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Abstract

Burgeoning literature demonstrates that monoamine transporters with high transport capacity 

but lower substrate affinity (i.e., uptake 2) contribute meaningfully to regulation of monoamine 

neurotransmitter signalling. However, studying behavioural influences of uptake 2 is hindered by 

an absence of selective inhibitors largely free of off-target, confounding effects. This contrasts 

with study of monoamine transporters with low transport capacity but high substrate affinity (i.e., 

uptake 1), for which there are many reasonably selective inhibitors. To circumvent this dearth 

of pharmacological tools for studying uptake 2, researchers have instead employed mice with 

constitutive genetic deficiency in three separate transporters. By studying baseline behavioural 

shifts, plus behavioural responses to environmental and pharmacological manipulations—the latter 

primarily targeting uptake 1—investigators have been creatively characterizing the behavioural, 

and often sex-specific, influences of uptake 2. This non-systematic mini review summarizes 

current uptake 2 behaviour literature, highlighting emphases on stress responsivity in organic 

cation transporter 2 (OCT2) work, psychostimulant responsivity in OCT3 and plasma membrane 

monoamine transporter (PMAT) investigations, and antidepressant responsivity in all three. 

Collectively, this small but growing body of work reiterates the necessity for development of 

selective uptake 2-inhibiting drugs, with reviewed studies suggesting that these might advance 

personalized treatment approaches.
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1 | INTRODUCTION

Transporters of monoamine neurotransmitters serve multiple concurrent functions. 

Transporter-mediated uptake of monoamine neurotransmitters from the extracellular space 

impacts both the duration and magnitude of extra-cellular signalling, plus facilitates 

recycling of monoamine neurotransmitters and/or intracellular signaling processes (e.g., 

serotonylation).1–3 Historically, the most intensely studied monoamine transporters are those 

that fall under the classification of uptake 1, meaning they have relatively high affinity 

for their substrates, but low capacity. These include the dopamine transporter (DAT), 

serotonin transporter (SERT), and norepinephrine transporter (NET), so named because of 

their preferential transport of single substrates, for example, dopamine transport by DAT. 

Affinities of uptake 1 (measured as a Michaelis constant, Km) for their named substrates 

(e.g., DAT for dopamine) range between Km = 0.2–4 μM (see review4), with lower 

numbers indicating greater affinity. In contrast, uptake 2 monoamine transporters possess 

lower affinities for monoamine substrates (Km = 80–5450 μM, from review4), but transport 

monoamines at much higher capacities than uptake 1.

Uptake 2 include organic cation transporter 1, 2 and 3 (OCT1, OCT2, and OCT3, 

respectively), plasma membrane monoamine transporter (PMAT), and multidrug and toxin 

extrusion 1 and 2-K (MATE1 and MATE2-K, respectively) transporters. Transport capacity 

(i.e., rate of maximal transport, Vmax; higher numbers indicate faster transport) of uptake 2 

versus uptake 1 is exemplified by contrasting the capacity of PMAT to transport dopamine 

and serotonin (18.2 and 6.5 nmol/min/mg protein, respectively5), with the capacities of DAT 

(0.3 nmol/min/mg protein) and SERT (0.012 nmol/min/mg protein) to transport dopamine 

or serotonin, respectively.6 Indeed, uptake 2 are generally polyspecific, having multiple 

preferred monoamine substrates, in contrast to singular monoamine substrates of uptake 1 

(e.g., SERT affinity for serotonin). For example, PMAT preferentially transports dopamine 

and serotonin over other monoamines, whereas OCT3 preferentially transports histamine, 

nor-epinephrine, and epinephrine over other monoamines.7

Broadly, most uptake 2 are expressed in a variety of major organs including the brain (see 

review8; Figure 1). Readers are referred to an excellent chapter by Prof. Hermann Koepsell 

that quantitatively and comprehensively compares uptake 1 and uptake 2 substrate and 

inhibitor affinities, plus localized expression profiles of these transporters within the brain.4 

Other recent reviews provide details regarding (sub)cellular localization of uptake 2 across 

organs15 and specifically within brain region and brain cell types16 that are beyond the scope 

of this mini review. Accordingly, it is important to keep in mind that uptake 2 deficiency 

or pharmacological blockade within these peripheral organs might indirectly influence brain 

function to shift behavioural outcomes in the studies reviewed here.

