
The PMT output was amplified (gain: 0.1 μA/V; time constant: 5 ms), filtered at 50 Hz, and 492 

digitized at 250 Hz using a Digidata 1550B and Clampex software (Molecular Devices). 493 

For each photometry experiment, GRABeCB was measured as discrete trials repeated 494 

every 3 minutes. For each trial, the light exposure duration was 35–45 seconds in order to 495 

minimize GRABeCB photobleaching while capturing the peak response and the majority of 496 

the decay phase. To evoke an eCB transient, a train of 200–500-μs electrical pulses (1.0–497 

1.5 mA) was delivered 5 s after initiating GRABeCB excitation. 498 

499 

2-photon imaging in the hippocampus in acute mouse brain slices500 

Adult (6–8 weeks of age) C57BL/6J mice of both sexes were anesthetized with an 501 

intraperitoneal injection of 2,2,2-tribromoethanol (Avertin, 500 mg/kg body weight, Sigma-502 

Aldrich), and AAV vectors were injected (400 nl at a rate of 46 nl/min) into the hippocampal 503 

CA1 region using the following coordinates: A/P: −1.8 mm relative to Bregma; M/L: ±1.0 504 

mm relative to Bregma; and D/V: −1.2 mm. After at least 4 weeks following AAV injection, 505 

the mice were deeply anesthetized with an intraperitoneal injection of 2,2,2-506 

tribromoethanol, decapitated, and the brains were removed and placed in ice-cold cutting 507 

solution containing (in mM): 110 choline-Cl, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1 NaH2PO4, 1.3 508 

Na ascorbate, 0.6 Na pyruvate, 25 NaHCO3, and 25 glucose saturated with 5% CO2/95% 509 

O2. Coronal brain slices (300-μm thickness) were prepared and incubated at 34°C for 510 

approximately 40 min in modified ACSF containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 511 

1.3 MgCl2, 1 NaH2PO4, 1.3 Na ascorbate, 0.6 Na pyruvate, 25 NaHCO3, and 25 glucose 512 

saturated with 5% CO2/95% O2. Two-photon imaging were performed using an 513 

FV1000MPE 2-photon microscope (Olympus) equipped with a 25x/1.05 NA water-514 

immersion objective and a mode‒locked Mai Tai Ti:Sapphire laser (Spectra-Physics). The 515 

slices were superfused with modified ACSF (32–34°C) at a rate of 4 ml/min. A 920-nm laser 516 

was used to excite the eCB2.0 sensor, and fluorescence was collected using a 495–540-517 

nm filter. For electrical stimulation, a bipolar electrode (cat. number WE30031.0A3, 518 

MicroProbes for Life Science) was positioned near the stratum radiatum layer in the CA1 519 

region using fluorescence guidance. Fluorescence imaging and electrical stimulation were 520 

synchronized using an Arduino board with custom-written software. All images collected 521 

during electrical stimulation were recorded at a frame rate of 2.8 fps with a frame size of 522 

256×192 pixels. The stimulation voltage was 4–6 V, and the pulse duration was 1 ms. 523 

Drugs were applied to the imaging chamber by perfusion at a flow rate at 4 ml/min. 524 

525 

Fiber photometry recording of eCB signals in the basolateral amygdala 526 

Adult (10–12 weeks of age) C57BL/6J mice of both sexes anesthetized, and 300 nl of 527 

either a 10:1 mixture of AAV-hSyn-eCB2.0 and AAV-hSyn-mCherry or a 10:1 mixture of 528 

AAV-hSyn-eCBmut and AAV-hSyn-mCherry was injected using a glass pipette and a 529 

Picospritzer III microinjection system (Parker Hannifin) into the right basolateral amygdala 530 

using the following coordinates: A/P: −1.78 mm relative to Bregma; M/L −3.30 mm relative 531 

to Bregma; and D/V: −4.53 mm. After injection, a 200-µm diameter, 0.37 NA fiber (Inper) 532 

was implanted at the same location and secured using resin cement (3M). A head bar was 533 

also mounted to the skull using resin cement. At least 14 days after surgery, photometry 534 

recording was performed using a commercial photometry system (Neurophotometrics). A 535 
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patch cord (0.37 NA, Doric Lenses) was attached to the photometry system and to the fiber 536 

secured in the mouse brain. A 470-nm LED was used to excite the GRABeCB sensors, and 537 

a 560-nm LED was used to excite mCherry. The average power level of the LED (measured 538 

at the output end of the patch cord) was 160 µW and 25 µW for the GRABeCB sensors and 539 

mCherry, respectively. The recording frequency was 10 Hz, and the photometry data were 540 

acquired using Bonsai 2.3.1 software.  541 

For the foot shock experiments, the mice were allowed to move freely in a Habitest 542 

shock box (Coulbourn Instruments) inside a lighted soundproof behavior box. The 543 

