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‘‘Radical’’ differences between two FLIM microscopes
affect interpretation of cell signaling dynamics

Sravasti Mukherjee,1,2,5,* Jeffrey Klarenbeek,1 Farid El Oualid,3 Bram van den Broek,1,4 and Kees Jalink1,2,*
SUMMARY

The outcome of cell signaling depends not only on signal strength but also on temporal progression. We
use Fluorescence Lifetime Imaging of Resonance Energy Transfer (FLIM/FRET) biosensors to investigate
intracellular signaling dynamics. We examined the b1 receptor-Gas-cAMP signaling axis using both wide-
field frequency domain FLIM (fdFLIM) and fast confocal time-correlated single photon counting (TCSPC)
setups. Unexpectedly, we observed that fdFLIM revealed transient cAMP responses in HeLa and Cos7
cells, contrasting with sustained responses as detected with TCSPC. Investigation revealed no light-
induced effects on cAMP generation or breakdown. Rather, folic acid present in the imaging medium
appeared to be the culprit, as its excitation with blue light sensitized degradation of b1 agonists. Our find-
ings highlight the impact of subtle phototoxicity on experimental outcomes, advocating confocal TCSPC
for reliable analysis of response kinetics and stressing the need for full disclosure of chemical formulations
by scientific vendors.

INTRODUCTION

The function and fate of the various cell types that make up tissues are tightly controlled by a large number of extracellular messenger mol-

ecules such as hormones, growth factors, and cytokines. Cell surface receptors at the plasma membrane pick up the extracellular signals and

transduce them into intracellular messages, so-called 2ndmessengers of which a few dozen have been identified to date. How can such a large

number of different signals—well over a 1,000 cell surface receptors have been identified—be relayed with just a limited set of 2nd messenger

signals? It has become increasingly clear that the answer lies, at least in part, in the tight spatial and temporal control of the ensuing intra-

cellular signals.1–4 For example, the temporal aspects of formation of the second messenger cyclic adenosine monophosphate (cAMP) in

response to the b-adrenergic receptor agonist isoproterenol showed large cell-type-dependent variations, whereas in the same study the

response to stimulation of thyroid cells with thyroid-stimulating hormone differed both spatially and temporally.5 cAMP dynamics are

controlled not only by the large families of cAMP-generating (adenylate cyclases [ACs]) and degrading (phosphodiesterases [PDEs]) enzymes

but also by the mechanisms that determine the fate of cell surface receptors following stimulation; for in-depth overviews see Zaccolo et al.4

and Pizzoni et al.6 It thus has become pivotal to understand the regulatory networks of proteins that shape the spatiotemporal dynamics of

cAMP signaling.

To fully appreciate the intricacies of spatiotemporal patterning of intracellular messages, these processes have to be studiedwithmethods

that provide high spatial as well as temporal resolution, in individual living cells, and in a quantitative manner, i.e., by live cell fluorescence

microscopy. Over the last decades, fluorescencemicroscopes have become faster, more sensitive, more photon-efficient, andmore versatile,

whereas modern software allows real-time segmentation of cells and quantification of the results. To match the power of these microscopes,

hundreds of fluorescent sensors were developed and optimized. These sensors allow imaging all major second messengers: ions, such as

Ca2+, Mg2+, Zn2+, Na+, and H+; small molecules like inositol trisphosphate (IP3), nitric oxide (NO), and cAMP; lipids like phosphatidyl inositol

bisphosphate (PIP2), phosphatidyl inositol trisphosphate (PIP3), and diacyl glycerol (DAG), but also protein modifications such as phosphor-

ylation as well as complex formation. The majority of these sensors employ fluorescence resonance energy transfer (FRET) between a donor

and acceptor fluorophore for readout.

The most straightforward manner to quantify FRET is by imaging the excited state lifetime of the FRET donor using fluorescence lifetime

imagingmicroscopy (FLIM). FLIM is independent of sensor bleaching and concentration, light source fluctuations, and a range of microscope

imperfections that hamper quantification in intensity measurements.7 Moreover, recent developments have rendered FLIMmicroscopes fast

enough to follow cell signals with sub-second time resolution. The two most common implementations in FLIM microscopy are frequency-

domain (fdFLIM) instruments and time-correlated single photon counting (TCSPC) instruments.
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Figure 1. Identical experiments yield widely different response kinetics on two FLIM setups

Cells stably expressing the cAMP FLIM sensor Epac-SH201 were imaged every 5 s. Following recording of a baseline, cells were challenged with isoproterenol

(IsoP; 40 nM) as indicated. Forskolin (F; 25 mM) was added to saturate the response for comparison. Shown are FLIM time-lapse responses in individual HeLa

cells as detected on the (A) widefield fdFLIM setup and (B) on the FALCON TCSPC setup, and in individual Cos7 cells detected on the (C) widefield fdFLIM

setup and (D) the FALCON TCSPC system. Note that the response to isoproterenol as detected by fdFLIM did not saturate the FRET sensor in HeLa cells

and declined toward baseline within minutes (FWHM 110 G 50 s), whereas it did saturate the response on the FALCON setup, leading to sustained

responses. Panels show a randomly selected subset of 20 cells taken from a single experiment. Full datasets for this experiment are included in the

supplemental material (Figures S1A–S1D). Statistical analysis: throughout this document, significance is denoted as: n.s., not significant; *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001 and *****p < 0.00001. Differences are tested in R with a parameter-free Wilcoxon test for unpaired data, unless

otherwise noted. Difference for HeLa cells (A and B): *****; difference for Cos7 cells (C and D): *****. See STAR methods and the key resources table for

StatsForLite.Rmd for full details of statistical analysis.
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fdFLIM is usually implemented on widefield microscopes equipped with a fast-gated camera. Our Lambert Instruments widefield fdFLIM

system detects the delay between 40 MHz sine-wave-modulated excitation light and the ensuing modulated fluorescence emitted from the

cells. The latter is retrieved by recording a stack (a minimum of 3 but typically 12) of emission images at different relative phase delays with

respect to the excitation,8–10 using a phase-sensitive camera system.

In contrast, TCSPC is typically implemented on confocal point-scanning microscopes. Here, fluorophores in the confocal illumination spot

are excited with sub-nanosecond laser pulses, and the delay between laser pulse and arrival of ensuing emission photons at the detector is

calculated by fast electronics. Until recently, TCSPC was restricted to low photon count rates (<�106/s), and collection of 5153 512 pixel im-

ages required photon accumulation for up to several minutes; thus, fast lifetime imaging was the domain of fdFLIM instruments.

