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Review 

Genetically encoded dopamine sensors: principles, 
applications, and future directions 
Hui Dong1,2, Zhenghua Wang1,3 and Yulong Li1,3,4,5   

Dopamine is a crucial neuromodulator involved in various 
physiological and pathological states. Detecting dopamine 
dynamics with high spatial and temporal resolution serves as a 
fundamental basis for understanding the multifaceted functions 
of dopamine. Recently, emerging genetically encoded dopamine 
fluorescent sensors enable high spatiotemporal resolution in vivo 
detection of dopamine dynamics within the living brain. Here, we 
summarize the principles and features of genetically encoded 
dopamine sensors. We then highlight the advantages of these 
dopamine sensors through studies that have utilized them. 
Finally, we present perspectives on future directions for the 
development of next-generation dopamine sensors. 
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Introduction 
Dopamine is a crucial monoamine neurotransmitter in 
the brain, playing a pivotal role in movement, learning, 

memory, reward, and motivation [1]. Disruptions in the 
dopamine system lead to a variety of psychiatric and 
neurological disorders, including Parkinson’s disease, 
addiction, and schizophrenia. Pioneering studies using 
formaldehyde-induced fluorescence revealed multiple 
dopamine-rich neuronal nuclei in the brain, distributed 
from the mesencephalon to the olfactory bulb, desig
nated as A8-A16 [2]. Among these, the substantia nigra 
(A9) and ventral tegmental area (VTA) (A10) in the 
mesencephalon have received the most extensive re
search attention. These dopaminergic neurons project to 
various brain regions, with the densest projections to the 
dorsal striatum and nucleus accumbens and sparser 
projections to the cortex and amygdala. 

Unlike classical neurotransmitters, dopamine functions 
as a neuromodulator, lacking the formation of classical 
synaptic structures [3,4]. Dopamine terminals form var
icosities and often fail to establish typical postsynaptic 
structures. Upon release from presynaptic terminals, 
dopamine acts on dopamine receptors located on nearby 
neuronal cell bodies, dendrites, or even axons through 
volume transmission. In vertebrates, dopamine exerts its 
effects through two major classes of dopamine receptors: 
the Gs/olf-coupled D1-like (D1 and D5) receptors and 
the Gi/o-coupled D2-like (D2, D3, and D4) receptors. 

Nongenetically encoded methods for 
dopamine detection in vivo 
Tools and methods for dopamine detection are the cor
nerstones of understanding dopamine signaling 
(Table 1). Classical approaches include microdialysis and 
electrochemical methods. Microdialysis has been widely 
used to measure the dopamine dynamics in the living 
brain [5]. It involves extracting soluble chemicals like 
dopamine from the brain’s cerebrospinal fluid using a 
semipermeable membrane, followed by further analysis 
of its concentration using chromatographic and analytical 
techniques. By enhancing the sensitivity of analytical 
methods, the temporal resolution of microdialysis tech
niques has been improved to the order of seconds; 
however, the commonly used microdialysis methods still 
operate at a temporal resolution of minutes. [6] Micro
dialysis probes usually has 100–200 µm diameter. Mi
crodialysis offers high sensitivity and molecular 
specificity but suffers from low temporal resolution and 
invasiveness, potentially causing brain tissue damage. 
Electrochemical methods, including amperometry and 
fast-scan cyclic voltammetry, are commonly employed 
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for transient dopamine detection, providing high tem
poral resolution under the order of subseconds [7]. 
Carbon fiber microelectrodes are among the most com
monly used in electrochemical methods for recording 
dopamine, with a tip diameter of approximately 
5–10 µm, which provides a reasonably good spatial re
solution [7]. However, due to the similar oxidation–re
duction potentials of dopamine and norepinephrine, 
these methods often face difficulties in distinguishing 
between the two. 

In recent years, fluorescent nanosensors based on single- 
walled carbon nanotubes (SWNTs) have been devel
oped for the detection of catecholamines. One such 
nanosensor with near-infrared (NIR) excitation is known 
as the NIR catecholamine nanosensor (nIRCat) [8]. This 
technology utilizes an SWNT noncovalently functiona
lized with single-strand (GT)6 oligonucleotides to form 
the nIR catecholamine nanosensor (nIRCat). The 
nIRCat is employed in the striatal nuclei, where dopa
mine projections are dense, to monitor the spatio
temporal dynamics of dopamine, offering subsecond 
temporal resolution and micrometer spatial resolution. 
However, these probes are not yet adept at distin
guishing between dopamine and norepinephrine. These 
nanosensors exhibit fluorescence emission in the range 
of near-infrared, which is well-suited for in vivo imaging 
due to good tissue penetrance. However, there is cur
rently a lack of in vivo application examples. 

