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Abstract

Cholecystokinin (CCK) is a gastrointestinal hormoméich regulates many physiological
functions such as satiety by binding to the CCKeptor (CCKR). Molecules, which
recognize this receptor can mimic or block CCK algrg and thereby influence CCKR-
mediated processes. We have set up a quantitatieediogous assay with CHO cells over-
expressing the rat CCK1 receptor to screen for sacklidate molecules. Receptor activation,
induced by agonist binding, is followed by an io&Hular calcium increase, which was
monitored using a fluorescent sensor dye. For dfication of the calcium increase, a
population average technique using a fluorescenkege preader was optimized and
subsequently compared with a single-cell approaihguconfocal microscopy. With both
strategies, dose-response curves were generateédeforatural agonist CCK-8S, the partial
agonist JMV-180 as well as the antagonist lorglani8ignificant differences were found
between the ligands and a strong correspondenceobserved between both methods in
terms of maximum response and median effect corat@nts. Both highly sensitive methods
proved complementary: whereas the plate readery aaawed faster, high throughput
screening, the confocal microscopy identified srggll variations and revealed factors that

reduce specificity and sensitivity.

keywords. cholecystokinin 1 receptor, CCK, JMV-180, lorghaie, live cell imaging, cell-

based bioassay, Fluo-4AM, fluorescence plate reader
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1. Introduction

Cholecystokinin (CCK) is a hormone and neuropeptigleich induces satiety and which
regulates many physiological processes like galdiéher contraction, gastrointestinal motility,
pancreas secretion, gastric acid secretion, panit,anxiety [12]. CCK exerts its effects via
binding to members of the CCK receptor (CCKR) fgmiAmong the major subtypes are
CCK1 receptor (CCK1R), mainly expressed in the rgasestinal channel, and CCK2
receptor (CCK2R), mainly expressed in the brain [Jie to their multifaceted role, CCK
receptors form an important target in the treatnu#nseveral diseases. Both agonistic and
antagonistic ligands for the CCKR are consideredHerapeutic strategies [3,16].

CCKR are G protein-coupled receptors, which upotivaiion, elicit an inositol
trisphosphate (Ip-induced calcium release from the endoplasmiccukim [7,13]. This
intracellular C&-flux is a measure for the activation of the reoemnd can be visualized
with fluorescent sensor dyes [12]. Different celstems functionally expressing one of the
CCKR subtypes exist and can be used to screerigands with agonistic or antagonistic
CCKR binding activity [4,8,14,15]. However, the uskediverse cell types, fluorescent dyes
and measuring techniques makes it difficult to carepthe results from different studies on
the effectiveness of several ligands. Here, webésteed a fully controlled, standardized and
sensitive cell-based bioassay in 96-well platesaeen and characterize components with
CCK1R activity. For validation, the changes in fluorescence intgnebserved with a
population average technique using a fluorescetate peader were compared with a single-
cell approach using confocal microscopy. Crossdadion of both measuring techniques
resulted in a sensitive and specific assay, whaschle used for high throughput screening of
molecules and protein hydrolysates that intera¢ch e CCK1R. The discovery of these

products may underlie the development of novelapeutic formulations or new functional

4



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

foods and nutraceuticals, which induce satiety arehan effect on other CCK1R-mediated

pathologic conditions.

2. Materials and Methods

2.1. Cell lines and chemicals

CHO (Chinese Hamster Ovary) cells functionally egsing the rat CCK1R (CHO-CCK1R)
were established by Prof. Peter Willems [15] antiveaCHO-K1 cells were obtained from
Prof. Georges Leclercq (Ghent University Hospit@lepartment of Clinic Biology,
Microbiology and Immunology, Ghent Belgium). Advawdc Dulbecco’s modified Eagle’s
medium and Ham’s F12 medium (1:1) (DMEM-F12), fétaline serum (FBS), geneticin (G-
418 antibiotic), Fluo-4AM, Pluronic F-127 and Haskuffered salt solution (HBSS) were
purchased from Invitrogen (Paisley, UK), probengcitbrglumide ((x)-4-[(3,4-
dichlorobenzoyl)amino]-5-(dipentylamino)-5-oxopemdé&c acid sodium salt; CR-1409),
bovine serum albumin (BSA) and HEPES from Sigmariahd (St.-Louis, MO), sulfated
cholecystokinin octapeptide (CCK-8S) and thromheceptor activating protein (TRAP-7)
from Bachem (Weil am Rhein, Germany), and JMV-1B0d-Tyr(SQH)-Nle-Gly-Trp-Nle-
Asp-2-phenylethylester) from Research Inc. (Barhegd). Clear bottom black 96-well plates

