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Abstract

The reinforcing effects of abused drugs are mediated by their ability to elevate nucleus accumbens 

dopamine. Amphetamine (AMPH) was historically thought to increase dopamine by an action 

potential-independent, non-exocytotic type of release called efflux, involving reversal of dopamine 

transporter function and driven by vesicular dopamine depletion. Growing evidence suggests that 

AMPH also acts by an action potential-dependent mechanism. Indeed, fast-scan cyclic 

voltammetry demonstrates that AMPH activates dopamine transients, reward-related phasic 

signals generated by burst firing of dopamine neurons and dependent on intact vesicular 

dopamine. Not established for AMPH but indicating a shared mechanism, endocannabinoids 

facilitate this activation of dopamine transients by broad classes of abused drugs. Here, using fast-

scan cyclic voltammetry coupled to pharmacological manipulations in awake rats, we investigated 

the action potential and endocannabinoid dependence of AMPH-induced elevations in nucleus 

accumbens dopamine. AMPH increased the frequency, amplitude and duration of transients, which 

were observed riding on top of slower dopamine increases. Surprisingly, silencing dopamine 

neuron firing abolished all AMPH-induced dopamine elevations, identifying an action potential-

dependent origin. Blocking cannabinoid type 1 receptors prevented AMPH from increasing 

transient frequency, similar to reported effects on other abused drugs, but not from increasing 

transient duration and inhibiting dopamine uptake. Thus, AMPH elevates nucleus accumbens 

dopamine by eliciting transients via cannabinoid type 1 receptors and promoting the summation of 

temporally coincident transients, made more numerous, larger and wider by AMPH. Collectively, 

these findings are inconsistent with AMPH eliciting action potential-independent dopamine efflux 
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and vesicular dopamine depletion, and support endocannabinoids facilitating phasic dopamine 

signalling as a common action in drug reinforcement.
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Introduction

Amphetamine (AMPH) and structurally-related psychostimulants comprise an expansive 

drug class with broad therapeutic utility and high abuse potential. Prescription AMPH use is 

indicated for narcolepsy, attention deficit hyperactivity disorder, obesity and traumatic brain 

injury (Howell & Kimmel, 2008; Bales et al., 2009). AMPH-type psychostimulants also 

represent the second most widely used illicit drugs worldwide, behind only cannabis but 

nearly surpassing cocaine and heroin use combined (UNODC, 2014). Despite the pervasive 

impact and potent addictive properties of this drug class, there remains no accepted or 

effective pharmacotherapy for AMPH abuse (Forray & Sofuoglu, 2014; Stoops & Rush, 

2014). A foundational understanding of AMPH action will greatly aid this important 

endeavour but, despite extensive effort, a definitive mechanism remains elusive.

The reinforcing effects of abused drugs are mediated by their ability to elevate nucleus 

accumbens (NAc) dopamine (Di Chiara & Imperato, 1988; Nestler, 2005). Drug 

mechanisms vary, but AMPH was historically thought to elicit dopamine efflux (Kuczenski, 

1983; Seiden et al., 1993; Kuczenski & Segal, 1994; Sulzer, 2011). This action potential-

independent, non-exocytotic type of release is mediated by reversal of dopamine transporter 

function and driven by vesicular dopamine depletion. However, growing evidence also 

supports an action potential-dependent mechanism for AMPH. Similar to cocaine, nicotine, 

ethanol, opioids and cannabinoids (Cheer et al., 2004, 2007; Vander Weele et al., 2014), 

AMPH activates dopamine transients (Ramsson et al., 2011; Covey et al., 2013; Daberkow 

et al., 2013). These phasic signals generated by burst firing of dopamine neurons (Sombers 

et al., 2009) are critical to reward-related learning (Steinberg et al., 2014; Hamid et al., 
2016) and associated with drug reinforcememnt (Stuber et al., 2005). Although not 

established for AMPH but indicating a shared mechanism, blocking cannabinoid type 1 

(CB1) receptors suppresses transient activation by broad classes of abused drugs (Cheer et 
al., 2004, 2007). Moreover, CB1 receptors on afferent GABAergic terminals in the ventral 

tegmental area (VTA) shape NAc dopamine signalling by disinhibiting dopamine neurons to 

facilitate their burst firing (Matyas et al., 2008; Wang et al., 2015). Disrupting this process 

thus represents an emerging pharmacotherapeutic target for addiction treatment (Lupica & 

Riegel, 2005; Parsons & Hurd, 2015). Because dopamine transients also depend on intact 

vesicular dopamine (Owesson-White et al., 2012), their activation by AMPH via an 

endocannabionoid mechanism is ostensibly incompatible with AMPH depleting vesicular 

dopamine and driving efflux.

Here we used fast-scan cyclic voltammetry (FSCV) in awake rats to investigate the action 

potential and endocannabinoid dependence of AMPH-induced elevations in NAc dopamine. 
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AMPH robustly increased the frequency, amplitude and duration of dopamine transients, 

which were observed riding on top of slower dopamine increases. Suprisingly, silencing 

dopamine neuron firing abolished all dopamine elevations with AMPH, identifying an action 

potential-dependent origin. Blocking CB1 receptors prevented AMPH from increasing 

transient frequency but not duration and inhibiting dopamine uptake. Thus, AMPH elevates 

NAc dopamine by promoting the temporal summing of dopamine transients, made more 

numerous, larger and wider by AMPH. Inconsistent with dopamine efflux and vesicular 

dopamine depletion, these results support endocannabinoids facilitating the AMPH-induced 

activation of dopamine transients.

Materials and methods

Animals

Male Sprague Dawley rats (300–400 g) (Harlan, Indianapolis, IN, USA) were housed in a 

temperature-controlled room maintained on a reverse 12 h light/dark cycle and allowed 

access to food and water ad libitum. Rats were housed individually following surgery. 

Animal care and experimental procedures conformed to the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and were approved by the Institutional 

Animal Use and Care Committees at Illinois State University.

Carbon-fibre microelectrodes

Individual carbon fibres (r = 3.5 μm; Hexcel Corporation) were pulled (micropipette puller, 

Narishige) in glass capillary tubes (Sutter Instruments). The seal between the glass and 

carbon fibre was reinforced with epoxy (Miller-Stephenson), and the exposed fibre was cut 

to ~80–100 μm in length.