The design and features of genetically 
encoded dopamine sensors 
In recent years, genetically encoded neuromodulator 
fluorescent indicators have been developed (Table 2), 
enabling high spatiotemporal resolution detection of 

dopamine dynamics in vivo [9–13]. Two prominent 
series include the GRABDA and dLight sensors. Both 
series share a similar principle — they incorporate a 
dopamine sensing domain, typically a dopamine re
ceptor, and a fluorescent reporter domain, such as cir
cular-permutated enhanced green fluorescent protein 
(cpEGFP) or circular-permutated mApple (cpmApple) 
(Figure 1a). The sensing domain, dopamine receptor, 
has a highly conserved conformational change in fifth 
(TM5) and sixth (TM6) transmembrane domains upon 
dopamine binding. A conformation-sensitive fluorescent 
protein is inserted into the third intracellular loop 
(ICL3) between TM5 and TM6 of the dopamine re
ceptor. Dopamine binding to the dopamine probe trig
gers a conformational change in the binding domain, 
which afterward change the micro-environment sur
rounding the fluorophore and in turn alters the fluores
cence intensity of the fluorescent protein. This 
fluorescence intensity change therefore serves as an in
dicator of dopamine dynamics. 

Both GRABDA and dLight sensors offer several out
performing advantages over existing methods for mon
itoring extracellular dopamine dynamics in vivo. First, 
these sensors are genetically encoded, which making 
them feasible to express in specific cell type or brain 
region either through virus-based approaches or trans
genic line. Second, these dopamine sensors provide ex
ceptional spatiotemporal resolution for in vivo dopamine 
imaging. They have subsecond kinetics and high signal- 
to-noise ratio, which makes them enable to track dopa
mine transients in real time in behavioral animals. 
Combining with advanced microscope, these fluorescent 
sensors enable to detect dopamine dynamics in high 
temporal resolution. Finally, these sensors offer 

Table 1 

Advantages and disadvantages of methods for dopamine detection.     

Method Advantages Disadvantages  

Microdialysis  1. High sensitivity  
2. High molecular specificity  
3. Simultaneous detection of various chemicals  
4. Quantitative detection of dopamine level  

1. Low temporal resolution (usually minute-level 
sampling rate)  

2. Low spatial resolution (usually 100−200 µm probe 
diameter)  

3. Invasiveness (probe insertion potentially causes tissue 
damage) 

FSCV  1. High sensitivity  
2. High temporal resolution (subseconds level)  
3. Higher spatial resolution than microdialysis 

(usually 5−10 µm probe diameter)  

1. Unable to distinguish between DA and NE  
2. Unable to be extended to the detection of other 

nonelectrochemically molecules 

Nanosensor  1. High temporal resolution (subseconds level)  
2. High spatial resolution (micrometer level)  
3. NIR emission provides good tissue 

penetrance for in vivo imaging  

1. Unable to distinguish between DA and NE  
2. The demand for external injection of sensors limits in 

vivo applications 

Genetically encoded sensors 
(GRABDA and dLight)  

1. High sensitivity  
2. High temporal resolution (subseconds level)  
3. High spatial resolution (subcellular level)  
4. High molecular and cell type specificity  
5. Low invasiveness  

1. Currently cannot achieve the emission wavelength 
of NIR  

2. Currently cannot achieve quantitative detection of 
dopamine level 

FSCV, fast - scan cyclic voltammetry; DA represents dopamine; NE, norepinephrine.  

2 Dopamine  
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excellent molecular specificity to dopamine. The latest 
dopamine sensor gGRABDA3m could effectively distin
guish dopamine from norepinephrine and minimally 

receives the interference of endogenous norepinephrine 
during the process of recording dopamine signals in the 
prefrontal cortex of mice [11]. 

Table 2 

List of genetically encoded dopamine sensors.          