were purchased from Greiner (Frickenhausen, Gerjnany

2.2. Cdll culture

CHO-CCKI1R and CHO-K1 cells were grown at 37°C afiel GO, in advanced DMEM-F12
supplemented with 1% streptomycin and penicillié 1-glutamine and 10% FBS. The
medium of CHO-CCKI1R cells was supplemented withulithl geneticin to maintain a stably

transfected culture.
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2.3. Cell-based bioassay to screen for CCK1R activity

The determination of the intracellular free?Caoncentration was adapted from a method
previously reported by Foltz et al. [1]. The fluscent probe that was used in this assay is the
hydrophobic Fluo-4AM, a cell-permeant acetoxymett®M) ester, which is hydrolyzed by
cellular esterases and becomes fluorescent upohb@aling. One half of a 96-well plate is
seeded with CHO-CCKI1R cells and the other half @HO-K1 cells, in both cases at 40,000
cells per well. Cells were incubated at 37°C and && for 20-24 h to allow attachment.
Next, the medium was removed and 50 pl of DMEM-Blpplemented with 4 uM Fluo-
4AM, 0.02% (w/v) of the surfactant pluronic, 4.55tml BSA, and 1.6 mM of the anion
transport inhibitor probenecid was added to thdsafer 1 h at 19°C, as was determined as
the ideal dye loading temperature in preliminarperkments.Subsequently, the wells were
washed twice with 150 pl of HBSS supplemented @ihmM HEPES, 2.5 mM probenecid
and 10 mg/ml BSA and finally 100 ul of modified HBSvas added to the wells. Lorglumide
was added at a final concentration of 0—-40 uM, 20 before the start of the experiment.
Receptor activation leads to a rapid increasetmagellular calcium concentration (within 0—
30 s). Hence, fluorescence intensity was measuneetiéally. Two setups were used: a
fluorescence plate reader and a confocal microsdopthe first setup, an Infinite pro 200
(Tecan, Mannedorf, Switzerland) multimode platedexawith automated injection system
was handled using i-control™ software. Excitationl mission wavelengths were set to 480
nm and 520 nm respectively, using Quad4 monochmns@t technology. In the second
setup, a Nikon Alr confocal laser scanning micrpgceystem (Nikon Instruments Inc.,
Melville, NY) was used, mounted on a Nikon Ti-E émed epifluorescence microscope and

equipped with a microscope incubator, Perfect F&ysem and resonant scanner. Multiwell
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dishes were screened, with a Plan Fluor 40 x/Ory®kbijective at full field of view (636 pum x
636 um), resulting in a pixel size of 1.24 um x418m. Fluo-4AM was excited using a 488
nm multi-line Ar laser and fluorescence was dettheough a 525/50 nm bandpass filter.

On both platforms a similar measurement protoca aplied. Measurement started
30 min after washing to allow complete intraceltiutéeavage of the Fluo-4AM ester. After
washing, the plates were immediately placed inpla¢e reader or microscope incubator to
equilibrate at the measurement temperature of 31&€, determined in preliminary
experiments. Each well was measured separatelgrédoence was acquired at 2.5 fps with
the plate reader and 3 fps with the confocal mmwps. Ligands were added fluxo, i.e.
during acquisition: the basal fluorescence of d wak measured for 6 s after which 100 pl of
the sample (diluted in modified HBSS) was addedamsineously while the measurement
continued for another 34 s. In the plate readenpda addition was performed automatically,
while in the confocal microscopy the sample wasedddsing an electronic repeating pipette
(Handystep, BrandTech Scientific Inc, Essex, CBclesample concentration was measured
in 5 wells (technical replicates) for both cell égpand every experiment was repeated 3-4

times (biological replicates).

