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Fig. S1. Membrane trafficking of peptide GPCRs with ICL3 grafted from different sensors.
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Fig. S1. Membrane trafficking of peptide GPCRs with ICL3 grafted from different sensors.

(A) Schematics of the construct for membrane trafficking screening.

(B) Example fluorescence images and intensity line scan profiles of a chimeric GPCR (ghrelin
receptor, GHSR) grafted with dLight ICL3 (green), mCherry-CAAX (red), and merged image in
the presence of ghrelin (1 uM). The white line indicated the ROI for intensity profiling, and
Pearson R was calculated. The averaged Pearson R was used to indicate the membrane trafficking
index of sensor variants.

(C) Summary of the membrane trafficking index measured for peptide GPCR chimeras containing
the ICL3 transplanted from the indicated sensors. The number and percentage of GPCR chimeras
with a maximum trafficking index >0.8 (dashed horizontal line) are shown. Each data point
represents the average of 100-300 cells measured in one well.



Fig. S2. Development and optimizations of GRAB sensors for detecting neuropeptides.
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Fig. S2. Development and optimization of GRAB sensors for detecting neuropeptides.

(A-B) Flow charts showing the 3-step development process (A1l and B1), representative images
(A2 and B2) and group summary (A3 and B3) of the membrane trafficking properties for selected
sensor candidates during optimization for CRF1.0 (A1-A3) and SST1.0 (B1-B3). Responses to the
saturated concentration of peptide ligands of candidate sensors were shown alongside each step.
One-way ANOVA test, F (2,220)=1.865, P=0.1573 between CRF(.5, CRF1.0 and CRFmut (A3);
F (2,91)=0.9230, P=0.4010 between SSTO0.1, SST0.5 and SST1.0 (B3).

Scale bars, 20 um.



Fig. S3. Full amino acid sequences of all six GRAB peptide sensors.

GRAB sensor  IgK LinkerI N-GPCR ] N-ICL3ye cpGFP C-ICL3¢ | C-GPCR

CRF1.0

METDTLLLWVLLLWVPGSTGDTSLYKKVGTTGMGGHPQLRLVKALLLLGLNPVSASLQDQHCESLSLASNISGLQCNASVDLIGTCWPRSPAGQLVVRPC 100
101 PAFFYGVRYNTTNNGYRECLANGSWAARVNYSECQEILNEEKKSKVHYHVAVIINYLGHCISLVALLVAFVLFLRLRSIRCLRNIIHWNLISAFILRNAT 200
201 WFVVQLTMSPEVHQSNVGWCRLVTAAYNYFHVTNFFWMFGEGCYLHTAIVLTYSTDRLRKWMFICIGWGVPFPIIVAWAIGKLYYDNEKCWFGKRPGVYT 300
301 DYIYQGPMILVLLINFIFLFNIVRILMTKLRAYTGPDTDALDLEEGGNVYIKADKQKNGIKANFTIRHNCEDGGVQLATHYQQNTPIGDGPVLLPDNHYL 400
401 SVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVRKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATEGKLTLKFICTTGKLPVP 500
501 WPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTGAAARWRGRQM 600
601 RKAVKATLVLLPLLGITYMLFFVNPGEDEVSRVVFIYFNSFLESFQGFFVSVFYCFLNSEVRSAIRKRWHRWQDKHSIRARVARAMSIPTSPTRVSFHSI 700
701 KQSTAVL* 708

CRFmut site: M276°“R

=

SST1.0

METDTLLLWVLLLWVPGSTGDTSLYKKVGTTGEPLFPASTPSWNASSPGAASGGGDNRTLVGPAPSAGARAVLVPVLYLLVCAAGLGGNTLVIYVVLRFA 100
101 KMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDGVNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLC 200
201 MSLPLLVFADVQEGGTCNASWPEPVGLWGAVFIIYTAVLGFFAPLLVICLCYLLIVVKVRAAGVRVGCALDLEEGGNVYIKADKQKNGIKANFHIRHNIE 300
301 DGGVQLAYHYQQNTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITIGMDELYKGGTGGSMVRKGEELFTGVVPILVELDGDVNGHKF 400
401 SVSGEGEGDATEGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKG 500
501 IDFKEDGNILGHKLEYNTGAAARWRGRQLKVTWMVLVVVLVFAGCWLPFFTVNIVNLAVALPQEPASAGLYFFVVILSYANSCANPVLYGFLSDNFRQSF 600
601 QKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMAQTSKL* 650

