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    Chapter 3   

 Interrogating the Activity of Ligands at Monoamine 
Transporters in Rat Brain Synaptosomes                     

     John     S.     Partilla    ,     Michael     H.     Baumann      ,     Ann     M.     Decker    ,     Bruce     E.     Blough    , 
and     Richard     B.     Rothman     

  Abstract 

   The plasma membrane transporters for dopamine (DAT), norepinephrine (NET), and serotonin (SERT) 
are the main sites of action for therapeutic and abused stimulant drugs. As a means to identify novel medi-
cations for stimulant addiction and other psychiatric disorders, we developed in vitro assays in rat brain 
tissue that can be used to determine structure–activity relationships for test compounds at these mono-
amine transporters. Uptake inhibition assays measure the ability of drugs to block the transporter- 
mediated uptake of [ 3 H]neurotransmitters into synaptosomes, whereas release assays measure the ability 
of drugs to serve as transporter substrates that evoke effl ux (i.e., release) of [ 3 H]neurotransmitters from 
synaptosomes by reverse transport. These assays can be used to rapidly determine the potency of test 
compounds at DAT, NET, and SERT under similar conditions, establishing the selectivity of drugs across 
all three transporters. The combined results from uptake and release assays can discriminate whether a 
compound is a transporter inhibitor or substrate (i.e., releaser). Our assay procedures have been used to 
characterize the molecular mechanism of action for older amphetamine-type medications and newer 
transporter ligands with therapeutic potential. The data from these assays can also predict the addictive 
and neurotoxic properties of abused stimulants. Information provided by these assays continues to pro-
vide insight into monoamine transporter structure and function.  
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1      Introduction 

 The plasma membrane neurotransmitter/sodium  transporters   for 
dopamine (DAT), norepinephrine ( NET  ), and serotonin (SERT) 
are the principal sites of action for medications used to treat a range 
of psychiatric diseases such as  depression  ,  anxiety  , and attention- 
defi cit hyperactivity disorder [ 1 ,  2 ]. In addition, DAT and NET are 
implicated in the mechanism of action of  addictive stimulants   like 
 cocaine   and  amphetamine   [ 3 ,  4 ]. Under normal circumstances, 
these monoamine transporters serve to  translocate            previously 
released neurotransmitter molecules from the extracellular medium 
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back into the  neuronal cytoplasm  , a process known as transporter- 
mediated “ reuptake  ”. Drugs that interact with transporters can be 
divided into two classes based on their precise molecular mecha-
nism: (1)  inhibitors —which bind to the neurotransmitter  binding 
site   on the extracellular face of the transporter, thereby blocking the 
reuptake of neurotransmitters from the extracellular medium, and 
(2)  substrates —which bind to the transporter and are subsequently 
translocated through the transporter channel into the  neuronal   
cytoplasm, thereby triggering the  effl ux   of intracellular neurotrans-
mitter molecules (i.e., transporter- mediated release  ) [ 5 ]. Drugs 
that act as transporter  substrates   are often called “releasers” because 
they induce non-exocytotic transporter-mediated neurotransmitter 
release from neurons. 

 As a means to identify and characterize new medications for 
treating  stimulant   addiction and other  psychiatric disorders  , we 
sought to establish  in vitro functional assays   that could assess the 
structure–activity  relationships   for a large  library   of phenethyl-
amine analogs at DAT,  NET  , and SERT. We reasoned that these 
assays should employ a simple and reproducible brain  tissue   prepa-
ration to facilitate high-throughput screening of compounds in a 
biologically relevant system. Additionally, we designed the assays 
to allow rapid assessment of  potency   and  effi cacy   of drugs at all 
three transporters under similar conditions, and to discriminate 
whether test compounds act as transporter inhibitors or substrates. 
It is important to distinguish between transporter inhibitors and 
substrates because substrate drugs display a number of unique 
properties: they are  translocated   into cells along with sodium  ions  , 
they induce inward  depolarizing   sodium currents, and they trigger 
 non-exocytotic release   of neurotransmitters by reversing the nor-
mal direction of transporter fl ux (i.e.,  reverse transport  ) [ 6 ]. Finally, 
because substrate -type drugs            are transported into the  neuronal 
cytoplasm  , they can produce intracellular defi cits in monoamine 
neurons such as inhibition of neurotransmitter  synthesis   leading to 
long-term neurotransmitter  depletions   [ 7 ,  8 ]. 

