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Abstract 

Several compounds have been identified that display low efficacy- “partial substrate”- activity. 

Here we tested the hypothesis that the mechanism of this effect is a slower rate of induced 

neurotransmitter efflux than that produced by full substrates. Biogenic amine transporter release 

assays were carried out in rat brain synaptosomes and followed published procedures. 

[3H]MPP+ was used to assess release from DA- and NE-nerves terminals, while [3H]5-HT was 

used to assess release from 5-HT nerve terminals. A detailed time-course evaluation of DAT-

mediated efflux was conducted by measuring the efflux of [3H]MPP+ following the addition of 

various test compounds. In vivo microdialysis experiments compared the effects of the full 

substrates (PAL-287 and PAL-1046), to that of a partial DAT/SERT substrate (PAL-1045) on 

extracellular DA and 5-HT in the n. accumbens of the rat. The in vitro release assays 

demonstrated that partial substrate activity occurs at all three transporters. In the DAT efflux 

experiments, D-amphetamine (full substrate) promoted a fast efflux (K1 =0.24 min-1) and a slow 

efflux (K2=0.008 min-1). For the partial DAT substrates, K1= ~0.04 min-1 and K2 approximated 

zero. The in vivo microdialysis experiments showed that the partial substrate (PAL-1045) was 

much less effective in elevating extracellular DA and 5-HT than the comparator full substrates. 

We conclude that low efficacy partial DAT substrates promote efflux at a slower rate than full 

substrates, and that “partiality” reflects the ultra-slow K2 constant, which functionally limits the 

ability of these compounds to increase extracellular DA. We speculate that partial BAT 

substrates bind to the transporter but are less effective in inducing conformational changes 

required for reverse transport activity. 
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Introduction 

 The biogenic amine transporters (BATs) which translocate dopamine (DAT), 

norepinephrine (NET) and serotonin (SERT) belong to the sodium-dependent symporter family 

of transporters and are the subject of numerous comprehensive reviews, two of which are cited 

here (Torres et al., 2003; Kanner and Zomot, 2008). The main function of these transporters is 

to help terminate the action of neurotransmitters released via exocytosis in response to nerve 

impulses. Drugs that interact with the BATs can be broadly categorized as either uptake 

inhibitors or releasers. Uptake inhibitors, also described as BAT-inhibitors, bind to the 

transporter, are not transported into the nerve terminal, but block the transport of endogenous 

substrates, such as the neurotransmitter. Releasers, on the other hand, are transporter 

substrates. These drugs, like the endogenous neurotransmitters, are transported into the nerve 

terminal and, as a result, cytoplasmic neurotransmitter is counter-transported out of the nerve 

terminal.  

The mechanisms of counter-transport, originally described as the alternating access 

model (Jardetzky, 1966), is complex and not completely understood. Recent studies of the 

crystallized bacterial transporter for Leu has provided new information as to how this process 

likely functions (Yamashita et al., 2005). As described elsewhere (Shi et al., 2008; Nyola et al., 

2010) Na+ binds to the transporter, helping to maintain the transporter in an outward-facing 

conformation. The subsequent binding of a substrate to an S1 site leads to an intermediate 

“occluded” transporter state. The binding of substrate to a second “S2” site promotes a 

conformation change to an inward-facing transporter conformation and the intracellular release 

of substrate and Na+. The increased concentration of internal cellular sodium at the transporter 

also facilitates reverse transport of dopamine (Goodwin et al., 2009; Pifl et al., 2009). Recent 

data suggest that the model developed on the basis of the LeuT may also apply to the biogenic 

amine transporters (Schmitt et al., 2010). In addition, other mechanisms, such as receptor 
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phosphorylation and substrate-induced currents can also effect substrate-mediated 

neurotransmitter efflux (Sitte and Freissmuth, 2010).  

These considerations, and the fact that BATs can adopt different functionally significant 

conformational states (Ferrer and Javitch, 1998; Reith et al., 2001; Gether et al., 2006), raises 

the possibility that both BAT-substrates and BAT-inhibitors will not always interact with 

transporters in a manner consistent with simple competitive models. Consistent with this idea, 

we have previously identified allosteric modulators of the DAT that reduce the EMAX value for D-

amphetamine-induced DAT-mediated release of [3H]MPP+, while producing minimal increases 

in the EC50 value (Rothman et al., 2009). Additionally, we recently reported that certain SERT-

inhibitors decrease the efficacy of substrate-mediated release of [3H]5-HT from rat brain 

synaptosomes (Rothman et al., 2010). These findings, along with data published by Gobbi et al. 

(Gobbi et al., 2008), suggest that BAT substrates might differ in their efficacy for promoting 

neurotransmitter release. Given the complex nature of the carrier mediated exchange process, 

this is perhaps not surprising.  

In the present study we report the identification of low efficacy “partial substrates” for 

DAT, SERT and NET, and provide data supporting the hypothesis that these compounds 

display partial release characteristics in the in vitro assay because they induce efflux of 

neurotransmitter at a slower rate than full substrates. 
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Methods 

Animals. Male Sprague-Dawley rats (Charles River, Wilmington, MA) weighing 300-400 g were 

used as subjects in these experiments. Rats were housed in standard conditions (lights on from 

0700 to 1900 h) with food and water freely available. Animals were maintained in facilities fully 

accredited by the Association for the Assessment and  Accreditation of Laboratory Animal Care 

(AAALAC), and experiments were performed in accordance with the Institutional Care and Use 

Committee of the National Institute on Drug Abuse (NIDA), Intramural Research Program (IRP).  

Drugs and Reagents. [3H]MPP+ (SA = 85 Ci/mmol), [3H]5-HT (SA =27.5 Ci/mmol ) and [3H]DA 

(SA = 31.8 Ci/mmol) were purchased from PerkinElmer (Shelton, CT). The sources of other 

reagents are published (Rothman et al., 2001; Baumann et al., 2008; Pariser et al., 2008; 

Zolkowska et al., 2009). Compounds from a phenethylamine library (PAL compounds) used 

here were synthesized in the laboratory of Dr. Blough, and will be described in detail in a 

subsequent publication.  