-

CCK1.0

METDTLLLWVLLLWVPGSTGDTSLYKKVGTTGELLKLNRSVQGTGPGPGASLCRPGAPLLNSSSVGNLSCEPPRIRGAGTRELELAIRITLYAVIFLMSV 100
101 GGNMLIIVVLGLSRRLRTVTNAFLLSLAVSDLLLAVACMPFTLLPNLMGTFIFGTVICKAVSYLMGVSVSVSTLSLVAIALERYSAICRPLQARVWQTRS 200
201 HAARVIVATWLLSGLLMVPYPVYTVVQPVGPRVLQCVHRWPSARVRQTWSVLLLLLLFFIPGVVMAVAYGLISRELYLGLRFPPGGTERRPNGLGPERSA 300
301 GPGGAEAEPLPTQLNGAPGEPAPAGPRDTDALDLEEGGNVYIKADKQKNGIKANFHIRHNIEDGGVQLAYHYQQNTPIGDGPVLLPDNHYLSVQSKLSKD 400
401 PNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVRKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLT 500
501 YGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTGAGAKLLAKKRVVRMLLVIV 600
601 VLFFLCWLPVYSANTWRAFDGPGAHRALSGAPISFIHLLSYASACVNPLVYCFMHRRFRQACLETCARCCPRPPRARPRALPDEDPPTPSIASLSRLSYT 700
701 TISTLGPG* 709

-

NTS1.0

METDTLLLWVLLLWVPGSTGDTSLYKKVGTTGRLNSSAPGTPGTPAADPFQRAQAGLEEALLAPGFGNASGNASERVLAAPSSELDVNTDIYSKVLVTAV 100
101 YLALFVVGTVGNTVTAFTLARKKSLQSLQSTVHYHLGSLALSDLLTLLLAMPVELYNFIWVHHPWAFGDAGCRGYYFLRDACTYATALNVASLSVERYLA 200
201 ICHPFKAKTLMSRSRTKKFISAIWLASALLAVPMLFTMGEQNRSADGQHAGGLVCTPTIHTATVKVVIQVNTFMSFIFPMVVISVLNTIIANKLTVMVRQ 300
301 AAEQLNGAPGEPAPAGPRDTDALDLEEGGNVYIKADKQKNGIKAAFNIRHNIEDGGVQLAYHYQQNTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMV 400
401 LLEFVTAAGITWGMDELYKGGTGGSMVRKGEELFTGVVPILVELDGDVNGHKFSVGGEGEGDATEGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRY 500
501 PDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTGAAARWRGREPNRVQALRHGVRVLRAVVI 600
601 AFVVCWLPYHVRRLMFCYISDEQWTPFLYDFYHYFYMVTNALFYVSSTINPILYNLVSANFRHIFLATLACLCPVWRRRRKRPAFSRKADSVSSNHTLSS 700
701 NATRETLY* 709

N

NPY1.0

1 METDTLLLWVLLLWVPGSTGDTSLYKKVGTTGNSTLFSQVENHSVHSNFSEKNAQLLAFENDDCHLPLAMIFTLALAYGAVIILGVSGNLALIIIILKQK 100
101 EMRNVTNILIVNLSFSDLLVAITCLPFTFVYTLMDHWVFGEAMCKLNPFVQCVSITVSIFSLVLIAVERHQLIINPRGWRPNNRHAYVGIAVIWVLAVAS 200
201 SLPFLIYQVMTDEPFQNVTLDAYKDKYVCFDQFPSDSHRLSYTTLLLVLQYFGPLCFIFICYFKIYIRLKRRNNMMPPSRRGPDAVAAPPGGTERRPNGL 300
301 GPERSAGPGGAEAEPLPTQLNGAPGEPAPAGPRDTDALDLEEGGNVYIKADKQKNGIKANFHIRHNIEDGGVQLAYHYQQNTPIGDGPVLLPDNHYLSVQ 400
401 SKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVRKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATEGKLTLKFICTTGKLPVPWPT 500
501 LVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTGAAARWRGRQNETK 600
601 RINIMLLSIVVAFAVCWLPLTIFNTVFDWNHQIIATCNHNLLFLLCHLTAMMSTCVNPIFYGFLNKNFQRDLQFFFNFCDFRSRDDDYETIAMSTMHTDV 700
701 SKTSLKQASPVAFKKINNNDDNEKI* 726

NPYmut site: Q151 R, H362°G, K434““R

VIP1.0

1 METDTLLLWVLLLWVPGSTGDTSLYKKVGTTGRTLLPPALLTCWLLAPVNSIHPECRFHLEIQEEETKCAELLRSQTEKHKACSGVWDNITCWRPANVGE 100
101 TVTVPCPKVFSNFYSKAGNISKNCTSDGWSETFPDFVDACGYSDPEDESKITFYILVKAIYTLGYSVSLMSLATGSIILCLFRKLHCTRNYIHLNLFLSF 200
201 ILRAISVLVKDDVLYSSSGTLHCPDQPSSWVGCKLSLVFLQYCIMANFFWLLVEGLYLHTLLVAMLPPRRCFLAYLLIGWGLPTVCIGAWTAARLYLEDT 300
301 GCWDTNDHSVPWWVIRIPILISIIVNFVLFISIIRILLQKLTSPPAPAGPRDTDALDLEEGGNVYIKADKQKNGIKANFHIRHNIEDGGVQLAYHYQQNT 400
401 PIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVRKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGK 500
501 LTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKL 600
601 EYNTGAAARWRGSQYKRLAKSTLLLIPLFGVHYMVFAVFPISISSKYQILFELCLGSFQGLVVAVLYCFLNSEVQCELKRKWRSRCPTPSASRDYRVCGS 700
701 SFSRNGSEGALQFHRGSRAQSFLQTETSVI® k1l

Fig. S3. Full amino acid sequences of all six GRAB peptide sensors.