 The purpose of this chapter is to describe straightforward repro-
ducible assays for measuring uptake  inhibition   and substrate  release   
at DAT,  NET  , and SERT. All six of the assays use a crude  synapto-
somal preparation   obtained from rat brain and share a common buf-
fer system with only minor differences between assays. Synaptosomes 
are largely composed of sealed vesicle-fi lled  nerve endings   with their 
plasma membrane leafl ets oriented in a manner akin to  neurons   
in vivo [ 9 ,  10 ]. In contrast to assay systems which involve non-neu-
ronal cells  transfected   with transporter proteins, synaptosomes pos-
sess all of the cellular machinery necessary for neurotransmitter 
 synthesis  , release, metabolism and  reuptake  . Our assays are based on 
the ability to detect the infl uence of test drugs on transporter-medi-
ated movement of  radiolabeled  neurotransmitters   (i.e., [ 3 H]neu-
rotransmitters) across the synaptosomal plasma membranes. 
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[ 3 H]-Dopamine ([ 3 H]DA), [ 3 H]-norepinephrine ([ 3 H] NE        ), and 
[ 3 H]-serotonin ([ 3 H] 5HT  ) are used as the radiolabeled ligands in 
the uptake  inhibition    assays   for DAT, NET, and SERT, respectively. 
[ 3 H]-Methyl-4- phenylpyridinium ([ 3 H]MPP + ) is used as the radio-
labeled ligand in the release  assays   for DAT and  NET  , whereas 
[ 3 H] 5HT   is used in the release  assay   for SERT (see Note  1 ). Over 
the years, these assays have been used to identify transporter drugs 
of interest that are subsequently tested using more sophisticated or 
labor-intensive in vivo  techniques   such as  microdialysis  ,  cardiovascu-
lar telemetry  ,  intracranial self-stimulation   and  drug self-administra-
tion           . Importantly, the pharmacological effects of drugs determined 
in vivo have been consistent with the drug-transporter relationships 
described by the uptake and release  assays  .  

2    Materials and Preparation 

   Unless otherwise indicated, all reagents were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). [ 3 H]DA, [ 3 H] NE     , and 
[ 3 H] 5HT   were purchased from PerkinElmer Life Sciences (Boston, 
MA, USA), and [ 3 H]MPP +  was purchased from American 
Radiolabeled Chemicals (St. Louis, MO, USA). Test compounds 
were provided by the NIDA IRP Pharmacy (Baltimore, MD, USA), 
the NIDA Drug Supply Program (Rockville, MD, USA), and 
Research Triangle Institute (Research Triangle Park, NC, USA).  

   All uptake  inhibition   and  substrate   release  assays   employ the same 
two buffers: 0.32 M  sucrose   that is used for the  tissue preparation   
and comprises 10 % of the fi nal reaction volume, and Krebs- 
phosphate buffer ( KPB  )    that comprises the remaining 90 % of the 
reaction volume. The  KPB   consists of the following at pH 7.4: 
126 mM NaCl, 2.4 mM KCl, 0.5 mM KH 2 PO 4 , 1.1 mM CaCl 2 , 
0.83 mM MgCl 2 , 0.5 mM Na 2 SO 4 , 11.1 mM glucose, 13.7 mM 
Na 2 HPO 4 , 1 mg/ml  ascorbic acid  , and 50 μM  pargyline  . For sub-
strate release  assays  , 1 μM  reserpine   is added to the  sucrose   and 
 KPB   solutions in order to block vesicular  uptake   of substrates [ 3 ]. 
All buffers are made fresh each day. Assay selectivity is established 
for a single transporter of interest by adding unlabeled (i.e., nonra-
dioactive) selective  transporter            blockers to the  sucrose   solution and 
 KPB   to prevent the interaction of radiolabeled ligands and test 
compounds with competing  transporters   (see Table  1  and Note  2 ).

