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Serotonin (5-HT) is an important signaling monoamine and 
neurotransmitter. We report structure-guided engineering 
of a green fluorescent, genetically encoded serotonin sensor 
(G-GESS) from a 5-HT-binding lipocalin in the soft tick Argas 
monolakensis. G-GESS shows fast response kinetics and high 
affinity, specificity, brightness and photostability. We used 
G-GESS to image 5-HT dynamics in cultured cells, brain slices 
and behaving mice.

5-HT is a key neurotransmitter modulating mood, anxiety, appe-
tite, sleep, sexuality, learning and memory, and is a key hormone 
in peripheral tissues regulating a large array of processes, including 
gastrointestinal motility, hematopoiesis, vasoconstriction, insulin 
secretion and glucose metabolism1. Serotonergic dysregulation has 
been linked to various pathological conditions, such as depression, 
schizophrenia, diabetes, obesity and cardiovascular disorders1. A 
further understanding of 5-HT signaling, as well as the develop-
ment of corresponding disease intervention strategies, requires the 
ability to monitor 5-HT dynamics in biological systems with high 
specificity and spatiotemporal precision1,2.

Microdialysis and fast-scan cyclic voltammetry have been used 
widely to follow 5-HT dynamics, but are limited in temporal reso-
lution, spatial precision and/or chemical selectivity3,4. Although 
several chemically synthesized fluorescent sensors have been 
reported5,6, achieving long-term, cell-specific and minimally inva-
sive imaging of 5-HT in vivo remains a challenge. Thus, there is a 
great interest to develop genetically encoded 5-HT biosensors2.

Microbial periplasmic binding proteins (PBPs) or G-protein 
coupled receptors (GPCRs) have been fused with circularly per-
muted green fluorescent protein (cpGFP) to create biosensors 
typically expressed at the cell surface to detect secreted neurotrans-
mitters and neuromodulators2. Although it would be possible to 
develop similar biosensors for 5-HT from PBPs or GPCRs, we 
chose to investigate additional 5-HT-binding proteins for several 
reasons. First, natural 5-HT binding PBPs have not been identified, 
and it is challenging to re-engineer a PBP to accommodate 5-HT 
and simultaneously achieve suitable specificity and affinity. Also, 
GPCR-based biosensors often respond to all molecules that interact 
with the parental GPCRs, resulting in artifacts when GPCR antago-
nists or agonists are used concurrently7. Furthermore, GPCR-based 
biosensors may suffer from slow dissociation kinetics7, and overex-
pression of GPCRs may perturb cell signaling, which is highly orga-
nized and tightly controlled8.

Blood-feeding arthropods can release soluble, monoamine- 
binding lipocalin proteins to the feeding site of their hosts to neutral-
ize host inflammatory responses and prevent blood clotting, plate-
let aggregation and vasoconstriction9. We reasoned that these small 

(17 kDa) and monomeric lipocalins could be explored to develop 
biosensors. Moreover, the ability to express these proteins in a 
soluble format in Escherichia coli should facilitate high-throughput 
screening and sensor characterization. Furthermore, these  
proteins are not naturally expressed in common model organisms, 
thereby minimizing the interference of derived biosensors with 
endogenous signaling.

In a literature survey, we identified AM182 from the soft tick 
Argas monolakensis and D7r4 from the mosquito Anopheles gam-
biae as promising candidates because of their high affinity to 5-HT 
and the availability of protein structures9,10. We reasoned that inser-
tion of cpGFP into these proteins at locations undergoing sub-
stantial structural rearrangement upon ligand binding may result 
in allosteric coupling of ligand binding to cpGFP fluorescence  
(Fig. 1a). We thus analyzed 5-HT-dependent changes in dihedral 
angle (defined by the Cα atoms spanning every four sequential resi-
dues) on the basis of ligand-bound and ligand-free protein structures. 
The apo and bound structures of D7r4 were both reported, whereas 
the structure of AM182 was available only in the 5-HT-bound 
state9. Therefore, we analyzed dihedral angle changes for AM10, 
a histamine-binding protein homologous to AM182, and identi-
fied loops 4, 5 and 9 as promising insertion sites (Extended Data  
Fig. 1a–c). Similarly, we identified loop 2 of D7r4 for possible  
cpGFP insertion (Extended Data Fig. 1d–f).

We next experimentally inserted cpGFP into the identified loops. 
Insertion at loop 9 of AM182 generated a prototypic 5-HT biosen-
sor (G-GESS0.1) showing 5-HT-induced fluorescence increase of 
10%, whereas other insertion sites led to variants that were either 
unresponsive or nonspecifically responsive to 5-HT. Through 
multiple rounds of directed evolution from G-GESS0.1 (Extended 
Data Fig. 2), we derived G-GESS with an overall 12-fold excitation–
ratiometric response (R/R0, where R is the ratio of fluorescence at 
480 nm to that at 400 nm) to 5-HT and nearly 600% (ΔF/F0) inten-
siometric fluorescence increase near its major absorbance peak at 
∼500 nm (Fig. 1a,b).

When saturated with 5-HT, the intrinsic brightness of G-GESS 
under one-photon excitation is ~70% of enhanced green fluores-
cent protein (EGFP) (Supplementary Table 1). G-GESS has a broad 
two-photon excitation with high brightness and large response 
between 880 and 990 nm (Supplementary Table 1 and Extended 
Data Fig. 3). We further tested the specificity of G-GESS against 
a panel of additional neurotransmitters and other relevant mol-
ecules, and none of these compounds elicited a noticeable fluores-
cence change at physiologically relevant concentrations (Fig. 1c). 
Titrating G-GESS with 5-HT revealed a dissociation constant (Kd) 
of ~43 nM with > 5 × 105-fold selectivity over structurally similar 
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molecules such as histamine, 5-hydroxyindoleacetic acid (5-HIAA) 
and 5-hydroxytryptophan (5-HTP) (Fig. 1d).

To anchor G-GESS to the cell surface, we fused it to a 
platelet-derived growth factor receptor beta (PDGFRβ) transmem-
brane (TM) domain and Kir2.1-derived Golgi (KGC) and ER export 
(ER2) signals (hereafter referred to as G-GESS-M) (Fig. 1e and 
Supplementary Fig. 1)11. G-GESS-M localized to the surface of HEK 
293T cells (Extended Data Fig. 4). It displayed ~350% (ΔF/F0) fluo-
rescence increase in response to 5-HT with a Kd of ~120 nM, and 
better photostability than superfolder GFP (sfGFP) (Fig. 1e–g). We 

next monitored the sensor’s response to a local application of 5-HT 
(1 µM) and determined the half-time (t0.5) for association and spon-
taneous dissociation to be 27 ms and 840 ms, respectively (Fig. 1h). 
Furthermore, we introduced two mutations into G-GESS-M to gen-
erate an unresponsive control, G-dGESS-M (Extended Data Fig. 5).