Surgery

Rats were anaesthetized with ketamine (80 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.) and 

implanted with a chronic indwelling Silastic® cannula (0.012 inches inner diameter and 

0.025 inches outer diameter) into the right jugular vein (Calipari et al., 2013). The cannula 

exited the skin on the dorsal surface in the region of the scapulas. Immediately following 

catheterization, rats were immobilized in a stereotaxic frame and surgically prepared for 

freely moving FSCV recording as described previously (Aragona et al., 2008; Sombers et 
al., 2009). A guide cannula (Bioanalytical Systems) for housing the microdrive for the 

carbon-fibre microelectrode was positioned above the NAc shell (+1.7 mm anterior, +0.8 

mm lateral, −2.5 mm ventral relative to bregma) (Paxinos & Watson, 1998), and a 

combination bipolar stimulating electrode/guide cannula (26 gauge; Plastics One) was 

implanted ipsilaterally targeting the VTA (+5.4 mm posterior, +1.2 mm lateral, −7.8 mm 

ventral) at a 6° angle. An Ag/AgCl reference electrode was placed in the contralateral 

cortex. All components were permanently affixed with dental cement.

Recording sessions

After recovery from surgery, FSCV was used to monitor extracellular dopamine by applying 

a triangular waveform (−0.4 to +1.3 V at 400 V/s) at 10 Hz to the implanted carbon-fibre 

microelectrode. Naturally occurring, drug-evoked and electrically evoked (biphasic; 2 ms/
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phase, 24 pulses, 60 Hz, ±125 μA) dopamine changes were recorded before and throughout 

the experimental session. Electrically evoked recordings verified the performance of the 

carbon-fibre microelectrode and permitted a training set to be recorded for principal 

component regression, in order to statistically extract the dopamine component from the 

mixed-analyte FSCV recording (Heien et al., 2005). Dopamine transients were analysed for 

amplitude (peak), duration (width at half-maximal amplitude) and frequency (inverse of 

inter-transient interval) using Mini Analysis (Synaptosoft, Decatur, GA, USA). Electrically 

evoked dopamine signals were characterized by maximal amplitude and the rate of 

dopamine uptake using a first-order rate constant (k) with Demon Analysis Software 

(Yorgason et al., 2011). After the experiment, the carbon-fibre microelectrode was calibrated 

as described previously (Covey et al., 2013). The recording site was verified in the NAc by 

passing direct current (~100 μA) for 20 s through a stainless-steel electrode, inserted to the 

same position as the carbon-fibre microelectrode. Animals were anaesthetized with urethane 

(1.5 g/kg, i.p.) and decapitated, and the brain removed for histology. Brains were post-fixed 

in 4% paraformaldehyde in phosphate-buffered saline and then placed in 10% sucrose 

solution in phosphate-buffered saline for 48 h followed by 30% sucrose solution in 

phosphate-buffered saline for 48 h. Coronal sections (60 μm) were mounted and stained with 

cresyl violet.

Ventral tegmental area microinfusions

Microinfusions were made through a guide cannula attached to the bipolar stimulating 

electrode (Plastics One) targeting the VTA. An injection cannula was inserted into the guide 

cannula ending 1 mm above the tip of the stimulating electrode (Plastics One); the injection 

cannula was cut to extend 1 mm beyond the guide cannula tip. Tetrodotoxin (TTX) or 

artificial cerebrospinal fluid (aCSF) was infused using a syringe pump (Harvard Apparatus) 

with a flow rate of 0.5 μL/min over a 1 min period. The injection cannula was left in place 

for 2 min to allow diffusion.

Experimental design

Two between-subjects designs were used. For the experiment assessing the effects of TTX, 

used to inhibit action potentials, following a 15 min baseline recording period, all animals 

received either TTX (10 μM) or aCSF infused into the VTA, followed 15 min later by 

intravenously administered saline. A 1 mg/kg dose of AMPH was intravenously 

administered 15 min later. For the experiment assessing the effects of rimonabant (RIMO) 

(SR141716A), a CB1 receptor antagonist/inverse agonist, following a 15 min baseline 

recording period, RIMO (0.3 mg/kg) or vehicle (VEH) was administered intravenously, 

followed 4.5 min later by AMPH (1 mg/kg) also administered intravenously. This design 

was based on previous work with RIMO and dopamine transients (Cheer et al., 2007). All 

drugs administered intravenously were injected in 0.5 mL over 10 s. After each recording 

period, electrical stimulation was applied to the VTA to assess treatment effects on the pre-

synaptic regulation of NAc dopamine release.

Statistics

Characteristics of dopamine transients and electrically evoked dopamine signals were 

compared using two-way repeated-measures ANOVA with SIGMAPLOT (version 12.5). 
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Holm–Sidak post hoc tests were used for planned and unplanned comparisons of group- and 

time-dependent effects. Averaged changes in AMPH-evoked dopamine concentration 

following RIMO vs. VEH were compared using a Student’s t-test. Path analysis was 

conducted using SAS version 9.3 (SAS Institute) to assess the direct and indirect effects of 

AMPH and RIMO on transient frequency, amplitude and duration. Path coefficients were 

statistically compared using 95% confidence intervals. Models were compared using Akaike 

information criteria, reflecting the information lost by using models to describe data in path 

analysis (Anderson, 2008). Unless noted otherwise, data are expressed as mean ± SEM and 

statistical significance was set at P < 0.05.

Drugs

The D-AMPH hydrochloride (Sigma-Aldrich, St Louis, MO, USA) was dissolved in saline 

(0.9%). TTX was dissolved in aCSF. RIMO (Research Triangle Institute–National Institute 

on Drug Abuse, Raleigh, NC, USA) was freshly suspended in a 1 : 1 : 18 ratio of ethanol, 

emulphor (Alkamuls EL-620; Rhodia, Cranbury, NJ, USA) and saline (0.9%).

Results

Amphetamine elevates nucleus accumbens dopamine measured by fast-scan cyclic 
voltammetry

Freely moving rats were placed in a behavioural chamber and the FSCV microsensor, a 

carbon-fibre microelectrode, was lowered into the NAc to a site exhibiting spontaneously 

occurring dopamine transients (> 2/min). As shown in Fig. 1, extracellular dopamine 

changes were then quantified with 100 ms resolution by FSCV in 90 s sampling windows 

beginning 10 s before drug infusion. FSCV uses a voltammogram, the relationship between 

measured current and applied potential, to identify the analyte detected (Robinson et al., 
2008). Voltammograms were plotted sequentially in time using false colour (Michael et al., 
1999), shown underneath dopamine recordings. Individual dopamine voltammograms 

(insets) were characterized by an oxidative peak around +0.65 V on the forward sweep and a 

reductive peak around −0.2 V on the reverse sweep, similar to literature values (Heien et al., 
2003). Monitoring current at the oxidative peak potential in successive voltammograms 

(horizontal white dashed line on colour plots) revealed the time-dependent dopamine record 

after conversion to concentration using post-calibration. Principal component regression 

further resolved dopamine from other analytes in the complex FSCV record (Heien et al., 
2005).

Representative dopamine responses are shown for intravenously administered saline (Fig. 

