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[Abstract] Supramolecular signaling assemblies are of interest for their unique signaling properties. A 
µm scale signaling assembly, the central supramolecular signaling cluster (cSMAC), forms at the center 

interface of T cells activated by antigen presenting cells (APC). The adaptor protein linker for activation 
of T cells (LAT) is a key cSMAC component. The cSMAC has widely been studied using total internal 

reflection fluorescence microscopy of CD4+ T cells activated by planar APC substitutes. Here we provide 
a protocol to image the cSMAC in its cellular context at the interface between a T cell and an APC. 

Super resolution stimulated emission depletion microscopy (STED) was utilized to determine the 
localization of LAT, that of its active, phosphorylated form and its entire pool. Agonist peptide-loaded 

APCs were incubated with TCR transgenic CD4+ T cells for 4.5 min before fixation and antibody staining. 
Fixed cell couples were imaged using a 100x 1.4 NA objective on a Leica SP8 AOBS confocal laser 

scanning microscope. LAT clustered in multiple supramolecular complexes and their number and size 
distributions were determined. Using this protocol, cSMAC properties in its cellular context at the 

interface between a T cell and an APC could be quantified. 
Keywords: Immune Synapse, cSMAC, STED, LAT, T cell activation 

 
[Background] T cell activation in response to antigen presenting cells (APCs) is controlled by 

engagement of the T cell receptor (TCR) in combination with co-inhibitory and co-stimulatory receptors 
and orchestrated by the integrated function of multiple signaling intermediates. Dynamic recruitment of 

signaling intermediates into microscopically detectable structures at T cell interface is an important 
element of signal integration. µm scale signaling assemblies were first described at the center and 

periphery of T cells activated by antigen presenting cells (APC) for the TCR, PKCθ and LFA-1, talin, 
respectively, as central and peripheral supramolecular activation clusters (cSMAC and pSMAC) (Monks 

et al., 1997 and 1998; Grakoui et al., 1999). µm scale of assemblies, in particular in the form of 
supramolecular protein complexes, provides unique biophysical and signaling properties (Li et al., 2012; 

Banani et al., 2016; Shin and Brangwynne, 2017). Such complexes are readily observed by fluorescence 
microscopy, held together by a network of multivalent protein interactions and often have distinct phase 

properties (Li et al., 2012; Banani et al., 2016; Shin and Brangwynne, 2017). The cSMAC has many 
properties of such supramolecular protein complexes: It contains various multivalent signaling 
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intermediates (Balagopalan et al., 2015), prominently LAT (linker for activation of T cells), components 

of this complex including LAT and PKCθ exchange with the remainder of the cell to a moderate extent 
and slowly (Roybal et al., 2015), and components of this complex can be assembled into supramolecular 

structures in vitro (Su et al., 2016). Therefore, understanding biophysical properties of the cSMAC is of 
substantial importance. 

  The cSMAC has been imaged using confocal microscopy of fixed T cell APC couples (Monks et al., 
1997 and 1998; Freiberg et al., 2002), spinning disk confocal live cell imaging of T cell APC couples 

(Singleton et al., 2009; Clark et al., 2019), and using total internal reflection (TIRF) imaging of T cells 
activated on planar APC substitutes (Yokosuka et al., 2005; Varma et al., 2006). Resolution in confocal 

imaging is limited by the Abbe diffraction limit. Therefore, only overall cSMAC formation can be detected 
but not details of cSMAC structure. The use of planar APC substitutes allows more efficient diffraction 

limited imaging but does not reflect the membrane topology of T cell APC couples well (Roybal et al., 
2015) and, therefore, may result in altered structural details of µm scale signaling complexes (Clark et 

al., 2019). To overcome these experimental restrictions, we imaged single z planes of fixed T cell APC 
couples stained for the critical cSMAC component LAT with STED super-resolution microscopy on a 

microscope capable of 50 nm lateral resolution. In STED imaging, a doughnut shaped laser beam 
silences fluorescence around a central excitation spot and thereby diminishes the excitation volume of 

a confocal laser scanning microscopy system to below the conventional diffraction limit. Using 
automated object detection, we quantified structural properties of LAT signaling complexes. 