We used G-GESS-M to monitor physiological 5-HT dynamics. 
5-HT is synthesized and released from pancreatic β-cells to modu-
late insulin secretion and islet function12. We expressed G-GESS-M 
in mouse MIN6 β-cells and observed ~25% fluorescent increase 
triggered by high glucose concentrations (Extended Data Fig. 6a,b).  
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Fig. 1 | Design and characterization of G-GESS. a, Schematic representation of G-GESS, showing insertion of cpGFP (green) into loop 9 of AM182 
(magenta). b, Excitation (dotted line) and emission (solid line) spectra of purified G-GESS in the presence (green) or absence (black) of 10 µM 5-HT. 
Spectra were normalized to the maximal fluorescence of G-GESS in the absence of 5-HT. c, Fluorescence of G-GESS in response to the indicated 
neurotransmitters and other relevant substances (10 µM 5-HT and 100 µM of other molecules); n = 3 for each group. GABA, gamma-aminobutyric acid. 
d, Dose-response curve of purified G-GESS for 5-HT (Kd = 43 ± 5 nM), histamine (Kd = 2.3 ± 0.4 mM), 5-HTP (Kd > 5 mM) and 5-HIAA (Kd > 5 mM); n = 3 
for each group. e, Top: domain arrangement of G-GESS-M, showing a C-terminal PDGFRβ TM domain, a Kir2.1-derived Golgi export trafficking signal 
(KGC) and an ER export signal (ER2). Bottom: representative fluorescence and pseudocolor ratiometric images of G-GESS-M at the surface of HEK 293T. 
This experiment was repeated three times with similar results using independent cultures. Scale bar, 20 µm. f, 5-HT dose-response curve of G-GESS-M 
(Kd = 120 ± 8 nM) and G-dGESS-M at the surface of HEK 293T; n = 3 wells of cells per group with 105 cells per well. g, Photobleaching of G-GESS-M and 
sfGFP-M at the surface of HEK 293T on a wide-field microscope at the two indicated light intensity levels (t1/2 = 123 s for G-GESS-M and 50 s for sfGFP-M 
at 3.9 W cm−2). Data are presented as mean ± s.d. (n = 18 cells from three independent cultures for each group). h, Analysis of G-GESS-M kinetics by puff 
application of 1 µM 5-HT. A representative trace for five sequential applications of 5-HT to a single cell is shown at the top. Presented at the bottom are 
normalized data points for 25 repeats (five single cells with five applications each) fitted for exponential growth and decay.
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Furthermore, we expressed G-GESS-M in SH-SY5Y neuroblas-
toma cells and primary mouse neurons and imaged 5-HT secre-
tion in response to nonivamide, which is a chemical known to 
induce serotonin release13, and membrane polarization induced 
by high potassium concentrations, respectively (Extended Data 
Fig. 6c,d and Extended Data Fig. 7). In contrast to G-GESS-M, 
G-dGESS-M was unresponsive under these conditions. To evaluate 
potential neurotoxicity of G-GESS-M, we compared viability and 
depolarization-induced Ca2+ mobilization of primary mouse neu-
rons expressing cell-membrane-anchored G-GESS or sfGFP and 
observed no difference (Extended Data Fig. 8)

We expressed G-GESS-M in the hippocampal CA1 region 
of mouse brains via lentivirus or adeno-associated virus (AAV) 
transduction and prepared acute brain slices (Extended Data  
Fig. 9a,b). We detected up to 35% fluorescence increase with excel-
lent signal-to-noise ratio following extracellular field stimulation. 
The kinetics and magnitude of the responses were dependent on 
stimulation voltage and frequency (Extended Data Fig. 9c–f).  

In contrast, we observed no fluorescence change for G-dGESS-M 
brain slices stimulated in the same manner.

Next, we expressed G-GESS-M in the prefrontal cortex (PFC) 
of live mice and administered intraperitoneal (i.p.) methylene-
dioxymethamphetamine (MDMA), a compound known to stim-
ulate, although nonselectively, the release of 5-HT in the brain14. 
We imaged the fluorescence of G-GESS through a pre-installed 
cranial imaging window and observed a robust ~60% fluores-
cence increase (Fig. 2a–c). Similarly, we examined the response 
of G-GESS-M to fluvoxamine (Flu), a selective serotonin reup-
take inhibitor. Flu evoked an increase of G-GESS-M fluorescence, 
which can be reversed by reserpine (Res), a vesicular monoamine 
transporter inhibitor depleting extracellular 5-HT (Fig. 2d). 
G-dGESS-M or injection of saline resulted in no obvious response 
under these conditions.

Previous studies have linked the PFC to fear memory, and  
cortical 5-HT is expected to increase under fear and stress15,16.  
We thus expressed G-GESS-M in the mouse PFC and used a fear 
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Fig. 2 | Imaging of endogenous 5-HT dynamics with G-GESS in mice. a, Schematic diagram illustrating viral expression and in vivo imaging of  
G-GESS-M in the PFC of head-fixed mice. b, Representative in vivo fluorescence image of G-GESS-M under one-photon microscopy. Scale bar, 20 µm.  
c, Representative ratiometric images and average intensity traces upon MDMA (10 mg kg−1, i.p.) administration. G-dGESS-M and saline injection were used 
as control groups. Data are presented as mean ± s.e.m.; (n = 3 mice for each group). Scale bar, 20 µm. d, Representative ratiometric images and average 
intensity traces after fluvoxamine (Flu, 2 mg kg−1, i.p.) and reserpine (Res, 0.2 mg kg−1, i.p.) treatments. Data are presented as mean ± s.e.m.; (n = 3 mice for 
each group). Scale bar, 20 µm. e, Responses of G-GESS-M or G-dGESS-M in the PFC during a fear conditioning paradigm consisting of a 10-s audiovisual 
cue followed by a 1-s break and a 1-s aversive FS. The gray and yellow boxes indicate the time windows for the delivery of cue and 1-s FS, respectively;  
n = 6 mice (each animal with 15 single trials) for each group. Comparisons of fluorescence responses (mean of ΔF/F0 for individual G-GESS animals) 
between baseline (0–7 s) and cue (7–17 s), and between a 1-s timewindow before and after FS. P values determined by paired two-tailed Student’s t-tests. 
Areas under the curve (AUC) for G-GESS and G-dGESS animals during 0–7 s (Baseline), 7–17 s (Cue) and 18–26 s (FS). P values determined by 2-way 
analysis of variance (ANOVA) with Sidak’s multiple comparisons test. Data are presented as mean ± s.e.m.
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conditioning paradigm to induce endogenous 5-HT changes  
(Fig. 2e). We presented mice with an audiovisual cue followed by a 
break and an aversive footshock (FS). We trained the mice to asso-
ciate the cue with the aversive signal. During imaging, we observed 
a robust fluorescence increase in response to the cue, while the 
following FS stimulation evoked an even higher response which 
diminished within a few seconds. Control G-dGESS-M mice did 
not exhibit similar responses, except for a small signal rise during 
the presentation of the visual cue, which slightly increases the back-
ground of fluorescence imaging. These results collectively suggest 
that G-GESS can detect physiological 5-HT transients in response 
to behavioral stimuli.