1A) and AMPH (Fig. 1B). During the saline recording, infrequent small changes were 

observed in the relatively flat dopamine record, reflecting spontaneously occurring 

dopamine transients. Following AMPH administration, larger dopamine transients were seen 

riding on top of a slower tonic dopamine increase that potentially reflects dopamine efflux. 

Individual transients and the source of frequency, amplitude and duration metrics are 

highlighted by dashed boxes. Similar effects have been described for intraperitoneally 

administered AMPH (Ramsson et al., 2011; Covey et al., 2013; Daberkow et al., 2013), 

although dopamine changes were smaller and were initiated much later in time (> 90 s). The 
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faster onset of dopamine changes reported here, within a few seconds, is consistent with 

AMPH effects on dopamine neuron firing and behaviour after intravenous adminstration 

(Bunney et al., 1973; Browman et al., 1998; Milesi-Hallé et al., 2007) and FSCV-measured 

dopamine changes elicited by other abused drugs administered intravenously (Cheer et al., 
2004, 2007; Aragona et al., 2008; Vander Weele et al., 2014). The overall goal of the present 

study was to resolve the contributions of dopamine efflux and transients to AMPH-induced 

elevations in NAc dopamine.

Silencing dopamine neuron firing abolishes amphetamine-induced elevations in nucleus 
accumbens dopamine

We resolved action potential-dependent and -independent effects of AMPH by inactivating 

impulse flow to the NAc using TTX infusions into the VTA. The efficacy of TTX was 

initially assessed. For this experiment, an electrically evoked dopamine recording was 

collected (Pre) and then either TTX or aCSF as a control was infused followed by a second 

evoked recording. TTX and aCSF therefore comprised the group factor, and stimulation was 

the time-dependent, repeated-measures factor. Consistent with silencing dopamine neuron 

firing, representative recordings demonstrated that TTX caused a rapid drop in basal 

dopamine (Fig. 2A) and abolished dopamine signals electrically evoked by a stimulating 

electrode attached to the infusion cannula (Fig. 2B, bottom panel). Selected stimulus 

parameters, which are reinforcing in the paradigm of intracranial self-stimulation (Cheer et 
al., 2005), evoked dopamine signals resembling naturally occuring dopamine transients. In 

contrast, a control infusion of aCSF did not alter the evoked signal (Fig. 2B, top panel). 

Averaged results quantifying the maximal amplitude of electrically evoked dopamine signals 

([DA]Stim) were consistent (Fig. 2C), and statistical analysis demonstrated a significant 

group × stimulation interaction (F1,7 = 7.7, P = 0.028). TTX, but not aCSF, significantly (P = 

0.005) decreased [DA]Stim and completely eliminated this measure of action potential-

dependent dopamine signalling.

The effects of TTX on spontaneously occurring dopamine transients and AMPH-induced 

elevations in NAc dopamine were assessed between stimulations. For transient measures, 

TTX and aCSF represented the group factor, but four treatments delivered successively in 

time comprised the repeated measure. Dopamine transients were recorded during each 

treatment. Baseline activity was recorded initially in both goups during the first treatment 

(Pre). Either TTX or aCSF was infused into the VTA during the second treatment 

(intracranial). Saline was adminsistered intravenously in both groups during the the third 

treatment. Finally, AMPH was administered intravenously in both groups during the fourth 

treatment (AMPH). Representative recordings shown in Fig. 3A and B demonstrate that 

TTX infused into the VTA prevented all AMPH-induced dopamine elevations. Averaged 

results obtained from the analysis of dopamine transients are shown in Fig. 3C. For 

frequency data shown in the top panel, there was a significant effect of group (F1,24 = 84.93, 

P < 0.001), treatment (F3,24 = 16.36, P < 0.001) and a significant group × treatment 

interaction (F3,24 = 23.51, P < 0.001). For amplitude data in the middle panel, there was a 

significant effect of group (F1,24 = 17.62, P = 0.003) and treatment (F3,24 = 10.80, P < 

0.001), and a significant group × treatment (F3,24 = 25.19, P < 0.001). For duration data in 

the bottom panel, there was a significant effect of group (F1,24 = 157.86, P < 0.001) and 
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treatment (F3,24 = 22.35, P < 0.001), and a significant group × treatment (F3,24 = 47.30, P < 

0.001).

Consistent with intraperitoneal administration (Covey et al., 2013; Daberkow et al., 2013), 

AMPH significantly (P < 0.001) increased transient frequency, amplitude and duration 

relative to baseline (Pre). These AMPH-induced increases in transient characteristics were 

significantly (P < 0.001) decreased by TTX, which completely prevented AMPH from 

eliciting dopamine transients. TTX also significantly (P < 0.001) decreased all measures of 

spontaneously occurring dopamine transients and completely eliminated these phasic 

signals. By contrast, transient measures recorded during aCSF delivered intracranially and 

saline delivered intravenously were not significantly different compared with those recorded 

during baseline (Pre). Baseline transients were also not significantly different between 

groups. Taken together, these results demonstrated that TTX infused into the VTA 

completely eliminated ongoing and AMPH-evoked phasic dopamine signalling in the NAc.

The effects of TTX on averaged dopamine elevations in the NAc were also assessed. This 

measure may comprise multiple aspects of dopamine signalling, e.g. tonic, phasic and action 

potential-independent (efflux), and therefore provides broader insight into observed 

dopamine changes. As shown in Fig. 4A, AMPH elicited a rapid increase in averaged 

dopamine concentration that began to plateau around 40 s. In contrast, TTX completely 

eliminated AMPH-induced dopamine elevations. Individual dopamine transients were not 

observed in the aCSF response due to averaging, which masked transients that occurred 

asynchronously across animals. To assess group effects of AMPH and TTX across a longer 

time span, the change in dopamine concentration (Δ[DA]) was calculated for each 90 s 

epoch, averaged across animals and plotted against time for 15 min. This time span is 

suitable for observing the effects of intravenously administered AMPH on dopamine neuron 

firing and behaviour (Bunney et al., 1973; Browman et al., 1998; Milesi-Hallé et al., 2007), 

AMPH-induced dopamine efflux measured by FSCV in striatal slices (Iravani & Kruk, 

1995; Jones et al., 1998; Schmitz et al., 2001; Patel et al., 2003) and increases in tonic 

dopamine measured in the striatum by FSCV following intraperitoneal administration of 

AMPH (Ramsson et al., 2011; Covey et al., 2013; Daberkow et al., 2013). Plotting Δ[DA] 

within each 90 s epoch also did not violate principle component regression, which breaks 

down over prolonged, continuous time periods (Heien et al., 2005; Hermans et al., 2008). As 

shown in Fig. 4B, AMPH elicited an increase in Δ[DA] only in the first epoch, and TTX 

completely eliminated this increase. Statistical analysis demonstrated a significant group × 

time interaction (F27,153 = 3.62, P = 0.011). AMPH also significantly (P < 0.001) increased 

Δ[DA] in the first 90 s epoch following aCSF treatment relative to all other epochs, although 

no other significant differences were found between any other epochs in the TTX and aCSF 

groups. Taken together, these results are consistent with efflux-insensitive and action 

potential-dependent actions of AMPH.