In Vitro Release Methods. Transporter-mediated release assays were carried out as previously 

described with minor modifications (Rothman et al., 2003).  Rats were sacrificed by CO2 

asphyxiation.  Tissue from caudate (for DAT assay), or from whole brain minus cerebellum and 

caudate (for SERT and NET assay), was homogenized in ice-cold 10% sucrose containing 1 µM 

reserpine.  For DAT-mediated release assays [3H]1-methyl-4-phenylpyridinium ([3H]MPP+) was 

used as the radiolabeled substrate; 100 nM desipramine and 100 nM citalopram were added to 

prevent uptake of  [3H]MPP+ into NE and 5-HT nerves.  For SERT-mediated release assays, 

[3H]5-HT was used as the radiolabeled substrate; 100 nM nomifensine and 50 nM GBR12935 

were added to the sucrose solution to prevent uptake of  [3H]5-HT into NE and DA nerve 

terminals. For the NET-mediated release assay, 50 nM GBR12935 and 100 nM citalopram were 

added to block [3H]MPP+ uptake into DA and 5-HT nerves.  Synaptosomal preparations were 

incubated to steady state with 5 nM [3H]MPP+ (60 min) or 5 nM [3H]5-HT (60 min) in Krebs-

phosphate buffer (pH 7.4), plus 1 µM reserpine.  Subsequently, 850 µl of synaptosomes 
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preloaded with [3H]ligand were added to polystyrene test tubes that contained 150 µl of test 

drug in assay buffer plus 1 mg/ml BSA.  After 5 min ([3H]5-HT) or 30 min ([3H]MPP+) the 

release reaction was terminated by dilution with 4 ml wash buffer followed by rapid vacuum 

filtration. Nonspecific values were measured by incubations in the presence of either 100 µM 

tyramine ([3H]5-HT release assay) or 10 µM tyramine ([3H]MPP+ release assays). The retained 

tritium was counted by a Topcount liquid scintillation counter (PerkinElmer, Shelton, CT). 

As noted above, the standard [3H]MPP+ release assays for DAT were terminated after 

30 min. In other experiments we measured the time course of drug-induced efflux of [3H]MPP+. 

For these experiments, synaptosomes were preloaded with [3H]MPP+ for 60 min. A “time 0” 

point was filtered, test drugs were then added, and samples were filtered at various time points 

up to 120 min. Control samples were also filtered at the same time points. Similar experiments 

were not done for SERT and NET, because the signal-to-noise ratio of these assays are not 

adequate for this type of experiment.  

Data analysis and statistics. For release experiments, dose-response curves were generated 
using eight concentrations of test drug. In order to describe the method for calculating the 
release dose-response curves, the following definitions are necessary 

 

Total Binding (TB) = cpm in the absence of any drug. 

Nonspecific Binding (NS) = cpm in the presence of tyramine. 

Maximal Release (MR) = TB-NS 

Specific Release (SR) = (cpm in the presence of drug) – NS 

% MAX Release = 100 – SR/MR*100.  

The data of three experiments, expressed as % MAX Release. were then fit to a dose-response 

curve model: Y= EMAX x ([D]/([D] + EC50) for the best fit estimates of the EMAX and EC50 using 

either KaleidaGraph version 3.6.4 or MLAB-PC (Nightingale et al., 2005). In “shift” experiments, 

a substrate dose-response curve was generated in the absence and presence of an uptake 

inhibitor. Apparent Ke values were calculated according to the equation: [Test Drug]/(EC50-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 23, 2012 as DOI: 10.1124/jpet.111.188946

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 2011/188946 
 

 8

2/EC50-1 – 1), where EC50-2 is the EC50 value in the presence of the test drug and EC50-1 is the 

value in the absence of the uptake inhibitor. 

For the [3H]MPP+ efflux experiments, the data are expressed as a percent of control = 

SR/MR x 100. The data of 3 independent experiments were pooled and fit to one- and two-

component dissociation models using MLAB-PC as described elsewhere (Rothman et al., 1991). 

Graphs were generated with KaleidaGraph 3.6 software. For certain kinetic experiments, two 

sets of data (data set α, data set β) were simultaneously fit (using MLAB-PC) to the two-

component dissociation model using the following equations: 

   

(1) Y = A1 x e(-k1 x t) + A2 x e(-k2 x t) 

(2) Y= A3 x e(-k3 x t) + A4 x e(-k4 x t) 

 

Two different constraint conditions were used:  1) unconstrained, 2) four parameters of set α = 

four parameters of set β (A1=A3, A2=A4, K1=K3, K2=K4). An F-test was calculated based on 

the sum-of-squares for each of the constraint conditions. The threshold for significance was set 

at p<0.01(Nandi et al., 2004). 

 

Microdialysis methods. For the in vivo microdialysis experiments, rats received sodium 

pentobarbital (60 mg/kg, i.p.) for surgical anesthesia.  Indwelling catheters made of Silastic 

Medical Grade tubing (Dow Corning, Midland, MI) were implanted into the r. jugular vein to allow 

for i.v. drug administration. Intracerebral guide cannulae made of plastic (CMA 12, 

CMA/Microdialysis, Acton, MA) were implanted above the n. accumbens (N=7 rats/drug), 

according to stereotaxic coordinates: 1.6 mm lateral and 1.6 mm anterior to bregma, and 6.0 

mm below the surface of dura (Paxinos, 1982). Guide cannulae were secured to the skull using 
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stainless steel anchor screws and dental acrylic. Animals were individually housed post-

operatively and allowed 7-10 days for recovery. The in vivo microdialysis sampling (Zolkowska 

et al., 2009), analysis of dopamine and 5-HT, and simultaneous locomotor measurements 

