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a b s t r a c t
Altered serotonin (5-HT) signaling is implicated in several neuropsychiatric disorders, including depression, anxiety, obsessive–compulsive disorder, and autism. The 5-HT transporter (SERT) modulates 5-HT
neurotransmission strength and duration. This is the ﬁrst study using rotating disk electrode voltammetry (RDEV) to measure 5-HT clearance. SERT kinetics were measured in whole brain synaptosomes.
Uptake kinetics of exogenous 5-HT were measured using glassy carbon electrodes rotated in 500 L glass
chambers containing synaptosomes from SERT-knockout (−/−), heterozygous (+/−), or wild-type (+/+)
mice. RDEV detected 5-HT concentrations of 5 nM and higher. Initial velocities were kinetically resolved
with Km and Vmax values of 99 ± 35 standard error of regression (SER) nM and 181 ± 11 SER fmol/(s × mg
protein), respectively in wild-type synaptosomes. The method enables control over drug and chemical
concentrations, facilitating interpretation of results. Results are compared in detail to other techniques
used to measure SERT kinetics, including tritium labeled assays, chronoamperometry, and fast scan cyclic
voltammetry. RDEV exhibits decreased 5-HT detection limits, decreased vulnerability to 5-HT oxidation
products that reduce electrode sensitivity, and also overcomes diffusion limitations via forced convection
by providing a continuous, kinetically resolved signal. Finally, RDEV distinguishes functional differences
between genotypes, notably, between wild-type and heterozygous mice, an experimental problem with
other experimental approaches.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Rotating disk electrode voltammetry (RDEV) is used in neuroscience to measure neurotransmitter transporter kinetics (Earles et
al., 1998). A sufﬁcient oxidation potential causes ‘electroactive’ substances with oxidizable chemical moieties to transfer electrons at
the electrode’s surface, generating a detection current proportional
to the amount of material oxidized. Since its ﬁrst application in
neurobiology characterizing dopamine transporter (DAT) activity
in rat striata (McElvain and Schenk, 1992), RDEV has been adapted
for a variety of tissue preparations including cells, whole fresh
and frozen tissue and subcellular preparations (Earles et al., 2001;
Volz et al., 2006b, 2009a; Wang et al., 2001), including synapto-
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somes (McElvain and Schenk, 1992; Volz et al., 2009b). RDEV has
been used to study uptake for several transporters, including DAT
(Bjorklund et al., 2007; Chen et al., 2003, 1999; Robinson et al.,
2005; Sleipness et al., 2008; Volz and Schenk, 2004) (reviewed by
Schenk (2002), Schenk et al. (2005) and Meiergerd and Schenk
(1996)), the norepinephrine transporter (NET) (Burnette et al.,
1996; Chen and Justice, 1998; Chen et al., 1998; Reed et al., 2003)
and the vesicular monoamine transporter 2 (VMAT-2) (Volz et al.,
2006a,b, 2007, 2008, 2009a,c). Measurements of 5-HT uptake in tissue preparations using RDEV are notably absent from the literature.
Experimental approaches to study 5-HT uptake in the brain have
evolved over time. Traditional methods monitored radiolabeled 5HT accumulation in tissue (Blackburn et al., 1967; Shaskan and
Snyder, 1970). Ralph Adams’ lab developed electrochemical methods for studying neurotransmitter uptake in the 1970s (Kissinger
et al., 1973) and their use has steadily increased (Michael and
Borland, 2007). Electrochemical techniques offer subsecond, highly
kinetically resolved, real-time information about neurotransmission events with increased sensitivity compared to radiochemical
approaches. High speed chronoamperometry has been used in vitro
(Perez and Andrews, 2005; Perez et al., 2006) and in vivo (Daws et
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al., 1997, 1998, 2005; Frazer and Daws, 1998; Zhu et al., 2007) and
fast scan cyclic voltammetry (FSCV) has been used in brain slices
(John and Jones, 2007) and in vivo (Hashemi et al., 2009).
Synaptic and paracrine neurotransmission mediate brain 5-HT
dynamics (Bunin and Wightman, 1999). Altered 5-HT neurotransmission may contribute to several psychiatric disorders
including depression and anxiety (Ressler and Nemeroff, 2000),
obsessive–compulsive disorder (Bloch et al., 2008; Murphy et al.,
1989), and autism (Prasad et al., 2009; Schain and Freedman, 1961).
Many currently prescribed drugs for these disorders modulate 5-HT
neurotransmission, underscoring the clinical importance of developing a method to assess the dynamics of 5-HT.
The most extensively characterized 5-HT transport mechanism
is the serotonin transporter (SERT), a sodium/chloride-dependent
integral membrane protein expressed peri- and extrasynaptically
along axons and dendrites and on varicosities (Miner et al., 2000;
Pickel and Chan, 1999; Sur et al., 1996; Zhou et al., 1998). SERT modulates the strength and duration of serotonergic neurotransmission
by high-afﬁnity 5-HT uptake (Blakely et al., 1994; Iversen, 1971;
Quick, 2003; Rudnick, 2006). Multiple post-translational regulatory mechanisms inﬂuence 5-HT uptake through SERT (Blakely et
al., 1998; Steiner et al., 2008), and gene polymorphisms have been
associated with several psychiatric disorders (Collier et al., 1996;
Ogilvie and Harmar, 1997; Serretti et al., 2006) including autism
(Prasad et al., 2009) and depression (Caspi et al., 2003; Vergne and
Nemeroff, 2006; Weizman and Weizman, 2000) (but see Risch et
al., 2009). Studies of mice with targeted disruption of SERT have
further illuminated the role of SERT in emotional behavior (Fox et
al., 2008; Murphy et al., 2001, 2008). SERT and other monoamine
transporters are a primary site of action for many antidepressants
(Blakely et al., 1998; Sulzer and Edwards, 2005) as well as drugs of
abuse (Amara and Sonders, 1998).
Here we evaluate RDEV’s ability to measure SERT-mediated
uptake in whole brain synaptosomes, a model system of synaptic
function comprised of metabolically active sealed synaptic structures with normal membrane potentials that can release and take
up neurotransmitter (Whittaker, 1963, 1993). Speciﬁcally, we (1)
characterize electrochemical and physiological parameters relevant for using RDEV to measure 5-HT uptake in synaptosomes
(including optimal working potential, detection limit, response
time, and synaptosome viability), (2) show that pharmacologic
approaches can be used to identify SERT’s kinetic parameters, and
(3) show that this RDEV approach distinguishes between SERT
genotypes.