The sequence shaded in green indicates cpGFP, and the sequences shaded in yellow indicate the
ICL3 linkers derived from the GRAB-NE sensor. The M—>R mutation in CRF1.0 used to generate
CRFmut is shown in blue. Also shown are the IgK and linker sequences. Note that the numbering
used in the figure corresponds to the start of the IgK leader sequence.



Fig. S4. Characterization of SST1.0 and CRF1.0 expressed in HEK293T cells.
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Fig. S4. Characterization of SST1.0 and CRF1.0 expressed in HEK293T cells.

(A) Representative images of HEK293T cells expressing SST1.0 (A1) or CRF1.0 (A2), and the
response to the application of SST-14 (1 uM) and CRF (300 nM), respectively. Scale bars, 20 pm.
(B) Example fluorescence traces (left) and summary data (right) of HEK293T cells expressing
SST1.0 (B1) or CRF1.0 (B2); where indicated, the cells were pre-incubated with saline (Ctrl) or
the antagonist BIM 23056 (10 uM) or NBI 27914 (100 uM); n = 44-125 cells from 3-4 coverslips.
(C) Normalized dose-response curves of HEK293T cells expressing SST1.0 (C1) or CRF1.0 (C2)
in response to the respective ligand (n = 3 wells containing 100-300 cells per well).

(D) Representative traces (left) and summary of ton and tosr (right) of the SST1.0 (D1) and CRF1.0
(D2) response. The indicated ligands and antagonists were locally puffed onto sensor-expressing
cells, and high-speed line scanning was used to measure the fluorescence response. Where
indicated, SST-14 (1 mM) and CRF (100 uM) for measuring signal increase; BIM 23056 (100
uM), Antalarmin (100 pM), SST-14 (1 uM) and CRF (100 nM) were applied (n = 12-21 cells from
4-6 cultures)

(E) Excitation (Ex) and emission (Em) spectra of SST1.0 (E1) and CRF1.0 (E2) expressed in
HEK293T cells, measured in the presence (solid curves) and absence (dashed curves) of SST-14
(10 uM) and CRF (1 uM), respectively.

(F) Two-photon excitation cross-sections of the SST1.0 (F1) and CRF1.0 (F2) sensors expressed
in HEK293T cells in the presence of saline (dashed lines) or the corresponding ligand (solid lines).
Normalized fluorescence intensity is plotted on the y-axis.



Fig. S5. Expression and localization of SST1.0 sensor in cultured neurons.

Fig. SS. Expression and localization of the SST sensor in cultured neurons.

(A) Representative fluorescence microscopy images of primary cultured rat cortical neurons
expressing SST1.0. White dashed rectangle regions were zoomed-in in the up panels of (B). Scale
bars, 50 um.

(B and C) Fluorescence images of neurons expressing SST1.0 (green) and either PSD95-mScarlet
(top row, red) or synaptophysin (Syp)-mScarlet (bottom row, red). In the top row, arrowheads
indicate dendrites and dendritic spines; in the bottom row, arrows indicate axons; Similar results
were observed for more than 10 neurons from 3 transfections. Scale bars, 10 um.



Fig. S6. Downstream signal of cells expressing peptide sensors.
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Fig. S6. Downstream signal of cells expressing peptide sensors.

(A and B) G protein and p-arrestin coupling were measured using the split-luciferase
complementation assay (A) or the Tango assay (B) in cells expressing either the wild-type peptide
receptor (red), or wild-type peptide receptor with peptide sensor (blue) in the presence of the
indicated concentrations of the ligand; n = 3 wells each. The data of wilt-type groups were replotted
from the Figure 2F and 2G.

(C-E) Representative fluorescence images of cultured rat cortical neurons expressing SST1.0 (top)
or EGFP-CAAX (bottom) and loaded with dye Calbryte 590 (red) (C), traces of Calbryte 590
AF/Fo in response to repeated field stimulation or high KCl perfusion (D), and traces of SST1.0
(top) or EGFP-CAAX (bottom) AF/Fo in response to 1 uM SST-14 (E). Scale bars, 200 pm.

(F and G) Group summary of calcium response (F) and AF/Fo of green channels to 1 pM SST-14
(G). (n = 3 neuron cultures) Student’s t-test performed, p = 0.3209 (F), p = 0.0028 (G).



Fig. S7. Expression of peptide sensors does not alter transcriptomes.
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Fig. S7. Expression of peptide sensors does not alter transcriptomes.

(A) Schematic of cultured rat cortical neurons expressing SST1.0, CRF1.0 or EGFP-CAAX for 7
days, then the cells were collected to extract RNA for sequencing.

(B and C) RNA-seq analysis shows that GRAB peptide sensor did not alter the general
transcriptome of cultured neurons. Comparisons of transcriptomes between neurons expressing
SST1.0 or EGFP-CAAX (B) and between CRF1.0 or EGFP-CAAX (C).

