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The serotonergic system plays importantroles in both physiological and

pathological processes, and is a therapeutic target for many psychiatric
disorders. Although several genetically encoded GFP-based serotonin
(5-HT) sensors were recently developed, their sensitivities and spectral
profiles are relatively limited. To overcome these limitations, we optimized
green fluorescent G-protein-coupled receptor (GPCR)-activation-based
5-HT (GRAB; ;) sensors and developed ared fluorescent GRAB.,,;; sensor.
These sensors exhibit excellent cell surface trafficking and high specificity,
sensitivity and spatiotemporal resolution, making them suitable for
monitoring 5-HT dynamics in vivo. Besides recording subcortical 5-HT
release in freely moving mice, we observed both uniform and gradient 5-HT
release in the mouse dorsal cortex with mesoscopic imaging. Finally, we
performed dual-colorimaging and observed seizure-induced waves of 5-HT
release throughout the cortex following calcium and endocannabinoid
waves. Insummary, these 5-HT sensors can offer valuable insights regarding
the serotonergic systemin both health and disease.

Serotonin (5-HT) is animportant monoamine signaling molecule thatis
presentvirtually throughout the body, regulating a wealth of biological
processes'. In the central nervous system (CNS), 5-HT isan intensively
studied neuromodulator involved in a wide range of neurobiological
processes, suchas emotion, learning and memory, reward, appetite and
sleep-wake cycles'. Moreover, impaired 5-HT transmission is associ-
ated withabroad range of CNS disorders, including anxiety, addiction,
depression and epilepsy* . As a consequence, many psychotropic and
psychedelic drugs have been developed to target the serotonergic
system’. Therefore, understanding the serotonergic transmission in
both physiological and pathological processes requires the ability to

directly monitor 5-HT dynamics in behaving animals inreal time, which
requires sensitive detection tools. Although classic detection methods
suchas microdialysis and fast-scan cyclic voltammetry provide valuable
accesses for measuring 5-HT levels, they lack the high spatiotemporal
resolution, specificity and sensitivity and minimal invasiveness needed
for the in vivo detection of 5-HT*%°,

Recent advances in genetically encoded fluorescent 5-HT sen-
sors have led to tools that surpass classic methods; however, these
sensors have not yet hit the proverbial ‘sweet spot’ with respect to
balancing apparent affinity with the magnitude of the response. Spe-
cifically, sensors based on GPCRs, including GRAB;.,;1, o, PsychLight2
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and sDarken" ™, have high affinity for 5-HT but produce only amodest
changeinfluorescence. The periplasmic-binding-protein-based sensor
iSeroSnFR™ has alarge response but low affinity to 5-HT. Thus, monitor-
ing 5-HT dynamics in vivo requires a more sensitive sensor that has a
high affinity and sufficiently large response.

Inthe CNS, the serotonergic systeminteracts with other neurotrans-
mittersand neuromodulators”; thus, simultaneously imaging 5-HT and
other neurochemicals can provide valuable informationabout the regu-
lation of cognitive functions controlled by these signaling processes.
Unfortunately, most existing sensors for neurochemicals containgreen
fluorescent protein (GFP) as the fluorescent module, as do all genetically
encoded 5-HT sensors, precluding combined imaging owing to spectral
overlap. Although anear-infrared 5-HT nanosensor based on single-wall
carbon nanotubes has been reported’®, it might not be suitable for use
inliving animals owing to limited sensitivity. However, red-shifted sen-
sors, such asapreviously reported red calcium sensor”, are compatible
withother green fluorescent sensors and blue-light-excitable actuators,
with intrinsically superior optical properties—including deeper tissue
penetration, reduced autofluorescence and low phototoxicity—owing to
their longer excitation wavelengths. Thus, red-shifted 5-HT sensors suit-
able for in vivo imaging, particularly multiplexed imaging, are needed.

Here, we report a series of green and red fluorescent 5-HT sen-
sors based on the 5-HTR4 subtype. The green fluorescent sensor,
gGRAB; 1130 (g5-HT3.0), produces an ~1,300% fluorescence increase in
response to 5-HT, making it superior to existing green fluorescent 5-HT
sensors both in vitro and in vivo. The red-shifted sensor, rGRAB; ;110
(r5-HT1.0), produces a >300% fluorescence increase to 5-HT invitroand
issuitable for multicolorimaginginvivo. Moreover, using mesoscopic
imaging, we have revealed distinct patterns of 5-HT release under dif-
ferent conditions.

Results

Development and optimization of GRAB, ,;; sensors

To expand the dynamic range and spectral profile of GRAB, ;; sensors,
we first systematically searched for the most suitable GPCR scaffold
by transplanting the third intracellular loop (ICL3) from existing green
and red fluorescent GRAB sensors into a wide range of 5-HT receptor
subtypes (Fig.1a). For green fluorescent sensors, we used ICL3 derived
fromgreen GRABs ;1,0 (g5-HT1.0) or GRABy,,,* as the donor (including
circularly permuted enhanced GFP (cpEGFP) and surrounding linkers).
Possibly owing to the conserved structures among the class A family of
GPCRs, we obtained candidate sensors that yielded a >50% increasein
fluorescence (AF/F,) inresponse to 10 uM 5-HT following the screening
ofreplacementsites. g5-HT1.1,agreen fluorescent candidate based on
5-HTR4, had ahigher response thandid the original g5-HT1.0 sensor. To
developred fluorescent 5-HT sensors, we transplanted the ICL3 derived
from rGRABy,,,,”" into the 5-HTR2C, 5-HTR4 and 5-HTRé6 scaffolds—we
chose these three subtypes on the basis of their high performance when

developing the green fluorescent 5-HT sensors. The top candidate,
r5-HTO0.1, wasbased on the 5-HTR4 subtype, with an ~40% AF/F, (Fig.1a).

To improve the sensors’ sensitivity, we optimized g5-HT1.1 and
r5-HTO.1 by performing saturation mutagenesis of critical residues
thought to affect structural coupling, fluorescence intensity®’, protein
folding” or conformational change™.

We performed further iterative optimization by screening more
than 4,500 candidates, whichyielded 2 intermediate green fluorescent
sensors,g5-HT2hand g5-HT2m, and the final sensor, g5-HT3.0 (Fig.1b,c
and Supplementary Fig. 1a-c). When expressed in HEK293T cells,
these green fluorescent 5-HT sensors showed good trafficking to the
cell surface and arobust fluorescence increase in response to 100 pM
5-HT (Fig.1c,d and Extended Data Fig.1a-c). Notably, g5-HT3.0 (AF/F,,
~1,300%) showed a much larger response than did g5-HT1.0, Psych-
Light2 or iSeroSnFR. Moreover, g5-HT3.0 is much brighter than the
other 5-HT sensors and has a higher signal-to-noise ratio (SNR) (Fig. 1d).
Dose-response curves showed that g5-HT3.0 produces a larger AF/F,
than do previous sensors over awide range of concentrations, with an
half-maximum effective concentration (ECs,) of ~150 nM (Fig. 1e). We
alsogenerated a 5-HT-insensitive version of g5-HT3.0, g5-HT3.0mut, by
introducing the p.D131>%F (superscript 3.32 defined by the Ballesteros-
Weinstein numbering system) substitution®*?*; we confirmed that
g5-HT3.0mut localizes to the plasma membrane but does not respond
to 5-HT, evenat 100 pM (Fig. 1b—e and Supplementary Fig. 1a,c).

Similarly, we generated a red fluorescent 5-HT sensor called
r5-HT1.0 by screening >3,000 candidates and introducing the
p.D131>*Qand p.D149**°*H substitutionsinto a 5-HT-insensitive version,
r5-HTmut (Fig. 1b-e and Supplementary Fig. 1d,f). Both r5-HT1.0 and
r5-HTmutlocalized to the plasma membrane when expressedin cultured
HEK293T cells (Fig. 1c). Application of 10 pM 5-HT to cells expressing
r5-HT1.0 elicited an ~330%increasein fluorescence, but had no effect on
cells expressing r5-HTmut (Fig. 1c,d). The EC5, of r5-HT1.0 was -790 nM
(Fig. 1e). Moreover, unlike the cpmApple-based calcium sensor jRGE-
COla—inwhichbluelight causesanincreasein fluorescence”’—r5-HT1.0
did not show obvious photoactivation (Fig. If), suggesting that itis com-
patible with blue-light-excitable optogenetic opsins and green fluores-
centsensors, althoughit did exhibit asmall off response when exposed
tointenseblue-lightilluminationof up to10 mW (Extended DataFig. 1k,I).

Characterization of GRAB,;,; sensors

Next, we expressed these 5-HT sensors in HEK293T cells and character-
ized their pharmacology, specificity, spectraandkinetics. We found that
both g5-HT3.0 and r5-HT1.0 inherited the pharmacological specific-
ity of the parent 5-HTR4 receptor; their 5-HT induced responses were
blocked by the 5-HTR4-specific antagonist RS 23597-190 (RS), but not
the 5-HTR2C-specific antagonist SB 242084 (SB). Both sensors were
unaffected by a wide range of signaling molecules, including the 5-HT
precursor, 5-HT metabolite and a variety of other neurotransmitters

Fig.1|Development ofimproved green fluorescent 5-HT sensors and red
5-HT sensors. a, Top, the strategy for developing GRABs,,;; sensors. Bottom,
performance of sensor candidates based on different receptor subtypes for
green (left) and red 5-HT sensors (right). The dashed horizontal line represents
g5-HT1.0 response (bottom left), and the best candidate green and red sensors are
denoted by enlarged green and red dots, respectively. b, Top, optimization of the
replacementsite, linker, cpFP and GPCR. Bottom, various candidates’ responses
to 5-HT (10 uM). ¢, Representative images of sensor expression (top, with 5-HT)
andresponse to 5-HT (bottom) in HEK293T cells. Insets with white dashed
outlinesinimages have either enhanced contrast (top) or different pseudocolor
scales (bottom); 100 puM 5-HT was used for green sensors, and 10 uM 5-HT was
used for red sensors. Similar results were observed for more than 50 cells. Scale
bars, 20 pum. d, Brightness (left), peak AF/F, (middle) and SNR (right) of different
5-HT sensors. The SNR of each sensor was relative to that of g5-HT1.0. arb.u.,
arbitrary units. The basal brightness of g5-HT1.0 was set to 1. n =119/3 (119 cells
from 3 coverslips) for g5-HT3.0, 82/3 for g5-HT1.0, 64/3 for PsychLight2,139/3

foriSeroSnFR, 92/3 for g5-H3.0mut, 159/5 for r5-HT1.0 and 191/5 for r5-HTmut;
100 uM 5-HT was used for green sensors; 10 pM 5-HT was used for red sensors. For
statistical analysis, a one-way analysis of variance (ANOVA) followed by Tukey’s
multiple-comparison tests was used for green sensors; for peak AF/F, F, 40, = 387.1,
P=2.76 x107°, post hoc test: P= 0,4.15x10~°, 0 and O for g5-HT3.0 versus other
sensors (g5-HT1.0, PsychLight2, iSeroSnFR and g5-HT3.0mut, respectively); for
relative SNR, F, 4, =285.7, P=1.13x 107, post hoc test: P=5.62x107,2.22x 1075,
7.33x10"%and 4 x 10~ for g5-HT3.0 versus other sensors. Two-tailed Student’s
t-test for r5-HT1.0 and r5-HTmut; for peak AF/F,, P=3.13 1077 for relative SNR,
P=2.67x107*. e, Dose-response curves of different 5-HT sensors. n = 3 wells for
each sensor, with 300-500 cells per well. f, Schematic of the photoactivation
properties of jJRGECO1a and r5-HT1.0 (left), representative traces (middle) and
peak AF/F, (right) in response to blue light (488 nm, without imaging) in cells
expressingjRGECO1la or r5-HT1.0. n=105/4 for JRGECO1a and 88/4 for r5-HT1.0.
Two-tailed Student’s ¢-test, P=2.07 x 10~*%. Data are shown as mean + s.e.m. in

d-f, with the error bars or shaded regions indicating the s.e.m.**P < 0.001.
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and neuromodulators (Fig. 2a and Extended Data Fig. 2a,b). The emis-
sion spectra of the green fluorescent (with a peak at 520 nm) and red
fluorescent (with a peak at 595 nm) sensors are well-separated, and one-/
two-photonexcitation peaksforg5-HT3.0and r5-HT1.0 areat 505/920 nm
and 560/1050 nm, respectively (Fig.2b and Extended DataFig.1d,e). The
isosbestic point for g5-HT3.0 under one-photonexcitation is 425 nm. We
measured the on rate (7,,,) by locally puffing 10 pM of 5-HT on the cells,
andthe off rate (z,¢) by puffing the 5-HTR4 antagonist RSin the continued
presence of 10 uM 5-HT (Fig. 2c,d), revealing sub-second 7, rates and
faster 7, rates than those of our previously reported g5-HT1.0 sensor™.
Meant,srateswerel.66s,1.90s,0.38 sand 0.51 s for g5-HT3.0,g5-HT2h,
g5-HT2mandr5-HT1.0, respectively (Fig. 2e and Extended Data Fig. If).