(Baumann et al., 2008) were carried out according to published procedures. Group data are 

expressed as mean ± SEM for N=7 rats/group. Neurotransmitter and behavioral data from 

individual rats were normalized to percent control values (i.e., % basal) using the averaged raw 

data from three preinjection time points as basal, or 100%. In this manner, each rat served as its 

own control. Normalized group data were evaluated by a two-factor analysis of variance 

(ANOVA) (Drug, Time). Subsequently, the individual time-effect curve for each drug was 

assessed by one-factor ANOVA; if this analysis demonstrated a significant main effect, data 

from time points after 1 mg/kg (20, 40 and 60 min) and 3 mg/kg (80, 100 and 120 min) were 

compared to time zero values by separate one-factor ANOVAs followed by Dunnett’s post hoc 

test. Mean drug effects were then calculated at each dose of drug by taking the average value 

for data collected after 1 mg/kg (20, 40 and 60 min) and 3 mg/kg (80, 100 and 120 min) for each 

parameter (Matthews et al., 1990). Mean drug effects were evaluated by one-factor ANOVA 

followed by Newman-Keul’s post hoc test. 
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Results 

 Table 1 reports the EC50 and EMAX for DAT-, SERT- and NET-mediated release. D-

amphetamine, PAL-287 and its methyl-analog, PAL-1046, were three examples of “full” 

substrates. These compounds had EMAX values of ~100% at all three transporters. PAL-1045, 

the ethyl-analog of PAL-287, was a partial substrate at DAT and SERT, but not NET. In contrast, 

PAL-192 and PAL-193 were selective partial substrates at DAT, with EMAX values of 61±2%and 

65±2%. PAL-153, PAL-175 and PAL-179 had no activity at DAT and NET, but were partial 

substrates at SERT. PAL-874 was a partial substrate at NET (EMAX = 75±2%), inactive at SERT 

and a full substrate at DAT. PAL-218 was a partial substrate at all three transporters. PAL-1063 

(4-methyl-thioamphetamine, MTA) and PAL-1062 (N,N-dimethyl-4-methyl-thioamphetamine, 

DMMTA) are two compounds studied by Gobbi et al. (Gobbi et al., 2008) which showed partial 

release characteristics in a [3H]5-HT synaptosomal release assay. Consistent with their 

observations, we observed that PAL-1062 is a partial substrate at SERT, though in our assay 

system PAL-1063 was a full substrate. Overall, these data indicate that  partial substrate 

activity can be observed at all three transporters and that compounds can be a partial substrate 

at one transporter while being a full substrate at another. 

We next conducted efflux studies to test the hypothesis that partial substrates induce 

efflux of neurotransmitter at a slower rate than full substrates. These experiments focused solely 

on the DAT-mediated efflux of [3H]MPP+ since the SERT and NET-assays did not have a 

sufficiently adequate signal-to-noise ratio for these experiments. Efflux data were collected over 

a two hour time period following the addition of test compound because control experiments 

indicated that a stable baseline was maintained during this interval.  Figure 1 reports the time 

course for DAT-mediated efflux of [3H]MPP+ induced by the full substrates D-amphetamine (Fig. 

1A) and PAL-1046 (Fig. 1B). The highest concentration of each drug produced almost complete 

efflux over the 2 hr time frame of the efflux experiment. The entire set of data for each drug was 

simultaneously fit to one- and two-component dissociation models, with the two-component 
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model fitting significantly better than the one-component model (p<0.01). The best-fit 

parameters of the two-component model are reported in Table 2. The results observed here for 

D-amphetamine are qualitatively similar to those reported in our previous paper (Rothman et al., 

2009), though there are differences in the rate constants, especially with the lower 

concentrations of D-amphetamine. This likely derives from the relatively low signal-to-noise ratio 

of this method. As observed in our previous study for D-amphetamine (Rothman et al., 2009), 

both D-amphetamine and PAL-1046 increased A1, the proportion of the faster dissociating 

component, in a dose-dependent manner. The rate constants observed with the highest 

concentration of PAL-1046 were similar to that observed with 100 nM D-amphetamine: K1 = 

~0.25 min-1 and K2 = ~0.010 min-1. In contrast to our previous efflux studies with D-

amphetamine (Rothman et al., 2009), in which D-amphetamine did not alter the rate constants, 

D-amphetamine increased K1 in a dose-dependent manner.  

Figure 2 reports the time course for DAT-mediated efflux of [3H]MPP+ induced by PAL-

1045 (Fig. 2A) and PAL-738 (Fig. 2B), which are substrates with EMAX values of 78±5% and 

70±8%, respectively. In contrast to the effects of D-amphetamine and PAL-1046, the highest 

concentration of each drug did not produce complete efflux over the 2 hr observation period. 

Instead, the efflux curve appeared to plateau. The entire set of data for each drug was 

simultaneously fit to one- and two-component dissociation models, with the two-component 

model fitting significantly better than the one-component model. The best-fit parameters of the 

two-component model are reported in Table 2. As observed for D-amphetamine and PAL-1046, 

these compounds increased A1 in a dose-dependent manner The fast rate constant (K1) 

observed for the highest concentrations of PAL-1045 and PAL-738 (~0.06 min-1) was 

significantly lower than that observed for the highest concentrations of the full substrates D-

amphetamine and PAL-1046 (~0.2 min-1). Moreover, the slow rate constant (K2) observed for 

the highest concentrations of PAL-1045 (~0.001 min-1)  was about 10-fold lower than that 

observed for the highest concentrations of the full substrates D-amphetamine and PAL-1046 
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(~0.01 min-1). Within the experimental error, the K2 values for PAL-192 and PAL-193 were 

essentially 0 

Figure 3 reports the time course for DAT-mediated efflux of [3H]MPP+ induced by PAL-

192 (Fig. 3A) and PAL-193 (Fig. 3B), which are substrates with EMAX values of 61±2% and 

65±2%, respectively. In contrast to the effects of D-amphetamine and PAL-1046 (Fig. 1), the 

efflux curves produced by PAL-192 and PAL-193 appeared to plateau at all three 

concentrations tested. As reported above for PAL-1045 and PAL-738, the two-component 

model fit the efflux data significantly better than the one-component model. Increasing 

concentrations of PAL-192 and PAL-193 increased the A1 value in a dose-dependent manner, 

but did not alter the fast rate constant (K1), which with a value of ~0.04 min-1, was significantly 

slower than that observed with the highest concentrations of PAL-1045 and PAL-738 (~0.06 

min-1). The slow rate (K2) for PAL-192 and for PAL-193 did not differ significantly from zero.  