(D) Comparison of selected neural activity-related CREB responsive gene expression levels
between neurons expressing GRAB sensors or EGFP-CAAX control.

(E) Schematic of mice brain expressing SST1.0, CRF1.0, mApple-CAAX or EGFP-CAAX for 2
weeks, then motor cortex tissue was collected for RNA sequencing.
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(F) Comparisons of transcriptomes between motor cortex expressing mApple-CAAX or EGFP-
CAAX.

(G) Comparison of selected neural activity related CREB responsive genes expression levels
between motor cortex expressing GRAB sensors, mApple-CAAX or EGFP-CAAX control.
Pearson's correlation coefficient analysis was used to evaluate the differential RNA expression (B,
C and F).
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Fig. S8. Expression of peptide sensors does not alter native GPCR.
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Fig. S8. Expression of peptide sensors does not alter the native GPCR expression.

(A) Schematic of mice motor cortex expressing GRAB sensors (left) or EGFP-CAAX (right) for
2 weeks, the tissue was collected for Western blot.

(B) Western blot shows that expressing GRAB peptide sensor did not alter the protein level of
native SSTR2 and CB1R GPCRs.

12



Fig. S9. Expression of peptlde sensors does not alter the native SSTR2 GPCR distribution.
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Fig. S9. Expression of peptide sensors does not alter the native SSTR2 GPCR localization.

(A) Schematic diagram depicting the experiment design.

(B and C) Representative fluorescence images showing the merged signal (left), immunoactivities
of GFP (middle, green) and SSTR2 (right, red) of mice motor cortex expressing GRAB sensors
(SST1.0(B) and CRF1.0 (C)) at left motor cortex (L) and EGFP-CAAX at right motor cortex (R).
The approximate layers of neocortex are indicated. Intensity profiles of white dashed rectangle
regions of SSTR2 immunoactivities (red) and Nissl staining (blue) from dura to the deep cortex
were plotted. Scale bars, 200 pm.
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Fig. S10. Validation of the SST1.0 sensor in culture neurons and pancreatic islets.

(g]

A 75 mM KCI B 60 R Pearson’s r = 0.94
200{ L© ~ im.
BIM23056 = ° S 60 (E:]“;(S; stim
o 21 = 10X
— B - 7 =
8 < e ° [ )]
c & 1001° | 2
. O Ll g o s
O 1 l a8 é =
& i i 5
o) 0 351016'75k 0 35101675k 0 10 20
w Burst stim. (n X)  Burst stim. (n X) [ AF/F, (Cal590)

SST

+YM + BIM
(CCKBR Antag.) (SSTR5 Antag.)

D Ppancreas E SST1.0 Saline CCK

0O
/ﬁaticislet D
O
ADV-SST1.0 -
F
CCK SST YM BIM
0.5
AF/F, \—
10 min
WA AVAAL 0 r‘?e i +YM +BIM
S T ssT
H Glucose | 3mM/ 20 mM glucose J *
mi o
3mM 20m T Py L 1 01 @ m
' G2 ) =
= / ov
o / o [e] >
Response o / /1 10.053 3
SST1.0 3 L /,4/ /:/¥ 0
=} f/( f’f/o “i g
10 20 30 ,:0|s 7/ |o 38
Time (min) a 3 20 3 20 ~
Glucose (mM)
t=0 0.2 M N
=0s
Norm. 0.2 o 1 T
_IAF/FQ Norr.nl (/';%105 T \ 2
- AR }"f - Sos z
0V5|_ £ / £ . & " Slope (D)
AF/F 0 ' = Wil . il B - 5
%0 ‘ QG RINALEAT g S 0 ~6.2 pratee é o 0.4 pm?/s
20 -10 0 10 20 0 10 20 30 40 50 0 20 40 60
Distance (um) Distance (um) Time (s)

Fig. S10. Validation of the SST1.0 sensor in culture neurons and pancreatic islets.

(A) Representative fluorescence images of rat cortical neurons expressing SST1.0 (top row) or
EGFP-CAAX (bottom row); 75 mM K" was applied by perfusion in the absence (left column) or
presence (right column) of the SST receptor antagonist BIM (5 uM). Scale bars, 100 um.

(B) Representative time course (left) and summary of the rise and decay half-times (tso) of the
fluorescence change (right) measured in SST1.0-expressing neurons in response to burst stimuli
and 75 mM K; n = 3-5 cultures containing 20-40 ROIs per culture.
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(C) Change in SST1.0 fluorescence plotted against the Calbryte-590 signal measured in response
to the indicated number of burst stimuli.

(D) Schematic diagram depicting the experimental strategy in which pancreatic islets were isolated,
and infected with adenoviruses expressing SST1.0.

(E) Expression and pseudocolor responses measured in a mouse pancreatic islet expressing SST1.0
in control solution (saline supplemented with 250 uM diazoxide), | uM CCK-8s, and 1 uM SST-
14 in the absence and presence of the CCKBR antagonist YM022 (10 uM) or the SSTRS antagonist
BIM23056 (10 uM). White squares indicate the ROIs for quantification. Scale bar, 50 pm.