These results also underscore the suitability of the experimental design. For example, aCSF 

injection into the VTA and intravenously administered saline indicated that these control 

manipulations did not alter dopamine neuron function and highlighted the stability of 

measuring dopamine transients by FSCV. In addition, the complete elimination of 

electrically evoked dopamine signals and spontaneously occurring dopamine transients by 
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TTX was also critical. Indeed, because VTA infusion of either lidocaine or the glutamate 

receptor antagonist, (2R)-amino-5-phosphonopentanoate (AP-5), does not abolish 

electrically evoked dopamine signals or spontaneously occurring and cocaine-induced 

dopamine transients (Sombers et al., 2009; Owesson-White et al., 2012), residual action 

potential-dependent signalling would complicate the assessment of AMPH-induced 

dopamine efflux using these manipulations. With TTX, by contrast, such a residual increase 

in response to AMPH would be considered evidence for efflux, because this manipulation 

completely abolished action potential-dependent signalling.

Blockade of cannabinoid type 1 receptors diminishes amphetamine-induced elevations in 
nucleus accumbens dopamine but does not alter pre-synaptic dopamine function

We used the CB1 receptor antagonist/inverse agonist, RIMO, to examine whether 

endocannabinoids mediate AMPH-induced elevations in NAc dopamine. For this 

experiment, separate groups received either VEH or RIMO, and three treatments delivered 

successively in time comprised the repeated measure. Baseline transient activity was 

recorded initially in both groups during the first treatment (Pre). Either RIMO or VEH was 

administered intravenously during the second treatment (VEH/RIMO). Finally, AMPH was 

administered intravenously in both groups during the third treatment (AMPH). As shown by 

representative recordings in Fig. 5, RIMO markedly reduced the ability of AMPH to elevate 

NAc dopamine. In particular, the tonic dopamine increase appeared suppressed, as did the 

frequency of transients, compared with VEH. Statistical analysis of transient characteristics 

(RIMO, n = 6; VEH, n = 5) demonstrated a significant main effect of treatment on frequency 

(Fig. 5C, top panel) (F2,8 = 5.07, P = 0.03), amplitude (Fig. 5C, middle panel) (F2,8 = 16.93, 

P = 0.001) and duration (Fig. 5C, bottom panel) (F2,8 = 48.08, P < 0.001). Planned 

comparisons demonstrated that AMPH significantly (all P < 0.01) increased frequency, 

amplitude and duration (see Fig. 5 legend for details). However, indicating differential 

effects on transient characteristics, RIMO prevented AMPH from significantly increasing 

frequency (AMPH vs. Pre, P = 0.67; AMPH vs. RIMO, P = 0.63) and amplitude (AMPH vs. 

Pre, P = 0.44; AMPH vs. RIMO, P = 0.24), but not duration (AMPH vs. Pre, P = 0.001; 

AMPH vs. RIMO, P < 0.001). No significant (P = 0.53–0.93) effects of VEH or RIMO were 

observed relative to baseline (Pre) for any transient characteristic, suggesting that RIMO did 

not alter ongoing dopamine neuron function. As shown in Fig. 6A, RIMO also attenuated 

AMPH-induced elevations in averaged dopamine concentration. Statistical analysis of the 

maximal change in dopamine concentration ([DA]Max) calculated in each animal across this 

90 s epoch and shown in Fig. 6B demonstrated that RIMO caused a significant decrease in 

this measure relative to VEH (196 ± 3.2 and 441 ± 9.6 nM, respectively; t8 = 2.37, P = 0.02).

To assess whether RIMO was acting pre-synaptically on dopamine terminals, its effects on 

dopamine signals electrically evoked by stimulation of the VTA were measured before and 

after intravenous AMPH administration. These measurements, shown in Fig. 7, were 

collected in the same experiment described in Fig. 5 and, thus, group and treatment factors 

were identical. Although neither VEH (Fig. 7A) nor RIMO (Fig. 7B) altered electrically 

evoked dopamine signals, AMPH elicited a robust and similar increase in both groups. The 

maximal concentration of electrically evoked dopamine ([DA]Stim) was calculated from 

these recordings, and averaged values plotted in Fig. 7C showed similar effects. Statistical 
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analysis demonstrated a significant main effect of treatment on [DA]Stim (F2,16 = 11.147, P < 

0.001), and planned comparisons demonstrated that AMPH significantly (P < 0.001) 

increased [DA]Stim in both the VEH and RIMO groups (see Fig. 7 legend for details). 

Although not assessed here, the AMPH-induced increase in [DA]Stim has previously been 

shown to be primarily mediated by an increase in exocytotic dopamine release measured in 
vivo by FSCV (Ramsson et al., 2011; Avelar et al., 2013; Covey et al., 2013; Daberkow et 
al., 2013). Compared with baseline, pre-AMPH [DA]Stim was not significantly changed by 

RIMO (P = 0.80) or VEH (P = 0.73). Similar results were found for dopamine uptake (Fig. 

7D), calculated as a first-order rate constant (k) from the descending portion of the 

electrically evoked dopamine signal. Statistical analysis demonstrated a significant main 

effect of treatment (F2,16 = 19.76, P < 0.001), and planned comparisons demonstrated that 

AMPH significantly (all P < 0.01) decreased k in both the VEH and RIMO groups (see Fig. 

7 legend for details). These results are consistent with previous work demonstrating an 

inhibition of dopamine uptake by AMPH also measured in vivo by FSCV (vide supra). 

Compared with baseline, pre-AMPH k was not significantly different compared with RIMO 

(P = 0.87) or VEH (P = 0.62). Taken together, these results suggested that AMPH increased 

exocytotic dopamine release and decreased dopamine uptake in the NAc, and that RIMO did 

not alter these pre-synaptic AMPH actions.

Amphetamine directly and independently increases the frequency and amplitude of 
dopamine transients

Complex drug effects and the potential interplay between measures of dopamine transients 

hinders a mechanistic determination of psychostimulant-induced increases in transient 

frequency, amplitude and duration (Shi et al., 2000, 2004; Stuber et al., 2005; Wightman et 
al., 2007; Aragona et al., 2008; Daberkow et al., 2013; for review, see Covey et al., 2014). 