      The  synaptosomal preparation   used in our assays is a slight modifi -
cation of a procedure originally described over 50 years ago [ 9 ]. 
Male Sprague-Dawley rats are rendered unconscious by CO 2  nar-
cosis, decapitated, and brains are immediately removed. Cerebella 
are discarded, and paired  caudate  - putamen   are dissected and placed 
in 10 ml ice cold 0.32 M  sucrose   (up to three pairs per 10 ml) to 

2.1  Materials

2.2  Buffers 
and  Assay Selectivity  

2.3   Tissue 
Preparation  
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be used for DAT studies; the remaining  brain tissue   is placed in 
10 ml ice cold 0.32 M  sucrose   (one brain per 10 ml) for use in 
 NET   and SERT studies. The tissue in  sucrose   is transferred to a 
hand-held Tefl on-on-glass Potter-Elvehjem  tissue grinder   and gen-
tly homogenized with 12 strokes. The  homogenate   is centrifuged 
at 1000 ×  g  at 4 °C, and the resulting  supernatant   is diluted with ice 
cold 0.32 M  sucrose   to 17.5 ml for DAT uptake, DAT release, and 
SERT uptake studies, or 10 ml for  NET   uptake, NET release, and 
SERT release studies; the tissue preparation is used immediately 
(see Note  3 ). Electron  microscopy            reveals that this crude synapto-
somal tissue preparation contains intact synaptosomes, as well as 
myelin fragments, mitochondria, ribosomes, and  vesicles   [ 9 ,  10 ].   

3    Assay Procedures 

   Uptake  inhibition      assays are based on the exposure of freshly pre-
pared synaptosomes to the appropriate [ 3 H]neurotransmitter of 
interest (i.e., [ 3 H]DA, [ 3 H]NE, or [ 3 H] 5HT     ). Since synaptosomal 
plasma membranes are sealed and intact, [ 3 H]neurotransmitter 
molecules added to the extrasynaptosomal medium are  translocated   
into the  intrasynaptosomal compartment   by the action of mem-
brane-bound transporter proteins. Under these conditions, trans-
porter-mediated accumulation of [ 3 H]neurotransmitters inside the 
synaptosomes is linearly proportional to time (data not shown). 
During a typical uptake  inhibition   experiment, a solution contain-
ing [ 3 H]neurotransmitter and test drug is mixed with synapto-
somes; this mixture is allowed to incubate for a specifi c  period   of 
time, within the linear portion of the [ 3 H]neurotransmitter 
accumulation  time course  . To stop the incubation, the mixture is 
rapidly fi ltered, thereby trapping accumulated intrasynaptosomal 
[ 3 H]neurotransmitter molecules on the fi lter (Whatman GF/B 
fi berglass  fi lters  , Brandel, Gaithersburg, MD, USA) while remain-
ing “free” extrasynaptosomal [ 3 H]neurotransmitters are removed 
to waste. In this manner, the fi ltration process captures the [ 3 H]
neurotransmitters taken up by synaptosomes during the incubation. 
Retained radioactivity is then quantifi ed by  liquid scintillation 
counting   and is proportional to the quantity of synaptosomes used 
in the assay. If test drugs interact with monoamine transporters, the 
accumulation of [ 3 H]neurotransmitter inside of the synaptosomes 
(i.e., uptake) is reduced because the test drug and [ 3 H]neurotrans-
mitter molecules compete for the same  binding site   on the trans-
porter protein. This degree of “uptake  inhibition  ” is proportional 
to the concentration of test drug; the concentration of test drug 
required to inhibit uptake by 50 % ( IC 50   ) defi nes the  potency   of the 
uptake inhibitor for the transporter. 

 We fi rst used this technique to examine the transporter selectiv-
ity of a homolog of the DAT blocker  GBR12935           , LR1111 [ 11 ], 

