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Methods 

 

Resource Availability 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the 

Corresponding author, Yun Fang (yfang1@medicine.bsd.uchicago.edu)  

Biological Materials Availability 

Plasmids generated in this study are available without restriction. 

Data and Code Availability 

The code generated during this study is available at https://github.com/wulab-code/laconic. Supporting data of 

the findings of this study are available upon reasonable request from the corresponding author. 

 

Cell Culture and cloning 

Human aortic endothelial cells (HAECs) were purchased (Lonza, CC-2535) and grown in endothelial growth 

media (EGM-2) supplemented with SingleQuots (Lonza, CC-3156 & CC-4176) and Antibiotic-Antimycotic 

(Gibco, 15240062) at 37 C with 5% CO2. HAECs were used from passage 6 to 8 for all experiments. Human 

pulmonary microvascular endothelial cells (HMVEC) were obtained from Lonza and maintained in EGM2-MV 

medium (Lonza) supplemented with 10% FBS. Human umbilical vein endothelial cells (HUVEC) were obtained 

from Lonza and maintained in EGM2-SingleQuot medium (2% FBS). HMVECs and HUVECs were used from 

passage 5 to 7 for all experiments. Cell lines were verified as mycoplasma free and that they are endothelial 

cells with CD31 verification by the vender. 

 

Laconic, LifeAct, ATeam, and FLIIP-glu700 expression 

Laconic1, ATeam, or FLIIPglu700 containing plasmid was purchased (Addgene: 44238, 51958, and 17866 

respectively) and cloned into Ad5 adenovirus by VectorLabs for construction of Adenovirus-Laconic (Ad-Lac), 

Adenovirus-ATeam (ad-ATeam), or adenovirus-FLIIPglu700 (ad-Glu). Ad-LifeAct-RFP (ad-LifeAct) was 

purchased from Ibidi (60122). For transduction into endothelial cells, Ad-Lac at 50:1 multiplicity of infection 

(MOI), ad-ATeam at 100:1 MOI, and ad-Glu at 200:1 MOI in 1:1 EGM2 media:Opti-MEM (ThermoFisher, 

11058021) and 3 L GeneJammer (Agilent, 204130) per milliliter of final volume was added for 1 hour before 

https://github.com/wulab-code/laconic
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replacement of media. For migration and contraction experiments, ad-Lac and ad-LifeAct were co-transduced 

each with MOI 50. Endothelial cells were used 48 hours post transduction to allow for cell recovery and 

maximal fluorescence.   

 

T7-eBFP2, T7-mCherry, and RhoA overexpression  

eBFP2 and mCherry constructs were generated from the Addgene plasmid #64323 and GeneCopoeia EX-

C0726-M56-PFKFB3, respectively. For RhoA overexpression, pcDNA3-EGFP-RhoA-WT, pcDNA3-EGFP-

RhoA-Q63L (Constituitively Active/CA), pcDNA3-EGFP-RhoA-T19N (Dominant Negative/DN) were purchased 

from Addgene (12965, 12968, 12967). EGFP was cloned out of each construct and replaced with either 

mScarlet-i (Addgene 85056 pLifeAct-mScarlet-i_N1) or eBFP2 using the vector and insert primers below, 

followed by Gibson assembly (NEB, E2611) per the manufacturer’s instructions. PCR products containing T7 

promotors for in vitro transcription were generated using NEB Q5 polymerase (New England Biolabs, M0491) 

and the following primers (Integrated DNA Technologies). 

 

Name Forward Primer (5’3’) Reverse Primer (5’3’)  

RhoA-Vector GCATGGACGAGCTGTACAAGGAATTCATGGCT TCCTCGCCCTTGCTCACCATGGT

GGCAAGCTT 

eBFP2- Insert GGAGACCCAAGCTTGCCACCATGGTGAGCAAGGGCGA

GGAG 

CGGATGGCAGCCATGAATTCCTT

GTACAGCTCGTCCATGCCGAGAG 

mScarlet-i-

Insert 

GGAGACCCAAGCTTGCCACCATGGTGAGCAAGGGC CGGATGGCAGCCATGAATTCCTT

GTACAGCTCGTCCATGCC 

T7-eBFP2 TAATACGACTCACTATAGGGAGATGCGGTGACGTGGA

GGAGAATCCCGGCCCTGCTAGC 

TAGAAGGCACAGTCGAGG 

T7-mCherry TAATACGACTCACTATAGGTACAAAGTGGTTCGATCTA

GAATGGCTAGCATGGTGAGCAAGGGCGAGGAGGATAA

CATGGCC 

TAGAAGGCACAGTCGAGG 

T7-RhoA TAATACGACTCACTATAGGG TAGAAGGCACAGTCGAGG 
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mRNA transcripts were generated using mMESSAGE mMACHINE T7 Ultra Kit (ThermoFisher, AM1345) by 

following the manufacturer’s instructions. HAECs were transfected with 50 ng/cm2 of mRNA with Lipofectamine 

MessengerMAX (ThermoFisher, LMRNA003) overnight according to the manufacturer’s instructions. On the 

day of the LPR assay, cells, each dually transfected with either A) mCherry and laconic or B) eBFP2 and 

laconic, were split into two groups – A and B by themselves or mixed together into an Ibidi chamber. 