FreezeFrame software program was used to apply triggers to the shock generator 544 

(Coulbourn Instruments). Five 2-sec pulses of electricity at an intensity of 0.7 mA were 545 

delivered to the shock box, with an interval of 90–120 s between trials. After photometry 546 

recording, the animals were deeply anesthetized and perfused with PBS followed by 4% 547 

paraformaldehyde (PFA) in PBS. The brains were removed, fixed in 4% PFA overnight, 548 

and then dehydrated with 30% sucrose in PBS for 24 h. Brain slices were cut using a Leica 549 

SM2010R microtome (Leica Biosystems). Floating brain slices were blocked at room 550 

temperature for 2 h with a blocking solution containing 5% (w/v) BSA and 0.1% Triton X-551 

100 in PBS, and then incubated at 4°C for 24 h in PBS containing 3% BSA, 0.1% Triton X-552 

100, and the following primary antibodies: chicken anti-GFP (1:1000, Aves, #GFP-1020) 553 

and rabbit anti-RFP (1:500, Rockland, #600-401-379). The next day, the slices were rinsed 554 

3 times in PBS and incubated in PBS with DAPI (5 µg/ml, Invitrogen, #D1306) and the 555 

following secondary antibodies at 4°C for 24 h: Alexa Fluor 488 donkey anti-chicken (1:250, 556 

Jackson ImmunoResearch, #703-545-155) and Alexa Fluor 568 donkey anti-rabbit (1:250, 557 

Invitrogen, #A10042). Confocal images were captured using an LSM780 confocal 558 

microscope (Zeiss). 559 

 560 

2-photon in vivo imaging  561 

Adult (100–150 days of age) C57BL/6J mice of both sexes were used for these 562 

experiments. The mice were anesthetized, and a mixture of AAV1-Syn-NES-jRGECO1a-563 

WPRE-SV40 and either AAV9-hSyn-eCB2.0 or AAV9-hSyn-eCBmut (300–400 nl each, full 564 

titer) was injected into the right hippocampal CA1 region at the following coordinates using 565 

a Hamilton syringe: A/P: 2.3 mm relative to Bregma; M/L: 1.5 mm relative to Bregma; and 566 

D/V: ‒1.35 mm. After virus injection, a stainless-steel cannula with an attached coverglass 567 

was implanted over the hippocampus as described previously72,73, and a stainless-steel 568 

head bar was attached. A chronic bipolar wire electrode (tungsten, 0.002”, 0.5-mm tip 569 

separation, A-M Systems) was implanted into the left ventral hippocampus at the following 570 

coordinates as previously described74: A/P: 3.2 mm relative to Bregma; M/L: 2.7 mm 571 

relative to Bregma; and D/V: ‒4.0 mm. Head-fixed mice running on a linear treadmill with 572 

a 2-m-long cue-less belt were imaged using a resonant scanning 2-photon microscope 573 

(Neurolabware) equipped with a pulsed IR laser tunned to 1000 nm (Mai Tai, Spectra-574 

Physics), GaAsP PMT detectors (H11706P-40, Hamamatsu), and a 16x/0.8 NA water-575 

immersion objective (Nikon). The 2-photon image acquisition and treadmill speed were 576 

controlled and monitored using a Scanbox (Neurolabware). Bipolar electrodes were 577 

recorded using a model 1700 differential amplifier (A-M Systems). Seizures were elicited 578 

by applying an electric stimulation above the seizure threshold by 150 μA of current 579 
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delivered in 1-ms biphasic pulses at 60 Hz for 1 s, using a model 2100 constant-current 580 

stimulator (A-M Systems). Following the in vivo recordings, the mice were anesthetized 581 