2.4. Image analysis

Confocal images were analyzed with ImageJ freeildagional Institute of Health, Bethesda,
MD). For population average measurements, the geeflaorescence intensity (per pixel)
over the entire image was measured in unprocesseuidings. For single-cell analysis, the
following workflow was designed: first, images werkgned by means of a rigid registration
(translation and rotation) to remove superimposedion e.g. due to thermal drift. Next, an

average projection was made of the complete timekdb provide a well-contrasted image of
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all the cells by averaging out the noise. This apph of temporal averaging works efficiently
even in the absence of an overt calcium fleg.(in CHO-K1 cells, cfr. Supplementary Fig.
1). An extra smoothing step, by means of Gaussiderifig (sigma=1) removed the
remaining noise and allowed for segmenting thescell a subsequent thresholding step
(Huang autothreshold). Touching cells were sepdrdig local maxima finding and
conditional region growing, resulting in a completet of regions of interest (ROI),
corresponding to the cell boundaries. All ROI wergpected and manually corrected, where
required. Finally, a particle analysis was perfaldne measure the average pixel intensity per
cell ROI (.e. integrated intensity in a cellular ROI, divided tne ROI area in pixels) through
time. This metric was selected to avoid cell-sispehdent variations in signal intensity.
Single cell results were processed and summariziig uMatlab 7.10.0 (R2010a, The

Mathworks Inc., Natick, MA).

2.5. Data analysis and statistics

For calculation of dose-response curves the foligvgarocedure was applied. Per time point i,
fluorescence measurements) (Were normalized to the average fluorescence befample
addition, which corresponds to the average fluaese in the first 6 s of the recording)F
thereby correcting for differences in the amountbasal fluorescence, due to variations in cell
density, dye concentration and/or free calcium eab@ation. Average normalized
fluorescence values of 5 technical replicates veemeected for non-specific responses and
background fluorescence by subtracting the avenagmalized fluorescence values obtained

for CHO-K1 cells per time point and per conditibfence, the relative fluorescence (RF) was

F,(CHO-CCK1R) _F,(CHO-K2)

and
F (CHO—CCKlR) F (CHO— Kl)

calculated using the following formulaRF =
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plotted as a function of time. Subsequently, alsimgetric was derived from the RF curves:

the net response was calculated as the sum oiveefatorescence values, from the moment

of sample addition until the end of the acquisit{oet response %Rﬁ ). All net responses
i=6s

were expressed as a percentage of the maximalespbmse of CCK-8S (induced by a
concentration of 1 nM). The inhibiting effect oktlantagonist was calculated as 100% minus
the net response. From these results, sigmoid @sgpense curves for the percentage of the
maximum response/percentage of inhibition versmspsa concentration were derived with
Prism v4 software (GraphPad Prism, La Jolla, CA) aredian response concentrations,
effective EGpand/or inhibitory 1@y values, were calculated for the agonists and antsty
respectively [19]. The E4 value represents the agonist concentration athwb(®o of its
maximum response is reached. Theyl@lue is the antagonist concentration, which iit&ib
50% of the maximum response of CCK-8S (1 nM). Thedian response concentrations of
agonists and antagonists are the mean of at lei@s independently repeated dose-response
curves (biological replicates), which are based Sorrepeated measurements (technical
replicates) for each concentration.

Median effect concentrations were statistically paned in S-plus (TIBCO Software

Inc., Palo Alto, CA) by means of a One-way ANOVAalrsis and the significance of

individual differences were calculated using Tukegt hoc tests.

3. RESULTS

3.1. Optimization

First, we optimized and benchmarked our assay rmgeof sensitivity, stability and
specificity. When using fluorescent dyes, thereaigisk of active dye uptakee.§. by

9



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

pinocytosis) leading to compartmentalization of tihge in vesicles [11]. Indeed, using
epifluorescence microscopy, we found that the #soent dye showed significant
compartmentalization when the dye was loaded &t 3BY lowering the loading temperature
to 19°C, we observed a homogeneous cellular digtab of the dye indicating passive
diffusion into the cell.

Given that a complete experiment, corresponding® 96-well plate, takes about one
hour to screen, it is imperative that the cellulesponse in different wells remains stable
through time. When performing pilot experimentsngsihe plate reader, we observed at 37°C
a gradual decrease in cell response to a singleeotration of CCK-8S (0.1 and 1 nM) from
well to well. Conversely, at lower temperatures°@Ba gradual increase in response was
observed. The most stable overall response through was obtained at a measurement
temperature of 31°C (Supplementary Fig. 2).

To ensure ligand specificity, native CHO-K1 cellere included in the assay as
negative controls. When stimulated with CCK-8S, GKDcells did not show a significantly
different response from cells treated with bufidawever, both CHO-K1 as CHO-CCK1R
showed a similar response when stimulated with TRARN agonist for the thrombin
receptor (Supplementary Fig. 3). This confirmed tBBO-K1 cells could be used to correct

for non-specific responses.

