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Abstract

Products containing psychoactive synthetic cathinones, such as mephedrone and 3,4-

methylenedioxypyrovalerone (MDPV) are prevalent in our society. Synthetic cathinones are 

structurally similar to methamphetamine, and numerous synthetics have biological activity at 

dopamine, serotonin, and norepinephrine transporters. Importantly, monoamine transporters co-

transport sodium ions along with their substrate, and movement of substrates and ions through the 

transporter can generate measurable ionic currents. Here we review how electrophysiological 

information has enabled us to determine how synthetic cathinones affect transporter-mediated 

currents in cells that express these transporters. Specifically, drugs that act as transporter substrates 

induce inward depolarizing currents when cells are held near their resting membrane potential, 

whereas drugs that act as transporter blockers induce apparent outward currents by blocking an 

inherent inward leak current. We have employed the two-electrode voltage-clamp technique in 

Xenopus laevis oocytes overexpressing monoamine transporters to determine whether synthetic 

cathinones found in the so-called bath salts products behave as blockers or substrates. We also 

examined the structure-activity relationships for synthetic cathinone analogs related to the widely 

abused compound MDPV, a common constituent in “bath salts” possessing potent actions at the 

dopamine transporter.
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1 Synthetic Cathinones Hit the Streets

Not long ago, legal amphetamine-related drugs suddenly emerged in Western Europe and the 

United States. Many human drug users were sent to the emergency room with severe 

neurological, psychiatric, and cardiovascular effects after being exposed to products 

marketed as “legal high”, “bath salts”, “insect repellant”, “plant food”, etc. that were 

purchased legally in convenience stores or on-line. To avoid regulatory control, these drugs 

were labeled “not for human consumption”. American poison centers assessed drug content 

in blood and urine samples from patients who had ingested bath salts and discovered that the 

common ingredients were β-keto amphetamine (cathinone) derivatives (i.e., synthetic 

cathinones) (1). In 2011, three synthetic cathinones commonly found in bath salts were 

identified and classified by the DEA as Schedule I controlled substances. Cathinone 
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consumption can be traced back for at least hundreds of years to people ranging from South 

Africa to the Arabian Peninsula who have chewed on the plant Catha edulis (or khat) for its 

mild central stimulant effects (2, 3). The main stimulant effects in khat derive from 

cathinone, a β-keto amphetamine (AMPH) analog (see Fig. 1 for common synthetic 

cathinone structures). The β-keto methamphetamine (METH) analog (called methcathinone 

or MCAT) was highly abused in the former Soviet Union and Eastern Europe dating back to 

the early 1980s. Clandestine chemists realized that by making simple chemical 

modifications to cathinone and MCAT, a vast number of completely legal ‘designer’ 

synthetic cathinones could be synthesized that would elicit a range of behavioral effects in 

people. In 2009, synthetic cathinones surfaced as an abuse problem in the United Kingdom 

(4) where primarily the para-methyl analog of MCAT, 4-methylmethcathinone (4MMC or 

mephedrone) appeared. Shortly thereafter (as mentioned above) synthetic cathinones found 

their way to the US disguised as home products with ulterior uses. The most notorious 

product containing synthetic cathinones was bath salts, and the prevalent synthetic 

cathinones identified in bath salts were mephedrone, methylone (the β-keto analog of 3,4-

methylenedioxymethamphetamine or MDMA) and a more complex synthetic cathinone 

called 3,4-methylenedioxypyrovalerone (MDPV), which possesses a pyrrolidine ring and 

was ubiquitous in bath salts concoctions taken by people who presented to the ER. 

Following drug scheduling of these synthetic cathinones by the DEA, an MDPV analog 

recently emerged called α-pyrrolidinovalerophenone (α-PVP or flakka), which has become 

an abuse problem in Florida and other states (5).