  This protocol provides access to structural features of supramolecular signaling complexes that form 
in T cells activated in a cellular interaction with antigen presenting cells. 

 
Materials and Reagents 
 

1. 1 ml syringe plunger (such as VWR, catalog number: NSCAS7510-1) 

2. 24-well plate (such as BD Biosciences, catalog number: 353047) 
3. 50 ml Falcon tube 

4. 15 ml Falcon tube 
5. 1.5 ml Eppendorf tube 

6. 40 µm cell strainer 
7. Petri dish 

8. Coverslips (Carl ZeissTM, catalog number: 10474379), store at room temperature 

9. PEP pen (ImmEdge, Vector Laboratories: H-4000), store at room temperature 

10. Microscope Slide (VWR, SuperFrost Plus, catalog number: 631-0108, store at room 
temperature) 

11. 5C.C7 TCR transgenic mice (Davis Lab, Stanford [Seder et al., 1992], RRID:MGI:3799371) 
12. CH27 Cell Line (RRID:CVCL_7178) 

13. Anti-LAT pY191 (Cell Signaling, catalog number: 3584), store at 4 °C 

14. Anti-LAT (Cell Signaling, catalog number: 9166), store at 4 °C 
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15. Anti-rabbit IgG, Alexa Fluor 488 (Molecular Probes, catalog number: R37118), store at 4 °C 

16. Anti-CD19 antibody (BD Biosciences, Biotin Rat Anti-mouse CD19, Clone 1D3, catalog number: 
553784), store at 4 °C 

17. Paraformaldehyde (Sigma-Aldrich, catalog number: P6148), store at 4 °C 
18. Ammonium Chloride (Sigma-Aldrich, catalog number: 213330), store at room temperature 

19. Triton X-100 (Sigma-Aldrich, catalog number: T8787), store at room temperature 
20. PBS (Thermo Fisher, catalog number: 14200075), store at room temperature 

21. Fc block, Rat Anti-Mouse CD16/CD32 (BD Bioscience, catalog number: 53141), store at 4 °C 
22. ProLong Gold (Thermo Fisher, catalog number: P36930), store at room temperature 

23. Moth cytochrome C (MCC) peptide, recombinant peptide (ANERADLIAYLKQATK), store at -
20 °C 

24. SDS (Sigma, catalog number: 71729), store at room temperature 

25. Biotinylated BSA (Thermo Fisher, catalog number: 29130), store at -20 °C 

26. T50 solution (10 mM Tris-Cl pH = 8.0, 50 mM NaCl), store at 4 °C 

27. Neutravidin (0.2 mg/ml diluted in ddH2O, Thermo Scientific, catalog number: 31000), store at 

4 °C 

28. Sodium orthovanadate (Na3VO4) (20 mM working stock in ddH2O, Sigma-Aldrich, catalog 

number: S6508), store at -20 °C 

29. Hydrogen Peroxide (H2O2) (30% solution, Sigma, catalog number: H1009), store at 4 °C 

30. 100% Ethanol (Sigma-Aldrich, catalog number: 459835), store at room temperature 

31. RPMI with L-glutamine (Lonza, catalog number: BE12-702F) 

32. FBS (SLS LAB PRO, catalog number: S-001A-BR) 
33. 100 U/ml Penicillin plus 100 µg/ml streptomycin (Gibco, catalog number: 15140122) 

34. 2-mercaptoethanol (Gibco, catalog number: 31350010) 
35. T cell Culture Components (see Recipes) 

Complete medium 
Interleukin-2 medium 

Moth cytochrome C (MCC) agonist peptide for the stimulation of 5C.C7 TCR transgenic T cells 
36. 2x Pervanadate components (see Recipes) 

37. Imaging buffer (see Recipes) 
 

Equipment 
 

1. P2, P20, P200 pipettes 
2. Centrifuge 

3. Incubator 
4. Confocal laser scanning microscope (Leica, SP8 AOBS) equipped with pulsed white light laser 

470-670 nm with 2.5 mW/nm, 592 nm continuous wave STED depletion laser, Leica STED 
White 100x 1.4 NA objective and time gated Leica SMD HyD detectors 
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Software 
 

1. Huygens Professional (SVI, www.svi.nl) 

2. ImageJ plugin (Modular Image Analysis, version 0.5.22), available on GitHub as 
https://github.com/SJCross/MIA with .mia settings file provided as supplementary material. 