with isoflurane followed by an intraperitoneal injection of a mixture of ketamine (100 mg/kg 582 

body weight) and xylazine (10 mg/kg body weight) in saline. The mice were transcardially 583 

perfused with 0.9% NaCl for 1 min followed by 4% PFA and 0.2% picric acid in 0.1 M 584 

phosphate buffer. The brains were removed, post-fixed in the same fixative solution for 24 585 

h at 4°C, then sliced on a VTS1200 vibratome (Leica Biosystems). The sections were then 586 

washed and mounted using VECTASHIELD (Vector Laboratories). Confocal images were 587 

acquired using an LSM710 imaging system equipped with a 20x/0.8 NA objective (Zeiss). 588 

 589 

Data processing 590 

Confocal imaging 591 

Data for 96-well plate imaging were collected and analyzed using Harmony high-content 592 

imaging and analysis software (PerkinElmer). In brief, membrane regions were selected 593 

as regions of interest (ROIs) and the green fluorescence channel (i.e., the sensor) was 594 

normalized to the red fluorescence channel corresponding to mCherry-CAAX (G/R). ΔF/F0 595 

was then calculated using the formula [(G/Rdrug – G/Rbaseline)/(G/Rbaseline)]. For 12-mm 596 

coverslip imaging, data were collected using the NIS-Element software (Nikon) and 597 

analyzed using ImageJ software (National Institutes of Health). ΔF/F0 was calculated as 598 

using the formula [(Ft – F0)/F0], with F0 representing baseline fluorescence. Data were 599 

plotted using OriginPro 2020 (OriginLab). 600 

 601 

Slice photometry and 2-photon imaging 602 

For slice photometry, GRABeCB signals were calculated as ΔF/F0 by averaging the PMT 603 

voltage (V) for a period of 1 s just prior to electrical stimulation (F0) and then calculating 604 

[V/(F0-1)] for each digitized data sample. The decay phase was fitted with a single 605 

exponential, accounting for a sloping baseline. Rise t1/2 was calculated in Prism v. 606 

8.3(GraphPad) by fitting the rising phase of the signal with an asymmetrical logistics curve. 607 

Photometry sweeps were exported to Microsoft Excel 2016 to calculate normalized ΔF/F0 608 

traces and peak ΔF/F0 values. For 2-photon imaging of slices, data were collected using 609 

FV10-ASW software (Olympus) and analyzed using ImageJ. ΔF/F0 was calculated using 610 

the formula [(Ft – F0)/F0], with F0 representing baseline fluorescence. Data were plotted 611 

using OriginPro 2020. 612 

 613 

Fiber photometry in mice during foot shock 614 

The fiber photometry data were analyzed off-line using MatLab software (MathWorks) and 615 

plotted using OriginPro 2020. 616 

 617 

2-photon imaging in mice during locomotion and seizure 618 

Imaging data were processed and analyzed using Python scripts. To analyze single-cell 619 

responses, movies were initially motion-corrected using rigid translation, followed by non-620 

rigid correction (HiddenMarkov2D) using the sima package75. Binary ROIs were selected 621 

using a semi-automated approach. For the initial automated detection, movies were 622 

divided into segments consisting of 100 frames each; the average intensity projection of 623 
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each segment was then computed, and the resulting resampled movie was used for 624 

detection. In sessions with electric stimulation, only the baseline period (i.e., before 625 

stimulation) was used for segmentation. The PlaneCA1PC method of sima was run on the 626 

inverted resampled movie, which resulted in detection of the hollow cell nuclei. These ROIs 627 

were then filtered based on size, and binary dilation was performed to include the 628 

cytoplasm around the nuclei. Next, the ROIs were detected in the non-inverted resampled 629 

movie and filtered based on size; those samples that did not overlap with existing ROIs 630 

were added to the set. ROIs outside the stratum pyramidale layer were excluded. The 631 

fluorescence intensity traces were then extracted for each ROI by averaging the included 632 

pixel intensities within each frame. For analyzing the run responses, only sessions with no 633 

electric stimuli were included, and signals were pulled from the motion-corrected movies. 634 