In comparison to uptake 1 transporters, uptake 2 are far less studied, particularly the 

behavioural consequences of constitutive deficiency. For example, searching Google Scholar 

(11 October 2022) for articles using DAT knockout (KO) mice returns 1600 results with the 

search “DAT knockout.” In contrast, using the same search engine to locate articles using 

OCT3 knockouts returns 138 results for “OCT3 knockout.” Adding “behavior” results in a 

greater quantitative contrast of 1460 to 71, respectively, i.e., a 21-fold difference. Study of 
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behavioural differences resulting from constitutive uptake 2 deficiency is particularly critical 

considering, unlike for uptake 1, there is a dearth of selective pharmacological tools to 

advance study of uptake 2.

Indeed, drugs that inhibit uptake 2 are notoriously problematic. The most frequently 

engaged uptake 2 inhibitor is decynium-22 (D22), a compound that blocks OCT1, OCT2, 

OCT3, and PMAT.17,18 This action precludes the ability to determine individual transporter 

contributions to outcomes. Corticosterone, an endogenously produced steroid hormone, 

preferentially inhibits OCT3.19 However, it also acts at glucocorticoid receptors to elicit 

both genomic and non-genomic effects.20 Lopinavir is an antiretroviral drug that interferes 

with metabolic processes and contributes to cognitive dysfunction,21 but can preferentially 

inhibit PMAT over other uptake 2 transporters.22 Consequently, genetic manipulations to 

induce constitutive deficiency in individual uptake 2 transporters will remain the most 

targeted method for evaluating separate transporter contributions until more selective drugs 

are developed, and/or inducible KO models become available. Much of what researchers 

have gleaned regarding uptake 2 function comes from the integration of constitutive uptake 2 

deficiency with uptake 1-targeting pharmacological tools.

This non-systematic mini review serves as a summary of the behavioural consequences of 

constitutive deficiency in each of three (OCT2, OCT3, and PMAT) individual uptake 2 

transporters in mice and how these constitutive deficiencies interact with exposure to drugs 

that predominantly block uptake 1. Though OCT1 also transports monoamines, evidence 

indicates that brain expression is so low that its deletion is not anticipated to have any 

meaningful impact.16,23–25 Perhaps accordingly, and as suggested by others,16,26 this is 

why behaviours in OCT1 KO mice27 and OCT1/OCT2 double knockouts28 have not been 

assessed. Similarly, though MATE1 KO mice exist,29 to date, no studies have evaluated 

behaviours in these mice. No KO mice have been developed for MATE2-K, the active 

variant of MATE2.30

This mini review builds upon a terrific review published 7 years ago31 on how constitutive 

uptake 2 deficiency impacts responses to psychoactive drugs, plus upon thorough reviews 

summarizing the neurophysiological/neurochemical and behavioural influences of single 

uptake 2 transporters (e.g., OCT332,33; PMAT34,35). As study of uptake 2 has gained 

traction, more behavioural data have been reported in the past few years. Thus, the purpose 

of this mini review is to summarize and consolidate behavioural findings to date, reported 

in mice with constitutive genetic deficiency in single uptake 2 transporters (i.e., not multiple 

knockouts) (Table 1), including behavioural experiments where drugs were administered 

peripherally (Table 2). For more information on neurophysiological and neurochemical 

components relevant to uptake 2, a recent book edited by Prof. Lynette C. Daws is an 

excellent resource.47

2 | OCT2 (Slc22a2)

Presently, there exist constitutive knockouts of three uptake 2 monoamine transporters. Of 

these three genetic mouse models, publications on OCT2-deficient mice are least numerous. 

Nonetheless, the behavioural and pharmacological investigations using these mice have 
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been extensive, assessing general locomotion, anxiety- and coping-related measures, social 

interaction, and reward-related behaviours. The two published behavioural papers using 

OCT2 mice further evaluated responses to unpredictable chronic mild stress (UCMS; in 

male mice only; Table 1) and a pharmacological analogue in which male mice were 

administered corticosterone (the predominant stress hormone in rodents) in their drinking 

water for several weeks (Table 2).

