METHODS
Animal studies

[bookmark: OLE_LINK4][bookmark: OLE_LINK3]To generate Ins2-RCaMP1.07 mice, the targeting vector was constructed with Ins2 5’promoter, RCaMP1.07 and Ins2 3’fragment as described in Fig. 2A. The vector was then injected with PiggyBac mRNA to the zygotes of C57BL/6J mice (conducted by the Model Animal Research Center of Nanjing University, Nanjing, China). The vector was randomly inserted to the genome using the PiggyBac transposons system and the β cells were sparsely labeled with RCaMP1.07. Glu-Cre+; GCaMP6ff/f mice were generated by crossbreeding Glu-Cre mice with Lck-GCaMP6fflox mice. By crossbreeding Ins2-RCaMP1.07 mice with Glu-Cre+; GCaMP6ff/f mice, both α and β cells were labeled by different fluorescent Ca2+ indicators. Leprdb/Leprdb (db/db) and age-matched C57BL/6J mices (male) were purchased from the Model Animal Research Center of Nanjing University, Nanjing, China. Ins1-Cre+; GCaMP6ff/f mice were generated by crossbreeding Ins1-Cre mice with Lck-GCaMP6fflox mice. Glu-Cre+; tdTomatof/f mice were generated by crossbreeding Glu-Cre mice with Rosa26-tdTomatoflox mice. EIIa-Cre+; GCaMP6ff/f mice were generated by crossbreeding EIIa-Cre mice with Lck-GCaMP6fflox mice. Glu-Cre mice were isolated from the GluCre-Rosa26EYFP (GYY) mice provided by Herbert Y. Gaisano Lab of the University of Toronto (Toronto, Canada). Rosa26-tdTomatoflox mice were isolated from the SstCre-Rosa26tdTomato (GYY) mice provided by Xiao Yu Lab of Shandong University (Shandong, China). Lck-GCaMP6fflox mice, Ins1-Cre and EIIa-Cre mice were obtained from Jackson Laboratory (stock number 029626, 026801, 003314). Ins1-cre;Gcgrf/f mice had been reported previously1. All mice were genotyped by PCR using template tail DNA extracted by the TIANamp Genomic DNAKit (DP304, TIANGEN). Ins2-RCaMP1.07 mice were PCR genotyped with PrimeSTAR® GXL DNA Polymerase (R050A, Takara) using primers (forward 5’-TGTTTCCGGTCTGACTCTGATTCC-3’, reverse 5’- GACCGGCCTTATTCCACTTACGAC-3’). Other mice were PCR genotyped with 2x EasyTaq® PCR SuperMix (AS111, TRANSGEN). Genotyping primers and protocols have been reported previously2,3 or are available online (https://www.jax.org/strain/029626; https://www.jax.org/strain/026801; https://www.jax.org/strain/003314). Mice were maintained in one cage with a light/dark cycle of 12 h and administered chow diet ad libitum. Only male mice aged 8-20 weeks were used in the study. All animal experiments were conducted in accordance with the institutional guidelines for experimental animals at Peking University, which were approved by the AAALAC.
[bookmark: _Hlk41431885]
[bookmark: _Hlk45914955]Design and application of microfluidic chip
For the microfluidic chip, PDMS was used as the channeled substrate, and glass coverslips (24 x 60 mm) were used as the floor substrate, as shown in detail in Fig. 1A. We used the photo-polymerizable epoxy resin (SU-8-2100) to make a positive relief master, and the PDMS substrate was cured on the master. The islet trapping region was designed as a stair-like channel, using six different thicknesses of SU-8 photoresist. To trap islets of different sizes, the heights of this region were designed to be 50, 80, 110, 150, 180, 270 μm. Solution passing through the islet could be collected at the outlet region.  The microfluidic chip was pre-filled with KRBB solution (125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1.2 mM MgCl2, 1 mM L- glutamine, 25 mM HEPES, 0.1% BSA, pH 7.4) containing 3 mM D-glucose before use. To achieve a stable hour-long imaging, we degassed the liquid. We injected the islet into the microfluidic chip by using a 10μL pipette. 

[bookmark: _Hlk45914981]Isolation and culture of mouse pancreatic islets 
Pancreatic islets were isolated from mice as previously described4. Then they were cultured in RPMI 1640 medium (11879020, Gibco) supplemented with 10% fetal bovine serum (10099141C, Gibco), 5.5 mM D-glucose, 100 unit/ml penicillin and 100 g/ml streptomycin. They were maintained at 37℃ and 5% CO2 in a culture incubator before the imaging experiments. 