2 Neurotransmitters at the Synapse

In the central nervous system (CNS), the neurotransmitters norepinephrine (NE), dopamine 

(DA), and serotonin (5HT) are ordinarily released into the synaptic cleft via vesicular fusion 

in response to presynaptic depolarization. After release, neurotransmitters diffuse and 

activate postsynaptic and presynaptic neurons, then neurotransmission is terminated by 

reuptake of the transmitter into the presynaptic terminal via transporters, or in some cases 

hyperpolarization of the presynaptic terminal via transmitter auto-receptors. The respective 

reuptake transporters for NE, DA and 5HT (i.e., NET, DAT, and SERT) are located at 

perisynaptic sites (6, 7), whence monoamines are re-packaged into synaptic vesicles via 

vesicular monoamine transporters (VMATs). In particular, the vesicular monoamine 

transporter 2 (VMAT2), which is primarily found in the CNS, is responsible for 

neurotransmitter reuptake into synaptic vesicles that are poised for docking and release in 

dopaminergic, serotonergic and noradrenergic neurons (8).

3 Monoamine Neurotransmitters and Behavior

5HT plays a role in regulating many behaviors, such as mood, sleep, appetite, temperature, 

sexual behavior, and aggression (9, 10). Disturbances in the serotonergic system are 

implicated in mental diseases, including depression, bipolar disorder, autism, and a spectrum 

of psychiatric disorders, such as anorexia nervosa, bulimia, and obsessive-compulsive 

disorder (OCD) (11–14). Behaviors that are regulated by DA include cognition, attention, 

working memory, motivation, and voluntary movement. Disturbances in the dopaminergic 

system have been implicated in Huntington’s chorea, Parkinson’s disease, schizophrenia, 
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attention-deficit/hyperactivity-disorder (ADHD), depression, and addiction (15–18). NE 

plays a role in attention, emotion, learning and memory, and dysregulation of the 

noradrenergic system can lead to severe physiological effects (19). In addition, dysfunction 

of the adrenergic system is linked to medical conditions, such as depression, post-traumatic 

stress disorder, and hypertension (20). Behaviors modulated by monoamine neurotransmitter 

systems have been linked to synthetic cathinone use; for instance the components in bath 
salts can cause intense euphoria, alertness, increased concentration, heightened libido, as 

well as anorexia, anxiety, increased heart rate and memory problems (21–23). Whereas 

cardiovascular symptoms and stimulant effects caused by MDPV can be linked to the 

dopaminergic and adrenergic systems (23, 24), the emphathogenic symptoms induced by 

mephedrone and methylone are associated with the serotonergic system (22).

4 Therapeutic and Abused Drugs Target Monoamine Transporters

To treat medical conditions associated with disturbances in the serotoninergic system, 

several classes of drugs targeting monoamine transporters have been developed, such as 

tricyclic antidepressants (TCAs) and selective serotonin reuptake inhibitors (SSRIs) that 

inhibit reuptake of 5HT into presynaptic terminals and prolong neurotransmitter action at the 

synapse (25). In addition to increasing the extracellular levels of 5HT in the brain, a TCA 

can exert effects as a NE reuptake inhibitor, an anticholinergic-antimuscarinic agent, an 

alpha1-adrenergic antagonist, an antihistamine, and a Na+ channel inhibitor, which can 

potentially cause lethal cardiac arrhythmias and seizures (9). The adverse side effects of 

TCAs have led to the development of SSRIs targeting SERT. Fluoxetine (FLX, Prozac) was 

the first drug of this kind approved as a therapeutic agent by regulatory authorities in the 

United States. Other SSRIs have been synthesized to lessen the adverse side effects of FLX; 

these include citalopram, escitalopram, fluvoxamine, and sertraline that lack adverse side 

effects, such as insomnia, anxiety, and tremors and display fewer gastrointestinal side 

effects, such as nausea, diarrhea, anorexia, and vomiting (26). Presently, SSRIs are the most 

widely prescribed drugs for the treatment of depression, OCD, and bipolar disorder, as well 

as anxiety, anorexia, and panic disorders (27). In addition, the recreational drug MDMA 

(i.e., ecstasy) has been effectively used to treat anxiety disorders, including post-traumatic 

stress disorder (PTSD) (28, 29). MDMA targets all monoamine transporters but possesses 

greater potency for SERT. It is thought that MDMA increases monoamine transmitter levels 

in the brain by reverse transport via SERT, DAT, and NET of the corresponding endogenous 

transmitters (10).