Although extremely powerful, fluorescence microscopy is not without its shortcomings. Routine fluorescence microscopes are equip-

ped with light engines that deliver from 10 to over 100 mW of monochromatic light to the preparation, i.e., (depending on the objective

used) � 1–100 W/cm2. By comparison, the solar full-spectrum irradiance impinging on the cells in our skin is several orders of magnitude

lower, �100 mW/cm2. Such intense excitation typically causes the dyes and sensors to bleach, thereby decreasing signal-to-noise ratio

over the time course of the experiment. In addition, excitation—in particular at the blue part of the spectrum—may be toxic to the cells

and/or may affect various aspects of cell physiology.11–13 Phototoxicity may vary strongly non-linearly with excitation intensity,13 and
2 iScience 27, 110268, July 19, 2024
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Figure 2. Field-shift experiment carried out on the widefield FLIM setup

Isoproterenol responses were recorded as in Figure 1. Schematic representation of the experiment done in HeLa cells. After recording the response to

isoproterenol in a given field (FOV1), the stage was shifted to a second field (FOV2) and after rapid refocusing, recording was restarted. Similar effects were

found in �300 cells in three independent experiments. Statistical difference between tail of data in upper panel and onset of adjacent field data (lower

panel): *****. See STAR methods and the key resources table for StatsForLite.Rmd for full details of statistical analysis. *****p < 0.00001.
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because in confocal laser scanning microscopy excitation is restricted to a single focal laser spot, widefield microscopy is often consid-

ered to be milder for the cells.14

Our lab studies dynamic aspects of agonist-induced cAMP changes using quantitative FLIM microscopy15(also see key resources table,

‘‘Other’’) using an EPAC-based sensor that is specifically optimized for FLIM detection.16 These studies require prolonged time-lapse imag-

ing, and therefore we had taken every effort to minimize excitation intensity. To minimize excitation in fdFLIM experiments, together with

Lambert Instruments, we introduced a new CCD camera with on-board phase demodulation (see key resources table, ‘‘Other’’), which

doubled photon efficiency and allowed lowering of typical excitation powers well within the range of low-exposure time-lapse experiments

(e.g., Ca2+ imaging) seen in literature.17 Despite its implementation on confocal instruments, TCSPC is already very photon efficient. In a

collaboration with Leica, we tested and further optimized a high-speed instrument (the Fast Lifetime Contrast system, FALCON) capable

of acquiring good-quality full-frame FLIM images every 1 or 2 s.

In addition, the influence of cell culture media on light-induced cytotoxicity and bleaching has been recognized for decades,18–20 lead-

ing to the formulation of, e.g., riboflavin-free media aimed at mitigating both cytotoxicity and bleaching. With these optimizations, both

setups have been routinely used in our lab to record series of thousands of FLIM images without appreciable bleaching or obvious photo-

toxic effects.

While comparing results obtained with our widefield fdFLIM setup (Lambert Instruments dedicated ultra-efficient FLIM camera8 [also see

key resources table, ‘‘Other’’] attached to a Leica DMI IRE2) to those obtained with fast TCSPC instruments (Leica FALCON on SP8/Stellaris 8

systems [also see key resources table, ‘‘Other’’]), we unexpectedly observed that both the amplitude and the time course of agonist-induced

increases in cAMP differ radically between those two setups. Because for our studies it is crucial that signal transduction dynamics are re-

corded faithfully, the present study was undertaken to illuminate the underlying cause of these differences.

We hypothesized and investigated several molecular mechanisms, including that intense laser excitation might interfere (directly or indi-

rectly) with enzymes that control cAMP turnover. Contrary to expectation, we found that in this case TCSPC is the more reliable recording

technique. Instead, we identify compounds present in the FluoroBrite imaging medium as the culprit. As most laboratories may not have

routine access to both types of FLIM microscopes, our study also serves to caution microscopists not to blindly rely on the outcome of

live cell imaging experiments and to insist on knowing the molecular composition of all buffers and compounds used.
iScience 27, 110268, July 19, 2024 3
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Figure 3. Blue light exposure affects the time course of cAMP dynamics

Responses of HeLa cells (A and B) and Cos7 cells (C–F) to 40 nM IsoP were recorded using fdFLIM (A–D) and using TCSPC (E and F).

(A) Standard excitation at 0.9 mW (0.5 W/cm2) using a 435 nm sine-wave-modulated LED. FWHM of the responses is 110 G 50 s.

(B) Idem, using an ND1 filter in the excitation path to reduce excitation to 0.09 mW (50mW/cm2) at the plane of the preparation. Response FWHM is 393G 100 s.

Significance: *****.

(C and D) Same experiments as in (A) and (B) for Cos7 cells; response FWHM were 337 G 50 s and 800 G 100 s, respectively. Significance: *****.

(E) Sustained responses detected by TCSPC at typical settings (45 mW; 7.5 mW/cm2).

(F) Idem, except that cells were additionally exposed to continuous light from a 430 nm LED for 2 min as indicated. Note that this readily abrogated the sustained

response (response FWHM 585 G 200 s). Significance: *****.

(G) Image of the setup and LED.

(H) Efficacy of LEDs with indicated wavelengths in abrogating sustained responses. Data depict % of cells with transient phenotype in three independent

experiments. For (A)–(F), representative traces were randomly selected from the data as detailed in STAR methods and Figure 1. Full datasets for this

experiment are included in the supplemental material (Figures S1E–S1G). See STAR methods and the key resources table for StatsForLite.Rmd for full details

of statistical analysis. *****p < 0.00001.
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RESULTS AND DISCUSSION

Identical experiments yield widely different outcome depending on the microscopy setup

When carrying out time-lapse experiments on the two FLIM microscopes in our lab, a Leica FALCON confocal TCSPC system and a Lambert

Instruments widefield fdFLIM system, we routinely observed that these systems produced quite different results. In particular, the apparent

rise in cAMP levels following stimulation of b1 receptors with isoproterenol (IsoP) was transient (Figures 1A and 1C) on the fdFLIM setup,

whereas cells imaged on the confocal setup showed much more sustained cAMP responses, which eventually declined toward baseline in

>60 min (Figures 1B and 1D). As during these comparisons, we ascertained that on-stage cell culture conditions (imaging medium, temper-

ature, CO2, and moisture conditions) were very similar, differences in the microscopy setup were likely the culprit. Compared to widefield

fluorescencemicroscopes, confocal point-scanning microscopes are often considered to bemore detrimental as a result of the focused laser

irradiation,14 and it is thus tempting to speculate that the confocal setupmight be introducing an artificially prolonged response as a result of

phototoxicity.

To test this hypothesis, after recording a baseline and IsoP-induced transient response within a given field of view (FOV), we rapidly

shifted to a few adjacent FOVs to check if the entire well was behaving uniformly (Figure 2). Two independent experiments were performed

on each setup. On the confocal setup, cells in all FOVs showed a similar sustained response. However, on the fdFLIM setup, cAMP levels of

cells in the original FOV had started to return toward their baseline, whereas adjacent FOVs had maintained high cAMP levels and only

upon imaging started to return to baseline after a few minutes. These results indicated that one or more unknown factors on the widefield

setup caused the rapid decrease in cAMP levels, but only in the FOVs that are exposed, suggesting that factors in the excitation regimen

may play a role.
Intensity and wavelength of the excitation light determine differences in cAMP dynamics

To explore this effect in more detail, we varied intensities of the excitation light on both setups. Note that we had previously optimized our

fdFLIM measurements to allow long time-lapse experiments by implementing a photon-efficient modulated charged-coupled device (CCD)

detector,8 using on average only 0.9 mW of optical power at the FOV (0.5 W/cm2), at the low end of values typically used in widefield fluo-

rescence microscopy. Nevertheless, further reduction of the intensity by 10-fold using a neutral density 1 (ND1) filter strikingly produced

considerably longer cAMP responses (Figures 3A–3D).