The ultra-low or zero K2 value observed for the partial substrates PAL-1045, PAL-738, 

PAL-192 and PAL-193 indicates that there will always be a component of efflux that is so slow 

that the overall efflux curve plateaus.  When conducting a release dose-response experiment, 

samples are routinely filtered at 30 min, providing a time-slice of an efflux curve. The fact that 

the efflux curves of the partial substrates plateau could therefore explain the EMAX values less 

than 100% in the release dose-response curves generated by these compounds (Table 1). At a 

30 min filtration time, even high concentrations of the partial substrates would not have 

produced complete efflux, resulting in an EMAX value < 100%. To test this hypothesis, we 

generated release dose-response curves and filtered the samples at the standard 30 min time 

point and also at a 60 min time point. The prediction of this experiment is that the EMAX value 

observed at 60 min would be higher than the EMAX observed at 30 min. 

Figs. 4A and 4B report the results obtained with PAL-192 and PAL-193, respectively. 

The EMAX values of PAL-192 and PAL-193 at the 30 min time point were 61±1% and 65%, 

respectively. At the 60 min time point, however, the EMAX values were 88±1% and 89±1%, 
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respectively. Similar results were obtained for [3H]5-HT release  using PAL-153 and PAL-175, 

respectively (Figs. 5A and 5B), except that samples were filtered at the standard 5 min time 

point as well as at 15 min. The EMAX values of PAL-153 and PAL-175 at the 5 min time point 

were 54±3% and 57±4%, respectively. At the 15 min time point, however, the EMAX values were 

75±2% and 80±3%, respectively. An analogous experiment which measured NET-mediated 

[3H]MPP+ release (Fig. 6) using PAL-218 showed that the EMAX value increased from 62±3% at 

the standard filtration time of 30 min to 76±3% at 60 min. 

To confirm that the agents studied here are BAT substrates, we conducted “shift” 

experiments in which a substrate dose-response curve is generated in the absence and 

presence of a fixed concentration of a known BAT inhibitor. The expected result is that the BAT-

inhibitor will shift the substrate dose-response curve to the right, thereby permitting calculation 

of a Ke value according to standard pharmacological equations. An example of such an 

experiment is shown in Fig. 7 for D-amphetamine induced release of [3H]MPP+ from 

dopaminergic nerve terminals. Both cocaine (1µM) and GBR12909 (0.5 nM) shifted the D-

amphetamine curve to the right without changing the EMAX value. The results obtained from 

similar experiments are reported in Table 3. For all of the drugs tested, cocaine and GBR12909 

shifted the curves to the right without significantly affecting the EMAX values, consistent with 

these PAL compounds being substrates. Interestingly, the Ke value of cocaine was not the 

same for each substrate. Rather, the Ke value ranged from 54 nM for PAL-193 to 335 nM for 

PAL-1045. A similar pattern was observed for GBR12909. In this case, the Ke value ranged 

from 0.038nM for PAL-193 to 1.26 nM for PAL-1045. The Ke values of cocaine, ranked by order 

of potency, were PAL-193 > PAL-192 >PAL-287 > D-AMPH > PAL-1045 = PAL-1046. The Ke 

values of GBR12909, ranked by order of potency, were similar: PAL-193 > PAL-192 > D-AMPH 

> PAL-287 > PAL-1046 > PAL-1045. The Ke values of cocaine and GBR12909 were highly 

correlated (data not shown, r2=0.74, p = 0.03).  
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In vivo microdialysis experiments determined the effects of saline (SAL), PAL-287 (full 

substrate at DAT/SERT), PAL-1046 (full substrate at DAT/SERT) and PAL-1045 (partial 

substrate at DAT/SERT) on extracellular DA and 5-HT in the n. accumbens. As reported in Fig. 

8A, administration of these drugs produced a highly significant elevation of extracellular DA 

[F(drug effect)=32.9, p<0.001; F(time)=18.8, p<0.001; F(interaction)=4.77, p<0.001]. Fig. 8B 

reports the peak effects produced by drug administration (1 and 3 mg/kg). Both PAL-287 and 

PAL-1046 produced a dose-dependent increase in DA. However, the partial substrate PAL-

1045 had a “flat” dose-response curve, and its peak effect at 3 mg/kg was significantly less than 

that of the full substrate PAL-1046. Drug administration also produced a highly significant 

elevation of extracellular 5-HT (Fig. 9) [F(drug effect)=59.9, p<0.001; F(time)=44.1, p<0.001; 

F(interaction)=7.97, p<0.001]. Fig. 9B reports the peak effects produced by drug administration 

(1 and 3 mg/kg). Both PAL-287 and PAL-1046 produced a dose-dependent increase in 5-HT. 

However, the partial substrate PAL-1045 had a flatter dose-response curve, and its peak effect 

at 3 mg/kg was significantly less than that of the full substrate PAL-1046.  

Similar results were observed for horizontal locomotor activity (Fig. 10). Drug 

administration produced a highly significant increase in horizontal locomotor activity (Fig. 10A) 

[F(drug effect)=39.9, p<0.001; F(time)=20.0, p<0.001; F(interaction)=4.84, p<0.001]. Fig. 10B 

reports the peak effects produced by drug administration (1 and 3 mg/kg). Both PAL-287 and 

PAL-1046 produced a dose-dependent increase in horizontal locomotor activity. However, PAL-

1045 had a “flat” dose-response curve, and its peak effect at 3 mg/kg was significantly less than 

that of PAL-1046 and PAL-287. Figure 11 reports the effect of drug administration on stereotypy. 