For example, increased frequency has been attributed to both enhanced burst firing of 

dopamine neurons and increased amplitude, which in theory could increase the number of 

dopamine transients rising above the detection limit for FSCV. Increased amplitude, in turn, 

has been attributed to increased exocytotic dopamine release, enhanced intraburst properties 

(i.e. number and frequency of action potentials within a burst) of dopamine neurons and 

decreased dopamine uptake. Whereas increased duration has been linked to inhibited 

dopamine uptake, transients of different amplitudes could exhibit different durations. We 

therefore used path analysis to further resolve the activation of dopamine transients by 

AMPH and its modification by RIMO. Path analysis (Mitchell, 2001) assesses the effects of 

multiple independent variables on a dependent variable, but also allows for the possibility 

that variables can interact and thereby function as both dependent and independent variables. 

Path coefficients, the output of path analysis, are standardized regression coefficients 

indicating strength (i.e. maximum of 1) and direction (i.e. positive or negative) of causal 

relationships between variables.

Figure 8A shows four models that were assessed by path analysis. Arrows demarcate direct 

relationships between variables tested in the model. Significant path coefficients are shown 

above each arrow and the Akaike information criteria score (the higher the value, the less 

data described by the model) is provided below each model. The most favourable model 

based on Akaike information criteria score (top left) indicated significant (P < 0.0001) direct 
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effects of AMPH on frequency, amplitude and duration, but no significant differences in the 

strength of these effects. These results are consistent with AMPH-induced increases in 

transient characteristics shown in Figs 3C and 5C, and demonstrated by ANOVA. The 

second most favourable model (bottom right) found similar direct effects (P < 0.0001) in 

addition to a significant (P < 0.0001) direct effect of amplitude on duration, indicating that 

larger amplitude transients exhibited longer durations. No significant differences were found 

in the strength of these effects. However, none of the models demonstrated a significant 

direct effect of amplitude on frequency, indicating that AMPH increased transient frequency 

independent of increasing amplitude. A significant direct effect of duration on amplitude 

was also not found, indicating that AMPH increased transient amplitude independent of 

increasing duration. Taken together, these results are consistent with AMPH: (i) increasing 

transient frequency by activating burst firing of dopamine neurons but not by increasing 

transient amplitude; (ii) increasing transient amplitude by increasing exocytotic dopamine 

release and intraburst properties but not by increasing transient duration; and (iii) increasing 

transient duration by inhibiting dopamine uptake and increasing transient amplitude.

The same four models were assessed by path analysis to further evaluate how RIMO 

modified the activation of dopamine transients by AMPH. Figure 8B shows the two most 

favourable models based on Akaike information criteria score. Consistent with the effects of 

RIMO on the AMPH-induced activation of dopamine transients shown in Fig. 5C and 

analysed by ANOVA, both models demonstrated a significant (left, P = 0.0002; right, P = 

0.0044) direct effect of AMPH on duration but not on frequency or amplitude in the 

presence of RIMO. The most favourable model (right) also found a significant (P < 0.0001) 

direct effect of amplitude on duration, consistent with the path analysis shown in Fig. 8A. 

Also consistent with this previous path analysis, none of the models found significant direct 

effects of amplitude on frequency or duration on amplitude. Taken together, these results are 

consistent with RIMO preventing the AMPH-induced increase in transient frequency by 

preventing the activation of burst firing by dopamine neurons. RIMO preventing the increase 

in transient amplitude, but sparing the increase in electrically evoked dopamine signals with 

AMPH, suggests that AMPH increases transient amplitude by enhancing intraburst 

properties of dopamine neurons but not by increasing exocytotic dopamine release. 

However, although non-significant, there was a trend for increased transient amplitude with 

RIMO, suggesting the possibility that both mechanisms were involved. Moreover, the 

independence of duration from amplitude, observed with both RIMO and VEH (above), 

suggests that these increases in transient amplitude were not due to AMPH inhibiting 

dopamine uptake. Finally, the sparing of AMPH-induced dopamine uptake inhibition (Fig. 

7C) and increases in transient duration, coupled with no change in baseline transient activity, 

with RIMO suggest that residual AMPH-induced elevations in NAc dopamine after CB1 

receptor blockade (Fig. 6) were mediated, at least in part, by an increase in the summation of 

extant dopamine transients, now wider due to slowed uptake.

Discussion

Here we investigate the action potential and endocannabinoid dependence of AMPH-

induced elevations in NAc dopamine. Our results identify AMPH actions inconsistent with 
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action potential-independent dopamine efflux and vesicular dopamine depletion but 

dominated by an endocannabinoid-mediated activation of dopamine transients.

Dopamine efflux and action potential-independent dopamine signalling

We show that AMPH, delivered at a 1 mg/kg dose supporting self-administration (Pickens & 

Harris, 1968; Yokel & Pickens, 1973), elicited dopamine transients in the NAc riding on top 

of tonic dopamine increases. Because reinforcing effects of abused drugs are mediated by 

their ability to elevate NAc dopamine (Di Chiara & Imperato, 1988; Nestler, 2005) and 

because cocaine self-administration is associated with transient activation in this ventral 

striatal region (Stuber et al., 2005), observed dopamine changes may relate to AMPH 

reinforcement. Transient activation and tonic dopamine increases have previously been 

recorded in vivo following intraperitoneal AMPH administration (Ramsson et al., 2011; 

Covey et al., 2013; Daberkow et al., 2013), although the origin of the slower dopamine 

changes was not established. To resolve the action potential-independent contributions of 

AMPH to elevations in NAc dopamine, we infused TTX onto dopamine cell bodies. 

Surprisingly, TTX abolished all AMPH-induced dopamine elevations, identifying an action 

potential-dependent origin. The observed transient activation is thus consistent with AMPH 

enhancing burst firing of dopamine neurons and acting pre-synpatically at dopamine 

terminals to increase exocytotic dopamine release and inhibit dopamine uptake (Covey et al., 
2013, 2014; Daberkow et al., 2013). However, the underlying cause of tonic dopamine 

increases remains unknown.

