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ABSTRACT
Although many studies assert that the serotonin (5-HT) transporter
(SERT) is the predominant mechanism controlling extracellular 5-HT concentrations,
accumulating evidence suggests that low afﬁnity, high capacity transport mechanisms
may contribute more to 5-HT clearance than previously thought. The goal of this study
was to quantify the contributions of SERT relative to other mechanisms in clearing
extracellular 5-HT concentrations ranging from 50 nM to 1 lM in synaptosomes prepared from wild-type and SERT knockout mice using rotating disk electrode voltammetry. SERT inhibitors combined with decynium-22 (D-22), a blocker of several low-afﬁnity transporters, blocked all uptake of 5-HT into synaptosomes. We found that
SERT is responsible for the majority of synaptosomal uptake only at relatively low 5HT concentrations, but comprises a diminishing proportion of 5-HT clearance when
extracellular 5-HT increases above 100 nM. The effect of D-22 was similar in wildtype and SERT knockout synaptosomes. Thus, there was no evidence of upregulation
of low-afﬁnity mechanisms in knockout mice across the concentrations of 5-HT tested.
These are surprising results, in light of the prevailing view that SERT is the primary
uptake mechanism for extracellular 5-HT at physiological concentrations. We conclude
that non-SERT mediated 5-HT uptake is substantial even at modest 5-HT concentrations. These ﬁndings, in conjunction with other studies, have important implications
for understanding serotonergic disorders and may explain the variable efﬁcacy and
stability of patients’ responses to antidepressants, such as the selective serotonin
reuptake inhibitors. Synapse 00:000–000, 2011. V 2011 Wiley-Liss, Inc.
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INTRODUCTION
Many studies suggest that serotonin (5-HT) uptake
from extracellular ﬂuid into 5-HT terminals occurs
via high-afﬁnity uptake mediated primarily by the serotonin transporter (SERT) (Blackburn et al., 1967;
Blakely et al., 1991; Daws, 2009). However, recent
studies highlight the roles of other proteins that possess lower afﬁnity but have a high capacity for 5-HT
uptake, including the extraneuronal monoamine
transporter (EMT), the plasmalemmal monoamine
transporter (PMAT), and the organic cation transporters-OCT1, OCT2, and OCT3 (Baganz et al., 2008;
Feng et al., 2005; Gasser et al., 2006; Schmitt et al.,
2003). These ﬁndings raise the question: what proportion of 5-HT uptake is mediated by SERT at low- versus high-physiological concentrations of 5-HT? This is
a crucial question given the high rate of nonresponse
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to selective serotonin reuptake inhibitor (SSRI) antidepressants for clinical depression (Warden et al.,
2007). These other mechanisms of brain 5-HT clearance may contribute more than previously thought to
the pathogenesis and treatment efﬁcacy in mood disorders (Daws, 2009).
In this report, we used rotating disk electrode voltammetry (RDEV) to delineate the relative proportions of clearance of high- and low-afﬁnity 5-HT
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uptake mechanisms in whole brain synaptosomes.
RDEV represents a newly validated experimental
approach with superior kinetic resolution and detection limits compared with other methods of measuring 5-HT uptake (Hagan et al., 2010). The goal of
these studies was to use paroxetine (a SERT blocker)
and 10 -diethyl-2,20 -cyanine iodide (decynium-22; D22), a blocker of low-afﬁnity, high-capacity transporters) with whole brain synaptosomes to explore the
conditions under which SERT does and does not comprise the main mechanism of uptake in clearing
extracellular 5-HT concentrations within the estimated in vivo physiological range (Bunin and Wightman, 1999). These aspects of 5-HT clearance have not
previously been characterized.
MATERIALS AND METHODS
Animals
The SERT knockout mice used were originally created in the laboratory of Dr. Dennis Murphy at
NIMH (Bengel et al., 1998). SERT knockout mice
obtained from Taconic Farms (Hudson, NY) were
backcrossed to C57Bl6/J mice to generate SERT1/mice, which were used to generate SERT wild-type
and knockout mice. Male and female mice ranging in
size from 25 to 30 g were used in experiments. Mice
were group housed and fed ad libitum in a temperature-controlled vivarium with a 12:12 light cycle
(lights on 0600). 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.
Solutions and chemicals
Solutions were made with water puriﬁed by a Millipore (Billerica, MA) Milli-Q ultrapuriﬁcation system.
The KCl and MgSO4 were purchased from Fisher Scientiﬁc (Pittsburg, PA). The NaCl, KH2PO4, NaHCO3,
and CaCl2 were purchased from JT Baker Chemical
(Philipsburg, NJ). The sucrose, glucose, HEPES, serotonin hydrochloride, paroxetine hydrochloride, GBR
12,935, citalopram hydrobromide, D-22, and nisoxetine hydrochloride were purchased from Sigma (St.
Louis, MO). Drugs were diluted into physiological
buffer, except 5-HT and D-22. 5-HT was diluted in pH
7.2 phosphate-buffered saline (PBS) to improve its
stability (Huang and Kissinger, 1996). D-22 was solubilized in a 1% 1:1 dimethylformamide and methanol
solution. All experiments were controlled for the
effects of vehicle. For example, in the D-22 and paroxetine experiments, the vehicles for both drugs were
Synapse