Drug administration produced a significant increase in repetitive movements (Fig. 11A) [F(drug 

effect)=23.0, p<0.001; F(time)=14.0, p<0.001; F(interaction)=2.71, p<0.001]. Modest significant 

increases in stereotypy were observed at the 3 mg/kg doses for all test drugs. Differences in the 

effects of PAL-1045 and PAL-1046 were not statistically significant. 
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Discussion 

 As noted in the Introduction, BAT ligands are classically divided into uptake inhibitors 

and releasers. Releasers are BAT substrates, and the inward transport of a BAT substrate, 

together with Na+ and Cl-, leads to the counter transport of endogenous neurotransmitter out of 

the nerve terminal. Recent resolution of the structure of  the bacterial Leu transporter 

(Yamashita et al., 2005; Shi et al., 2008) identified two substrate binding sites (S1 and S2), 

suggesting that the BATs might also possess two substrate binding sites, where the binding of a 

substrate to S2 triggers the release of substrate bound to S1 and Na+ into the intracellular 

compartment (Nyola et al., 2010; Schmitt et al., 2010). These findings emphasize the 

importance of conformational changes to transporter function (Ferrer and Javitch, 1998; Reith et 

al., 2001; Gether et al., 2006), and raise the possibility that the actions of the two BAT binding 

sites might differ among each other. Data in the literature support this idea. For example, 

Goodwin et. al (Goodwin et al., 2009) reported that methamphetamine inhibited DAT-mediated 

dopamine clearance more efficiently than amphetamine. Moreover, we recently reported that 

some SERT-inhibitorsdecrease the efficacy of substrate-mediated release of [3H]5-HT from rat 

brain synaptosomes (Rothman et al., 2010).   Gobbi et al. (Gobbi et al., 2008) reported that 

both 4-methyl-thioamphetamine (MTA) and its dimethyl analog (DMMTA) released pre-loaded 

[3H]5-HT from superfused rat brain synaptosomes and HEK cells that express the cloned 

hSERT with lower efficacy than p-chloroamphetamine. An earlier study also reported that m-

chlorophenylpiperazine (mCPP) and 3,4-methylenedioxymethamphetamine (MDMA) were 

partial SERT substrates (Gobbi et al., 2002). The data reported in the present study confirm and 

extend these observations. We report a wide range of partial BAT substrates, and show that the 

partial release profile of these agents likely results from a slower rate of neurotransmitter efflux 

than is observed with full substrates.  

 Over the course of evaluating several hundred members of the PAL library, only a few 

drugs were noted to be partial releasers (Table 1). Nevertheless, these data reported here 
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illustrate that partial releaser activity is observed at all three BATs, and that a drug can be a 

partial substrate at one BAT and a full substrate at the others (PAL-192, PAL-193) or a partial 

substrate at all 3 BATs (PAL-218). It should be noted that PAL-192 ((±)-MDE) is the racemate of 

PAL-193 ((+)-MDE) and PAL-194 ((-)-MDE), and is a SERT releaser and weak uptake inhibitor 

at DAT and NET. The EC50 and EMAX of PAL-192 and PAL-193 for DAT release are similar, 

indicating that the uptake inhibiting effects of (-)-MDE at DAT (IC50 = 4256±191 nM) does not 

interfere with the more potent releasing effects of (+)-MDE.  

 To confirm that compounds classified as BAT substrates are indeed releasers, we 

conducted “substrate reversal” experiments as described elsewhere (Rothman et al., 2002). In 

these experiments an ~ED80 dose of test drug is assayed in the appropriate release assay in the 

absence and presence of a blocking concentration of an appropriate uptake inhibitor, which by 

itself has minimal effect in the release assay. If the test drug is a releaser, its effect will be 

attenuated. All of the compounds described in Table 1 were confirmed as being substrates (data 

not shown). As a further test, we conducted “shift” experiments (Fig. 7, Table 3) in which a 

substrate dose-response curve is generated in the absence and presence of a fixed 

concentration of a known BAT inhibitor. A BAT-inhibitor will shift the substrate dose-response 

curve to the right, thereby permitting calculation of a Ke value according to standard 

pharmacological equations. The results showed that both cocaine and GBR1209 shifted the D-

amphetamine, PAL-913, PAL-193, PAL-287 and PAL-1045 dose-response curves to the right. 

Interestingly, cocaine and GBR1209 also reduced the EMAX value of the PAL-192/PAL-193 

dose-response curves, and the Ke value of each uptake inhibitor was different for each test 

substrate. These data provide further support for the classification of these compounds as being 

partial substrates and also indicate greater complexity than can be described by simple 

competitive models (Nyola et al., 2010).  

 To test the hypothesis that partial substrates induce efflux of neurotransmitter at a 

slower rate than full substrates, we conducted efflux studies focused on DAT-mediated efflux of 
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[3H]MMP+ because of the favorable signal-to-noise ratio of this assay. PAL-1046 and D-

amphetamine illustrate the effects of full substrates on efflux (Fig. 1). As observed in our 

previous study with D-amphetamine (Rothman et al., 2009), the efflux curves were best fit by a 

two-component dissociation model. As reported in Table 2, both compounds increased A1, the 

proportion of the faster dissociating component, in a dose-dependent manner. The rate 

constants observed with the highest concentration of PAL-1046 were similar to that observed 

with 100 nM D-amphetamine: K1 = ~0.25 min-1 and K2 = ~0.010 min-1. The partial substrates 

