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Abstract

Electrochemical measurements of neurotransmitters provide insight into the dynamics of 

neurotransmission. In this review, we describe the development of electrochemical measurements 

of neurotransmitters and how they started with extrasynaptic measurements, but now are pushing 

to synaptic measurements. Traditionally, behavioral measurements with biosensors or fast-scan 

cyclic voltammetry have monitored extrasynaptic levels of neurotransmitters, such as dopamine, 

serotonin, adenosine, glutamate, and acetylcholine. Amperometry and electrochemical cytometry 

techniques have revealed mechanisms of exocytosis, suggesting partial release. Advances in 

nanoelectrodes now allow spatially resolved, electrochemical measurements in a synapse, which is 

only 20–100 nm wide. Synaptic measurements of dopamine and acetylcholine have been made. In 

this article, electrochemical measurements are also compared to optical imaging and mass 

spectrometry measurements, and while these other techniques provide enhanced spatial or 

chemical information, electrochemistry is best at monitoring real-time neurotransmission. Future 

challenges include combining electrochemistry with these other techniques, in order to facilitate 

multisite and multianalyte monitoring.
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1. INTRODUCTION

The brain is the most complex organ in the body, with the average human brain having 11.5 

trillion neurons. These neurons communicate with each other with chemical 

neurotransmitters released into a synaptic cleft between two neurons. Synapses are 

intercellular junctions that connect the presynaptic terminals of axons with the postsynaptic 

dendrites of another neuron (Figure 1a) (1). Neurotransmitters are released into the synaptic 

cleft after an action potential causes the influx of Ca2+ ions through voltage-gated calcium 

ion channels and activates vesicular exocytosis. For direct transmission, the released 

neurotransmitters bind to corresponding receptors on the postsynaptic terminal to elicit a 

response. Receptors are also located on the presynaptic cell membrane that autoregulate the 

amount of neurotransmitter released. Neurotransmitters are cleared by uptake via 

transporters or diffusion (2). Given that the average neuron has 29,800 synapses (3), it is 
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vital to understand chemical neurotransmission and to develop techniques that allow the 

study of these neurotransmitters.

Direct transmission, however, is not the only method of chemical communication. In volume 

transmission, neurotransmitters can diffuse in the extracellular space and act at more distant 

neurons. There are two types of volume transmission: spillover, in which neurotransmitters 

escape the synaptic cleft/active zone, and extrasynaptic exocytosis, where the vesicle is 

released outside the synaptic active zone (Figure 1b) (4–6). Volume transmission is of 

particular importance with neurotransmitters such as dopamine or serotonin, and they are 

sometimes called neuromodulators because of their range of signaling.

In order to study chemical neurotransmission, a variety of tools and techniques have been 

developed. Microdialysis is a versatile, in vivo sampling technique that is useful for 

monitoring changes in neurochemical basal concentrations, but it is not small enough 

(typically with a probe diameter or 200 μm or more) to localize in a synapse (7). 

Microelectrodes are smaller, typically 7 μm, but the synaptic cleft is 20–100 nm, so they also 

mostly measure in the extracellular space. Electrochemistry does have the advantage that it 

is fast and can be used to monitor changes in real time. Recently, advances in nanoelectrode 

fabrication have facilitated manufacturing of smaller electrodes that are small enough to 

measure in a single synapse. These electrodes have been used to measure in artificial 

synapses (8) and a single synapse in neuron cultures (9).

In this review, we trace the development of electrochemical methods to measure both 

extrasynaptic and synaptic neurotransmission. Electrochemical measurements of 

extracellular levels are discussed, with a focus on how they correlate with behavior. 

Mechanisms and modes of exocytosis as well as how they provide insight into quantal 

release are also discussed. The first attempts at measuring neurotransmitters in a single 

synapse are highlighted, as this is an emerging field. Finally, we compare electrochemical 

measurements at the synapse to information gained from other techniques and discuss future 

challenges for developing more robust electrochemical measurements at the synapse.

2. EXTRASYNAPTIC NEUROTRANSMITTER MEASUREMENTS

Electrochemical measurements of neurotransmitters have traditionally measured 

extrasynaptic volume transmission, providing valuable information linking neuronal 

communication to behavior and pathology. Fast-scan cyclic voltammetry (FSCV) and 

amperometry are popular approaches to monitor real-time fluctuations of neurotransmitters 

because they quantitate electroactive species (10). With amperometry, a constant voltage is 

applied, but there is limited chemical information. FSCV is a rapid voltage scanning 

technique that provides a cyclic voltammogram to identify the detected analytes. 

Amperometry is also used in biosensors, which rely on enzyme cascades that produce an 

electroactive product such as hydrogen peroxide. Biosensors are useful because they can 

detect nonelectroactive analytes. For direct electrochemistry, carbon-fiber microelectrodes 

(CFMEs) are used because of their small size, biocompatibility, and good electrochemical 

properties, especially for catecholamines. This section outlines some of the important 

findings of electrochemical sensors in measuring extracellular neurotransmitters and how 
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those measurements contribute to a new understanding of chemical signaling underlying 

behavior and disease.

2.1. Dopamine Measurements

Dopamine plays an important role in various aspects of neurological functions governing 

reward, motivation, reinforcement, and locomotion. Dopamine is the most extensively 

studied neurotransmitter with FSCV, partly because of its biological importance and partly 

because of its excellent electrochemistry. At CFMEs, dopamine adsorbs to oxide groups due 

to the positively charged amine group, which enhances sensitivity (11). Many studies 

focused on waveform improvements for dopamine, either extending the anodic limit (12) or 

increasing the scan rate (13) to improve the signal sensitivity. Other studies focused on 

improving the electrode, by adding carbon nanomaterials, polymer coatings, or making 

arrays (10, 14, 15). This section focuses on biological findings from measuring extrasynaptic 

dopamine.

In vivo FSCV studies have elucidated the fundamental mechanisms of dopamine regulation. 