We then expressed the g5-HT3.0 and r5-HT1.0 sensors in cultured
rat cortical neurons, and found that they trafficked well to the cell
membrane. Application of asaturating concentration of 5-HT induced
fluorescenceincreases of-2,700% for g5-HT3.0 and ~400% for r5-HT1.0,
but had no effect on neurons expressing g5-HT3.0mut or r5-HTmut
(Fig. 2f,g,i,j). In cultured cortical neurons, EC, values for g5-HT3.0,
g5-HT2h, g5-HT2m and r5-HT1.0 were 80 nM, 70 nM, 2.4 pM and
600 nM, respectively (Fig. 2h,k and Extended Data Fig. 1g), and they
exhibited high specificity to 5-HT (Extended Data Fig. 2c-f). g5-HT3.0
wasbrighter and had agreater fluorescence change and higher SNRin
cultured neurons (Extended Data Fig. 3) than did previously reported
GFP-based 5-HT sensors.
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To investigate whether our 5-HT sensors are coupled to down-
stream signaling pathways, we used the luciferase complementation
assay”* and the Tango assay” to measure the GPCR-mediated G, and
B-arrestin pathways, respectively. These sensors showed negligible
downstream coupling; by contrast, the wild-type 5-HTR4 receptor
had high basal activity and robust dose-dependent coupling (Fig. 21
and Extended Data Fig. 1h,i). In addition, our sensors did not undergo
B-arrestin-mediated internalization or desensitization when expressed
in cultured neurons; the 5-HT-elicited increase in fluorescence was
stable for up to 2 hin the continuous presence of 10 uM 5-HT (Fig.2m
and Extended Data Fig. 1j). Furthermore, expression of these sensors
showed minimal buffering effectsin vitro and did not have an obvious
impact on 5-HT-related behaviors (Extended Data Fig. 4). This suggests
that these sensors are well-suited for monitoring serotonin dynamics
without affecting normal cell physiology or animal behaviors.

Using the sensitive g5-HT3.0 sensor and ared dopamine (DA) sen-
sor, FtGRAB,., (rDA3m)*, we performed dual-color confocalimaging in
the mouse dorsal raphe nucleus (DRN) to simultaneously monitor the
5-HT and DA dynamics with high spatiotemporal resolution. Unlike the
synchronousreleases elicited by electrical stimulation, the spontane-
ous transients are separated, with a higher frequency of 5-HT events
than of DA events (Extended Data Fig. 5). Notably, g5-HT3.0 demon-
strated remarkable sensitivity in detecting spontaneous release events
with a diameter as small as ~10 pum, reflecting its potential to detect
single-cell, or even sub-cellular, 5-HT release at the micrometer scale.

Measuring endogenous 5-HT release in freely moving mice
To determine whether our red fluorescent sensor can monitor endog-
enous 5-HT dynamicsin vivo, we expressed either r5-HT1.0 or r5-HTmut
inthebasal forebrain (BF) and channelrhodopsin-2 (ChR2)” in seroton-
ergicneuronsin the DRN of SERT-cre mice” (Fig. 3a). Optical stimula-
tion of the DRN induced time-locked transient increases in r5-HT1.0
fluorescence, the amplitude of which increased progressively with
increasing duration of stimulation; moreover, the selective serotonin
transporter (SERT) inhibitor fluoxetine further increased the response
amplitude and prolonged the decay time of the response (Fig.3b-€). As
expected, noresponse was measured for the 5-HT-insensitive r53-HTmut
sensor (Fig.3b-e).

To leverage the red-shifted 5-HT sensor’s spectrum in conjunc-
tion with green fluorescent sensors, we expressed either r5-HT1.0 or

r5-HTmut in the BF and the axon-targeted green fluorescent calcium
sensor axon-GCaMP6s* in DRN serotonergic neurons, which pro-
ject to the BF and regulate sleep-wake cycles, of SERT-cre mice.
We then performed dual-color fiber-photometry recording in the
BF while recording electroencephalography (EEG) and electromyo-
graphy (EMG) signals to track the sleep-wake state in the animals
(Fig. 3f). We found that both the r5-HT1.0 and GCaMPé6s signals were
higher during the wake state and non-rapid eye movement (NREM)
sleep than during rapid eye movement (REM) sleep (Fig. 3g,j).
Additionally, r5-HT1.0 revealed oscillations in 5-HT levels (Fig. 3h).
Moreover, the r5-HT1.0 and GCaMPé6s signals were temporally cor-
related with no detectable lag, revealing the rapid release of 5-HT and
high consistency between 5-HT release and the increase in presyn-
aptic calcium (Fig. 3i). By contrast, the r5-HTmut signal was largely
unchanged throughout sleep-wake cycles (Fig. 3j and Extended Data
Fig. 6).

To compare the performance of our optimized g5-HT3.0 sen-
sor with that of previously reported 5-HT sensors, we performed
bilateral recordings in the BF during sleep-wake cycles in mice
expressing g5-HT3.0 in one hemisphere and g5-HT1.0, PsychLight2
or iSeroSnFR in the other (Extended Data Fig. 7a,d,g). We found
that the SNR during the wake state and NREM sleep was larger for
the g5-HT3.0 sensor than for the other three sensors, and the the
g5-HT3.0 sensor measured more-robust oscillations during NREM
sleep (Extended Data Fig. 7b,c,e,f,h,i). Moreover, g5-HT3.0 exhib-
ited greater sensitivity than did g5-HT1.0 and iSeroSnFR in detect-
ing modest 5-HT changes, such as in the basal amygdala (BA) of the
water-restricted mice during delivery of 5% glucose (Extended Data
Fig.8).

Additionally, we observed that sensors in mice injected with
higher-titer virus in the BF exhibited a larger SNR during sleep-wake
cycles than did those in mice injected with lower-titer virus, under-
scoring the importance of selecting an appropriate virus titer (Sup-
plementary Fig. 2).

Mesoscopicimaging of cortical 5-HT dynamics in mice

Although 5-HT has crucial roles inthe cerebral cortex, its serotonergic
projections are notably sparser in this region than are those in subcor-
tical regions, such as the BF*'. Therefore, measuring 5-HT release in
the cortex requires a highly sensitive 5-HT sensor. We expressed the

Fig. 2| Characterization of 5-HT sensors in HEK293T cells and cultured

rat cortical neurons. a, Normalized AF/F,0f g5-HT3.0 and r5-HT1.0in

response to different compounds (each at 10 uM, except RS at 100 uM). 5-HTP,
5-hydroxytryptophan; 5-HIAA, 5-hydroxyindole acetic acid; DA, dopamine; NE,
norepinephrine; HA, histamine; MT, melatonin; OA, octopamine; Glu, glutamate;
GABA, y-aminobutyric acid; ACh, acetylcholine; Gly, glycine. Norm., normalized.
n=3wells per group,200-500 cells per well. One-way ANOVA followed by
Tukey’s multiple-comparison test, for g5-HT3.0, Fy s = 745.7, P=5.74 X107,

post hoc test: P=0 for 5-HT versus 5-HT+RS and other compounds; for r5-HT1.0,
Fi325=180.6,P=2.02x107%, post hoc test: P= O for 5-HT versus 5-HT+RS and
other compounds. b, One-photon excitation (Ex) and emission (Em) spectraand
two-photon excitation spectra of g5-HT3.0 and r5-HTL.0 in the absence (dashed
line) or presence of 10 uM 5-HT (solid line). F.I., fluorescence intensity. ¢, Kinetic
analysis of the g5-HT3.0 sensor. Illustration of the local puffing system (left),
representative traces of sensor fluorescence increase in response to puffing of
5-HT (top right) and decrease in response to RS (bottom right). d, Kinetic analysis
of ther5-HT1.0 sensor, similar to c. e, On and offkinetics for the sensors.n=10/3
(10 cells from 3 coverslips) for g5-HT3.0 on kinetics, 12/4 for g5-HT3.0 off kinetics,
9/3 for r5-HT1.0 on kinetics and 12/4 for r5-HTL1.0 off kinetics. f, Representative
images showing the expression of g5-HT3.0 and g5-HT3.0mut and their response
to100 uM 5-HT in cultured rat cortical neurons. The inset in the g5-HT3.0mut
response image shows the contrast-enhanced expression image. g, Representative
traces and peak response summary of g5-HT3.0 and g5-HT3.0mut in response
t0100 pM 5-HT. n =96/5 (96 regions of interest (ROIs) from 5 coverslips) for
g5-HT3.0and 92/5 for g5-HT3.0mut. Two-tailed Student’s t-test, P=1.40 x 10 for

g5-HT3.0 versus g5-HT3.0mut. h, The dose-response curve of g5-HT3.0. n = 76/4.
i, Representative images showing the expression and responses of r5-HT1.0 and
r5-HTmut to 10 pM 5-HT. j, Representative traces and peak response summary

of r5-HT1.0 and r5-HTmut in response to 10 uM 5-HT. n = 80/4 for r5-HT1.0 and
60/3 for r5-HTmut. Two-tailed Student’s ¢-test, P=4.46 x107° for r5-HT1.0 versus
r5-HTmut. k, The dose-response curve of r5-HT1.0.n = 80/4.1, Downstream
coupling tests. WT, wild type; Ctrl, control, without expression of WT 5-HTR4 or
sensors.n =3 wells per group,200-500 cells per well. One-way ANOVA followed
by Tukey’s multiple-comparison tests, for the luciferase complementation assay,
F34=256,P=2.77x107%, post hoc test: P= 0 and 0.37 for g5-HT3.0 versus S-HTR4
(WT)and Ctrlin1 mM 5-HT, respectively, P= 0 and 1for r5-HT1.0 versus 5-HTR4
(WT) and Ctrl, respectively; for the Tango assay, F; s = 766.4, P=3.55x107°, post
hoctest: P=0and 0.89 for g5-HT3.0 versus 5-HTR4 (WT) and Ctrlin100 pM 5-HT,
respectively, P=0and 0.86 for r5-HT1.0 versus 5-HTR4 (WT) and Ctrl, respectively.
m, Normalized AF/F,0f g5-HT3.0 and r5-HT1.0 in response to the 2-h application
of 10 pM 5-HT, followed by 100 pM RS. n = 3 wells for each sensor. One-way
repeated measures ANOVA followed by Tukey’s multiple-comparison tests, for
g5-HT3.0, F=359.8, P= 0.034, post hoc test: P=1.29 x 10~*for baseline versus O h,
P=1.76 x10"°for 2.0 hversusRS,P=1,0.77,1and 1for O hversus 0.5h,1.0 h,1.5h
and 2.0 h, respectively; for r5-HT1.0, F=250.9, P= 0.04, post hoc test: P=2.85 x
10"*for baseline versus 0 h, P=5.82x10*for 2.0 hversusRS, P=0.95,0.44, 0.66
and 0.64 for 0 hversus 0.5h,1h,1.5hand 2.0 h, respectively. HEK293T cells were
used ina-eand]; rat cortical neurons were used in f~-k and m. All scale bars, 20 um.
Dataare shownas mean +s.e.m.ina, e,g, handj-m, with the error bars or shaded
regionsindicating the s.e.m.**P < 0.001, NS, not significant.
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g5-HT3.0 sensor in neurons throughout the whole brain by injecting
adeno-associated viruses into the transverse sinus of neonatal (post-
natal day O (PO)-P1) mice®’. We then measured g5-HT3.0 fluorescence
throughout the whole dorsal cortex using mesoscopic imaging

response to optogenetic stimulation of DRN serotonergic neurons
expressing ChrimsonR* (Fig. 4a). We found that light pulses induced

transientincreasesing5-HT3.0 fluorescence, with increasing stimula-
tion frequency causing increasingly larger responses (Fig. 4b,c). As
anegative control, no response was measured when we expressed a
membrane-tethered EGFP (memEGFP) (Fig. 4b,c and Extended Data
Fig. 9g). Notably, we found that treating mice with the SERT blocker
fluoxetine caused agradualincrease in baseline 5-HT levels and slowed
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Fig.3|Thered GRAB, ; sensor can monitor endogenous 5-HT release
infreely moving mice. a, The fiber-photometry recording setup involving

red 5-HT sensors, with optogenetic activation of DRN in SERT-cre mice. i.p.,
intraperitoneal. b, Representative AF/F,traces of r5-HT1.0 and r5-HTmut in
response to optical stimulation in the DRN under different stimulation durations
before or after fluoxetine (FLX) application. ¢, Average AF/F,traces of r5-HT1.0
and r5-HTmut under different stimulation durations in an example mouse. Blue
shading, period of 488-nm stimulation. d, Peak responses of r5-HT1.0 and r5-
HTmut under different durations of stimulation. n = 6 mice for each treatment.
Two-tailed Student’s t-tests, for r5-HTmut versus r5-HT1.0, P= 0.030, 0.052

and 0.041under1-s, 5-s and 10-s stimulation, respectively; for r5-HTmut versus
r5-HT1.0+FLX, P=0.016, 0.034 and 0.033 under 1-s, 5-s and 10-s stimulation,
respectively. e, Decay kinetics of r5-HT1.0 with or without FLX application under
different durations of stimulation. n = 6 mice for each treatment. Two-tailed
paired t-tests for r5-HT1.0 and r5-HT1.O+FLX, P=4.44 x10™,1.44 X102,