PAL-1045, PAL-738, PAL-192 and PAL-193 (Figs. 2-3), produced qualitatively similar efflux 

curves. A key difference in the efflux curves for the full substrates and the partial substrates was 

that the efflux curves of the partial substrates appeared to plateau. Consistent with this pattern, 

the slow rate constant (K2) observed for the highest concentrations of PAL-192/PAL-193 was 

essentially zero, and for the somewhat less partial substrates PAL-1045/PAL-738 (~0.001 min-1 

and 0.006 min-1), the rate constant (K2) was about 10-fold lower than that observed for the 

highest concentrations of the full substrates D-amphetamine and PAL-1046 (~0.01 min-1). The 

fast rate constant (K1) observed for the highest concentrations of PAL-1045/PAL-738 

(K1=~0.06 min-1) and PAL-192/PAL-193 (K1=~0.03 min-1) was significantly lower than that 

observed for the highest concentrations of the full substrates D-amphetamine and PAL-1046 

(~0.2 min-1). Importantly, the value of K1 at the highest dose of test drug was highly correlated 

with the EMAX value of the test agent (r2=0.89, p<0.01), indicating that the more “partial” the 

substrate, the lower the value of K1. Viewed collectively, the efflux experiments demonstrate 

that partial substrates promote DAT-mediated [3H]MPP+ efflux more slowly than full substrates. 

 As noted in the Results section, release curves such as those reported in Table 1 are a 

single time-slice (at 30 min) of an efflux curve. The efflux experiments (Table 2) discussed 

above predict that with partial substrates, the EMAX values observed at 60 min would be higher 

than the EMAX observed at the typical 30 min filtration time, since the longer time interval would 

provide more time for efflux. This prediction was confirmed for PAL-192/PAL-193 (Fig. 4) at DAT, 

PAL-153/PAL-175 at SERT (Fig. 5), and PAL-218 at NET (Fig. 6). These results provide further 
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confirmation of the hypothesis that the “partiality” of the partial releasers reflects a slower rate of 

DAT-mediated [3H]MPP+ efflux.  

 The in vivo microdialysis experiments compared the effect of two full substrates (PAL-

287, PAL-1046) and one partial substrate (PAL-1045) on extracellular DA and 5-HT in the n. 

accumbens with simultaneous determination of horizontal locomotor activation and stereotypy 

(Figs. 8-11). As reported in Table 1, PAL-1046 and PAL-1045 are methyl- and ethyl-substituted 

PAL-287 analogs, suggesting that the increased steric size of PAL-1045 might account for its 

partial releaser profile. Given the intrinsic limitations of the microdialysis method, it was possible 

to generate only a limited dose response curve for each drug. Despite this constraint, the results 

demonstrated that PAL-1046 and PAL-287 increased extracellular DA in a dose-dependent 

manner, whereas PAL-1045 did not (Fig. 8). Indeed, the PAL-1045 dose-response curve is best 

described as being “flat”, consistent with the low efficacy partial substrate nature of this drug. In 

regards to extracellular 5-HT (Fig. 9), the full substrates (PAL-287, PAL-1046) produced a 

robust increase in extracellular 5-HT as the dose was increased from 1 mg/kg to 3 mg/kg. PAL-

1045, in contrast, produced a much smaller increase in extracellular 5-HT as the dose was 

increased from 1 mg/kg to 3 mg/kg, resulting in a “flatter” dose-response curve. Similar results 

were observed for horizontal locomotor activity (Fig. 10). Viewed collectively, these data support 

the hypothesis that a compound classified as a partial BAT substrate on the basis of an vitro 

release assay may acts as a partial BAT substrate in vivo.  

 The major finding of this paper is the identification of a novel type of BAT ligand – the 

partial substrate. A simple explanation of our findings is that some substrates affect 

neurotransmitter translocation more slowly, or less effectively, than full substrates. The 

underlying molecular mechanism for this remains to be determined, but could be related to 

subtle differences in the binding of these compounds to the BAT, resulting in conformational 

states that produce slower transport of the partial substrate into the nerve terminal. These 

results reinforce the possibility that new types of BAT ligands remain to be discovered. For 
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example, recent work indicates that some DAT inhibitors favor the outward facing transporter as 

compared to the inward facing transporter (Loland et al., 2008) (Schmitt et al., 2008).  

The possible therapeutic applications of partial substrates remain to be determined. BAT 

substrates and BAT uptake inhibitors both can increase extracellular biogenic amines, but, as 

reviewed elsewhere (Rothman and Baumann, 2006), differ fundamentally in their therapeutic 

applications. For example, ephedrine selectively releases norepinephrine (Rothman et al., 2003) 

and acts as a psychomotor (amphetamine-like) stimulant and anorectic agent, whereas 

selective norepinephrine uptake inhibitors lack psychomotor activity and are antidepressants. 

The flat dose-response curve observed for dopamine release by PAL-1045 (Fig. 8) suggests, for 

example, that this compound may have a lower abuse liability than D-amphetamine. Thus, it 

seems possible that partial BAT substrates could be developed into medications with low abuse 

potential that would be useful for treating addictive diseases, obesity, attention deficit disorder 

and other psychiatric disorders that have been linked to the BATS. 
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Legends for Figures 

 

Figure 1. Effect of D-amphetamine (Panel A) and PAL-1046 (Panel B) on DAT-mediated 

[3H]MPP+ efflux. Efflux experiments were conducted as described in Methods. The data were fit 

to a bi-exponential decay equation, and the best-fit estimates of the four parameters are 

reported in Table 3. Each point is the mean±SD (n=3). 

 

Figure 2. Effect of PAL-1045 (Panel A) and PAL-738 (Panel B) on DAT-mediated [3H]MPP+ 

efflux. Efflux experiments were conducted as described in Methods. The data were fit to a bi-

exponential decay equation, and the best-fit estimates of the four parameters are reported in 

Table 3. Each point is the mean±SD (n=3). 