3.1  Uptake Inhibition
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and continue to use the method with only minor modifi cations [ 12 ]. 
Uptake  inhibition assays   are conducted in triplicate at 25 °C (DAT 
and SERT) or 37 °C (NET) in  polystyrene test tubes      (12 × 75 mm). 
Assays are initiated by the addition of 100 μl of freshly prepared 
synaptosomes to 900 μl  KPB   that contains the appropriate [ 3 H]neu-
rotransmitter, selective blockers (see Table  1 ), and test drug. With 
regard to radiolabeled transmitter concentrations, we use fi nal con-
centrations of 5 nM [ 3 H]DA, 10 nM [ 3 H] NE      and 5 nM [ 3 H] 5HT   
for the DAT, NET, and SERT uptake  inhibition   assays, respectively. 
Test drug solutions are prepared in  KPB   containing 1 mg/ml bovine 
serum  albumin   over a range of eight different doses in order to con-
struct an  inhibition curve   that establishes an  IC 50    value for the test 
drug. Nonspecifi c uptake is measured by incubating synaptosomes 
in the presence of a large excess (1 μM) of the nonselective  uptake   
inhibitor  indatraline  . The reactions are stopped after 15 min (DAT), 
10 min (NET), or 30 min (SERT) by rapid vacuum  fi ltration   with a 
 cell harvester   (Brandel, Gaithersburg, MD, USA) over GF/B fi lter 
paper presoaked in wash buffer maintained at 25 °C (10 mM Tris-
HCl, pH 7.4/150 mM NaCl). Filters are rinsed with 6 ml wash 
buffer, and retained tritium is quantifi ed by a MicroBeta 2  liquid 
scintillation counter   (PerkinElmer, Boston, MA, USA) after over-
night extraction in 0.6 mL of liquid scintillation  cocktail            (Cytoscint, 
MP Biomedicals, Santa Ana, CA, USA). 

 In order to describe the method for calculating the uptake 
 IC 50   , the following defi nitions are necessary:

   Total Uptake (TU) = cpm accumulated in the absence of any 
drug.  

   Nonspecifi c Uptake (NS)   = cpm accumulated in the presence 
of total transporter blockade using1 μM  indatraline  .  

       Table 1  
  Uptake inhibitors used to establish  assay selectivity              

 Assay 
 Desipramine 
(blocks  NET  ) 

 Citalopram 
(blocks SERT) 

 GBR 12935 
(blocks DAT) 

  Nomifensine   
(blocks NET) 

 DAT uptake a  

 SERT uptake  50 nM  100 nM 

 NET uptake b   50 nM 

 DAT release  100 nM  100 nM 

 SERT release  50 nM  100 nM 

 NET release  100 nM  50 nM 

  Selective  uptake inhibitors   are added in the indicated concentrations to both the  sucrose            solution and  KPB   
  a DAT uptake selectivity is established by surgical isolation of the  caudate-putamen     , a region so enriched in DAT that 
measurable uptake of [ 3 H]DA by NET or SERT does not occur; selective blockade of  NET   or SERT is not required 
  b SERT affi nity for [ 3 H] NE      is so weak that SERT blockade is not required  

Interrogating the Activity of Ligands at Monoamine Transporters in Rat Brain…
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  Maximal uptake  inhibition   (MU)    = TU − NS.  
  Specifi c uptake  inhibition   (SU)    = (cpm in the presence of test 

drug) − NS.  
  % uptake  inhibition   = 100 − SU/MU × 100.    

 The data from three experiments, expressed as % uptake  inhibi-
tion  , are then fi t to a  dose-response curve   equation:  Y  =  I  max  × ([D]/
([D] +  IC 50   )) for the best fi t estimates of the  I  max  and IC 50 , where [D] 
is the concentration of test drug. Over the years, we have used a num-
ber of different commercially available software programs for data 
analysis and  curve fi tting  , including MLAB-PC (Civilized Software, 
Silver Spring, MD, USA), KaleidaGraph (Synergy Software, Reading, 
PA, USA), and Prism (GraphPad Software, La Jolla, CA, USA). 

 Similar to uptake inhibitors, transporter  substrates   will com-
pete with [ 3 H]neurotransmitter molecules to occupy transporter 
 binding sites   during uptake  inhibition    assays  . Additionally, sub-
strate drugs will evoke  effl ux   of any accumulated transmitter. The 
combined effects of substrate drugs will reduce the amount of 
[ 3 H]neurotransmitter accumulated into synaptosomes in the 
uptake  inhibition   assays. Thus, uptake  inhibition   assays cannot dis-
criminate whether transporter drugs are inhibitors or substrates. 
Nevertheless, our initial experiments demonstrated that a number 
of known transporter  substrates   (e.g., amphetamine-related com-
pounds) were generally three- to tenfold more potent in  substrate            
release  assays   when compared to their  potency   in the uptake  inhibi-
tion   assays (see Table  2 ) [ 3 ]. This pattern has persisted with nearly 
all substrate drugs that we have tested in the uptake  inhibition   
assays [ 13 ,  14 ].