For example, regional heterogeneity of dopamine release and uptake in the brain has been 

explored, finding differences in release and uptake within the compartments of striatum, 

nucleus accumbens (NAc), and olfactory tubercle (16, 17). An interesting recent study 

implanted two CFMEs to demonstrate that dopamine transients are perfectly synchronized in 

the NAc on both sides of the brain (18). Optogenetic studies used viral vectors to express 

light-activated channels in discrete neuronal populations and monitor their importance in 

dopamine regulation (19).

In vivo electrochemistry has also been critical to reveal the function of drugs of abuse to 

modify dopamine signaling. Psychostimulants such as cocaine and amphetamine impaired 

dopamine neurotransmission by altering dopamine transporters and vesicular transporters 

(20), increasing neuronal firing rates (21), or mobilizing the dopamine reserve pool of 

synaptic vesicles (22). Many behavioral experiments used self-administration to allow 

animals to push a lever and receive an injection of a drug of abuse. Self-administration of 

cocaine for five days caused tolerance, and evoked dopamine was lower in these cocaine-

treated animals than in naïve animals (23). However, after one month of abstinence from 

cocaine, evoked dopamine release increased with cocaine (24). Amphetamine also induced 

dopamine transients in the NAc, and amphetamine-induced transients were abolished by 

inhibiting the cannabinoid type 1 receptor (21). With the current opioid crisis, attention is 

now shifting to the effects of opioids on dopamine dynamics. Oxycodone increased the 

frequency and concentration of dopamine release as high as 500 nM in the NAc shell (25). A 

single exposure to morphine, followed by naloxone-induced withdrawal, significantly 

decreased the frequency and concentration of spontaneous dopamine transients in the NAc, 

whereas no difference was observed in evoked release (26). These experiments provide an 

understanding of the adaptation of dopamine signaling to drugs of abuse, which is vital to 

developing effective treatments.

Dopamine has also been measured in other behaviors, such as intracranial self-stimulation 

(ICSS), where an animal presses a lever to electrically stimulate its dopamine neurons (27). 

Early studies using the traditional dopamine waveform found that phasic dopamine release 
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disappeared during the continuous ICSS. Newer studies with an improved waveform 

coupled with principal component regression reevaluated the original finding and showed 

that while phasic dopamine release is not required to maintain ICSS behavior, small amounts 

of dopamine were still released (28). Numerous studies measured cue-evoked dopamine 

release in response to natural rewards or alcohol, using an audio or visual cue to predict the 

reward. Dopamine release upon food reward was observed in the NAc (29) and dorsolateral 

and dorsomedial striatum (30), and the magnitude and duration of cue-evoked transients in 

the NAc shell were larger than those in the NAc core (17). Animals were trained to choose 

either a larger reward with longer delay interval to the reward or a small reward with a 

shorter delay; dopamine was larger when the reward was greater (31). In alcohol studies, 

animals with a history of chronic alcohol exposure increased dopamine release after a 

reward-predictive cue (32). The Phillips group (33) has introduced chronic CFMEs encased 

in fused-silica capillaries (Figure 2a) that measured evoked dopamine release for up to four 

months. Dopamine increased upon food reward delivery (Figure 2b). Behaviorally evoked 

dopamine transients measured throughout Pavlovian conditioning showed elevated 

dopamine during cue- and reward-evoked transients during the early sessions (34).

Electrochemical measurements of dopamine in vivo were further expanded by introducing 

multimodal recording. Combining FSCV and electrophysiology permitted simultaneous 

measurements of dopamine release and neuronal firing rates, allowing the correlation of 

dopamine release and subsequent firing (35). Additionally, an iontophoresis barrel was 

incorporated to precisely deliver drugs to the brain and simultaneously measure neuronal 

firing (Figure 2c,d) (36, 37). Dopamine receptor antagonists were delivered prior to the cue. 

The cue-mediated dopamine response was due to the activation of D2 receptors, whereas 

after lever press, dopamine was modulated by both D2 and D1 receptors (37).

2.2. Norepinephrine Measurements

Norepinephrine is another important neurotransmitter modulating stress, sleep, and learning 

(38). However, norepinephrine measurements in vivo are challenging because its cyclic 

voltammogram is nearly identical to dopamine (39), norepinephrine projections are widely 

distributed but not particularly dense (40), and the predominant region for norepinephrine 

measurements, the ventral bed nucleus of the stria terminalis (vBNST), is only a couple 

hundred microns across (41). The signal must be validated using pharmacology and 

histology to confirm it is norepinephrine. Compared to dopamine, the release and uptake of 

norepinephrine is much slower (41). A noxious stimulation, obtained by pinching the 

animal’s tail, increased norepinephrine release in the vBSNT and inhibited dopamine release 

in NAc shell (42). Morphine increased dopamine release in the NAc but had no effect on 

norepinephrine release in the vBSNT (26). In contrast, a significant decrease in dopamine 

release was observed during morphine withdrawal, while norepinephrine release increased, 

proving that norepinephrine is associated with drug exposure and withdrawal (26).

2.3. Serotonin Measurements

Serotonin is a neurotransmitter implicated in sleep, cognition, and mood. FSCV 

measurements of serotonin are challenging because of the formation of oxidative byproducts 

that foul the CFME surface, both for serotonin and its metabolite 5-HIAA (43). Therefore, a 
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modified waveform and Nafion coating are used to repel interfering species and to stop 

fouling (44). For in vivo FSCV experiments, serotonin is measured in the substantia nigra 

reticulata (SNR) because it has dense serotonin terminals and few other electroactive 

neurotransmitters. The concentration of stimulated serotonin in the SNR is relatively small 

(~100 nM), although serotonin tissue content is similar to dopamine (45). The low 

stimulated release is due to negative feedback of autoreceptors (46) and corelease of 

inhibitory neurotransmitters (47). Moreover, serotonin regulation is more tightly controlled 

by uptake and metabolism (45). The serotonin transporter exhibits a high affinity for 

serotonin, and serotonin is also cleared by other transporters, such as dopamine, 

norepinephrine, and organic cation transporters (46). Serotonin release in vivo was not 

stimulation frequency dependent like other neurotransmitters (48). Hashemi’s group (49) 

simultaneously measured histamine and serotonin and showed that a rapid inhibition of 

serotonin occurs upon histamine release in the hypothalamus.