 

Figure 3. Effect of PAL-192  (Panel A) and PAL-193 (Panel B) on DAT-mediated [3H]MPP+ 

efflux. Efflux experiments were conducted as described in Methods. The data were fit to a bi-

exponential decay equation, and the best-fit estimates of the four parameters are reported in 

Table 3. Each point is the mean±SD (n=3). 

 

Figure 4. Effect of time on PAL-192- and PAL-193-induced DAT-mediated [3H]MPP+ efflux. 

Release experiments were conducted as described in Methods. Samples were filtered at the 

standard time (30 min) and also at 60 min. The data were fit to the dose-response curve 

equation for the best-fit estimates of the EC50 and EMAX. Each value is ±SD (n=3).  

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 23, 2012 as DOI: 10.1124/jpet.111.188946

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 2011/188946 
 

 26

Figure 5. Effect of time on PAL-153- and PAL-175-induced SERT-mediated [3H]5-HT efflux. 

Release experiments were conducted as described in Methods. Samples were filtered at the 

standard time (5 min) and also at 15 min. The data were fit to the dose-response curve equation 

for the best-fit estimates of the EC50 and EMAX. Each value is ±SD (n=3). 

 

Figure 6. Effect of time on PAL-218-induced NET-mediated [3H]MPP+ efflux. Release 

experiments were conducted as described in Methods. Samples were filtered at the standard 

time (30 min) and also at 60 min. The data were fit to the dose-response curve equation for the 

best-fit estimates of the EC50 and EMAX. Each value is ±SD (n=6). 

 

Figure 7. Effect of cocaine and GBR12909 on D-amphetamine-mediated DAT release. D-

amphetamine dose response surves were generated in the absence and presence of cocaine 

(1µM) and GBR12909 (0.5 nM). The data were fit to the dose-response equation for the best-fit 

estimates of the EC50 and EMAX (reported in Table 3). Each value is ±SD (n=3). 

 

Figure 8. Effect of drug administration on extracellular dopamine in the n. accumbens. Saline 

(SAL), PAL-1045, PAL-1046 and PAL-287 were administered via the i.v. route (1 mg/kg at time 

0, 3 mg/kg at 60 min). Panel A reports the time course. 2-Way ANOVA revealed a highly 

significant elevation of extracellular DA [F(drug effect)=32.9, p<0.001; F(time)=18.8, p<0.001; 

F(interaction)=4.77, p<0.001]. Panel B reports the mean effect observed in the 3 samples 

following each injection. Each value is the mean±SEM (n=7-8). *p<0.01 when compared to 

control (one way ANOVA followed by Newman-Keul’s post hoc test). #p<0.01 when compared 

to PAL-1046 (one way ANOVA followed by Newman-Keul’s post hoc test). 
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Figure 9. Effect of drug administration on extracellular 5-HT in the n. accumbens. Saline (SAL), 

PAL-1045, PAL-1046 and PAL-287 were administered via the i.v. route (1 mg/kg at time 0, 3 

mg/kg at 60 min). Panel A reports the time course. 2-Way ANOVA revealed a highly significant 

elevation of extracellular DA [F(drug effect)=59.9, p<0.001; F(time)=44.1, p<0.001; 

F(interaction)=7.97, p<0.001]. Panel B reports the mean effect observed in the 3 samples 

following each injection. Each value is the mean±SEM (n=7-8). *p<0.01 when compared to 

control (one way ANOVA followed by Newman-Keul’s post hoc test). #p<0.01 when compared 

to PAL-287 and PAL-1046 (one way ANOVA followed by Newman-Keul’s post hoc test). 

 

Figure 10. Effect of drug administration on horizontal locomotor activity. These data were 

gathered concurrently with the experiments described in Figs. 8-9. Panel A reports the time 

course. 2-Way ANOVA revealed a highly significant increase in horizontal locomotor activty 

[F(drug effect)=39.9, p<0.001; F(time)=20.0, p<0.001; F(interaction)=4.84, p<0.001]. Panel B 

reports the mean effect observed in the 3 samples following each injection. Each value is the 

mean±SEM (n=7-8). *p<0.01 when compared to control (one way ANOVA followed by Newman-

Keul’s post hoc test). #p<0.01 when compared to PAL-287 and PAL-1046 (one way ANOVA 

followed by Newman-Keul’s post hoc test). 

 

Figure 11. Effect of drug administration on stereotypy. These data were gathered concurrently 

with the experiments described in Figs. 8-9. Panel A reports the time course. 2-Way ANOVA 

revealed a highly significant increase in stereotypy [F(drug effect)=23.0, p<0.001; F(time)=14.0, 

p<0.001; F(interaction)=2.71, p<0.001].  Panel B reports the mean effect observed in the 3 

samples following each injection. Each value is the mean±SEM (n=7-8). *p<0.01 when 

compared to control (one way ANOVA followed by Newman-Keul’s post hoc test).  
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Table 1 

 

Summary of BAT-Release Assays 

 

  
DAT SERT NET 

Drug Structure 
EC50 

(nM±S

D) 

EMAX 

(%±SD

) 

EC50 

(nM±SD) 

EMAX 

(%±SD

) 

EC50 

(nM±SD

) 

EMAX 

(%±SD

) 

D-

Amphetami

ne 

 

6.4±1 103±5 1960±140

a 

104±2 7.4±2.42 101±10 

PAL-192 

(±)-MDE 
 

622±1

21 

61±2* 47±10 94 ± 4 2608 ± 

537 

85 ± 4 

PAL-193 

(+)-MDE 
 

507±8

3 

65±2* 52±9 97 ± 4 651 ± 

117 

93 ± 3 

PAL-194b 

(-)-MDE 
 

Uptake  

inhibito

r 

 
465±69 89 ± 3* Uptake  

inhibitor 

 

PAL-287c 

 

15.7±1

.0 

102±1 3.9±0.4 107±3 9.8±1.5 96±3 
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PAL-1046 

 

10±1 101±3 13±2 103±5 34±3 98±2 

PAL-1045 

 