The human dopamine transporter (hDAT) is a major molecular target for therapeutic agents, 

such as methylphenidate hydrochloride (MPH, Ritalin) and AMPH (Adderall). Both 

compounds, which are often prescribed to treat attention-deficit/hyperactivity disorder 

(ADHD), act directly on hDAT to increase extracellular DA levels, but they do so via 

different actions on hDAT. Whereas MPH is a DAT reuptake inhibitor, AMPH is a DAT 

substrate thought to stimulate DA release through non-vesicular reverse DA transport 

through DAT (30, 31). Certain drugs of abuse, such as cocaine (COC) and METH increase 

DA levels via the same mechanisms. Like MPH, COC inhibits DA transport and thus 

increases extracellular DA. On the other hand, METH behaves like AMPH and is 

transported by DAT to release DA by reversing DAT transport. Although abnormal increases 

Solis Page 3

Curr Top Behav Neurosci. Author manuscript; available in PMC 2018 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in DA may underlie psychiatric disorders, drug abuse liability (32), and might cause adverse 

reactions such as psychosis, some of these compounds that elevate transmitter levels are 

effective treatments for certain mental illnesses (33). In particular, since the 

psychostimulants AMPH and METH lead to the release of catecholamines (DA and NE) in 

the frontal lobe and limbic system (by transmitter reuptake inhibition at DAT and NET and 

transmitter efflux by DAT and NET), they have been used clinically to treat medical 

conditions such as ADHD and narcolepsy (33, 34). The improved potency to release DA 

through hDAT by the dextrorotary AMPH isomer (S(+)AMPH) over the levorotary isomer 

(R(−)AMPH) (35–37) underlies the therapeutic efficacy of agents composed primarily of 

S(+)AMPH. For example, Adderall is composed of 3:1 S(+):R(−)AMPH (38), and Vyvanse 

(lisdexamphetamine) is a pro-drug composed of S(+)AMPH conjugated to L-lysine, which 

is metabolized to S(+)AMPH (39, 40). The dextrorotary isomer of METH is marketed as 

Desoxyn for the treatment of ADHD and narcolepsy (41). Clinical manifestations associated 

with the abuse of AMPH or its precursors or derivatives, such as phenethylamine or METH, 

are well documented (42–44). In an attempt to bypass the reward system, the selective NE 

reuptake inhibitor (NRI) atomoxetine (Strattera) is used to treat ADHD (39). Lastly, 

bupropion (Wellbutrin) is used to treat depression (31, 45) through its action as a dual DA 

and NE reuptake inhibitor (46).

5 Functional Mechanisms of Monoamine Transporters

5.1 Human Serotonin, Dopamine, and Norepinephrine Transporters

Biogenic amine transporters, such as human SERT (hSERT) and human NET (hNET), are 

classified as Na+/Cl−-coupled co-transporters since they require both Na+ and Cl− to 

transport substrates; however, the role of Cl− as a transported ion is less established (47). 

hSERT, hNET and related proteins belonging to the SLC6 gene family that includes GABA, 

glycine, and taurine transporters are also termed neurotransmitter sodium symporters (48), 

reflecting the limitation of knowledge about the ionic contribution for substrate transport 

(49). Co-transporters use existing ion gradients to concentrate their substrate against their 

own concentration gradient, e.g., Na+ levels are ten times higher outside than inside cells 