Conversely, increasing the excitation power of the pulsed white light laser on the confocal microscope only marginally affected transient-

ness, perhaps due to the limited power of the 448 nm laser line of the Leica white-light laser.We therefore increased exposure on the confocal

system using a 430 nm high-power light-emitting diode (LED) operated at 0.2 W/cm2 placed at a standard distance of 8 mm above the cells

(Figures 3E–3G). Indeed, exposure of the preparation to this light source for just 2 min sufficed to abrogate the sustained response (compare

Figures 3E and 3F). We also varied the color of the LEDs in these experiments (Figure 3H) and found that wavelengths above 490 nm were

ineffective, even at prolonged exposure times.

Thus, we conclude that even modest excitation intensities of the order of <1 mW emanating from the objective can induce an artificially

rapid transient response in these experiments. In addition, our results indicate that in this case the confocal microscope, and not the widefield

system, produces the more accurate results.
Cell signaling, rather than the Epac FRET sensor, is affected by intense blue light

Theoretically, blue light might influence the dynamic FRET recordings in several manners. (1) It may affect the FRET reporter by changing

either optical properties or cAMP binding to the Epac moiety; alternatively, blue light could induce true alterations in the time course of

cAMP metabolism by (2) augmenting the activity of the enzymes that degrade cAMP, phosphodiesterases (PDEs), by (3) inhibiting the action

of the enzymes that produce cAMP, adenylate cyclases (ACs), or by (4) attenuating upstream signaling components, e.g., by inducing receptor

inactivation. These effects could be either direct or secondary as a consequence of reactive oxygen species (ROS), which are notoriously

formed under the influence of bright blue light.21,22 We note that it is unlikely that blue light strongly affects the Epac sensor because after
iScience 27, 110268, July 19, 2024 5
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Figure 4. ELISA assays confirm that blue light affects cAMP levels

(A) cAMP levels under different conditions in Cos7 cells expressing the Epac sensor. Stimulation with 40 nM isoproterenol raises cAMP levels, which is completely

abolished by exposure to blue light (430 nm LED, 100 mW/cm2 for 2 min).

(B) Same experiment as (A) repeated in WT Cos7 cells without the Epac sensor. Note that the response to 40 nM IsoP is an underestimate as it maxed out the

ELISA assay; see STAR methods. Bars represent biological duplicates.
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prolonged time-lapse experiments, a rise in cAMP induced with forskolin typically saturates the sensor (see Figure 1A). Nevertheless, we

investigated this in an independent manner, namely by detecting cAMP levels biochemically by performing a cAMP ELISA on Cos7 cells ex-

pressing the Epac sensor as well as on wild-type (WT) cells not expressing the sensor.

The results in Figure 4 show that in both cell lines, stimulation with 40 nM isoproterenol readily increased cAMP levels, which was almost

completely abolished upon exposure to 430 nm LED light for 2min. This indicates that the transient response is not a sensor artifact but rather,

that it truly affects response kinetics. We therefore next set out to discriminate between the other possibilities.

High-intensity blue excitation light generates reactive oxygen species

First, we sought to investigatewhether blue-light-induced ROS formation is involved, since ROS formationmay affect biochemical reactions at

various levels in the signal transduction cascade. Using cells loaded with the ROS dye (di(acetoxymethyl ester) (6-carboxy-20,70-dichloro-dihy-
drofluorescein diacetate),23,24 several FOVswere imaged at intensity settings commonly used on each of the setups, for 2min.When scanning

an overview region encompassing all imaged fields with the confocal, a dose-dependent dye staining was observed in all three FOVs imaged

on the widefield system, whereas no ROS production was observed in FOVs imaged with the confocal system (Figure 5A). Thus, whereas

confocal point-scanning instruments are often considered to bemore phototoxic, the opposite appears to be true when comparing widefield

FLIM instruments to confocal TCSPC equipment. This is in line with our assessment that the confocal produces the more accurate temporal

results in this case. As expected, exposure of cells to 430 nm LED illumination (compare Figures 3F–3H) on the confocal for 2 min also pro-

duced significant staining of the ROS dye (Figures 5B and 5C). Also as expected, addition of the ROS scavenger ascorbic acid (100 mM) to the

imaging medium restored sustained responses completely (Figure 5D), thus confirming that ROS formation is involved in inducing the tran-

sient cAMP phenotype.

Blue light does not alter cAMP turnover

Next, we aimed to understand by what mechanism ROS might affect the kinetics of agonist-induced cAMP changes, in particular whether

cAMP production by ACs or degradation through PDEs could be affected through ROS-mediated modification of the activity of those en-

zymes (hypotheses 2 and 3; see earlier discussion). In experiments aimed at illuminating the potential role of PDEs, we used low-power

UV flashes to photolyze (‘‘uncage’’) DMNB-caged cAMP, which induces fast increases in intracellular cAMP levels and rapidly decreases

FRET of the sensor, independent of membrane receptors and AC. If blue light would increase breakdown of cAMP due to increased activity

of PDE, this would be apparent as faster recovery of lifetimes (cAMP) toward baseline following individual uncaging flashes. However, in these

experiments we observed no statistically significant differences in the decay rate of cAMP levels with or without 470 nm LED illumination

(Figure 6A).

It is harder to directly address the opposite possibility, i.e., the downregulation by blue light/ROS of the activity of AC following G-protein-

coupled receptor (GPCR) stimulation. However, as it is apparent from the traces that the effects of blue light linger long after termination of

the illumination (compare Figure 3F), blue light should also attenuate the response when administered shortly before stimulation of the re-

ceptors. Surprisingly, however, we found that blue light only affected cAMP kinetics when administered during the cAMP response and not

before (Figure 6B). Combined, these experiments indicate that modification of neither PDEs nor ACs play a role in altering cAMP kinetics

upon exposure to blue light/ROS. We thus focused our attention on more upstream events, i.e., at the level of the b-AR receptor or ligand

binding to it.
6 iScience 27, 110268, July 19, 2024
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Figure 5. Widefield FLIM imaging evokes ROS formation

Confluent Cos7 cells were incubated with the ROS dye di(acetoxymethyl ester) (6-carboxy-20,70-dichlorodihydrofluorescein diacetate) and mounted on the

microscope in FluoroBrite imaging medium.

(A) Several fields were illuminated for 2 min on the fdFLIM setup (white dashed lines) and others on the TCSPC system (blue dashed lines). Note the absence of

detectable ROS formation in FOV imaged on the confocal.

(B) Formation of ROS (using ROS dye di(acetoxymethyl ester) (6-carboxy-2’,70-dichlorodihydrofluorescein diacetate)) induced by the 430 nm LED in the

configuration of Figure 3G (i) before shining 430 nm LED and (ii) 2 min after shining 430 nm LED.

(C) Time-dependence of ROS formation (using ROS dye CellRox DeepRed) detected from dye intensity upon exposure to 430 nm LED for the indicated times.