present in all studies. 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 KH2PO4, 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 were performed in the
presence of 100 nM nisoxetine and 1 lM GBR 12,935
to minimize 5-HT uptake through the norepinephrine
transporter (NET) and dopamine transporter (DAT),
respectively.
Rotating disk electrode voltammetry
RDEV and synaptosome preparations were carried
out as previously described (Hagan et al., 2010).
Brieﬂy, a Pine Instruments (Grove City, PA) AFMD03
glassy carbon electrode was connected to a Pine Instruments MSRX high-precision rotator and rotated at
3000 RPM in synaptosomes in a custom-made cylindrical glass chamber maintained at 378C by a Polyscience
(Niles, IL) Series 8000 water recirculator. A constant
potential of 550 mV relative to the Ag/AgCl reference
electrode was applied with a Bioanalytical Systems LC4B amperometric detector (West Lafayette, IN) with a
laboratory-modiﬁed time constant (20 ms).
In all studies, drugs or vehicle and serotonin were
each added in volumes of 10 ll to 480 ll of synaptosomes or buffer for a total volume of 500 ll. 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. Drugs or vehicle (10 ll) were added following application of the
potential and allowed to incubate with the tissue for
15 min while baseline was achieved (data sampled
continuously). Serotonin (10 ll) was added to the
glass chamber using a Hamilton (Reno, NV) CR-70020 constant rate syringe. All experiments were carried out with synaptosomes within 4 h from the time
of their suspension in buffer. Previous work has
determined that tissue viability is stable and allows
for consistent measurements for up to 4 h (Hagan
et al., 2010).
Detection currents were recorded digitally on a PC
computer with an ITC-18 analog-digital converter and
Ecell software from HEKA (formerly InstruTECH,
Bellmore, NY). Data were acquired at a 1000 Hz sample rate with a 60 Hz digital notch ﬁlter. The data
were converted to a waveform and background corrected for analysis using Igor Pro software from
WaveMetrics (Portland, OR). Statistical analyses
were performed with Graphpad Prism 5 (San Diego,
CA).
Data analysis
Initial velocities of 5-HT uptake were calculated
from the linear slope of a tangent line of the steepest
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portion of a plot of [5-HT] versus time as described
previously (Hagan et al., 2010). Electrode drift was
subtracted and data were normalized to protein concentration, which was quantiﬁed with a bicinchoninic
acid (BCA) colorimetric-based assay from Pierce
(Rockford, IL). Effects of paroxetine on uptake over a
range of 5-HT concentrations in SERT 1/1 and 2/2
synaptosomes were analyzed with repeated measures
two-way ANOVA. A t-test was used to determine
whether D-22 altered electrode response by comparing the peak currents in the presence of drug or vehicle after adding 5-HT (100 nM or 1 lM) to synaptosomes. Studies of the effects of high (up to 100 lM)
concentrations of SERT inhibitors on 5-HT clearance
were analyzed by one-way ANOVA and a Dunnett’s
post hoc test.
Unpaired t-tests were used to compare between
paroxetine-treated wildtypes and SERT knockout velocity rates to determine if non-SERT mechanisms
were enhanced in SERT knockouts at each of the 5HT concentrations tested. Neither a Michaelis–
Menten curve nor a biphasic nonlinear curve could be
ﬁtted to the data sets across all of the 5-HT concentrations tested. Michaelis–Menten curves were ﬁtted
from 0 to 300 nM 5-HT, the region of the data
that reﬂects saturable processes. The Km and Vmax
for SERT knockout synaptosomes and wild-type synaptosomes treated with 1 lM paroxetine were determined using curve-ﬁtting procedures to ﬁt velocity
versus 5-HT concentration to the Michaelis–Menten
equation:

v¼

Vmax ½5-HT
Km þ ½5-HT

ð1Þ

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 kinetic
constants were compared using the extra sum-ofsquares F test. The errors reported are 6 standard
errors of regression (SER). A line was ﬁtted for the
data from 300 nM to 1 lM, the region of the data
that reﬂects nonsaturable clearance. The reported
concentrations are initial instantaneous concentrations following addition of 5-HT to the chamber before
uptake begins. Data are reported as the average
6SEM. Kinetic constants Km and Vmax are reported
as the average 6 SER.
In experiments comparing effects of paroxetine and
D-22, data were analyzed by a one-way ANOVA with
post hoc Newman–Keuls multiple comparisons tests
comparing each pair of treatments. The signiﬁcance
level was set at P < 0.05.

Preparation of synaptosomes
Unanesthetized mice were decapitated and brains
were rapidly dissected and homogenized in 10 volumes
(w/v) of ice-cold sucrose buffer with a Potter Elvehjem
homogenizer rotated at 540 rpm by a 1000 Ryobi drill
press. The whole-brain homogenate was centrifuged
(1000g for 10 min at 48C) in an Eppendorf 5804R
(Westbury, NY) to pellet and remove cellular debris
(P1). The resulting supernatants were centrifuged
(15,900g for 20 min at 48C) to obtain the crude synaptosomal pellet (P2). P2 was rinsed twice by resuspending in 15 ml physiological buffer preoxygenated with
95% O2, 5% CO2 gas, and recentrifuging (15,900g for 5
min at 48C) 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
preparation 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). Each
whole brain synaptosomal preparation was resuspended in 5 ml of buffer and each experiment involved
a single addition of 5-HT to 500 ll of synaptosomes
(about 3 mg/ml protein) as previously described (Hagan
et al., 2010). This allowed 8–10 assays per animal, providing sufﬁcient samples to allow repeated measures
analysis, where indicated and described above.
Synaptosomal 5-HT uptake studies
The effects of SSRIs on SERT wild-type and knockout synaptosomes were measured using 1-lM paroxetine and several different added concentrations of 5HT (nM): 50, 100, 200, 300, 500, and 1000. Because
adding similar concentrations of substrate and inhibitor may result in competitive interactions between 5HT and SSRIs (Cheng and Prusoff, 1973), we also
tested increasing concentrations of paroxetine and citalopram, alone and in combination.
D-22 in the presence of NET and DAT blockers
(described above) was used to deﬁne non-SERT uptake.
D-22 is a pseudoisocyanine compound that inhibits
EMT (Inazu et al., 2003; Russ et al., 1993, 1996), the
OCTs (Baganz et al., 2008; Feng et al., 2005; Gasser
et al., 2006; Shang et al., 2003); and PMAT (Engel and
Wang, 2005; Xia et al., 2009). The IC50 for D-22 at EMT
is 15 nM (Russ et al., 1993), the Ki at OCT3 is 4 nM
(Shang et al., 2003), and the Ki at PMAT is 0.1 lM
(Engel and Wang, 2005). D-22 can also inhibit NET
(Russ et al., 1993) and SERT in an intestinal epithelial
cell line, albeit at very low afﬁnity (IC50 10 lM)
(Martel et al., 2003). D-22 (10 lM) did not interfere
Synapse
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Fig. 1. Effects of paroxetine on uptake over a range of 5-HT concentrations in SERT wild-type and knockout synaptosomes. Paroxetine decreases 5-HT clearance in SERT wildtype but not knockout
mice at concentrations at 500 nM 5-HT and lower. The effect of 1
lM paroxetine was signiﬁcant in SERT wildtype but not knockout
synaptosomes as determined by repeated measures two-way ANOVA
(p for factor paroxetine, genotype, interaction) at (A) 50 nM; P 5