Dopamine 
sensors 

GPCR 
scaffold 

Reporter 
domain 

Ex/ 
Em (nm) 

Isosbestic 
point (nm) 

Responses 
(maximum ΔF/F0) 

Affinity 
(EC50/nM) 

Ref  

GRABDA   

gDA3m human D1R cpEGFP 495/520 410  11.4  86 Zhuo, et al., Nat. 
Methods, 2023 gDA3h bovine D1R cpEGFP 500/520  -  12.5 22 

gDA2m human D2R cpEGFP - -  3.4  90 Sun, et al., Nat. 
Methods, 2020 gDA2h human D2R cpEGFP 500/520  440  2.8 7 

gDA1m human D2R cpEGFP - -  0.9  130 Sun, et al., Cell, 2018 
gDA1h human D2R cpEGFP -  -  0.9 10 
rDA3m human D1R cpmApple 560/595 -  10.3  130 Zhuo, et al., Nat. 

Methods, 2023 rDA3h human D1R cpmApple 565/585  -  10.2 20 
rDA2m ant D2R cpmApple 565/595  -  6.6 180 
rDA2h ant D2R cpmApple 565/595  -  4.1 9 
rDA1m human D2R cpmApple 565/595 -  1.5  95 Sun, et al., Nat. 

Methods, 2020 rDA1h human D2R cpmApple 565/595  -  1.2 4 
dLight    
dLight1.1 human D1R cpEGFP -/516 -  2.3  330 Patriarchi, et al., 

Science, 2018 dLight1.2 human D1R cpEGFP -/516  -  3.4 770 
dLight1.3a human D1R cpEGFP -  -  6.6 2300 
dLight1.3b human D1R cpEGFP -/513  -  9.3 1680 
dLight1.4 human D4R cpEGFP -  -  1.7 4.1 
dLight1.5 human D2R cpEGFP -  -  1.8 110 
Ydlight1 human D1R cpEGFP -/525 -  3.1  1630 Patriarchi, et al., Nat. 

Methods, 2020 RdLight1 human D1R cpmApple -/588  -  2.3 860   

Figure 1  

Current Opinion in Behavioral Sciences

Structural models and application genetically encoded dopamine sensors. (a) Structural models of gGRABDA3m (left) and rGRABDA3m sensors (right) generated 
using AlphaFold. (b) In vivo recording of dopamine dynamics combined with dopamine sensors and fiber photometry or two-photon imaging. 
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Instrument for recording of dopamine sensor 
signals 
Since the fluorescent module of the novel dopamine 
sensors employs similar principle (single fluorophore- 
based strategy) to that of genetically encoded calcium 
indicators, the same modality used for recording calcium 
probes can be utilized without the need for new 
equipment. Two widely used approaches, fiber photo
metry and fluorescence microscopy (Figure 1b), have 
been employed in capturing fluorescent signals from 
dopamine sensors in vivo. Fiber photometry enables the 
acquisition of integrated bulk fluorescence signals from a 
targeted brain region via an optical fiber in behavior 
animals [14,15]. This method is particularly valued for its 
accessibility and compatibility with freely moving ani
mals, although it inherently lacks precise spatial resolu
tion. Conversely, one-photon and multiphoton 
microscopy provide high-resolution visualization of do
pamine dynamics but require animals to be head-fixed in 
most cases. Recent advancements in miniaturized mi
croscopy have expanded the application of this tech
nique to freely moving animals. Fiber photometry and 
microscopy offer complementary advantages, and the 
optimal method should be based on the specific research 
objectives. Fiber photometry is widely used to record 
sensor signals from deep brain nuclei of freely moving 
rodents, while microscopy is employed in recording do
pamine dynamics in the cortex of rodents [11], as well as 
in the brains of flies and zebrafish [9]. 

The application of dopamine sensors 
We will proceed to review some of the applications that 
have been developed by previous researchers, leveraging 
the advantages of these sensors. 

Dopamine sensors enable the detection of dopamine dy
namics in high temporal resolution in the brains of freely 
moving mice. The mesolimbic dopaminergic pathway 
plays a crucial role in reinforcement learning, and dopa
mine signals are believed to represent the difference be
tween reward prediction and actual reward, known as 
reward prediction error (RPE) [16]. Utilizing dopamine 
probes in conjunction with fiber photometry, researchers 
have recorded dopamine dynamics in the mouse nucleus 
accumbens during associative learning. During the initial 
learning phase, dopamine exhibits a rapid response to re
wards. As learning progresses, dopamine primarily re
sponds to nonconditioned stimulus cues, while its response 
to rewards diminishes [9,12]. These findings corroborate 
the role of dopamine in representing the difference be
tween reward prediction and actual reward. Dopamine also 
contributes to sleep–wake regulation. Hasegawa et al. ex
amined dopamine dynamics across the sleep–wake cycle in 
several brain regions. Intriguingly, they found a transient 
increase in dopamine levels in the basolateral amygdala 
(BLA) during the transition from nonrapid eye movement 

(NREM) sleep to rapid eye movement (REM) sleep in
itiation [17]. Furthermore, leveraging optogenetics and 
chemogenetics techniques, they have elucidated the tran
sient increases in dopamine in the BLA promote REM 
sleep from NREM sleep in normal mice, while triggers 
cataplexy in narcoleptic mice. 