FSCV is a differential technique because it is background subtracted and thus measures fast 

concentration changes. To measure ambient neurotransmitter levels, Heien and Hashemi’s 

group (50, 51) developed fast-scan controlled-adsorption voltammetry (FSCAV), which 

employs an analyte accumulation time at a negative potential, followed by a scan at fast rates 

to measure the concentration that adsorbed to the electrode. This approach was first used to 

estimate ambient levels of dopamine at 90 nM (51) and has recently been extended to show 

that the ambient levels of serotonin in the hippocampus are 65 nM (52). FSCAV and FSCV 

combined would allow the correlation of ambient and fast changes in serotonin, which 

would provide valuable information about serotonin regulation.

2.4. Adenosine Measurements

Adenosine, a product of ATP degradation, is a purine signaling molecule that modulates 

cerebral blood flow and other neurotransmitters in the brain. The initial adenosine FSCV 

measurements were made in slices of the lamina II of the mouse spinal cord (53), and in 

vivo measurements of adenosine have been pioneered by the Venton group. Adenosine 

FSCV uses a triangular waveform with an extended anodic limit to oxidize adenosine (54), 

and two characteristic oxidation peaks are detected (55). A modified waveform with an 

anodic scan can be applied for the simultaneous measurement of transient adenosine release 

and oxygen (56). ATP is a potential interferent, but the negative holding potential makes the 

electrode more sensitive to adenosine (55); alternatively, Nafion can be used to exclude ATP 

(57). Hydrogen peroxide has an oxidation potential similar to adenosine but has no 

secondary oxidation peak so it can be differentiated (58).

Early in vivo studies characterized adenosine release evoked by electrical (59) and 

mechanical stimulations (60). However, spontaneous, unstimulated adenosine transients 

were discovered that occur every 2–3 min in the brain (54). These transient adenosine 

release events lasted only a few seconds, and their frequency was modulated by A1 

receptors. Adenosine was also controlled by NMDA and GABAB receptors (61). The 

clearance was regulated by the equilibrative nucleoside transporters and multiple adenosine 

metabolic enzymes (62). Transient adenosine release modulated phasic dopamine release, 

showing that it can quickly modulate neurotransmission (63). Approximately one-third of 
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adenosine transients were followed by a short change in oxygen (56), suggesting rapid 

adenosine modulated blood flow on a rapid time scale. Spontaneous adenosine transients 

increased during ischemia and reperfusion; thus, they may be a rapid, local neuroprotective 

signal during brain injury (64).

2.5. Glutamate Measurements

Biosensors have been made for some nonelectroactive neurotransmitters to measure 

extrasynaptic levels. Glutamate biosensors have been fabricated mostly from Pt electrodes 

that have a hydrogel or polymer that encases glutamate oxidase, which reacts with glutamate 

to form hydrogen peroxide (65). Adding ceria and titania nanoparticles to the sensor 

facilitates measurements of glutamate under low oxygen conditions (66). Silicon wafer–

based arrays have also been made and used to measure cortically evoked glutamate in the 

striatum (67). Glutamate was measured during Pavlovian fear conditioning and was 

transiently elevated around reward seeking in the basolateral amygdala (68). Glutamate also 

rose during exposure to repeated cigarette smoke and was highly correlated with 

psychomotor symptoms (69). Commercial glutamate biosensors are available, but they are 

not as popular as CFMEs for dopamine, so there are many future opportunities to explore 

glutamate dynamics.

2.6. Acetylcholine Measurements

Biosensors are also commonly used to measure acetylcholine in the extrasynaptic space. 

Acetylcholine is the main neurotransmitter at the neuromuscular junction and is also an 

important biomarker in neurological disease, such as Alzheimer’s. Acetylcholine is rapidly 

degraded to choline in the brain, and many biosensors rely on detection of choline using 

choline oxidase. Alternatively, acetylcholinesterase and choline oxidase can be 

coimmobilized. Although most biosensors detect hydrogen peroxide with amperometry, a 

recent biosensor has been developed to use FSCV detection; this biosensor was 

demonstrated to detect stimulated acetylcholine release in striatal brain slices (70). In 

addition, a self-powered biosensor, containing a fuel cell, was used to measure acetylcholine 

in plasma (71). Acetylcholine biosensors have determined that a deletion in the choline 

transporter gene affects acetylcholine release and attention, which could be a cause of 

attention deficit hyperactivity disorder (72). Using chronically implanted acetylcholine 

biosensors, acetylcholine signaling was measured over several time domains, and tonic 

levels were elevated during training for a memory task and rapid eye movement (REM) 

sleep (73). In contrast, phasic bursts of acetylcholine occurred during the memory task in 

reward delivery areas.

2.7. Conclusions

Extrasynaptic measurements of neurotransmitters have provided information on how 

neurotransmitters are regulated during behavior. Although the electrodes are typically larger 

than the synapse, they are smaller than cell bodies and cause minimal tissue damage (7). 

Electrodes can be chronically implanted for long-term measurements, over weeks to months, 

providing longitudinal data on how neurotransmitters change with age or treatments. 

However, behavioral experiments with electrochemistry are not on the nanoscale and thus do 

not report on synaptic neurotransmission.
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3. SINGLE-CELL MEASUREMENTS

Vesicular exocytosis involves docking, activation, and fusion of vesicles at the active zone of 

the presynapse. Vesicles are normally small, with a diameter of 50–800 nm and contain a 

limited amount of neurotransmitters (74). Single-vesicle exocytotic events are fast, occurring 

on the millisecond timescale. Therefore, measurements require high sensitivity, spatial 

resolution, and temporal resolution. Amperometry with CFMEs facilitates quantitation of 

neurotransmitter release at single cells and single vesicles. Chemical cytometry reveals the 

neurotransmitter content of vesicles. These techniques are pushing electrochemical analysis 

to the single-cell and -neuron level.