0.0121; 0.812; 0.005, (B) 100 nM; P 5 0.003; 0.750; 0.001, (C) 200
nM; P 5 0.0003; 0.957; 0.005, (D) 300 nM; P 5 0.0574; 0.836; 0.028,
(E) 500 nM; P 5 0.0261; 0.638; 0.039, but not (F) 1 lM; P 5 0.657;
0.841; 0.203 [n 5 5 per (5-HT)]. *P < 0.05, **P < 0.01, and ***P <
0.001 as determined by post hoc Bonferroni post-tests. Note that the
y-axes differ in each graph so that the treatment differences are
clearly represented.

with the magnitude of the 5-HT signal (e.g., by electrode
‘‘fouling’’) as it does in other electrochemical methods
(Baganz et al., 2008). The peak current after adding 5HT to tissue in the presence or absence of D-22 did not
differ signiﬁcantly at either 100 nM (control, 23 6 1 nA
vs. D-22, 22 6 1 nA; n 5 6) or 1 lM 5-HT (control, 213
6 3 nA vs. D-22, 223 6 4 nA; n 5 6). Due to the lack of
D-22’s speciﬁcity, the current study did not identify the
speciﬁc transporters involved.
To determine if multiple, additive transport mechanisms were operational in taking up 5-HT at 100 nM,
clearance was measured in SERT wild-type synaptosomes in the presence of vehicle, 1 lM paroxetine, 10
lM D-22, and both paroxetine and D-22. To ensure
that the effect of D-22 on 5-HT uptake involved a separate (non-SERT) transport mechanism, 5-HT uptake
(100 nM) was measured in SERT knockout synaptosomes in the presence of vehicle and 10 lM D-22. Both
SERT wild-type and knockout synaptosomes were used
to determine whether the genotypes differed with
respect to the magnitude of the D-22 effect when clearing a higher concentration of 5-HT at 1 lM.

increasing extracellular 5-HT concentrations, and in
SERT knockout synaptosomes, non-SERT mediated
clearance is observable and appears not to be signiﬁcantly upregulated. Paroxetine signiﬁcantly slowed
the initial velocity of 5-HT uptake in SERT wild-type
synaptsomes at each concentration of 5-HT except the
highest (1 lM). The effect of paroxetine on clearance
decreased as added 5-HT increased (Fig. 2A). The log
concentration plot was ﬁt by a straight line (r2 5
0.965, P 5 0.0005; Fig. 2B). With a single logarithmic
relationship observed, the inhibition suggested a single active binding site. In addition, no signiﬁcant differences in uptake between male and female mice
were observed.
Because a 1-lM concentration of 5-HT may compete
with 1-lM paroxetine binding to SERT, we tested
whether increasing the paroxetine dose could inhibit
5-HT uptake. However, 10- and 100-lM paroxetine
also failed to inhibit clearance of 1 lM 5-HT signiﬁcantly (P 5 0.9180, n 5 4 per group). Uptake rates
were, in fmol/(s 3 mg): control, 2266 6 217; 1-lM
paroxetine, 2289 6 535; 10-lM paroxetine, 2024 6
234; 100-lM paroxetine, 2181 6 311.
We then tested citalopram, another SERT blocker,
at 1, 10, and 100 lM as well as a combination of
paroxetine and citalopram both at 1 lM; these also
had no signiﬁcant effect on clearance rates of 1 lM 5HT (P 5 0.1417, n 5 4 per group). Uptake rates
were, in fmol/(s 3 mg): control, 1694 6 166; 1-lM cit-

RESULTS
SERT mediated uptake in SERT wild-type
and knockout synaptosomes depends
on substrate concentration
Figure 1 highlights several key ﬁndings: the proportion of SERT mediated uptake decreases with
Synapse
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Fig. 2. The degree of SERT mediated clearance decreases with
increasing extracellular 5-HT. A: A plot of the percent inhibition of
clearance induced by 1 lM paroxetine as a function of extracellular
5-HT. B: A plot of the percent inhibition of clearance induced by 1
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lM paroxetine as a function of the log [exogenously added 5-HT]
reveals a logarithmic relationship: as the exogenously added 5-HT
increases, the proportion of clearance mediated by SERT decreases.