Finally, we used G-GESS-M to monitor pharmacological manip-
ulation of 5-HT synthesis. To normalize fluorescence for varied sen-
sor expression levels, we bicistronically co-expressed G-GESS-M 
with a red fluorescent protein, mScarlet-I (ref. 17) (Extended Data 
Fig. 10a–c) in the mouse hippocampus. We then administered 
p-chlorophenylalanine methyl ester (PCPA) (ref. 18), a trypto-
phan hydroxylase inhibitor, for five consecutive days. As expected, 
we observed a decrease of the green-to-red fluorescence ratio in 
PCPA-treated mice, while there was no change in mice untreated 
with PCPA (Extended Data Fig. 10d–f).

In summary, we developed a biosensor suitable for imaging phys-
iological 5-HT dynamics in cell culture, acute brain slices and live 
mice. Since 5-HT plays important roles both within and beyond the 
central nervous system (CNS), we expect G-GESS to enable a large 
array of studies. Because intrinsically G-GESS is not a membrane 
protein, we envision that G-GESS or its future derivatives can be 
targeted to intracellular subdomains to monitor 5-HT. Furthermore, 
in comparison to PBP- or GPCR-based 5-HT biosensors resultant 
from recent, parallel efforts in other laboratories19,20, the small size 
of G-GESS should facilitate the potential use of viral vectors, often 
with limited packaging capacities, to deliver multiple genes. In addi-
tion, diverse lipocalins exist in nature21 and the lipocalin scaffold has 
been exploited in laboratories for engineering antibody mimetics22. 
Therefore, there is a potential to expand lipocalin-derived fluores-
cent biosensors to report on other bioactive compounds.
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Methods
Key materials and general methods. pCMV(MinDis).iGluSnFR (Addgene 
plasmid catalog no. 41732) (ref. 23), pAAV-hSyn-CheRiff-eGFP (Addgene plasmid 
catalog no. 51697) (ref. 24), pLenti-ReaChR-Citrine (Addgene plasmid catalog 
no. 50956) (ref. 25) and pCMV-R-GECO1 (Addgene Plasmid catalog no. 32444) 
(ref. 26) were gifts from Loren Looger (HHMI Janelia Research Campus), Adam 
Cohen (Harvard), Roger Tsien (UC San Diego) and Robert Campbell (University 
of Alberta), respectively. pAdDeltaF6 (Addgene plasmid catalog no. 112867) and 
pAAV2/9n (Addgene plasmid catalog no. 112865) were gifts from James M. Wilson 
(University of Pennsylvania). pMD2G (Addgene plasmid catalog no. 12259) 
and psPAX2 (Addgene plasmid catalog no. 12260) were gifts from Didier Trono 
(EPFL). All animal procedures were conducted in accordance with the protocol 
approved by the Animal Care and Use Committee at the University of Virginia. 
Mice were hosted in a temperature-controlled room (~23 °C) with a 12 h–12 h 
dark–light cycle and ~50% humidity. SDS-polyacrylamide gel electrophoresis 
(PAGE) was used to verify the purity of the prepared proteins (Supplementary  
Fig. 2). Other general information is available from the Reporting Summary.

Library design, construction and screening. We followed a procedure previously 
reported by Marvin et al.27 to analyze dihedral angle changes and identify 
promising sites in AM182 and D7r4 for cpGFP insertion. Next, a cpGFP fragment 
previously used to develop a genetically encoded H2S sensor28 was amplified 
and inserted to the pre-identified sites using overlap polymerase chain reaction 
(PCR). The product was cloned into a pTorPE plasmid26 between SalI and HindIII 
restriction sites for bacterial periplasmic expression. To generate gene libraries, 
overlap PCR and oligonucleotides containing degenerate codons (NNK) were 
used to randomize residues on the linkers between cpGFP and AM182 fragments, 
whereas error-prone PCR was used to randomize the whole sensor gene. The 
resultant libraries were subjected to E. coli colony-based screening. Colonies were 
imaged before and after spraying a fine mist of 100 µM serotonin using a previously 
described setup29. Colonies exhibiting changes in fluorescence intensity was 
identified using an image processing method described by Kardash et al.30. Selected 
clones were cultured individually in 1.8 ml of liquid Luria-Bertani (LB) medium 
supplemented with 0.02% l-arabinose and 200 μg ml−1 ampicillin with 250 r.p.m. 
shaking at room temperature for 48 h. Cell lysates were then prepared from 
bacterial pellets using a laboratory-made solution containing 0.5% octyl glucoside, 
0.1 mg ml−1 chicken egg lysozyme and 0.2 U ml−1 Benzonase in 20 mM Tris-HCl, 
pH 8. A BioTek Synergy Mx microplate reader was next used to test the responses 
of cell lysates to 10 µM serotonin. Promising clones were selected for further 
characterization or another round of protein engineering.

Protein purification and one-photon spectroscopic characterization. G-GESS 
in pTorPE was cloned into pBAD/His B and used to transform E. coli DH10B 
cells. Protein expression and Ni-NTA based protein purification were performed 
as previously described31. Proteins eluted from Ni-NTA beads were subjected 
to size-exclusion chromatography through a HiPrep Sephacryl S-200 HR gel 
filtration column (GE Healthcare) by using an elution buffer containing 100 mM 
NaCl and 50 mM Tris-HCl, pH 7.4. Resultant proteins were further diluted with 
the aforementioned elution buffer to a final concentration of ~100 nM and used 
for protein-based assays, including one-photon spectroscopy, selectivity and 
binding affinity determination, on a monochromator-based BioTek Synergy Mx 
plate reader. The peak extinction coefficients and fractional concentrations of the 
neutral and anionic forms of G-GESS were obtained by following the changes in 
one-photon absorption spectra (measured with Lambda 950 spectrophotometer, 
Perkin-Elmer) upon gradual stepwise alkaline titration by following a previously 
described protocol32. Fluorescence quantum yields of anionic forms were measured 
in dilute solutions (optical density (OD) < 0.1) with an absolute method, using 
Quantaurus-QY (Hamamatsu) integrating sphere fluorimeter by scanning the blue 
part of absorption peak with a 5-nm step.