      Using the uptake  inhibition   assay conditions described above, syn-
aptosomes will accumulate [ 3 H]neurotransmitter molecules in a 
biphasic manner, with an  initial linear burst   followed by a slower 
phase that does not plateau. The initial phase of  [ 3 H]neurotrans-
mitter uptake is mediated by the action of plasma membrane 
monoamine  transporters   (i.e., DAT,  NET   and SERT), whereas the 
later phase is related to the uptake of neurotransmitters into synap-
tic  vesicles   by the action of the vesicular  monoamine transporter-2   
(VMAT-2). Inclusion of 1 μM  reserpine  , an irreversible blocker of 
VMAT-2, in the  sucrose   and  KPB   solutions allows for the steady 
state accumulation of [ 3 H]neurotransmitter molecules into the 
 intrasynaptosomal compartment   within 60 min, by preventing the 
uptake of [ 3 H]neurotransmitter and substrate drugs into synaptic 
vesicles that are present in our  tissue preparation   [ 3 ]. Thus, the 
inclusion of reserpine in the  sucrose   and  KPB   removes any effects 
of VMAT-2 from the assay system. 

 The substrate  release assay   is based on the  effl ux   of previously 
accumulated (i.e., preloaded) synaptosomal [ 3 H]neurotransmitter 
by exposure to test substrates, via a transporter-mediated  exchange   

3.2  Substrate 
 Release  
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process thought to involve the  reversal            of normal transporter fl ux 
(i.e., “reverse”  transport  ) [ 15 ,  16 ]. Substrate-type drugs will 
deplete [ 3 H]neurotransmitter from synaptosomes via this reverse 
transport mechanism in a concentration-dependent manner; the 
amount of test drug required to release 50 % of the preloaded [ 3 H]
neurotransmitter ( EC 50   ) defi nes the  potency   of that substrate for 
the transporter. Similar to the uptake  inhibition   assay, transporter 
selectivity in the substrate release assay is achieved by inclusion of 
unlabeled selective uptake  inhibitors   in the  sucrose   solution and 
 KPB   to prevent the interaction of [ 3 H]neurotransmitters and test 
compounds with competing transporters (see Table  1 ). For the 
SERT  release assay  , [ 3 H] 5HT   is used as the  radiolabeled neu-
rotransmitter  . [ 3 H]MPP +  is used for the DAT and NET release 
 assays      because it is less diffusible across  cell membranes   and pro-
duces a better signal-to-noise ratio than [ 3 H]DA and [ 3 H] NE     . 

 Prior to the release  assay  , synaptosomes must be preloaded 
with [ 3 H]neurotransmitters. To accomplish this step, synapto-
somes are incubated with the appropriate [ 3 H]neurotransmitter in 
the presence of selective uptake inhibitors (see Table  1 ) in  KPB   
containing 1 μM  reserpine  . The incubation is allowed to reach 
equilibrium (1 h at 25 °C). To initiate the release reaction, 850 μl 
of synaptosomes preloaded with [ 3 H]neurotransmitter are added 
to 12 × 75 mm  polystyrene test tubes   that contain 150 μl of test 
drug that has been diluted in  KPB   containing 1 mg/ml bovine 
serum  albumin           . Each test condition in the release assay is run in 
triplicate. After 30 min (DAT,  NET  ) or 5 min (SERT), the release 
reactions are stopped using a  cell harvester   (Brandel), by rapid 
vacuum  fi ltration   over GF/B fi lter paper presoaked in wash buffer 
maintained at 25 °C (10 mM Tris-HCl, pH 7.4, 150 mM NaCl). 
For the  NET   release  assay  , the wash buffer contains 2 % polyethyl-
enimine to minimize  nonspecifi c adsorption   of [ 3 H]MPP +  to the 
fi lter paper. Filters are rinsed with 6 ml wash buffer, and retained 
tritium is quantifi ed by a MicroBeta 2  liquid scintillation   counter 
after overnight extraction in 0.6 mL of Cytoscint. For the release 
assay, it is important to note that the amount of tritium retained is 
inversely proportional to the extent of release from synaptosomes; 
that is, a lower amount of retained tritium refl ects a higher degree 
of transporter- mediated release  . 