(D) Ascorbic acid rescues the sustained cAMP response despite exposure to 430 nm LED light. (B–D): Representative experiments are shown out of two repeats.

Full datasets for this experiment are included in the supplemental material (Figure S1H). See STAR methods and the key resources table for StatsForLite.Rmd for

full details of statistical analysis.
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Blue light/ROS interferes in cAMP signaling up-stream

The surprising absence of effect when blue light was administered before initiation of GPCR signaling prompted us to focus on receptor-

ligand interaction (hypothesis 4). First, we tested whether cAMP generated through other agonists and receptors was also affected by

blue light. Indeed, the temporal responses to norepinephrine (NE) and adrenaline (AR), which both also activate b-adrenergic receptors,

were similarly shortened in the presence of blue light (Figures 7A–7D). In contrast, however, the response to prostaglandin-E1 (PG), which

acts through prostanoid receptors was unaffected by exposure to blue light (Figures 7E and 7F) Thus, the attenuating effect of blue light

on the response might be restricted to b-receptor agonist or their interaction with the receptor.

A literature search revealed three publications reporting that IsoP andNEmight be degradedby strong blue light in cell culturemedia that

contain elevated levels of riboflavin (vitamin B2), such as DMEM.25–27 However, our experiments were carried out using FluoroBrite (FB),28 a

specially formulated medium without riboflavin29 that aims to reduce medium autofluorescence and protect cells against phototoxic effects
iScience 27, 110268, July 19, 2024 7
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Figure 6. Blue light does not detectably alter generation or breakdown of cAMP

(A) Responses to three consecutive doses of cAMP generated by flash photolysis of caged cAMP, using brief flashes of UV light (80 mW/cm2 for 0.2 s). After the

second dose, cells were exposed to LED light (200 mW/cm2). cAMP decay times were identical (FWHM 23G 5 s) for all three cases, indicating that PDE activity is

unaltered by the light. Note that in this case 470 nm LED was used to prevent slight photolysis of caged cAMP by the 430 nm LED. Significance of decay times

between 3d flash and either 1st or 2nd flash: n.s.

(B) Blue light fails to evoke response transientness when applied before addition of agonist. Shown are 20 randomly selected traces (see STARmethods) as well as

the response magnitude of all 541 cells taken before (orange boxplot) and after (purple boxplot) LED exposure. The difference between the effect of blue light

administered before or during agonist response (comparison of Figure 6B to control, i.e, Figure 3E) was significant at *****; see STAR methods and the key

resources table for StatsForLite.Rmd for full details of statistical analysis. *****p < 0.00001, n.s. not significant. Full datasets for this experiment are included

in the supplemental material (Figures S1I and S1J).
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during live-cell fluorescence microscopy. Nevertheless, we next set out to investigate whether interactions of the imaging medium could be

responsible for the blue-light-induced differential cAMP kinetics.

FluoroBrite DMEM imaging medium causes photodegradation of b-adrenergic agonists

To directly assess whether compounds in the FB imaging medium promote photodegradation of the agonists, we exposed agonists dis-

solved in 200 mL of medium in Eppendorf vials to 430 nm blue light at an intensity comparable to our imaging experiments (Figures 5, 6,

and 7) for 2 or 6 min. Strikingly, illumination strongly attenuated the potency of these agonists to induce cAMP responses in our reporter cells

(Figures 8A–8C). This effect was fully rescued when ROS scavengers such as ascorbic acid (100 mM) were included in the mix prior to exposure

(Figure 8D). Similar results were observed with norepinephrine (NE; Figures 8E and 8F) and adrenaline (AR; Figures 8G and 8H). In contrast,

when prostaglandin-E1 was added to FBmedium and exposed to blue light, no attenuation of signaling was observed (PG; Figures 8I and 8J).
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Figure 7. Blue light effects are agonist- and medium-specific

(A) Sustained responses of Cos7 cells to 200 nM norepinephrine (NE).

(B) Idem, altered to transient upon illumination with 430 nm LED light for 2 min. Significance between (A) and (B): *****.

(C) Sustained responses to 250 nM adrenaline (AR).

(D) Idem, altered to transient upon exposure to 430 nm LED light for 2 min. Significance between (C) and (D): *****.

(E) Typical, partially sustained responses of Cos7 cells to 200 nM prostaglandin-E1 (PG).

(F) Unaltered responses when Cos7 cells are stimulated with 200 nM prostaglandin-E1 (PG) and illuminated with 430 nm LED light for 2 min. Significance between

(E) and (F): n.s. Twenty randomly selected traces are displayed along with the quantification of all cells (boxplots) as detailed in STAR methods. Full datasets for

this experiment are included in the supplemental material (Figures S2A–S2F). See STARmethods and the key resources table for StatsForLite.Rmd for full details

of statistical analysis. *****p < 0.00001.
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Mass spectrometry analysis of FluoroBrite DMEM reveals presence of folic acid

Because the composition of FBmedium is not disclosed on thewebpages ofGibco, ThermoFisher,28 we contacted the supplier to request this

information. Unfortunately, access to those data was subject to signing of an extensive non-disclosure agreement. This is unacceptable

because it would preclude publication of our findings, and we therefore had to embark on identifying possible photo-oxidative components

in FB ourselves.

Samples of FB medium, HEPES-buffered saline (HBS), and normal Dulbecco’s Modified Eagle Medium (DMEM) were compared by liquid

chromatography-mass spectroscopy (LC-MS) analysis, and necessary controls of pure riboflavin and folic acid were taken along (Figures 9A

and 9B; see STARmethods). The results confirm absence of riboflavin in FB medium (Figure 9C). However, a conspicuous peak at 441 Da was

common in both FB medium and normal DMEM, which we tentatively identified as folic acid by comparing the molecular weight to the (fully

disclosed) list of DMEM constituents,30 the concentration of folic acid in both mediums being in the range of 10–20 mM (Figures 9C and 9D).

Folic acid is amember of the vitamin B family too (vitamin B9), and it has been reported to degrade upon exposure to blue light.31,32 However,

no reports exist (to our knowledge) that in this process inactivation of bystander molecules such as isoproterenol could take place.

To directly test this possibility, we repeated our pre-incubation experiments, except that FB medium was replaced with HBS to which folic

acid was added at a concentration of 18 mM, in the range detected in the LC-MS experiments. Again, exposure to blue light for 2 or 6 min

rendered themix inactive in eliciting cAMP signals in reporter cells (Figures 10A–10C), and inclusion of 100 mMascorbic acid could completely

rescue potency of the agonist in bio-assays (Figure 10D). The effect of folic acid was also checked on responses induced by NE, AR, and PG

(Figure S3). In line with this observation, although exposure of reporter cells to blue light after stimulation with IsoP resulted in sustained

cAMP signaling in HBS devoid of folic acid (Figure 10E), it caused a transient response in HBS spiked with 45 mM folic acid (Figure 10F). Again,

inclusion of ascorbic acid protected against IsoP inactivation (Figure 10G). We conclude that (1) the presence of folic acid in media such as FB

causesunexpectedartifactswhenstudyingb-ARsignaling, at least at conditions that involveexposure toblue light, and (2) the refusal todisclose

the composition of FB medium necessitated very time-consuming control experiments, thereby delaying our progress with several months.
DISCUSSION

This study was undertaken because we obtained conflicting results from otherwise the same experiments when conducted on two different

FLIM microscopes. Because our studies require collection of long time-lapse series of FLIM images from the cells, each of these setups had

been previously optimized to achieve highest speed and photon efficiency in its class8 (also see key resources table, ‘‘Other’’). It therefore was
iScience 27, 110268, July 19, 2024 9
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Figure 8. FluoroBrite medium mediates degradation of b-adrenergic agonists upon blue light illumination

(A–D) Responses to 40 nM isoproterenol when added from stock solutions into 200 mL of FBmedium and after subjection to blue light illumination for (A) 0min, (B)

2 min, (C) 6 min, and (D) for 6 min in the presence of 100 mM ascorbic acid. Significance between (A), (B), and (C): *****, Kruskall-Wallis rank-sum test.