3.2. The plate reader assay allows for sensitive and accurate measurement of agonist and
antagonist effects on the cell population level

First, we measured the cellular response to theralatigand, CCK-8S. The change in
fluorescence was monitored in time for increasingcentrations of CCK-8S (0.001 nM-1

nM) (Fig. 1). Typically, RF curves (Fig. 1a) showstiong dose-dependent kinetics in terms
10
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of the time point and height of the maximum RF, &lso in terms of peak persistence. The
integrated area below the curve incorporates tlkfserent parameters and was therefore
used in the calculations. A significant increasesignal could be detected down to a
concentration of 0.01 nM CCK-8S. Dose-responseeasiwere established from calculating
the net response per condition (Fig. 1b) and weegl tio derive the Egvalues (Table 1).

Next, the effect of a partial agonist, IMV-180, wiggermined. The Ef of IMV-180
was 1,000-fold higher with respect to the natuigdnd, pointing at a much lower affinity
towards the receptor (Table 1). Moreover, the maxmresponse that could be evoked by
JMV-180 compared to 1 nM CCK-8S was more than lhlgmean + SEM; 38 + 8%),
illustrating the lower potency of this partial agginto activate the CCK1R (Supplementary
Fig. 4a).

In addition to the aforementioned agonists, thé datagonist lorglumide was tested
for its potential to inhibit a CCK-8S-induced respe. Increasing concentrations of
lorglumide clearly demonstrated a dose-dependdnbition of the response to 1 nM CCK-
8S. The IGy value was 3 = 1 uM (Supplementary Fig. 4c, Table~ull inhibition of 1 nM

CCK-8S was obtained at 40 uM lorglumide.

3.3. Confocal microscopy provides both population as well as single-cell information

Using confocal microscopy, the same kinetic expenta were performed as with the plate
reader. First, the population-average responsedetsmined on whole images. Per well, one
single region was acquired at full field of viewB@Gum x 636 um), corresponding to 100-150
cells, and the average pixel intensity was measaved the entire image through time (Fig.
2a, Supplementary Movies 1 and 2). This assay wesnmed for CCK-8S with and without

lorglumide and for JMV-180 and resulted in highisngar RF curves, dose-response curves
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and median effective concentration values fE&hd 1Gg) as those obtained for the plate
reader (Fig. 2b,c; Table 1; Supplementary Fig. ¥b,d

To determine the actual single-cell response, wasored fluorescence kinetics in
individual cells by means of automated image amal{fSig. 3a, Supplementary Fig. 1). The
individual fluorescence kinetics in time variedrfrccell to cell, not only in magnitude and
time point of the maximum fluorescence intensityt lalso in fluorescence fluctuation
behavior (Supplementary Fig. 5). The time lag betwthe moment of sample addition and
the moment of maximum fluorescence intensity becprogressively shorter with increasing
agonist concentration. In parallel, the synchronthwvhich the fluorescence of individual
cells changed increased as well. This is reflectede magnitude of the standard deviation of
the time point of maximum fluorescence (Supplenmgnig. 6). Especially at low doses a
cellular behavior became evident that was not eoleskin population averages: calcium
fluxes show several less intense oscillations after first primary fluorescence peak
(Supplementary Fig. 5g). These fluctuations werdonger observed from a dose of 0.1 nM
CCK or higher. At high concentrations, the osailligtmode changed into one single increase
after which no oscillations are seen anymore. liefpfluorescence kinetics In CCK-8S
stimulated cells became more uniform with increggioncentrations, which is in accordance
with earlier observations [20]. In comparison, fieecence oscillations were more
pronounced in cells treated with IMV-180 and alstsisted at higher doses (Supplementary
Fig. 7).

Despite the inherent variability, all doses wegn#icantly different from each other
(Fig 3a). The median effective concentrations {fFahd/or IGg) based on single-cell analysis
were not significantly different from those based the average image intensity nor from

those derived from the plate reader (Table 1).