2 min Wake NREM REM

3.19 x1072for 1-s, 5-s and 10-s stimulation, respectively. f, The setup for dual-color
recording of r5-HT1.0 or r5-HTmut and GCaMPé6s (G6s) during sleep—wake cycles.
g, Representative traces of simultaneous EEG, EMG, r5-HT1.0 and Gé6s recording
during sleep-wake cycles in freely behaving mice. Pink shading, wake state; gray
shading, REM sleep. h, Zoom-in traces of r5-HT1.0 and G6s (from g) or r5-HTmut
and G6s (mainly during NREM sleep). i, The average cross-correlation between
r5-HT1.0 and Gé6s signals during sleep-wake cycles. j, Average responses of 5-HT
sensors (red channel, r5-HT1.0 or r5-HTmut) and G6s (green channel).n = 4

mice for each group. Two-way repeated measures ANOVA, followed by Tukey’s
multiple-comparison tests; for r5-HT1.0 versus r5-HTmut, post hoc test:
P=5.65x107,9.22x10%and 0.47 during wake, NREM and REM sleep state,
respectively; for Gés (with r5-HTL1.0) versus Gés (with r5-HTmut), post hoc test:
P=0.56,0.11and 0.71 during wake, NREM and REM sleep state, respectively. Data
areshownasmean +s.e.m.inc-e,iandj, with the error bars or shaded regions
indicating thes.e.m.*P < 0.05,*P<0.01, **P < 0.001, NS, not significant.
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the decay rate of stimulation-induced transients; by contrast, the dopa- We then used g5-HT3.0 to measure physiological 5-HT dynamics
mine transporter (DAT) blocker GBR-12909 had no effect (Fig.4dand  during sleep-wake cycles using mesoscopic imaging combined with
Extended Data Fig. 9a-f). simultaneous EEG and EMG recordings. Similar to our results measured
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Fig. 4 | Mesoscopic imaging of mouse dorsal cortex shows that GRAB; 15 o
reveals 5-HT release in vivo. a, Setup of mesoscopic imaging experiments.

b, Top, representative images showing the cortical g5-HT3.0 expression and
response to optical stimulation in the DRN with incremental frequencies. Bottom,
representative traces of g5-HT3.0 and a negative control memEGFP. The dashed
white outline encloses the ROI. ¢, Representative AF/F, traces of g5-HT3.0 (left)
and peak AF/F, (right) withincreased frequencies of the 635-nm laser. n =3 mice
for each group. Two-tailed Student’s ¢-tests, P = 8.48 x 107> for g5-HT3.0 versus
memEGFP under 50-Hz stimulation. d, The effect of an SERT blocker and

DAT blocker on the extracellular 5-HT level (left). Representative AF/F, traces

of g5-HT3.0 (middle) and decay kinetics (right) during 10 s of 50-Hz stimulation
after treatment with the indicated compounds. One-way repeated measures
ANOVA followed by Tukey’s multiple-comparison test, F=28.9,

P=4.18x107, post hoc test: P=0.98 for DAT blocker versus control, 6.45 x 10 for
SERT blocker versus control and 5.72 x 107 for SERT blocker versus DAT blocker.
e, Top, representative fluorescence and pseudocolor images of g5-HT3.0 during
sleep-wake cycles. Bottom, representative traces of g5-HT3.0 response, EEG,
EMG (by root mean square, r.m.s.) and g5-HT3.0mut response in the dorsal cortex
during sleep-wake cycles. The dashed white outline in the top leftimage encloses
the ROI. Dashed arrows and red circles indicate the timepoint of frames shown at
the top. Gray shading, REM sleep; light blue shading, wake state. f, g5-HT3.0 and
g5-HT3.0mut responses in mice during the awake state and during NREM and REM

sleep.n=5mice for g5-HT3.0 and 3 mice for g5-HT3.0mut. Two-way repeated
measures ANOVA followed by Tukey’s multiple-comparison tests for g5-HT3.0
and g5-HT3.0mut, P=5.77x107%,1.89 x 10 and 1 during the wake, NREM and REM
sleep state, respectively. g, Left, snapshots of g5-HT3.0 responses in different
mice in the awake state and DRN activation in the mice, and a serotonergic
projection map modified from the Allen Mouse Brain CCF. Middle, average
pseudocolorimages of g5-HT3.0 responses under the indicated conditions.
Right, serotonergic projection map overlaid with black outlines aligned to the
Allen Brain (right). MOs, secondary motor area; MOp, primary motor area; SSp-Il,
primary somatosensory area, lower limb; SSp-ul, primary somatosensory area,
upper limb; SSp-un, primary somatosensory area, unassigned; SSp-tr, primary
somatosensory area, trunk; SSp-bfd, primary somatosensory area, barrel field;
VISa, anterior area; VISam, anteromedial visual area; VISrl, rostrolateral visual
area; VISpm, posteromedial visual area; VISp, primary visual area; RSPagl,
retrosplenial area, lateral agranular part; RSPd, retrosplenial area, dorsal part.
n=5and 3 mice for the awake state and DRN activation group, respectively.

h, Average relative responses of g5-HT3.0 and serotonergic projection density
along the anterior-to-posterior (AP) axis (left) and summary of g5-HT3.0 signals
or serotonergic projection density in different cortex regions. n=5and 3 mice for
the awake state and DRN activation group, respectively. All scale bars, 1 mm. Data
areshownasmean =s.e.m.inc,d, fand h, with the error bars or shaded regions
indicating the s.e.m.**P < 0.01, **P < 0.001, NS, not significant.

in the subcortical BF (Extended Data Fig. 7), the g5-HT3.0 signal in
the dorsal cortex was highest during the awake state, followed by the
NREM and REM states, with oscillations during NREM sleep. Moreover,
using g5-HT3.0mut, we found no changein fluorescence in sleep-wake
cycles (Fig. 4e,f).

We further segmented the dorsal cortex into various brain regions
on the basis of the Allen Common Coordinate Framework v3 (CCFv3)
atlas® and analyzed the spatial distribution of the 5-HT signals during
optogenetic stimulation and sleep-wake cycles. We found that the 5-HT
signals measured in different brain regions were relatively spatially
homogeneous and temporally synchronized during sleep-wake cycles
(Fig.4gand Extended DataFig. 9h), reminiscent of our previous results
recorded insubcortical regions". By contrast, when we optogenetically
stimulated DRN serotonergic neurons, the 5-HT signals had a graded
pattern, decreasing along the anterior-to-posterior axis (Fig. 4g,h); this
pattern was consistent with the anatomically heterogeneous density
of serotonergic projections throughout the cortex®.

These results demonstrate that our next-generation g5-HT3.0
sensor is sufficiently sensitive to monitor 5-HT release in vivo, with
high spatiotemporal resolution.

Dual-colorimaging of neurochemical waves during seizure

The serotonergic system has been suggested to protect the CNS from
epileptiform activity**?, which is characterized by excessive and
hypersynchronous neuronal firing. However, little is known about
the spatiotemporal dynamics of 5-HT release during and after seizure,
letalone about the relationship between 5-HT and other seizure-related
signals such as calcium and endocannabinoid (eCB). Therefore, we

used a strategy similar to that depicted in Fig. 4a to pan-neuronally
co-express g5-HT3.0 together with JRGECO1a or r5-HT1.0 together
witheCB2.0 (ref.40) throughout the whole brain. We then performed
dual-color mesoscopic imaging to measure 5-HT and calcium or eCB
dynamicsinthe mouse dorsal cortex while performing EEG recording
to identify seizures induced by an injection of the glutamate recep-
tor agonist kainic acid* (Fig. 5a). Similar to previous reports*®*?, we
observed an increase in Ca®* signals during the kainic-acid-induced
seizure, followed by a spreading wave of Ca** with alarger magnitude.
In the same mouse, we observed a spreading wave of 5-HT, reported
by g5-HT3.0 signals, that closely followed the Ca** wave (Fig. 5b,fand
Supplementary Video 1). The waves reported by g5-HT3.0 and jRGE-
COla originated in approximately the same location and propagated
with similar speed (at ~76 um s and ~83 pm s, respectively) and in
the same direction, primarily from the lateral cortex to the medial
region (Fig. 5g,h). As a negative control, seizure activity had no effect
onthesignalmeasured using g5-HT3.0mut (Fig. 5¢,fand Extended Data
Fig.10a,b).

Finally, we obtained similar results in mice co-expressing r5-HT1.0
and eCB2.0, witha propagating wave of 5-HT release following the eCB
wave. Moreover, the waves reported by r5-HT1.0 and eCB2.0 originated
in approximately the same location, propagated at similar speeds
(-83ums™and-81ums™, respectively) and in the same direction (Fig.
5d,f~hand Supplementary Video 2). As described above, seizure activ-
ity had no effect on the signal measured using r5-HTmut (Fig. 5e,fand
Extended Data Fig.10c,d).

Taken together, these results demonstrate that our g5-HT3.0
andr5-HT1.0 sensors canreliably report 5-HT release in vivo with high

Fig. 5| Dual-colorimaging of cortex-wide neurochemical waves during
seizures. a, Setup of dual-color mesoscopicimagingin akainic acid (KA)-induced
seizure model. sCMOS, scientific complementary metal oxide semiconductor
camera. b, Representative images and AF/F, traces of g5-HT3.0 and jJRGECOla
during seizures. Two ROIs (500 pumin diameter) are labeled; ROI 1 (the white
circle) and ROI 2 (the white dashed circle) show the maximum response regions
of g5-HT3.0 and jRGECO1a, respectively. The solid and dashed lines in traces
correspond to ROI1and ROI 2, respectively. The red shading in the EEG trace
indicates the epileptic discharges. ¢, Representative AF/F,traces of g5-HT3.0mut
and jRGECO1a during seizures, similar to b. Images are also shown in Extended
Data Fig.10b. d, Representative images and AF/F, traces of r5-HT1.0 and eCB2.0
during seizures, similar to b except that ROl 1 (the white circle) and ROI 2 (the
white dashed circle) show the maximum response regions of r5-HT1.0 and
eCB2.0, respectively. e, Representative traces of r5-HTmut and eCB2.0 signals

during seizures, similar to d. Images are also shown in Extended Data Fig.10d.

f, Peak responses of the sensors. n = 5 mice for the group co-expressing g5-HT3.0
andjRGECO1a, n =4 for g5-HT3.0mut and jRGECO1a, n =3 for r5-HT1.0 and
eCB2.0, n=3for r5-HTmut and eCB2.0. Two-tailed Student’s t-tests, P=2.36 x 10~
for g5-HT3.0 versus g5-HT3.0mut, P = 0.64 for JRGECO1la between the two
groups; P=4.41x107for r5-HTL.0 versus r5-HTmut, P= 0.45 for eCB2.0 between
the two groups. g, Representative images of the wave propagation detected by
theindicated sensors. The red circle indicates the origin of waves; small white
arrows indicate the wave-propagating velocity vector; green arrows indicate
example propagating trajectories. L, lateral, M, medial, A, anterior, P, posterior.
h, Probability distributions of wave-propagating speed and direction calculated
using indicated sensors. All scale bars,1 mm. Data are shown as mean + s.e.m. in
fand h, with the error bars indicating the s.e.m.**P < 0.01, ***P < 0.001, NS, not
significant.
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sensitivity, specificity and spatiotemporal resolution both under physi-
ological conditions and during seizure activity.