(E and F) Idem, responses to norepinephrine (200 nM); shown are (E) after 2 min pre-exposure to blue light and (F) after 6 min pre-exposure to blue light.

Significance: *****.
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Figure 8. Continued

(GandH) Idem, responses toadrenaline (250nM); shownare (G) after 2minpre-exposure toblue light and (H) after 6minpre-exposure toblue light. Significance: *****.

(I and J) Idem, responses to prostaglandin-E1 (200 nM) (I) after 2 min pre-exposure to blue light and (J) after 6 min pre-exposure to blue light. As expected, no

significant difference was found between (I), (J), and the control, i.e., Figure 7E. Full datasets for this experiment are included in the supplemental material

(Figures S1K–S1N and Figures S2G–S2L). See STAR methods and the key resources table for StatsForLite.Rmd for full details of statistical analysis.

*****p < 0.00001.
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surprising that response dynamics appeared so different. Our results show that differences in blue light excitation intensity are causative, not

by affecting performance of the FRET sensor or by affecting turnover of intracellular cAMP, but rather by photooxidizing all three b-adrenergic

agonists (isoproterenol, norepinephrine and adrenaline) used in this study.

Historically, confocal point-scanning microscopes have not been regarded as the first choice to circumvent phototoxicity. First, the

confocal pinhole significantly diminishes photon efficiency. Moreover, bleaching and phototoxicity are both strongly non-linear,33 and

thus concentration of the excitation light in a single focal spot for a short time (pixel dwell time in the order of a few ms) would likely be un-

necessarily harsh to the cells. In widefield microscopes, the excitation is spread evenly throughout the field of view and over a prolonged

integration time (0.2–2 s/FLIM image), supposedly permitting cells to better cope with radicals using their internal scavenging systems.

This simple fact has been the rationale for the development of widefield deconvolutionmicroscopes as alternative for confocal point scanners

to study photosensitive processes such as mitosis.21,34

Unexpectedly, however, our results show unequivocally that in these experiments the data acquired with the confocal TCSPC system are

more reliable. This is most likely because the TCSPC paradigm appears to be considerably more photon efficient than fdFLIM or even single-

image FLIM (siFLIM8–10) to arrive at reliable pixel lifetimes, a quality summarized by Gerritsen and colleagues in the figure of merit.35,36 Thus,

typical excitation powers measured at the preparation plane were about 45 mW (7.5 mW/cm2) for TCSPC, contrasting with 900 mW (500 mW/

cm2) for the fdFLIM system to achieve comparable S/N ratio. We also assured that differences in employed objectives, such as the numerical

aperture, played no significant role (Figure S5).

The observed difference held true for different cell lines (Figure S6) and for three different b1 agonists (Figure 7). Blue and UV light expo-

sure is well established to induce ROS,11,13,22 and in literature, there is ample precedence for light sensitivity in cAMPmetabolism. Akaike and

colleagues discuss that blue-light-mediated ROS or reactive nitrogen species (RNS) production could lead to formation of nitrated cyclic nu-

cleotides (e.g., 8-nitro-cGMP),37,38 which in turn could activate PDE2 and PDE3, both of which are known to be upregulated by cGMP pro-

duction to increase cAMP breakdown.39,40 In addition, PDE isoforms directly activated by blue light have been reported in bacteria,41,42

and blue light modulation of AC activity has also been described.43–46 We therefore set out to asses which stage in the biological process

is most sensitive for blue light excitation. However, in a variety of experiments, we found no evidence for blue-light-induced changes in

cAMP metabolism. We also note that in pilot experiments carried out with a cGMP FRET sensor,47 we never obtained any evidence for

blue-light-induced cGMP formation in Cos7 and HeLa cells (data not shown). The possibility that blue light/ROS inactivates the b-receptor

faster, thus rendering the responses more transient, is also ruled out by the experiments in Figures 6B and S4.

Thus, however unlikely at first glance, we had to consider that blue light interferes with activation of b-receptors by all three agonists, IsoP,

NE and AR. Indeed, a literature search revealed that riboflavin (vitamin B2), which is present at 1 mM in DMEM formulations, can form radicals

under the influence of blue light, which can specifically attack IsoP so as to form N-isopropylaminochrome and inactivate binding to the re-

ceptor.25,26 However, we found no literature on a similar sensitivity of NE or AR to riboflavin radicals, and importantly, our experiments were

intentionally carried out in FluoroBrite (FB) medium, which is devoid of riboflavin and specifically formulated to reduce phototoxicity and au-

tofluorescence. Yet, the experiments described in Figures 7, 8, 9, and 10 show that this hypothesis is correct. In the absence of manufacturers

data on the composition of FluoroBrite medium, we had to resort to extensive mass spectrometry analysis and time-consuming FRET exper-

iments to reveal that indeed the FB medium is the culprit. Our data show that folic acid (vitamin B9), which is also an ingredient of DMEM

mediums, can also inactivate all three b-receptor agonists under the influence of blue light.

Thesedata also strongly emphasize the crucial importanceof exact knowledgeon themolecular compositionof reagents, buffers, andmedia.

The practice that recipes are kept secret and kits are offered as black-boxes solely for commercial benefit is simply not in accordance with good

scientific practice that aims at a full, exact, and reproducible description of experiments. More generally, this study should caution researchers

who perform live-cell time-lapse experiments to be aware about sample health, phototoxicity, and image acquisition routines. Subtle phototox-

icity effects, even though invisiblemorphologically, can still alter kinetic and dynamic responses of cells and thus, biological outcome. The drugs

thatwehave tested in this study (IsoP,NE,AR) are very commonly used catecholamines, routinely used to study the signalingpathways they stim-

ulate using biosensors and live cell imaging.48,49 Therefore, it is crucial that we understand the effect of the imaging regime used in our studies.
Limitations of the study

The study does not aim to provide an exhaustive comparison of alternative cell culture media, nor do we address potential effects of folic-

acid-sensitized radical formation on agonists to other GPCRs. With the current set of experiments, we can also not exclude that other con-

stituents of FluoroBritemediummay contribute to photodegradation of agonists.We only compared the twomost common implementations

of FLIM microscopy, namely fdFLIM and confocal TCSPC, and did not include alternative implementations, such as time-gated FLIM. Our

study indicates that light-dose effects make TCSPC the instrument of choice in this case, but we do not imply that this is generally the

case for all FLIM experiments or for non-FLIM applications.
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Figure 9. Mass spectrometry analysis of FluoroBrite medium shows absence of riboflavin but presence of folic acid

(A) LC-MS analysis sample of pure riboflavin in milliQ.