Dopamine fluorescent probes can achieve high spatial 
resolution for detecting the spatial dynamic characteristics 
of dopamine. Dopamine fulfills a crucial teaching signal in 
olfactory associative learning paradigms in the fly brain. 
To synchronously monitor the dynamics of dopamine 
across multiple regions within the fly mushroom body, 
transgenic dopamine sensor fly was generated. 
Subsequently, two-photon microscopy was employed to 
detect signals emanating from the dopamine probes 
during various stimuli. Odor stimuli and electric shocks 
induce compartmentally heterogeneous dopamine release 
in the mushroom bodies of Drosophila [9]. Under the 
fiber photometry recording, we know that dopamine en
codes RPEs in the mammalian brain; however, it is un
known whether dopamine release spatial heterogeneous 
in striatum in mice just like mushroom body in fly. Using 
widefield imaging with dLight sensors, Hamid et al. re
ported wave-like spatiotemporal dopamine dynamics 
across the dorsal striatum [18]. Intriguingly, the wave 
trajectory propagating directions depend on behavior 
tasks. Rewards after an instrumental trial triggered 
medially sourced, laterally propagating waves, whereas 
rewards in the Pavlovian task promoted laterally initiated, 
medially propagating waves. The probe diameter in mi
crodialysis is relatively large, which poses a significant 
challenge when attempting to apply it to small animals 
like fruit flies, where precise targeting of brain regions is 
crucial. Moreover, both microdialysis and voltammetry are 
characterized by a lower throughput, which hampers their 
ability to capture the intricate, wave-like dynamics of 
dopamine release observed in the brains of mice. The 
compartmentally heterogeneous dopamine release in the 
fly brain and the wave-like spatiotemporal dopamine 
dynamics in the mouse brain exemplify the unique ad
vantages of dopamine fluorescent sensors. 

Red-shift spectrum dopamine sensors have distinct and 
well-separated spectra from GFP-based sensors, thus 
enabling orthogonally combine with commonly used op
tical sensors to simultaneous monitoring of other neuro
transmitter, neuromodulator, or intracellular chemicals. 
Striatal dopamine release is considered to be regulated by 
local neuromodulators, especially acetylcholine (ACh)  
[19,20]. Using dual-color imaging of dopamine and ACh 
in vivo, dopamine and ACh exhibit anticorrelated tran
sients and fluctuate spontaneously and periodically across 
behavioral states more than just reward [21–23]. The β2- 
containing nAChR blocker attenuated striatal dopamine 
dynamics [24]; however, genetic deleting β2 nAChR 
subunit in dopamine neurons or inhibition of ACh release 
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minimally perturb striatal dopamine dynamics [21,22]. In 
addition to studying the regulation between dopamine 
and other neurotransmitters, the downstream cell sig
naling regulated by dopamine is also important. Dopa
mine D1-like receptors are coupled to Gαs to activate 
adenylate cyclase then to increase intracellular cAMP. 
Assessed using red GRABDA and green fluorescent cAMP 
indicator G-Flamp1 [25], intracellular cAMP accompanied 
with dopamine dynamics in mating behavior in the NAc  
[11]. When using mApple-based red dopamine sensors, it 
is important to be mindful of photoactivation, also known 
as ‘photoswitching’ or ‘photoconversion’. Upon exposure 
to blue light, these fluorescent probes may exhibit a rapid, 
artificial increase in fluorescence signals, which is not due 
to an increase in dopamine concentration but rather a 
photoactivation phenomenon. For instance, the red do
pamine sensor dLight signals in the NAc were readily 
increased upon blue light activation [26,27]. Therefore, 
control experiments should be designed carefully to ac
count for or mitigate these potential artifacts. 