 

RhoA-Flare Expression 

HAECs were plated 5 × 104 cells/well in 8-well glass bottom dish (Ibidi 80827) two days prior to the experiment. 

One day prior to the experiment, RhoA-Flare (Addgene, 12150) plasmid was incubated with fluorine-modified 

Polyethylenimine (F-PEI) at a 4:1 plasmid:PEI mass ratio for 30 minutes in serum-free media then incubated 

with cells for 4 hrs at 37 C. The F-PEI were synthesized according to a previous method2. Media was 

exchanged after the 4 hr incubation to complete endothelial growth medium (EGM2) and cells were imaged the 

following day.  

 

Thrombin, lysophosphatidic acid, Y27632, latrunculin B, para-amino-blebbistatin, or 2DG treatment 

HAECs were first starved in EBM2 or Fluorobrite medium (Gibco, A1896701) for at least two hours prior to 

thrombin treatment at the indicated concentrations, for 10 minutes. Thrombin was used at 0.25 U/mL for all 

experiments except for Fig. 4d, which was 0.5 U/mL for 7-10 minutes prior to assay. Cells were treated with 

lysophosphatidic acid for 30 minutes prior to assay. Y27632, latrunculin B, para-amino blebbistatin, or 2DG  

containing samples were starved in EBM2 or Fluorobrite medium (Gibco, A1896701) for one hour prior to 

thrombin treatment. 

 

Reagents and primary antibodies  

Dimethyloxalylglycine (DMOG) (Sigma-Aldrich, D3695) was used at 500 M final concentration. For 

monocarboxylase transporter 1 (MCT1) blockade, 4-chloromercuribenzoic acid (pCMBA) (Sigma-Aldrich, 
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C5913) at 500 M was used2. Nigericin (Tocris, 4312), oligomycin (Millipore, 495455), Antimycin A (Sigma-

Aldrich, A8674) were used at 1 M. 2-deoxyglucose (Sigma-Aldrich, D8375) working concentration was 50 

mM. Thrombin working concentration was 0.25-0.5 U/mL (Fisher, T4393). Lysophosphatidic acid (Santa Cruz, 

sc-2010503) working concentration was 10 M. Y27632 (Tocris, 1254) working concentration was 10 M. 

Latrunculin B (Sigma, 48020) working concentration was 20 nM. Para-amino blebbistatin (AxolBio, ax494682) 

working concentration was 50 M. Antibodies for immunofluorescence: SLC2A3 (R&D Systems, MAB1415, 

12.5 µg/mL), CDH5 (Cell Signaling, 2500S, 1:250 dilution), Phalloidin (PromoFluor 546, PK-PF546-7, 1:200). 

Antibodies for Western blot: SLC2A3 (ProteinTech, 20403-1-AP, 1:1000 dilution), SLC2A1 (ProteinTech, 

21829-1-AP, 1:1000), pCFL (Cell Signaling, 3313T, 1:1000 dilution), tCFL (Cell Signaling, 5175T, 1:1000 

dilution), ppMLC (Cell Signaling, 3674S, 1:1000 dilution), tMLC (Sigma, M4401, 1:1000 dilution), ACTB 

(Abcam, ab6276, 1:1000 dilution).  

 

Extracellular flux assay 

Glycolytic rates were measured using the XFe24 Extracellular Flux Analyzer (Agilent). HAECs were seeded at 

a density of 6 × 104/well on Seahorse plates (Agilent, 100777) overnight in a standard incubator. Cells were 

next equilibrated with XF Base media (Agilent, 102353) at 37°C for one hour in an incubator lacking CO2. 

Following an injection of 10 mM glucose, the average of 11 combined biological and technical replicates were 

quantified as the ECAR. Cell counts were performed post-Seahorse assays by Hoechst staining of nuclei, 

followed by imaging and counting cells with MATLAB via thresholding and regionprops command. Visual 

inspection was used to determine accuracy of algorithmic counting.   

 

Metabolomics 

Endothelial cells were plated at 500,000 cells/well using 6-well plates. Metabolites were extracted according to 

the manufacturer’s protocol for metabolomics (HMT Metabolomics). The average lactate concentration 

measured by capillary electrophoresis time-of-flight mass spectrometry was 37973.5 ± 29376.25 pmol per 

million of cells. Assuming an average length, height, and aspect ratio of 100 m, 4 m, and 1.12, respectively3, 

the estimated lactate concentration per cell was 0.77 ± 0.82 mM.  
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siRNA and transfection 

siRNAs targeting SLC2A3 (Qiagen, GS6566) or SLC2A1 (Sigma, A8126-25G) and non-targeting siRNAs 

(Qiagen, 1027310) were purchased. The transfection (12.5 nM) was performed using Lipofectamine RNAiMAX 

(Life Technologies) according to manufacturer’s instructions. Cells were seeded 24 hours prior to siRNA 

treatment. After 48 hours, experiments were performed accordingly.  