(B) LC-MS analyses of pure folic acid samples in milliQ at three concentrations. Note fragments with mass 295 Da and 313 Da (pteroic acid), formed by loss of the

glutamic acid residue during analysis.

(C) LC-MS analysis of FluoroBrite medium indicates presence of folic acid but not riboflavin.

(D) LC-MS analysis of DMEMmedium indicates presence of both riboflavin and folic acid. Based on the ion count (red boxes) of the three folic acid samples (B) and

that of the DMEM sample (D), the concentration of folic acid in both DMEM and FB is between 10 and 20 mM. The 1.18 min peak denoted with an asterisk in the

chromatogram of FB (C) and DMEM medium (D) corresponds to polymeric material, as judged by the MS signal.
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Figure 10. Folic acid present in FluoroBrite medium causes light-induced degradation of AR agonists

(A–C) Agonist (40 nM isoproterenol) dissolved in 200 mL of HBS containing 18 mM folic acid in Eppendorf vials were subjected to blue light (430 nm LED)

illumination for 0, 2, and 6 min, respectively, before use in cell assays. Significance: *****, Kruskall-Wallis test.

(D) Agonist (isoproterenol) dissolved in 200 mL of HBS containing 18 mM folic acid in Eppendorf vials along with 100 mM ascorbic acid were subjected to blue light

(430 nm LED) illumination for 6 min. Note protection of the agonist by ascorbic acid.

(E) Sustained responses of Cos7 cells in HBS medium only when stimulated with 40 nM isoproterenol and illuminated with 430 nm LED for 2 min.

(F) Transient responses of Cos7 cells in HBS medium containing 45 mM folic acid when stimulated with 40 nM isoproterenol and illuminated with 430 nm LED for

2 min.

(G) Rescue of transient responses of Cos7 cells in HBS medium containing 45 mM folic acid and 100 mM ascorbic acid when stimulated with 40 nM isoproterenol

and illuminated with 430 nm LED for 2 min. Significance between (E), (F), and (G): *****, Kruskal-Wallis test. Full datasets for this experiment are included in the

supplemental material (Figures S1O–S1R and Figures S2M–S2O). See STARmethods and the key resources table for StatsForLite.Rmd for full details of statistical

analysis. *****p < 0.00001.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Isoproterenol Sigma Aldrich Cat# PHR2722

Forskolin Sigma Aldrich Cat# F3917

Norepinephrine Sigma Aldrich Cat# A7257

Adrenaline Sigma Aldrich Cat# Y0000882

Prostaglandin-E1 Sigma Aldrich Cat# 538903

Ascorbic Acid Sigma Aldrich Cat# A92902

Riboflavin Sigma Aldrich Cat# 555682

FluoroBrite Gibco Cat# A18967-01

DMNB- Caged cAMP Molecular Probes Cat# D1037

Fugene Promega Cat# E269A

Gentamycin Roche Cat# G418-RO

Critical commercial assays

cAMP ELISA assay Cell signaling technology Cat# 4339

Di(Acetoxymethyl Ester) (6-Carboxy-20,70-

Dichlorodihydrofluorescein Diacetate) ROS dye

Sigma Cat# D6883

CellRox DeepRed Invitrogen Cat# C10422

Deposited data

Raw and Analyzed data This paper Zenodo: https://doi.org/10.5281/zenodo.10960360

Analysis code This paper Zenodo and GitHub: https://doi.org/10.5281/zenodo.10960360

https://github.com/Jalink-lab/

Radical-FLIM-response-differences/

Statistics file and output (StatsForLITE-1.1.Rmd

file and Stats for LITE.pdf file)

This paper GitHub: https://github.com/Jalink-lab/

Radical-FLIM-response-differences/

Experimental models: Cell lines

HeLa ATCC CCL-2

Cos7 ATCC CRL-1651

Hek-293 ATCC CRL-1573

MelJuso (SK-MEL-2) ATCC HTB-68

MCF-7 ATCC HTB-22

A-341 ATCC CRL-1555

Recombinant DNA

H201 – Tol2 EF1a-Epac-SH189-PGK-Puro Klarenbeek et al.17 N/A

H250 – Tol2 EF1a-Epac-SH189-2A-

PAmCherryHNS-PGK-Neo

Klarenbeek et al.17 N/A

Software and algorithms

ImageJ Schneider et al.50 https://imagej.nih.gov/ij/

RStudio RStudio Team (2020). RStudio:

Integrated Development for

R. RStudio, PBC, Boston, MA

http://www.rstudio.com/.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Waters MassLynx Mass

Spectrometry Software 4.1

Guide, G. S. (2005). MassLynx 4.1. https://www.waters.com/waters/en_US/

MassLynx-Mass-Spectrometry-Software-/

nav.htm?cid=513164&locale=-

Inkscape 1.1 Harrington, B. et al. http://www.inkscape.org/.

Cellpose Stringer et al.51 https://www.cellpose.org/

Other

360 nm LED Generic N/A

395 nm LED Generic N/A

405 nm LED Roithner LaserTechnik N/A

430 nm LED Generic N/A

470 nm LED Roithner LaserTechnik N/A

519 nm LED Roithner LaserTechnik N/A

550 nm LED Roithner LaserTechnik N/A

590 nm LED Roithner LaserTechnik N/A

Application Note: SP8 FALCON: a novel

concept in fluorescence lifetime imaging

enabling video-rate confocal FLIM

Alvarez et al. https://www.nature.com/articles/

d42473-019-00261-x.pdf

Toggel camera (Lambert

Instruments) specifications

https://jalinklab.nl/wp-content/uploads/2024/

05/LIFA_Toggel_Information_Brochure.pdf
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Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Sravasti Mukherjee

(s.mukherjee@nki.nl).

Materials availability

� This study did not generate new unique reagents.
� Plasmids used in this study are available upon request.

Data and code availability

� All original data has been deposited at Zenodo and are publicly available as of the date of publication. Zenodo Data: https://doi.org/

10.5281/zenodo.10960360 and see key resources table.
� All custom software and analysis code used in the study can be found at Zenodo. Zenodo and GitHub: https://doi.org/10.5281/zenodo.