3.1. Amperometry to Measure Modes of Exocytosis

Amperometry has high sensitivity, allowing quantitation of neurotransmitters released from 

individual vesicles, and high temporal resolution, providing information of the release 

kinetics of exocytosis. Wightman’s group (75) introduced single-cell amperometry in the 

1990s, measuring exocytosis from chromaffin cells. A CFME is placed in close proximity to 

a cell, a constant potential is applied to oxidize electroactive neurotransmitters, and 

neurotransmitters are quantitated from the current spikes using Faraday’s law. The current 

spike rise time corresponds to the opening of the fusion pore and half width of spike 

represents the duration of the exocytotic event. Pre-spike feet, where most current spikes are 

preceded by a small foot signal, were observed, indicating a slow leakage of 

neurotransmitter after formation of the fusion pore (76).

Single-cell amperometry has been used to identify different modes of exocytosis. The 

mechanism of exocytosis has been traditionally considered an all-or-nothing process, 

otherwise known as full release. The vesicular membrane would fully distend into the 

plasma membrane, resulting in an irreversible pore opening and full release. However, 

modes of partial release have been identified using amperometry. In the kiss-and run-

mechanism, a small fusion pore is transiently formed, which partially releases its contents 

and closes (77). The vesicle reloads and is used again. Using modeling and statistical 

analysis, researchers estimated the maximum aperture angle of the fusion pore to be less 

than ten degrees during exocytosis; therefore, the full fusion of a vesicle is highly unlikely 

(78). The fusion pore can open and close multiple times, which is known as flickering (79). 

Flickering fusion pores caused complex amperometric spikes with multiple rising and falling 

phases as well as longer durations. Each flicker of the fusion pore corresponded to an 

approximately 25–30% release of dopamine in small synaptic vesicles. A third mechanism 

of exocytosis was recently proposed by the Ewing group: open and closed (77); a detailed 

review of this was recently published (74). Open and closed is different from kiss-and-run 

because the fusion pore is wider and the duration of pore opening is longer. Thus, a large 

fraction is released, but the fusion pore closes again before the vesicle fully empties its 

content (77). Open and closed mechanism spikes had a post-spike feet feature, where a 

stable plateau formed during the decay of amperometric spikes from exocytosis, indicating 

that the vesicle closed after partial release of its content (77). This partial release mechanism 

may be the primary mechanism during regular exocytosis.
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3.2. Quantification of Neurotransmitter Content in Single Vesicles

To understand if the amount of release measured during amperometry is full release, 

information is needed about the quantity of neurotransmitters stored in a vesicle. 

Electrochemical cytometry measures the neurotransmitter content of a single vesicle by 

integration of capillary electrophoresis, microfluidics, and electrochemistry (80). Individual 

vesicles were isolated, and their membranes lysed and content directly detected by 

cylindrical carbon-fiber microelectrodes. On average, there are 33,000 dopamine molecules 

per vesicle (81), meaning that exocytosis releases only about 40% of neurotransmitter 

content, which supports the theories of partial release (82).

Vesicle impact electrochemical cytometry (VIEC) was later developed as a simplified 

method to quantify the content in a single vesicle (83). Vesicles were adsorbed to a disk-

shaped carbon electrode and ruptured by electroporation, resulting in a pore opening on the 

vesicle membrane and subsequent release of neurotransmitter. The vesicle opening is slowed 

by proteins on the vesicle surface (84) and is also temperature and size dependent (85). 

Fluorescent dyes useful for visualizing the pore opening also increase the number of 

amperometric events by producing reactive oxygen species during excitation (86). 

Intracellular vesicle impact electrochemical cytometry (IVIEC) was recently introduced to 

quantify the neurotransmitter content of vesicles intracellularly (87). A conical carbon-fiber 

microelectrode was flame etched to obtain a sharp tip with 50–100 nm diameter, which 

penetrated the cell membrane into the cytoplasm of live cells with minimum damage. 

Similar to the VIEC method, the intracellular vesicles adsorbed on the electrode surface and 

ruptured by electroporation to release their neurotransmitter content. In IVIEC, the 

collection efficiencies of nanotip conical electrodes was dependent on the position of vesicle 

release pore, but 75–100% of content was captured (88). Although electrochemical 

cytometry determines vesicle content, the method cannot detect endocytic processes, where 

vesicles are retrieved after partial release.

3.3. Factors Affecting Exocytosis

Analysis of exocytotic processes by single-cell amperometry has revealed several key 

proteins that participate in the regulation of exocytosis. For example, dynamin, a GTPase 

that regulates membrane remodeling during endocytosis, controls the duration and kinetics 

of exocytotic release (89). Blocking the activity of dynamin by dynasore inhibited 

exocytosis in a dose-dependent manner, leading to smaller and shorter amperometric spikes. 

Glycocalyx, a biopolymer that covers the cell outer membrane, decreased the release 

kinetics of neurotransmitters during exocytosis (90). Actin also affected the fraction of 

neurotransmitters released during open and closed exocytosis by regulating the closing 

dynamics of the pore (91). In addition, cholesterol modulated the rigidity of the plasma 

membrane, as the addition of cholesterol on a giant unilamellar liposome decelerated the 

opening of the fusion pore (92).

Pharmacological treatment and changes in ions also affect exocytosis. For example, 

curcuminoids affect learning and memory of aged animals or animals with Alzheimer’s 

disease. Single-cell amperometry showed that long-term treatment with curcumin 

accelerated the event dynamics, and another curcuminoid demethoxycurcumin decreased the 
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amount of release from a single event (93). Barbiturates decrease the fraction of 

neurotransmitter release during exocytosis in PC12 cells (94). Although IVIEC showed that 

the vesicular content was unaffected by barbiturates, unstable fusion pores were observed 

that shortened the duration of amperometric pre-spike feet. Furthermore, treatment with a 

local anesthetic, lidocaine, led to a longer duration of pore opening at high dose, but less 

release than controls (95). In contrast to lidocaine, treatment with 100 μM of zinc did not 

change the amount of catecholamine release during exocytosis but decreased the vesicular 

content (96).