2. Materials and methods
2.1. Animals
For the studies demonstrating viability of synaptosomes, male
and female 129SvEvTac mice were used. All other uptake studies
used mice having both (SERT +/+), one (SERT +/−), or no (SERT −/−)
copies of the SERT gene. The SERT −/− mice were originally created in the laboratory of Dr. Dennis Murphy at NIMH (Bengel et
al., 1998). They were backcrossed for at least nine generations (N9)
to a C57BL/6J background and maintained at Taconic Farms (Hudson, New York) by incrossing homozygous mice. SERT −/− mice
obtained from Taconic Farms were backcrossed to C57Bl6/J mice
to generate SERT +/− mice, which were then bred to generate littermates of all three genotypes. Our lab uses multiple strains of
mice, which is why two different strains are involved in the present
study. All mice were 2–4-months old at the time of experiments.
Mice were group housed and fed ad libitum in a temperaturecontrolled vivarium with a 12:12 light cycle (lights on 0600). All
efforts were made to reduce the number of animals used and to

minimize animal stress and discomfort during experimental procedures. Experiments were performed exactly as approved by the
University of Washington Institutional Animal Care and Use Committee and conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.
2.2. Solutions and chemicals
Solutions were made with water puriﬁed by a Millipore (Billerica, MA) Milli-Q ultrapuriﬁcation system. Solutions were made
fresh each day and all chemicals were reagent grade and used as
received. The KCl and MgSO4 were purchased from Fisher Scientiﬁc
(Pittsburg, PA). The NaCl, KH2 PO4 , NaHCO3 , CaCl2 , were purchased
from JT Baker Chemical Co. (Philipsburg, NJ). The sucrose, glucose,
HEPES, serotonin hydrochloride, paroxetine hydrochloride, GBR
12935, and nisoxetine hydrochloride were purchased from Sigma
(St. Louis, MO). Drugs were diluted into physiological buffer, except
serotonin which was diluted in pH 7.2 phosphate buffered saline
(PBS) to improve its stability (Huang and Kissinger, 1996). The
sucrose buffer contained 300 mM sucrose and 10 mM HEPES (pH
7.4). The physiological buffer contained 124 mM NaCl, 1.8 mM KCl,
1.3 mM MgSO4 , 1.24 mM KH2 PO4 , 2.5 mM CaCl2 , 26 mM NaHCO3 ,
and 10 mM glucose (saturated with 95% O2 , 5% CO2 for at least
10 min before use, pH 7.4). All experiments except the hydrodynamic voltammograms were performed in the presence of 100 nM
nisoxetine and 1 M GBR 12935 to minimize non-speciﬁc 5-HT
uptake through NET and DAT, respectively. SERT activity was
deﬁned as the difference in initial rates in the presence and absence
of 1 M paroxetine, which is at least 200 times SERT’s Ki (Li et
al., 2004). Concentrations of all transporter uptake inhibitors were
chosen on the basis of the Ki or IC50 with the goal of maintaining
selectivity at a concentration sufﬁcient to saturate the transporter
of interest without affecting the others. The DAT blocker GBR12935
concentration was 100 nM, where the Ki for DAT is 1.6 nM (Garreau
et al., 1997) and for SERT is 289 nM (Rothman et al., 2001). The NET
blocker nisoxetine concentration was 50 nM, where the Ki for NET
is 0.46 nM (Davids et al., 2002) and for SERT is 610 nM (Hyttel and
Larsen, 1985).
2.3. Rotating disk electrode voltammetry
RDEV involves rapid constant-rate rotation of an electrode
placed in solution (Fig. 1). This action generates laminar ﬂow which
draws solution upward to the electrode’s surface where analytes
are then oxidized and then move away in radial paths parallel to the
electrode’s surface (Fig. 1, inset). Unlike conventional approaches
in large beakers, these studies are performed in a small vessel
with small volumes (0.5 mL) to decrease mixing-time of the whole
sample. Constant delivery of solution to the electrode surface and
subsequent transfer of electrons from the solution’s electroactive
substances enable mathematical prediction, even in these low volume chambers, of the detection current using the Levich equation
(Earles and Schenk, 1998):
iL = 0.62nFAD2/3 C v−1/6 ω1/2