 In order to describe the method for calculating the release 
 EC 50   , the following defi nitions are necessary:

    Basal “Leak” Release (BLR)   = cpm in the absence of any drug.  
   Total Evoked Release (TER)   = cpm in the presence of saturat-

ing concentrations of the  nonspecifi c releaser, tyramine  —10 μM 
tyramine for DAT and NET assays, or 100 μM tyramine for SERT 
assays.  

   Maximal release (MR)   = BLR − TER.  
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   Specifi c release (SR)            = (cpm in the presence of test drug) − TER.  
  % maximal release = 100 − SR/MR × 100.    
 The data from three experiments, expressed as % maximal 

release, are then fi t to a  dose-response curve   equation: 
 Y  =   E  max    × ([D]/([D] +  EC 50   )) for the best fi t estimates of the  E  max  
and EC 50 , where [D] is the concentration of test drug. Data analy-
sis and  curve fi tting   can be accomplished using the same software 
programs noted above for the uptake  inhibition   assays. 

 In the  substrate   release  assays     , test drugs are not exposed to 
synaptosomes until the synaptosomes have been preloaded with 
[ 3 H]neurotransmitter. Subsequent exposure of preloaded synapto-
somes to test drugs that are substrates provokes the  depletion   (i.e., 
release) of [ 3 H]neurotransmitter from the synaptosomes, via 
transporter- mediated exchange, in a concentration-dependent 
manner [ 17 ,  18 ]. Importantly, uptake inhibitors show no or mini-
mal activity in substrate release  assays   because they are not trans-
ported by DAT,  NET  , and SERT and cannot evoke release of [ 3 H]
neurotransmitter from preloaded synaptosomes (see Table  2 ). 
Therefore, unlike the uptake  inhibition      assays, the substrate release 
 assays   are able to discriminate between drugs that are uptake inhib-
itors and drugs that are substrates at transporters.   

4    Summary 

 The uptake  inhibition   and  substrate   release  assays            provide straight-
forward, relatively  high-throughput   methods for assessing the inter-
action of drugs with the monoamine transporter proteins for 
dopamine, norepinephrine and serotonin. We use a crude  synapto-
somal    tissue preparation   that is simple to generate, yet provides 
highly reproducible results. These assays allow for the determination 
of relative  potencies   of drugs at DAT, NET, and SERT, and are able 
to distinguish drugs that are transporter uptake inhibitors from 
those that are transporter  substrates  . Data from the combined assay 
results are used to identify drugs of interest that can be further eval-
uated by in vivo  techniques   such as  microdialysis  ,  cardiovascular 
telemetry  , intracranial self-stimulation and  drug self-administration  . 

 We have used the uptake  inhibition   and substrate  release assays      
to reexamine the mechanism of action for  anorectic medications   
that were marketed in the 1970s, such as  fenfl uramine   and  diethyl-
propion  . For fenfl uramine, we found that the  parent compound   
and its   N -dealkylated metabolite  ,  norfenfl uramine  , display potent 
substrate activity at  NET  , as well as their established substrate 
activity at SERT [ 19 ]. The SERT substrate activity of fenfl uramine 
and norfenfl uramine has been linked to adverse effects such as pri-
mary pulmonary hypertension. In the case of diethylpropion, it 
was discovered that the parent compound is devoid of transporter 
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activity while the  N -dealkylated metabolite,   N -ethylcathinone  , is 
active as a DAT inhibitor and SERT substrate [ 20 ]. Thus,  diethyl-
propion   is a prodrug which requires hepatic  biotransformation   to 
  N -ethylcathinone   to exert its  therapeutic actions           . 

 Testing large libraries of compounds in our assays has led to the 
identifi cation of ligands with novel profi les of action at monoamine 
transporters. For example, most transporter inhibitors competitively 
block the uptake of [ 3 H]neurotransmitter by binding to the  ortho-
steric site   on the transporter protein, but we have discovered quin-
azolinamine analogs which noncompetitively inhibit uptake at DAT, 
NET, and SERT [ 12 ]. These  allosteric modulators   potently inhibit 
the uptake of [ 3 H]neurotransmitter without substantially affecting 
transporter ligand binding or  amphetamine- induced release  . Such 
results suggest that these compounds interact with monoamine 
transporters in a manner which selectively interrupts the uptake por-
tion of the transport cycle. In other studies, we have identifi ed 
unique transporter  substrates   which evoke only 50–70 % of the  max-
imal release   response, indicative of “partial” releasing ability [ 21 ]. 
The molecular mechanism responsible for  partial release   is unknown 
and under investigation, but these compounds blur the distinction 
between “pure” uptake inhibitors and “pure” substrate-type releas-
ers. From a drug development perspective,  allosteric modulators   and 
partial substrates at monoamine transporters may represent promis-
ing new leads for medication discovery. 