3.4. Development of Electrodes for Single-Cell Measurements

Whereas all the previous studies were performed with CFMEs, new methods for detection 

are expanding the analytes that can be detected with single-cell amperometry. For example, 

the Huang group (97) developed an enzymatic biosensor to monitor glutamate release during 

exocytosis from single hippocampal varicosities. A platinized disk CFME was fabricated by 

immobilizing glutamate oxidase, and hydrogen peroxide was detected. This study was 

performed on varicosities in cultured hippocampal cells. A novel core–shell nanowire 

electrode was designed for detection of reactive oxygen species and reactive nitrogen species 

in living cells (98). The electrode consisted of an SiC nanowire covered with a thin carbon 

layer and a nanopipette filled with liquid metal. The electrode was super flexible and easily 

inserted into living phagolysosomes of macrophages with minimal damage. Recently, the 

Chen group (99) used a nanocapillary with an electrochemical detector to quantify the 

activity of β-glucosidase, which is related to Gaucher’s disease, in individual lysosomes of 

single living cells. The nanocapillary with a thin Pt layer was used to sort fluorescently 

labeled liposomes from living cells into the capillary by electrophoresis, where an enzymatic 

reaction generated hydrogen peroxide that was proportional to the activity of β-glucosidase. 

This method revealed that the activity of β-glucosidase was homogeneous in the same cell 

but heterogeneous between cells.

3.5. Conclusions

Single-cell amperometry and electrochemical cytometry provide an overview of the 

mechanism of catecholamine release during exocytosis and the amount of catecholamine 

stored in individual vesicles. The combination of these two methods provides fundamental 

information regarding the extent of full release and different factors that influence the 

neurotransmitter storage and release. This knowledge could be applied to development of 

selective and safe drugs that target exocytosis. However, these techniques are limited in 

providing chemical information on species identity and, generally, only electroactive 

molecules are detected. In addition, most studies of exocytotic release of neurotransmitters 

are performed in cultured cells and not in synapses, so the feedback regulation between pre- 

and postsynaptic active site zones is not present. However, these methods are useful for 

extension to single synapses.

4. ELECTROCHEMICAL MEASUREMENTS AT THE SYNAPSE

Electrochemical measurements at a single synapse are challenging because of the small 

synaptic cleft (20–100 nm). Early attempts to circumvent the size problem involved making 
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measurements at artificial synapses using liposomes (8). These models are good for 

examining the molecular machinery needed for exocytosis and the modes of exocytosis 

(100). Recent advances in the development of nanoelectrodes have produced electrodes that 

have tip diameters less than 100 nm. These nanoelectrodes are inserted into the synaptic 

cleft to measure exocytosis of neurotransmitter release. In addition, important 

nonelectroactive neurotransmitters, such as acetylcholine, are also detected. Thus, 

electrochemistry is now pushing toward the synaptic length scale.

4.1. Measurements of Electroactive Neurotransmitters in a Synapse

The Huang and Amatore groups (101) introduced carbon-fiber nanoelectrodes to directly 

measure chemical neurotransmission inside individual synapses in real time. The CFME was 

flame etched to produce a nanotip with a 50–200-nm tip diameter, then etched by a 

microforge to form a needle-shaped electrode with a radius less than 100 nm and shaft 

length less than 1 μm (Figure 3a). Single events and complex events were detected by 

amperometric monitoring of exocytosis inside the synapse of a neuromuscular junction, 

demonstrating that different types of vesicle fusion coexist inside a single synapse. 

Simultaneous detection of exocytosis inside a synapse and on top of the corresponding 

synapse revealed a nonuniform distribution of active release zones at the synapses, as the 

presynaptic membrane that faced the synaptic cleft had more active hot spots and produced 

larger numbers of complex events. In addition, they modeled assembled groups of oriented 

neural networks of superior cervical ganglion neurons (SCGs) and their effector smooth 

muscle cells (SMCs) in a microfluidic device (Figure 3b–d) (101). This model allows 

amperometric detection of vesicular release inside SCG–SMC synapses with carbon-fiber 

nanoelectrodes and measurement of postsynaptic membrane potential with glass nanopipette 

electrodes.

4.2. ITIES Electrodes for Nonelectroactive Species

The Shen group (102) developed a new type of nanopipette electrode to directly detect 

nonelectroactive neurotransmitters without electrode modification. The pipette electrode is 

based on ion transfer across an interface between two immiscible electrolyte solutions 

(ITIES). A laser-pulled pipette with nanometer tip size was filled with an organic solution 

and immersed into biological media, where detection of neurotransmitters relied on potential 

driven ion transfer across the liquid–liquid interface. Ionophores are often added to achieve 

selective detection of specific analytes. Nonelectroactive acetylcholine and GABA as well as 

electroactive tryptamine and serotonin were successfully detected in vitro (102, 103).

Recently, acetylcholine exocytosis from a single Aplysia californica neuronal soma was 

studied by combining nanoITIES electrodes and scanning electrochemical microscopy 

(SECM) (104). SECM offers nanometer resolution by facilitating positioning of ITIES 

electrodes close to the release site on the soma. Acetylcholine release during exocytosis at a 

single synaptic cleft of Aplysia pedal ganglion neurons was studied by nanoITIES electrodes 

with a diameter of 30 nm (105). The concentration of acetylcholine around the synapse was 

up to 2.4 mM. Singlet, doublet, and multiplet amperometric spikes were observed, where 

multiple spikes may mean multiple vesicles released or a flickering of the fusion pore.
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4.3. Conclusions

Carbon-fiber nanoelectrodes and nanoITIES electrodes facilitate the detection of 

neurotransmission inside the synapse. The study of exocytosis in a single synapse using 

carbon-fiber nanoelectrodes reveals heterogeneity of release mechanism. The application of 

nanoITIES enables the detection of electroactive and nonelectroactive molecules, 

broadening the range of analytes. Future research will continue to expand the type of 

molecules that can be detected using nanoITIES and refine the use of SECM to position the 

electrode in a synapse. In addition, simultaneous monitoring of multiple analytes at multiple 

sites would provide more information about the neurotransmitter dynamics in a synapse.