 
Procedure 
 
A. T cell and APC Culture (Ambler et al., 2017) 

1. T cell culture: Cull a 5C.C7 T cell receptor transgenic mouse over 6-week-old using approved 
procedures such as those listed in Schedule One of the UK Animals (Scientific Procedures) Act 

1986. All animal breeding, maintenance and handling needs to be approved by the appropriate 
authorities. 

2. Dissect lymph nodes and collect them in a 15 ml Falcon tube containing 5 ml of complete 
medium. 

3. Place a 40 µm cell strainer over a 50 ml Falcon tube. Pour all lymph nodes onto the cell strainer 
and mechanically dissociate lymph nodes by gently forcing through the filter once using a 1 ml 

syringe plunger. Wash the plunger and cell strainer using 5 ml of complete medium. 
4. Centrifuge the cells for 3 min at 200 x g. Remove supernatant, resuspend the cell pellet in 1 ml 

of complete medium and count the cells. 
5. Dilute cells to a density of 4 x 106 cells/ml. 

6. Culture 1 ml of cell suspension in one well of a 24-well plate and add 0.65 µl of 5 mM MCC 
peptide to achieve a final MCC concentration of 3 µM. Incubate at 37 °C, 6% CO2 overnight. 

7. Split 5C.C7 T cells with interleukin-2 medium as necessary, usually 1:1 every day. The MCC 
peptide is only used to prime the culture. T cell maintenance is achieved using interleukin-2. 

8. Experiments need to be repeated with at least two independent primary T cell cultures. 
9. APC culture: CH27 B cell lymphoma cells are used as antigen presenting cells and are 

maintained in complete medium by splitting 1:10 every two days. 
 

B. T cell stimulation using Pervanadate 
1. As a positive control, T cells can be stimulated with the phosphatase inhibitor Pervanadate to 

induce generalized and extensive tyrosine phosphorylation. 
2. On day 5 of T cell culture, collect T cells from as many wells of the 24-well plate as needed (4 x 

106 cells/well) into a 15 ml Falcon tube, centrifuge at 200 x g for 3 min. Resuspend T cell pellet 
in 150 µl of imaging buffer per well. 

3. Count T cells and collect required cell number (40,000 per experimental replicate) in a 1.5 ml 
Eppendorf tube. 

4. Add freshly prepared 2x pervanadate at a ratio of 1:1 to cells with complete medium in a 1.5 ml 
Eppendorf tube. Incubate for 5 min at 37 °C and stain (Procedure D). 
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C. Coating of STED compatible coverslips 

1. Wash STED compatible coverslips (high performance, thickness no. 1.5, 0.170 ± 0.005 mm, 
Zeiss) with 10% SDS for 10 min followed by one wash with ddH2O. 

2. Submerge the washed coverslips in 100% ethanol for 30 min in a Petri dish. 
3. Wash the coverslips once with ddH2O and bake on a heat block at 60 °C for 30 min until dry. 

4. When dry, draw a circular boundary (~10 mm diameter) using a PEP pen and allow it to dry. 
5. Resuspend biotinylated BSA in T50 solution at a concentration of 1 mg/ml. 

6. Add 50 µl of biotinylated BSA on the middle of a coverslip and incubate at 37 °C for 7 min. 
7. Wash the coverslip once with 50 µl T50 solution. 

8. Add 50 µl of Neutravidin solution (final concentration of 0.2 mg/ml in ddH2O) onto the coverslip 
for 1 min at 37 °C. 

9. Wash once with T50 solution followed by two washes with PBS. 
10. Dilute anti-CD19 antibody to a final concentration of 10 µg/ml in imaging buffer. 

11. Add 50 µl of diluted anti-CD19 onto the coverslip and incubate at 37 °C for 10 min. 
12. Wash the coverslip twice with 50 µl of imaging buffer and add a further 50 µl of imaging buffer 

to keep the coverslip moist. 
13. Store the coated coverslips in a parafilm sealed dish at 4 °C until use. 