(50–53). Historically, alternating access models describe transport in which ions (Na+ and Cl
−) and substrate (5HT or NE) bind to the transporter in its outward-facing conformation, 

catalyze an inward-facing conformational change and transport the neurotransmitter from 

outside to inside the cell. In some cases a counter-ion, either a proton (H+) or a K+, is 

transported from inside to outside of the plasma membrane returning the transporter to the 

outward-facing conformation. This model is supported by biochemical and radiolabeled 

neurotransmitter uptake data (54, 55) and is consistent with recent structural data for co-

transporters (56–61). In particular, the human DAT (hDAT) is described by the alternating 

access model in which DA transport is coupled with fixed stoichiometry to the downhill 

movement of two Na+ and one Cl− coupling to each DA in the outward-facing hDAT 

conformation, and either a K+ or H+ binds to the inward-facing conformation to return hDAT 

to the outward-facing conformation (52, 53, 62–64).
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5.2 Reverse Transport (Efflux) Mechanism of Monoamine Transporters

The reward and addiction properties of AMPH, METH, and MDMA rely on their ability to 

increase extracellular DA, NE, and 5HT levels by mechanisms as yet only partially 

understood. These agents competitively inhibit monoamine transporters, leading to 

diminished uptake and increased neurotransmitters levels at the synaptic cleft. Additionally, 

AMPH and related compounds may increase neurotransmitter levels via ‘reverse transport’ 

or efflux (65). DAT is the predominant transporter studied presumably due to its 

implications for addiction. The principal proposed mechanisms for AMPH-induced DAT-

mediated DA efflux are: 1) facilitated exchange diffusion (34), 2) channel-in-transporter DA 

efflux model (66), 3) oligomer-based counter-transport (67), and 4) vesicular depletion (or 

weak-base model), in which interaction of the releasing substrate (AMPH) with the vesicular 

monoamine transporter disrupts vesicular storage leading to an increase in free cytoplasmic 

transmitter levels (68, 69). Regulation of DAT-mediated DA efflux includes protein kinase C 

(PKC)-activated DA efflux (70) and Ca++/calmodulin-dependent protein kinase II (CaMKII) 

facilitated phosphorylation (71).

5.3 Transport-Associated Currents of Monoamine Transporters

Early biochemical and radiolabeled flux data led to the alternating access model for SERT, 

NET and DAT transport; however, subsequent studies uncovered uncoupled currents and 

channel-like activity in transporters (47, 72–74). Since the early 1990s, currents associated 

with substrate transport were found to be larger than alternating access models predicted (50, 

64, 75–84). Uncoupled currents in transporters are largely unexplained structurally and their 

function is speculative; one possibility is that these currents may depolarize or hyperpolarize 

neurons to a sufficient extent to produce changes in neuronal excitability (72, 85–89). Most 

evidence for channels in transporters comes from heterologous expression systems; however, 

large 5HT-induced currents are generated in SERT at native serotonergic synapses (90, 91). 

In two studies, Cl− is reported to contribute to the ionic composition of DAT substrate-

induced currents (86, 88); however, Na+ seems to be a major contributor to these DAT 

currents (92).

5.4 The Leak Current

Mager and colleagues established the existence of endogenous leak currents at monoamine 

transporters as revealed with use of transporter inhibitors (75). For SERT, studies that 

employed the two-electrode voltage-clamp (TEVC) technique in SERT-expressing Xenopus 
laevis oocytes demonstrated that a variety of inhibitors could uncover the SERT leak current. 

This response is seen as an outward current relative to baseline but is actually the inhibition 

of a constitutive inward current that is thought to be mediated primarily by Na+. Compounds 

that helped uncover the SERT leak current include FLX (93), citalopram (both R and S 

isomers) (94), and the tricyclic antidepressants desipramine (DES) (95) and imipramine 

(IMI) (96). The majority of SERT inhibitors elicit long-lasting electrophysiological effects 

after their removal, a distinct action on SERT compared to natural substrates that are easily 

washed out. Wang and colleagues showed that exposure to FLX leads to a greatly 

diminished 5HT-induced hSERT-mediated current response, measured by the peak current 

time constant: “the time constant for 5HT-induced current became much greater than that for 
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the first 5HT perfusion”. In other words, after exposure to FLX, there is a much weaker 

inward current produced by 5HT (or other substrates) at hSERT as compared to an initial 