Two-photon spectral characterization. Our experimental setup for two-photon 
spectral measurements includes a tunable femtosecond laser InSight DeepSee 
Dual (Spectra Physics) coupled with a photon counting spectrofluorimeter PC1 
(ISS). The two-photon fluorescence excitation (2PE) spectra were measured by 
automatically stepping laser wavelength and recording total fluorescence intensity 
at each step. The detailed description of the experimental setup and measurement 
protocol has been presented previously33. To scale the two-photon excitation 
spectra, we define a parameter called two-photon molecular brightness F2(λ). 
This parameter depends on excitation wavelength λ. Usually, absorption spectra 
(both one- and two-photon) of cpGFP-based sensors consist of two spectral 
bands: one for the neutral GFP chromophore (subscript N in the following), and 
another for the anionic GFP chromophore (subscript A in the following). The 
two forms coexist in equilibrium with the relative fractional concentrations ρN 
and ρA (ρN + ρA = 1) that can change upon binding a ligand. The F2(λ) value can be 
presented as follows: F2(λ) = ρAφAσ2,A(λ) + ρNφNσ2,N(λ), where φ is the fluorescence 
quantum yield of form A or N, and σ2 is the two-photon absorption cross section. 
Since we collect fluorescence spectrum through a HQ535/50 filter, technically 
φN only comprises a part of fluorescence originating from anionic deprotonated 
chromophore that appears after the excited-state proton transfer from initially 

excited neutral form. To obtain the two-photon excitation spectrum in units 
of molecular brightness, we independently measured ρA, φA and σ2,A(λ) of the 
anionic form in the presence or absence of 5-HT and normalized the unscaled 
2PE spectrum to the product ρAφAσ2,A(λ). The cross section σ2,A(λ) was measured 
at the wavelength where the contribution of the neutral form is negligible (λ = 
940 nm). This measurement was performed using rhodamine 6G in methanol 
as a well-characterized reference standard (σ2,Rh6G = 9 GM at 940 nm)33. First, 
spectrally integrated two-photon excited fluorescence signal I was measured as 
a function of laser power P for both the sample and reference solutions (samples 
were held in 3 × 3 mm cuvettes (Starna) with maximum optical density < 0.1). 
The total (spectrally integrated) fluorescence was collected at 90° to excitation 
laser beam through FF01-770/SP (Semrock) and HQ535/50 (Chroma) filters, 
using the left emission channel of a PC1 spectrofluorimeter working in photon 
counting mode. The power dependences of fluorescence were fit to a quadratic 
function I = aP2, from which the coefficients aS and aR were obtained for the 
sample (index S) and reference (index R) solutions, respectively. Second, the 
one-photon excited fluorescence signals were measured for the same samples and 
in the same registration conditions. In this case, a strongly attenuated radiation 
of a 477-nm line (selected with an interference filter Ealing 35-3565, tilted at 46°) 
of an IMA101040 ALS (Melles Griot) argon ion laser was used for excitation. The 
fluorescence power dependences for the sample and reference were measured 
and fit to a linear function: I = bP, from which the coefficients bS and bR were 
obtained. The two-photon absorption cross section was then calculated as follows: 
σ2;S λ2ð Þ ¼ aS

aR
bR
bS

εS λ1ð Þ
εR λ1ð Þ σ2;R λ2ð Þ

I

, where λ1 is the wavelength used for one-photon 
excitation (477 nm), λ2 is the wavelength used for two-photon excitation (940 nm) 
and εR,S(λ1) are the corresponding extinction coefficients, measured at λ1. This 
approach allows us to automatically correct for the laser beam properties (pulse 
duration and spatial intensity distribution), fluorescence collection efficiencies 
for one- and two-photon modes, photomultiplier tube (PMT) spectral sensitivity, 
differences in quantum yields and concentrations between S and R solutions. 
Molecular brightness of the anionic form was then calculated as a product  
F2= ρAφAσ2,A(λm) with the 2P cross section taken at spectral maximum, λm, 
for both states of the sensor. The quantum yields, extinction coefficients and 
fractional concentrations were all determined independently through one-photon 
measurement. Finally, the two-photon excitation spectra were scaled to the 
calculated F2(940) values.

Construction of mammalian expression and viral packaging plasmids. 
The gene of G-GESS was amplified and used to replace the iGluSnFR gene in 
pCMV(MinDis).iGluSnFR (ref. 23). Next, a gene fragment encoding Kir2.1-derived 
Golgi export trafficking signal (KGC) and ER export signal (ER2) (KGC–ER2) was 
purchased from Eurofins Genomics and inserted to the C-terminus of the PDGFRβ 
TM domain, resulting in pDisplay-G-GESS-M for sensor expression at the 
extracellular surface of mammalian cells. Furthermore, the G-GESS gene fragment 
fused with the TM domain and KGC–ER2 was amplified from pDisplay-G-GESS 
and inserted into either pAAV-hSyn-CheRiff-eGFP (ref. 24) between NcoI and 
EcoRI restriction sites for AAV packaging, or pLenti-ReaChR-Citrine (ref. 25) 
between AgeI and EcoRI restriction sites for lentiviral packaging. To construct an 
AAV vector for ratiometric imaging, the pAAV-hSyn-G-GESS-M plasmid was 
first digested with SalI and EcoRI. A gene fragment encoding the TM–KGC–ER2 
portion, a P2A self-cleaving peptide and the red fluorescent protein mScarlet-I  
(ref. 17) were generated with overlap PCRs and inserted into the pre-digested 
plasmid via Gibson cloning34, resulting in pAAV-hSyn-G-GESS-M-mScarlet-I.