2.1 | Baseline behaviour

Though no differences in locomotor activity were observed in OCT2 KO mice relative to 

control wild-types (WTs), KO mice did exhibit reduced performance on the rotarod (Table 

1), a measure of motor balance/coordination.36 Generally, these OCT2 KO mice displayed 

reduced anxiety-related behaviours that were consistent across open field, elevated O maze, 

and novelty-suppressed feeding tests.36 Mice without functional OCT2 were more immobile 

during forced swim36,37 and tail suspension tests,36 indicative of more passive coping 

behaviours (Table 1). Of note, for these baseline behaviour tests, the authors of one paper 

stated that “similar effects of genotype were observed for male and female mice.”36 But, it 

is unclear how many mice of each sex were used for behaviour tests and what the outcomes 

were of any statistical tests used to evaluate potential sex differences. The other paper used 

exclusively male mice.37

2.2 | Pharmacological findings

Expanding upon forced swim findings, investigators gave WT and KO mice (presumably 

both sexes) injections of saline, citalopram, reboxetine, or venlafaxine 30 min prior to 

testing.36 Saline-injected KOs mirrored the increased immobility observed in injection-

naïve KOs, relative to respective WT controls (Table 2). Venlafaxine injections at three 

different doses normalized KO immobility to resemble those of WTs, with WT mice 

only exhibiting attenuated immobility after the highest (32 mg/kg) venlafaxine dose. In 

other words, OCT2 KO mice exhibited a leftward shift in their dose–response curve 

to venlafaxine.36 A similar leftward shift was observed in the behavioural responses of 

OCT2 KOs to three separate doses of reboxetine, whereas immobility in WT mice was 

significantly reduced only by the two highest reboxetine doses.36 Though OCT2 KO mice 

also experienced a reduction in immobility in response to three increasing citalopram doses, 

the pattern was different from responses to venlafaxine and reboxetine, in that the two 

highest citalopram doses reduced WT immobility but maintained the observed genotype 

difference seen in saline-treated animals36 (Table 2). Combined, these data indicate that 

OCT2 KO mice behaviourally respond more to drugs that block uptake 1-mediated transport 

of norepinephrine (reboxetine), or both norepinephrine and serotonin (venlafaxine), in 

comparison to just serotonin (citalopram). This aligns with evidence that OCT2 transports 

norepinephrine nearly three times faster than serotonin.7

In addition to examining how a single drug injection affected behavioural responses to an 

acute stressor, the same investigators also explored how chronic increases in corticosterone 

levels affected behaviour in OCT2 KO mice and their responses to chronic venlafaxine 

administration (Table 2). Using singly housed males for these studies, mice received 

corticosterone (35 μg/ml) or vehicle (0.45% hydroxypropyl-β-cyclodextrin) in their drinking 
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water for 4 weeks. Then, behavioural tests of social interaction, novelty-suppressed feeding, 

sucrose preference, and elevated O maze were performed.36 Investigators also evaluated 

overall coat state and performed a splash test (also known as a spray test) to evaluate 

subsequent grooming behaviour. As observed in untreated mice, vehicle-treated male KOs 

had a lower latency to feed in the novelty-suppressed feeding test, plus spent more time in 

the open areas of the elevated O maze.36 Treatment with corticosterone for 4 weeks did not 

affect the genotype difference in the O maze, but did abolish the genotype difference in the 

novelty-suppressed feeding test (Table 2). Similarly, increased grooming in the splash/spray 

test noted in male KOs was abolished by 4 weeks of corticosterone administration.36 The 

absence of genotype differences in social interaction, sucrose preference, and coat state 

observed in vehicle-treated males persisted in corticosterone-treated males. Thus, though 

corticosterone treatment did shift overall behaviour in both WTs and KOs, there were 

relatively few KO-specific changes induced after the 4 week period.

A similar series of experiments performed by the same group assessed how UCMS affected 

several of these same measures (social interaction, coat condition and sucrose preference), 

plus some different parameters (object location test, nest building and forced swim).37 The 

UCMS protocol involved exposure of male mice to nine different types of stressors over the 

course of 8 weeks, though the order, repetitions, and duration of each stressor exposure 

are unclear save for one detail (sounds of predators for 15 min).37 Unlike with mice 

chronically consuming corticosterone in the drinking water,36 OCT2 KO mice undergoing 

UCMS exhibited consistently worse coat states from weeks 2 through 8 of the UCMS 

manipulation37 (Table 1). Also unlike the drinking water study, UCMS impaired social 

interaction selectively in OCT2 KO mice at weeks 3 and 4.37 Sucrose preference, at least, 

remained consistently without a genotype difference across studies.36,37 Over the course 

of the UCMS manipulation, male OCT2 KO mice displayed accelerated impairments in 

object location testing.37 After 5 weeks of UCMS, nest building was impaired in male OCT2 

KO mice relative to WTs, whereas the enhanced immobility in the forced swim test that 

male OCT2 KO mice exhibit36,37 was obscured by UCMS elevating immobility in WTs to 

resemble that of UCMS-exposed OCT2 KO mice37 (Table 1). Combined, the UCMS and 

corticosterone in drinking water studies help highlight how elevated corticosterone levels 

alone are insufficient to mimic a chronic stress state that involves physically/psychologically 

adverse experiences.