5HT response at hSERT. Lastly, under physiologically relevant experimental concentrations, 

FLX-induced outward currents supersede inward 5HT-induced currents when 5HT and FLX 

are simultaneously applied – even at high 5HT concentrations. This result suggests FLX 

inhibits the endogenous leak current and disables substrate-induced currents at SERT. These 

results are consistent with other SERT inhibitors, including DES (95), IMI (96), and 

paroxetine (unpublished data). Storustovu and colleagues demonstrate that applying either 

citalopram enantiomer (especially the S- isoform) during the 5HT-induced SERT current 

results in an outward current (94). Cocaine and cocaine analogs also reveal leak currents in 

DAT-expressing, voltage-clamped Xenopus laevis oocytes (64). However, the DAT-mediated 

outward current elicited by cocaine washes out more slowly than the substrate (DA)-induced 

inward current, which is attributed to its action as an inhibitor – rather than a substrate – at 

DAT. Inhibitors with much higher affinity, such as the cocaine analog (1R)-2beta-

Carbomethoxy-3beta-(4-iodophenyl)tropane (β-CIT), are also more difficult to wash out, 

similar to FLX on SERT. The leak current has been observed in NET overexpressed in HEK 

cells by desipramine (76), but the technical limitation to overexpress NET in oocytes has 

precluded extensive NET research (20).

5.5 DAT and SERT Display an Induced Persistent Current

Recent studies have uncovered a novel mechanism of the action of AMPH on DAT based on 

electrophysiological data. In this model, AMPH is transported by DAT and concentrated 

inside the cell where the drug persists and is available to bind to the transporter at an internal 

site. The binding of AMPH at this internal site may maintain the transporter in a conductive 

state even when the external substrate is removed, leading to a persistent leak or “shelf” 

inward current; furthermore, it is proposed that external DA and other substrates can hold 

DAT in a constitutively-active state once internal AMPH is present (92). The induced 

persistent current can be elicited with additional select releasing substrates and in different 

monoamine transporters; in particular S(+)METH can produce a persistent leak current in 

hDAT, and para-chloroamphetamine can produce the same response in hSERT (97). This 

mechanism could have consequences on synaptic transmission, as the persistent current 

would depolarize neurons long after exposure to the drug. More work needs to be done to 

address the importance and implications of this novel monoamine transporter mechanism 

(98).

6 Mechanism of Action of Synthetic Cathinones

6.1 Synthetic Cathinones Target Monoamine Transporters

Using different techniques, several groups have sought to understand the pharmacology and 

action of synthetic cathinones; particularly, ones found in bath salts. Since amphetamine and 

related drugs act on the monoamine transporters by inhibiting reuptake of endogenous 

neurotransmitters and by releasing endogenous transmitter, studies of structurally-related 

synthetic cathinones are being carried out to determine their precise mechanisms of action. 

Experiments using rat brain synaptosomes pre-loaded with radiolabeled transmitter show 

that mephedrone exhibits similar releasing properties as MDMA at NET and DAT but 
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weaker at SERT. Furthermore, methylone exhibits similar albeit weaker behavior (99). In rat 

brain synaptosomes, MDPV was much stronger as an uptake inhibitor than AMPH, COC, or 

MEPH through DAT and NET, whereas MEPH and COC were more potent at inhibiting 

SERT uptake than MDPV or AMPH (100). AMPH and MEPH, but not COC or MDPV, 

behave as releasers at DAT, NET, and SERT (100). Further uptake inhibition assays in rat 

brain synaptosomes employing MDPV analogs confirmed that the α-alkyl chain is essential 

for hDAT affinity, whereas the methylenedioxy group does not affect affinity (101). 