Culture and transfection of mammalian cell lines. HEK 293T and SH-SY5Y 
were purchased from ATCC and MIN6 is a gift from Shuibing Chen (Weill 
Cornell). HEK 293T and MIN6 cells were cultured as previously described35. 
SH-SY5Y cells were cultured in DMEM/F-12 supplemented with 10% FBS, 
100 U ml−1 penicillin and 100 μg ml−1 streptomycin. All cell lines were incubated 
at 37 °C in a humidified incubator containing 5% CO2. At 70–80% confluency, 
cells were transfected with 2 μg of plasmid DNA and 5 μg of lipofectamine 2000 
(Thermo Fisher). Transfected cells were then cultured in complete medium for 
24–36 h before imaging.

Culture and transfection of primary neurons. Freshly extracted E18 mouse 
brain tissue (including the hypothalamus, dorsal raphe, striatum and a part 
of the cerebellum) was used to prepare dissociated neurons, which were next 
cultured with 2 ml of NbActiv4 medium (BrainBits) in 35-mm glass-bottom 
culture dishes pre-coated with poly-d-lysine. Every 2 days, half of the cell culture 
medium was replaced with fresh NbActiv4. Neurons were transfected on day 7 
by following BrainBits’s protocol. Briefly, 1 ml of culture medium was taken out 
from each 35 mm dish and combined with another 1 ml of fresh NbActiv4. The 
conditioned medium was incubated at 37 °C and 5% CO2. A total of 4 μg of plasmid 
DNA and 8 μl of Lipofectamine 2000 (Thermo Fisher) were mixed in 100 μl of 
BrainBits Transfection Medium and the resultant mixture was incubated at room 
temperature for 15 min. Next, 1 ml of warm, conditioned NbActiv4 medium was 
used to replace the medium in each 35 mm dish and the transfection mixture was 
then added. After 3 h of incubation at 37 °C in a 5% CO2 incubator, the medium 
was exchanged again to the conditioned medium. Half of the culture medium was 
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exchanged every 2 days. Fluorescence imaging was performed between 48 and 72 h 
after transfection.

Fluorescence imaging of cultured cells. Unless otherwise noted, images were 
acquired using a 40× oil immersion objective lens on an inverted Leica DMi8 
microscope equipped with a Leica SPE-II spectral confocal module and a 
Photometrics Prime 95B Scientific CMOS camera. The confocal module was 
used to analyze localization and a 488-nm laser (10 mW) set at ~10% intensity 
was used to excite G-GESS, and emission was collected at 500–700 nm. Because 
the brightness of G-GESS in the absence of 5-HT is lower than in the presence 
of 5-HT, a higher laser intensity (~30%) was used to acquire localization images 
in the absence of 5-HT. The wide-field Prime 95B camera and a GFP filter cube 
with a 470/40 nm bandpass excitation filter and a 525/50 nm bandpass emission 
filter were used for time-lapse imaging. To image the response of G-GESS at the 
surface of HEK 293T cells to 5-HT, transfected HEK 293T cells were washed three 
times with Dulbecco’s phosphate-buffered saline (DPBS) before imaging. Images 
were taken before or after addition of serotonin. A similar procedure was used 
to image the ratiometric response of co-expressed G-GESS-M and mScarlet-I in 
transfected HEK 293T cells. Images in two channels were acquired sequentially 
using DMi8 and the SPE-II confocal module. The 488-nm laser (10 mW) was 
set at 10% intensity and emission was collected at 500–550 nm for the green 
channel; the 532-nm laser (10 mW) was set at 4% intensity and emission was 
collected at 580–700 nm for the red channel. To image serotonin release in MIN6 
cells, transfected MIN6 cells were thoroughly washed and incubated with Hank’s 
balanced salt solution (HBSS) containing 2.5 mM glucose. After starvation for 
40 min, cells were rinsed with fresh HBSS containing 2.5 mM glucose and then 
retained in the buffer for imaging. Time-lapse images were acquired every 2 s. 
Following the initial ~30 s of image acquisition, MIN6 cells were stimulated with 
25 mM glucose and fluorescence imaging continued for an additional 4.5 min. 
To image serotonin release in SH-SY5Y cells, transfected SH-SY5Y cells were 
washed with DPBS three times and then retained in the buffer for imaging. After 
approximately 1 min of initial acquisition, SH-SY5Y cells were stimulated with 
0.1 μM nonivamide and fluorescence imaging continued for an additional 6 min. 
To image the direct response of G-GESS at the surface of primary neurons to 
5-HT, transfected neurons were washed three times with Tyrode’s buffer (119 mM 
NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES and 30 mM 
glucose, pH 7.4) and then retained in the buffer for imaging. Images were taken 
in the presence or absence of 10 μM serotonin. To image endogenous serotonin 
release in neurons, an excitatory Tyrode’s buffer (32 mM NaCl, 90 mM KCl, 2 mM 
CaCl2, 2 mM MgCl2, 25 mM HEPES and 30 mM glucose, pH 7.4) was used for 
stimulation. The photostability and response kinetics of G-GESS was determined 
on the surface of HEK 293T cells using an upright Scientifica SliceScope Pro 1000 
equipped with a Photometrics Prime 95B Scientific CMOS camera and a CoolLed 
Enhanced pE-300white light-emitting diode (LED) light source. Photostability was 
examined by time-lapse imaging when excitation light was left continuously on 
at either 5% or 100% of the overall intensity. Light energy at the focal plan was 
further determined using a digital optical power meter (Thorlabs, catalog no. 
PM100D) equipped with a microscope slide photodiode power sensor (Thorlabs, 
catalog no. S170C). The diameter of the field of view (DFOV) was calculated from 
the field number (FN) provided by the objective lens manufacturer using the 
equation: DFOV = FN/(objective magnification). The illumination area was next 
calculated from π × (0.5 × DFOV)2. Light intensity was then calculated from the 
total energy divided by the illumination area. To determine the response kinetics, 
time-lapse imaging was continuously performed with 10 ms exposure and a small 
amount of 1 µM 5-HT was locally delivered to a cell of interest through a glass 
micropipette. A Picospritzer II microinjection dispenser was used to deliver the 
brief, 10-ms puff of 5-HT.