(1)

where iL is the limiting current in amperes, n the number of electrons transferred per mole of analyte, F the Faraday’s constant
(96,485 coulombs/mol), A the area of the electrode in cm2 , D the
diffusion coefﬁcient in cm2 /s, C the analyte concentration in mol/L,
 the kinematic viscosity of the solution in cm2 /s (0.01 cm2 /s for
an aqueous solution), and ω the angular velocity of the RDE in
rad/s (given by ω = 2N where N is the number of rotations/s)
(Earles and Schenk, 1998; Schenk et al., 1990). By overcoming
diffusion limitations, RDEV offers the advantages of sensitive, kinetically resolved, real-time measures of neurotransmitter transporter
uptake, release, and efﬂux.
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cance level was set at p < 0.05. Indications of precision for values
obtained by regression analyses are indicated by SER, the standard
error from regression.
2.5. Electroanalytical studies
Background-corrected hydrodynamic voltammograms (Fig. 2A
and B) were used to deﬁne an optimum working potential for serotonin (parameters: initial potential (E) = 0 mV, high E = 550 mV, scan
rate 0.67 mV/s). The number of electrons transferred from 5-HT was
determined from the slope of a Nernst plot of the points along the
apparent linear rising phase of the hydrodynamic voltammogram
(Fig. 2C) using the following equation:
0
+
Ecell = Ecell

Fig. 1. Schematic diagram showing rotating disk electrode voltammetry apparatus.
A potentiostat applies a 550-mV potential to a working electrode lowered into a
custom glass chamber and rotated at 3000 rpm. Synaptosomes are kept at physiological temperature (37 ◦ C) by a water recirculator (solid-tip arrows). The analog
signal is converted to digital and recorded on a computer. The inset shows the convective pathways of laminar solution ﬂow (line-tip arrows) caused by rotation of
the working electrode.

A Pine Instruments Inc. (Grove City, PA) AFMD03 glassy carbon
electrode was used for all experiments (5 mm total diameter, 3 mm
diameter glassy carbon electrode encased in 1-mm-thick Teﬂon
sheath). Experiments were performed with tissue or buffer in a
custom-made cylindrical glass chamber maintained at 37 ◦ C by a
Polyscience (Niles, IL) Series 8000 water recirculator. The electrode
was connected to a Pine Instruments MSRX high-precision rotator. It was lowered into the glass chamber and rotated at 2000 rpm
(for hydrodynamic voltammogram) or 3000 rpm (all other studies). Rotation rates were veriﬁed with a Model 20713A digital
laser tachometer from Neiko Tools USA (Zhejiang Kangle Group
Import & Export Co., Ltd., Wenzhou, China). A Bioanalytical Systems LC-4B amperometric detector (West Lafayette, IN) with a
custom-modiﬁed time constant (20 ms) applied potentials relative
to a Ag/AgCl reference electrode. A platinum wire was used as the
auxiliary electrode. Detection currents were recorded digitally on
a PC computer with an ITC-18 analog-digital converter and Ecell
software from HEKA (formerly InstruTECH, Bellmore, New York)
but were also monitored by a chart recorder. Data were acquired
by Ecell with a 1000-Hz sample rate and a 60-Hz digital notch ﬁlter. The recorded data were converted to a waveform for analysis
using Igor Pro software from WaveMetrics (Portland, OR). An Igor
algorithm averaged waveforms to 10 points per second to facilitate
analysis and graphing for most studies. No data averaging were
performed in the analysis for the detection limit and response time
studies. Statistical analyses were performed with Graphpad Prism
5 (San Diego, CA).
2.4. Data analysis
The initial velocities of serotonin uptake were calculated from
the linear slope of the initial apparent zero-order portion of a
plot of [5-HT] versus time after background subtraction and as
described previously for RDEV assays (Earles et al., 1998). Data were
normalized to protein concentration, which was quantiﬁed with
a bicinchoninic acid (BCA) colorimetric based assay from Pierce
(Rockford, IL) using bovine serum albumin as the standard. Data
were also normalized to correct for inter-assay pipetting error and
small variations in electrode response using average peak currents
for assays using the same dilution of 5-HT. These values were used
to calibrate an estimated ‘actual’ concentration of 5-HT added to
each assay. Data are reported as average ± SEM, and the signiﬁ-

59.16 mV
log
n

 [ox] 
[red]

(2)