Returning to the study involving 4 weeks of corticosterone in the drinking water,36 these 

same male mice continued consuming corticosterone in their drinking water, but for the 

next 3 weeks also received daily injections of venlafaxine (16 mg/kg/day, ip.; Table 2). 

It is unclear what control/vehicle injection was given (if any) for venlafaxine treatment 

during these last 3 weeks of corticosterone in drinking water. This question arises given 

that behaviour in mice receiving corticosterone without venlafaxine exhibited some shifts 

between the 4 and 7 week time-points.36 However, these shifts could also be attributable, 

at least in part, to reexposure of the same mice to the same tests. In particular, the 

genotype difference in open area Time in the O maze disappears at 7 weeks in control 

(i.e., corticosterone only, no venlafaxine treatment) mice. Coat state also worsened across 

genotypes, as anticipated with continued corticosterone consumption. The reductions in 

sucrose consumption, grooming in the splash/spray test, overall coat state, and O maze 
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open zone time that were induced in both OCT2 genotypes after 4 weeks of corticosterone 

administration were selectively ameliorated by a further 3 weeks of concurrent venlafaxine 

treatment in OCT2 WT, but not in OCT KO, mice36 (Table 2). Though unclear why, it 

appears that social interaction and novelty-suppressed feeding were not tested again at the 7 

week time-point in these mice.

Interestingly, these findings contradict observations with antidepressant treatment in the 

acute forced swim test, where OCT2 KO mice exhibited leftward-shifted dose–response 

curves (Table 2). However, this apparent contradiction can be remedied by remembering 

that forced swim tests are far from perfect for screening putative antidepressants,48–50 and 

further highlights how OCT2 deficiency could reflect a contribution to the notoriously poor 

effectiveness of antidepressant drugs as treatments, recognized in the past decade.51–53 

Alternatively, it could be the combination of continued corticosterone treatment in 

conjunction with OCT2 deficiency that impeded the effectiveness of venlafaxine treatment, 

given that at least in some situations, treatment with antidepressants might help alleviate 

endogenous corticosterone (or cortisol, in humans) levels that would feed forward to 

improve behaviour. Of course, the behavioural improvements in response to venlafaxine 

in WT mice still consuming corticosterone argue against this interpretation. Overall, these 

studies suggest that intact OCT2 function dampens anxiolytic processes, but simultaneously 

promotes active coping behaviours and facilitates effectiveness of antidepressant treatments.

3 | OCT3 (Slc22a3)

Articles using OCT3-deficient mice are more numerous than those using OCT2-deficient 

mice. Nonetheless, investigations with OCT3-deficient mice have characterized relatively 

few baseline behaviours (Table 1), with the predominant focus placed upon how 

constitutively reduced OCT3 function influences responses to psychostimulant drugs (Table 

2).

3.1 | Baseline behaviour

Overall locomotion and motor coordination in OCT3 KO mice appear unaffected,39 though 

activity in familiar arms of the Y maze indicated a drop in locomotor activity (Table 

1). Whether this study used one or both sexes is unclear.39 While these investigators 

reported reduced time in the centre of the open field,39 indicative of elevated anxiety-related 

behaviour, another group of researchers found that their male OCT3-deficient mice spent 

more per cent time in the open arms of the elevated plus maze and in the centre of the 

open field,40 suggesting reduced anxiety-related behaviour (Table 1). The latter investigators 

further reported that constitutive OCT3 deficiency had no impact on performance of male 

mice in the Morris water maze or in the resident–intruder test.40 Thus, behavioural shifts 

from OCT3 deficiency appear relatively minor, and the evidence regarding anxiety-related 

behaviour remains conflicting.