 

Western blot 

Whole cell extracts were harvested with 1× SDS lysis buffer and separated by 12% Bis-Tris Protein Gels and 

transferred to PVDF membrane using Biorad Gel Transfer System (Biorad). After blocking with either 5% non-

fat milk or 5% BSA in Tris-buffered saline with 0.1% Tween 20 (TBST), the membranes were incubated with 

primary antibody against proteins of interest, followed by incubation with an HRP-conjugated secondary 

antibody. Blots were developed with the ECL system (Pierce). Luminescence was detected by a ChemiDoc 

MP Imager (Bio-rad). 

 

Quantitative real-time PCR (qRT-PCR)  

Total RNA was isolated using Direct-zol RNA MiniPrep (Zymo Research) after Trizol lysis (ThermoFisher) (800 

L/35 mm dish). mRNA was reverse-transcribed into cDNA using High Capacity cDNA Reverse Transcription 

kit (Life Technologies). cDNA quantification was performed on LightCycler 480 II (Roche) using SYBR Green I 

Master for mRNA. Quantification of each gene of interest was normalized to beta-actin using the power up 

technique. PCR primers are listed in the following table. 

Name Forward Primer (5’3’) Reverse Primer (5’3’)  

Human primers   

-actin TCCCTGGAGAAGAGCTACGA AGGAAGGAAGGCTGGAAGAG 

SLC2A1 GAACTCTTCAGCCAGGGTCC ACCACACAGTTGCTCCACAT 

SLC2A2 AGCTGGCCATCGTCACGGGC GTAGCAGAGACTGAAGGATG 

SLC2A3 CGTGGAGAAAACTTGCTGCTG TCAGAGCTGGGGTGACCTTC 

SLC2A4 TTCCAGTATGTTGCGGAGGC TCTGTGCTGGGTTTCACCTC 
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SLC2A5 GAGCAACAGGATCAGAGCATG GTTGACAGCAGCCACGTTGTA 

SLC2A6 CTCAGCTTCATGCCCAACTC GATACTCGGCTGCTCTGTCT 

SLC2A7 TTCCATTGGGCCCAGTCCT GGCAGATTCCGGCAAAGATG 

SLC2A8 GGTCAACGCCGTCATGTTCT CGCCCTGCTCTGTCCATGATG 

SLC2A9 CGCCTTCGGCTCCTCCTTCCT AGAGTGTCTGGGTCTATTGGA 

SLC2A10 CTCGCCATGGGCCACT ATGAGGAAGCCACCAACCAG 

SLC2A11 CTGACCATCTGCGCTGCCG GTGGCTCTCCAGTACGCGC 

SLC2A12 GGGAAGCGGCTGTAACTTCT TAAACATGCCGCAGCCTCTC 

SLC2A13 AGACTGCGGTTTCTGCTACAA TTCATTTTCACACCTGCCCC 

SLC2A14 TGCATATGATAGGCCTTG GGCCCTGGCTGAAGAGTT 

Mouse primers   

-actin GATCAAGATCATTGCTCCTCCTG  AGGGTGTAAAACGCAGCTCA  

 

Immunofluorescence protocol and TIRF imaging 

After experiments were performed, cells in 8-well chambers (LabTek II) were fixed in PBS containing 4% 

formaldehyde (10 min), permeabilized with 0.25% Triton X-100 in TBS containing 0.1% Tween 20 (30 min), 

and blocked with 2% BSA in TBS containing 0.1% Tween 20 (TBST) (30 min). In between each step, the 

samples were washed with PBS three times. To stain SLC2A3, cells were incubated with mouse monoclonal 

antibody against SLC2A3 in 2%BSA in TBST overnight at 4oC, followed by Alexa Flour 594 Goat Anti-Mouse 

IgG (Life Technologies, A11037) for 1 hour at room temperature after 3 PBS washes. To stain VE-Cadherin, 

cells were incubated with rabbit polyclonal antibody against VE-Cadherin in 2% BSA in TBST overnight at 4oC, 

followed by Alexa Flour 488 Goat Anti-Rabbit IgG (Life Technologies, A11034) for 1 hour at room temperature 

after 3 PBS washes. TIRF microscopy was performed using a 532-nm laser line and epifluorescence 

microscopy was performed using a 470-nm LED on a Nikon Ti-2 microscope.   

 

Electrical cell impedance assay 
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Cell permeability was evaluated by measuring transendothelial electrical resistance (TEER) across HAEC 

monolayers on 8-well electrode arrays 8W10E+ (Applied Biophysics) by an electrical cell-substrate impedance 

sensing system Model 1600R (Applied Biophysics). Cells were starved in EBM2 media for 2 hours prior to 

thrombin treatment. 40,000 cells/well were plated into 8-well electric cell-substrate impedance sensing (ECIS) 

chambers (Applied Biophysics, Inc. 8W10E+ PET) two days before each experiment. Plates were transferred 

to the ECIS apparatus in a CO2, temperature, and humidity controlled incubator. Impedance measurements 

were taken every 10 seconds at 4,000 Hz. For 2DG treatment, cells were pre-treated with 50 mM 2DG in 

EBM2 before thrombin addition. For glucose titration, cells were incubated in DMEM containing indicated 

amounts of glucose for one hour before thrombin addition. For siRNA experiments, cells were treated with 5 

nM Scramble or SLC2A3 siRNA for 2 days prior to thrombin addition. For rescue experiments, cells were 

treated with 1 M oligomycin 1 hour prior to thrombin addition.  Change in impedance was defined as 

ΔImpedance = 𝑍𝑚𝑎𝑥 − 𝑍𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒. 