Discussion

Here, wereport the development, optimization, characterizationand
in vivo application of a series of genetically encoded red and green
fluorescent 5-HT sensors. Particularly, the dual-colorimaging revealed
that the seizure-induced 5-HT waves were spatially correlated—but
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lagged behind—Ca* and eCB waves, consistent with the idea that sero-
tonergic activity may protect against neuronal hyperactivity****. The
temporallagbetween calciumand 5-HT signalsindicates the possible
neuromodulation of 5-HT release within serotonergic axons follow-
ing the hyperactivity of cortical neurons, but the precise mechanism
underlying this delay is yet to be determined.
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5-HT sensors. First, g5-HT3.0 is more sensitive, owing to its large
response, high affinity and brightness, making it more suitable for
bothinvitroandinvivoapplications.Second, these sensors—g5-HT3.0
and g5-HT2m—span arange of affinities, from hundred-nanomoles to
micromoles, effectively bridging the critical gap in measuring inter-
mediate concentrations of 5-HT. Specifically, the g5-HT3.0 sensor is
generally suitable for detecting 5-HT dynamics across a wide range
of'scenarios, from modest 5-HT release (for example, reward) to large
changes in 5-HT levels (for example, seizure). However, in scenarios
in which the 5-HT concentration is notably high, such as in the gut,
g5-HT2m may offer a more appropriate detection range. Thus, users
cannow access atoolbox, including previous sensors such as g5-HT1.0
andiSeroSnFR, covering awide range of physiological and pathologi-
cal 5-HT concentrations* *, Third, these sensors have rapid kinetics
and are suitable for tracking transient 5-HT release in real time. When
rapid dynamicsarerequired, g5-HT2mis particularly suitable because
its sub-second off kinetics are faster than those of g5-HT3.0 and
g5-HT2h.

Our red fluorescent 5-HT sensor expands the spectral profile
of genetically encoded 5-HT sensors and is suitable for dual-color
imaging. We simultaneously recorded signals of r5-HT1.0 and
axon-targeted GCaMPé6s in the mouse BF during sleep-wake cycles
and found that the two signals were closely correlated, consistent
with Ca**-dependent, rapid 5-HT release. Because r5-HT1.0 lacks an
isosbestic point, to fully leverage the advantages of multipleximaging
with r5-HT1.0 and most green sensors, users can consider employing
another spectral-compatible fluorescent protein, such as TagBFP*¢, as
areference for artifact correction. Future advances in expanding the
spectra of 5-HT sensors (for example, far-red and near-infrared) will
facilitate simultaneous monitoring of more neurochemicals and help
disentangle their interactions with 5-HT.

When using sensors, optimizing the experimental system is cru-
cial, which involves selecting the appropriate sensor with respect
to various aspects, such as response, affinity and kinetics, as well as
optimizing its expression level. It is also important to prevent distur-
bances of normal 5-HT levels. We intentionally used heterozygous
SERT-cre mice® instead of homozygotes, because the homozygous
SERT-KO mice showed markedly elevated basal levels of extracellular
5-HT, whereas heterozygotes exhibited similar levels®.

Insummary, our new 5-HT sensors can monitor 5-HT release both
invitro andinvivo, with high sensitivity and spatiotemporal resolution.
When combined withadvancedimaging techniques, they offer apower-
fultoolbox tostudy the serotonergic systemin both health and disease.
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Methods

Molecular biology

Plasmids were generated via Gibson assembly* and verified by Sanger
sequencing (RuiBiotech).For the replacement-site screening, comple-
mentary DNAsencoding12 5-HTR subtypeswere cloned from the human
GPCR cDNA library (hORFeome database 8.1) or the PRESTO-Tango
GPCRKit* (Addgene kit no. 1000000068). To optimize the 5-HT sen-
sors, cDNAs encoding candidate sensors were cloned into the pDisplay
vector (Invitrogen) with anIgK leader sequencein the sensor upstream,
and either IRES-mCherry-CAAX (for green fluorescent 5-HT sensors) or
IRES-EGFP-CAAX (for red fluorescent 5-HT sensors) was fused down-
stream of the sensor to calibrate the membrane signal. Site-directed
mutagenesis was performed using primers containing randomized
NNB codons (48 codons in total, encoding 20 possible amino acids).
For expression in cultured neurons and mice in vivo, sequences of
sensors were cloned into the pAAV vector (AAV information provided
in Supplementary Table 1). To generate stable cell lines for measuring
the excitationand emission spectra, sequences encoding sensors were
clonedintoavector called pPacific, containing a3’ terminal repeat, IRES,
the puromycin gene and a5’ terminal repeat. To measure downstream
coupling using the Tango assay, DNA encoding various GRAB, ;; sen-
sors or wild-type 5-HTR4 was cloned into the pTango vector®. For the
luciferase complementation assay, the B,AR genein the B2AR-Smbit con-
struct® was replaced with the indicated GRAB;,;; sensors or wild-type
5-HTR4; LgBit-mGs was a gift from N. A. Lambert (Augusta University).

Celllines

HEK293T cells were purchased from ATCC (CRL-3216) and verified on
the basis of their morphology and growth rate. Stable cell lines express-
ing different GRAB;,;; sensors were generated by co-transfecting
HEK293T cells with the pPacific plasmids encoding sensors and the
pCS7-PiggyBAC plasmid encoding the transposase®. Cells expressing
the desired genes were selected using 2 pg ml™ puromycin (Sigma). An
HTLA cell line stably expressing a tTA-dependent luciferase reporter
and the B-arrestin2-TEV fusion gene used in the Tango assay” was a
generous gift from B. L. Roth (University of North Carolina at Chapel
Hill). All cell lines were cultured at 37 °Cin 5% CO, in DMEM (Biological
Industries) supplemented with10% (vol/vol) fetal bovine serum (Gibco)
and 1% penicillin-streptomycin (GIBCO).

Primary cultures

Rat cortical neurons were prepared using PO Sprague-Dawley rat pups
(both sexes) purchased from Beijing Vital River. The cerebral cortex
was dissected, and neurons were dissociated using 0.25% trypsin-EDTA
(Gibco), plated onto 12-mm glass coverslips coated with poly-D-lysine
(Sigma-Aldrich) and cultured in neurobasal medium (Gibco) contain-
ing 2% B-27 supplement (Gibco), 1% GlutaMAX (Gibco) and 1% penicil-
lin-streptomycin (Gibco) at 37 °Cin humidified air containing 5% CO,.

Animals

All procedures involving animals were performed using protocols
approved by the Animal Care and Use Committee at Peking University.
SERT-cre mice were generously provided by Y. Rao at Peking Univer-
sity. All mice were group- or pair-housed in a temperature-controlled
(18-23 °C) and humidity-controlled (40-60%) room witha12 h/12h
light/dark cycle, withfood and water available ad libitum.

Cell transfection and imaging

HEK293T cells were plated either on 12-mm glass coverslips in 24-well
plates or 96-well plates without coverslips and grown to ~70% conflu-
ence for transfection with PEI (1 pg plasmid and 3 pg PEI per well in
24-well plates, or 300 ng plasmids and 900 ng PEI per well in 96-well
plates); the medium was replaced after 4-6 h, and the cells were used
forimaging 24-48 h after transfection. After 5-9 d of in vitro culture,
rat cortical neurons were infected with the indicated adeno-associated

viruses (AAVs). To compare the performance of various 5-HT sensors
in Extended Data Fig. 3, each AAV was diluted t0 2.53 x 102 vg ml™ and
added atavolume of 1 plwell™.

Before imaging, the culture medium was replaced with Tyrode’s
solution consisting of (in mM): 150 NaCl, 4 KCI, 2 MgCl,, 2 CaCl,, 10
HEPES and 10 glucose (pH 7.4). Cells were imaged using an inverted
Ti-E Al confocal microscope (Nikon) or an Opera Phenix high-content
screening system (PerkinElmer). The confocal microscope was
equipped witha x10/0.45 numerical aperture (NA) objective, ax20/0.75
NA objective, ax40/1.35 NA oil-immersion objective, a488-nmaser, a
561-nmlaser and the NIS-Element 4.51.00 software; the GFP signal was
collected usinga 525/50-nmemission filter combined with the 488-nm
laser, and the RFP signal was collected using a 595/50-nm emission filter
combined withthe 561-nmlaser. The Opera Phenix systemwas equipped
withax20/0.4 NA objective, a x40/1.1 NA water-immersion objective, a
488-nm laser,a561-nmlaser and the Harmony 4.9 software; the GFP and
RFPsignals were collected using a 525/50-nm and 600/30-nm emission
filter, respectively. The fluorescence signals produced by the green and
red fluorescent GRAB;,,; sensors were calibrated using mCherry (the
GFP/RFP ratio) or EGFP (the RFP/GFP ratio), respectively.

To measure the sensor responses induced by various chemicals,
solutions containing theindicated chemicals were administered to the
cellsthroughacustom-made perfusionsystem or through bath applica-
tion. Tomeasure the sensors’kinetics, aglass pipette was positionedin
close proximity to cells expressing the sensors, and the fluorescence
signal was measured using the confocal high-speed line scanning mode,
with a scanning speed of 1,024 Hz. To measure 7,,,, 100 M 5-HT was
puffed from the pipette, and the increased trace in fluorescence was
fitted with a single-exponential function; to measure 7, 100 pM RS
23597-190 was puffed on cells bathed in 10 pM 5-HT, and the decreased
trace in fluorescence was fitted with a single-exponential function.
To test for the potential blue-light-mediated photoactivation of the
red fluorescent sensors, cells expressing r5-HT1.0 or JRGECO1a were
imaged with theinverted Ti-E Al confocal microscope; a488-nm laser,
with aduration of1s, was used as the stimulation lightinimaging inter-
vals. For the photoactivation shownin Fig. 1f, cells were illuminated by
a488-nmlaser emitted from the objective (power, ~210 uW; intensity,
~0.4 W/cm?). For results in Extended Data Fig. 1k,I, cells were illumi-
nated by a488-nm laser emitted from a fiber with a200-um diameter
(maximal power, ~-10 mW; intensity, ~-32 W cm™).

Spectra measurements

For one-photonspectra, HEK293T cells stably expressing GRABs,,;; sen-
sorswere collected and transferred to a384-well platein the absence or
presence of 10 pM 5-HT. Excitation and emission spectrawere measured
at5-nmincrements witha20-nmbandwidth using a Safire2 multi-mode
plate reader (Tecan). Non-transfected cells were prepared to the same
density as the cells that expressed sensors and were measured using
the same protocol, for background subtraction.

For two-photon spectra, HEK293T cells expressing sensors were
cultured on 12-mm coverslips and imaged using a two-photon micro-
scope. The two-photon excitation laser was measured at 10-nmincre-
ments, and the laser power was calibrated for various wavelengths.
For green sensors, excitation spectra were measured, ranging from
690t01,030 nm, using an Ultima Investigator two-photon microscope
(Bruker) equipped with a x20/1.0 NA water-immersion objective (Olym-
pus), anInSight X3 tunable laser (Spectra-Physics) and the Prairie View
5.5software (Bruker). For the red sensor, excitation spectra were meas-
ured, ranging from 820 to 1,300 nm, using an AIR MP+ multiphoton
microscope (Nikon) equipped with a x25/1.1NA objective (Nikon) and
aChameleon Discovery tunable laser (Coherent).

Luciferase complementation assay
The luciferase complementation assay was performed as previously
described®. Inbrief, 24-48 h after transfection, cells were washed with
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PBS, dissociated using a cell scraper, resuspended in PBS, transferred
to opaque 96-well plates containing 5 uM furimazine (NanoLuc Lucif-
erase Assay, Promega) and bathed in 5-HT at various concentrations
(ranging from 0.01 nM to 1 mM). After incubation for 10 min in the
dark, luminescence was measured using a VICTOR X5 multilabel plate
reader (PerkinElmer).

Tango assay

A reporter cell line called HTLA, stably expressing a tTA-dependent
luciferase reporter and a3-arrestin2-TEV fusion gene, was transfected
with pTango vectors to express GRAB, ,;; sensors or wild-type 5-HTR4
or both GRAB, rsensors and 5-HTR4. After culturing for 24 hin 6-well
plates, the cells were transferred to 96-well plates and bathed with 5-HT
atvarying concentrations (ranging from 0.01 nM to 100 pM). The cells
were then cultured for 12 h to allow the expression of tTA-dependent
luciferase. Bright-Glo reagent (Fluc Luciferase Assay System, Promega)
was added to a final concentration of 5 uM, and luminescence was
measured using a VICTOR X5 multilabel plate reader (PerkinElmer).