10960360,https://github.com/Jalink-lab/Radical-FLIM-response-differences/and see key resources table.
� All code for statistical analysis can be found at GitHub: https://github.com/Jalink-lab/Radical-FLIM-response-differences/ and see key

resources table.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines used

HeLa (CCL-2) – adenocarcinoma epithelial cell (tissue: uterus, cervix; organism: Homo sapiens; sex: female)

Cos7 (CRL-1651) – fibroblast (tissue: kidney; organism: Cercopithecus aethiops; sex: male)

Hek-293 (CRL-1573) – epithelial cell (tissue: kidney; organism: Homo sapiens; sex: female)

MelJuso (SK-MEL-2) (HTB-68) – melanoma skin cell (tissue: skin; organism: Homo sapiens; sex: female)

MCF-7 (HTB-22) – adenocarcinoma epithelial cell (tissue: breast; organism: Homo sapiens; sex: female)

A-431 (CRL-1555) – epidermoid carcinoma epithelial cells (tissue: skin; epidermis; organism: Homo sapiens; sex: female)

All cell lines mentioned above can bemaintained and taken care of in the same way: they are cultured in DMEM (Gibco, 31966-021) supple-

mentedwith 10%FCS (Gibco, 10270) andcultures are incubatedat 37�Cwith 5%CO2.No influenceof the sexof the cell lines onour experiments

is anticipated or, to the best of our knowledge, reported before. Cell line authentication: all cell lines have been obtained from ATCC.
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METHOD DETAILS

Generation of stable cell lines

HeLa cells (CCL-2), Cos7 cells (CRL-1651), Hek cells (CRL-1573), MelJuso cells (HTB-68), MCF-7 cells (HTB-22) and A431 cells (CRL-1555) were

all cultured in DMEM (Gibco, 31966-021) supplemented with 10% FCS (Gibco, 10270). Stable cell lines were created either using Epac-SH250

biosensor or using Epac-SH201 biosensor.15 Epac-SH250 is a variant of the Epac-SH201 biosensor15 with an added P2A-PA-mCherry-HNS and

neomycin resistance gene instead of puromycin resistance. For that, transfection of each cell type was performed with the Tol2 transposon

system.15 For transfection two plasmids are used: a cDNA with the transposase sequence and another cDNA with the following elements:

Tol2 sequence, a promoter, the neomycin resistance gene (H250) or puromycin resistance gene (H201), the gene encoding for Epac-SH250

or Epac-SH201 and a second Tol2 sequence.

The different cell typeswere seeded on 6-well plates at approximately 10%density and transfected the next day. 1 mg of both plasmids was

mixed with 6 mL FuGENE reagent (Promega E269A) in 200 mL serum free DMEM and incubated for 30 min before adding the transfection mix

to the cells. The cells were further incubated for 48 h and subsequently subjected to gentamycin (G418) selection (1 mg/mL, Roche, G418-RO).

After 4 days cells were sorted on a fluorescence-activated cell sorter (FACS) based on mTurquoise2 fluorescence intensity.
Compounds and mediums used in the experiments

HBS was prepared in the lab and contained (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, adjusted to pH 7.3 using NaOH. 10 mM

glucose was added just before use. Other compounds and mediums used are described in Table S1.
Microscopy assay on both setups

To monitor the production and breakdown of cAMP in real time, the donor (mTurquoise2) fluorescence lifetime of the Epac-based FRET

biosensor was measured by FLIM. Our FLIM sensor features a tandem dark (i.e., non-emitting) Venus acceptor which allows recording a large

part of the donor emission spectrum while minimizing contamination of the signal with acceptor emission.16

Confocal TCSPC setup (Leica Stellaris and FALCON)

FLIM experiments were carried out using a Leica TCS-SP8 FALCON and Leica Stellaris 8 FALCON confocal FLIM microscope using LAS-X

version 3.5 software (SP8) and 4.6.0.27096 software (Stellaris 8). These microscopes are equipped with Leica proprietary hardware and firm-

ware to avoid potential lifetime bias due to pulse pile-up and operated at count rates below 1 photon/pulse.52 Themicroscopewas fitted with

a humidified incubator with 5% CO2 at 37
�C. Cells were excited with the 440 nm pulsed diode laser (PicoQuant; SP8) or the 440 nm line of the

white-light laser (Stellaris), and photon arrival times were recorded with one HyD detector, covering themTurquoise emission spectrum (467–

500 nm). Cells grown on 24 mm coverslips (Marienfeld, 0117640) were mounted in a steel Leiden incubation chamber and inserted on the

microscope stage and a single randomly selected field of view with � 200–600 cells per FOV was imaged at 5 s timelapse rate. In all exper-

iments, the position of the focal plane was actively stabilized using the Leica Auto Focus Control (AFC) to prevent focal drift or focus artifacts

from pipetting of stimuli. Acquisition settings are described in Table S2.

Widefield fdFLIM setup (Lambert Instruments)

Frequency-domain FLIMmeasurements were performedwith an optimizedMEMFLIM-based camera system8,53 (also see key resources table,

‘Other’), using 12 phase images taken with a pseudo-random phase order54 and recorded using LI-FLIM software version 1.4.0 (Lambert In-

struments, Groningen, the Netherlands), attached to a Leica DM-IRE2 widefield microscope. Prior to any experiments on the fdFLIM setup, a

reference was recorded with rhodamine 6G (5 mMdissolved in deionized water; Lifetime 3.93 ns). Calibration of the system was performed by

placing the reference on a 403 oil immersion objective (NA = 1.25) and focusing until maximum intensity of the reference was reached using

filter cube 3, see Table S3, unless otherwise mentioned. Hereafter, 5 images were taken of the reference (200 ms) at 37�C and only the last

image was saved as actual reference for the experiment so as to minimize the effects of thermal drift in the camera. Timelapse series of 12

phase images were then recorded (see Table S3) and average lifetimes were derived from phase differences, essentially as described.54

Acquisition settings are described in Table S3.

Note that for the data in Figure 3C only, an extra correction was applied: lifetimes were multiplied by 0.77 to compensate for an incidental

error in calibration, caused by replacement of hardware.
Image analysis/cAMP dynamics analysis for fdFLIM and TCSPC

Confocal TCSPC setup (Leica Stellaris, FALCON)

The recorded TCSPC photon arrival time histograms and phasor plots showed multi-exponential decay, suggesting a superposition of (at

least) two FRET states. Therefore, the photon arrival times were fitted to a double-exponential reconvolution function with fixed lifetimes

ti of 0.6 ns and 3.4 ns, representing a high-FRET state and low-FRET state, respectively, using Leica LAS X software. The resulting two time-

lapse images contained for every pixel the amplitudes (Ai) of these two components. They were exported from LAS X as ImageJ TIF files with

0.001 ns per gray value. The TIF files were then further processed and analyzed with a custom ImageJ macro in Fiji.55 In order to relate to

conventionally reported (average) lifetime values we map the ratio of the components back to the original 0.6–3.4 ns scale, resulting in a
iScience 27, 110268, July 19, 2024 19
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weighted mean lifetime value: tavg = A1t1+A2t2
A1+A2

. Fixing the two lifetime states during the fitting procedure yields a significant increase in fitting

speed and a small decrease in lifetime noise, while providing identical average lifetimes as fitting with a single unknown time constant. The

summed intensity image was used as input for cell segmentation using the deep learning network Cellpose.51 The pre-trained model ‘cyto2’

provided excellent segmentation for our images. The resulting label maps were used to calculate intensity-weighted single-cell lifetime

traces, where each pixel belonging to a cell is weighted with its intensity. The data from these traces were exported as.csv files and run

through an R script for visualization and statistical analysis.