Interestingly, one group of researchers explored how OCT3 KO impacted consumption 

of water and salt (NaCl) solution during conditions of satiety and water deprivation.38 

They observed no genotype effects under satiated conditions, but enhanced salt solution 

consumption after 24 h of water deprivation38 (Table 1). In combination with the other 
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behavioural findings summarized above, and the pharmacological studies reviewed below, 

the influence of OCT3 (and PMAT, covered in the next section) might be more evident under 

conditions of substantial (neuro)physiological perturbation.

3.2 | Pharmacological findings

Researchers expanded upon their findings regarding how OCT3 KO affects fluid 

consumption by introducing injections of saline or furosemide, a diuretic compound (routes 

not stated), in conjunction with diets replete with, or depleted of, sodium.38 They found that 

OCT3 KO mice (sex(es) not stated) consumed equivalent amounts of fluid as WT when on 

a sodium-depleted diet and injected with saline, but that KO consumption of salt solutions 

were increased relative to WT when furosemide treatment was given in conjunction with 

sodium-depleted diet38 (Table 2). In fact, even when mice had a replete sodium diet and 

received furosemide, OCT3 KO mice still consumed more salt solution than their WT 

counterparts.38 In other words, intact OCT3 function appears instrumental in diminishing an 

appetite for salt under conditions of dehydration. Whether this is specific to salt in solution, 

or might generalize to salt in food, remains unexplored.

One study investigated how OCT3 deficiency affected coping behaviour in the tail 

suspension test (TST) in response to the antidepressant fluvoxamine, uptake 2 blocker 

D22, or their combination43 (Table 2). Though OCT3 WT and KO mice were not directly 

statistically compared, the researchers observed that D22 (0.1 mg/kg) or fluvoxamine 

(10 mg/kg) alone did not impact TST immobility in either OCT3 WT or KO mice.43 

Co-administering these two drugs enhanced active coping (i.e., decreased immobility) in 

OCT3 WT, but not KO, mice (Table 2), suggesting that OCT3 expression significantly 

contributes to the combinatorial effect of these drugs. However, increasing D22 to 0.32 

mg/kg and co-administering it with the same fluvoxamine dose did reduce immobility in 

OCT3 KO mice,43 suggesting that OCT3 expression is not necessary for this active coping 

effect. This latter drug combination was not tested in OCT3 WT mice nor was the higher 

D22 dose, though the higher D22 dose alone was without effect in OCT3 KOs.43

Three articles explored how constitutive OCT3 deficiency influences behavioural responses 

to psychostimulants, particularly amphetamine (Table 2). Two examine locomotor activity 

after acute administration of cocaine39 or amphetamine.39,44 While one group reported no 

differences between male WT and KO mice receiving 1, 3.2, or 10 mg/kg of amphetamine,44 

the other group found that KO mice (sex(es) not stated) displayed increased locomotor 

activity to the highest doses of amphetamine (10 mg/kg) and cocaine (40 mg/kg) given39 

(Table 2). Because the latter group did not specify the sex or sexes of the mice they 

used, these genotype differences might have been driven by females, given the absence 

of differences in males given 10 mg/kg.44 When D22 was given to OCT3 WT males, 

the amphetamine-induced locomotor response was attenuated—an effect lost in OCT3 KO 

males (Table 2), indicating that OCT3 function contributes to this behavioural consequence 

of amphetamine.44

Two separate groups of researchers consistently found that OCT3 deficiency does not affect 

amphetamine-induced locomotor sensitization.39,45 Findings are less consistent regarding 

conditioned place preference (CPP), as one group reported no differences (sex(es) not 
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stated39), whereas another found that OCT3 KO males—but not females—failed to develop 

CPP to amphetamine.45 This may be a dose–response effect, given the former group used 

2 mg/kg doses,47 and the latter used 1 mg/kg doses,49 both with four pairings across 8 

days (Table 2). The more recent study further investigated amphetamine-induced locomotor 

sensitization and CPP by incorporating D22 pretreatments with both paradigms.49 While 

amphetamine-induced locomotor sensitization remained unaffected by genotype or D22 

pretreatment, CPP to amphetamine was attenuated by D22 pretreatment specifically in 

female OCT3 KO mice45 (Table 2). This suggests that in females, an uptake 2 other than 

OCT3, possibly due to increased compensatory expression, contributes to development of 

amphetamine-mediated CPP.