[bookmark: _Hlk41431901]Dissociation into single-cells
[bookmark: OLE_LINK11][bookmark: OLE_LINK10]After overnight culturing, the isolated islets were washed with HBSS (14175095, Gibco). They were then digested with 0.25% trypsin-EDTA (25300-062, Gibco) for 3 min at 37℃ followed by a brief shaking. The digestion was stopped by the culture medium, and centrifuged at 1000 rpm for 5 min. The cells were suspended by RPMI 1640 culture medium. The cell suspension was plated on coverslips in the poly-L-lysine-coated Glass Bottom Dish (D35-14-1-N, Cellvis) or the microfluidic chip. The dishes or chips were then kept for 40 min in the culture incubator at 37℃, 5% CO2 to allow cells to adhere. Additional culture medium was then added, and the cells were cultured for 24 h before the imaging experiments.

Immunofluorescence of single islet and cells 
Immunofluorescence experiment and analysis of Glu-Cre+; GCaMP6ff/f mice and Ins2-RCaMP1.07 mice was performed as previously described4,5 using a guinea pig anti-insulin antibody (1:200, A0564, Dako), a rat anti-somatostatin antibody (1:200, ab30788, Abcam) and a mouse anti-glucagon antibody (1:200, G2654, Sigma) separately.

[bookmark: _Hlk45915042][bookmark: _Hlk41431924]Fluorescence imaging of Ca2+
For samples isolated from C57BL/6J or db/db mice, we loaded the samples with Cal-520 AM dye (2 μM, 37℃, 40 min) for Ca2+ imaging experiments. In our experiments, we used two confocal spinning-disc microscopes. For Glu-Cre+; GCaMP6ff/+; Ins2-RCaMP1.07 mouse islets, we used Dragonfly 200 series (Andor) with a Zyla4.2 sCMOS camera (Andor), and the Fusion software. All channels were collected with a 40x/0.85 NA Microscope Objective (Warranty Leica HCX PL APO). For 1% transmission of 561 nm illumination (100 mW) and 3% transmission of 488 nm illumination (150 mW), the exposure was set to 20 ms and 100 ms, respectively. Single band pass filter with center wavelength 525 nm (band width 50 nm) was used to collect the GCaMP6f emission. And single band pass filter with center wavelength 600 nm (band width 50 nm) was used to collect the RCaMP1.07 emission. For other islets, we used an inverted TiE microscope (Nikon) attached to an UltraVIEW VOX system spinning disc (PerkinElmer) with a C9100-13 EMCCD camera (Hamamatsu), which was controlled by the Volocity software (PerkinElmer) and equipped with a 40×/1.25 NA objective (Nikon CFI APO). For 2% transmission of 561 nm illumination (50 mW) and 20% transmission of 488 nm illumination (40 mW), the exposure was set to 20 ms and 100 ms, respectively. The islet in the microfluidic chip was kept in 37℃ and 5% CO2 on the microscope stage during imaging. The reagents were automatically pumped into the microfluidic chip with a flow rate of 400 μL/h by the TS-1B syringe pump (LongerPump), which was controlled by software written in MATLAB. 

[bookmark: _Hlk41432001]
Similarity index
The similarity index (SI) was defined to compare the spatial activation similarity between two rounds of 10G stimulation (3 seconds sampling interval). Firstly, we used differences between two consecutive frames to form new stacks which best highlighted the times and cells of large increases of fluorescence intensities (Fig. 1D). The similarity index was used to define how similar two rounds of stimulations evoked responses from the same location. We selected a fixed region of interest of 150 pixels × 150 pixels (45 μm× 45 μm), and made montages which are indicated by the Target (T in Round1) and Paired (P in Round2) images for cross-correlations calculation (the size of the T, and P were 150*150*t). We also randomly selected 50 regions of 150 pixels × 150 pixels in the second round image and indicated them as Random (R in Round2) to calculate the random similarity indexes. 

The image similarity was calculated by the pixel-based SSIM index6. The SSIM index of T and P was indicated by SSIM(T,P), and the mean SSIM index between T and R was indicated by . Because the perfect match conferred a SSIM index of 1, we defined the similarity index between T and P as the normalized SSIM index: 

According to the definition, a similar pair of T and P gives large SI(T, P). When T and P were from the identical position from two rounds of 10G stimulation, SI(T, P) belonged to the “round1, 2 pair” category shown in Fig. 1E. Otherwise SI(T, P) belonged to the “random pair” category shown in Fig. 1E.
[bookmark: _Hlk41432048]
Feature definition and UMAP classification 
To further quantify each α-β Ca2+ oscillation cycle pair, we defined 13 features, including 7 αβ features, 3 α features and 3 β features (Fig. S3). 