Previous generation of dopamine sensors are widely and 
limitedly used in the striatum and nucleus accumbens, 
which receive dense dopaminergic innervation. Low 
sensitivity limits the application of these sensors in brain 
regions where dopamine projections are sparse. The new 
generation of GRAB dopamine sensor is super sensitive 
to dopamine and enables to monitor sparse dopamine 
release in cortex and amygdala. Using fiber photometry 
recording, the super sensitive dopamine sensor, 
gGRABDA3h, enables to monitor prefrontal cortex dopa
mine release by one-pulse optogenetic stimulation of 
VTA dopaminergic neurons in awake behavior mice  
[11]. Using two-photon imaging, gGRABDA3h sensor al
lows the mapping of spatially and functionally diverse 
patterns of dopamine release in the motor cortex under 
forced running and tail shock conditions [11]. In the 
future, we can harness these supersensitive dopamine 
sensors in conjunction with microscopy to investigate 
the dynamic patterns of dopamine in the cortex under 
various physiological and pathological behavioral states. 

Dopamine sensors can be introduced into specific cells 
or brain regions either by employing viruses as delivery 
vehicles or by generating transgenic mice that harbor the 
fluorescent sensor. Beyond these approaches, estab
lishing stable cell lines that constitutively express the 
dopamine sensor — referred to as ‘dopamine sniffer 
cells’ —allows for the direct monitoring of dopamine 
release by seeding sniffer cells on top of cultured do
paminergic neurons [28]. Furthermore, the development 
of fiber-optic probes incorporating engineered cells of
fers a convenient, real-time tracking of dopamine levels 
in animals that are freely moving. These techniques can 
expedite the process of capturing dopamine fluctuations 
within tissues, bypassing the need for lengthy plasmid 
transfections or viral expression. They also hold the 

potential to be applied in species where genetic ma
nipulation and protein synthesis are either impractical or 
labor intensive. 

Future directions 
The development and application of genetically en
coded sensors have already led the dopamine detection 
into a new era. Current dopamine sensors allow sensitive 
detection for in vivo dopamine dynamics during phy
siological and pathological conditions, even in regions 
with sparse dopaminergic innervation. However, current 
dopamine sensors still face challenges in multiplex 
imaging and quantitative measurements. Besides, al
though the selectivity of current dopamine sensors could 
already fulfill the requirements for the discrimination 
between dopamine and norepinephrine under certain 
circumstances, there is still space for improvement. 
Optimizations for these limitations will be a focus for 
future research in this field. 

Multiplex imaging of dopamine and other neuro
transmitter dynamics is crucial for research on the 
functions of neurotransmitters. Many physiological pro
cesses and pathological conditions in brain are related to 
dopamine and several other neurotransmitters. The in
terplay between dopamine and other neurotransmitter 
systems is highly universal and physiologically relevant 
in the nervous system [29]. Green and red neuro
transmitter sensors have been successfully developed 
and applied to enable dual-color imaging of two different 
neurotransmitters [10,11,13]. On this basis, multiplex 
imaging using three and even more colors for the si
multaneous detection of different neurotransmitters 
should be further developed so as to answer more 
questions. For example, various neurotransmitters such 
as dopamine, norepinephrine, serotonin, histamine, and 
adenosine are involved in the regulation of the sleep–
wake cycle [30,31]. Expanded multicolor imaging would 
elucidate the coordination and regulation among these 
neurotransmitters. To realize the goal, it is necessary to 
expand the sensor’s spectrum further, particularly ex
tend the wavelength to a range of far-red (650–700 nm) 
and NIR (> 700 nm). Far-red/NIR sensors also have 
other advantages, including increased imaging depth, 
reduced background, and phototoxicity [32]. Several far- 
red/NIR FPs in circularly permutated form or split form 
have been utilized to develop single-FP-based calcium 
and zinc ion sensors [33–36], providing possible choices 
for fluorescent modules of dopamine sensors. However, 
the relatively low brightness of these far-red/NIR FPs 
could bring challenges for the sensitivity of dopamine 
sensors. Introducing the chemigenetic strategy into the 
development of dopamine sensors can be an alternative 
approach. Fluorescent chemical dyes can covalently bind 
with self-labeling proteins such as HaloTag through 
specific ligands and provide higher brightness and 
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photostability compared with FPs [37–39]. Some che
mical dyes are able to cross the blood–brain barrier, thus 
enable applications in brain [40,41]. The system com
bining circularly permutated HaloTag and context-sen
sitive chemical dyes has been applied in developing 
calcium and voltage sensors [42,43], indicating a possi
bility to develop far-red/NIR dopamine sensors based on 
the chemigenetic strategy. In addition to HaloTag, 
several other self-labeling protein tag systems, including 
TMP-tag [44] and SNAP-tag [45], offer the ability to 
label proteins with various chemical dyes simultaneously 
and orthogonally. Optimized versions such as TMP-tag3  
[46] and SNAP-tag2 [47] exhibit enhanced brightness 
and labeling speed, making them valuable tools for live- 
cell imaging. These tags have the potential to be used in 
the development of neurotransmitter sensors, including 
those for dopamine and other molecules. This would 
enable orthogonal multiplex imaging of multiple neu
rotransmitters in the far-red/NIR spectrum. 