Though OCT3’s influence on baseline behaviour has been relatively underexplored (Table 

1), considerable evidence supports OCT3 as contributing to the behavioural effects elicited 

by amphetamine (Table 2). Specifically, in males, OCT3 is likely important for the 

locomotor-stimulating effects of amphetamine, as well as reward-related effects of low doses 

of amphetamine measured using CPP. Further investigations are necessary to determine how 

OCT3 function influences stereotypic behaviour that emerges with higher doses of cocaine 

and amphetamine. Additionally, studies exploring how constitutive OCT3 deficiency affects 

self-administration of reinforcing compounds could help delineate OCT3’s role(s) in the 

locomotor-stimulating versus reward-related components of psychostimulants.

4 | PMAT (Slc29a4)

Studies of the behavioural consequences of constitutive PMAT deficiency have emerged 

later than those of OCT2 and OCT3, given that a PMAT KO mouse was not successfully 

created until 2013.54 PMAT also belongs to a different gene class than OCT2 and OCT3, as 

it was originally identified as equilibrative nucleoside transporter 4 (ENT4), and only later 

was its capability to transport monoamines discovered.5,35 Also unlike OCT2 and OCT3, 

which preferentially transport the monoamines histamine, norepinephrine, and epinephrine, 

PMAT preferentially transports dopamine and serotonin. Despite its relatively recent arrival 

in the scientific world, there are already four articles that have evaluated behaviour in 

PMAT-deficient mice.

4.1 | Baseline behaviour

Largely, PMAT-deficient mice do not exhibit prominent behavioural differences (Table 1), 

similar to OCT3-deficient mice. When PMAT-deficient mice of both sexes were assessed 

across all three genotypes (WT, heterozygote [HT] and KO), main effects of genotype were 

detected in elevated plus maze latency to first enter open arm and distance travelled in 

same, differences that appeared driven by HTs.41 However, no differences across genotypes 

in either sex were found for time in open or closed arms of the elevated plus maze, nor 

in locomotor activity, marble burying, or measures of immobility, climbing, latency to first 

immobility bout, or faecal boli in the forced swim test.41 A main effect of genotype was 

noted across sexes for faecal boli after a 4 h locomotor test, an effect that appeared driven 

by KOs (Table 1). The most prominent genotype effect was observed in female KOs, which 

exhibited increased swimming behaviour in the forced swim test.41 Interestingly, in the 
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TST, non-injected male PMAT HT and KO specifically exhibited increased immobility,42 

despite displaying no behavioural differences in the forced swim test.41 Together, these 

findings highlight that constitutive PMAT deficiency appears detectable predominantly 

under conditions of (neuro)physiological perturbations.

4.2 | Pharmacological findings

The first pharmacological study involving PMAT-deficient mice (Table 2) found that male 

KOs fail to exhibit a reduction in immobility in the forced swim test after ketamine 

administration, unlike their male WT counterparts.46 This unresponsiveness to ketamine 

did not appear confounded by any changes in locomotor activity, suggesting that ketamine 

acts, in part, by interfering with PMAT function to attenuate immobility in the forced 

swim test.46 When assessing responses to anti-depressant drugs in the TST, an unexpected 

reduction in latency to first immobility bout was observed in female KOs injected with 

saline.42 Given this sex- and genotype-specific difference in saline controls, all mice given 

drugs were evaluated as ≈ Per cent change from their same-sex and same-genotype saline-

injected counterparts. In analysing the data in this way, escitalopram (1 and 2 mg/kg) and 

bupropion (8 mg/kg) emerged as significantly increasing the latency to first immobility bout 

specifically in female KOs.42 In contrast, males exhibited no genotype-specific responses to 

either drug (Table 2). However, male PMAT KOs failed to exhibit the immobility-reducing 

effects of escitalopram (2 mg/kg), whereas no effects of genotype were observed in females 

to either escitalopram or bupropion in terms of immobility time.42 Largely, these effects 

were not attributable to locomotor confounds, as escitalopram reduced locomotor activity 

(relative to same-sex/genotype saline-injected controls) in female HTs (both doses) and KOs 

(1 mg/kg).42 Likewise, bupropion reduced locomotor activity in female HTs and KOs (8 

mg/kg), but increased locomotor activity specifically in male HTs (4 and 8 mg/kg), which 

did not exhibit any altered responses to these drugs in the TST.42 In conjunction with the 

findings for ketamine (Table 2), evaluations of these antidepressant drugs in PMAT-deficient 

mice suggest that PMAT function contributes to the effectiveness of escitalopram in males, 

but might undermine the effectiveness of these drugs in females.