Evaluation of G-GESS-M cytotoxicity in primary mouse neurons. The plate 
reader-based neurotoxicity assays were adopted from a previous publication36. 
Primary mouse neurons were seeded at a density of 1,000 cells per well in a 96-well 
glass-bottom plate (Cellvis, catalog no. P96-1.5H-N). Cells were maintained 
and transfected with either pDisplay-G-GESS-M or pDisplay-sfGFP-M. At 
48 h post transfection, wells were randomly assigned into one of the two 
groups: the first group was treated with 10 μM tert-butyl hydroperoxide (tBHP, 
Sigma-Aldrich catalog no. 458139), while the same volume of ddH2O was added 
to the second group of cells. After an additional overnight incubation, the 
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(Roche, catalog no. 11465007001) was conducted according to the manufacturer’s 
instructions. Briefly, 10 μl of the MTT labeling reagent was added to each well. The 
96-well plate was incubated at 37 °C and 5% CO2 for 4 h. After incubation, 100 μl 
of the Solubilization solution was added into each well and incubated overnight 
at 37 °C and 5% CO2. Absorbance for each well was next determined at 550 nm 
using a monochromator-based BioTek Synergy Mx plate reader. Absorbance at 
690 nm was also measured and used as the baseline. To further evaluate the impact 
of G-GESS-M on calcium flux, a calcium mobilization assay was performed on 
primary mouse neurons in 96-well glass-bottom plates with the GFP-Certified 
Fluoforte Calcium Assay Kit (Enzo, catalog no. ENZ-51020-KP010) by following 
the manufacturer’s instructions. Briefly, 100 μl of the orange fluorescent dye 

loading solution was added into each well. Cells were incubated at 37 °C and 
5% CO2 for 45 min. Next, fluorescence was monitored with an interval of 2 s on 
a CLARIOstar Plus microplate reader (BMG Labtech) by setting excitation at 
530 ± 8 nm and emission at 570 ± 8 nm; 100 mM KCl was injected into each well 
through a reagent dispenser to depolarize neurons.

Preparation of lentivirus and AAV. We followed a protocol provided by Addgene 
and used the following plasmids (prepared from maxiprep) for lentivirus 
production: pMD2G, psPAX2 and pLenti-hSyn-G-GESS-M. The viral supernatant 
was filtered through a 0.45 μm PVDF low protein binding filter unit and further 
concentrated by PEG-8000 precipitation. Briefly, 4× Lentivirus Concentrator 
Solution (40% PEG-8000 and 1.2 M NaCl) was mixed with the combined viral 
supernatant and constantly shaken at 60 r.p.m. and 4 °C for 4 h. The solution 
was then spun down at 1,600g and 4 °C for 60 min. Supernatant was removed 
without disturbing the pellet, which contains the lentivirus. Next, the viral pellet 
was thoroughly resuspended with DPBS containing Ca2+ and Mg2+ at 1/500 of 
the original supernatant volume. The viral solution was aliquoted, flash frozen 
and stored at –80 °C. The plasmids (prepared from maxiprep) used in AAV 
production were as follows: pAdDeltaF6, pAAV2/9n and pAAV-hSyn-G-GESS-M 
or pAAV-hSyn-G-GESS-M-mScarlet-I. The AAV packing, purification and 
titering protocol were adopted from Rego et al.37. As previously described38, a cell 
transduction and fluorescence imaging assay was used to determine viral titers 
with SH-SY5Y cells. Typical viral titers were 5 × 1011 to 2 × 1012 transduction units 
(TU) ml−1 for AAV and 3 × 1010 to 8 × 1010 TU ml−1 for lentivirus.

Preparation, stimulation and imaging of acute brain slices. Intracranial 
stereotactic injection was used to deliver AAV-hSyn-G-GESS-M or 
Lenti-hSyn-G-GESS-M virus into the hippocampus of 8 weeks old BALB/cJ mice 
(The Jackson Laboratory, catalog no. 000651). A total of 3 μl of the virus was 
injected at a 1 μl min−1 flow rate with the following stereotaxic coordinate: from 
Bregma, AP +1.7 mm, ML +1.2 mm and DV +1.5 mm (ref. 39) Once injection 
was completed, the syringe was left in place for 5 min before being retracted. The 
surgical wound was closed and the animal was left to recover. Three weeks after 
injection, acute hippocampal slices were prepared for imaging. Freshly extracted 
mouse brains were sliced into 350 μm thickness in an ice-cold extracellular 
solution containing 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4, 1 mM NaH2PO4, 
26 mM NaHCO3, 2 mM CaCl2 and 10 mM glucose. Next, slices were allowed to 
recover in the aforementioned slicing solution at 34 °C for at least 40 min before 
being used for experiments. All solutions were continuously bubbled with 95% 
O2 and 5% CO2. A Scientifica SliceScope Pro 1000 equipped with a Photometrics 
Prime 95B Scientific CMOS camera and a CoolLed Enhanced pE-300white LED light 
source was used to image evoked serotonin transients in brain slices. The excitation 
light source was set at 5–10% of the overall intensity and exposure time was set 
to be 100 ms for initial evaluation of sensor expression and 10 ms for time-lapse 
imaging. Stimulation pulses were generated in the Axon pClamp10 software 
with Molecular Devices Axon Digidata 1550B and Multiclamp 700B, followed by 
further amplification with an Agilent/HP 6824 A to obtain a pulse amplitude of 
30 and 50 V. A total of 20 pulses (500 μs per pulse) at frequencies of 8 Hz, 16 Hz, 
32 Hz and 64 Hz were used to locally stimulate the hippocampal CA1 region via 
a cluster bipolar microelectrode (FHC, catalog no. 30209). No obvious difference 
was observed for brain slices prepared from AAV or lentivirus, so the data were 
analyzed collectively.

In vivo mouse imaging. Intracranial stereotactic injection was used to deliver 
Lenti-hSyn-G-GESS-M virus into the PFC of mice. BALB/cJ mice (The Jackson 
Laboratory, catalog no. 000651, 6–8 weeks of age) were used for imaging 
drug-induced 5-HT dynamic, whereas C57BL/6J mice (The Jackson Laboratory, 
catalog no. 000664, 6–8 weeks of age) were used for behavioral experiments. The 
stereotaxic coordinate for PFC was: from Bregma, AP +2.8 mm, ML +0.5 mm, 
DV +1.5 mm (ref. 40). A total of 3 μl of the virus was injected into each mouse at a 
0.5 μl min−1 flow rate. Once injection was completed, the syringe was left in place 
for 5 min before being retracted. The surgical wound was closed and the animal 
was left to recover. One week after viral injection, mice were anesthetized and 
dexamethasone (Dex, 0.02 ml at 4 mg ml−1) was administered by intramuscular 
injection to quadriceps to reduce cortical stress responses and cerebral edema. A 
chronic cranial imaging window made from a 3 × 3 mm2 round cover glass (no. 1 
thickness) and a 5 × 5 mm2 cover glass (no. 1 thickness) was installed according to 
a previously reported protocol41. Mice were allowed to recover for an additional 
2 weeks and Dex was administered once daily in the first 7 days after imaging 
window installation. To perform one-photon imaging, the mouse was lightly 
anesthetized, head-fixed on a holder, and placed under a Scientifica SliceScope 
Pro 1000. Imaging sessions started when the mouse was fully awake from the brief 
anesthesia. Image acquisition was paused briefly for administration of individual 
drugs, and occasionally a re-adjustment of the microscope focus was needed. 
MDMA was delivered i.p. at a dose of 10 mg per kilogram of body weight and images 
were acquired with a 50-ms exposure and 10-s intervals. Flu was delivered i.p. at 
a dose of 2 mg per kilogram of body weight and images were also acquired with a 
50-ms exposure and 10-s intervals. Res was delivered i.p. at a dose of 0.2 mg per 
kilogram of body weight near the end of the imaging session. To perform the cued 
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fear conditioning experiment, head-fixed mice acclimated in a dark environment 
were presented sequentially with a 10-s cue, a 1-s break and a 1-s electric FS 
(0.6 mA). The cue consists of a 70 dB 5 kHz sine wave tone and a visual stimulation  
(a bright white screen) delivered with a 7-inch monitor right in front of the mice. 
The space between the top of the mouse head and the objective lens was wrapped 
with aluminum foil to minimize light leakage into the imaging system when the 
visual cue was presented. Images were acquired with a 50-ms exposure every 200 ms.