alopram, 1483 6 212; 10-lM citalopram, 1538 6 93;
100-lM citalopram, 1438 6 122; 1-lM citalopram plus
1-lM paroxetine, 1550 6 133. Together, these results
indicate that non-SERT clearance mechanisms predominate at 1 lM 5-HT in synaptosomes.
Non-SERT mediated uptake in knockout synaptosomes not signiﬁcantly increased relative to
paroxetine-treated wildtype with one exception
Comparisons of paroxetine-treated wildtype to
SERT knockout velocities (Fig. 3) showed a signiﬁcantly increased uptake rate in SERT knockout synaptosomes at 200 nM (n 5 5, P 5 0.0470), but there
was no signiﬁcant difference at any of the other concentrations (50 nM, P 5 0.3744; 100 nM, P 5 0.6220;
300 nM, P 5 0.4334; 500 nM, P 5 0.9994; 1 lM, P 5
0.7666; n 5 5 for all concentrations). Uptake velocities were increased in knockouts compared with
paroxetine-treated wildtypes at concentrations of 300
nM and lower, but this was only signiﬁcant at 200
nM, as described above. Neither a Michaelis–Menten
curve nor a biphasic nonlinear curve could be ﬁtted to
the data sets across all of the 5-HT concentrations
tested, due to the nonsaturable region of the data in
the higher 5-HT concentrations.
The Michaelis–Menten ﬁt of the velocities from 0 to
300 nM 5-HT (Fig. 3) was used to determine the following kinetic constants in paroxetine-treated wildtype synaptosomes for non-SERT uptake: Km 5 1029
6 1663 nM 5-HT; Vmax 5 1530 6 2007 fmol/(s 3 mg).
The kinetic constants for clearance in SERT knockout
synaptosomes were: Km 5 1087 6 1843 nM 5-HT;
Vmax 5 1962 6 2741 fmol/(s 3 mg). Neither kinetic
constant signiﬁcantly differed between groups as compared using the extra sum-of-squares F test (Km comparison P 5 0.9787; Vmax comparison P 5 0.8844).

Fig. 3. Non-SERT uptake velocities in paroxetine-treated wildtype synaptosomes (closed circle and solid lines) and SERT knockout
synaptosomes (open square and dotted lines). This data is also presented in Figure 1A–1F, but shown here as a [substrate] versus velocity plot. Uptake was increased in SERT knockout synaptosomes
at added 5-HT concentrations of 300 nM and lower, with a signiﬁcantly enhanced uptake velocity when 200 nM was added (n 5 5, P
5 0.0470) as determined by t-test comparison. Error bars fall within
the dimensions of the symbols at 200 nM. The Michaelis–Menten
equation cannot be ﬁtted to the entire data set. Michaelis–Menten
curves were ﬁtted from 0 to 300 nM 5-HT, the region of the data
that reﬂects saturable processes. The following kinetic constants
were calculated for paroxetine-treated wild-type synaptosomes for
non-SERT uptake: Km 5 1029 6 1663 nM 5-HT; Vmax 5 1530 6
2007 fmol/(s 3 mg). The kinetic constants for clearance in SERT
knockout synaptosomes were: Km 5 1087 6 1843 nM 5-HT; Vmax 5
1962 6 2741 fmol/(s 3 mg). A line was ﬁtted for the data from 300
nM to 1 lM, the region of the data that reﬂects nonsaturable clearance. There was no signiﬁcant difference in Km or Vmax between genotypes. There was also no difference in the linear slopes between
genotypes. Data are expressed as mean 6 SEM, *P < 0.05. The signiﬁcance level was set at P < 0.05.
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Fig. 4. Effects of paroxetine and D-22 in SERT wild-type and
knockout synaptosomes. A: Representative oxidation currents (converted to nanomolar values) produced by adding 100 nM 5-HT to
whole-brain synaptosomes in SERT wild-type mice treated with vehicle (control), 1 lM paroxetine, 10 lM D-22, or both drugs. For continuity and for convenience, vehicle and paroxetine traces are those
illustrated in Hagan et al. (2010) and were taken at the same time
as the other two traces in this ﬁgure. B: Initial clearance velocity
was 192 6 21 fmol/(s 3 mg) in control synaptosomes (n 5 6), 77 6
15 fmol/(s 3 mg) in paroxetine-treated synaptosomes (n 5 6), 40 6
16 fmol/(s 3 mg) in D-22 treated synaptosomes (n 5 6), and 3 6 15
fmol/(s 3 mg) in synaptosomes treated with both paroxetine and D22 (n 5 6). Data were analyzed by a one-way ANOVA with post-hoc