αβ features
We first identified peaks of Ca2+ transients in either α or β cells. We denoted the times when the traces peaked as tα2, tβ2, the times when the traces increased from basal values to half-maximal of the peaks as tα1, tβ1, and the times when the traces fall from peaks to half-maximal of peaks as tα3, tβ3. We denoted the times when the subsequent cycle of β cell peaked as tβ2’, the times when the traces increased from basal values to half-maximal of the peaks as tβ1’, and the times when the traces fall from peaks to half-maximal of peaks as tβ3’. The oscillation period T was defined as the time difference between two β peaks. Tβα_peak (or Tβα_50) was defined as the peak (or half-maximal) waiting time for the activation of α cells after β cell activation. The peak (or half-maximal) waiting time for the activation of β cells after α cell activation was defined as Tαβ_peak (or Tαβ_50). The phase difference (Δθ) between α and β cell Ca2+ was defined as the ratio of Tβα_peak and T. The last feature was the ratio between αFWHM and βFWHM.

α cell features and β cell features
The durations τα_up and τβ_up were defined as the length of times for the Ca2+ to stay beyond the half-maximal of the peak. We fitted the fluorescence decay of α (or β) Ca2+ traces with an exponential function to obtain the time constant τα_decay (or τβ_decay). The full widths at half maximal of peak fluorescence intensity of α and β cells were defined as αFWHM and βFWHM.

UMAP oscillation pairs classification 
In total, we collected 658 α-β cycle pairs from 21 islets with all of their features assembled into a feature matrix. By using the UMAP (Uniform Manifold Approximation and Projection) algorithm7, these α-β cycle pairs were clustered into two distinct groups – a cluster of fast cycle pairs and a cluster of slow cycle pairs (Fig. 4B).

The fast, slow, and mixed oscillation modes previously mentioned are composed of these α-β cycle pairs in different ways. That is to say, the fast oscillation mode is purely composed of the fast cycle pairs, the slow oscillation mode of slow cycle pairs, and the mixed oscillation mode of a combination of fast and slow cycle pairs (Fig. 5D, right column).

Mathematical Modeling
[bookmark: _Hlk46845103]To understand the origin of the various oscillation modes and the factors controlling them, we developed a mathematical model incorporating the paracrine interactions between α and β cells.

α-β phase oscillator model
In our model, an islet was simplified into two coupled oscillators - an α cell and a β cell (Fig. 5A). Each cell was described by a phase variable θ, which was driven by the combination of an intrinsic term and a paracrine term (Fig. 5B). The equations were defined as:


Where  are constants.  belong to the intrinsic term and  belong to the paracrine term.

Intrinsic term
The intrinsic term described the oscillating periods of isolated single cells. As previous studies have shown, single β cells oscillate at a period around 5 minutes (Fig. S5A-B). In the model, the period of β cells was assumed to be 360s (). In contrast, the isolated α cells oscillated faster than the β cells (Fig. S5C-D). Hence, we assumed the period of the α cell to be 40s () in the model. 

Paracrine term
The paracrine term described how cells were coupled by releasing hormones. As previous studies have shown, β cells inhibit α cell function8,9, and α cells promote β cell function10–14. Thus, our model consisted of three parts, the coupling coefficients  and  (negative), hormone secretion function , and receptor binding response functions  and .

Hormone secretion function 
In the model, we assumed that cells released hormones periodically with phase changes - cells released hormones when they approached phase π, and stopped when it approached phase 0. As  represented the amount of hormone released by a single cell, it reached the minimum 0 at phase 0, and the maximum 1 at phase π. Between 0 and π,  monotonically increased; Between π to 2π,  monotonically decreased. In numerical simulations, we chose the trigonometric function  . We also discuss other functional forms of  in the robustness discussion section (Figs. S6D and S7). 

α cell response function 
β cells inhibit α cells through a variety of mechanisms, including directly by releasing insulin, Zn2+, and GABA9, or by indirectly activating δ cells to secrete somatostatin8. Despite diversified mechanisms, activation of β cells constantly hyper-polarized α cells and inhibited glucagon release9. 

In the model,  described the inhibitory paracrine response of α cells (As will be introduced later, the negative sign here came from the definition of  as a negative number). The function  was negative in the interval of phase 0 to π, and became positive in the interval of phase π to 2π. When the α cell was inhibited,  would push the α cell phase to around 0 or 2π, which would stably stay around phase 0 and stop glucagon secretion until the inhibitory hormone was relieved. In numerical simulation, we chose the trigonometric function  . We also discuss other functional forms of  in the robustness discussion section (Figs. S6C and S7).

β cell response function 
α cells promote β cells through the release of glucagon. Recent studies have shown that glucagon increases the level of cAMP in β cells by binding to GCGR and GLP-1 receptors10,11,15,16. In the model, described the stimulatory paracrine response of β cells. The function  was positive in any phase. As long as glucagon was present, β cell Ca2+ would pace at a faster rate. In numerical simulations, we chose the function . In the robustness discussion section, we will discuss other functional forms of  (Fig. S6B).