These raw traces were then processed following standard steps for obtaining ΔF/F0 traces, 635 

with a modified approach for determining the time-dependent baseline. A 3rd-degree 636 

polynomial was fit to the trace after applying temporal smoothing, removing peaks 637 

(detected using continuous wavelet transform with scipy.signal), eliminating periods of 638 

running, and ignoring the beginning and end of the recording. The calculated polynomial 639 

was then used as a baseline. Z-scored traces were obtained after determining the standard 640 

deviation (SD) of each cell’s baseline and excluding events exceeding 2 SDs in two 641 

iterations. 642 

To analyze spreading activity, only sessions with an electric stimulus that triggered an 643 

electrographic seizure and a spreading wave were included. The segmentation was 644 

performed based on the motion-corrected baseline segments of the recordings, and the 645 

signals were pulled from non-motion-corrected movies, as image-based motion correction 646 

was not feasible during seizures. ΔF/F0 traces were obtained using a constant baseline 647 

determined by averaging the pre-stimulus segments of the traces. To analyze changes in 648 

average fluorescence intensity, a single large ROI was manually drawn to include the cell 649 

bodies within the pyramidal layer, and ΔF/F0 traces were obtained and processed as 650 

described above. Event-triggered averages were calculated after automatically detecting 651 

the frames with running onsets and stops using criteria that were fixed across all sessions. 652 

The average was computed in two steps; first, the events were averaged by cell, and then 653 

the cells were averaged by sensor (e.g., eCB2.0 or eCBmut). Decay time constants were 654 

computed as the parameter of a 2nd-degree polynomial fit after a log transform on the 655 

trace following the peak of the stop-triggered average trace. Rise times were determined 656 

between the frame in which the start-triggered average signal first reached 90% of the 657 

range between baseline and peak and the last frame before the signal dropped below 10% 658 

of the range. To determine the speed and direction of the spreading waves, the peak time 659 

of the wave was determined in each session by inspecting the average ΔF/F0 trace 660 

(including all cells). Next, the relative peak location (Δt) of the ΔF/F0 trace of each cell in 661 

the trace including 200 frames (12.8 s) before and after the wave peak was determined. 662 

Finally, two linear (i.e., 1D) fits were determined using the x and y centroid coordinates of 663 

each ROI (Δt ~ x, Δt ~ y). The 2D speed was then computed from the slopes of the two 1D 664 

fits. The direction was determined by computing the unity vector from the starting point to 665 

the end point of the fits between 3 s before and after the wave peak. The average speed 666 

was obtained by averaging the speed of individual sessions, and the average direction was 667 
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obtained from the sum of the unity vectors of individual sessions. Data were plotted using 668 

Python and OriginPro 2020. 669 

 670 

Statistical analysis 671 

All summary data are presented as the mean ± s.e.m. Group data were analyzed using the 672 

Student’s t test or one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not 673 

significant (p > 0.05). 674 

 675 

Data and software availability 676 

Plasmids for expressing eCB2.0 and eCBmut used in this study were deposited at 677 

Addgene (https://www.addgene.org/Yulong_Li/).  678 

 679 
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FIGURE LEGENDS 897 

 898 

Fig. 1 | Development, optimization, and characterization of GRABeCB sensors in 899 

HEK293T cells 900 

a, Schematic diagram depicting the design and principle of the GRABeCB sensor, consisting 901 

of the CB1 receptor and circular-permutated GFP. Ligand binding activates the sensor, 902 

inducing a change in fluorescence. 903 

b, Screening and optimization steps of GRABeCB sensors and the normalized fluorescence 904 

response to 10 μM 2-AG. eCBmut was generated by introducing the F1772.64A mutation in 905 

eCB2.0. 906 

c, Expression and fluorescence change in response to 100 μM 2-AG and AEA in HEK293T 907 

cells expressing eCB2.0. Scale bar, 30 μm. 908 

d, Dose-response curves measured in HEK293T cells expressing eCB2.0 or eCBmut, with 909 

the corresponding EC50 values for 2-AG and AEA shown; n = 3 wells each. 910 

e, Normalized fluorescence change in response to the indicated compounds (each at 10 911 