Newman–Keuls multiple comparisons tests comparing each pair of
treatments. C: Initial clearance rate of 100 nM 5-HT in SERT
knockout synaptosomes was 112 6 31 fmol/(s 3 mg) (n 5 8). D-22
reduced clearance to 213 6 14 fmol/(s 3 mg) (n 5 3). Data were analyzed by an unpaired t-test. D: Initial velocity taking up 1 lM 5HT in control SERT wild-type and knockout synaptosomes, 1735 6
129 (n 5 6) and 1614 6 55 fmol/(s 3 mg) (n 5 4), respectively, was
signiﬁcantly reduced with D-22 to 1240 6 126 fmol/(s 3 mg) in
SERT wildtype (n 5 6) and 1099 6 68 fmol/(s 3 mg) in SERT
knockout (n 5 4). A two-way ANOVA revealed no signiﬁcant effect
of genotype, but drug effects on clearance were signiﬁcant at P <
0.001. Data are expressed as mean 6 SEM, *P < 0.05, **P < 0.01,
and ***P < 0.001. The signiﬁcance level was set at P < 0.05.

Straight line ﬁts for the data from 300 nM to 1 lM
also did not signiﬁcantly differ by slope or y-intercept
(Fig. 3, P 5 0.8879 and P 5 0.9391, respectively). The
slope for paroxetine-treated wildtype was 2.260 6
0.3267. For SERT knockout the slope was 2.320 6
0.256.

and 4B). Additionally, clearance is similar between
paroxetine-treated wild type (gray bar, Fig. 4B) and
knockouts (open bar, Fig. 4C). D-22 completely blocks
uptake of 100 nM 5-HT in SERT knockout synaptosomes (Fig. 4C) and only partially inhibits uptake in
wild-type synaptosomes (striped bar, Fig. 4B). This
suggests D-22 sensitive clearance mechanisms shown
in Figures 4A and 4B are SERT-independent mechanisms. Additionally, D-22 had a signiﬁcant and similarly sized effect in both genotypes at 1 lM 5-HT
(Fig. 4D). Overall clearance rates at 1 lM 5-HT were
not different between genotypes (wildtypes, n 5 6,
knockouts, n 5 4), suggesting that D-22-sensitive
mechanisms were not upregulated in SERT knockout
mice.

Clearance of low and moderate concentrations
of 5-HT involves both paroxetine-sensitive and
D-22-sensitive uptake mechanisms
Figure 4A shows raw data traces of uptake of 100
nM 5-HT in the presence of no drug, 1-lM paroxetine,
10-lM D-22 or both paroxetine and D-22. Initial
velocities are calculated from the linear slope of the
zero-order portion of the trace; however, a longer duration of uptake is shown to enable the differences
among the groups to be more clearly visualized in the
raw data. Both drugs blocked a component of 5-HT
uptake and an additive effect of paroxetine and D-22
together on initial velocity was observed (Figs. 4A
Synapse

