a humidified atmosphere.
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Time-Lapse Imaging of PI3K Activity and GLUT4 Plasma Membrane Insertion
1. Replace the Cell Culture Medium with serum-free DMEM, and wait 2 hours before starting the experiment.
2. Turn on the air stream incubator to allow thermal equilibration of the stage and microscope objective, and wait 1 hour before
starting the experiment.
3. Turn on the lasers, computer, camera, filter wheel, and shutter controllers, and wait 20 min before starting the experiment.
Note: The lasers need 20 min to warm up and stabilize.
4. Dry the edges and bottom of the coverslip bearing the transfected cells by wiping gently with a Kimwipe tissue.
5. Apply silicon vacuum grease to a Teflon ring and press the ring onto the coverslip to form the perfusion chamber.
6. Add Cell Superfusion Buffer (Recipe 7) to the chamber and check for leakage.
7. Apply a drop of immersion oil to the dove prism, place the chamber on the stage over the drop of oil, and attach tubes for
perfusion of media.
Note: Make sure that there are no air bubbles in the immersion oil, because they may disperse the laser beam and cause
background epifluorescence illumination.
8. Observe the cells for blue or green fluorescence with epi-illumination using either the 442 nm or 514 nm light for excitation,
and 470 nm or 535 nm emission filters.
9. Choose moderately bright cells and check to see that they express both the CFP and YFP construct by viewing them at both
442 nm excitation (with 470 nm emission) to observe CFP fluorescence and at 514 nm excitation (535 nm emission) to observe YFP fluorescence.
10. Switch to evanescent wave illumination and adjust the size and position of the illuminated region to match the area of interest by moving the focusing lens and adjustable mirror.
11. Visualize the cells with the CCD camera and adjust the laser power and exposure time, taking into account that the cells will
become several-fold brighter after stimulation as the protein constructs translocate to the plasma membrane. Optimal settings
should allow utilization of the full dynamic range of the camera (after stimulation, the intensity of the brightest cells should
be close to the saturation level) without significant photobleaching over the time-course of the experiment.
12. Acquire image pairs at the desired frequency (every 1 to 10 s is suitable to follow GLUT4 accumulation in the plasma membrane; 10- to 100-fold faster is required to capture individual vesicle exocytosis events). After a few minutes, stimulate the
cells by adding Insulin Superfusion Solution (Recipe 8). Stimuli that activate PI3K and GLUT4 translocation will lead to increased brightness of both the CFP and YFP fluorescence signal (Fig. 3).
13. Quantify the translocation response offline, using image analysis software to measure brightness per unit time.
Note: It is most useful to quantify translocation in terms of fluorescence change relative to baseline fluorescence (∆F/F0),
because there will be significant variability in fluorescence intensity between cells due to differences in the expression of
the fluorescent proteins.

Troubleshooting
Some cell types exhibit pronounced ruffling or other morphological changes, which can alter the area of membrane contact with the
coverslip, especially after stimulation. Such morphological changes can result in fluorescence changes and may be misinterpreted as
protein translocation. It is therefore important to perform control experiments with cells expressing cyan or yellow fluorescent protein in a form that is freely diffusible in the cytoplasm or anchored to the plasma membrane, and compare the intensity changes obtained with fluorescent protein alone to those observed with a fluorescently labeled translocation probe.
Stimulating the cells by adding medium into the bath with a pipette can induce spurious fluorescence changes, possibly because of
changes in cell morphology induced by shear stress. It is therefore preferable to add medium using a perfusion system. Superfusion
of media also eliminates problems with evaporation that would otherwise occur, since the ambient temperature must be maintained
at 37°C to achieve a maximal GLUT4 translocation response.
If large fat droplets are present adjacent to the adipocyte plasma membrane in the region of coverslip adhesion, the laser beams may
not undergo total internal reflection, but may instead be dispersed by the lipid and generate stray light that excites fluorescence
throughout the cell interior. It is usually easy to identify such cells and exclude them from analysis; their appearance resembles that
obtained with epifluorescence illumination with visible lipid droplets and a high density of GLUT4-YFP in the perinuclear region.
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Fig. 3. Parallel recording of insulin-triggered PI3K activation and GLUT4 plasma membrane insertion in individual 3T3L1
adipocytes using evanescent wave microscopy. (A) Evanescent wave excited fluorescence from differentiated 3T3L1 adipocytes
expressing CFP-AktPH and GLUT4-YFP visualized with a 10× objective lens. (B) Evanescent wave excited fluorescence from an
individual adipocyte coexpressing CFP-AktPH and GLUT4-YFP visualized with a 63× lens before and 5 min after stimulation with
100 nM insulin. Both CFP-AktPH and GLUT4-YFP fluorescence are uniformly low across the surface membrane, with spots of
GLUT4-YFP-reflecting vesicles docked to the membrane. Insulin stimulation resulted in a rapid increase of CFP-AktPH fluorescence with a gradual increase of GLUT4-YFP fluorescence appearing after a brief delay (C). Time course of the average fluorescence signal from the cell shown in (B) with excitation-emission at 442-470 nm (blue) and 514-535 nm (yellow). The presence of
100 nM insulin is indicated by the bar.

Related Techniques
Evanescent wave excitation can be achieved in several different ways. One alternative to the prism-based system described here is to
use a microscope objective of very high numerical aperture (greater than 1.40). Advantages of the latter system include the availability of commercial illuminators and ease of use. Evanescent wave excitation through the objective is perhaps the simplest technique
to implement when using an inverted microscope, although prism-based set ups of various geometries may also be used with this
microscopy configuration (7). Objective-based systems typically suffer from a higher background from scattered laser light than do
prism-based systems. A distinct advantage of the system described here is its flexibility, allowing both high-resolution, high-magnification imaging and low-magnification imaging of many cells over a large area. This approach and another wide-field evanescent
wave microscopy approach recently developed in our laboratory (15) therefore hold great promise as cell-based assays for drug
screening.
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Notes and Remarks
The CFP-AktPH and GLUT4-YFP plasmids were constructed using standard molecular biological techniques (9, Commercially
available CFP and YFP vectors may be used. Fusions of fluorescent proteins with PH domains from certain proteins other than Akt
can also be used to monitor PI(3,4,5)P3. The PH domains from, for example, GRP-1 and Btk display very high selectivity for
PI(3,4,5)P3 over PI(3,4)P2 (16).
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