μM) measured in cells expressing eCB2.0; n = 3–4 well each. Where indicated, the CB1R 912 

inverse agonist AM251 was also added. LPA, lysophosphatidic acid; S1P, sphingosine-1-913 

phosphate; ACh, acetylcholine; DA, dopamine; GABA, gamma-aminobutyric acid; Glu, 914 

glutamate; Gly, glycine; NE, norepinephrine; 5-HT, 5-hydroxytryptamine; His, histamine; 915 

Epi, epinephrine; Ado, adenosine; Tyr, tyramine. 916 

f, Illustration of the localized puffing system using a glass pipette containing 100 μM 2-AG 917 

and/or AM251 positioned above an eCB2.0-expressing cell. The dotted black line indicates 918 

the region of interest for line scanning. Scale bar, 30 μm. 919 

g, Change in eCB2.0 fluorescence was measured in an eCB2.0-expressing cell using line 920 

scanning; where indicated, 2-AG and AM251 were puffed on the cell. The graph at the right 921 

summarizes the on and off time constants measured upon application of 2-AG and upon 922 

application of AM251, respectively; n = 11 (τon) and 4 (τoff) cells. 923 

h, G protein coupling was measured using a BRET Gβγ sensor in cells expressing CB1R, 924 

eCB2.0, or eCBmut. 925 

i, β-arrestin coupling was measured using the Tango assay in cells expressing CB1R, 926 

eCB2.0, or eCBmut. 927 

Student’s t tests were performed in e and h: ***p < 0.001; n.s., not significant. 928 
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Fig. 2 | Characterization of GRABeCB sensors in primary cultured neurons 930 

a, Fluorescence microscopy images of primary cultured rat cortical neurons expressing 931 

eCB2.0 (green) and either synaptophysin-mScarlet (top row; red) or PSD95-mScarlet 932 

(bottom row; red). In the top row, arrows indicate axons; in the bottom row, arrowheads 933 

indicate dendrites and dendritic spines. Scale bars, 30 μm (top row) and 15 μm (bottom 934 

row). 935 

b, Fluorescence microscopy images and fluorescence response to 100 μM 2-AG (top row) 936 

or AEA (bottom row) in neurons expressing eCB2.0 (left) or eCBmut (right). The insets in 937 

the eCBmut images are contrast-enhanced to show expression of the sensor. Scale bars, 938 

30 μm. 939 

c, (Left) example traces of ΔF/F0 measured in an eCB2.0-expressing neuron; the indicated 940 

concentrations of 2-AG and AEA, followed by 100 μM AM251, were applied. (Right) dose-941 

response curves measured in neurons expressing eCB2.0 or eCBmut, with the 942 

corresponding EC50 values shown; n = 3 cultures each. 943 

d, Summary of the change in eCB2.0 fluorescence in response to 100 μM 2-AG or AEA 944 

measured in the neurites and soma; n = 3 cultures each. 945 

e, Example images (left), trace (middle), and quantification (right) of the change in eCB2.0 946 

fluorescence in response to a 2-hour application of WIN55212-2, followed by AM251; n = 947 

3 cultures each. Scale bar, 100 μm. 948 

Student’s t test and one-way ANOVA were performed in e: ***p < 0.001; n.s., not significant. 949 
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Fig. 3 | Release of endogenous eCB measured in primary cultured neurons 951 

a, Fluorescence microscopy images and fluorescence response measured in neurons co-952 

expressing Rncp-iGluSnFR (red) and eCB2.0 (green). Scale bar, 200 μm. 953 

b, Fluorescence microscopy images and fluorescence response measured in eCB2.0-954 

expressing cells preloaded with Calbryte-590 (red). Scale bar, 200 μm. 955 

c, Relative peak change in eCB2.0 fluorescence plotted against the relative peak change 956 

in Calbryte590 fluorescence measured in response to the indicated number of electrical 957 

pulses, normalized to the response evoked by 200 pulses; n = 4 cultures each. Also shown 958 

is the response to 20 electrical pulses with no extracellular Ca2+. 959 

d, Diagram depicting the pathway for eCB synthesis. DAG, diacylglycerol; DAGL, 960 

diacylglycerol lipase; NAPE, N-arachidonoyl phosphatidylethanolamine; NAPE-PLD, 961 