Widefield fdfLIM setup (Lambert Instruments)

FLIM data from the widefield fdFLIM setup (Lambert Instruments) is saved in the FLI format. Reference dye.FLI file and sample.FLI files were

opened and processed with the same script in Fiji, but herein a custom plugin (https://github.com/rharkes/fdFLIM)15 was used that opens

the.FLI files and calculates the intensity-weighted lifetimes fromboth phase andmodulation for a single timepoint. The phase lifetime images

were concatenated into timelapse series, before they were further processed in the same manner as described above.

Power measurements

The power of the illumination light from both setups and also the different LEDs used were measured using a power meter (Newport, model:

1830-C) using a 1 cm2 detector held directly in front of the objective, ascertaining that the light sensor was exactly at the same distance from

the source as the cells were during the experiments. For detection of LED power, the detector was held at a distance corresponding to the

illumination distance between LED and cells, i.e., at 8 mm.Measured powers are wavelength-corrected. Details of the different LEDs used are

in Table S4.

cAMP ELISA assay

cAMP ELISA assay was performed using a Cyclic AMP XP Assay Kit (#4339, Cell Signaling Technology) according to the manufacturers pro-

tocol. Cells were seeded in a 6 well plates and grown overnight. All experiments were performed in biological duplicates. The following sam-

ples were tested.

(1) Control, untreated cells (Cos7H250 and Cos7 WT)

(2) Cells treated with 40 nM isoproterenol (Cos7H250 and Cos7WT)

(3) Cells treated with 40 nM isoproterenol and subjected to 430 nm LED light exposure for 2 min at �100 mW/cm2 (Cos7H250 and Cos7

WT)

Note that where cAMP levels outrange the maximum value for the ELISA assay, the max values of the calibration curve (120 nM) are shown

instead. For these experiments, the 430 nm LED was placed at �11 mm to cover the whole well.

ROS dye assay

The ROS dye assay was performed using 2 different types of dyes: (i) Di(Acetoxymethyl Ester) (6-Carboxy-20,70-Dichlorodihydrofluorescein Di-

acetate) ROS dye (Sigma, D6883), a fluorogenic dye that is converted to 6-CarboxyFluorescein, which is fluorescent (lex494 nm, lem518 nm)

upon exposure to ROS and (ii) CellRox DeepRed (Invitrogen, C10422) which is also a fluorogenic probe, which is fluorescent (lex644 nm,

lem665 nm) upon exposure to ROS. The protocol for using them both is the same. For the assay, Cos7 WT cells were seeded on coverslips

in a 6 well plate and grown overnight. On the day of the experiment, the cells werewashed twicewith PBS and 2mL of FluoroBrite (FB)medium

with 0.8 mL of the stock dye (final concentration of 10 mM) was added to each of the 6 wells. The 6 well plate was covered with aluminum foil to

avoid exposure to light and incubated for 45min. Following that, the incubationmixwas pipettedoff and the cells werewashedwith 2mLof FB

medium. Coverslips where mounted in Leiden holders, put on the microscope stage and 3 different FOVs were imaged using the widefield

fdFLIM setup at using standard settings (see widefield fdFLIM setup) except that filter cube 2 was used. Then, the same coverslip is used to

image 3 different FOVs using the TCSPC confocal setup at settings described above (laser 488 nm or 638 nm is used at 2% excitation power).

Caged cAMP assay

For stimulation by photo-release of caged cAMP, cells were treated with DMNB-caged cAMP (4,5-Dimethoxy-2-Nitrobenzyl Adenosine

30,50-Cyclicmonophosphate, Molecular Probes, D1037) for at least 30 min prior to imaging at a final concentration of 1 mM. Uncaging was

with a 200 ms UV pulse from the Leica EL6000 lamp (4 mW, approximately 400 mW/cm2 in our experimental setup with the 203, 0.75 NA dry

objective) using a DAPI_LP filter cube (380/40 nm, 405 nmdichroic) which was inserted in the confocal excitation path to enable UV illumination

andconfocal FLIM recording simultaneously. Note that the radiant energydelivered to the cells during anuncaging flash (80mJ/cm2) is just <1%

of the energy required to render the response transient (i.e., 2 min exposure at >50% of the power of the LED as summarized in Table S4).

Mass-spec assay

LC-MS measurements were performed on a system equipped with a Waters 2795 Seperation Module (Alliance HT), Waters XSelect CSH C18

(4.6 3 100 mm, 5 mm) and Waters LCT Premier XE Mass Spectrometer. Samples were run (column temperature = 40�C, flow = 0.8 mL/min)
20 iScience 27, 110268, July 19, 2024
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using 2 mobile phases: A = 1% CH3CN and 0.1% formic acid in water and B = 1% water and 0.1% formic acid in CH3CN. After injection of the

sample (50 mL), an isocratic run of 5%B for 6 min was performed first followed by the following gradient: 0.0–1.4 min: 5–30%B, 1.4–4.2 min: 30–

80%B, 4.2–4.4 min: 80–95%B, 4.4–5.0 min: 95%B, 5–5.3 min: 95–5%B, 5.3–6 min: 5%B. Data processing was performed usingWaters MassLynx

Mass Spectrometry Software 4.1.
QUANTIFICATION AND STATISTICAL ANALYSIS

A custom R script written in RStudio (version 2023.03.0)50 was used for data visualization and statistical representation (https://doi.org/10.

5281/zenodo.10960360). Briefly, the script runs through the csv file which contains the lifetime data of every cell imaged per timepoint.

Following determination of baseline lifetime values for each cell from the first 10 time points, the script allows setting criteria for inclusion

of each individual cell based on outlier rejection and variance of time points within the baseline. Typically, between 1 and 15% of cells

were rejected, often because of poor segmentation and/or detached cells that affect the validity of the data.

Since typical FOV contain up to 700 individual cells, we choose to plot the traces of 20 individual cells, picked randomly from all cells that

pass inclusion criteria. To still fully capture the range and variability of the data, we also included a summary dotplot of the relevant data from

all included cells, displayed next to the traces and at the same Y axis scale. Dotplots also show boxplots with median value (horizontal black

line), middle 50% of values (boxes) and 1.5 times the interquartile range (whiskers). The full datasets are included in the accompanying Sup-

plemental Figures, and the datasets for all independent repeats are in the Zenodo data store.

Full width half maximum (FWHM) in Figures 1, 3, and 6were estimatedby averaging the results obtained from eye-balled quantitation from

200 cells (confocal) and from 50 cells (widefield) each. The figures were assembled using Inkscape 1.1. All traces displayed in Figures 1, 2, 3, 5,

6, 7, 8, and 10 are established in this manner.

Testing for statistical significance of relevant differences was carried out by parameter-free non-paired Wilcoxon tests for pairwise com-

parisons, and by parameter-free Kruskal-Wallis tests for comparing more than two conditions at a time. The conditions, test statistics and

exact R code used are documented in the R markdown document StatsForLITE.Rmd (See STAR methods and the key resources table). In

the main text and legends, significances are marked as: ’*’: p < 0.05; ’**’: p < 0.1; ’*** ’: p < 0.001; ’****’: p < 0.0001; ’*****’: p < 0.00001;

’n.s.’ = not significant.
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