 

Laconic imaging 

Imaging of laconic sensor was performed on an Olympus IX-71 microscope with a 10× objective. FRET filter 

sets were purchased from Semrock: excitation 438/24, mTFP emission 483/32, Venus emission 542/27, and 

dichroic FF458-Di02. Hoechst and TRITC filter set for visualizing Hoechst stain, eBFP2, and mCherry were 

purchased from Semrock: Hoescht excitation 337/50, Hoescht emission, 447/60, Hoescht dichroic FF409-Di03, 

TRITC excitation 556/20, TRITC emission 617/73, TRITC dichroic Di03-R488/561. FRET images were taken in 

rapid succession using a computer controlled Prior filter excitation and emission wheels and a Photometrics 

95B camera. The microscope system was enclosed in a heated chamber maintained at 37 oC and 5% CO2 for 

all time-lapse microscopy experiments. The microscope system was controlled by MicroManager. Imaging flow 

chambers (Ibidi, 80176) were used according to the manufacturer’s instructions. Injections for exchanging 

buffers were performed manually through attached tubing.  

 

Laconic calibration 
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Ad-laconic were transduced into HAECs and were replated into Ibidi chambers at approximately 100,000 cells / 

chamber 24 hours later, and then imaged 24 hours later. Cells were incubated in intracellular buffer (ICB) (10 

mM NaCl, 130 mM KCl, 1.25 mM HEPES pH 7.2) with 10 M nigericin and 2 M of rotenone with varying 

concentrations of sodium lactate (0.0001 mM, 0.001 mM, 0.01 mM, 0.1 mM, 1 mM and 10 mM). mTFP and 

Venus fluorescence channel images were acquired every 2 seconds over 3 minutes per lactate concentration. 

The mTFP/Venus (donor/acceptor) intensity ratio per cell after background subtraction (hereafter, 1/FRET or 

FRET’ in shorthand) was obtained after segmentation (described below).  

 

Lactate production rate (LPR) assay and intracellular lactate estimation 

One day after Ad-Lac transduction, HAECs were re-plated into Ibidi chambers at approximately 100,000 cells / 

chamber. After waiting another 24 hours, they were starved in extracellular buffer (ECB) composed of (112 mM 

NaCl, 5 mM KCl, 1.25 mM CaCl2, 1.25 mM MgSO4, 10 mM HEPES, 24 mM NaHCO3, pH 7.4) or Fluorobrite 

MEM (Gibco, A1896701) for at least 1 hour. The first injection was 10 mM glucose in ECB, then after 3 

minutes, 10 mM glucose and 500 M of pCMBA in ECB. The fluorescence images of mTFP and Venus were 

obtained with exposures between 100-300 ms/frame every 2 seconds until completion of the assay. LPRs 

were calculated as follows: after pCMBA injection, the FRET’ rose (∆FRET-1) as cells accumulated intracellular 

lactate.  From the FRET’ vs lactate calibration curve: 

Δ𝐹𝑅𝐸𝑇−1

∆𝐿𝑜𝑔10𝐿𝑎𝑐𝑡𝑎𝑡𝑒
= 𝑐 

where c was a constant, then 

∆𝐹𝑅𝐸𝑇−1

∆𝑡
= 𝑐

∆𝐿𝑜𝑔10𝐿𝑎𝑐𝑡𝑎𝑡𝑒

∆𝑡
. 

The LPR was defined as  

𝐿𝑃𝑅 =
∆𝐿𝑜𝑔10𝐿𝑎𝑐𝑡𝑎𝑡𝑒

∆𝑡
. 

 

Intracellular lactate was determined by first estimating the FRET’ signal at zero lactate, which was after 

starvation for 1 hour in extracellular buffer and perfusion with 10 mM pyruvate. Following 10 mM glucose 

perfusion, the FRET’ signal reached steady state after 2 minutes. At the end of each experiment, the FRET’ 
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value at 10 mM lactate was measured such that each individual cell had its own two-point calibration curve. An 

average FRET’ value over 20 seconds during steady state was used to determine intracellular lactate.  

 

DMOG stimulation of endothelial cells 

HAECs were plated to confluency and transduced with Ad-Lac at 50 MOI two days prior to the LPR assay. One 

day prior to the LPR assay, cells were transfected with either T7-eBFP2 or T7-mCherry at 50 ng/cm2. The 

night before the assay, the cells were treated with 0.5 mM of DMOG or DMSO in EGM2 media, overnight. On 

the day of the LPR assay, cells, each dually labeled with either A) mCherry and laconic or B) eBFP2 and 

laconic, were split into two groups – A and B by themselves or mixed together into an Ibidi chamber. 