where log([ox]/[red]) = log(iobs /iL − iobs ). Previous studies with the
same model and area of the electrode have determined iL = ∼115 nA
(Earles and Schenk, 1998) for two electron transfers. Fig. 2B
approaches 60 nA, so this was used for the analysis.
A continuously applied potential of 550 mV (an optimal potential as determined by hydrodynamic voltammogram studies
described above) was used in calibration studies of 5-HT in physiological buffer and all subsequent studies. In all studies, drugs or
vehicle (physiological buffer) and serotonin were each added in
volumes of 10–480 L of synaptosomes or buffer for a total volume of 500 L. A constant gentle stream of 95% O2 , 5% CO2 gas
was directed across the top of the chamber to maintain the buffer’s
oxygen saturation and pH. Oxygen saturation and pH for this buffer
system have been measured previously and shown to support tissue viability (Earles and Schenk, 1998). Drugs or vehicle (10 L)
were added following application of the potential and allowed to
incubate with the tissue for 15 min while baseline was achieved
(data sampled continuously throughout with1000 Hz sample rate).
Serotonin (10 L) was added to the glass chamber using a Hamilton
(Reno, NV) CR-700-20 constant ﬂow rate syringe. All experiments
(except for viability study described below) were carried out with
synaptosomes less than 4-h old from the time of their suspension
in buffer. The electrode’s responses to 5-HT concentrations in the
presence of buffer, tissue (synaptosomes), and tissue plus paroxetine were measured across 5-HT concentrations ranging from 50 to
1000 nM. A linear regression was performed on the currents versus
[5-HT] to determine whether drug or tissue altered the electrode’s
response. Additionally, calibration studies investigated multiple
applications of 5-HT with 30 s intervals between applications. The
magnitude of the electrode response did not change between applications, suggesting no fouling occurs (data not shown).
The detection limit was deﬁned as the signal at three times
the root mean square (RMS) noise. Kinetic resolution of measures
was determined by comparing measured response times to previously published RDEV measures of kinetic resolution of monoamine
uptake (Earles and Schenk, 1998; Volz et al., 2006b). Response time
is a function of (1) the response time of the instrument (20 ms
time constant) and (2) how much time it takes for added 5-HT
to be uniformly distributed within the chamber. Kinetic resolution of physiological events is reﬂected in signals that are longer
the response time of the instrument plus the time required for
5-HT distribution. Biological events occurring more rapidly than
the response time of the instrument cannot be detected (resolved).
Response times were measured on different days with the addition of 200 nM 5-HT to the electrochemical chamber containing
synaptosomes.
Estimating the amount of ‘apparent clearance’ due to the sum of
serotonin oxidation and electrode drift was determined by adding
5-HT alone in buffer and normalizing the slope with the average
concentration of protein from all assays.
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Fig. 2. Hydrodynamic voltammogram, Nernst plot, and oxidation scheme of 5-HT in physiological buffer. (A) A hydrodynamic voltammogram of 1 M 5-HT in pH 7.4
physiological buffer and background (buffer only). Each datum point is the mean ± SEM of three separate determinations. Error bars for open circles fall within the dimensions
of the symbol. (B) Expanded dotted box from (A) shows the background-subtracted plot. (C) Nernst plot of points shown in (B). (D) Scheme adapted from Wrona and Dryhurst
(1990) shows that complete oxidation of serotonin liberates two electrons and one proton, while incomplete electrolysis frees a proton and an electron, producing a radical
intermediate.

2.6. Preparation of synaptosomes
Unanesthetized mice were decapitated and brains were rapidly
dissected out and homogenized in 10 volumes (w/v) of ice-cold
sucrose buffer with a Potter Elvehjem homogenizer rotated at
540 rpm by a 10 Ryobi drill press. The whole brain homogenate
was centrifuged (1000 × g for 10 min at 4 ◦ C) in an Eppendorf 5804R
(Westbury, NY) to pellet and remove cellular debris (P1). The resulting supernatants were centrifuged (15,900 × g for 20 min at 4 ◦ C) to
obtain the crude synaptosomal pellet (P2). P2 was rinsed twice by
resuspending in 15 mL physiological buffer pre-oxygenated with
95% O2 , 5% CO2 gas, and recentrifuging (15,900 × g for 5 min at 4 ◦ C)
to remove any remaining sucrose. The rinsed P2 was resuspended in
5 mL oxygenated physiological buffer and maintained with 95% O2 ,
5% CO2 gas in a 50 mL polypropylene conical tube on ice. The tissue
was gently vortexed between assays before aliquoting tissue into
the electrochemical chamber. Between assays, the glass chamber
was gently wiped with a cotton-tipped applicator and rinsed with
70% ethanol followed by several (7–10) water rinses. The electrode
was gently rinsed with 70% ethanol and water and rotated while in
contact with a damp brown velvet electrode polishing pad from a
Bioanalytical Systems electrode polishing kit (West Lafayette, IN).
2.7. Viability of synaptosomes
The tissue viability of the synaptosomes was determined by
making multiple determinations of initial rates of clearance of
200 nM 5-HT over the course of 7 h and determining the length of
time before the clearance rates in the tissue became signiﬁcantly

reduced. Because of inter-animal variability in basal clearance levels, data were normalized within animal with 100% set as the
clearance rate of the tissue during the ﬁrst half hour after resuspension in buffer. The order of treatments was randomized in all
other studies to account for possible effects of tissue viability on
results.
2.8. SERT-mediated uptake studies
RDEV measurements of 5-HT uptake were made using modiﬁcations of previously published procedures used to measure
dopamine uptake in rat striatal suspensions (Bjorklund et al., 2007;
Earles and Schenk, 1998; Robinson et al., 2005; Volz et al., 2004;
Volz and Schenk, 2004; Wayment et al., 2001) and rat vesicular
preparations (Volz et al., 2006b). SERT activity was determined by
subtracting the initial velocities of 5-HT clearance in the presence of
1 M paroxetine from initial velocities measured in the presence of
vehicle (physiological buffer). The Km and Vmax for SERT was determined using curve-ﬁtting procedures to ﬁt velocity versus 5-HT
concentration to the Michaelis–Menten equation:

v=

Vmax [5-HT]
Km + [5-HT]

(3)