Our evidence suggests overlapping transients, but AMPH increasing tonic dopamine neuron 

firing and altering circuits indirectly controlling NAc dopamine (Howell & Kimmel, 2008) 

are other possibilities. Our inability to detect AMPH-induced dopamine increases after TTX 

is in contrast with the considerable body of work obtained from reduced preparations (Sulzer 

et al., 2005) and in vivo microdialysis (Kuczenski & Segal, 1994), which have defined 

AMPH action as action potential independent and non-exocytotic. We do not at this time 

have an explanation for this discrepancy. The use of FSCV in the present study does not 

appear to be limiting, because this microsensor technique has demonstrated dopamine efflux 

in slices (Jones et al., 1998; Schmitz et al., 2001; Patel et al., 2003). Other differences must 

therefore account for FSCV demonstrating micromolar efflux in vitro, but no efflux above 

nanomolar detection limits in vivo. AMPH is thought to deplete vesicular dopamine thereby 

increasing cytosolic dopamine, which is released from the neuron via reversal of dopamine 

transporter function (Seiden et al., 1993; Sulzer et al., 2005). Consistent with this action, 

AMPH-induced efflux tracks robust decreases in electrically evoked dopamine signals in 

slices (vide supra). However, AMPH augments these signals in vivo, even at high doses (20 

mg/kg), suggesting that the readily releasable pool is intact or even enhanced (present study; 

Ramsson et al., 2011; Daberkow et al., 2013; Avelar et al., 2013; Covey et al., 2013). 

Discrepancies between the two preparations could be a matter of AMPH dose (Schmitz et 
al., 2001; Siciliano et al., 2014). However, other factors are probably involved, because 

AMPH actions also differ within preparations, e.g. (i) AMPH when delivered by pressure 

ejection in slices can increase electrically evoked dopamine signals (Iravani & Kruk, 1995) 

but decreases these signals when delivered in superfusion; (ii) AMPH decreases electrically 

evoked signals in vivo when evoked by long-duration trains but increases these signals when 
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evoked by short-duration trains (Covey et al., 2013); and (iii) AMPH administered in vivo 
within a dose range activating dopamine transients partially depletes dopamine vesicular 

content as analysed ex vivo in isolated vesicles (Omiatek et al., 2010). Clearly, more work is 

needed to clarify this multitude of AMPH actions.

Analytical differences may account for discrepancies reported for in vivo AMPH actions. 

Microdialysis lacks the temporal resolution to monitor real-time dopamine changes 

(Robinson et al., 2008), which precludes comparison of effects on fast signals readily 

measured by FSCV. Technical advances have more recently brought tonic dopamine changes 

within the realm of FSCV (Heien et al., 2005) and permit comparisons. Whereas AMPH 

robustly increases dialysate dopamine up to ~30-fold (Kuczenski et al., 1991, 1997), FSCV 

has identified typically no or relatively small (< 100 nM) increases with equivalent dosing 

(Wiedemann et al., 1990; Ramsson et al., 2011; Covey et al., 2013; Daberkow et al., 2013). 

Discrepancies have been attributed to the large dialysis probe damaging tissue and altering 

dopamine signalling at the sampling site, compared with the minimal implantation damage 

caused by the ~50-fold smaller microsensor (Ramsson et al., 2011; Jaquins-Gerstl & 

Michael, 2015). Although probe–tissue interactions have yet to be fully characterized, 

similar phenomena may contribute to microdialysis (Westerink et al., 1987; Nomikos et al., 
1990; Benwell et al., 1993), but not FSCV, demonstrating TTX-insensitive dopamine 

increases with AMPH. However, TTX-sensitive increases in NAc dialysate dopamine with 

AMPH have been reported in mice with the C57BL/6L but not the DBA/2J background 

(Ventura et al., 2004), suggesting that other factors are involved.

It should also be emphasized that effects of only one intravenous dose, acutely administered 

non-contingently, was examined in the NAc. Thus, AMPH may elicit efflux by other dosing 

regimens and in other regions. Although established in the dorsal striatum, efflux is less 

studied in the NAc and distinct AMPH effects potentially render the dorsal striatum more 

susceptible (Avelar et al., 2013; Covey et al., 2013). It seems unlikely that TTX prevented 

AMPH from interacting with the dopamine transporter and reversing its function. First, TTX 

was infused into the VTA, whereas efflux was assessed in the NAc, and diffusion over this 

distance of several mm is prohibitive (Aragona et al., 2008; Freund et al., 2010). Second, 

efflux has been observed with TTX applied directly to dopamine terminals (Bowyer et al., 
1987; Westerink et al., 1987; Nomikos et al., 1990; Benwell et al., 1993). Third, efflux has 

been demonstrated in slices (Iravani & Kruk, 1995; Jones et al., 1998; Schmitz et al., 2001; 

Patel et al., 2003) and synaptosomes (Fischer & Cho, 1979; Bowyer et al., 1987), suggesting 

that dopamine cell body input to terminals, which would be blocked by TTX, is unnecessary 

for this AMPH action. Consistent with this conclusion is that TTX applied to the medial 

forebrain bundle does not alter glutamate-induced dopamine efflux measured in the striatum 

by FSCV (Borland & Michael, 2004). Like AMPH, the glutamate agonist, N-methyl-D-

aspartate, elicits TTX-insensitive increases in dialysate dopamine (Keefe et al., 1992, 1993) 

and TTX-insensitive and Ca2+-independent dopamine release in vitro (Iravani & Kruk, 

1996). Thus, it would appear that if AMPH elicits action potential-independent dopamine 

efflux in vivo, our FSCV approach would have detected it.
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Dopamine efflux and action potential-dependent dopamine signalling

Our results with TTX clearly argue against an action potential-independent component of 

DA efflux contributing to AMPH elevating NAc dopamine. However, AMPH-induced 

dopamine efflux is voltage sensitive and Na+ dependent (Khoshbouei et al., 2003; Kahlig et 
al., 2005). These characteristics suggest that dopamine efflux could be action potential 

dependent and that TTX prevents this AMPH action in vivo. Although we cannot rule out 

this possibility, it should be noted that there is no direct evidence that action potentials 

increase AMPH-induced dopamine efflux. Indeed, the voltage sensitivity of efflux was 

demonstrated in cells expressing the dopamine transporter by depolarizing pulses much 

longer that the duration of action potentials. AMPH-induced dopamine efflux is also 

relatively insensitive to depolarizing stimuli in preparations of dopamine terminals. During 

AMPH-induced dopamine efflux, for example, 15 mM K+ and electrial stimulation do not 

evoke further dopamine release in synaptosomes (Bowyer et al., 1987) and slices (Jones et 
al., 1998), respectively. Moreover, although the uptake of dopamine by the dopamine 

transporter is similarly voltage sensitive and Na+ dependent (Amara & Kuhar, 1993), it is 

insensitive to TTX in spontaneously active dopamine neurons in culture (Prasad & Amara, 

2001). The proposed basis of the TTX insensivity is the turnover of the dopamine 

transporter, which is too slow (0.74/s) to effectively function on the time scale of the firing 

rate of dopamine neurons (> 5 Hz). TTX does not alter dopamine uptake by synaptosomes 

(Harris & Baldessarini, 1973), suggesting that it operates by a similar mechanism in native 

dopamine neurons. As a carrier-mediated process, AMPH-induced dopamine efflux may 

also be refractory to action potentials.