12



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

To determine the robustness of the single-cellyais we calculated the number of
cells required to discriminate dose-dependent mesgm using am silico approach. To this
end, image data sets containing all individual ceiponses were progressively eroded by
omitting one single, randomly selected cell atnaetilon permutated data sets), down to one
single cell, and by calculating the average respamish each step. This was repeated 100
times to obtain a distribution that representsviagability within the data set (Fig. 3b). The
covariance (std/mean) plots of these distributidesonstrated that as little as 10 cells are
sufficient to determine the population mean witl®&ccuracy, or 25 cells are sufficient to
determine the population mean with 97.5% accurdeig. (3c). In silico erosion was
performed for all experiments and confirmed tha200cells are sufficient to determine the

population mean with 95% accuracy (Supplementagy &).

4. DISCUSSION

We have established a robust cell-based bioassagréen for compounds which activate
CCKI1R or inhibit its binding to the natural ligandnd which works on two different
platforms. This technology was first developed lmft# et al. [9] for a fluorescence plate
reader. We have now optimized this technology bkintait more sensitive, specific and
more robust by cross-validating this assay on é&emdift platform, namely the confocal
microscope. During optimization, we discovered tloatering the loading and measurement
temperature had an important influence on the Beitgiand temporal stability of the cell
response. It is conceivable that the degree ofometipartmentalization and the decay of the
fluorescence through time, which were observedigiten temperatures, are due to a higher
cell metabolism. At higher temperatures, transpoethanisms like endocytosis/pinocytosis

(leading to compartmentalization) and exocytoseading to loss of signal) become more
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prominent [11] and active breakdown of the fluoszdaye could be promoted [6].

The EGo measured for CCK-8S in this project with the flegzence plate reader and
the confocal microscope were not significantly eliént, although purely based on the SEM
one could say a higher accuracy was obtained \ughptate reader. This could be due to a
different demand for manual interaction betweerhlagproaches: the measurements with the
fluorescence plate reader were almost fully autethaivhereas the measurements with the
confocal microscope were carried out manually, dbgrintroducing pipetting inaccuracies
and causing complete experiments to last longer ke more fluorescent probe decay.
Also, sample mixing in the medium may have occufester in the plate reader causing cells
to react more synchronously. On the other handygeb SEM in confocal measurements may
be the reflection of the high heterogeneity betwielividual cells, as such providing more
accurate information of the true cellular respomse@ddition, the visualization of cells allows
immediate verification of cellular health and déysiConfocal microscopy also allows
discrimination of off-target effects like bad soility and background fluorescence of the
sample €g. when protein hydrolysates are tested). With theréscence plate reader,
autofluorescence of the sample causes a major woasethe fluorescent signal of the entire
well is measured, which may obscure more subtleréscence increases at the level of the
cells. In contrast, the confocal microscope onltedis fluorescence in a selected focal section
on the bottom of the well, which is predominanttgrh within the cells. Hence, due to its
optical sectioning capability, confocal microscagpws measuring a more specific response
and testing higher sample concentrations when wgrkiith autofluorescent samples.

Experiments carried out with cells in suspensiodeurcontinuous stirring revealed 10
to 50-fold higher Eg values (around 0.19-1.08 nM) for CCK-8S compared our

experiments [4,8,14]. However, the &6f the partial agonist IMV-180 measured with cells
14
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in suspension (25 nM) was comparable to thgoH@easured in this project [14]. These
variations could not be ascribed to large diffeemnén medium compositione.y. BSA
concentration) or probenecid concentration, but nb&y due to differences in sample
composition and stability as well as the experirakesétup. Receptor activation can also be
measured by inositol trisphosphatesfiproduction. Cawston et al. [5] reported ansg@alue

for IP3 production of JMV-180 of 18 nM, which is similay the EG, value of IMV-180 we
found for C&*increase (Table 1). In addition, the maximum comregion only induced 9%
of the IR production compared to that of CCK-8S. The lowatepcy of JMV-180 compared
to the natural ligand can be explained by the dbfidal positioning of the C-terminal end
within the binding site of CCK1R [1]. A partial agist only exerts a subset of the biological
functions of the natural ligand and therefore hasdaced tendency to evoke side effects and
cause receptor intolerance. This makes a partaliagmore suitable as a therapeutic than the
natural ligand [5]. In this context, it is also eatorthy that IMV-180 elicited highly different
fluorescence kinetics compared to CCK-8S. In acmued with previous observations
[15,17], more pronounced and more frequent osidhatwere observed, even at high doses,
indicating an altered cellular response. Theseudfices could be due to differential coupling
of low- and high affinity CCK1R binding sites tocemd-messenger systems and'Gignal
transduction pathway®.g. differences in activation of protein kinase C dRg production
[18,21] Lorglumide is a full antagonist of the CCK1R ahi2,300 times more selective for
CCKI1R than for CCK2R. It is a potent inhibitor immparison to other glutaramic acid
analogues [2]; an lg value of 0.13 uM was reported by Makovec et a0] [for this
antagonist. The latter kg value is 15 times lower compared to theol@easured in this
project, which is probably due to the use of aelldht experimental design. Hence it can be