 

RhoA-Q63L or RhoA-T19N expression in endothelial cells 

HAECs were plated to confluency and transduced with Ad-Lac at 50 MOI two days prior to the LPR assay. One 

day prior to the LPR assay, cells were transfected with either T7-eBFP2-RhoA-Q63L, T7-mScarlet-i-RhoA-

T19N, T7-eBFP2-RhoA-T19N, or T7-mScarlet-i-RhoA-Q63L at 25 ng/cm2. On the day of the LPR assay, cells, 

each dually labeled with either A) mScarlet-i and laconic or B) eBFP2 and laconic, were split into two groups – 

A and B by themselves or mixed together into an Ibidi chamber. 

 

siRNA expression in endothelial cells with LPR measurements 

Two days prior to the LPR assay, HAECs plated to confluency were transduced with with Ad-Lac at 50 MOI, 

Ad-ATeam at 100 MOI, or Ad-FLIIP-Glu700 at 200 MOI. 12 hours later the cells were transfected with either 

scrambled control or siRNA targeted towards SLC2A3 as above. HAECs were transduced with one day prior to 

the LPR assay.  

 

Flow microscopy assay 

A flow device consisting of a computerized stepper motor UMD-17 (Arcus Technology, Livermore, CA) and a 

1° tapered stainless steel cone was used to generate the physiologically-relevant shear stress pattern4. The 

flow device was placed in a 37 °C incubator with 5% CO2 on top of an inverted Olympus IX-71 microscope. 

HAECs at 100% confluence, maintained in EGM2- medium containing 4% dextran in 6-well plates, were 
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subjected to unidirectional steady flow (UF) or disturbed flow (DF) for 24 hours before cells being imaging. 

Following flow and performing of the LPR assay, the shear stress applied to the cells was measured below.   

 

Measurement of flow shear stress  

To measure the local shear stress in the cone and plate device, 1:10,000 dilution of 2 m red beads 

(Spherotech, FH-206-2) in PBS were added to the cells following overnight flow and LPR assessment on top of 

the microscope. The flow was slowed to 1/20th the original speed in order to track beads. Imaging was 

performed at a sufficient rate (30 Hz) to ensure that sequential images contained the same beads. The focus 

was kept at the apical surface of the cells.  

 

To track the beads, the background was estimated with a boxcar averaging filter with filter width of 22 pixels 

(the average bead size was about 5 pixels). To the background corrected image, noise was removed using a 

Gaussian filter with standard deviation of 1 pixel to remove uncorrelated noise. Next, to identify beads, regions 

containing bead-sized objects were extracted from the images and filtered for cell debris (objects too large or 

too small). This method selected for in-focus beads along the apical surface of the endothelial cells, giving a 

good estimate of the local shear stress. Beads in sequential images were assumed to be the same if they were 

closest to each other. By computing bead displacement in sequential frames, a velocity profile orthogonal to 

the rotation axis was built up.  

 

Migration / scratch assay  

HAECs were plated 2 × 105 cells/well in 12-well plates and transduced with Ad-Lac and Ad-LifeAct one day 

prior to the assay. For higher magnification of migration, HAECs were plated 5 × 104 cells/well in 8-well glass 

bottom dishes (Ibidi 80827). A 10 L pipette tip was gently passed once over the cells to produce a wound. 

Following the scratch, the media was changed in order to minimize floating debris. The cells were then placed 

on the microscope for time-lapse microscopy. After sufficient cell migration into the wound, the LPR assay was 

performed as described above. For analysis of cell migration, we measured the LPR of cells that had migrated 

more than 90 m, which is 2 standard deviations greater than the mean migration distance.  
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Deep learning enabled segmentation of cells 

Sample generation for ground truth  

Endothelial cells were transduced with Ad-Lac at 50 MOI as above. After 48 hours of transduction, cells were 

fixed for immunofluorescence as described above for VE-Cadh to mark cell boundaries and stained with 

Hoechst (1:1000). Samples were then stored at 4oC wrapped in parafilm to be imaged at a later time. Images 

of cells were acquired in the FRET channel and Hoechst channel at 10× magnification.  

 

Ground truth labeling  

Cellprofiler4 was used for ground truth labeling of 4 classes: background, border, cytoplasm, and nuclei. First, 

12001200 pixel images in the FRET channel were background corrected with subtraction using a running 

average block size of 150 pixels across all images of the fixed samples. Next, using an adaptive threshold 

(Otsu) strategy, nuclei were identified. Using nuclei as seeds, cell boundaries were found through the 

propagation algorithm. The cytoplasm was then defined as areas inside the cell boundaries, but not of the 

nuclei. Next, these images were recombined and labeled with a unique class identifier. Minor adjustments to 

the labeled images were made algorithmically and automatically in MATLAB, including making sure that a cell 

boundary encapsulates all cytoplasm and nuclei, and getting rid of cells that had no nuclei. Images of each 

label class were generated and visually inspected for accuracy. 432 images containing approximately 500 cells 

per image were used for training as described below. 