5. ELECTROCHEMISTRY IN COMPARISON TO OTHER TECHNIQUES

5.1. Optical Imaging Techniques

Imaging techniques have always been at the forefront of neuroscience, but they have 

traditionally imaged labeled cells or proteins on cells and not neurotransmitters. Recent 

advances in imaging are pushing it into the mode of measuring actual neurotransmitters, and 

high-resolution imaging can reach the synaptic spatial scale. Early efforts to image 

neurotransmission involved fluorescent false neurotransmitters (FFNs) released from 

presynaptic terminals (106). With FFNs that mimic dopamine, heterogeneity in release was 

observed that was controlled in part by D2 receptors. Recently, FFNs were developed that 

can measure norepinephrine distinct from dopamine (107). Methods to measure actual 

neurotransmitters are also being developed. The Glass lab (108) developed small organic 

molecules that can diffuse into synapses and are turn-on fluorescent in response to 

neurotransmitters, such as serotonin. The Landry group (109) recently developed near 

infrared (IR) catecholamine sensors (nIRCats) based on single-walled carbon nanotubes that 

have DNA attached to bind catecholamines and turn-on fluorescence. These nIRCats also 

diffuse into the synapse, and dopamine has been detected from active release sites that are 

approximately 2 μm wide. The molecular probes are good for studies in brain slices, because 

many require the probe to be added to the extracellular space, but in vivo imaging is more 

difficult.

A new approach to imaging molecules in the brain is to use viral vectors to express 

genetically encoded G protein–coupled receptors (GPCRs) that have been engineered to 

become fluorescent when bound to the molecule of interest (Figure 4). Tian’s group (110) 

developed genetically encoded sensors for dopamine, and these GPCRs on the cell surface 

lit up when dopamine was present. They used these sensors not only in brain slices, but also 

in vivo, with fiber photometry imaging in behavioral experiments. A similar strategy was 

used by Li’s group (111), where genetically encoded dopamine sensors were applied to 

measurements in Drosophila and zebrafish. Dopamine release measured with these 

genetically encoded sensors is approximately 10–30 μM at the release site. The 

concentration is larger than measured with electrochemical sensors in the extrasynaptic 

space, but the overall time course is similar. The strategy of modifying receptors to make 

them fluorescent is general and can be applied to a variety of neurotransmitters, including 

acetylcholine (112). Future work to integrate electrochemical and imaging techniques would 
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be useful to understand the interplay between synaptic levels of neurotransmitters and the 

extrasynaptic levels of volume transmission.

5.2. Mass Spectrometry Techniques

Mass spectrometry techniques identify molecules by their molecular mass, which is a unique 

advantage over other techniques. Modern mass spectrometry is mainly focused on 

proteomics, identifying the proteins and posttranslational modifications, and proteomics is 

now being taken to the synapse level. Heintz’s group (113) used genetically engineered 

mice, affinity purification, and mass spectrometry to profile 60 postsynaptic proteins at a 

specific type of synapse. Mass spectrometry was also useful for understanding differences in 

presynaptic proteins that regulate exocytosis and how they lead to diseases, such as 

Alzheimer’s (114). Quantitative proteomics is tackling questions about how dynamic 

changes in proteins at the synapse (115) change learning and memory (116).

The previous proteomic studies investigated harvested, processed tissue, but another focus of 

mass spectrometry is tissue imaging, which can be used for proteins, lipids, fatty acids, and 

small molecules. Ewing’s group combined nanoscale secondary ion mass spectrometry 

(nanoSIMS) with transmission electron microscopy to map the spatial distribution of 

dopamine in vesicles (117). These results had nanometer-scale resolution to pinpoint where 

dopamine was synthesized and how it was loaded into vesicles. Lipid imaging is also very 

significant, as changes in lipid membranes affect exocytosis and lead to different diseases, 

including Alzheimer’s, Parkinson, and multiple sclerosis. Ewing’s group (118) developed 

different mass spectrometry techniques to measure lipids in tissue, including nanoparticle-

assisted laser desorption ionization mass spectrometry, matrix-assisted laser desorption 

ionization (MALDI), and gas cluster ion beam secondary ion mass spectrometry (Figure 4). 

Each ionization technique gave a unique lipid profile and the combination of these 

techniques provided rich information about the lipid profile of different areas. Recent work 

has shown that an anticancer drug, cisplatin, affects exocytosis by changing brain lipids 

(119). Sweedler’s group (120) also developed MALDI methods to deposit matrix on brain 

slices and examine fatty acid levels.

5.3. Summary of Comparisons

Electrochemistry has distinct advantages compared to optical imaging and mass 

spectrometry. Imaging requires an optical window or an implanted optrode to measure in 

vivo, which either limits the depth of tissue that can be measured or creates more tissue 

damage than a small electrode. On the other hand, imaging can be used to look across tissue 

at many sites at once, which is more difficult to do electrochemically. Mass spectrometry has 

not been amenable to in vivo measurement and has been primarily used for tissue studies. 

Spatial resolution is better for electrochemistry than most of the mass spectrometry imaging 

studies. However, mass spectrometry provides the mass for chemical identification and can 

distinguish many chemicals in a mixture. Overall, each technique has unique applications 

where it is best, and different techniques provide complementary chemical information 

about the synapse. Electrochemistry is the best at providing real-time chemical 

measurements in vivo.
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6. FUTURE DIRECTIONS: CHALLENGES FOR ELECTROCHEMISTRY AT 

THE SYNAPSE

6.1. Making Smaller Electrodes

Synaptic measurements inherently require small electrodes, and advances in nanoelectrodes 

have facilitated recent research of electrochemistry at the synapse. Simple methods, like 

electrochemical (9, 121) and flame etching of carbon fibers (122), have been used but are 

often more art than science to produce the correct size and shaped tips. Thus, new strategies 

for nanoelectrodes are necessary to reproducibly fabricate robust, implantable electrodes 

with tiny tips. One strategy is to use nanopipette-based electrodes. Carbon can be deposited 

on nanopipettes to make a small conical tip for voltammetric measurement (123, 124). 