NAPE-hydrolyzing phospholipase D. 962 

e, Representative traces (left) and expanded traces (right) showing the change in eCB2.0 963 

fluorescence in responses to 20 electrical pulses applied before (1) and after (2) DO34 964 

application; WIN55212-2 was applied at the end of the experiment. 965 

f, Summary of the peak change in eCB2.0 fluorescence in response to 20 pulses applied 966 

at baseline (Ctrl), 26 min after DO34 application, and after WIN55212-2 application; n = 3 967 

cultures each. 968 

g, Diagram depicting the degradation pathways for 2-AG and AEA. AA, arachidonic acid; 969 

MAGL, monoacylglycerol lipase; FAAH, fatty acid amide hydrolase. 970 

h, Representative traces (left) and expanded traces (right) showing the change in eCB2.0 971 

fluorescence in response to 20 electrical pulses applied before (1) and after (2) JZL184 or 972 

URB597 application; AM251 was applied at the end of the experiment.   973 

i, Summary of the decay time constant (τdecay) measured at baseline (Ctrl) and 68 min after 974 

application of either JZL184 or URB597; n = 3 cultures each. 975 

j, Pseudocolor images showing spontaneous changes in eCB2.0 fluorescence transients, 976 

single pulse‒evoked fluorescence change, and the change in fluorescence induced by 10 977 

μM WIN55212-2 (note the difference in scale). Scale bar, 100 μm. 978 

k, Time-lapse pseudocolor images taken from the area shown by the bottom dashed 979 

rectangle in panel j. Scale bar, 10 μm. 980 

l, Traces from the experiment shown in panel k, showing the change in fluorescence 981 

measured spontaneously, induced by a single pulse, or in the presence of AM251. 982 

Normalized traces with the corresponding rise time constants are shown at the right. 983 

m, Spatial profile of the transient change in fluorescence shown in panel k. The summary 984 

data are shown at the right; n = 12 transients. 985 

n, Cumulative transient change in eCB2.0 fluorescence measured during 19 mins of 986 

recording in the absence (left) or presence (right) of AM251 (right). Pseudocolor images 987 

were calculated as the average temporal projection subtracted from the maximum temporal 988 

projection. Scale bar, 100 μm. 989 

o, Summary of the frequency of transient changes in eCB2.0 fluorescence measured 990 

before (Ctrl) and after AM251 application; n = 5 & 3 with 10-min recording/session. 991 

Student’s t tests were performed in f, I and o: *p < 0.05, ***p < 0.001.  992 
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Fig. 4 | Using the GRABeCB sensor to detect eCB release in acute brain slices 994 

a, Schematic diagram depicting the strategy for virus injection in the dorsolateral striatum 995 

(DLS), followed by the preparation of acute brain slices used for electrical stimulation and 996 

photometry recording. The dashed box corresponds to the image shown in panel b. 997 

b, Fluorescence image of a coronal slice prepared from a mouse following injection of AAV-998 

syn-eCB2.0 in the DLS, with a diagram showing the electrode position and photometry 999 

recording. Scale bar, 1 mm. 1000 

c, Representative traces showing the change in eCB2.0 fluorescence evoked by 2, 5, or 1001 

10 electrical pulses applied at the indicated frequencies. 1002 

d, Peak change in eCB2.0 fluorescence (left), rise t1/2 (middle), and decay time constant 1003 

(right) plotted against stimulation frequency for 2, 5, and 10 pulses; n = 6 slices. 1004 

e, Representative traces (left) and summary of the peak change in eCB2.0 fluorescence 1005 

(right) evoked by electrical pulses at the indicated frequency in slices expressing eCB2.0 1006 

in the absence or presence of AM251 and in slices expressing eCBmut; n = 3–4 slices 1007 

each. 1008 

f, Schematic diagram depicting the strategy for virus injection in the hippocampal CA1 1009 

region, followed by the preparation of acute slices for electrical stimulation and 2-photon 1010 

imaging. 1011 

g, (Left) fluorescence image of eCB2.0 expressed in the hippocampal CA1 region, showing 1012 

the position of the stimulating electrode. (Right) pseudocolor images showing the change 1013 

in eCB2.0 fluorescence at baseline and after 10 or 50 pulses applied at 20 Hz. The dashed 1014 

circle shows the ROI for quantification. Scale bar, 100 μm. 1015 

h, Representative traces and summary of the peak change in eCB2.0 fluorescence evoked 1016 