as described by Motulsky and Christopoulos (2003) where v is the
initial uptake velocity, Vmax the maximal uptake velocity, Km the
Michaelis–Menten constant, and [5-HT] is the initial extrasynaptosomal concentration of exogenously added 5-HT. The reported
values of the kinetic constants in synaptosomes from SERT +/+ mice
used average initial rates determined with added 5-HT concen-
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trations ranging from 50 to 500 nM 5-HT. The errors reported are
±standard errors of regression.
The SERT +/+, +/−, and −/− synaptosomes were used to determine whether the assay was sensitive enough to distinguish
differences among genotypes, using 100 nM added 5-HT, a concentration close to the calculated Km for SERT (see Section 3).
Pharmacologic speciﬁcity of paroxetine was conﬁrmed by testing
the absence of an effect in SERT −/− synaptosomes.
3. Results and discussion
3.1. Hydrodynamic voltammogram of 5-HT and estimates of n
values for its oxidation
The hydrodynamic voltammogram (Fig. 2A) generated from
three separate determinations showed that the electrode’s
response in the presence of 5-HT reaches a half-maximal response
around 286 mV, which is the formal E0 cell according to Eq. (2),
Thus, 550 mV was chosen as an application potential to obtain
99.999% of the oxidized form of 5-HT at the electrode surface (and
not in the bulk of the sample). Then, the data were backgroundsubtracted (Fig. 2B) to generate a Nernst plot (Fig. 2C) according
to Eq. (2). The Nernst n analyses for electro-oxidation of 5-HT
were 1.2 ± 0.1 electrons per mol, consistent with a reaction scheme
elucidated by Wrona and Dryhurst (1990) involving radical intermediate formation and incomplete electrolysis (Fig. 2D). Their
calculated n values for a range of 5-HT concentrations (0.4–4 mM)
were 1.1 ± 0.1–1.2 ± 0.1 electrons as listed in Table 1 in Wrona and
Dryhurst (1990).
3.2. Electrode responses to serotonin and effects of tissue
Most electrochemical methods for measuring 5-HT in vivo and in
vitro treat electrodes with Naﬁon to increase selectivity over their
acid metabolites (Cahill et al., 1996; Cespuglio et al., 1986; Crespi
et al., 1983; Daws and Toney, 2007; John et al., 2006; John and
Jones, 2007; Perez and Andrews, 2005; Rivot et al., 1995). Naﬁon
was not used here because the signal was obtained from the direct
exogenous addition of 5-HT. This also offered the advantage of
eliminating alterations of electrode response times due to Naﬁon.
The electrode responded linearly to 5-HT concentrations
(Fig. 3A) and neither paroxetine nor tissue (synaptosomes) altered
these linear responses. The slope of the calibration line in buffer
was 0.21 ± 0.01 nA/nM (R2 = 0.9965), in tissue (synaptosomes) and
paroxetine = 0.21 ± 0.01 nA/nM (R2 = 0.9971) and in synaptosomes
was 0.22 ± 0.01 nA/nM (R2 = 0.9988). These slopes were determined
from the maximal peak currents observed instantaneously following the additions of 5-HT. The slopes of the lines were not
signiﬁcantly different from each other (p = 0.34).
The observation that the presence of tissue did not alter the
peak current as a function of added 5-HT concentration represents
a departure of RDEV from considerations relevant to other electrochemical methods. In chronoamperometry and FSCV, phenolic
and hydroxyindoleic 5-HT oxidation products adsorb to the electrode, reducing electrode sensitivity and response time. Response
factors for carbon-ﬁber electrodes used in vitro with synaptosomes
decrease by up to 60% upon exposure to the sample (Perez and
Andrews, 2005). Interference by oxidation products is reduced
dramatically or eliminated in RDEV. In RDEV, rotation constantly
delivers substrate to the electrode surface, where it is oxidized, and
the majority of oxidation products are then ‘spun away’.
In contrast, methods using carbon-ﬁber tipped electrodes
placed in tissue both in vivo and in vitro rely on diffusion for
delivery of analyte to their surface where they are oxidized. The
microelectrodes are ‘refreshed’ by applying reduction potentials

Fig. 3. Linear electrode responses and sample oxidation current showing noise. (A)
The electrode had a linear response to a physiologically relevant range of 5-HT
(50 nM to 1 M) in pH 7.4 buffer (n = 10–18 per concentration). The presence of
tissue (synaptosomes) (n = 7–8 per concentration) with or without 1 M paroxetine
(n = 5–9 per concentration) did not affect the magnitude of the electrode’s response
to 5-HT. All three lines are coincident. Nearly all error bars fall within the dimensions
of the symbols, and the symbols superimpose. (B) Raw data trace showing ratio of
signal to noise and change in current when adding 50 nM 5-HT (arrow) to buffer. The
boxed region is enlarged in the inset to show the magnitude of the noise. RMS noise
was 0.33 ± 0.03 nA (n = 5). This value was used with the coincident linear plots in (A)
to calculate a detection limit of 4.8 ± 0.4 nM. Data are expressed as mean ± SEM.