Quantitative measurement is also urgently required for 
the detection of dopamine. Quantifying dopamine dy
namic could help distinguish the phasic and tonic release  
[48], thus provide further insights into their physiological 
roles. Dopamine receptors such as D1R and D2R have 
significantly different affinities for dopamine and play 
opposite regulatory effects on downstream signals [49]. 
Quantification of dopamine concentration could also 
help explore whether different dopamine levels have 
different functions by acting on different receptors. 
Current dopamine sensors are facing challenges in 
quantitative measurement due to their dependence on 
fluorescence intensity detection [50], which can be in
fluenced by various factors such as fluorophore con
centration, excitation power fluctuation, and 
photobleaching. Ratiometric sensors are one of the so
lutions since they have intrinsic references to reduce 
intensity-related artifacts. They can be categorized into 
emission and excitation ratiometric sensors. Emission 
ratiometric sensors use two distinct emission wave
lengths, one can respond to ligand binding and the other 
acts as a reference [51,52]. However, the occupation of 
two channels limits the potential for multiplex imaging. 
Excitation ratiometric sensors are based on the shift of 
the sensors’ excitation curve when ligand binding. By 
exciting the sensor using two distinct wavelengths and 
measure a fixed emission wavelength, the emission ratio 
between two excitation wavelengths can be calculated 
and thus determine the sensor’s state, which is corre
sponding to the ligand concentration [53]. Despite the 
advantages mentioned above, the readout of ratiometric 
sensors is still influenced by the wavelength-dependent 
scattering. Fluorescence lifetime offers another pro
mising option. It is defined as the average time that an 
excited fluorophore remains in its excited state, which is 
an intrinsic property of the fluorophore independent of 
intensity-related factors, thus can be measured 

quantitatively using fluorescence lifetime imaging mi
croscopy [54–56]. Fluorescence lifetime has been uti
lized to quantitatively measure the concentration of 
intracellular molecules such as calcium [57–59] and 
cAMP [60]. One of the published lifetime-based calcium 
sensor Tq-Ca-FLITS, utilizing the cyan fluorescent 
protein mTurquoise2, exhibits a significant change in 
fluorescence lifetime upon calcium binding. However, 
the relatively short excitation and emission wavelengths 
of Cyan fluorescent protein limit its usefulness for in vivo 
neuronal imaging. A pressing need exists for more red- 
shifted lifetime-based sensors that can quantitatively 
measure the dynamics of neurotransmitters, including 
dopamine, in living animals. 

Selectivity between dopamine and norepinephrine is 
always an essential property of dopamine sensors due to 
the structural similarity and the importance in nervous 
system of these two neurotransmitters. As is mentioned 
above, the latest gGRABDA3m sensor already has good 
sensitivity and selectivity that could enable dopamine 
recording in the mouse motor cortex without the inter
ference from norepinephrine [11]. In some other typical 
brain regions with projections of adrenergic neurons 
such as the visual cortex, however, evidence shows that 
there are also sparse dopaminergic projections in studied 
species [61–63]. In order to enable dopamine recording 
and learn more about functions of dopamine in such 
regions, further optimization of selectivity for dopamine 
sensors might be required. To achieve better selectivity 
without reducing sensitivity, optimization of current 
sensors’ ligand binding pocket could be performed 
under the guidance of protein structure [64]. Besides, 
screening of orthologous receptors derived from dif
ferent species can provide better backbones for sensors 
with better selectivity [65]. This experience might also 
be used to screen highly selective dopamine sensors. 

The development of dopamine sensors has significantly 
advanced our understanding of dopamine dynamics in 
vivo. In conclusion, future research should focus on 
improving multiplexing capabilities, quantitative mea
surements, and selectivity to further elucidate the 
complex role of dopamine in the brain. By addressing 
these key areas, we can anticipate further advancements 
in our understanding of dopamine’s role in various 
physiological and pathological processes. 
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