Ratiometric imaging of 5-HT in mice treated with PCPA. 
Intracranial stereotactic injection was used to deliver 1 µl of AAV virus 
(AAV-hSyn-G-GESS-M-mScarlet-I or AAV-hSyn-G-dGESS-M-mScarlet-I) 
into the hippocampus of 7-week-old BALB/cJ mice (The Jackson Laboratory, 
catalog no. 000651). The coordinate was: from Bregma, AP +1.7 mm, 
ML +1.2 mm and DV +1.5 mm (ref.39). Seven days post viral injection, PCPA 
(4-chloro-dl-phenylalanine methyl ester; Sigma-Aldrich, catalog no. C3635) was 
dissolved in normal saline and delivered into mice via i.p. injection at a dosage 
of 300 mg kg−1 (drug weight per body weight) each day for 5 consecutive days. 
Brain slices were subsequently prepared and imaged. Mice injected with AAV 
but untreated with PCPA were used as the control groups. Images were acquired 
with a Scientifica SliceScope Pro 1000 equipped with a Photometrics Prime 95B 
Scientific CMOS camera and a CoolLed Enhanced pE-300white LED light source. 
The excitation intensities for the green and red channels were set at 20% and 15%, 
respectively. Camera exposure was 10 ms. For each group, five brain slices were 
obtained from two mice and around seven fluorescent neurons were randomly 
selected from each slice for data analysis. After subtracting image background 
with a rolling ball radius of 300 pixels, the fluorescence intensities of each selected 
neuron in the green and red channels were determined using Fiji (ImageJ) and 
intensity ratios were calculated.

Data and statistical analysis. Microsoft Excel (v.16.16.27), GraphPad Prism v.9 
and Affinity Designer (v.1.8) were used to analyze data and prepare figures for 
publication. PyMOL (v.2.1.1) was used for structural visualization and analysis. 
Statistical methods used to determine P values are presented in the figure legends 
and differences with P < 0.05 were considered significant. Sample size and the 
number of replications for experiments are also presented in figure legends. No 
statistical methods were used to predetermine the sample size. Unless otherwise 
indicated, data are shown as mean and s.d. Fiji (ImageJ) was used to analyze 
microscopic images. Imaging background was typically subtracted by setting the 
rolling ball radius to 300 pixels. Time-lapse images were corrected for motion using 
the StackReg plugin. Images stacks were corrected for photobleaching by using 
a linear or exponential decay fitting of baselines. F/F0 was generated using the 
‘T-functions’ plugin in the ‘Cookbook’ menu (https://imagej.net/Cookbook) and 
the processed thresholded images were pseudocolored with a ‘Ratio’ lookup table.