(F) Average (black trace) and raw (gray traces) fluorescence responses measured at the 4 ROIs
shown in (E).

(G) Summary of the change in SST1.0 fluorescence measured in SST1.0-expressing islets under
the indicated conditions; n = 3-6 islets each.

(H) Pseudocolor images of a mouse islet expressing SST1.0 in the presence of 3 mM and 20 mM
glucose. The dashed circle indicates the islet. Scale bar, 20 pm.

(I) Representative fluorescence trace of SST1.0-expressing mouse islets in the presence of 3 mM
and 20 mM glucose.

(J) Summary data of mouse islets SST release measured by SST1.0 sensor or SST concentration
in culture medium measured by ELISA in the presence of 3 mM and 20 mM glucose. Student’s t-
test performed, p=0.0259 for SST1.0 group; p=0.1523 for ELISA group.

(K). Left: example fluorescence response trace corresponding to the single burst. Right: summary
of the rise and decay tso values measured for 22 burst events in 3 islets.

(L and M) Representative temporal dynamics (L), and spatial dynamics (M) of the SST1.0
fluorescence response measured during a single burst. The arrow in (L) indicates time 0. The
traces in (L) and (M) correspond to the indicated distances and times, respectively.

(N) Normalized fluorescence responses measured at 10 s fitted with a single-exponential function,
showing a signal widthso of approximately 6.2 pm. The inset shows the summary widthso data (n
= 16 burst events from 3 islets).

(O) Distribution of the (widthso)? over time, fitted to a linear function with a slope of 0.4 um?/s.
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Fig. S11. The CRF1.0 specifically detects the CRF peptide in brain slices.
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Fig. S11. The CRF1.0 specifically detects the CRF peptide in brain slices.

(A-D) Schematic diagram (A), example 2-photon expression images (B), representative
pseudocolor images and traces (C), and summary of peak responses (D) of acute brain slices
expressing JRGECO1a with CRF1.0 or CRFmut at CeA, treated with electric stimulation at 20 Hz.
n=7 slices from 3 mice (CRF1.0") and n=7 slices from 3 mice (CRFmut"). Student’s t-test
performed; p = 0.0002 (GFP channel) and p=0.94 GRGECO1a), ***p<0.001. Scale bars, 100 pm.
(E) Schematic illustration of experiment design. AAVs expressing CRF1.0 and saCas9-gRNA
were injected into CeA bilaterally. Electric stimuli were used to activate the CeA neurons of acute
brain slices.

(F) Representative images of CRF immunoreactivity of the sgCtrl (control) and sgCRF (KO)
groups. Scale bars, 500 pum.

(G) Representative pseudocolor response images and traces of CRF1.0 in response to electric
stimuli and CRF perfusion (1 uM) of the sgCtrl (control) and sgCRF(KO) groups. Scale bars, 100
pm.

(H) Group summary of peak AF/Fo for CRF1.0 sensor of the sgCtrl and sgCRF groups. n=8 slices
from 3 mice (sgCtrl) and n=8 slices from 3 mice (sgCRF). Student’s t-test performed; p=0.009
(Elec. Stim) and p = 0.07 (CRF perfusion), **p<0.01.

Summary data are presented as the mean = SEM.
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Fig. S12. Expression of the peptide sensor does not disturb neuronal activities in brain slices.
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Fig. S12. Expression of the peptide sensor does not disturb neuronal activities in brain

slices.

(A) Schematic diagram of acute brain slices expressing JRGECO1a with CRF1.0 or EGFP-CAAX
at CeA, treated with electric stimulation and high K" perfusion.

(B) Representative 2-photon fluorescence images of acute brain slices, showing expression of
CRF1.0, EGFP-CAAX and jJRGECOla. Scale bars, 100 um.

17



(C) Example pseudocolor images (top) and traces (bottom) of the change in jRGECOla
fluorescence in response to electric stimuli delivered at 20 Hz in ACSF. Scale bars, 100 um.

(D) Summary of the peak responses of JRGECO1a signal in response to electric stimuli delivered
at 20 Hz. CRF1.0": n=6 slices of 3 mice, EGFP": n=6 slices of 3 mice; Student’s t-test, p=0.22,
0.34,0.45, 0.99, 0.73, 0.43, 0.90 for 1, 2, 5, 10, 20, 50, 100 pulses group, respectively.

(E) Example traces showing the high K perfusion evoked calcium signals in neurons co-
expressing CRF1.0 (green) or EGFP-CAAX (black).

(F) Left: pseudocolor change in JRGECO/1a fluorescence in neurons co-expressing CRF1.0 (upper)
or EGFP-CAAX (bottom) before and after the high K* perfusion. Shown are 74 and 70 neurons in
one slice each. Right: Summary of peak JRGECO1la AF/Fo measured in neurons co-expressing
CRF1.0 (upper) or EGFP-CAAX (bottom). CRF1.0": n=515 cells from 8 slices of 3 mice; EGFP":
n=672 cells from 9 slices of 3 mice. Student’s t-test, p=0.26.

(G) Cumulative probability plot of JRGECO1a AF/Fo measured in neurons co-expressing CRF1.0
or EGFP-CAAX. Kolmogorov-Smirnov test, p=0.54.