14. ΔCRITICAL STEP Use the coated coverslips within 3 days of coating. 
 

D. Cell staining 
1. Primary 5C.C7 T cells are activated by interaction with CH27 APCs presenting the MCC agonist 

peptide recognized by the 5C.C7 T cell receptor. As a control, T cells are additionally activated 
with the phosphatase inhibitor Pervanadate. 

2. Remove the imaging buffer that is used to keep the cover slide moist using a P200 pipette. 
3. Prime APCs, CH27 cells (from Step A9), with 10 µM MCC peptide by incubation in complete 

medium for at least 4 h (Ambler et al., 2017) and resuspend to 40,000 cells/50 µl of imaging 
buffer. Resuspend 5C.C7 TCR transgenic T cells (from Step A7) (Ambler et al., 2017) to 40,000 

cells per 5 µl of imaging buffer. 
4. Seed 50 µl of APCs (40,000 cells) onto the coated cover slide and allow to settle for 10 min at 

room temperature. 
5. Add 5 µl of T cells (40,000 cells) or 10 µl of Pervanadate-treated T cells (40,000 cells) for 4.5min 

at room temperature. 
6. ΔCRITICAL STEP Gently remove the volume using a P200 pipette and add 50 µl of 4% PFA for 

20 min at 4 °C. 
7. Gently wash the cover slide once with 50 µl PBS using a P200 pipette. 

8. Quench by adding 50 µl of 50 mM of NH4Cl for 10 min at 4 °C and wash the cover slide three 
times with 50 µl of PBS. 

9. Permeabilize the cells using 50 µl of 0.02% Triton X-100 in PBS for 20 min at 4 °C. 
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10. Wash the coverslip three times with 50 µl of PBS followed by incubation with 50 µl of blocking 

solution (1% BSA in PBS) for 30 min at room temperature. 
11. Remove the solution and add 50 µl of primary antibody, anti-phospho-LAT (Tyr 191) at a dilution 

of 1:50 or anti-LAT at a dilution of 1:100, in 1% BSA in PBS with Fc Block (Rat Anti-Mouse 
CD16/CD32) at the same dilution and incubate overnight at 4 °C. 

12. Remove primary antibodies and wash the cover slide three times with 50 µl of PBS. 
13. Incubate the cover slide with 50 µl of secondary antibody (Donkey anti-Rabbit IgG, Alexa Fluor 

488) diluted 1:1,000 in 1% BSA in PBS with Fc Block at 1:500 for 1 h at room temperature. 
14. Wash the cover slide with 50 µl of PBS for three times and remove the PBS from the coverslip. 

15. After adding one drop of ProLong Gold mount a coverslip on the slide (VWR, SuperFrost Plus) 
and allow to cure for 24 h. 

 
E. STED microscopy 

1. First, image the slide with the Leica SP8X STED microscope in confocal mode using the 
following settings: 

a. 100x 1.4 NA HC PL APO CS2 STED white oil objective. 
b. 512 x 512 pixels. 

c. 400 Hz scan speed. 
d. 488 nm excitation selected on white light laser with corresponding NF488 filter. 

e. Default 70% white laser power is to be adjusted with the acousto-optic tunable filter to as 
low as 10%. 

f. HyD1 hybrid detector collection range 498-520 nm. 
g. Hybrid detector gain 100%. 

h. Hybrid detector gating 0.3-8 ns. 
i. Line average 2. 

j. Output image bit size 8 bit. 
2. Whilst in confocal mode, place your sample and select a region of interest. 