Behavior assays

Wild-type male C57BL/6) mice (6-8 weeks of age) were anesthetized
with ani.p. injection of tribromoethanol (500 mg kg™) and placed on
astereotaxic frame (RWD Life Science). Then, 400 nl of the indicated
AAVs (diluted to 1.86 x 10" vg mlI™) was unilaterally injected into the
BA with the following coordinates: anterior-posterior (AP), -1.35 mm
relative to bregma; medial-lateral (ML), +3.0 mm; dorsal-ventral (DV),
4.5 mmbelow the dura, through a glass pipette using a micro-syringe
pump (Nanoliter 2000 Injector, World Precision Instruments). Three
weeks later, the same cohort of mice was subjected to various behavio-
raltestsinthe following order: elevated plus maze test, tail suspension
test and forced swimming test. The behavior analysis was performed
using the Smart 3.0 (Panlab) software.

Elevated plus maze test. The elevated plus maze comprises two oppo-
siteopenarms (30 cm x5 cm) without wallsand two closed arms (30 cm x
5 cm x 15 cm) with opaque walls, and these four arms are connected
by acentral platform (5 x5 cm). The maze s elevated 50 cm above the
floor. At the beginning of each session, mice were placed in the center
zone facing one of the open arms and were allowed to explore the maze
for 5 min. Locomotion trajectories were recorded by a video camera.
The arenawas thoroughly cleaned with 75% ethanol between subjects.
The time and entries in different zones were quantified and analyzed.

Tail suspension test. Each mouse was suspended by the tail ~40 cm
above the floor, preventing any other contact or climbing during the
assay. Then, a 6-minsession was recorded, and the time spentimmobile
during a2-to 6-min period was analyzed.

Forced swimming test. The mouse was placedinatransparentcylinder
(12 cmindiameter and 30 cmin height), filled with water to adepth of
15 cm and maintained at 23-24 °C for a 6-min session recording. After
each session, the mouse was dried with paper towels and returned to
its home cage. The total immobility time during a 2- to 6-min period
was analyzed. Mice were considered immobile when they did not make
any active movements.

Fluorescence imaging of sensors in mouse acute brainslices

Wild-type male C57BL/6) mice (6-8 weeks of age) were anesthetized
with ani.p. injection of tribromoethanol (500 mg kg™) and placed on
astereotaxic frame. Then the mixture of AAV9-hSyn-g5-HT3.0 (300 nl)
and AAV9-hSyn-rDA3m (300 nl) wasinjected into the DRN (AP, -4.1 mm
relative to bregma; ML, +1.1 mm; depth, 2.9 mmbelow the dura; ata20°
ML angle) at a rate of 50 nl min™.. Three weeks after AAV injection, the
mice were deeply anesthetized with tribromoethanol and perfused
with 10 ml ice-cold oxygenated slicing buffer containing (in mM):

110 choline-Cl, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 1 NaH,PO,, 25 NaHCO;, 25
glucose, 1.3 sodium ascorbate and 0.6 sodium pyruvate. Mice were
then decapitated, and brains were rapidly removed and placed in cold
(0-4 °C) oxygenated slicing buffer for 1 min. Next, brains were dis-
sected for mounting to the cutting stage, and 300-pum-thick coronal
slices were cut in ice-cold oxygenated slicing buffer using a VT1200
vibratome (Leica). The slices containing DRN were transferred and
allowed to recover for at least 40 min at 34 °C in oxygenated artificial
cerebrospinal fluid (ACSF) containing (inmM):125NaCl, 2.5KCl, 2 CaCl,,
1.3 MgCl,, 1 NaH,PO,, 25 NaHCO;, 25 glucose, 1.3 sodium ascorbate
and 0.6 sodium pyruvate. For dual-color confocal imaging, the brain
slices were then transferred to acustom-made perfusion chamber and
imaged using an LSM710 confocal microscope (Zeiss), equipped with
a x20/0.5 NA water-immersion objective and the ZEN 2012 (Version
11.0.4.190) software. To minimize the spectral mixing, g5-HT3.0 and
rDA3mwere excited by a488-nmlaser and a 543-nmlaser sequentially.
Theg5-HT3.0 and rDA3m signals were collected using detection wave-
lengths ranging from 509 nm to 558 nm and from 580 nm to 649 nm,
respectively. For electrical stimulation,ahomemadebipolar electrode
(WE30031.0A3, MicroProbes) was placed onto the surface of the brain
slice near the DRN expressing sensors. Electrical stimuli were applied
using an S48 stimulator (Grass Instruments), with a stimulation voltage
of 5-8 Vand pulse duration of 1 ms. The frame scan was set to a size of
256 x 192 pixels with a speed of ~0.295 s per frame. For the spontane-
oustransients, the frame scan was set to asize of 512 x 512 pixels with a
speed of -1 s per frame, and the duration of each session was ~10 min.

Datafor electrical stimuli were analyzed using custom programs
writteninImage) Macros and MATLAB. Data for spontaneous transients
were preprocessed with Astrocyte Quantitative Analysis (AQuA)*° and
then analyzed using custom-written MATLAB programs and ImageJ
macros.

Fiber-photometry recording of optogenetically evoked 5-HT
releaseinvivo
To express the red fluorescent 5-HT sensors in the BF, adult SERT-cre
mice were anesthetized with 1.5% isoflurane and placed on a stereotaxic
frame. AAV9-hSyn-r5-HT1.0 or AAV9-hSyn-r5-HTmut was injected
(400 nl) into the BF (AP, 0 mm relative to bregma; ML, +1.5 mm; DV,
4.6 mm below the dura). For optical activation of the DRN, 400 nl
AAV9-EF1a-DIO-hChR2(H134R)-EYFP was injected into the DRN (AP,
-4.1 mm relative to bregma; ML, +1.1 mm; depth, 2.9 mm below the
dura; ata20° ML angle). Two optical fiber cannulas (200 um, 0.37 NA,
Inper) were thenimplanted; one cannulawas implanted 0.1 mmabove
the virusinjection site in the BF to record the 5-HT sensor signals, and
the other cannulawas implanted 0.3 mm above the virusinjectionsite
inthe DRN to optically activate ChR2. The optical fibers were affixed to
the skull surface using dental cement. The fiber-photometry system
(Inper) was used to record the fluorescence signals in freely moving
mice. Yellow light-emitting diode (LED) light was bandpass filtered
(561/10 nm), reflected by a dichroic mirror (495 nm) and then focused
using a x20 objective lens (Olympus). An optical fiber was used to
guide the light between the commutator and the implanted optical
fiber cannulas. The excitation light emitted by the LED was adjusted
t0 20-30 pW and delivered at 10 Hz with a 20-ms pulse duration. The
optical signals were then collected through the optical fibers. Red
fluorescence was bandpass filtered (520/20 nmand 595/30 nm) and col-
lected using an sCMOS camera. Toinduce ChR2-mediated 5-HT release,
pulse trains (10-ms pulses at 50 Hzfor 1s,5 s or 10 s) were delivered to
theDRN using a488-nmlaser at 10 mW witha5-mininter-stimulusinter-
val. To test the effects of fluoxetine on the ChR2-induced responses,
three optical stimulation trains were applied ata5-mininterval. Then,
10 mg kg™ fluoxetine was administered via i.p. injection; 30 min after
injection, three optical stimulation trains were applied.

The current output from the photomultiplier tube was con-
verted to a voltage signal using a model 1700 differential amplifier
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(A-M Systems) and passed through a low-pass filter. The analog volt-
age signals were then digitized using an acquisition card (National
Instruments). To minimize autofluorescence of the optical fibers, the
recording fibers were photobleached using a high-power LED before
recording. Background autofluorescence was recorded and subtracted
from the recorded signals in the subsequent analysis.

The photometry data were analyzed using a custom program
writtenin MATLAB. To calculate AF/F, during the optogenetics experi-
ments, a baseline was measured before optical stimulation.

Fiber-photometry recording of 5-HT dynamics during the
sleep-wake cycle

Adult wild-type C57BL/6 mice or SERT-cre mice were anesthetized with
isoflurane and placed on astereotaxic frame for AAVinjection (400 nl
persite).InFig.3f-g, AAV9-hSyn-r5-HT1.0 or AAV9-hSyn-r5-HTmut was
injected into the BF, and EF1a-DIO-axon-GCaMP6s was injected into the
DRN of SERT-cre mice. In Extended Data Fig. 7a-c, AAV9-CAG-g5-HT1.0,
diluted to3.16 x10?vg ml™, was injected into the BF in one hemisphere,
and AAV9-CAG-g5-HT3.0 was injected into the BF in another hem-
isphere, using the coordinates described above. In Extended Data
Fig.7d-f, AAV9-hSyn-PsychLight2 or AAV9-hSyn-g5-HT3.0 (diluted to
3.07 x10 vg ml™) was injected into the bilateral BF. In Extended Data
Fig.7g-i, AAV9-CAG-iSeroSnFR or AAV9-CAG-g5-HT3.0 (diluted to 2.15x
10" vg mI™) was injected into the bilateral BF. In Extended Data Fig. 7,
wild-type C57BL/6 mice were used. An optical fiber cannula (200 pm,
0.37 NA, Inper) was implanted 0.1 mm above the virus injection site in
BF to record sensor signals.

To assess theimpact of viral titer on sensors’ performance in vivo
(Supplementary Fig. 2), according to the highest viral titers in our
hands, AAVs with theindicated titers (including high, medium and low
titers) were injected into the bilateral BF, as described above.

To record the animal’s sleep-wake state, we attached and fixed
custom-made EEG and EMG electrodes to the skull through a microcon-
nector. EEG electrodes were implanted into craniotomy holes situated
over the frontal cortex and visual cortex, and EMG wires were placed
bilaterally in the neck musculature. The microconnector was attached
tothe skull using glue and athick layer of dental cement. After surgery,
the mice were allowed to recover for at least 2 weeks.

Thesame fiber-photometry system (Inper) was used torecord the
fluorescence signals in freely moving mice during sleep-wake cycles.
In Fig. 3f,g, a10-Hz 470/10-nm filtered light (20-30 uW) was used to
excite the green fluorescent calcium sensor, and a 561/10-nm filtered
light (20-30 pW) was used to excite the red fluorescent 5-HT sensors.
Fluorescence signals were collected using adual-band bandpass filter
(520/20 nm and 595/30 nm), with excitation light delivered as 20-ms
pulsesat10 Hz. In Extended DataFig.7,a10-Hz470/10-nm filtered light
(20-30 pW) was used to excite the green fluorescent 5-HT sensors,
and a 520/20-nm and 595/30 nm dual-band bandpass filter was used
to collect the fluorescence signals.

Photometry data were analyzed using a custom MATLAB program.
To calculate the AF/F, during sleep-wake cycles, baseline values were
measured during a period of REM sleep in which no apparent fluc-
tuations were observed. To better quantify the fluorescence changes
across multiple animals, the AF/F, was further normalized using the
s.d. of the baseline signals to get the z-score, with the formula: z-score =
AF/FO/S~d'baseline‘

Fiber-photometry recording of 5-HT dynamics during reward,
sensory stimuli and punishment conditions

Adult wild-type C57BL/6 mice were anesthetized with isoflurane and
placed on a stereotaxic frame. In Extended Data Fig. 8a-d, 400 nl of
AAV9-CAG-g5-HTL.0 (diluted to 3.16 x 10 vg mI™) and CAG-g5-HT3.0
per site were injected bilaterally into the basal amygdala (BA) (AP,
-1.35 mmrelative to bregma; ML, + 3.0 mm; DV, 4.5 mmbelow the dura).
In Extended Data Fig. 8e-g, AAV9-CAG-iSeroSnFR and CAG-g5-HT3.0

(diluted to 2.15x102vg ml™) were injected into the bilateral BA (400 nl
persite). Anoptical fiber cannula (Inper) was implanted 0.1 mmabove
thevirusinjectionsitesin BA for recording the signals of 5-HT sensors.

Reward. Anintraoral cheek fistulawas implanted in each of the mice,
whichwere givenseveral days torecover. Mice were water-restricted for
36 h (until reaching 85% of initial body weight). Then water-restricted
freely moving micereceived 5% glucose water delivery (around 10 pl per
trial, with10 trials per sessionand atrial intervalbetween20and 30 s).

Tone. The mouse was placedinaboxwithaloudspeaker,anda2-stone
(5kHz, 70 dB) was delivered for 10 trials, with a 30-s interval between
trials.

Thesamefiber-photometry system (Inper) was used torecord the
fluorescence signalsin freely moving mice during the sleep-wake cycle.
In Extended Data Fig. 8, a10-Hz 470/10-nm filtered light (20-30 pW)
was used to excite green fluorescent 5-HT sensors. A10-Hz 410/10-nm
filtered light (20-30 uW) served as a control channel.