(H) Schematic diagram depicting the experiment design of electrophysiology recording of layer 5
pyramidal neurons expressing SST1.0, CRF1.0 or EYFP in mice mPFC.

(I-K) Example traces of voltage-activated baclofen-induced potassium currents (Isac) measured in
control (EYFP) neurons (I), CRF1.0-expressing neurons (J), and SST1.0-expressing neurons (K)
during voltage steps (200 ms) from a holding potential of =60 mV to various test potentials (-140
to 0 mV, see inset). The GABABR agonist baclofen-induced currents (Isac) were calculated by
subtracting the constitutive currents under pre-treatment conditions from those recorded during
baclofen perfusion. The highlighted region was utilized for calculating the amplitude of Igac.

(L) I/V relationship for the baclofen-induced currents (Isac) displayed inward rectification and
similar reversal potential for neurons expressing SST1.0, CRF1.0 or EYFP (control) as indicated.
n=7 neurons from 4 mice (Control); n=6 neurons from 4 mice (SST1.0); n=7 neurons from 3 mice
(CRF1.0). Two-way ANOVA test, F (2, 17) =2.147, p=0.15 between control, SST1.0 and CRF1.0
groups.

Summary data are presented as the mean = SEM. n.s., not significant.
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Fig. 513. CRF1.0 can detect endogencus CRF release using fiber photometry.
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Fig. S13. CRF1.0 can detect endogenous CRF release using fiber photometry.

(A) Fluorescence images of HEK293T cells co-expressing RFP-CAAX together with CRF1.0 (top
row) or CRFmut (bottom row). Scale bars, 100 pm.

(B) Summary of the change in fluorescence measured in cells expressing CRF1.0 or CRFmut in
response to 1 uM CRF; n = 32-38 cells from 3 cultures.

(C) Expression and pseudocolor responses (upper left panel), a representative fluorescence trace
(lower left panel), and summary of the response (right panel) measured in rat cortical neurons
expressing CRFmut in response to 300 nM CRF; for comparison, the summary data also includes
the response measured in neurons expressing CRF1.0 (n=129-179 ROIs from 4-6 cultures). Scale
bars, 100 pum.

(D) Dose-response curves measured in neurons expressing CRF1.0 or CRFmut in response to CRF;
n = 3 cultures containing 20-40 neurons per culture.

(E) Schematic diagram depicting the experimental strategy. CRFmut or EGFP-CAAX was virally
expressed in the paraventricular nucleus (PVN); 3 weeks later, the mice received a 30-s tail lift or
an i.p. injection of LiCl or saline, and fluorescence was measured in the PVN.

(F-H) Representative fluorescence traces (F), average traces (G), and summary data (H) of
CRFmut or EGFP-CAAX fluorescence in the PVN following a 30-s tail lift or an i.p. injection of
saline or LiCl; n=5 and 4 animals for CRFmut and EGFP-CCAX group, respectively.

(I) Summary of the rise tso values of the CRF1.0 signal in response to tail lift and i.p. injection of
LiCI; n = 3 mice per group.

(J) Schematic illustration depicting the fiber photometry recording.

(K) Schematic diagrams depicting the virus injection site and optic fiber (top) and cannula
implantation (bottom) locations.

(L) Representative traces showing CRF1.0 fluorescence (AF/F) before and after CRF infusion
through the cannula. 1 mM CRF (4.8 mg/mL) was applied into one of the ventricles through
implanted cannula with Hamilton syringe. CRH1.0-expressing AAV was injected 5 weeks before
the recordings. The virus was undiluted (3.0 x 10'* GC/mL) or diluted using PBS to each a final
titer of 1.0 x 10'* GC/mL (3-fold dilution) and 0.3 x 10'* GC/mL (10-fold dilution). Blue bar
represents the timing of CRF application.

(M) Quantification of peak AF/F of CRF1.0 after CRF infusion through the cannula. **p<0.01 by
one-way ANOVA test with Tukey’s multiple comparisons test was performed. Error bars, S.E.M.
n=5-6 animals.
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Fig. $14. Expression of the peptide sensors has minimal effect on animal behaviors.
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Fig. S14. Expression of the peptide sensors has minimal effect on animal behaviors.

(A) Schematic illustration depicting the experimental design in which GRAB peptide sensors or
fluorescent protein controls was virally expressed; after 3 weeks expression, the metabolism and
behaviors were tested.

(B-D) Quantification of metabolism parameters (B), behavioral parameters in the open field test
(C), and behavioral parameters in the elevated plus maze test (D) of mice expressing SST1.0 or
EYFP at BLA. n = 10 mice for each group, mean + s.e.m., n.s., not significant.

(E-I) Quantification of metabolism parameters (E), behavioral parameters in the open field test
(F), and behavioral parameters in the tail suspension test (G), forced swimming test (H) and
sucrose preference test (I) of mice expressing CRF1.0 or EGFP-CAAX at PVN. n = 8 mice for
each group, mean + s.e.m., n.s., not significant.
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Fig. 815. CRF1.0 can detect endogenous CRF release using 2-photon imaging.
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Fig. S15. CRF1.0 can detect endogenous CRF release using 2-photon imaging.