A channel-like mode of dopamine release mediated by the dopamine transporter has also 

been described for AMPH (Kahlig et al., 2005). Faster than reverse dopamine transport and 

supporting the movement of dopamine molecules equivalent to a dopamine vesicle, this non-

exocytotic release could support action potential-dependent, AMPH-induced dopamine 

transients. However, we consider this possibility unlikely for several reasons. First, although 

channel-like activity is elicited by a depolarizing pulse, it does not appear to be precisely 

time locked in a way that it would temporally respond to a burst of action potentials and 

generate a dopamine transient. Second, our in vivo results are inconsistent with AMPH 

depleting dopamine vesicles. Thus, because cytosolic dopamine drives release in channel- 

like mode, there would appear to be an insufficient source of dopamine to produce the large-

amplitude transient. Third, extracellular dopamine inhibits AMPH-induced, channel-like 

dopamine efflux, which would limit its operation during the successive release events 

summating to generate a dopamine transient.

Action potential-dependent amphetamine actions

Our results are consistent with action potential-dependent actions of AMPH. Ostensibly, the 

activation of dopamine transients is incompatible with efflux driven by vesicular depletion, 

because these phasic signals are dependent on intact vesicular dopamine (Owesson-White et 
al., 2012). Transient activation has also been reported for other abused drugs, such as 

cannabinoids, cocaine, ethanol, nicotine and opioids (Cheer et al., 2004, 2007; Aragona et 
al., 2008; Vander Weele et al., 2014), suggesting a shared action. Indeed, the generation of 

these phasic dopamine signals is implicated in drug reinforcement (Stuber et al., 2005) and 
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can produce an addictive phenotype (Pascoli et al., 2015). The present study extends 

AMPH-induced transient activation in two important ways.

First, RIMO decreased AMPH-induced dopamine transients. Because blocking CB1 

receptors also reduces transient activation by cannabinoids, cocaine, nicotine and ethanol 

(Cheer et al., 2004, 2007), endocannabinoid-mediated activation of phasic dopamine 

signalling appears to be emerging as a common mechanism in drug reinforcement (Lupica & 

Riegel, 2005; Parsons & Hurd, 2015). RIMO targeting the NAc is not supported by our 

findings, demonstrating that electrically evoked dopamine signals and dopamine uptake 

were unaltered by CB1 receptor blockade, in agreement with previous work (Szabo et al., 
1999; Oleson et al., 2012), as were effects of AMPH on these measures. Consistent with the 

VTA as a likely target, intra-VTA RIMO injection reduces cocaine-induced transient 

activation (Wang et al., 2015), similar to intravenous RIMO administration (Cheer et al., 
2007), and CB1 receptor drugs modify VTA dopamine neuron electrophysiology measured 

in slices (Riegel & Lupica, 2004; Wang et al., 2015). Dopamine neurons also do not express 

CB1 receptors (Julian et al., 2003), suggesting that RIMO is acting indirectly on dopamine 

signalling. Consistent with this idea, endocannabinoids are synthesized and released by 

dopamine neurons as retrograde messengers that inhibit afferent input via CB1 receptor 

binding on terminals (Riegel & Lupica, 2004; Matyas et al., 2008). CB1 receptor-mediated 

suppression of GABA inputs is hypothesized to allow addictive drugs or reward-associated 

stimuli to disinhibit dopamine neurons projecting to the NAc (Lupica & Riegel, 2005; 

Oleson et al., 2012). Because RIMO concurrently reduces reward seeking and dopamine 

transients evoked by reward-predicting cues (Oleson et al., 2012), diminished phasic 

dopamine signalling may underlie the suppression of drug reward, reinforcement and relapse 

by CB1 receptor antagonists (Lupica & Riegel, 2005; De Vries & Schoffelmeer, 2005; 

Fattore et al., 2007). Thus, CB1 receptors are an attractive target for treating drug abuse and 

addiction.

Second, new insight is obtained by resolving direct and indirect effects of AMPH on 

dopamine transients. Path analysis confirmed that AMPH increases transient frequency, 

amplitude and duration, but uniquely demonstrated that frequency and amplitude are 

increased independently. These relationships support a novel model of AMPH action. Rather 

than evoke action potential-independent dopamine efflux, the most parsimonious 

explanation based on our findings is that AMPH elicits dopamine transients by generating 

burst firing of dopamine neurons facilitated by endocannabinoids. This action supports the 

hypothesis that abused drugs mimic natural rewards by eliciting transients de novo but to a 

greater extent, leading to hijacking of reward circuits and overlearning of cues predicting 

drug availability (Hyman et al., 2006; Covey et al., 2014) and extends this hypothesis by 

identifying endocannabinoids as the linchpin in transient generation. AMPH is also 

proposed to increase transient amplitude by enhancing intraburst properties and increasing 

exocytotic dopamine release, and to elevate NAc dopamine by inhibiting dopamine uptake, 

leading to the accumulation of successive transients made more numerous, larger and wider 

by AMPH.
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Selection of rimonabant to block cannabinoid type 1 receptors

We selected RIMO to investigate the role of endocannabinoids in AMPH-induced elevations 

in NAc dopamine, because this CB1 receptor antagonist has been used to assess similar 

actions of cocaine, ethanol, nicotine and cannabinoids, and to support the hypothesis that 

endocannabioids faciliate the activation of dopamine transients by broad classes of abused 

drugs (Cheer et al., 2004, 2007; Wang et al., 2015). RIMO therefore enabled us to directly 

compare the present results with previous work and demonstrate a similar regulatory 

mechanism for AMPH-evoked elevations in NAc dopamine. Moreover, the effects of RIMO 

on dopamine signalling associated with abused drugs and reward-related stimuli (Oleson et 
al., 2012) are consistent with other pharmacological or genetic manipulations of CB1 

receptor function that alter dopamine-dependent, brain reinforcement mechanisms (Lupica 

& Riegel, 2005; Covey et al., 2015; Parsons & Hurd, 2015).

The selectivity of RIMO can be questioned based on its antagonism of mu-opioid receptors 

(Seely et al., 2012; Zador et al., 2012). Although we cannot rule a contribution of these 

receptors, our findings are more consistent with RIMO acting on CB1 receptors. For 

example, RIMO acts in the VTA and not the striatum to alter dopamine signalling and does 

not alter the baseline activity of dopamine neurons (Szabo et al., 1999; Cheer et al., 2004, 

2007; Oleson et al., 2012; Wang et al., 2015). In contrast, mu-opioid drugs target both 

regions and tonically alter dopamine signalling (Leone et al., 1991; Spanagel et al., 1992; 

Devine et al., 1993; Dourmap et al., 1997; Mathon et al., 2006). Because RIMO did not act 

on dopamine terminals and did not alter the baseline characteristics of dopamine transients, 

our results thus suggest a CB1 receptor mechanism. Also consistent with blocking CB1 

receptors in the present study, RIMO has a >350-fold higher affinity for the CB1 receptor 

compared with the mu-opioid receptor, and, although it partially blocks morphine-induced 

analgesia in vivo, the dose used to achieve this effect is 30- fold higher than that used here 

(Seely et al., 2012). Taken together, these findings suggest that blockade of CB1 receptors is 

the predominate action of RIMO in reducing AMPH-induced elevations in NAc dopamine.