Small, 5–200-nm tipped carbon nanoelectrodes have been used for intracellular chemical 

measurements and presumably could be used for synaptic measurements as well (125). 

However, sensitivity scales with area for these electrodes, so smaller tips mean less current. 

Thus, a strategy to create recessed tips that trap dopamine, used in scanning electrochemical 

microscopy (126, 127), could amplify the signals. Nanopipettes are also used for ITIES 

measurements in the synapse and detect analytes that are not electroactive (103). While 

carbon is often the material of choice for direct, voltammetric detection of neurotransmitters, 

biosensors often use Pt electrodes. Indeed, carbon electrodes can be platinized (125), or 

small, 100-nm Pt tips can be etched that might be suitable for biosensor fabrication (128, 

129). A different, recent strategy is to make field-effect transistor sensors, where aptamers 

recognize the neurotransmitters (130). Nanotechnology is a highly active research field, so 

new discoveries in the fabrication of nanoelectrodes should push development of 

nanoelectrodes that are useful for synaptic measurements.

6.2. Multianalyte Monitoring

Currently, electrochemistry at the synapse is focused on detecting a single analyte, and 

traditional dogma stated that just one neurotransmitter was released per synapse. However, 

costorage and release of neurochemicals are now widely described at a single synapse and 

thus multianalyte monitoring is needed to understand cotransmission. For example, ATP, 

which is rapidly metabolized to adenosine, is coreleased with neuropeptides and 

norepinephrine (131), all of which could be detected electrochemically. In addition, 

investigators are researching how serotonin neurons might function to release dopamine 

during Parkinson disease (132). Computational techniques are currently being developed to 

disambiguate chemical signals in FSCV, with principal components regression being used to 

distinguish different analytes and pH shifts (133). Newer, neural network based 

computational approaches have been used to pick out dopamine and serotonin in humans 

(134, 135). Thus, further computational methods to do multianalyte monitoring in a single 

synapse would provide a better understanding of the complex chemical dynamics during 

exocytosis.

6.3. Multisite Monitoring

Monitoring multiple synapses simultaneously would provide information into differences in 

chemical transmission at different synapses. Although imaging techniques are also very 
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good at multisite monitoring, electrochemical arrays also have the potential to solve this 

problem. Arrays have been made to allow monitoring at different sites for single-cell 

amperometry experiments (136). Chemical lithography techniques are available that can 

make thousands of carbon nanorods in a highly organized manner (137). Carbon nanotubes 

can also be fabricated into microelectrode arrays, and functionalized to promote 

neurotransmitter detection (138, 139). Microelectrode arrays have also been used to measure 

dopamine and cell firing response such as action potentials (140, 141). To truly measure at 

different sites, you need individually addressable arrays, where each nanoelectrode can be 

measured independently. Microfabrication techniques have created arrays with multiple pads 

for voltammetric or biosensor detection (142, 143), but these are currently much larger than 

a synapse. Thus, future work is needed to make individually addressable nanoarrays 

necessary for multisynapse monitoring.

6.4. Localization in the Synapse

One of the biggest challenges for making electrochemical measurements in the synapse is 

the need to precisely position the electrode. It is challenging to position a nanometer-sized 

probe in a synapse by optical microscopy alone. Growing cells on an array of nanopillars is 

a strategy for approaching the synapse in both fluorescence imaging (144) and 

electrophysiology (145). Carbon nanotube or nanorod arrays could be used as the substrate, 

and electrochemical measurements could be made of synaptic and extrasynaptic 

neurotransmission, but this strategy is not ideal for measurements in intact tissue. Shen’s 

group (104) has used SECM feedback mechanisms to position electrodes in the synapse. 

Using a noninvasive, electroactive mediator, they can make an approach curve and use 

modeling to tell how far the electrode is from the soma. This strategy is best for cultured 

neurons or tissue preps, where the synapses are already established. Multitechnique 

measurements, such as cell imaging by scanning ion conductance microscopy and 

electrochemical measurements using SECM (146), may also be useful for localization and 

imaging of the synapse while measuring synaptic release.

6.5. Multitechnique Measurements

Electrochemistry is very amenable to multiplexing and can be combined with other 

techniques to provide additional information about the brain. For example, electrochemistry 

and electrophysiology can be measured at the same electrode to provide information about 

chemical release and cell firing (35). An alternative is to measure electrochemistry at a 

carbon-fiber microelectrode and electrophysiology with a traditional high-density array of 

microwires (141). Newer methods are integrating carbon electrodes for electrochemistry and 

electrophysiology with optrodes to deliver light stimulations for optogenetic experiments 

with light-activated channels (147). Electrochemistry is also easily integrated with optical 

imaging experiments. For example, genetically encoded calcium sensors have been 

integrated with FSCV recordings of dopamine in brain slices (148). The newest genetically 

encoded neurotransmitter sensors could also be integrated with voltammetric measurements. 

In particular, the optical measurements would give an idea of neurotransmitters at the 

surface of the cell and directly in the synapse, while CFMEs would provide information 

about the extrasynaptic spillover of neurotransmitters. Imaging and electrochemistry are 

both limited in the number of molecules they can measure simultaneously, but measuring 
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different molecules with diverse techniques would provide a better way to understand 

neurotransmitter interactions. Thus, the quest for a true understanding the synapse may lie at 

the intersection of many techniques and not electrochemical information alone.

7. CONCLUSIONS: THE POTENTIAL OF ELECTROCHEMISTRY AT THE 

SYNAPSE TO ADVANCE NEUROSCIENCE

Electrochemical monitoring of neurotransmitters in the brain has significantly advanced our 

knowledge of how chemical changes affect behavior and disease. Experiments in behaving 

animals have discovered how dopamine acts in reward behavior and how that signaling 

contributes to addiction. Electrochemistry has also been used to explore dopamine changes 

during Parkinson disease and serotonin changes in response to antidepressant drugs. 