 

Deep-learning enabled semantic segmentation (pixel-level classification of images)  

The ground truth was randomized into training (70%), validation (15%), and test (15%) datasets. To enhance 

the dataset, patches were extracted and augmented with random reflection, rotation, and shear up to 10 

degrees. Next, a U-net network5 (Extended Data Fig. 1b) was trained using conventional deep learning, with 

final layer pixel classification consisting of an inverse class weighting (based on class frequency) cross entropy 

loss function over 50 epochs. 128128 image tile size was chosen, with 8 mini-batches, using stochastic 

gradient of descent with 0.95 momentum (~38,000 unique images prior to augmentation; Background pixels: 

2.93×108; Border pixels: 2.81×107; Cell body pixels: 9.15×107; Nuclei pixels: 2.54×107). Initial learning rate was 

0.001 and was dropped by a factor of 10 every 10 epochs. The training was performed in MATLAB using the 
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Deep Learning Toolbox on 2 NVIDIA GeForce 1080 Ti and 1 NVIDIA Titan V GPU. Total training time was 

about 96 hours and was stopped after no further reduction of loss. In this manner, a semantic segmentation 

network capable of assigning each pixel a separate class was created. Measures of deep learning accuracy 

were listed in Extended Data Table 1. We found that inclusion of a nuclei class improved the classification of 

cell boundaries. Adding additional 2D convolutional layers to increase the receptive field did not improve the 

network accuracy but significantly reduced the learning rate. Convolutional layers had 3×3 kernel size. Skip 

connections were included in the U-net as depicted in Extended Data Fig. 1a.  

 

Image Analysis 

After feeding images into the semantic segmentation network, the output was further processed to remove 

cells below a pre-defined threshold, based on expected cell size. Next, FRET’ trajectories of each cell over 

time were generated. To accomplish this, individual cells were extracted from the labeled images: each cell 

was identified as an object surrounded by a boundary class and containing a nucleus. The mean position of 

the cell was matched to a cell with the closest position in a subsequent image, thus generating a position 

trajectory, and therefore FRET’ trajectory (computed as the average mTFP fluorescence intensity divided by 

the average Venus fluorescence intensity inside the boundary minus background signal) of every cell. The 

FRET’ trajectories were then subjected to a median filter of width 5 for denoising. To obtain the lactate 

production rate, pyruvate production rate, or glucose uptake rate, the slope of the FRET’ (or regular FRET for 

glucose sensor) signal was calculated over 40 second trajectories and fit against a linear model during the 

portion of the time the cells were exposed to MCT1 inhibitor. ATP levels were determined by the average 

FRET signal before and after addition of agonist. Only if the R2 value of the fit was greater than 0.9 was the 

data considered useable.  Conversion of FRET’ to LPR was calculated as described above.  

 

Quantification of total fluorescence error as a consequence of deep learning-based semantic 

segmentation and image analysis 

We estimated the error in deep learning assisted semantic segmentation by first computing the error between 

ground truth fluorescence and segmented fluorescence. First, we used a test data set of cells expressing 

laconic for which we have ground truth as well (this data set the deep learning algorithm has never seen) and 
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segmented these images with the deep learning algorithm. Then using the same image analysis pipeline, we 

plot the cell fluorescence as estimated from deep learning networks against the ground truth cell fluorescence 

(n ~ 20,000). The 95% confidence interval of the slope is 0.93-0.95, so there was consistently a small 

underestimation of the true fluorescence of each cell (Extended Data 1c).   

 
To estimate how this error in fluorescence detection affects fitting of LPR data, we turn to Monte Carlo 

simulations of LPR (bootstrapping). Using the dataset above which provides a real measure between ground 

truth and fluorescence, we generate a line x = y by randomly sampling the ground truth fluorescence, each of 

which corresponds to a deep-learning generated fluorescence, 100 times. The slope of this line is then 

calculated by performing linear regression. This random sampling of fluorescence values, followed by slope 

calculation, simulates LPR calculation in real samples. The distribution of these bootstrapped slopes is plotted 

after repeating this 10,000 times, resulting in a Gaussian distribution of slopes (Extended Data 1d). The red 

line is fit to a Gaussian. The mean of the fit Gaussian is 0.9, similar to the correlation between ground truth and 

deep learning fluorescence above (0.94). The standard deviation of the Gaussian fit is 0.05. Thus the error in 

estimating LPR, due to semantic segmentation, is 0.05/0.9 which is approximately 5%.  

 

Per-pixel LPR 

Cells were seeded into Ibidi chambers and the same protocol followed when imaging LPR as above, with the 

exception that a 40× plan-apochromat Olympus objective was used for imaging. After acquisition of the 

images, a tophat filter with width of 30 microns (in real space) was used to estimate the background. A 

Gaussian with width of 1 pixel was convolved with the original image to smooth noise artifact. To this 

smoothened image, the minimum of the estimated background image was subtracted. FRET was calculated by 

dividing the YFP image from the mTFP image. Following, the per pixel LPR was calculated after binning by 4 in 

an average sense in each image in the time series (after addition of pCMBA). The slope of each super pixel in 

the time series was then calculated; the value of the slope was replotted as the LPR image. LPR images were 

then resized to the original size.  
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Actin difference images, Pearson’s Correlation Coefficient, and Manders’ Overlap Coefficient 

calculation 

Ten Lifeact-RFP images, taken 1 minute apart, were subtracted from each other in sequential order, and the 

maximum intensity of each of these difference images was projected as the final “difference” image. Both the 