Conclusion

The present findings are consistent with AMPH elevating NAc dopamine by a complex 

mechanism consisting of action potential generation, endocannabinoid-mediated activation 

of phasic dopamine signalling, enhanced exocytotic dopamine release and dopamine uptake 

inhibition, but not by eliciting action potential-independent dopamine efflux.
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aCSF artificial cerebrospinal fluid

AMPH amphetamine

CB1 cannabinoid type 1
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FSCV fast-scan cyclic voltammetry

NAc nucleus accumbens

RIMO rimonabant

TTX tetrodotoxin

VEH vehicle

VTA ventral tegmental area
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Fig. 1. 
AMPH elevates NAc dopamine measured by FSCV. Representative recordings following 

intravenously administered saline (A) and AMPH (B). Arrow indicates drug injection. 

Individual dopamine transients, highlighted within dashed boxes, were analysed for 

amplitude (peak), duration (width at half-maximal amplitude) and frequency (inverse of 

inter-transient interval). Amplitudes and duration are shown above and below individual 

transients, respectively. The maximal increase in dopamine concentration relative to 0 s (B, 

vertical red line) was used to average dopamine concentration across recording epochs. 

Signals were electrochemically verified as dopamine by plotting the oxidative and reductive 

currents vs. the applied potential to form individual background-subtracted cyclic 

voltammograms (inset: black triangle indicates time point when cyclic voltammogram was 

derived). Colour plots below each trace display background-subtracted cyclic 

voltammograms sequentially in time (x-axis, time; y-axis, applied potential; z-axis or false 

colour, measured current). The dopamine record shown above was determined by measuring 

current at the peak dopamine oxidative potential (~0.65 V), highlighted by the horizontal 

dashed white line in the colour plot, and converting to concentration.
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Fig. 2. 
TTX abolishes electrically evoked dopamine signals. (A) Representative trace during an 

intracranial TTX infusion [grey box; TTX, intracranial (i.c.)] into the VTA. Electrical 

stimulation (STIM; vertical arrow) applied to the VTA prior to TTX elicited dopamine 

signals mimicking naturally occurring dopamine transients. TTX infusion caused a decrease 

in basal dopamine that tracks the change in current determined at the dopamine oxidative 

potential (DA Ox.), as shown by individual background-subtracted cyclic voltammograms 

(inset) measured at different time points (vertical dashed lines on colour plot). Similar 

dopamine decreases were also evident in the colour plot (horizontal dashed white line). (B) 

Representative electrically evoked dopamine signals (stimulation indicated by horizontal 

line under traces) before (Pre) and after (Post) aCSF or TTX infusion. (C) Maximal 

concentration of electrically evoked dopamine ([DA]Stim) was abolished by TTX but 

unaffected by aCSF. Data are expressed as mean + SEM. *P < 0.01 vs. Pre (within-group 

comparisons); ^P < 0.01 vs. aCSF (between-group comparisons).
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Fig. 3. 
TTX abolishes the AMPH-induced activation of dopamine transients. AMPH-induced 

dopamine elevations following intra-VTA infusions of aCSF (A) and TTX (B) in 

representative recordings. Black triangle indicates time point when individual background-

subtracted cyclic voltammograms were derived (insets). (C) Transient frequency (top), 

amplitude (middle) and duration (bottom) at baseline (Pre), following intra-cranial (i.c.) 

infusions, intravenous saline (Sal), and intravenous AMPH. All measures were abolished by 

TTX. Data are expressed as mean + SEM. *P < 0.001 vs. Pre (within-group comparison); ^P 
< 0.001 vs. aCSF (between-group comparison).
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Fig. 4. 
TTX abolishes AMPH-induced elevations in the NAc. (A) Dopamine concentration ([DA]) 

plotted with time during the first 90 s epoch. Either aCSF or TTX was infused into the VTA 

at the vertical dashed line. (B) Change in the dopamine concentration (Δ[DA]) within each 

90 s epoch and plotted with time. Data are expressed as mean ± SEM. *P < 0.001 vs. TTX 

(between-group comparisons); ^P < 0.001 vs. aCSF (within-group comparisons).
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Fig. 5. 
RIMO attenuates the AMPH-induced activation of dopamine transients. AMPH-induced 

dopamine elevations following intravenous administration of VEH (A) and RIMO (B) in 

representative recordings. Black triangle indicates time point when individual background-

subtracted cyclic voltammograms were derived (insets). (C) RIMO prevented AMPH-

induced increases in transient frequency (top) and amplitude (middle), but not duration 

(bottom). Data are expressed as mean + SEM. *P < 0.01 vs. baseline (Pre); ^P < 0.01 vs. 

VEH/RIMO (both within-group comparisons).
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Fig. 6. 
RIMO attenuates AMPH-induced elevations in NAc. (A) Dopamine concentrations ([DA]) 

during the first 90 s epoch. VEH or RIMO was administered intravenously at the vertical 

dashed line. (B) Change in the maximal dopamine concentration ([DA]Max). Data are 

expressed as mean + SEM. *P < 0.01 vs. VEH.
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Fig. 7. 
RIMO does not act pre-synaptically on dopamine terminals. Electrically evoked dopamine 

signals recorded in VEH-treated (A) and RIMO-treated (B) animals. Dark line is mean and 

gray area is SEM. Electrical stimulation of the VTA was applied at the horizontal line. Pre, 

before VEH or RIMO administration; Post VEH and Post RIMO, after VEH and RIMO 

administration, respectively; Post AMPH, after AMPH administration. VEH and RIMO did 

not alter the maximal concentration of electrically evoked dopamine ([DA]Stim) (C) or 

dopamine uptake (D). Data are expressed as mean + SEM. *P < 0.05 vs. Pre; ^P < 0.05 vs. 

VEH/RIMO (both within-group comparisons).

Covey et al. Page 27

Eur J Neurosci. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Path analysis of the regulation of dopamine transients. (A) Models of AMPH effects. (B) 

Models of RIMO modulation of AMPH effects. Arrows demarcate the direct effects 

analysed in each model. Significant path coefficients are given above arrows. AIC, Akaike 

information criteria; n.s., not significant.
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