concluded that comparison between the median effententrations (Ef and 1Go) of
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different CCK receptor agonists and antagonistavéen studies should be made with
caution, as different cell types, measuring techesgand controls are used. Therefore, we
propose this standardized procedure to enable awopaof the CCK1R activity of different
ligands. Moreover, with little adaptations, thissag could be converted into a screening
system for ligands for the CCK2R, the sulfakininegtor and other G&influencing GPCRs.

In conclusion, the proposed cell-based bioassaybsamsed to screen for protein
hydrolysates and molecules with CCK1R activity istandardized manner. Measurement can
be accomplished on two platforms. The fluorescgrate reader is more suitable to perform
a primary screen, but the confocal microscope carused to validate the activity of the
components on the single-cell level, especiallyaincontext of strong autofluorescence
background. The selected components might be amdite battle against obesity or other

CCK1R-involved diseases like diabetes type II.
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422  Figure legends

423 Fig. 1. Dose-dependent CCK1R-mediated calcium fluxes linpogulations monitored with a
424  plate reader. (a) Kinetics of relative fluorescefR&) of Fluo-4AM labeled CHO-CCKI1R
425 cells to increasing concentrations of CCK-8S (0-0&M). The curves represent the mean of
426 5 technical replicates (wells). (b) Representatiese-response curve for CCK based on 4
427 experiments (biological replicates) in which theaswements for each concentration were
428 repeated 5 times, expressed as a percentage ahdikanum net response.e. the net
429 response induced by 1 nM CCK.

430

431 Fig. 2. Dose-dependent CCK1R-mediated calcium fluxes linpogulations monitored with a
432 resonant scanning confocal microscope. (a) Monfag® in fluxo confocal microscopy,
433 combined from equally cropped regions selected fram time-lapse series, acquired as
434 described in the Materials and Methods sectionK{bgtics of relative fluorescence (RF) of
435 Fluo-4AM labeled CHO-CCKI1R cells to increasing cemications of CCK-8S (0.001-1 nM).
436 The curves represent the mean of 5 technical @pkc(wells). (c) Representative dose-
437 response curve for CCK based on 3 experiments ogfiicdl replicates) in which the
438 measurements for each concentration were repedigte$, expressed as a percentage of the
439 maximum net responsee. the net response induced by 1 nM CCK.

440

441 Fig. 3. Dose-dependent CCK1R-mediated calcium fluxes dividual cells monitored with a
442 resonant scanning confocal microscope (a) Boxmptasenting the single-cell response of
443 CHO-CCKIR cells to increasing concentrations of C&K(0.001-1 nM), measured as the
444  average intensity of individual cells and expresae@ percentage of the maximum response,

445 i.e. the average response induced by 1 nM CCK.Ifbdilico erosion. Per condition, the
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453

response was calculated for all cells within on@resentative image per CCK-8S
concentration. Next, cells were progressively reatbfrom permutated data sets, one by one,
down to the single cell and per step the averaderesponse was calculated. This was
repeated 100 times per condition. Every line represone complete erosion cycle. (c) From
the eroded data sets the covariance (CoV) was laduand plotted as a function of the
number of cells and represented on a logarithmadesior visualization purposes. Ten cells

reduce the CoV to 5% and 25 cells reduce the Cad¥/5&% (dotted black lines).
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Supplementary Material

Supplementary Fig. 1. lllustration of temporal averaging for image segmaéon. (a)
original raw image of one single time point of a G#1 cell labeled with Fluo-4AM
acquired for 40 s at 3fps. (b) average intensioygmtion of the complete time stack (40 s, 150
frames) (c) result of segmentation, displayed ageandutlines superimposed on the average

projection image. Scale bar represents 100 pum.