Substituting a trifluoromethyl on the 3 or 4 position of MCAT’s ring increases the 

compound’s selectivity towards SERT over NET and DAT (102). Second generation MEPH 

analogs also elicit release through SERT and DAT (5). Studies employing HEK293 cells 

expressing monoamine transporters confirmed MDPV is an uptake blocker without release 

properties at hDAT, hSERT, and hNET, whereas MEPH (along with methylone and 4-

fluoromethcathinone) behave as uptake inhibitors and METH-like releasers at all three 

transporters, but with highest potency at hNET (103). Another study employing a number of 

synthetic cathinones classified the compounds based on their actions on monoamine 

transporters, including compounds that: 1) exhibit relatively non-selective actions as uptake 

inhibitors and display “MDMA-like” 5HT release through SERT, 2) show preferential 

catecholamine transporter actions as DAT and NET uptake inhibitors and induce DA release 

(like METH), and 3) are potent and selective catecholamine transporter uptake inhibitors but 

do not induce release (MDPV) (104). A similar study assessing synthetic cathinones on 

monoamine transporters showed that: 1) most of the compounds were more potent inhibitors 

of NET uptake, 2) addition of a β-keto group tends to enhance the DAT uptake inhibition 

over SERT uptake inhibition, 3) ring substitutions enhance serotonergic uptake inhibition, 4) 

some synthetic cathinones behave as pure uptake inhibitors, whereas others act as substrate 

releasers, and 5) there is weak binding of synthetic cathinones to a panel of receptors (105).

6.2 Electrophysiological Actions of Synthetic Cathinones on hDAT

The electrophysiological effects of a drug can provide a molecular signature of the specific 

interaction between a drug and the transporter. In a cell voltage-clamped to −60 mV, 

compounds that produce transporter-mediated inward currents are considered transported 

substrates (or releasers), and compounds that produce outward currents (interpreted as a 

block of an endogenous leak current) are considered as non-transported inhibitors. To 

illustrate this, currents from hDAT overexpressed in Xenopus laevis oocytes were recorded 

in response to DA, METH, the synthetic cathinones MEPH and MDPV, and cocaine (COC) 

(Fig. 2). DA, METH and MEPH induced hDAT-mediated inward currents, in agreement with 

previous studies that determined that METH and MEPH act as releasers (99, 100). On the 

other hand, MDPV and COC possess the signature of a non-transported blocker at hDAT, 

which qualitatively is seen as an upward deflection (Fig. 2) (106). The mixture of 

mephedrone and MDPV commonly found in ‘bath salts’, in combination with these findings 

indicate that bath salts may contain a DA releasing agent and a DA reuptake inhibitor. The 

two drugs have different kinetics and rather than cancel each other they would exacerbate 

the effect of either drug taken alone. Further recordings showed that MDPV produces a 

long-lasting effect at hDAT, that is, washout fails to return the outward current to baseline in 

contrast to COC, which is more easily washed out (106). In congruence, MDPV proved to 

be 10–35 times more potent than COC as an uptake inhibitor for DAT (100, 106).
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6.3 Electrophysiological Actions of Synthetic Cathinones on hSERT

There are limited studies on the electrophysiological actions of synthetic cathinones on 

hSERT, which require more elaboration. Mephedrone analogs (second-generation 

cathinones) are stimulants that induce euphoria and elicit inward currents (5). The METH 

analog, para-methoxymetheamphetamine (PMMA), which induces behavioral effects similar 

to MDMA without stimulant effects, and the β-keto analog methedrone, found in bath salts, 

display potent effects at SERT and NET (105). In particular, methedrone is the synthetic 

cathinone with the highest selectivity for SERT, and it behaves as a substrate that induces 

monoamine efflux (105). In agreement, employing the TEVC technique in voltage-clamped 

(−60 mV) oocytes overexpressing hSERT, show that the S(+) isomer of PMMA or 

methedrone elicit inward currents through hSERT comparable to the 5HT-induced inward 

current (Fig. 3). This is the signature of substrates (or releasers) and, interestingly, 

methedrone produces a large persistent inward current after washout, which confirms its 

potent effect at hSERT.