The fluorescence intensity of green 5-HT sensors excited by
410 nm and 470 nm was recorded as F;, and F,,, respectively. The
AF/Fywas calculated under the above conditions using the formula:
AF/Fy= A(F 40/ F110) / (Fa70/F410)- Baseline values were determined before
theapplication of various stimuli. The z-score was computed as: z-score =
A(Fi70/Fi10) / (Fiz0/F110) / $-Q-paseiine-

Polysomnographic recording and analysis

The sleep-wake state of each animal was determined using the EEG and
EMG recordings. The EEG and EMG signals were amplified (NL104A,
Digitimer), filtered (NL125/6, Digitimer) at 0.5-100 Hz (EEG) and
30-500 Hz (EMG), and then digitized using a Power1401 digitizer
(Cambridge Electronic Design). The Spike2 software program (Cam-
bridge Electronic Design) was used for recording, with asampling rate
of 1,000 Hz. The sleep—wake state was classified semi-automatically
in 4-s epochs using AccuSleep® and then validated manually using a
custom-made MATLAB GUI. The wake state was defined as desynchro-
nized EEG activity combined with high EMG activity. NREM sleep was
defined as synchronized EEG activity with high-amplitude delta activity
(0.5-4 Hz) and low EMG activity. REM sleep was defined as high-power
theta frequencies (6-9 Hz) combined with low EMG activity.

Mesoscopicin vivoimaging
To express the sensors throughout the cortex, we injected the indi-
cated AAVs into the transverse sinus, as described previously®. In
detail, PO-P1 C57BL/6 mouse pups were removed from their home
cages, placed on a warm pad, anesthetized on ice for 2-3 min and
fixed on an ice-cooled metal plate. Two small incisions were then
made over the transverse sinuses for AAV injection using a glass
pipette. For single-color imaging in the optogenetic experiments,
AAV9-hSyn-g5-HT3.0 or AAV9-hSyn-EGFP-CAAX was injected bilaterally
(4 pl total volume, 2 pl per hemisphere). For dual-color imaging, the
pups wereinjected bilaterally with the following pairs of AAVs (6 pltotal
volume, 1:1): AAV9-hSyn-g5-HT3.0 and AAV9-hSyn-GAP43-jRGECOla;
AAV9-hSyn-r5-HT1.0 and AAV9-hSyn-eCB2.0; AAV9-hSyn-g5-HT3.0mut
and AAV9-hSyn-GAP43-jRGECOla; or AAV9-hSyn-r5-HTmut and
AAV9-hSyn-eCB2.0. The AAVs were injected at arate of 1.2 pl min™, and
the pipette wasleftinthe sinus for atleast 30 s. After injection, the inci-
sions were sealed with Vetbond glue (3 M Animal Care Products), and
the pups were placed on awarm pad for recovery. After recovery, the
pups were gently rubbed with bedding and returned to their home cage.
About 8 weeks after AAV injection, surgery was performed to
implant the imaging window and the EEG and EMG electrodes. Anes-
thesia was induced with an i.p. injection of 2,2,2-tribromoethanol
(500 mgkg™, Sigma-Aldrich) and maintained using inhalation with 1%
isoflurane. The mouse was fixed in a stereotaxic frame, 2% lidocaine
hydrochloride wasinjected under the scalp and the eyes were covered
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with erythromycin ophthalmic ointment for protection. Part of the
scalp above the skull and the underlying muscles were removed and
cleaned to expose the skull. Most of the skull above the dorsal cortex
was then removed and replaced with a flat custom-made coverslip
(D-shape, ~8 mm x 8 mm) to create an optical window. EEG and EMG
electrodes wereimplanted and fixed as described above. After surgery,
the mice were returned to their home cage for at least 7 d to recover,
and then were fixed to the base for more than 3 d to habituate before
imaging; mice were habituated until they could fall asleep (and, in par-
ticular, could enter REM sleep) within the first 3 h. To optically activate
the DRN, we used SERT-cre mice. As described above, except before
the surgery, 300 nl AAV9-EF1a-DIO-ChrimsonR-iP2A-Halotag9-V5
was injected into the DRN (AP, —6.1 mm relative to bregma; ML, 0 mm
relative to bregma; depth, 3 mm below the dura; at a32° AP angle). To
avoid the imaging window, the fiber was inserted forward and down
fromtheback of the interparietal bone. An optical fiber cannula (Inper)
was thenimplanted 0.2 mm above the virus injection site and affixed
to the skull surface using dental cement.

Mesoscopic imaging was performed using a custom-made
dual-color macroscope equipped withax2/0.5NA objective lens (Olym-
pus, MVPLAPO2XC), two x1/0.25NAtubelenses (Olympus, MVPLAPO1X)
and two sCMOS cameras (Andor, Zyla 4.2 Plus, 2,048 x 2,048 pixels,
16-bit)***, Three excitation wavelengths (405 nm, 488 nmand 561 nm)
were generated using a multi-line fiber coupled laser system (Chang-
chun New Industries Optoelectronics, RGB-405/488/561/642nm-
220mW-CC32594). The emission light was passed through a 567-nm
cut-onlongpass dichroic mirror (Thorlabs, DMLP567L), then through
either a 525/36-nm or 609/34-nm emission filter (Chroma) into the
sCMOS cameras. Both the excitation laser and the cameraimaging were
triggered by an Arduino board (Uno) with custom-written programs.
Images were acquired using the Micro-Manager 2.0 software (NIH). For
green sensor imaging, a488-nm laser was used and interleaved witha
405-nm laser; for dual-colorimaging, 488-nm and 561-nm lasers were
simultaneously generated and interleaved witha405-nmlaser. Images
were acquired using Micro-Manager 2.0 at a resolution of 512 x 512
pixels after 4x pixel binning, and each channel was acquired at either
1Hzor 5 Hzwith40-ms exposure.

During imaging, the mice were head-fixed to the base and could
freely runonatreadmill**. Toinduce ChrimsonR-mediated 5-HT release
inthe optogenetics experiment, pulse trains of light (10-ms pulses for
10sat5,10,20,30,40 or 50 Hz) were applied to the DRN using a 635-nm
laser at 10 mW with a 3-min interval, and three trials were performed
at each frequency. To test the effects of fluoxetine and GBR-12909
on ChrimsonR-evoked 5-HT release, three trains of optical stimula-
tion (10-ms pulses for 1s at 20 Hz, 10-ms pulses for 10 s at 20 Hz, or
10-ms pulses for 10 s at 50 Hz) were applied with a 5-min interval, and
three trials were conducted for each parameter. Then, 10 mg kg™ GBR-
12909 was injected i.p., and the same optical stimulation procedure
was performed 30 min later. Next, 20 mg kg™ fluoxetine was injected
i.p., followed by the same optical stimulation procedure 30 min later
(Extended DataFig. 9a). For the seizure experiments, aninfrared cam-
erawas hungabove the back of the mouse to recordits behavioral data.
After recording -1 h of baseline data, 10 mg kg KA was injected i.p. to
induceseizures. Allrecordings, including mesoscopicimaging, EEGand
EMG recording, optical stimulation trains and the infrared cameras,
were synchronized using a Power1401 acquisition board (Cambridge
Electronic Design).

Analysis of mesoscopicimaging data

Preprocessing. Raw images acquired by each camera were calibrated
for the uniformity of theimaging system, and movement-related arti-
facts were corrected using the motion-correction algorithm NoR-
MCorre*. The corrected image stack, with a size of 512 x 512 pixels,
was downsampled by a factor of 0.7, to 359 x 359 pixels, for subse-
quent analysis. For dual-color imaging, the averaged red-channel

image was aligned with the averaged green-channel image through
automatic transformation using the MATLAB function ‘imregtform’
with the ‘similarity’ mode. The same geometric transformation was
applied to all red-channel images to align them to corresponding
green-channel images. The image stack was saved as a binary file to
accelerate the input and output of large files (typically >8 GB). To
remove pixels belonging to the background and blood vessels (par-
ticularly large veins), we generated a mask for further analysis of the
pixels. Specifically, the outline of the entire dorsal cortexin the field of
view was generated manually, and pixels outside the outline were set
asbackground and excluded from further analysis. The blood vessels
were then removed from the image using the machine-learning-based
Image] plugin Trainable Weka Segmentation®® (v3.3.2) to minimize
artifacts caused by the constriction and dilation of blood vessels. The
final mask without the background and blood vessel pixels was applied
to the image stack for further analysis.

Spectral unmixing. For simultaneous dual-color imaging, the
bleed-through of fluorescence intensity for each pixel between the
green and red channels was removed using linear unmixing®” on the
basis of the spectra of the various sensors and the setup of the micro-
scope system. Specifically, the proportion of fluorescence intensities
detected by two cameras for various sensors was calculated on the
basis of sensors’ emission spectraand the bandpass of filters. The value
of each pixel in preprocessed images was recalculated on the basis of
these ratios for linear unmixing with following equations:

F,G:FG-"FRXCG 1)

Fj = Fr +Fg x Cy @

F; and Fyindicate the real fluorescence intensity of the pixel in green
andred channels, respectively; F;’and Fy’ indicate the measured fluo-
rescence intensity of the pixelin green and red channels, respectively;
and C; and Gy indicate the bleed-through ratio in the green channel
(fromred sensors) and the red channel (from green sensors), respec-
tively. And we canget the exact value of F;and Fy based on other values,
including F¢’, Fy/, C;and G, with following formulas:

Fg = (F; — Fiy x Co)/(1 - Cg X Cg) 3)

Fr=(Fy —F; x Gr)/(1 - Co x Cg) 4)
Theimages after spectralunmixing were used for further analysis.

Hemodynamic correction and response calculation. Hemody-
namic changes can affect the absorption of light, resulting in changes
in fluorescence®*’. According to the spectra of the sensors, when
excited with 405-nm light, the g5-HT3.0, eCB2.0, r5-HT1.0 and jRGE-
COla sensors are ligand-insensitive, which can reflect hemodynamic
absorption. To correct for hemodynamic artifacts, we performed
a pixel-by-pixel correction on the basis of linear regression®® of the
ligand-dependent signals (excited by 488 nm or 561 nm) against the
ligand-independent signals (excited by 405 nm). The baseline images
were spatially smoothed using a Gaussian filter (o =2) and used for
the linear regression. Then, for each pixel, the baseline fluorescence
intensity of the 405-nm excited channel was regressed onto the 488-nm
or 561-nm signal, obtaining regression coefficients for rescaling the
405-nmchannel. Therescaled 405-nmsignal was subtracted from the
488-nmor 561-nmsignal to generate a corrected signal for each pixel.
Toavoidthe corrected signal becoming close to zero, or evenlessthan
zero, the corrected signal was added to the average rescaled 405-nm
channel signal as the final corrected signal of fluorescence intensity
for theresponse calculation. The response of each pixel was calculated
using the equation AF/F,= (F - F,)/ F,, where F,is defined as the average
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baseline fluorescence intensity. When analyzing the data obtained
during sleep-wake cycles, the baseline was defined as the REM sleep
state, in which the signal had no apparent fluctuation.

Parcellation of cortical areas. On the basis of previous studies®**, we
rigidly registered the average fluorescence image to a two-dimensional
projection of the Allen Common Coordinate Framework v3 (CCFv3)
using four manually labeled anatomical landmarks, namely the left,
center and right points in the boundary between the anterior cortex
and the olfactorybulbs, and the medial point at the base of the retros-
plenial cortex. Toanalyze the time series response inanindividual brain
region, we averaged the AF/F, value for all available pixels within that
brainregion. To obtain the average response map from multiple mice
(Fig. 4g), we developed a custom code to first register the response
image for each individual mouse to the Allen CCFv3, and then aver-
aged theimages, keeping only the intersection among all mice. For the
analysis of serotonergic projectioninthe mouse dorsal cortex, the sero-
tonergic projection map was modified from Allen Mouse Brain Con-
nectivity Atlas (connectivity.brain-map.org/projection/experiment/
cortical_map/480074702).

Analysis of propagating waves

Peak response calculation. The time series of the images obtained
before (-30 sbefore the wave originated), during and after (-30 s after
the wave disappeared) wave propagation was extracted as an event for
further analysis. Images taken during the first 20 s (20 frames) were set
asthe eventbaseline. The event response image was spatially filtered,
and each pixel during the event was then corrected to set the average
response of the event baseline to zero. The peak response site was auto-
matically found by a circle with a 500-pm diameter across the event,
and its average value was defined as the peak response of the event.