that minimize ‘fouling’ of the electrode (Daws and Toney, 2007).
Despite reducing potentials, oxidation products build-up locally
and adsorb, decreasing the electrode’s sensitivity to 5-HT because
of diminished active surface area (Daws and Toney, 2007).
3.3. Detection limit
The limit of detection in buffer, deﬁned as three times RMS
(Fig. 3B), was 4.8 ± 0.4 nM. The detection limit for in vivo chronoamperometry is 43 ± 8 nM (Daws et al., 2005). Factors such as electrode
motion, high sampling rate, and lack of need for reduction potential
application may contribute to the greater sensitivity of RDEV. This
is another departure of RDEV from other methods.
3.4. ‘Apparent’ clearance by non-physiological processes
The amount of ‘apparent’ clearance due to non-physiological
oxidation and electrode drift was determined by measuring the
slope of a trace of 5-HT added to buffer without synaptosomes
and normalizing by the average amount of protein used in these
experiments (3.0 ± 0.1 mg/mL, n = 30). Non-physiological ‘clear-
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ance’ decreased with increasing concentrations of added 5-HT and
the total amount of exogenous 5-HT oxidized by the electrode during a typical measurement (∼30 s) ranged from 2 to 10%, with
lower concentrations (50–100 nM) tending to have higher percentages than higher (500 nM) concentrations. Depending on the
experimental question RDEV is being used to examine, it may be
desirable to subtract drift and non-physiological oxidation, especially if adding low concentrations of substrate.
3.5. Kinetic resolution
The response time (including mixing-time) was 600 ± 30 ms
(n = 19), which compares with previously established kinetically
resolved measures of dopamine uptake via DAT (550 ± 170 ms)
(Earles and Schenk, 1998) and VMAT-2 at 2000 rpm (540 ± 40ms)
(Volz et al., 2006b). Most observed transport signals occurred on a
longer timescale, suggesting that RDEV measures reﬂect the kinetics of the physiological process with minimal effect of the time
necessary to make the measurement. It should be noted here that
this kinetic resolution is observed at a very moderate, ﬁxed rotation
rate. Kinetic resolution can be increased by increasing the rotation rate and decreasing instrumental time constant(s) (Earles and
Schenk, 1998).
Additional evidence supporting this conclusion also derives
from the observation that paroxetine (1 M) did not change the
RDE’s peak response to added 5-HT in the presence of synaptosomes. This suggests that the drug does not alter the electrode’s
surface chemistry. The lack of drug effect on the peak amplitude of
5-HT in synaptosomes suggests that minimal uptake occurs during
the mixing-time dependent delay between substrate application
and peak signal.
3.6. Synaptosomal viability studies
Clearance rates decreased from baseline over synaptosomal
storage time with a signiﬁcant (p < 0.05) effect at 4 h and beyond
(Table 1). It may be possible to extend the lifetime of synaptosomes
from a given animal beyond 4 h if the buffer is replaced; however,
because a typical 20 min experiment uses 0.5 mL aliquots of tissue
and each brain yields 5 mL of synaptosomes, the supply of sample is typically exhausted before time becomes a signiﬁcant factor
affecting physiology.
These data suggest synaptosomes provide a model of synaptic
function that can be studied by RDEV. This result differs from previous work that yielded evidence that synaptosomes are vulnerable
Table 1
Synaptosome function overtime.
Time (h)

Clearance as a percent of
initial clearance capacity

SEM

n

0.0
0.5
1.0
1.5
2.0
2.5
3.0
4.0*
5.0**
6.0**
7.0***

100.000
97.21
95.04
94.92
90.57
87.33
85.31
81.77
77.68
78.18
69.83

0.000
3.06
5.60
2.70
3.69
3.97
3.03
5.69
2.33
4.59
5.40

5
4
4
5
5
5
5
4
5
5
5

Data were analyzed by a one-way ANOVA with a post hoc.
Dunnett’s multiple comparison test comparing each time point to a baseline measurement taken at time zero (set at 100%).
*p < 0.05.
**p < 0.01.
***p < 0.001.

to mechanical disruption, thereby preventing uptake measurement (Perez and Andrews, 2005). Differences in the experimental
approaches likely account for the different results. This previous
work attempted to overcome the kinetic limitations of diffusion
dependence via stirring with a magnetic stir bar, which would
produce turbulent ﬂow along the stationary carbon-ﬁber tipped
electrode, perhaps shearing synaptosomes at the stir bar–chamber
interface and causing irregular delivery of substrate to the electrode
surface. The motion induced in RDEV causes laminar ﬂow, delivering of substrate to a ﬂat, smooth electrode surface at a regular rate.
3.7. Rationale for using whole brain synaptosomes
Whole brain synaptosomes were used since this experimental
approach was developed to study regulatory mechanisms of SERT,
not speciﬁc to a particular brain region. A clear limitation of whole
brain is that it will not reﬂect biology relevant to speciﬁc brain
regions, but rather, an average of SERT function across all brain
regions. Certainly the technique could be applied for speciﬁc brain
regions; however, the present study aimed to demonstrate merely
that SERT function can be measured. Whole brain offers a sample
preparation that is very consistent between animals and enables
multiple within-animal measures to be made.
3.8. Synaptosomal uptake studies and SERT kinetic parameters
Fig. 4A shows an entire time course of a 5-HT uptake experiment. Complete clearance of 200 nM, deﬁned as removal of >98%
of added 5-HT occurred within 4 min. Initial velocities of serotonin uptake were calculated from the linear slope of a tangent
line of the steepest portion of a plot of [5-HT] versus time
(Fig. 4B).
Fig. 5A shows raw data demonstrating the effect of 1 M
paroxetine on clearance. We also tested 10 and 100 M paroxetine and observed no additional 5-HT uptake inhibition (data not
shown). SERT activity was determined by subtracting the initial
rates of synaptosomes treated with 1 M paroxetine from control (Fig. 5B). The initial velocities of 5-HT uptake in control and
paroxetine-treated synaptosomes from SERT +/+ mice depended on
the instantaneous concentration of extrasynaptosomal 5-HT. These
rates were used to determine the Km and Vmax of SERT.
Radioligand based uptake assays often deﬁne SERT uptake using
a selective-serotonin reuptake inhibitor (SSRI). Fluoxetine is the
least selective among SSRIs (Stanford, 1996), and its effect on catecholamine uptake can artiﬁcially ‘inﬂate’ kinetic measures of SERT
depending on brain region (Norrholm et al., 2007). This accounts for
some variability between radioligand studies, and underscores the
importance of maximizing pharmacologic speciﬁcity when possible. In this study, DAT and NET blockers (GBR 12935 and nisoxetine)
were used to improve speciﬁcity of our measurements for SERT, as
described in the Methods section. Paroxetine had no effect in SERT
−/− synaptosomes, suggesting it had high selectivity for SERT over
nonspeciﬁc effects.
The RDEV estimate of SERT Km was 99 ± 35 nM. The Km for
mouse SERT as measured by radioligand assays in mouse synaptosomes range from ∼15 to 175 nM, depending on brain region
and strain: 35.4 ± 8.4 nM in forebrain (Ansah et al., 2003), 67 ± 10
(Perez et al., 2006) in striatum, 59 ± 11 nM in hippocampus (Guiard
et al., 2008), 15 ± 4 nM (Bengel et al., 1998) and 56 ± 5 nM (Perez
et al., 2006) in brainstem, and 175 ± 9 nM (Wright et al., 1998),
122 ± 59 nM (O’Reilly and Reith, 1988), 57 ± 6 nM (Perez et al.,
2006) and 45 ± 7 nM (Bengel et al., 1998) in cortex. Estimates for
SERT Km from mouse synaptosomes have been reported to agree
with measures made from rat synaptosomes (O’Reilly and Reith,
1988), which range from 6.7 to 111 nM depending on strain and
brain region sampled (Asano et al., 1997; Fernandez et al., 2003;
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Fig. 4. Measuring 5-HT uptake with rotating disk electrode voltammetry. (A) A time course shows an entire recording of an oxidation current, from the time the potential
is applied to the time that the 5-HT is completely taken up by the synaptosomal tissue. Achieving a ﬂat baseline takes approximately 12–15 min, during which nonspeciﬁc
components in the preparation are oxidized by the electrode. (B) shows expansion of dotted box in (A). (B) Initial rates are obtained from the linear slope (dotted line) of
a tangent line to the steepest portion of the uptake curve, which represents the initial apparent zero-order portion of the plot. Change in current/time is converted to fmol
5-HT taken up/s and normalized to protein concentrations (mg).