 Recently, we have used the uptake  inhibition   and  substrate   
release  assays   to determine the molecular mechanism of action for 
synthetic  cathinone   compounds that are the active ingredients in 
psychoactive “ bath salts  ” products [ 14 ,  22 ]. These products are 
used as substitutes for more traditional  stimulant   drugs of abuse 
such as  cocaine   and  amphetamine  . In initial experiments, we dem-
onstrated that  3,4-methylenedioxypyrovalerone (MDPV)            is a 
potent uptake inhibitor at DAT and  NET  , whereas 
4- methylmethcathinone and 3,4-methylenedioxymethcathinone 
are nonselective transporter  substrates   [ 14 ,  22 ]. Subsequent struc-
ture–activity studies revealed that other cathinone analogs which 
possess an  N -containing  pyrrolidine ring  , similar to MDPV, act as 
catecholamine- selective inhibitors  , probably because these com-
pounds are sterically too large to permeate the transporter channel 
as substrates [ 23 ,  24 ]. Phenyl ring-substitutions can markedly infl u-
ence the transporter selectivity for cathinone compounds, such that 
bulky  para  substituents engender increased  potency   towards SERT 
versus DAT [ 25 ,  26 ]. A shift in selectivity towards SERT over DAT 
reduces the abuse liability of  cathinones  , similar to the fi ndings with 
ring-substituted amphetamines [ 7 ,  25 ]. Results from our uptake 
and release  assays   have been used to explore the interaction of cathi-
none compounds with transporters at the molecular level, using 
models of DAT and SERT based on the reported crystal structures 
of bacterial  LeuT   and  Drosophila  DAT proteins [ 23 ,  26 ]. It is hoped 
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that new research fi ndings generated from our  in vitro assays   will 
continue to provide insights into the structure and  function   of 
monoamine transporter proteins.  

      Notes 

     1.    [ 3 H]DA, [ 3 H]NE, [ 3 H] 5HT        , and [ 3 H]MPP +  are stored at −80 °C 
in their original source vials and are thawed on the day of assay at 
room temperature. Every effort is made to minimize the amount 
of time that [ 3 H]neurotransmitters in their source vials are in the 
thawed liquid state, in order to minimize chemical degradation. 
Aliquoting to eliminate degradation related to repeated freeze–
thaw cycles does not improve the stability of the radioligands, as 
measured by the observed  signal-to-noise   ratio of each assay.   

   2.    All buffers are freshly made each day. To simplify the procedure, 
the following  KPB   components are combined in a partial 10× 
stock solution (10×  KPB           ) that is aliquoted, stored frozen, and 
used as needed: NaCl, KCl, KH 2 PO 4 , CaCl 2 , MgCl 2 , and 
Na 2 SO 4 . To prepare  KPB  , a 30 ml aliquot of 10×  KPB   is thawed 
and diluted to 300 ml with water.  Ascorbic acid   (300 mg), 
0.585 g Na 2 HPO 4 , 0.6 g dextrose, and 3 mg  pargyline   are 
added, and the pH is adjusted to 7.4 with drop wise 2 N 
NaOH. Appropriate selective blockers (and  reserpine   for release 
 assays  ) are then added (see Table  1 ). Seventy-fi ve milliliters of 
the  KPB   is used for drug dilutions, and bovine serum  albumin   is 
added to this solution to yield a fi nal concentration of 1 mg/ml.   

   3.    Synaptosomes are prepared each day from freshly excised rat 
brain and are used immediately after the  centrifugation   step to 
initiate the uptake  inhibition   and substrate release  assays     . Under 
these conditions the synaptosomes are able to maintain [ 3 H]
neurotransmitter equilibrium for up to 4 h.         
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