6.4 Structural Determinants for Potency of MDPV on hDAT

Deconstruction of MDPV into analogs allowed the determination of the moieties in MDPV 

responsible for its potency. In hDAT-expressing Xenopus laevis oocytes clamped to −60 mV, 

MDPV and its analogs induced comparable outward currents (block of an endogenous 

inward leak) that, after drug washout, did not return to the baseline before drug application. 

Furthermore, DA-induced currents obtained following application of either MDPV or its 

analogs displayed amplitude recovery profiles relative to the initial DA-induced currents (see 

Fig. 4) that highly correlated with the compounds’ potency to inhibit DA uptake via hDAT. 

In this study, the combination of uptake inhibition assays and an electrophysiological 

protocol, revealed the major contributor for MDPV’s potency at hDAT to be the extended α-

alkyl group, followed by the carbonyl group and a tertiary amine, whereas the 

methylenedioxy group made a minimal contribution (107).

6.5 A Distinct Site for Action of MDPV Analogs on hDAT

All compounds used in the Kolanos et al. study of the electrophysiological effects of MDPV 

analogs at hDAT, shifted the baseline after washout to more positive values, indicating 

hyperpolarization (see Fig. 4). Interestingly, for the MDPV analogs 1-(benzo[d]

[1,3]dioxol-5-yl)-2-(dimethylamino)propan-1-one (bk-MDDMA) (Fig. 4G) and 2-amino-1-

(benzo[d]-1,3-dioxol-5-yl)pentan-1-one (ABDP) (Fig. 4H), the second DA response 

recovered to 100% of the first DA relative to the new baseline. The baseline shift following 

10 μM of either bk-MDDMA or ABDP application cannot be washed out and is unaffected 

by a second exposure to DA. In subsequent recordings from hDAT oocytes, bk-MDDMA 

was perfused and removed while extracellular DA was present (Fig. 5A); however, a shift in 

baseline still occurred. Similarly, ABDP produces a shift in baseline even in the presence of 

constant extracellular DA (Fig. 5C). The shift in baseline produced by these analogs was not 

impeded by the presence of a high concentration of dopamine (data not shown). At hSERT, 

bk-MDDMA elicits a weak, reversible block of the inward leak current (Fig. 5B), and ABDP 

produces an inward, substrate-like current and a persistent inward current (Fig. 5D). These 

results suggest two distinct sites of action for MDPV analogs targeting DAT, and the distinct 
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effect of the compounds at hSERT differentiates these compounds at the two transporters. 

There are only a few reports of a secondary site of action on monoamine transporters (108), 

but none employing electrophysiology. This secondary site of action of drugs targeting 

hDAT could have important implications for drug development to treat addiction and other 

disorders.

7. Conclusion

Electrophysiological methods can characterize the actions of drugs on the monoamine 

transporters, determine whether they act as releasers or inhibitors, can quantify potency and 

efficacy, and evaluate structure-activity relationships of new compounds. Correlative studies 

with neurotransmitter uptake/release and fluorescent microscopy will enhance our 

understanding of drug action. Lastly, structure-function analysis of monoamine transporter 

protein structures as they become available can be combined with functional information to 

uncover the molecular mechanisms underlying drug-transporter interactions.
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Fig. 1. Structural relationship between AMPH (and related drugs) and synthetic cathinones
Cathinone is the beta-keto analog of AMPH and similarly MCAT is the beta-keto analog of 

METH. Substitutions to the para position of MCAT yields additional synthetic analogs, 

including mephedrone, methedrone, and flephedrone. The beta-keto analog of MDMA is 

methylone (or MDMC). Further modifications to methylone results in the potent substituted 

cathinones MDPV and α-PVP. Abbreviations: AMPH, amphetamine; METH, 

methamphetamine; MCAT, methcathinone; MDMA, methylenedioxymethamphetamine; 

MDMC, methylenedioxymethcathinone; MDPV, methylenedioxypyrovalerone; α-

pyrrolidinovalerophenone, α-PVP.
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Fig. 2. Electrophysiological signature of DA, METH, MEPH, MDPV, and cocaine at hDAT
(A–E) By employing the two-electrode voltage-clamp technique (TEVC), currents through 

hDAT elicited by external drug application (60 s duration, 10 μM) are measured in hDAT-

expressing Xenopus laevis oocytes voltage clamped to −60 mV. (A) DA induces a large 

inward peak current that returns to baseline when DA is removed. (B) METH and (C) 