Fig. 5. Kinetic analysis of SERT and SERT function in different SERT genotypes. (A) Raw data trace demonstrating inhibition of clearance by paroxetine in SERT +/+ synaptosomes.
Background drift has been subtracted from the traces. (B) Michaelis–Menten plots showing how SERT activity in SERT +/+ synaptosomes (star symbols) is determined by
subtracting initial rates in the presence of 1 M paroxetine (open circles) from control initial rates (vehicle, closed circles). Drift was not subtracted from these data. The Km
for SERT was 99 ± 35 nM and Vmax 182 ± 11 fmol/(s × mg). (C) RDEV detects differences in SERT function in synaptosomes isolated from SERT +/+, +/−, and −/− mice in taking
up 100 nM 5-HT, a concentration near SERT’s calculated Km . The initial velocity of SERT was 88.2 ± 10.2 fmol/(s × mg) in +/+ synaptosomes (n = 5), 47.8 ± 11.2 fmol/(s × mg)
in +/− synaptosomes (n = 8), and −5.8 ± 16.7 fmol/(s × mg) in −/− synaptosomes (n = 5). SERT velocity signiﬁcantly differed between all pairs of genotypes: wild-type versus
het, *p < 0.05, +/− versus −/−, **p < 0.01, wild-type versus knockout, ***p < 0.001. Data are expressed as mean ± SEM. Data were analyzed by a one-way ANOVA with post hoc
Newman–Keuls multiple comparisons tests comparing each pair of genotypes. The signiﬁcance level was set at p < 0.05.
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Martin et al., 2000; Norrholm et al., 2007; Pollier et al., 2000;
Samuvel et al., 2005).
The RDEV estimate of Vmax was 182 ± 11 fmol/(s × mg). Most
Vmax estimates in radioligand based assays range, in mice, from
∼4 to 100 fmol/(s × mg protein) (Ansah et al., 2003; Bengel et
al., 1998; Chanrion et al., 2007; Guiard et al., 2008; Perez et al.,
2006; Wright et al., 1998; Zhu et al., 2007). Another estimate,
200 ± 100 fmol/(s × mg), measured non-SERT uptake by substituting LiCl for NaCl (O’Reilly and Reith, 1988), a different approach
to quantifying nonspeciﬁcity than more recent radioligand based
studies that typically use drugs to pharmacologically isolate SERT
as a single mechanism of uptake. The range for SERT Vmax in rats is
11.0–81.7 fmol/(s × mg) (Asano et al., 1997; Fernandez et al., 2003;
Martin et al., 2000; Norrholm et al., 2007; Pollier et al., 2000; ReyesHaro et al., 2003; Samuvel et al., 2005).
Some differences between RDEV and radioligand based assays
clearly derive from comparing a whole brain preparation to brain
subregion preparations. Vmax will depend on SERT density, which
varies among brain regions (Daws and Toney, 2007). However,
some methodological factors may also contribute (Lied and Stein,
1974). A lack of oxygen in the buffer can decrease uptake rates
in radiochemical analysis (Perez and Andrews, 2005). In addition,
radioligand assays can lose some serotonin during the ﬁltration
process (Perez et al., 2006), which also leads to underestimation
of kinetic measures. Radioligand assays do not make actual kinetic
measures; the kinetics are derived from back-calculating a rate
based on total accumulation of 5-HT in the tissue, which can lead
to underestimation. Change in speciﬁc activity tracers in compartments throughout assays is also not typically evaluated, which
also contributes to underestimation. RDEV, by contrast, provides
a direct kinetic measure in real time.
In vitro chronoamperometry studies have estimated much
higher values for Vmax relative to RDEV. Previous work has
measured SERT kinetic constants in SERT +/+ striatal synaptosomes, where Km was 1.1 ± 0.1 M and Vmax was 198 ±
16 pmol/(min × mg), which equates to ∼3270 ± 270 fmol/(s × mg)
(Perez et al., 2006). Comparatively, RDEV measured a ∼10-fold
lower Km and ∼20-fold lower Vmax . One difference is that our study
used whole brain, while previous work used pooled striata (Perez
and Andrews, 2005). The other predominant differences between
the methodologies are mass transfer and different time windows
for acquiring the signal used to calculate uptake rates. Mass transfer
conditions for clearance of 5-HT in in vitro chronoamperometry are
diffusion-dependent. The carbon-ﬁber tipped electrode suspended
in 2 mL synaptosomes relies solely on diffusion of 5-HT to its surface
for detecting changes in ambient 5-HT concentrations.
RDEV overcomes diffusion dependence via the forced convection property of the RDEV, which rapidly and constantly delivers
substrate to the electrode surface. The signal acquisition window
for determining initial uptake rates is earlier in the time course
of uptake for RDEV. In chronoamperometry, the rate of uptake is
derived from the slope of the electrochemical signal from the time
the signal decays by 20% to the time for the signal to decay by 60%
(Perez and Andrews, 2005). RDEV derives its rates by using the slope
of a tangent line of the steepest portion of the curve. This is typically from the time of the peak signal (which occurs in less than a
second) for as long as the uptake follows zero-order kinetics (the
linear portion of the uptake trace).
Several methodological differences complicate direct comparisons of RDEV kinetic measures with kinetic measures made in
vivo or in slice preparations. Afﬁnity values for 5-HT clearance in
rates as determined by in vivo chronoamperometry are denoted KT
to distinguish them from the in vitro kinetic measure Km . In vivo
chronoamperometry and FSCV studies measure serotonin clearance, which may be comprised of multiple uptake mechanisms.
Uptake signals in these studies also include diffusion away from