DISCUSSION
In this study, we quantiﬁed and characterized several aspects of SERT and non-SERT mediated transport occurring over a physiological range of 5-HT con-
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centrations using whole brain synaptosomes. The
major ﬁndings were (1) SERT function contributes an
unexpectedly decreasing and small proportion of
clearance as extracellular 5-HT concentration
increases and (2) SERT- and D-22-sensitive mechanisms of clearance both contribute to clearing low
concentrations of 5-HT (100 nM). These are surprising results, in light of the current literature indicating that SERT is the primary mechanism by which 5HT is taken up. The conclusions support the growing
evidence that non-SERT mediated 5-HT uptake has
signiﬁcant biological importance. The possibility that
low-afﬁnity uptake mechanisms may hold promise for
more efﬁcacious mood disorder treatments has been
raised previously and reviewed (Daws, 2009; Millan,
2006; Schildkraut and Mooney, 2004).
RDEV is a particularly sensitive method for detecting the relative contribution of high- and low-afﬁnity
uptake mechanisms. RDEV initial uptake velocities of
serotonin uptake are calculated from the linear slope
of the initial apparent zero order portion of a plot of
[5-HT] versus time. The methodology complements
ﬁndings in the ﬁeld using other approaches such as
radioligand binding and chronoamperometry, offering
some advantages. Advantages include a very low
detection limit (5 nM), minimal effects of tissue and
drugs in reducing electrode sensitivity (fouling), and
improved resolution over diffusion-dependent methods as previously described (Hagan et al., 2010). Additionally, high control over assay constituent concentrations facilitates interpretation of results. The
applications of RDEV, however, are limited to in vitro
assays; we previously discussed the advantages and
disadvantages of RDEV versus other uptake assays
for 5-HT (Hagan et al., 2010).
Synaptic levels of 5-HT have been estimated to
reach concentrations up to 6 mM during normal 5-HT
release, although modeling studies suggest that these
high levels will exist for no more than a few milliseconds (Bunin and Wightman, 1998). 5-HT can then diffuse more than 20 lm to the micromolar to nanomolar range (Bunin and Wightman, 1998, 1999; Fuxe
et al., 2007). We have previously determined the Km
of SERT in wild-type mice to be about 100 nM as
measured by RDEV (Hagan et al., 2010). Our ﬁnding
that SERT only comprised 50% of clearance at 100
nM 5-HT in this in vitro paradigm suggests that,
while SERT could strongly inﬂuence basal levels of 5HT, other transport mechanisms become increasingly
importance as 5-HT concentrations rise. This may be
especially important during acute stress exposures,
when raphe neurons ﬁre rapidly and extracellular serotonin is brieﬂy elevated (Kirby et al., 1997; Takase
et al., 2004; Valentino et al., 2010). If concentrations
in the synapse are in the millimolar range and
become diluted to the micromolar to nanomolar range
during volume transmission (where most estimated
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afﬁnity values for receptors and transporters fall),
then our data suggest SERT would not be the primary clearance mechanism for the majority of extracellular 5-HT. This interpretation is consistent with
other studies suggesting that extracellular concentrations of serotonin are regulated by multiple uptake
mechanisms (Baganz et al., 2008, 2010; Feng et al.,
2005, 2010; Gasser et al., 2006).
The 5-HT concentration at which low-afﬁnity mechanisms overcome high-afﬁnity mechanisms has been
debated (see Daws, 2009 for review). Microdialysis
studies have found differences in basal levels of 5-HT
between SERT knockout and wild-type mice (Shen
et al., 2004), suggesting that alternate 5-HT clearance
mechanisms can be functional at 5-HT levels as low
as 14–18 nM (Mathews et al., 2004). Our data support these studies, demonstrating that non-SERT
mechanisms comprise 30% of uptake at 50 nM, a
concentration reported to be near the high end of basal extrasynaptic levels (Bunin and Wightman, 1998).
We detected active uptake in SERT knockout synaptosomes. This supports the conclusions of previous in
vivo chronoamperometry studies showing 5-HT clearance in SERT knockout mice was not simply due to diffusion, metabolism, or uptake by NET or DAT. Many
other studies show SERT knockout mice do have active
5-HT uptake via non-SERT mechanisms (Baganz et al.,
2008; Daws, 2009; Daws et al., 2006; Daws and Toney,
2007), and 5-HT uptake by primary neuronal cultures
from SERT knockout mice has also been observed (Pan
et al., 2001). This evidence suggests that low-afﬁnity
mechanisms are engaged and contribute to clearance at
low to moderate concentrations of 5-HT.
In our studies, the Km and Vmax for the non-SERT
saturable clearance in both paroxetine-treated wildtype and SERT knockout synaptosomes were an order
of magnitude higher than our estimates for SERT in
untreated wild-type synaptosomes (SERT Km 5 99 6
35 nM; Vmax 5 181 6 11 fmol/(s 3 mg protein)
(Hagan et al., 2010). This order of magnitude difference supports the use of the relativistic terms ‘‘high’’
and ‘‘low’’ as they are often applied in literature
studying ‘‘high-afﬁnity’’ SERT uptake and ‘‘low-afﬁnity’’ non-SERT uptake.
Chronoamperometric studies have found functional
evidence for upregulation of D-22-sensitive non-SERT
mechanisms, with some indication that these effects
may be mediated by OCT3 (Baganz et al., 2008; Daws
et al., 2006). This ﬁnding is supported by other evidence that OCT3 is upregulated in SERT knockout
mice (Chen et al., 2001; Schmitt et al., 2003). We
observed a signiﬁcant enhancement in uptake velocity
in SERT knockout mice compared with paroxetinetreated wildtype when 200 nM 5-HT was added.
While there were no signiﬁcant differences at any
other added 5-HT concentration, the overall trends in
our data suggest that 5-HT was cleared more quickly
Synapse
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in synaptosomes from SERT knockout mice relative
to paroxetine-treated wild-type synaptosomes at concentrations of 300 nM and lower.
It is unclear why 200 nM added 5-HT revealed a
signiﬁcant detectable enhancement of non-SERT
uptake mechanisms in SERT knockout synaptosomes,
while lower concentrations and comparisons of kinetic
constants showed no difference. These lower concentrations represent 5-HT concentrations where SERT
exerts moderate inﬂuence on uptake rates in whole
brain synaptosomes. We hypothesized that enhancement of non-SERT mechanisms would be most detectable in this range, since multiple transport mechanisms comprise clearance in this range. Uptake velocities at 200 nM added 5-HT may either reﬂect a point
of minimal variation related to the biology of the
active transporter systems, or reﬂect conditions that
optimize the assay for minimal noise levels. The Km
and Vmax between paroxetine-treated wild-type and
SERT knockout were also not signiﬁcantly different.
A more deﬁnitive conclusion about putative upregulation of D-22 sensitive clearance could be accomplished
in future studies with a complete dose-response analysis of multiple concentrations of D-22 and multiple
substrate concentrations of 5-HT, particularly in the
lower range (0–300 nM).
Differences between our experimental approach
and chronoamperometry should be considered in
interpreting the discrepancies in the data. Our assay
may be less sensitive than chronoamperometry to
changes in OCT3 function for a couple of reasons.
First, synaptosomes model synaptic physiology. The
preparation leads to disruption of the intact cells as
well as their local and long feedback connections. The
model excludes nonsynaptic transport mechanisms of
intact brain. This could be relevant for studying
OCT3 function, as some studies have identiﬁed the
transporter in glia (Cui et al., 2009; Gasser et al.,
2009). Second, whole brain preparations prohibit
detection of regionally speciﬁc compensatory changes
in transporters for 5-HT. In vivo, speciﬁc transport
mechanisms may be locally potentiated (or reduced)
based on the regional expression of various transporters, with no net change detectable in whole brain synaptosomes. Moreover, Daws and colleagues have not
only shown with chronoamperometry that 5-HT clearance rates vary by brain region and SERT expression
levels (Daws et al., 2005; Daws and Toney, 2007; Montanez et al., 2002), but also shown that stress exposure can also alter SERT-independent (most likely
OCT3 mediated) 5-HT clearance in the hippocampus
(Baganz et al., 2010). This underscores the dynamic
state of these transport systems and how their relative quantity, location, and activity levels within
brain microenvironments are central to deﬁning the
importance of SERT and other transporters for regulating extracellular 5-HT levels (Daws, 2009).
Synapse