46±11 78±5* 12±2 66±2* 137±30 94±4 

PAL-218 

 

1207±

118 

66±1* 26±7 85±4* 56±12 62±3* 

PAL-738 

 

58±10 78±2* 23±2 96±2 65±12 89±3 

PAL-153 

 

>1000

0 

 
561±172 54±3* >10000 

 

PAL-175 

 
>1000

0 

 
43±16 57±4* >10000 

 

PAL-179 

 

>1000

0 

 
33±9 66±3* >10000 

 

PAL-874 

 

688±1

10 

92 3 >10000 
 

305±36 75±2* 

PAL-1062 

 

  
75±37 51±4* 

  

PAL-1063 

 

  
21±3 93±3 
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aData taken from {Rothman, 2001 #9504}. bPAL-194 was an uptake inhibitor at DAT (IC50 = 

4256 ± 191 nM) and NET (IC50 = 3973 ± 455 nM). cData taken from {Rothman, 2005 #12148}. 

These results differ slightly from the published values because the original data set was fit to a 

two-parameter logistic equation rather than the dose-response curve equation. *p<0.05 when 

compared to 100±5% (DAT, SERT) and 100±10% (NET) using a one-sample Student’s t-test. In 

this test, the test is between the observed EMAX (±SD) and 100% ± (average SD observed in 

these assays).  
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Table 2 

 

Kinetic Analysis of Substrate-Induced DAT-Mediated [3H]MPP+ Efflux 

[D-AMPH] A1 (%±SD) K1 (min-1) A2 (%±SD) K2 (min-1) 

5 56±3 0.064±0.008 45±4 0.0016±0.0010 

20 79±3* 0.10±0.01* 21±3* 0.0023±0.0015 

100 84±2* 0.24±0.02*# 15±2* 0.0078±0.0020* 

[PAL-1046]     

10 23±9 0.13±0.08 78±9 0.0030±0.0016 

50 63±8* 0.16±0.05 35±7* 0.0050±0.003 

250 79±8* 0.29±0.07 20±6* 0.012±0.006 

[PAL-1045]1     

50 26±65 0.025±0.062 79±67 0.0016±0.0060 

250 51±17 0.051±0.025 52±18 0.0024±0.0036 

1250 84±13 0.058±0.015 19±14 0.00094±0.0070 

[PAL-738]     

50 18±4 0.073±0.029 81±4 0.0018±0.0005 

250 49±6* 0.060±0.10 48±6* 0.0035±0.0013 

1250 73±6*# 0.069±0.008 25±6*# 0.0060±0.0003 

[PAL-192]1     

600 39±29 0.024±0.017 64±29 0.000±0.003 

3000 70±21 0.027±0.009 32±22 0.000±0.005 

15000 91±15 0.032±0.006 13±15 0.000±0.100 

[PAL-193]1     

600 26±36 0.027±0.036 76±36 0.001±0.003 
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3000 67±25 0.030±0.013 38±26 0.001±0.005 

15000 86±17 0.036±0.009 16±18 0.0003±0.009 

The data of three experiments (N=3) were pooled (N=117 data points) and fit simultaneously to 

either the one- or two-component model. In all cases, the two-component model fit the data 

better than the one-component model (p<0.001). For the full substrates (D-amphetamine, PAL-

1046 and PAL-738) a student’s t-test (unpaired), using the parameter value and its SD 

(GraphPad online t-test calculator), was used to test statistical significance between parameter 

values: *p<0.01 when compared to the corresponding parameter of the lowest concentration of 

test drug. #p<0.01 compared to the corresponding parameter of the middle concentration of test 

drug. 1For the partial substrates (PAL-192, PAL-193, PAL-1045), the t-test among individual 

parameters were all non-significant, so the F-test, as described in Methods, was used to test for 

statistical significance between corresponding curves. For all of these drugs, each curve was 

statistically different from the other curves (p<0.0001).  
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Table 3 

 

“Shift” Experiments of Substrates for DAT-Mediated [3H]MPP+ Release 

 

    

Drug No Blocker Cocaine 

(1.0 µM) 

GBR12909 

(0.5 nM) 

D-AMPH 

EC50 (nM±SD) 

EMAX (%±SD) 

Ke  (nM) 

 

6.4±1.0 

102±5 

 

40±6 

107±4 

190±28 

 

21±3 

107±4 

0.22±0.03 

PAL-192 

EC50 (nM±SD) 

EMAX (%±SD) 

Ke  (nM) 

 

644±128 

77±3 

 

5546±1527 

56±5* 

131±36 

 

5818±833 

70±3* 

0.062±0.009 

PAL-193 

EC50 (nM±SD) 

EMAX (%±SD) 

Ke  (nM) 

 

202±75 

70±5 

 

3917±734 

53±3* 

54±10 

 

2878±385 

62±2* 

0.038±0.005 

PAL-287 

EC50 (nM±SD) 

EMAX (%±SD) 

Ke  (nM) 

 

14±3 

97±5 

 

94±19 

108±7 

175±35 

 

31±4 

102±3 

0.41±0.05 

PAL-1045 

EC50 (nM±SD) 

 

106±19 

 

422±99 

 

148±14 
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EMAX (%±SD) 

Ke  (nM) 

84±3 79±4 

335±78 

81±1 

1.26±0.12 

PAL-1046 

EC50 (nM±SD) 

EMAX (%±SD) 

Ke  (nM) 

 

15±4 

100±5 

 

64±12 

101±4 

306±57 

 

29±2 

100±1 

0.54±0.04 

Eight point dose-response curves were generated for DAT-mediated [3H]MPP+ release in the 

absence and presence of the indicated blockers (cocaine, GBR12909). The data (n=3) were fit 

to the dose-response equation as described in Methods for the best-fit estimates of the EC50 

and EMAX. Apparent Ke values were calculated as described in Methods. *p<0.05 when 

compared to the EMAX value of the “no blocker” condition (Student’s t-test). 
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