by electrical pulses applied at the indicated frequencies; n = 5 slices. 1017 

i, Time course of the change in eCB2.0 fluorescence; where indicated, AEA and AM251 1018 

were applied. 1019 

j, Representative traces of the change in eCB2.0 fluorescence evoked by electrical 1020 

stimulation in the absence and presence of AM251. 1021 
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Fig. 5 | Measuring in vivo eCB signals in the mouse basolateral amygdala in 1023 

response to foot shock 1024 

a, Schematic diagram depicting the strategy for viral expression in the basolateral 1025 

amygdala and fiber photometry recording during foot shock. 1026 

b, Fluorescence microscopy image showing eCB2.0 (green) and mCherry (red) expressed 1027 

in the BLA and the placement of the recording fiber; the nuclei were counterstained with 1028 

DAPI (blue). Scale bar, 300 μm. 1029 

c, Representative single-trial traces of the change in eCB2.0 and mCherry fluorescence; 1030 

an electrical foot shock (2-sec duration) was applied at time 0. 1031 

d, Pseudocolor change in eCB2.0 fluorescence before and after a 2-sec foot shock. Shown 1032 

are five consecutive trials in one mouse, time-aligned to the onset of each foot shock. 1033 

e, (Left) average traces of the change in eCB2.0 and mCherry (top) and eCBmut and 1034 

mCherry (bottom) fluorescence; the gray shaded area indicates application of an electrical 1035 

foot shock. (Right) summary of the peak change in fluorescence; n = 6 mice each. 1036 

f, Summary of rise and decay time constants measured for the change in eCB2.0 1037 

fluorescence in response to foot shock; n = 18–21 trials in 6 animals. 1038 

Student’s t tests were performed in e; ***p < 0.001. 1039 
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Fig. 6 | Measuring in vivo eCB dynamics in the mouse hippocampus during running 1041 

and seizure activity 1042 

a, Schematic diagram depicting the strategy for viral expression and cannula placement in 1043 

the mouse hippocampus. 1044 

b, (Left) immunofluorescence image showing eCB2.0 expression in the hippocampal CA1 1045 

region in a coronal brain slice. Scale bars, 200 μm and 50 μm (inset). (Right) In vivo 2-1046 

photon image of the pyramidal layer in the hippocampal CA1 region, showing eCB2.0 1047 

(green) and jRGECO1a (red) fluorescence. Scale bar, 50 μm.  1048 

c, Schematic cartoon illustrating the experiment in which a mouse expressing eCB2.0 and 1049 

jRGECO1a in the hippocampal CA1 is placed on a treadmill and allowed to run 1050 

spontaneously while fluorescence is measured using 2-photon microscopy. 1051 

d, Average traces of eCB2.0/eCBmut and jRGECO1a transients recorded in the soma of 1052 

individual neurons in the pyramidal layer upon the start and stop of spontaneous running 1053 

episodes (dashed lines).  1054 

e, Summary of the peak responses in panel d; n = 8 and 4 mice each for eCB2.0 and 1055 

eCBmut, respectively. 1056 

f, Summary of the rise and decay kinetics of the jRGECO1a and eCB2.0 signals measured 1057 

at the start and end of spontaneous running; n = 7 mice. 1058 

g, Schematic diagram depicting the electrode placement and 2-photon imaging in mice 1059 

expressing eCB2.0 and jRGECO1a in the hippocampal CA1 region; the electrode is used 1060 

to induce kindling seizure activity and to measure the local field potential (LFP). 1061 

h, Example LFP trace (top) and medio-lateral projections (line profile) of jRGECO1a 1062 

(middle) and eCB2.0 (bottom) fluorescence during stimulus-induced non-convulsive 1063 

seizures and a subsequent spreading wave. The dashed vertical line at time 0 indicates 1064 

the stimulus onset. 1065 

i, Individual (thin gray lines) and average (thick lines) traces of the change in jRGECO1a 1066 

and eCB2.0/eCBmut fluorescence measured during seizure activity. The dashed vertical 1067 

line at time 0 indicates the stimulus onset. The summary of the area under the curve (AUC) 1068 

is shown at the right; n = 8 and 4 for eCB2.0 and eCBmut, respectively. 1069 

j, Spreading eCB wave measured through the hippocampal CA1 region after seizure 1070 