Our data show that D-22 does not inhibit uptake
completely in either wild-type or SERT knockout synaptosomes at 1 lM added 5-HT. Moreover, the
Michaelis–Menten could not be ﬁtted to the velocity
data from paroxetine-treated wild-type and knockout
synaptosomes shown in Figure 3 unless the linear
(unsaturable) region of the data was excluded. The
Michaelis–Menten curves in Figure 3 were ﬁtted from
0 to 300 nM 5-HT, the region of the data that
appeared to reﬂect saturable processes. The saturable
processes could include the contributions of OCT3,
PMAT, or other transport systems. A line was ﬁtted
for the data in Figure 3 from 300 nM to 1 lM, the
region of the data that appeared to reﬂect nonsaturable clearance. Nonsaturable mechanisms, such as enzymatic metabolism by monoamine oxidase appear
not to exert a signiﬁcant inﬂuence at lower 5-HT concentrations, given that inhibitors completely obliterated initial rates. However, contributions of MAO
could be expected to increase with increasing added
concentrations of 5-HT, given the Km of monoamine
oxidase A and B for 5-HT are estimated at 39 6 7 lM
and 1704 6 122 lM, respectively (Freeman et al.,
1993). While speciﬁcally identifying the non-SERT
mechanisms was beyond the scope of the current
study, RDEV in combination with selective inhibitors
and tissue from knockout animals could a useful tool
in future studies characterizing 5-HT clearance mechanisms.
In conclusion, these in vitro data strongly support
an important body of growing in vivo evidence that
non-SERT uptake of extracellular 5-HT plays a significantly more important role than previously thought.
Together with previous results, these data suggest
the possibility that non-SERT mediated 5-HT uptake
mechanisms could be important therapeutic targets
for treating mood and stress disorders associated with
altered serotonergic function.
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