(A-E) Schematic diagram (A), representative fluorescence and pseudocolor images (B),
representative traces of the indicated ROIs (C), average traces (D), and summary responses (E)
measured in head-fixed mice expressing either CRFmut or EGFP-CAAX in the motor cortex and
prefrontal cortex (PFC). Where indicated, the mice were subjected to the tail shock paradigm (B1-
D1) or forced running on a treadmill (B2-D2) during two-photon in vivo imaging of the motor
cortex and PFC. Scale bars, 100 um.
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Fig. 816. Validation of the CCK1.0 sensor in acute hippocampal slices.
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Fig. S16. Validation of the CCK1.0 sensor in acute hippocampal slices.

(A) Schematic illustration depicting the experimental design in which CCK1.0 or EGFP-CAAX
was virally expressed in the mouse hippocampus; after 3 weeks, acute slices were prepared.

(B) Representative fluorescence images showing CCK1.0 or EGFP-CAAX expression in the CA1
region; the location of the stratum pyramidale, stratum oriens, and stratum radiatum are indicated,
and the approximate location of the stimulating electrode is shown. Scale bars, 100 pm.

(C) Example pseudocolor images of CA1 slices expressing CCK1.measured at baseline and in
response to 20, 50, 100, and 200 pulses delivered at 20 Hz (top row), or 100 pulses delivered at 2,
5, 20, and 50 Hz (bottom row). The images at the right show a slice treated with 10 uM YM 022
and stimulated with 100 pulses at 20 Hz (top) and a slice expressing EGFP-CAAX and stimulated
with 200 pulses at 20 Hz (bottom). The black circles indicate the ROI used to analyze the responses.
(D and E) Representative traces (D) and summary (E) of the change in CCK1.0 fluorescence in
response to various numbers of electric stimuli delivered in ACSF, 100 pulses delivered in YM
022, and the change in EGFP-CAAX fluorescence in response to 200 pulses. Shown at the right is
the peak change in CCK1.0 fluorescence in response to 100 pulses delivered at the indicated
frequencies. n = 2-6 slices from 1-4 mice.

(F) Representative fitted curves (left) and summary (right) of on and off tso of the change in
CCK1.0 fluorescence; n= 6 slices from 4 mice.

(G) Representative fluorescence image and example time-lapse pseudocolor images of CA1 slices
expressing CCK1.0; during the first 10 s, 200 pulses were applied at 20 Hz. Scale bar, 50 um (left),
100 um (right).

(H-J) Representative spatial-temporal profile (H), temporal dynamics (I), and spatial dynamics (J)
of the fluorescence change shown in (G). The profile in (H) shows the average response of three
trials conducted in one slice. The traces in (I) and (J) correspond to the indicated distances and
times, respectively, and the data in (J) were fitted with a Gaussian function.

(K) Representative plot of FWHM? (full width at half maximum, squared) against time using the
data shown in (J); the diffusion coefficient (D) was measured as the slope of a line fitted to the
data.

(L) Summary of the diffusion coefficient (D) for CCK measured in the CA1 region; n = 6 slices
from 4 mice.

(M-O) Representative fluorescence and pseudocolor images (M), example traces (N), and
summary peak response (O) of CCK1.0-expressing hippocampal slices in response to 75 mM KCI
or 1 uM CCK-8s; n= 2-3 slices per group. Scale bar, 50 pum.
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Fig. S17. Application of CRF induced similar CRF1.0 response among
different cell types in brain slices.

A AAV9-EFS-DIO-CRF1.0 in Camk2-Cre or
Vglut2-Cre or Gad2-Cre mice 2PM
or AAV9-GfaABC1D-CRF1.0 in WT mice B
& 1M CRF
5 = B . perfusion
weeks later
/CF‘ 7 “ \
/ i [ —_— / N\
| - [ IA- |
(=" “ /)
\ &,
B )
Expression Response
o
o
g
£
©
o
o
O
]
= |
O
>
o
O
I
g}
O
O
0
2
)
Cc
15
2
= n.s
- o : o
=101 8 4
s Q o} 2 —@— Camk2
§ 2 0.51 —0— Vglut2
o g —A— Gad2
e g —m— GfaABC1D
O
0
0 - T T T v v
Camk2 Vglut2 Gad2 GfaABC1D 0 10 20 30 40

AF/F



Fig. S17. Application of CRF induced similar CRF1.0 response among different cell types
in brain slices.

(A) Schematic diagram of multiple cell types expressing CRF1.0 at CA1 in acute brain slices,
treated with 1 uM CRF perfusion.

(B) Representative images showing the expression of the CRF1.0 sensor at CAl (top), and
pseudocolor images (middle) and example traces (bottom) showing the fluorescence change of
CRF1.0 in response to 1 uM CRF perfusion. The expression images are calculated from CRF
treated images subtracting basal images. Top 5% pixels in fluorescence intensity of the expression
images are used to calculate the AF/Fo of traces. Scale bars, 100 pm.