Identification of wave directions using optical flow analysis. To deter-
mine the direction of the waves, we adopted an optical flow method to
automatically detect the wave directions on the basis of the NeuroPatt
toolbox®. In detail, the corrected response image stack was smoothed
over time, downsampledinsize by afactorof 0.2,and normalized tothe
maximum response for each pixel. The phase velocity fields were then
calculated using the ‘opticalFlowHS” MATLAB function (smoothness
parameter a = 0.05). For each frame, velocity fields wereignored in pixels
withalowresponse, defined as smaller thanthreefolds.d. of the baseline.
Finally, we obtained the frequency distribution of these wave directions
ineach eventand the average distribution of all events (see Fig. 5h).

Calculation of wave speed. The velocity fields calculated using the
optical flow method depend on two parameters® and tend to be under-
estimated; therefore, we used a different method to calculate the
speed of waves (see Extended Data Fig. 10e). In detail, the time (7) to
peak response for each pixel was determined, and the pixel with the
shortest time (7,) toreach the peak response was defined as the origin.
The wave-propagating region was then divided by fans centered at the
origin with 0.5° intervals, and the relative distance (AS) between the
distal pixel and the origin was calculated. The speed (v) in each direc-
tion was then calculated using the equationv=AS/(T - T,). Finally, we
obtained the frequency distribution for speed in each event and the
average distribution of all events (see Fig. 5h).

Quantification and statistical analysis

Where appropriate, cells or animals were randomly assigned to either
the control or experimental group. Imaging datawere processed using
ImageJ (1.53q) software (NIH) and custom-written MATLAB (R2020b)
programs. Data were plotted using OriginPro 2020b (Originlab) or
Adobe Illustrator CC. Except where indicated, all summary data are
reported as the mean * s.e.m. The SNR was calculated as the peak
response divided by the s.d. of the baseline fluorescence fluctuation.

Alldatawere assumed to be distributed normally, and equal variances
were formally tested. Differences were analyzed using the two-tailed
Student’s ¢-test or one-way ANOVA; *P < 0.05, **P< 0.01, **P < 0.001,
and n.s., not significant (P > 0.05).

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

Data availability

The plasmids used to express the sensors in this study and the related
sequences are available from Addgene (catalog nos.208709-208727;
https://www.addgene.org/Yulong_Li/). The human GPCR cDNA library
was obtained from the hORFeome database 8.1 (http://horfdb.dfci.
harvard.edu/index.php?page=home). Source data are provided with
this paper.

Code availability
The custom-written MATLAB, Arduino and ImageJ programs are avail-
able under an MIT license from https://github.com/yulonglilab.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Characterization of GRAB; ,;; sensors in HEK293T

cells and cultured rat cortical neurons. a, Representative images showing

the expression (top, with 5-HT) and responses (bottom) to 100 uM 5-HT for
g5-HT2h (left) and g5-HT2m (right). Scale bar, 20 pm. b, The group summary
ofthe brightness (left), peak AF/F, (middle) and SNR (right) of g5-HT2h and g5-
HT2m. The SNRisrelative to g5-HT1.0; arb.u., arbitrary units. n =154 cells from 3
coverslips (short for 154/3) for g5-HT2h, 98/3 for g5-HT2m. ¢, Dose-dependent
curves of g5-HT2h and g5-HT2m. n = 3 wells for each sensor with 300-500 cells
per well. d-e, Excitation (Ex) and emission (Em) spectra of g5-HT2h (d) and g5-
HT2m (e) in the absence (dash line) and presence of 10 uM 5-HT (solid line)
under one-photon (left), and two-photon excitation (right). w/o, without;

w/, with. f, Representative traces of sensor fluorescence increase to 5-HT puffing
and decrease to RS puffing (left). Group summary of on and off kinetics (right).
n=16cells from 4 coverslips (16/4) for g5-HT2h on kinetics, 10/3 for g5-HT2h off
kinetics, 11/3 for g5-HT2m on kinetics, 9/3 for g5-HT2m off kinetics.

g, Dose-response curves of g5-HT2h (left) and g5-HT2m (right) in cultured rat
cortical neurons. n =60 ROIs from 3 coverslips for g5-HT2h and g5-HT2m.

h-i, Downstream coupling tests of g5-HT2h and g5-HT2m for G, coupling (h) and
B-arrestin coupling (i). Data of WT and Ctrl groups were replotted from Fig. 2I.
n=3wells per group with200-500 cells per well. One-way ANOVA followed by

Tukey’s multiple-comparison tests, in panel h, post hoc testin1 mM 5-HT:
P=2.65x10"°and 0.96 for g5-HT2h versus WT and Ctrl, respectively, P=2.93 x10®
and 0.82 for g5-HT2m versus WT and Ctrl, respectively; in paneli, post hoc test:
P=4.94x10"%and1for g5-HT2hversus WT and Ctrl, respectively, P=5.96 x1078
and 0.88 for g5-HT2m versus WT and Ctrl, respectively.j, The fluorescence of
g5-HT2h (left) and g5-HT2m (right) expressed in cultured rat cortical neuronsin
response to a2-h application of 5-HT, followed by RS. n = 3 wells for each sensor.
One-way repeated measures ANOVA followed by Tukey’s multiple-comparison
tests, for g5-HT2h, F= 670, P=2.83 x107, post hoc test: P= 0 for baseline versus
Oh,P=0for2.0 hversusRS,P=0.76,1,1,0.80 for O hversus 0.5h,1h,1.5hor
2.0 h, respectively; for 5-HT2m, F=100.3, P=0.006, post hoc test: P=1.13 x
107*for baseline versus 0 h, P=1.77 x107 for 2.0 hversusRS, P=1,1,1,0.99 for
Ohversus0.5h,1h,1.5hor2.0 h, respectively. k, Averaged traces of jRGECOla
andr5-HT1.0 inresponse to 0.2,1and 10-mW blue light, respectively. 1, Blue
lightintensity-dependent peak AF/F, curves of jJRGECOla or r5-HT1.0.n =37/2
for jJRGECO1a and 49/2 for r5-HT1.0 ink, . Two-way ANOVA followed by Tukey’s
multiple-comparison tests, for jJRGECO1a versus r5-HT1.0 under indicated blue
light power, P=1,0.9761, 0.8783,5.22x10™,0,0, 0 and O, respectively. Data
areshown as mean *s.e.m. inb,c,f-1, with the error bars indicating the s.e.m.
***P<0.001, n.s., not significant.
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Extended Data Fig. 2| Specificity of 5-HT sensors. Specificity test of indicated
sensorsin HEK293T cells (a, b) or cultured rat cortical neurons (c—f) to 5-HT
alone, 5-HT together with SB, 5-HT together with RS, and 5-HT precursor, 5-HT
metabolites, as well as other neurotransmitters and neuromodulators (all
compounds at 10 pM except RS at 100 pM). 5-HTP, 5-hydroxytryptophan; 5-HIAA,
5-hydroxyindole acetic acid; DA, dopamine; NE, norepinephrine; HA, histamine;
MT, melatonin; OA, octopamine; Glu, glutamate; GABA, gamma-aminobutyric
acid; ACh, acetylcholine; Gly, glycine. Norm., normalized. n = 3 wells for each
group with200-500 cells per well. One-way ANOVA followed by Tukey’s multiple-
comparison tests, in panel a, Fy; ,, =180.2, P=2.08 x 102, post hoc test: P= 0 for
5-HT versus 5-HT and RS, and other compounds; in panelb, f; ,, =120,
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P=5.52x10"%, post hoc test: P= 0 for 5-HT versus 5-HT and RS, and other
compounds; inpanel ¢, F; ,s=148.9, P=2.86 x 10, post hoc test: P= 0 for 5-HT
versus 5-HT and RS, and other compounds; in paneld, F;; ,4 = 918, P=3.16 x 10>,
post hoctest: P=0 for 5-HT versus 5-HT and RS, and other compounds; in panel
e, Fy,5=44.2,P=3.65x107", post hoc test: P=4.39x107,2.06 x107,9.18 x10°%,
1.26x107,1.26 x107,1.26 x107,2.08 x107,2.08 x107,1.26 x107,1.26 x 107, 2.09 x
107and 9.18 x 1078 for 5-HT versus 5-HT and RS, and 5-HTP, 5-HIAA, DA, NE, HA,
MT, OA, Glu, GABA, ACh and Gly; in panel f, Fy ,, = 87.9, P=3.83 x10™, post hoc
test: P=1.75x107%,0,2.33x10™,0,0,0,0,0,0,0,0 and O for 5-HT versus 5-HT
and RS, and 5-HTP, 5-HIAA, DA, NE, HA, MT, OA, Glu, GABA, ACh and Gly. Data are
shownas mean +s.e.m., with the error bars indicating the s.e.m.**P < 0.001.
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Extended Data Fig. 3| Comparison of single GFP-based 5-HT sensors

in cultured rat cortical neurons. a, Representative images showing the
fluorescence expression (top) and responses (bottom) to 100 uM 5-HT for
different sensors as indicated. Insets with white dashed outlines inimages

have either enhanced contrast (top) or different pseudocolor scales (bottom).
Similar results were observed for more than 30 neurons. Scale bar, 20 pm.

b, Representative traces in response to 100 uM 5-HT for different sensors as
indicated. c-e, Group summary of the brightness (c), peak AF/F, (d) and SNR (e).
The SNR of all sensors is relative to the SNR of g5-HT1.0; arb.u., arbitrary units, the
basal brightness of g5-HT1.0 was set to 1. n = 56 ROIs from 3 coverslip (short for
56/3) for g5-HT3.0, 60/3 for g5-HT2m, 60/3 for g5-HT2h, 48/3 for g5-HT1.0, 60/3

PsychLight2

iSeroSnFR

Enhanced contrast

100 uM 5-HT 100 uM 5-HT 100 uM 5-HT
= 5-HT1.0 mmm PsychLight2 == {SeroSnFR

to

Relative SNR

for PsychLight2 and 60/3 for iSeroSnFR. One-way ANOVA followed by Tukey’s
multiple-comparison tests for d,e. For peak AF/Fyind, Fs 3;5=446.9, P=1.46 x
107*, post hoc test: P=0.696,7.75x107°,1.01x10°%, 0 and O for g5-HT3.0 versus
g5-HT2m, g5-HT2h, g5-HT1.0, PsychLight2 and iSeroSnFR; P=8.8 x107%,1.6 x
1078,0and 2.49 x 1078 for g5-HT2m versus g5-HT2h, g5-HT1.0, PsychLight2 and
iSeroSnFR. For relative SNRin e, F;3,3=195.1, P=2.46 x10"%, post hoc test:
P=7.55x107°0,7.92x107%8.66 x10™° and 6.64 x 10~® for g5-HT3.0 versus
g5-HT2m, g5-HT2h, g5-HT1.0, PsychLight2 and iSeroSnFR. Data are shown as
mean +s.e.m. inb-e, with the error bars or shaded regions indicating the s.e.m.
***P<0.001, n.s., not significant.
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Extended Data Fig. 4 | See next page for caption.

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-024-02188-8

Extended Data Fig. 4 | Expression of GRAB; ,,; sensors shows minimal
buffering effects. a-b, Invitro test of buffering effects according to downstream
coupling tests for B-arrestin coupling (a) and G, coupling (b). n = 9 wells from
threeindependent cultures per group with 200-500 cells per well. WT, wild

type (the same WT results were used for different sensors in each assay); arb.u.,
arbitrary units. Two-way ANOVA tests were performed followed by Tukey’s
multiple-comparison tests. In panel a, for g5-HT3.0 + 5-HTR4 versus 5-HTR4 only,
P=0.9877,1,1,1,1,1,0.8698 and 0.9888 in the application of 5-HT concentration
from10™to10™*M, respectively; for r5-HT1.0 + 5-HTR4 versus 5-HTR4 only,
P=0.9999,1,1,1,1,1,0.9929 and 0.9996; for g5-HT2h + 5-HTR4 versus 5-HTR4
only, P=0.9956,1,1,1,1,1,0.9722 and 0.9997; for g5-HT2m + 5-HTR4 versus
5-HTR4 only,P=1,1,1,1,0.9968,0.9987,0.7619 and 0.9252. In panel b, for
g5-HT3.0 + 5-HTR4 versus 5-HTR4 only,P=1,1,1,1,1,1,1and 0.8968; for

r5-HTL.0 + 5-HTR4 versus 5-HTR4 only, P=1,0.9755,1,1,1,0.9177,1and 0.104; for
g5-HT2h +5-HTR4 versus 5-HTR4 only, P=1,0.9972,1,1,1,0.9349,1and 0.9984;
for g5-HT2m + 5-HTR4 versus 5-HTR4 only, P=1,0.9906,1,1,1,0.9981,1and 1.

c—f, Invivo test of buffering effects using multiple 5-HT related behavior tests.
n=10,9 and 9 mice for the Ctrl, g5-HT3.0 and r5-HT1.0 group, respectively.