Amperometric measurements of quantal release have revealed a new understanding of the 

mechanism of exocytosis and how it is regulated, challenging long-standing views of full 

release as the main mechanism of exocytosis. Techniques continue to improve, with 

advances in traditional voltammetry, as well as in biosensors and ITIES, expanding the types 

of neurotransmitters that can be monitored. Nanotechnology advances are producing 

smaller, functional electrodes, and these have led to recent studies exploring electrochemical 

measurements directly in the synapse, a holy grail for neuroscience. In the future, the 

flexibility to combine electrochemistry with electrophysiology, optogenetics, and imaging 

will allow multimodal platforms for monitoring cell firing and multiple neurochemicals 

simultaneously. Electrochemistry at the synapse is important for answering many questions 

related to disease. For example, changes in synapse structure or number have been observed 

from Alzheimer’s to epilepsy to autism spectrum disorders (149), but no studies have 

identified how those changes affect chemical neurotransmission. The question of how 

synaptic architecture affects neurotransmission would be interesting to study with 

nanoelectrodes in the synapse. Electrochemistry will continue to provide real-time 

information about chemical changes to provide a better fundamental understanding of the 

chemical synapse and how that relates to behavior and disease.
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SUMMARY POINTS

• Traditional electrodes used for neurochemistry measurements are too large for 

the synapse but provide an understanding of real-time changes in 

extrasynaptic neurotransmitter levels.

• Single-cell amperometry and electrochemical cytometry reveal that not all 

neurotransmitter is released from the vesicle during exocytosis.

• Nanoelectrodes can be positioned in the synapse to make electrochemical 

measurements of neurotransmitters.

• Concentrations in the synapse are higher than those in the extracellular space.

• There are new opportunities to now measure exocytosis in a synapse and 

understand its regulation with a postsynaptic cell present.
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FUTURE ISSUES

• New nanoelectrodes and electrode placement strategies are needed to expand 

the analytes that can be detected.

• Electrode arrays, particularly with individually addressable electrodes, are 

needed to measure at multiple synapses simultaneously.

• Computational and electrochemical techniques need to be developed to enable 

multiple analytes to be detected simultaneously to investigate cotransmission.

• Electrochemistry should be integrated with other techniques, such as imaging 

and mass spectrometry, to provide a better picture of chemical changes in the 

synapse.
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Figure 1. 

Schematics of neurotransmission. (a) Direct synaptic transmission. The neurotransmitter is 

released from the vesicle into the synaptic cleft and interacts with the receptor on the 

postsynaptic terminal. (b) Volume transmission. Two mechanisms are pictured: synaptic 

spillover (green) and extrasynaptic exocytosis (blue). Here, neurotransmitters diffuse and act 

at a more distant neuron not forming a synapse.
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Figure 2. 

Chronic and multimodal carbon-fiber microelectrodes. A schematic of (a) the chronic 

microelectrode, which is made of a carbon fiber encased in a polyimide-fused silica. (b) 

FSCV data of food-evoked dopamine release measured at the chronic microelectrode. Panels 

a, b adapted with permission from Reference 33. Copyright 2010, Springer Nature. (c) 

Multimodal microelectrode with iontophoresis barrels. (d) FSCV data and histogram of 

firing rate (insert) of cue-evoked dopamine transient during ICSS. Panels c, d adapted with 

permission from Reference 37. Copyright 2016, CCC Republication. Abbreviations: FSCV, 

fast-scan cyclic voltammetry; ICSS, intracranial self-stimulation.
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Figure 3. 

Nanoelectrode amperometric monitoring of neurotransmitter release inside a SCG–SMC 

synapse. (a) SEM of a carbon-fiber nanoelectrode. (b) Brightfield image of the 

nanoelectrode inserted inside a synapse between a varicosity of an SCG neuron and an 

SMC. (c) Schematics of in vivo-like neuromuscular junction in a microfluidic device. (d) 

Schematics of a CFNE inside a synapse and a glass nanopipette inside an SMC. Figure 

adapted with permission from Reference 101. Copyright 2015, John Wiley and Sons. 

Abbreviations: CFNE, carbon-fiber nanoelectrode; SCG, superior cervical ganglion; SEM, 

scanning electron microelectrode; SMC, smooth muscle cell.
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Figure 4. 

Comparisons of electrochemistry to other techniques. A. Electrochemistry. a. FSCV is 

typically used in vivo to measure neurochemical dynamics, such as measurements here of 

adenosine during ischemia. This method has 100 millisecond response times and the color 

plots allow different molecules to be distinguished. Figure adapted with permission from 

Reference 64. Copyright 2018, the authors (Venton group). b. FSCAV is used for basal 

measurements, and the waveform is turned off for 10 s to allow DA to adsorb to the 

electrode. The CV of the first few scans after the waveform is resumed give information 

about the ambient levels. This method has ~10 s time resolution and can distinguish between 

molecules with the voltammogram. Figure adapted with permission from Reference 51. 

Copyright 2016. Royal Society of Chemistry. B. Mass spectrometry. Mass spectrometry 

experiments are typically performed in brain slices, not in vivo, and require surface 

preparation, such as nanoparticles. Here, three types of mass spectrometry are compared a. 

gas cluster ion beam secondary ion mass spectrometry (GCIB SIMS), b. matrix-assisted 

laser desorption ionization (MALDI) and c. nanoparticle laser desorption ionization (NP-

LDI) and they give different lipid profiles. Mass spectrometry data is rich in chemical 

information but there is no data for changes over time. Figure adapted with permission from 

Reference 118. Copyright 2016, Springer Nature. C. Imaging. a. GPCR-based sensors are 

expressed in different neurons and b. fluoresce when the target molecule is present. Here, 

DA1m fluoresces in the red and DA1h fluoresces blue, although the camera is not in color, 

so all fluorescence appears green. c. The time response of these sensors is fast, on the order 

of 100 ms for the rise time and 1–2 s for the decay time. These sensors are specific to the 
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target molecule but pharmacology experiments are more difficult than with electrochemistry. 

Reference adapted with permission from Reference 111. Copyright 2018, Elsevier.
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