the electrode (Montanez et al., 2003). Additionally, intact brain tissue and chopped tissue preparations have a diffusional barrier that
synaptosomes lack; this barrier contributes to higher KT and Km
estimates (Near et al., 1988). Mechanisms of 5-HT clearance that
can skew in vivo afﬁnity measures toward higher KT values (suggesting lower afﬁnity) have been reviewed (Daws, 2009). Vmax is
not directly comparable between RDEV and in vivo studies since
the uptake from intact brain cannot be normalized to protein.
To summarize, the most signiﬁcant differences between RDEV
and radiochemical methods are real-time monitoring and lack of
need for ﬁltration, which can lead to loss of ligand. Also, radioligand
studies typically make kinetic estimates from single point measurements. The most signiﬁcant differences between RDEV and other
electrochemical methods is RDEV’s capacity to isolate and model a
single mechanism of clearance. Many in vivo chronoamperometry
studies make a point of clarifying that their kinetic measures reﬂect
serotonin clearance that can be due to multiple mechanisms.
3.9. Non-SERT mechanisms of uptake
While the scope of this study was limited to measuring serotonin
transporter function, our data support evidence gaining momentum in current literature that non-SERT mechanisms of clearance
may be highly relevant to understanding the biology underlying
psychiatric disorders, as well as the variability of antidepressant
efﬁcacy (reviewed by Daws (2009)). Fig. 5A and B shows that paroxetine inhibition of clearance is incomplete. Our unpublished data
suggest that RDEV is also a useful application for pharmacologically
characterizing these other 5-HT clearance mechanisms.
3.10. Sensitivity of RDEV to functional differences among SERT
genotypes
To determine whether RDEV was sensitive enough to detect differences between SERT +/+ and +/− mice, we measured clearance
of 100 nM 5-HT since it is near the Km , a concentration highly sensitive to differences in gene copy. RDEV signiﬁcantly discriminated
among the three genotypes in clearing this concentration of 5-HT
(Fig. 5C), with +/− synaptosomes showing 35.2 ± 20.1% of +/+ initial
SERT velocity, and −/− synaptosomes showing no detectable clearance. This result is consistent with the ﬁnding of 40–60% reductions
in SERT binding across different brain regions in SERT +/+ versus +/−
mice (Perez et al., 2006). In vivo and in vitro chronoamperometry
are also sensitive enough to detect differences between SERT +/+,
and −/− mice (Montanez et al., 2003; Perez and Andrews, 2005;
Perez et al., 2006). The original studies by Bengel and colleagues
did not detect differences between SERT +/+ and +/− mice (Bengel
et al., 1998); this may have been due to reduced sensitivity due to
loss of radioligand during ﬁltration (Perez et al., 2006). In vivo methods typically do not discriminate well between +/+ and +/− mice
(Baganz et al., 2008; Montanez et al., 2003). In vitro chronoamperometry can distinguish between +/+ and +/− synaptosomes, but
diffusion dependence impairs kinetic resolution in these studies.
4. Conclusion
This is an initial report demonstrating that RDEV can be used as
a functional assay to measure serotonin transporter function. This
study determined the experimental conditions for using RDEV to
measure serotonin clearance in synaptosomes and includes the ﬁrst
estimates of SERT kinetic parameters obtained using RDEV. This
in vitro approach complements other amperometric approaches
to measuring 5-HT clearance, and offers a number of advantages. RDEV minimizes the effects of tissue and drugs in reducing
electrode sensitivity (‘fouling’) and has a lower detection limit
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than those reported for other electrochemical methods. Concentrations of drugs, chemicals, and buffer constituents involved in
the assay can be highly controlled, facilitating interpretation of
results. It enables real-time kinetically resolved measurements of
uptake, with improved resolution over diffusion-dependent methods. Finally, the application distinguishes functional differences
between SERT genotypes.
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