¢, Schematicillustrates the AAV injections of memEGFP (control) or g5-HT3.0

or r5-HT1.0 in mice basal amygdala (BA) (left); representative images exhibit the
corresponding expression, scale bar,1 mm (middle); cartoon shows mice for 5-HT
related behavior tests (right). d-f, Schematicillustration (left) and quantification
ofbehavioral parameters (right) in the elevated plus maze test (d), the tail
suspension test (e) and the forced swim test (f). One-way ANOVA tests were
performed. In paneld, F,,;=0.366, P=0.6975 for entries to center; F, ,s= 0.433,
P=0.6534 for entries to openarms; F, ,; = 0.3078, P= 0.7378 for entries to

closed arms; F, 55 = 0.5944, P= 0.5595 for total distance; F, ,s=1.0191, P= 0.3754
for time in center; F,,;=1.8749, P=0.1743 for time in openarms; F, ,;=2.3079,
P=0.1203 for timein closed arms. In panel e, F, ,;=1.5753, P= 0.2268. In panel

f, F,,5s=0.0281, P=0.9723. Data are shown as mean + s.e.m. in a-b, d-f, with the
error barsindicating the s.e.m. n.s., not significant.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Dual-colorimaging of 5-HT and DA dynamics in acute
mouse brainslices with high spatial-temporal resolution. a, Schematic
illustrates the mouse brain slice experiments. b-h, Electrical stimulation evoked
5-HT and DA release. b, Representative fluorescence and pseudocolor images of
g5-HT3.0 (top) and rDA3m (bottom) at baseline and in response to the indicated
electrical stimuli, in the presence of artificial cerebrospinal fluid (ACSF) or

100 pMRS. Similar results were observed for 4 slices. The white dashed circle
(50 pmin diameter) indicates the ROl used for further analysis; the white line
indicates the stimulating electrode location. Scale bar, 100 pm.

c-d, Representative traces and summary data for changes in g5-HT3.0 (c) and
rDA3m (d) fluorescence in response to the indicated stimuliin ACSF or RS.

e, Example time-lapse pseudocolorimages of g5-HT3.0 (top) and rDA3m
(bottom) inresponse to indicated electrical stimuli. Similar results were
observed for 4 slices. The dashed lines were used to analyze spatial and temporal
dynamics; image averaged from three trials conducted in one slice. Scale bar,
100 pum. f, Example spatial dynamics of the fluorescence changes shownin (e).
g, Summary of the full width at half maximum (FWHM) of activity-dependent

5-HT and DA signals measured in fat the indicated time points. Two-tailed paired
t-tests, P=0.7559,0.1318, 0.741 and 0.9301 for 1,2 s, 5sand 10 s, respectively.

h, Group summary of on and off kinetics for the 100-pulse evoked response of g5-
HT3.0 and rDA3m. Two-tailed paired ¢-tests, P= 0.4308 and 0.1415 for on and off
kinetics, respectively.i-n, Spontaneous 5-HT and DA release. i, Representative
pseudocolorimages of the cumulative spontaneous transients during a1l0-min
recording. Similar results were observed for 7 slices. Scale bar, 100 pm.

Jj, Representative time-lapse pseudocolor images, and AF/F, traces of ROIs (10 um
indiameter) from the areaindicated by the gray dashed rectangleini. Scale bar,
20 um. k, Number of transients in g5-HT3.0 and rDA3m fluorescence. Two-tailed
paired t-tests, P= 0.0226.1, Distribution of the peak response of individual
events. m, Example traces showing the rise and decay kinetics (ts,) of g5-HT3.0
and rDA3m (left), and the distribution of individual events (right). n, Distribution
ofthearea of individual events. n = 4 slices from 3 miceinc,d,g,h; n=7slices of
3miceink; n=1060 and 47 events for g5-HT3.0 and rDA3m, respectively, from 7
slices of 3 mice inl-n. Data are shownas mean t s.e.m.inc,d,g,h k, with the error
bars or shaded regions indicating the s.e.m. *P < 0.05, n.s., not significant.
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Extended Data Fig. 6 | Representative r5-HTmut and GCaMPé6s signals during the sleep-wake cycle in freely moving mice. Representative r5-HTmut and GCaMPé6s
(G6s) traces in the mouse basal forebrain (BF) along with EEG and EMG recording during the spontaneous sleep-wake cycle.
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Extended Data Fig.7 | Comparison of gGRAB; ,;;; , and other green 5-HT
sensors during the sleep-wake cycle in freely moving mice. a, Schematic
showing the setup of bilateral fiber-photometry recording of g5-HT3.0 and
g5-HT1.0 during sleep-wake cycles in mice. b, Representative traces of
simultaneous EEG, EMG, g5-HT3.0 and g5-HT1.0 recording during sleep-wake

cyclesin freely behaving mice. Pink shading, wake state; gray shading, REM sleep.

¢, Summary of averaged g5-HT3.0 and g5-HT1.0 signals inindicated sleep-wake
states. n =3 mice. Two-way repeated measures ANOVA followed by Tukey’s
multiple-comparison tests, P= 0.0034, 0.014 and 0.83 during wake, NREM and

REMssleep state, respectively. d-f, Similar to a-c, except bilateral recording of
g5-HT3.0 and PsychLight2, n = 3 mice in f. Two-way repeated measures ANOVA
followed by Tukey’s multiple-comparison tests, P=0.0066,0.011and 0.38
during wake, NREM and REM sleep state, respectively. g-i, Similar to a-c, except
bilateral recording of g5-HT3.0 and iSeroSnFR, n =4 mice ini. Two-way repeated
measures ANOVA followed by Tukey’s multiple-comparison tests, P= 0.0086,
0.0095 and 0.47 during wake, NREM and REM sleep state, respectively. Data are
shownasmean +s.e.m.inc,fi, with theerror barsindicating thes.e.m.*P<0.05,
**P<0.01,n.s., not significant.
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Extended Data Fig. 8 | Comparison of gGRAB, ,;;; , and other green 5-HT
sensors during reward and tone delivery. a, Schematicillustrates the
experimental design. b-c, Representative pseudocolor images (left) and
averaged traces (right) of fluorescence signals (z-score) from g5-HT3.0 and
iSeroSnFR in amouse exposed to 5% glucose (b) or 2-s tone (c) conditions. The
dashed lineindicates the delivery of water or tone. d, Group analysis of the area
under the curve (AUC) of fluorescence signals from g5-HT3.0 and iSeroSnFR
inresponse to the application of 5% glucose or 2-s tone conditions. Two-tailed

paired t-tests, P=2.4 x 10 and 0.46 for glucose and tone, respectively.

e-g, Representative pseudocolor images (left), averaged traces (right) and
AUC group data (g) of fluorescence signals from g5-HT3.0 and g5-HT1.0

during exposure to 5% glucose (e) or 2-s (f) tone conditions, similar to panels
b-d. Two-tailed paired t-testsing, P= 4.4 x10* and 0.632 for glucose and

tone, respectively. n =40 trials from 4 mice for each group. Data are shown as
mean +s.e.m.inb-g, with the error bars or shaded regionsindicating thes.e.m.
***P<0.001, n.s., notsignificant.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | gGRAB; 15 o reveals 5-HT dynamics in mouse dorsal
cortex invivo. a, Schematic depicting the protocol for mesoscopic imaging
along with optogenetic activation of DRN with different drug treatments.

b, Representative pseudocolor images in response to the 50 Hz10 s optical
stimulation of DRN with indicated treatments. Scale bar,1 mm. ¢, Representative
trace of g5-HT3.0 with indicated treatments, including the application of
different drugs and activation of DRN using a 635-nm laser with different
frequencies and durations. Insets above the trace are averaged images in the
indicated baseline of different stages. Scale bar,1 mm. d, Group data of averaged
g5-HT3.0 baseline fluorescence changes under indicated treatments. n = 3 mice.
One-way repeated measures ANOVA followed by Tukey’s multiple-comparison
tests, F=19.9, P=0.047, post hoc test: P= 0.896 for control versus DAT blocker,
0.016 for SERT blocker versus control and 0.022 for SERT blocker versus DAT
blocker. e-f, Group summary of optical stimulation evoked peak response (e)
and decay kinetics (f). n =3 mice. One-way repeated measures ANOVA followed

by Tukey’s multiple-comparison tests. For relative peak AF/F,in e, under 20 Hz
1sstimulation, F=11.1, P=0.023, post hoc test: P = 0.81 for control versus DAT
blocker, 0.043 for SERT blocker versus control and 0.026 for SERT blocker
versus DAT blocker; under 20 Hz 10 s stimulation, F = 6.67, P= 0.053; under 50 Hz
10 sstimulation, F=1.39, P= 0.348.For decay kinetics T,in f,under20 Hz1s
stimulation, F=4.06, P=0.182; under 20 Hz 10 s stimulation, F=16.78, P=0.011,
post hoc test: P=0.932 for control versus DAT blocker, 0.018 for SERT blocker
versus control and 0.014 for SERT blocker versus DAT blocker. g, Representative
images showing the memEGFP expression and response to the 50 Hz10 s optical
activation. Scale bar,1 mm. h, Representative heatmap showing changes of
g5-HT3.0 fluorescence in different brain regions during sleep-wake cycles. Gray
shading, REM sleep; light blue shading, wake state. The dashed white outlinesin
b,c,gindicate the ROI. Data are shown as mean + s.e.m. ind-f, with the error bars
indicating the s.e.m.*P < 0.05, n.s., not significant.
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Extended Data Fig. 10 | Mesoscopicimaging of 5-HT, Ca** and eCB waves
during seizures. a, Schematic showing the co-expression of g5-HT3.0mut
andjRGECOlain the mouse dorsal cortex. b, Representative images show
fluorescence changes of g5-HT3.0mut (top) and jJRGECO1a (bottom) during
seizures. A ROl labeled with the white circle (500 pum in diameter) shows the
maximum response regions of jJRGECOla, which corresponds to the tracein

Fig. 5Sc. White arrows indicate the direction of wave propagation and the length of
arrows indicates relative magnitudes of velocities. Scale bar, 1 mm.

c-d, Similar to a-b, but co-expressing r5>-HTmut and eCB2.0. The ROl shows the
maximum response region of eCB2.0 and corresponds to the trace in

Fig. Se. e, Representative time to peak response maps of waves relative to the
origin1, monitored by different sensors. Red dots indicate origin locations

of waves; white arrows indicate velocity vectors calculated based on the
propagation distance and duration along the corresponding direction; L, lateral,
M, medial; scale bar of speed, 100 pm/s.
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Data exclusions  No data was excluded from the analysis.

Replication Each experiment in this manuscript is reliably reproducible. The replication number of each result is indicated in the legend of corresponding
figures.

Randomization  Animals or cells were randomly assigned into experimental or control groups.

Blinding The investigators were blinded to group allocation during data collection of behavioral tests in Extended Data Fig. 4c—f.
But the investigator were not blinded to other data, since the experimental conditions were obvious to the researchers and the analyses were
performed objectively and not subjective to human bias.
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Cell line source(s) HEK293T were purchased from ATCC (cat number CRL-3216).
HTLA cells (HEK293 cells stably expressing a tTA-dependent luciferase reporter and B-arrestin2-TEV fusion construct) were a
gift from Bryan L. Roth (University of North Carolina Chapel Hill).

Authentication The cell lines were authenticated based on the morphology under microscope and the analysis of the growth curve.

Mycoplasma contamination No mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
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Laboratory animals For cultured cortical neurons, both male and female postnatal day O (PO) Sprague-Dawley rats were used.
For fiber photometry recording experiments, either adult wild-type C57BL/6J (Beijing Vital River laboratory) or Sert-Cre (The Jackson
Laboratory) mice were used.
For mesoscopic imaging experiments, either PO—P1 wild-type C57BL/6J (Beijing Vital River laboratory) or Sert-Cre mice were injected
with AAVs, and were used for surgery and imaging after eight weeks.
For behavior assays and acute mouse brain slice experiments, adult wild-type C57BL/6J mice (6—8 weeks of age) were used.
All mice were group-housed or pair-housed in a temperature (18-23 °C), humidity (40-60%) and light/dark cycle (12-h/12-h)
controlled room, with food and water available ad libitum.

Wild animals No wild animals were used in the study.
Reporting on sex Both male and female mice were randomly selected and used in the study.
Field-collected samples  No field-collected samples were used in the study.

Ethics oversight All procedures for animal surgery and maintenance were performed using protocols that were approved by the Animal Care & Use
Committees at Peking University.
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