Supplementary Fig. 2. Temperature and concentration dependence of egflonse from
well to well. Fluo-4AM CHO-CCKI1R cells in 96-wellgtes were exposed to 0.1 nM (a) or 1
nM CCK-8S (b) at different measurement temperatugeery well, represented by a single
data point in the plot, was treated (and measuseduentially. Trend lines from a linear
regression were plotted for demonstrational purpoddie response has been expressed

relative to that of the first well.

Supplementary Fig. 3. Kinetics of normalized fluorescencei/flg) + SD in Fluo-4AM
labeled CHO-CCK1R and CHO-K1 to 250 uM of TRAP-%pEriments were carried out in

the presence of 50 uM lorglumide to inhibit effedtsthe CCK1R (n=6).

Supplementary Fig. 4. Representative dose-response curves for JMV-180) (and
lorglumide (c,d) based on 3 experiments in whioh teasurements for each concentration
are repeated 5 times, expressed as a percentége wiaximum response and the percentage
of inhibition from the maximum response, respedyiv&raphs on the left are the results
measured with the fluorescence plate reader (ayd) @ the right with the confocal

microscope (b,d).
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Supplementary Fig. 5.Inter-individual and temporal variation in nornzad fluorescence
kinetics (F/Fo) in response to CCK-8S, monitored in Fluo-4AM lgldeCHO-CCK1R cells
with a resonant scanning confocal microscope, @se with increasing concentration: (a)
1E-03 nM, (b) 1E-02 nM, (c) 2.5E-02 nM, (d) 1E-OMn(e) 2.5E-01 nM, and (f) 1n M. (g)
10 randomly selected curves from cells treated RIBE-02 nM CCK-8S demonstrate the

fluorescence fluctuations in individual cells atvlooncentrations.

Supplementary Fig. 6.Histogram comparing the average peak time (maxirfluonescence)
of individual cells of all experiments, for incréag concentrations of CCK-8S, JMV-180 and

lorglumide. Error bars represent standard deviation

Supplementary Fig. 7.Inter-individual and temporal variation in nornzad fluorescence
kinetics (F/Fo) in response to JMV-180, monitored in Fluo-4AMdéddl CHO-CCKI1R cells
with a resonant scanning confocal microscope, isempoonounced than after treatment with
CCK-8S and persists with increasing concentrati@h5.0 nM, (b) 12.5 nM, (c) 50 nM, (d)
125 nM, and (e) 500 nM. For comparison, (f) sholes pirofiles of Fluo-4AM labeled CHO-
K1 cells treated with 500 nM JMV-180. (g) 10 randgrselected curves from cells treated
with 500 nM JMV-180 illustrate the persistence hfofescence fluctuations in individual

cells at high concentrations.

Supplementary Fig. 8.Histogram comparing for all experiments the nundfesells required
to obtain a coefficient of variation of the cellsppnse equal to or smaller than 5%, as

calculated fromn silico erosion data sets. Error bars represent stan@ardtibns.
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Supplementary Movie 1. Time-lapse recording (subregion of full field wew) of Fluo-
4AM labeled CHO-CCKI1R cells acquired with resonaotainning confocal microscopy,
stimulatedin fluxo with 0.01 nM CCK-8S at 6 s of acquisition. A Grageat lookup table was

applied for accentuating intensity fluctuations.

Supplementary Movie 2 Time-lapse recording (subregion of full field wew) of Fluo-
4AM labeled CHO-CCKI1R cells acquired with resonaotanning confocal microscopy,
stimulatedin fluxo with 1 nM CCK-8S at 6 s of acquisition. A GreentHookup table was

applied for accentuating intensity fluctuations.
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Table 1

Median effect concentrations (B and 1Gg) for the natural ligand CCK-8S, the partial
agonist JMV-180 and the antagonist lorglumide, mess with the fluorescence plate reader
(population average) and the confocal microscopepyfation average and single-cell).

Median effect concentrations for a ligand do nan#icantly differ between measuring

techniques, calculated with ANOVA followed by a pbsc Tukey test (df = 2; CCK-8S: F =

3.05, p = 0.11; JMV-180: F = 0.48 p = 0.64; lorglden F = 0.72, p = 0.52).

Median effect concentration (EGo and/or ICso+ SE)
Ligand Fluorescence plate reader Confocal microscope
Population average Population average  Single-celVarage
CCK-8S 24 + 4 pM 50 + 13 pM 47 + 13 pM
JMV-180 20+ 4 nM 31+12 nM 31+12nM
Lorglumide 3+x1uM 4+1uM 5+£2uM
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