Lifeact difference image and LPR images were normalized to the largest value in the respective image. To 

calculate the Manders’ Overlap Coefficient (MOC) or Pearson’s Correlation Coefficient (PCC) (complementary 

statistical measures of spatial correlation) between the Lifeact difference image and the per pixel LPR image, 

Lifeact difference images were first segmented by hand. The mask of the cell was then applied to the LPR per 

pixel image to avoid background effects. Next, the actin difference image was thresholded at 5% of maximum 

intensity. Finally, the MOC and PCC were calculated as 

𝑀𝑂𝐶 =  
∑ 𝑥𝑖,𝑗𝑖,𝑗 ∙ 𝑦𝑖,𝑗

∑ 𝑥𝑖,𝑗𝑖,𝑗 ∑ 𝑦𝑖,𝑗𝑖,𝑗

 

𝑃𝐶𝐶 =  
∑ (𝑥𝑖,𝑗 − 〈𝑥𝑖,𝑗〉)𝑖,𝑗 ∙ (𝑦𝑖,𝑗 − 〈𝑦𝑖,𝑗〉)

∑ (𝑥𝑖,𝑗 − 〈𝑥𝑖,𝑗〉)𝑖,𝑗 ∑ (𝑦𝑖,𝑗 − 〈𝑦𝑖,𝑗〉)𝑖,𝑗

 

where x and y are Lifeact difference and LPR images with i rows and j columns,  and 〈∙∙∙〉 operator denotes 

mean. Simulated MOC or PCC was performed by randomizing the spatial location of the LPR pixel values 

within the masked area and calculating the MOC or PCC with the thresholded Lifeact difference image 10,000 

times.  

 

Granule tracking of SLC2A3 

Following immunofluorescence, images were acquired in epifluorescence for VE-CADH (excitation 470 nm) 

and by TIRF (excitation 532 nm) for SLC2A3 on a Nikon Ti-2 frame. SLC2A3 images were first convolved with 

a rolling disk filter of width 3 times the estimated size of a granule to estimate the true background. The original 

image was convolved with a Gaussian with width 1 pixel to suppress pixel noise. To this image, the 

background image was subtracted. This restored image was further processed by eliminating single pixel 

regions which were judged to be processing artifact. The remaining regions were identified as SLC2A3 

granules. To determine which SLC2A3 granules lay on cells, cells were identified by simple background 
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thresholding of VE-CADH images. The fluorescence intensities of SLC2A3 granules when VE-CADH signal 

was positive were then tabulated on a per-image basis. This experiment was replicated with the same result.  

 

Gap index and gap size index determination 

At 10× magnification with 1.5× multiplier, all CDH5/VE-CADH or phalloidin images (with or without thrombin, 

with or without siSLC2A3) were cropped to eliminate non-uniform; images were then flattened and thresholded 

to determine foreground. The gap size index ((intercellular gap area/cell number) was determined by 

([intercellular gap area/total cell area]×1000)/cell number) and gap index ((number of intercellular gaps/cell 

number) was calculated by ([intercellular gap number/total cell area]×1000)/cell number) were calculated 

according to Fraccaroli et al6. All data points reflecting gap index and gap size index are individual images. All 

experiments were repeated at least 3 times.  

 

HUVEC size determination 

After thrombin treatment or not, HUVECs were fixed, permeablized, and stained with phalloidin as described 

above. Images were then flattened as above. A threshold was used to find fluorescent cells which were 

counted in MATLAB.  

 

RhoA imaging, LPR vs RhoA activity 

RhoA-Flare imaging was performed with FRET filter sets purchased from Semrock: excitation 438/24, mTFP 

emission 483/32, Venus emission 542/27, and dichroic FF458-Di02 on transfected cells. Integration times 

ranged from 100ms to 500ms with a Photometrics Prime95b camera using either a 40× or 100× plan-

apochromat Olympus objective. Single cell LPR was performed on separate cells as described above. To 

calculate the LPR or RhoA activity as a function of distance from center, the cells were first segmented by 

hand in ImageJ. Line scan intensities of either RhoA activity (FRET) or LPR were performed from the 

geometric center of the cell to the edge of the contracting or non-contracting portions of the cell. These line 

scans were then normalized to maximum intensity and interpolated using cubic splines to the same number of 

data points (1000). The signals were then averaged to produce the final figure. Each line scan in the category 

of contractile or not is from a different cell.  
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Mouse studies 

Gene Expression Omnibus datasets (GEOD) were downloaded from EndoDB 

(https://endotheliomics.shinyapps.io/endodb/). EndoDB is a database of curated endothelial transcriptomics 

datasets7. Expression data were normalized to Slc2a1 expression. All mouse endothelial datasets are of 

isolated primary cells in the untreated (control) arms of the experiments.  