MEPH elicit inward peak currents and induced persistent currents (enhanced current in the 

absence of drug). (D) MDPV exposure produces an outward, hyperpolarizing current similar 

to the current induced by (E) COC, which is a known reuptake inhibitor. The responses 

induced by MDPV and COC reveal the presence of an endogenous inward leak current 

typically uncovered with inhibitors. Figure adapted from Cameron et al. 2013.
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Fig. 3. Electrophysiological signature of S(+)PMMA and the synthetic cathinone methedrone at 
hSERT
By utilizing the TEVC technique currents are measured in Xenopus laevis oocytes 

overexpressing hSERT in response to 5 μM 5HT followed by 10 μM of either the S(+) 

isomer of para-methoxy-N-methylamphetamine (S(+)PMMA) (A) or methedrone (B). While 

the 5HT-induced hSERT response returns to baseline after washout, the washout following 

exposure to S(+)PMMA or methedrone for 100 s results in a persistent inward current. The 

hSERT inhibitor fluoxetine (FLX) reveals the endogenous leak current.
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Fig. 4. Currents induced by MDPV and its analogs in voltage-clamped (−60 mV) Xenopus laevis 
oocytes expressing hDAT
(A–H) Initial exposure to DA (5 μM) yields an hDAT-mediated inward current. Subsequent 

exposure to MDPV (A) or any of its analogs (B–H) (10 μM, 1 min) produces the typical 

response associated with the block of the endogenous current at hDAT. The upward 

deflection does not return to baseline when any of the compounds are washed out for 1 min. 

(A) Following exposure to MDPV a 5 μM DA application induces a diminished hDAT-

mediated inward current (as compared to the current produced in response to the initial DA 

exposure). The protocol is repeated for the MDPV analogs (B–H). Exposure to the different 

MDPV analogs elicits variable DA current recovery (compare second DA exposure to first 

DA exposure). For example, in contrast to the diminished DA-induced hDAT-mediated 

inward current following MDPV exposure (A), after exposing hDAT to the last two 

compounds (G–H) application of DA results in large inward currents that fully recover to the 

level of the current elicited by the first DA exposure. Figure adapted from Kolanos et al. 

2013.
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Fig. 5. Currents induced by MDPV analogs at hDAT and hSERT in voltage-clamped (−60 mV) 
Xenopus laevis oocytes
(A) Application of bk-MDDMA (20 μM) during constant perfusion of DA counteracts the 

inward DA-induced current. After removal of bk-MDDMA, a DA-induced inward current is 

observed; however, after DA is washed out, the current goes above baseline (above dashed 

line). A second exposure to bk-MDDMA induces a small outward current that returns to the 

level the baseline was shifted to. A subsequent DA-induced hDAT current is similar to the 

initial DA response, and after the last DA application is washed out, the baseline remains 

shifted. (B) At hSERT, bk-MDDMA (20 μM) induces a small block of the endogenous leak 

current, but in contrast to what happens at hDAT, after washing out bk-MDDMA the holding 

current at hSERT returns to its original level. (C) Application of ABDP shifts the baseline 

even in the presence of DA. ABDP application (20 μM) is applied to hDAT in the presence 

of DA, which elicits a counteracting hDAT-mediated current. After removal of ABDP 

application, the DA present induces an hDAT-mediated inward current; however, after DA is 

washed out, the current goes above baseline. A second exposure to ABDP application 

induces a small outward current. A subsequent DA-induced hDAT current is similar to the 

initial DA response, and after the last DA application is washed out, the baseline remains 

shifted. (D) ABDP (20 μM) induces an hSERT-mediated inward current that does not return 

to baseline. Note: All DA and 5HT challenges are 5 μM.
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