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

Data availability
The gene sequence for G-GESS has been deposited with GenBank under the 
accession number MW027675. The plasmids for pDisplay-G-GESS-M (plasmid 
154273), pAAV-hSyn-G-GESS-M (plasmid 154274), pLenti-hSyn-G-GESS-M 
(plasmid 154275), pDisplay-G-dGESS-M (plasmid 154276), 
pAAV-hSyn-G-dGESS-M (plasmid 154277) and pLenti-hSyn-G-GESS-M (plasmid 
154278) and their sequence information have been deposited with Addgene. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Structural analysis to identify potential cpGFP insertion sites. a, Cartoon presentation of AM10. Loops showing ligand-dependent 
changes in dihedral angle (defined by the Cα atoms spanning every four sequential residues) are highlighted in red. b, Cα dihedral differences calculated 
from dihedrals between the ligand-bound (PDB 3BU1) and apo (PDB 3BS2) states of AM10 plotted against residue numbers. c, Dihedral angles for 
residue 113 of AM10 in the ligand-bound and apo states. d, Cartoon presentation of D7r4. Loop 2 showing a 5-HT-dependent change in dihedral angle is 
highlighted in red. e, Cα dihedral differences calculated from dihedrals between the ligand-bound (PDB 2QEH) and apo (PDB 2QEV) states of D7r4 plotted 
against residue numbers. f, Dihedral angles for residue 29 of D7r4 in the ligand-bound and apo states.
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Extended Data Fig. 2 | Process to engineer G-GESS. a, Flowchart to illustrate our integrated, multi-step process to derive G-GESS. ΔF/F0 for each sensor 
generation is also presented. From G-GESS0.3 to G-GESS0.4, several N-terminal residues uninvolved in ligand binding were deleted, resulting in increased 
fluorescence change. However, it was found later in G-GESS0.5 that these residues were important for achieving good cell surface localization, so they 
were added back to G-GESS0.6. From G-GESS0.6 to G-GESS0.7, superfolder mutations (previously reported for sfGFP) were introduced into the cpGFP 
fragment of the sensor, resulting in improved brightness and fluorescence change. b, Sequence alignment of G-GESS with two earlier variants.
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Extended Data Fig. 3 | Two-photon fluorescence characterization of G-GESS. a, Two-photon fluorescence excitation spectra in the presence (green) and 
absence (black) of 5-HT. b, Ratio of two-photon excitation in the presence over absence of 5-HT plotted against wavelength. These experiments were 
repeated twice with similar results.
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Extended Data Fig. 4 | Characterization of G-GESS-M for membrane localization in HEK 293 T cells. a, Representative fluorescence images of HEK 
293 T cells co-transfected with pDisplay-G-GESS-M and pCMV-R-GECO1. Red fluorescent Ca2+ sensor R-GECO1 was co-expressed as a whole-cell label. 
Scale bar, 20 µm. b, Fluorescence intensity measured over the white line shown in the ‘overlay’ image of panel a. These experiments were repeated three 
times with similar results using independent cultures.
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Extended Data Fig. 5 | Construction of G-dGESS, an unresponsive variant of G-GESS. a, Cartoon presentation of AM182 (PDB 3BRN), highlighting the 
5-HT ligand (magenta) and two residues (F58 and D106; colored in cyan and numbered according to PDB 3BRN) important for ligand binding. Mutations 
corresponding to F58A and D106L were introduced into G-GESS to create an unresponsive variant named ‘G-dGESS’. b, Representative fluorescence 
images of G-dGESS-M at the surface of HEK 293 T cells, in the presence or absence of 5-HT. This experiment was repeated three times with similar results 
using independent cell cultures. Scale bar, 20 µm.
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Extended Data Fig. 6 | Imaging of 5-HT release from β-cells and neuroblastoma cells. a, Representative images of G-GESS-M at the surface of mouse 
pancreatic MIN6 β-cells. Scale bar, 20 µm. b, Fluorescence traces of G-GESS-M in response to high glucose (25 mM). n = 7 cells for G-GESS-M and 6 cells 
for G-dGESS-M from 3 independent repeats. c, Representative images of G-GESS-M at the surface of SH-SY5Y neuroblastoma cells. Scale bar, 20 µm. d, 
Fluorescence traces of G-GESS-M in response to nonivamide (0.1 µM). n = 13 cells from 3 repeats for each group. Data are presented as mean ± s.d. of 
indicated replicates.
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Extended Data Fig. 7 | Imaging of 5-HT release in primary mouse neuron cultures. a, Representative images of G-GESS-M at the surface of primary 
mouse neurons in response to 5-HT (10 µM). Also shown is a pseudocolor ratiometric image of the neuron in the presence over absence of 5-HT. Scale 
bar, 20 µm. This experiment was repeated three times with similar results using independent cultures. b, Fluorescence traces of G-GESS-M at the surface 
of primary mouse neurons, in response to high potassium induced membrane polarization. n = 19 cells for G-GESS-M and 12 cells for G-dGESS-M from 4 
repeats. Data are presented as mean ± s.d. overlaid on the top of the traces of individual cells.
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Extended Data Fig. 8 | Evaluation of G-GESS-M cytotoxicity in primary mouse neurons. a, MTT assay of primary neurons transfected with 
pDisplay-G-GESS-M or pDisplay-sfGFP-M in the absence or presence of the oxidative stress inducer, tert-butyl hydroperoxide (tBHP). P values determined 
by unpaired, two-tailed Student’s t-test. n = 6 cultures each group. b, Ca2+ mobilization assay of primary neurons transfected with pDisplay-G-GESS-M or 
pDisplay-sfGFP-M in response to depolarization with 100 mM KCl at the indicated time point. Intracellular Ca2+ was monitored with an orange fluorescent 
Ca2+ indicator (Enzo GFP-Certified Fluoforte Calcium Assay Kit). P values determined by unpaired, two-tailed Student’s t-test. n = 4 cultures each group. 
Individual data points and mean ± s.d. are presented. n.s., not significant.
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Extended Data Fig. 9 | Imaging of 5-HT release in acute mouse brain slices. a, Schematic diagram illustrating the preparation of acute mouse brain 
slices with viral expression of G-GESS-M. b, Representative fluorescence images of G-GESS-M-expressing mouse brain slices. Scale bar, 200 µm. 
This experiment was repeated five times with three slice preparations and similar results were obtained. c, Representative fluorescence images of 
G-GESS-M-expressing hippocampal neurons in mouse brain slices in response to electrical stimuli (20 pulses at 64 Hz). Also shown is a pseudocolor 
ratiometric image (peak F/F0) of a representative neuron. Scale bar, 20 µm. This experiment was repeated six times with three slice preparations and 
similar results were obtained. d, Fluorescence traces of G-GESS-M in response to 20 pulses of electric stimuli at 50 V and the indicated frequencies. e, 
Fluorescence traces of G-GESS-M in response to 20 pulses of electric stimuli at 30 V and the indicated frequencies. f, Maximal fluorescence ratio change 
(peak F/F0) plotted against stimulation frequency at 50 V or 30 V. P values determined by 2-way ANOVA with Sidak’s multiple comparisons test. n = 6 
cells on 3 slices from 2 mice for each group stimulated at 50 V, and 3 cells on 2 slices from 2 mice for each group stimulated at 30 V. Data are presented as 
mean ± s.d in all panels.
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Extended Data Fig. 10 | Bicistronic co-expression of G-GESS-M with a red fluorescent protein mScarlet-I to detect pharmacological modulation of 
5-HT by p-chlorophenylalanine methyl ester (PCPA), a tryptophan hydroxylase inhibitor. a, Schematic diagram illustrating the co-expression construct 
including G-GESS-M, a P2A peptide self-cleaving site, and mScarlet-I. b, Representative fluorescence images of the co-expression construct expressed in 
HEK 293 T cells in the absence and presence of 5-HT acquired with a Leica DMi8 SPE confocal microscope. Scale bar, 20 µm. c, Quantitative analysis of 
the green-to-red intensity ratios of HEK 293 T cells, in the absence or presence of 5-HT for G-dGESS-M-P2A-mScarlet-I and G-GESS-M-P2A-mScarlet-I. 
P values determined by unpaired, two-tailed Student’s t-test. n = 12 random cells from three independent cultures. d, Schematic diagram illustrating the 
mouse treatment timeline, including intracranial injection of AAV on Day 0 and PCPA injection from Day 7 to Day 11. Acute brain slices were prepared 
and imaged on Day 12. e, Representative fluorescence images of the co-expression construct expressed in the hippocampus of mice with or without PCPA 
treatment. Images were acquired with a Scientifica SliceScope Pro 1000. Scale bar, 20 µm. f, Quantitative analysis of the green-to-red intensity ratios of 
mouse brain slices, in the presence or absence of PCPA. P values determined by one-way ANOVA with Tukey’s multiple comparisons test. n = 7 cells on 
one 5-HT-treated slice expressing G-GESS-M-P2A-mScarlet-I, and 35 cells on 5 slices from two mice for all other groups. Individual data points and mean 
± s.d. are presented. n.s., not significant.
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