 

All animal care and treatment procedures were approved by the University of Chicago Institutional Animal Care 

and Use Committee. Animals were handled according to the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals. All experimental animals were assigned unique identifiers to blind 

experimenter to treatment. For the mouse model of vascular leak, C57BL/6J mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). For in vivo human SLC2A3 or mScarlet-i transient overexpression, 

C57BL/6 mice, 10–12 wk old, were tail vein-injected with the solution containing 40 g of endotoxin-free 

CDH5-SLC2A3 overexpression plasmid, CDH5-mScarlet-i, or control CDH5a containing plasmid DNA diluted 

with sterile 5% glucose and then mixed with polyethylenimine (PEI) nanoparticles (TurboFect in vivo 

Transfection Reagent) (Thermo Scientific) according to manual instructions. After 24 hours, mice were 

anesthetized with ketamine-xylazine (80 mg/kg:20 mg/kg) before harvest of aorta and intimal RNA isolation, 

Evans blue assay, or fixation, paraffin-embedding and sectioning for visualization of mScarlet-i. 

 

Evans blue dye assay 

After anesthesia, retro-orbital injection of 4 L/g of 2% Evans blue dye was performed. 1 hour later, aortas 

were immediately cleaned and harvested, photographed, and weighed. Evans blue dye was extracted from the 

aortas by sonication in 50% trichloroacetic acid (4 L/mg). Each sample was centrifuged, and the supernatant 

mixed with 100% ethanol in a 1:3 ratio. The OD of each sample was read at 620 nm on a Biotek-3 instrument 

and normalized to aorta weight.  

 

Aorta intima isolation for qRT-PCR 

https://endotheliomics.shinyapps.io/endodb/
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After careful isolation, the aorta was quickly flushed with 350 μl of Qiazol lysis reagent (Qiagen) using a 29G 

insulin syringe and the elute was collected in a microfuge tube for intimal RNA isolation. The leftover aorta after 

flushing with Qiazol was homogenized with 700 μl of Qiazol for RNA isolation of media and adventitia. Reverse 

transcription and qRT-PCR were performed using the Maxima First Strand cDNA Synthesis Kit (ThermoFisher) 

according to manufacturer’s protocol. Mouse PCR primers are listed above. 

 

Fluorescence of aortic intima 

CDH5-mScarlet-i transfected aortas were fixed in 4% paraformaldehyde for 15 minutes and embedded in OCT 

after being immersed in OCT:sucrose=1:1 mixed solution for 24 hours. Frozen samples were sectioned in 5-8 

μm. The sections were then mounted, permeablized, blocked, and incubated with antibody to VE-CADH, 

followed by fluorescent secondary antibody (as above). Samples were then incubated with ProLong Gold with 

DAPI (Thermo Fisher) and imaged with a confocal microscope (Olympus Disk Spinning Unit (spinning disk 

confocal)).   

 

Construction of CDH5 plasmids 

The original plasmid containing CDH5 promoter was a gift from Dr. Youyang Zhao at Northwestern University. 

CDH5 promoter sequence was verified by sequencing. CDH5control plasmid was engineered by using 

NEBuilder HiFi DNA Assembly Cloning kit (NEB#5520) with the following primers: CDH5pro_v8F 

(tctgcttaggGCCAATTCTGCAGACAAATG), CDH5pro_v8R(cgtcatcgtcCTTATAGTCCATGGTGGC) , 

FLAG_Neg_v3F (ggactataagGACGATGACGACAAGTGATC and FLAG_Neg_v3R 

(cagaattggcCCTAAGCAGATTCTTCATGC). The original plasmid containing SLC2A3 

(pDONR223_SLC2A3_wt) open reading frame was obtained from Addgene (#81787). SLC2A3 open reading 

frame was amplified with the following primers: Glut3_F (tgacgacaagATGGGGACACAGAAGGTC) and 

Glut3_R (tcgaggctgaTCAGACATTGGTGGTGGTC) and then assembled with the backbone fragment amplified 

from CDH5 control plasmid with the following primers: CDH5_BK for Glut3_F 

(caatgtctgaTCAGCCTCGACTGTGCCTTC) and CDH5_BK for Glut3_R 

(gtgtccccatCTTGTCGTCATCGTCCTTATAGTCC) by using NEBuilder HiFi DNA Assembly Cloning kit.  
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The original plasmid containing mScarlet-i (pLifeAct-mScarlet-i-N1) open reading frame was obtained from 

Addgene (#85056) and was used as the backbone fragment amplified with the following primers: mScarlet_F 

(gctcaccggtGCCACCATGGTGAGCAAG), and mScarlet_R3 (tcacaacccgATGCATGGCGGTAATACG). The 

resulting fragment was then assembled with CDH5 promoter fragment amplified from CDH5_control plasmid 

with the following primers: CDH5(truncated)_F(cgccatgcatCGGGTTGTGAATGAGGTCTG), 

CDH5(truncated)_R (ccatggtggcACCGGTGAGCTCTGTGGAG) by using NEBuilder HiFi DNA Assembly 

Cloning kit. 

 

Statistics 

The data were analyzed in Prism 9 (GraphPad Software Inc, La Jolla, CA). All data with error bars were shown 

as mean ± standard error of the mean (SEM) except for the metabolomics estimate which was the mean ± 

standard deviation (SD) (Fig. 1) to better highlight the distribution of intracellular lactate levels. Statistical 

significance was determined by unpaired Welch’s t-test for individual differences and one way ANOVA followed 

by Bonferroni’s test for multiple comparisons. All experiments were biological replicates except for extracellular 

flux experiments, which included technical replicates. All measurements were taking from distinct samples. 
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