activity. ROIs representing individual neurons are pseudocolored based on the peak time 1071 

of their eCB2.0 signal relative to the peak time of the average signal, and the arrow shows 1072 

the direction of the wave. a, anterior; l, lateral; m, medial; p, posterior. 1073 

k, Traces of eCB2.0 fluorescence measured in individual cells sampled systematically 1074 

along a line fitted to the spreading wave. The dashed line shows the spreading of peak 1075 

signals. 1076 

l, Velocity and direction of the spreading jRGECO1a and eCB2.0 waves. The length of 1077 

each arrow indicates the velocity in μm/s. In each panel, each colored arrow indicates an 1078 

individual session, and the thick black line indicates the average. n = 7 sessions in 6 mice. 1079 

Student’s t tests were performed in e, f and i: *p < 0.05, ***p < 0.001, and n.s., not 1080 

significant. 1081 
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Extended Data Fig. 1 | Strategy for optimizing and screening the GRABeCB sensor 1083 

prototypes 1084 

a, Schematic diagram depicting the strategy used to generate the various GRABeCB 1085 

sensors for this study, including intermediate steps. 1086 

b, Location of the 8 residues in the cpEGFP moiety used to optimize the GRABeCB sensor. 1087 

c, Location of the 3 residues in the GPCR ligand-binding pocket. The receptor’s seven 1088 

transmembrane domains (TM1 through TM7) and the ligand molecule (AEA) are shown. 1089 

d, Normalized dose-response curves for the change in eCB1.0, eCB1.5, eCB2.0, and 1090 

eCBmut fluorescence in response to 2-AG measured in HEK293T cells; n = 3 wells each. 1091 

1092 

Extended Data Fig. 2 | Full amino acid sequences of the eCB2.0 and eCBmut sensors 1093 

a, Schematic diagram depicting the structure of the GRABeCB2.0 sensor. The IgK leader 1094 

sequence and the sequence derived from GRABNE are shown.  1095 

b, Amino acids sequence of the eCB2.0 sensor. The phenylalanine residue at position 1096 

1772.64 in the CB1 receptor was mutated to an alanine to generate the eCB mutant sensor 1097 

(indicated by the gray box). Note that the numbering used in the figure corresponds to the 1098 

start of the IgK leader sequence. 1099 

1100 

Extended Data Fig. 3 | The eCB2.0 responses to synthetic CB1R agonists 1101 

a, Dose-response curves for WIN55212-2 measured in HEK293T cells expressing eCB2.0, 1102 

with the corresponding structure and EC50 value shown; n = 3 wells each. 1103 

b, Dose-response curves for CP55940 measured in HEK293T cells expressing eCB2.0, 1104 

with the corresponding structure and EC50 value shown; n = 3 wells each. 1105 

1106 

Extended Data Fig. 4 | Expression and response of eCB2.0 in acute mouse striatal 1107 

slices 1108 

a, Two-photon fluorescence images of eCB2.0 expressed in the striatum before (saline) 1109 

and after AEA and AM251 application. Arrows indicate eCB2.0 expressing neurites. Scale 1110 

bar, 10 μm. 1111 

b, Time course of the change in eCB2.0 fluorescence; where indicated, AEA and AM251 1112 

were applied. 1113 

1114 

Extended Data Fig. 5 | eCB and Ca2+ waves in mouse hippocampal CA1 region during 1115 

seizure activity 1116 

In vivo two-photon fluorescence images of eCB2.0 and jRGECO1a expressed in the 1117 

mouse hippocampal CA1 region before and after stimulus evoked seizure activity. Frames 1118 

were extracted from those shown in Supplementary Video 1. Seconds (s) after the stimulus 1119 

are indicated. Scale bar, 100 μm. 1120 

1121 

Supplementary video 1 | eCB and calcium signals in mouse hippocampal CA1 during 1122 

seizures 1123 

Fluorescence movies of eCB2.0 and jRGECO1a in the mouse hippocampal CA1 region 1124 

during seizure activity, which is indicated by the LFP recording. The video is played at 3 1125 

times the speed. 1126 

40／40

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 20, 2020. ; https://doi.org/10.1101/2020.10.08.329169doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.08.329169