Shifting to psychostimulants, two studies have assessed amphetamine-induced locomotor 

sensitization, while one study each has looked at either cocaine-induced locomotor 

sensitization or amphetamine-mediated CPP (Table 2). First, when evaluating amphetamine-

induced locomotor sensitization occurring during CPP conditioning, one group found that 

in both sexes, PMAT KO mice exhibited reduced locomotor sensitization, an observation 

unaffected by D22 pretreatment.45 Another group that assessed amphetamine-induced 

locomotor sensitization using a different cumulative dosing paradigm across 13 days, 

with injection gaps of 3 days, found a significant reduction in amphetamine-induced 

locomotor sensitization only on day 7 (i.e., the third injection day of five total) and 

only in female HTs.42 The same group similarly found that only female HTs exhibited 

attenuated cocaine-induced locomotor sensitization and only on the fifth of five consecutive 

injection days (Table 2). Initial (i.e., injection day 1) responses to both cocaine and 

amphetamine were unaffected in either sex across PMAT genotypes,42 unlike OCT3 KO 

mice that exhibited enhanced locomotion in response to the highest studied doses of the 

same drugs.39 Assessment of amphetamine-mediated CPP in PMAT KO and WT mice 
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revealed no impact of PMAT deficiency, whereas pretreatment with D22 abrogated CPP 

in males of both genotypes, but in females only impeded CPP in WTs45 (Table 2). This 

indicates that D22’s ability to block amphetamine-mediated CPP in females is likely, at 

least in part, through inhibition of PMAT. Combined with the same article’s findings 

regarding CPP in OCT3 KO mice with and without D22 pretreatment, these outcomes 

indicate that in males, OCT3 is more involved in CPP, whereas in females, PMAT is a 

key contributor. Investigation of CPP in female PMAT HTs, considering what was observed 

regarding attenuated psychostimulant-induced locomotor sensitization, could be interesting 

considering there are common polymorphisms identified in humans that attenuate (but do 

not completely ablate) PMAT function.55–57

Consistent across PMAT studies is evidence that this uptake 2 transporter’s function, like 

OCT3’s, is most evident under conditions of disrupted (neuro)physiological homeostasis, 

whether through environmental stress (forced swim and tail suspension; Table 1) or 

drug administration (antidepressants and psychostimulants; Table 2). In three of the four 

studies, evidence supports sex-specific influences of constitutive PMAT deficiency upon 

behaviour,41,42,45 an observation also found with cardiovascular measures.58 A recent report 

indicates that PMAT function may be reduced through an estradiol-mediated signalling 

mechanism.59 This might help explain why HT females exhibited more prominent PMAT 

genotype effects in psychostimulant-induced locomotor sensitization paradigms,42 but it 

remains unclear why some behavioural differences are observed in female PMAT KOs but 

not male PMAT KOs, or vice versa, given there are no functional PMAT to down-regulate 

in these mice. Future studies into sex-specific effects in PMAT HT mice will advance 

understanding of estradiol’s influences on this transporter, and as with studies in OCT3-

deficient mice, use of self-administration paradigms could provide helpful information 

regarding PMAT’s influence in responses to reinforcing stimuli.

5 | LOOKING FORWARD

Contrary to some perceptions of uptake 2 monoamine transporters merely serving as 

redundancies to uptake 1 monoamine transporters, the articles covered in this mini 

review demonstrate that the former class of transporters does contribute meaningfully to 

monoamine signalling under baseline conditions (Table 1). Moreover, behavioural shifts are 

largely consistent within, but not across, transporters. This is surprising regarding OCT2 

and OCT3, given their similarities in preferred substrates.4 But this makes more sense 

considering their sequence homology is only ~47–48%,60 and the expression profile of 

OCT2 is greater in limbic and stress-responsive areas36,37 versus OCT3 expression being 

greater in dopaminergic and motor-related brain regions.39 Of the three knocked out genes, 

OCT3 remains least characterized for baseline behavioural changes (Table 1), but most 

thoroughly assessed regarding the cellular mechanism of action of amphetamine.44 Both 

OCT2 and PMAT KO mouse models have undergone more baseline behavioural evaluations 

(Table 1), and all uptake 2 mice have had assessments of acute behavioural responses to 

antidepressant compounds (Table 2). Where the research using OCT and PMAT transporter 

models diverges is on their responsivity to different manipulations. In OCT2 KO mice, 

research has focused upon stress and stress hormone responsivity, whereas research in 

PMAT-deficient mice has focused more upon psychostimulant responsivity. Consequently, 
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much knowledge awaits discovery through continued baseline (OCT3), psychostimulant 

(OCT2), and stress (hormone) responsivity (PMAT) behavioural assessments in these 

different constitutively deficient mouse lines.