(C) Summary of the peak responses of CRF1.0 signal in (B). Camk2: n=8 slices of 2 mice,
Vglut2: n=8 slices of 2 mice; Gad2: n=7 slices of 3 mice; GfaABC1D: n=8 slices of 2 mice;
One-way ANOVA, p=0.09.

(D) Cumulative probability plot of CRF1.0 AF/Fo measured in (B). Top 5% pixels are used to
calculate the distribution. Kruskal-Wallis ANOVA, p=0.20.

Summary data are presented as the mean = SEM. n.s., not significant.
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Sensors TMS and N-terminal linker cpGFP C-terminal linker

and TM6
GRAB-NE  P>’PSRRGPDAVAAPPGGTERRPNGL cpGFP TGAAARWRGR
GPERSAGPGGAEAEPLPTQLNGAPGE QN©28
PAPAGPRDTDALDLEEGG
GRAB-DA  V°7’NTKRSSRAFRAHLRAPLKGNCT  cpGFP TGAAAMSRRKL
HPEDMKLGG SQQ°*2#
GRAB-ACh GG cpGFP HNAK
GRAB-5-HT M>7'FLNG cpGFP GFATAN®?
dLight LSSLI cpGFP NHDQL

Table S1. Amino acid sequences of ICL3s from selected sensors

Amino acid sequences of the ICL3 domains in the GRAB-NE, GRAB-DA, GRAB-ACh, GRAB-
5-HT, and dLight sensors.
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Sensors  Responses Affinity (Apparent Kinetics (s) Ex/Em/
(Maximum ECso, nM) Isosbestic
AF/Fy) point (nm)
SST1.0 4.3+0.2 13+2 (SST-28) 0.28+0.01 (on) 500/ 520/ 425
69+12 (SST-14) 4.540.38 (off)
CRF1.0 12.0+0.4 33+5 (CRF) 0.4240.06 (on) 500/ 520/ 415
69+6 (UCNI) 124+0.9 (off)
CCKI1.0  8.4+0.3 4.1+1 (CCK-8s) 0.30£0.05 (on) 505/ 520/ 425
2.9+0.8 (CCK-4) 18+1.4 (off)
NPY1.0  4.9+0.1 43+7 (NPY) 0.3740.04 (on) 500/ 520/ 425
VIP1.0 3.6£0.2 1945 (VIP) 0.91+0.08 (on) 500/ 520/ 420
NTS1.0 2.540.1 6.2+0.8 (NTS) 0.20+0.02 (on) 500/ 520/ 425
14+0.9 (off)

Table S2. Characterization of neuropeptide sensors expressed on HEK293T cells.
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Sensors Responses Sensor affinity Native receptor  References
(Maximum AF/Fy) (Apparent ECso, nM)  affinity (nM)
SST1.0 4.5+0.2 3543 (SST-28) 0.07-6.1 (SST- (82-84)
130£12 (SST-14) 28)
0.53-4.1 (SST-
14)
CRF1.0 12.6+0.8 18.6£1.6 (CRF) 5.2-229 (CRF) (85-88)
CCK1.0 7.8£0.2 5.5+0.5 (CCK-8s) 0.12-0.27 (CCK-  (89-91)
8s)
NPY1.0 4.240.1 0.7+£0.03 (NPY) 0.7-2.1 (NPY) (92, 93)
VIP1.0 3.2+0.1 19+£3 (VIP) 1.7-16 (VIP) (94, 95)
NTS1.0 3.0+0.1 7.8£0.8 (NTS) 0.2-5 (NTS) (96, 97)

Table S3. Characterization of neuropeptide sensors expressed on cultured neurons and
comparison of sensors’ affinity with native receptors.
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Fishers LSD | meandiit | 9500% Clofdil | Summary P
lvs.3 -0.07704 -0.1564 to 0.002314 ns 0.0563
lvs.5 -0.1399 -0.2116 to -0.06826 ok 0.0008
1 vs. 10 -0.2098 -0.2842 to -0.1353 otk <0.0001
1 vs. 16 -0.1845 -0.2619 to -0.1071 ok 0.0001
3vs.5 -0.06289 -0.1377 t0 0.01187 ns 0.0935
3vs. 10 -0.1327 -0.2100 to -0.05540 *x 0.0022
3vs. 16 -0.1075 -0.1820 to -0.03301 *ox 0.0075
5vs. 10 -0.06981 -0.1399 to 0.0002425 ns 0.0507
5vs. 16 -0.04459 -0.1172 to 0.02802 ns 0.2114

10 vs. 16 0.02522 -0.04486 to 0.09530 ns 0.4566

Table S4. Multiple comparisons of responses elicited by pulse trains from Fig. 3C.

31



Movie S1.
Glucose stimulated SST release in isolated pancreatic islets, related to Fig. 3.

Data S1.

RNA-seq data of mice cortex tissue expressing peptide sensors or EGFP-CAAX, related to Fig.
2H.

Data S2.

RNA-seq data of rat cortical neurons and mice cortex tissue expressing peptide sensors or control
fluorescent proteins, related to Fig. S7.
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