3. To image your region of interest with STED, duplicate sequence 1, i.e., the sequence of imaging 
steps used to choose the region of interest, and modify the duplicated sequence as follows: 

a. Switch 592 nm STED laser ON. The 592 nm depletion laser generates a donut shaped 
depletion area for fluorophore excitation at 488 nm. Set it to 30-50%, i.e., 50-70% depletion, 

using the acousto-optic tunable filter depending on your Alexa Fluor 488 staining brightness. 
Excessive depletion may photodamage the sample. 

b. Increase 488 nm laser power as needed to maintain good signal. 
c. Select optimized frame size for STED with optimized pixel size as calculated automatically 

by the software using the ‘optimized pixel size’ function. 
d. Hybrid detector collection range 498-510 nm. 

e. Hybrid detector gain 200%. 
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f. Hybrid detector gating 1.5-8 ns. A longer start gate time before acquisition ensures efficient 

depletion of the majority of molecules to improve resolution. 
4. ΔCRITICAL STEP If the data are to be deconvolved after acquisition ensure no/minimal 

saturation in the acquired image and adjust laser power and gain as necessary. 
5. ΔCRITICAL STEP Once the STED sequence has been set, go to Configuration to align STED 

beams. 
6. STED beams need to be aligned every 15 min for the first hour to minimize temperature drift. 

7. Start scan and acquire STED images. 
 

Data analysis 
 

1. For deconvolution open STED .lif images with the Huygens Professional software. 
2. Select image series to be deconvolved. 

3. Right click on image and select microscope parameters. Check the auto read metadata is 
correct, e.g., embedding media was ProLong Gold (1.47 RI). 

4. Set all parameters as verified and accepted. 
5. Right click on image, select deconvolution wizard. 

6. Draw three lines across the background in each image for the background intensity. 
7. Key in the average background intensity value. 

8. Click go and then max iterations set to 40 as the default value. Verify convergence of the 
deconvolution routine and adjust the number of iterations is necessary. 

9. Once the deconvolution is complete, save the image as .TIFF file and analyze deconvolved 
image in Fiji (NIH) (Schindelin et al., 2012; Rueden et al., 2017). 

10. Automated puncta analysis with Fiji (NIH). LAT puncta were detected and measured using a 
Wolfson Bioimaging ImageJ-Fiji plugin (Modular Image Analysis, version 0.5.22). This can be 

installed and used with the following steps: 
a. Download v0.5.22 of the plugin from https://github.com/sjcross/MIA/releases/tag/v0.5.22 

and place the “Modular_Image_Analysis-0.5.22.jar” file in the Fiji “plugins” folder. 
b. To install required third-party libraries, launch Fiji and go to “Help > Update...”, then select 

“Manage update sites” and add the “Biomedgroup” and “IJPB-plugins” update sites. Restart 
Fiji when prompted. 

c. Start MIA within Fiji by going to “Plugins > Wolfson Bioimaging > Modular image analysis”. 
d. Click “Load” and select the “MIA object detection workflow.mia” workflow file provided as a 

supplement to this protocol. This contains all the instructions for MIA to perform the analysis. 
There are a few user-accessible settings to select files to process and to control the analysis: 

• “Input control > Input mode”: In “batch” all files within a selected folder will be processed, 
whereas in “single file” only one image file will be processed. 

• “Input control > Single file path": Select the batch-processing folder or single file to be 
analyzed. 
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• “Input control > Series mode”: For multi-series files (e.g., Leica LIFs), all series can be 
processed, or a sub-set of series can be selected. 

• “Input control > Series number”: If processing a subset of available series the series to 
process can be specified as a comma-separated list of series indices. 

• “Threshold image > Threshold multiplier”: Adjusts the automatically detected threshold 
prior to application. Values <1 will lower the threshold and values >1 will increase it. 

• “Remove objects smaller than…”: Applies an optional size filter to detected objects. 
Sizes are specified in µm3 units. Disable using the power icon. 

• “Remove objects darker than…”: Applies an optional object intensity filter. Intensities 
are measured from the raw image stack. Disable using the power icon. 

• “Remove blobs not in a cluster”: Applies an optional filter, which removes any objects 
not identified as part of a cluster using DBSCAN. Disable using the power icon. 

• “Add cluster outlines to overlay”: Render the cluster outlines on the output overlay 
images (showing what was detected). 

• “Show outlines image”: Display the outlines image as soon as it is generated. 

• “Save outlines image”: Save the outlines image to the same folder as the input files, but 
with the suffix “_outlinesNew”. 

e. Click “Run” to start processing. When finished, the message window at the bottom of the 
plugin will display “Complete!”. Results will be saved in the same folder as the input file. 