Coupling coefficient  and 
 and  were critical parameters that described the magnitudes of the interaction between the α and β cells. We normalized the absolute values of ,  and  to between 0 and 1. The normalized functions described a unit amount of hormones released by a single cell expressing a unit amount of receptors. Therefore,  is proportional to the product of the number of α cells, the amount of glucagon released by one α cell, and the number of receptors expressed on β cells.  is proportional to the product of the number of β cells, the amount of hormone released by one β cell, and the number of receptors expressed on α cells. In Fig. 5E,  was chosen to be between 0 and . This  value represents the assumption that the α cell can maximally speed up the β cell into a period of 10s.  was chosen to be between 0 and . When  is less than  ,  can reach 0. Therefore, the β cell is able to arrest the α cell activity.

Specific model selected for numerical simulation
In summary, we used the parameters and functions below for the numerical simulation in Fig. 5E. The intrinsic oscillation frequency of α cells was , the intrinsic oscillation frequency of β cells was , the hormone release function was , the α cell receptor function was , and the β cell receptor function was . Therefore, the model is



Phase-locking Analysis 
To better understand the dynamics of our oscillator model, we introduce the concept of winding number in this section.

The winding number is geometrically equivalent to the slope of the trajectory in the α and β phase diagrams (Fig. 5C). It reflected the relative growth rates of the phase of α and β cells. For example, when α and β cells are 1:1 phase-locked, w = 1; when β cells strongly inhibit α cells, they are phase-locked by 0:1,  = 0; when α and β cells exhibited no interaction, . When β cells oscillate 2m and  cells pass 2n, it belongs to a phase locking category with winding number . 

Slow, fast and mixed regime
In our model, the controllable parameters were  and . According to the phase locking index , the paracrine coupling parameter space was separated into categories of weak coupled regime (phase locking index ), slow regime (phase locking index ), fast regime (), as well as mixed regime () (Fig. 5E).  

[bookmark: _Hlk41432660]Robustness analysis
There were five critical parameters and functions in the model, the intrinsic oscillation frequency  of the α cell, the intrinsic oscillation frequency  of the β cell, hormone release function , α cell response function , and β cell response function . To test the robustness of phase-locked results against different choices of functions, we changed the function forms and re-ran the numerical simulation. Similarly, we also changed the winding number  (Figs. S6 and S7).

Hormone secretion function 
 : The secretion function was changed to ,  and . These functions are always non-negative, with a value of 0 at phase 0 and a value of 1 at phase . They increased monotonically from phase 0 to  and decreased monotonically from  to 2. With updated functions, all three oscillation mode regimes still existed and displayed no significant difference (Fig. S6D). The only difference was that the dynamic needed to be observed in the enlarged parameter space.

α cell response function 
 : The response function of α cells was changed to , which is negative in the range of 0 to  and positive in the range of  to 2. In the newly calculated model, all three oscillation modes still existed and showed no differences (Fig. S6C).

β cell response function 
 : The response function of β cells was changed to , which is always positive. In the newly calculated model, all three oscillation modes still existed and showed no differences (Fig. S6B).

Shift phase 
It was manually set that cells would secrete at phase . Further analysis showed that this assumption would not alter the output of this system. Suppose  were two periodic mono-increasing function maps from  to  and periodically extended to . Then,


Denote their inverse function as  respectively, e.g.  .Then,


Here . Substitute these into dynamics, we get


If  were a linear transformation, then  is constant. Specifically, phase shift meant , so it would not alter the dynamic behavior of this model. If symmetry of secretion functions and response functions was slightly broken, e.g. 


It can be found that all three oscillation mode regimes still exist in the newly calculated models. Only the border was slightly deformed (Fig. S7). 

α cells decay time constants in mixed mode oscillation
The experiment data showed that α cells had different decay time constants in the mixed mode oscillation (Figs. 6G and 6H). Meanwhile, in the model, the mixed mode oscillations were composed of the fast and slow  cycles. In this section, we will discuss the relationship between model and experimental results.

In the fast mode oscillation case (), when  completed a  cycle,  failed to activate completely and was repressed to phase 0 very quickly due to full activation of . Therefore, the decrease of α cell Ca2+ signal was determined by the inhibitory paracrine effect. In experiments, the α cells displayed a faster decay time constant. 

In the slow mode oscillation case (),  alternately completed a  cycle and  took much more time to repress . Therefore, the decrease of α cell Ca2+ signals was mainly determined by its own internal clearance rate. Additionally, in experiments the α cells had a slower decay time constant.

For the mixed mode oscillation case (),  completed fewer cycles than . When  ran less than a  cycle while  completed a  cycle ( ), the decay rate was fast. Otherwise, the decay rate was slow. Therefore, in the experiments we observed both fast and slow decay time constants. In fact, the slow and the fast decay constants display clear patterns in their ordering.

Reporting summary
Further information on research design is available in the Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and its supplementary information files. Source data are provided with this paper.
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