While constitutive genetic deficiency in transporter function can provide only some 

information regarding the roles of intact uptake 2, this information is nonetheless useful. 

Considering that polymorphisms with functional consequences exist in human genes 

for OCT2 and OCT3 (see excellent review61) and PMAT,55–57 HT mouse models may 

be particularly useful for understanding the neurobehavioural consequences of these 

polymorphisms. Surprisingly, few studies have included HTs in their analyses.40–42 

Nonetheless, all three of these studies observed shifts in behaviour of HTs in at least one 

measure utilized. In addition to studying HT mice, behavioural studies of humans with 

these polymorphisms would provide further insight into influences of uptake 2 on behaviour, 

possibly with direct clinical relevance.

Pharmacological tools remain important in advancing understanding of protein function. 

Unfortunately, there are no commercially available drugs that selectively inhibit individual 
uptake 2 without also producing confounding off-target physiological effects. As the 

relatively recent history of studying SERT and selective serotonin reuptake inhibitors 

has shown,62–64 pharmacological inhibition of a transporter can have drastically different 

behavioural effects than constitutive genetic KO of the same transporter. One indirect goal 

of this mini review is to highlight the dire need for appropriate pharmacological tools to 

advance study of uptake 2 in whole organisms. Simultaneously, the findings summarized 

here are intended to provide an impetus for development of such drugs.

Studies reviewed here that have integrated constitutive genetic deficiency of uptake 2 with 

pharmacological disruption of at least one uptake 1 (Table 2) suggest three key points. First, 

studies in uptake 2 mice indicate that function of these transporters might help explain 

the ineffectiveness of many antidepressant drugs in alleviating depression symptoms in 

humans. Second, studies in OCT3-and PMAT-deficient mice suggest that function of these 

transporters influences behavioural responses to drugs that can be abused, including cocaine 

and amphetamine. Though additional work is needed to determine if these transporters 

affect reinforcing or other experiential aspects of drugs that promote continued drug (ab)use, 

there may be therapeutic potential through targeted inhibition of uptake 2. Third, consistent 

evidence across labs studying OCT3 and PMAT demonstrates sex-specific outcomes of 

reduced or ablated transporter function. When this information is integrated with the 

first and second key points above, this means drugs targeting different uptake 2 could 

be implemented for personalized medicine/treatment approaches. These three key points 

remain, in the end, hypothetical. How much could become reality necessitates that selective 

inhibitors of the individual uptake 2 be identified and made commercially available for 

broad investigative purposes. Until that becomes an option, continued diligent study using 

constitutive genetic deficiency mouse models will be one of this field’s best approaches for 

uncovering further behavioural influences of uptake 2.
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FIGURE 1. Distribution of uptake 2 transporters in major organs and tissues throughout the 
body.
This figure is a graphical representation of the data assimilated by Prof. Hermann Koepsell 

in Table 6 of his 2020 review, Organic Cation Transporters in Health and Disease9 for 

OCT1, OCT2, OCT3, MATE1, and MATE2-K, based on >130 references therein; plus 

data reported for PMAT expression by numerous research labs.5,10–14 The vast majority 

of these distribution data is based upon mRNA expression reports, not protein expression. 

Tissues reported include adipose tissue, adrenal glands, bladder, bone marrow, brain and 

neurovasculature, eye, heart, intestines, kidney, liver, lungs/trachea, salivary glands, skeletal 
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muscle, skin, spleen, stomach, thymus and thyroid. For biological sex-specific tissues (e.g., 

prostate, cervix, etc.), readers are referred to the cited text. Similarly, not all reports 

are consistent regarding relative levels of expression, so readers should refer to cited 

text for details regarding tissue collection and expression quantification methods. Relative 

expression levels for different uptake 2 span from “very high”9 or high expression on the left 

side of the graph, descending to moderate in the middle, and low/“low but significant”9 

expression on the right. If uptake 2 was not detected or not reported in a particular 

organ/tissue, then that organ/tissue is not represented within the horizontal block for each 

corresponding uptake 2. A key indicating the visual marker for each organ/tissue is located 

at the bottom of the figure.
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