11. Puncta were identified using the Otsu algorithm with a threshold multiplier of 3.5 followed by a 
watershed 3D method to separate close objects. The volume of each punctum was determined. 

12. Small puncta detected in the APCs that don’t express LAT were used to derive a detection size 
threshold for LAT complexes such that all puncta smaller than the 95 percentile of the APC 

puncta size distribution were excluded from the analysis (Figure 1). Thus, complexes smaller 
than 0.04/0.06 µm3 in the LAT/pLAT data were excluded from the analysis. Repeating the 

analysis with a 99-percentile cut-off didn’t change the conclusions reached. 
13. The closest distance between adjacent puncta that could be resolved was 100 nm. 

 

 
Figure 1. Two versions of one representative STED midplane image are given of 5C.C7 T 
cells activated by CH27 APCs (10 µM MCC agonist peptide) and stained with α-LAT pY191. 
Staining fluorescence intensity is given in rainbow-like false-color scale (increasing from blue to 
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red). A. The Otsu algorithm with a threshold of 3.5 A.U. identifies large phospho-LAT clusters at 

the cellular interface and small, unspecific puncta in both APC and CD4+ T cell. B. The bright 
LAT cluster formed a ‘central’ pattern as more readily seen in B where the same data are 

displayed on a different intensity scale. Scale bars = 1 µm. 
 

14. LAT puncta could be clustered at the center of the T cell APC interface (Figures 1-2) or could 
be distributed across the entire interface (Figures 2-3). Such ‘central’ or ‘diffuse’ distributions 

correspond to the formation or lack of a formation of the cSMAC complex, respectively.  
Patterns were determined using established pattern classification methods (Singleton et al., 

2009). Puncta numbers and sizes were quantified as a function of this pattern classification in 
Figure 3B of Clark et al. (2019). 

 

 
Figure 2. Two versions of a representative STED midplane image are given showing two 
different LAT patterns in 5C.C7 T cells activated by one CH27 APC (10 µM MCC, the middle 
cell) and stained with α-LAT pY191. Staining fluorescence intensity is given in rainbow-like 
false-color scale (increasing from blue to red). A. The 5C.C7 T cell on the left shows ‘diffuse’ 

patterning of phospho-LAT. The 5C.C7 T cell on the right show ‘central’ paterning. As in Figure 
1 small, unspecific puncta in both APC and CD4+ T cells are visible. B. The patterns are more 

readily seen in B where the same data are displayed on a different intensity scale. Scale bars = 
1 µm. 
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Figure 3. Two versions of a representative STED midplane image showing diffuse LAT 
protein patterning in a 5C.C7 T cells activated by one CH27 APC (10 µM MCC, the cell on 
the top). Staining fluorescence intensity is given in rainbow-like false-color scale (increasing 
from blue to red). A. The 5C.C7 T shows ‘diffuse’ patterning of phospho-LAT. As in Figure 1 

small, unspecific puncta in both APC and CD4+ T cell are visible. B. The pattern is more readily 
seen in B where the same data are displayed on a different intensity scale. Scale bars = 1 µm. 

 
Recipes 
 

1. T cell Culture Components 

Complete medium 
RPMI with L-glutamine, 10% FBS, 100 U/ml Penicillin plus 100 µg/ml streptomycin, 50 µM 2-

mercaptoethanol 
Interleukin-2 medium 
complete medium with 50 U/ml of rhIL-2 
Moth cytochrome C (MCC) agonist peptide for the stimulation of 5C.C7 TCR transgenic 
T cells 
5 mM solution in ddH2O 

2. 2x Pervanadate components 
a. Dilute 30% H2O2 stock solution 1:10 in ddH2O to make up a 3% solution of H2O2 

b. Make up 2x pervanadate stock by adding 4 µl of 3% H2O2 solution with 20 µl of 20 mM 
Na3VO4 in 976 µl of ddH2O in a 1.5 ml Eppendorf tube 

c. Incubate 2x pervanadate for 10 min in the dark at RT and ready to use 
3. Imaging buffer 

PBS without calcium and magnesium, 10% FBS, 1 mM calcium chloride, 0.5 mM magnesium 
chloride 
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