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ABSTRACT
Serotonin-1B (5-HT1B) autoreceptors are located in serotonin (5-HT)
terminals, along with serotonin transporters (SERT), and play a critical role in autoregulation of serotonergic neurotransmission and are implicated in disorders of serotonergic function, particularly emotional regulation. SERT modulates serotonergic neurotransmission by high-affinity reuptake of 5-HT. Alterations in SERT activity are
associated with increased risk for depression and anxiety. Several neurotransmitter
receptors are known to regulate SERT Km and Vmax, and previous work suggests that
5-HT1B autoreceptors may regulate 5-HT reuptake, in addition to modulating 5-HT
release and synthesis. We used rotating disk electrode voltammetry to investigate
5-HT1B autoreceptor regulation of SERT-mediated 5-HT uptake into synaptosomes.
The selective 5-HT1B antagonist SB224289 decreased SERT activity in synaptosomes
prepared from wild-type but not 5-HT1B knockout mice, whereas SERT uptake was
enhanced after pretreatment with the selective 5-HT1B agonist CP94253. Furthermore, SERT activity varies as a function of 5-HT1B receptor expression—specifically,
genetic deletion of 5-HT1B decreased SERT function, while viral-mediated overexpression of 5-HT1B autoreceptors in rat raphe neurons increased SERT activity in rat
hippocampal synaptosomes. Considered collectively, these results provide evidence
that 5-HT1B autoreceptors regulate SERT activity. Because SERT clearance rate varies
as a function of 5-HT1B autoreceptor expression levels and is modulated by both
activation and inhibition of 5-HT1B autoreceptors, this dynamic interaction may be
an important mechanism of serotonin autoregulation with therapeutic implications.
Synapse 66:1024–1034, 2012. V 2012 Wiley Periodicals, Inc.
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INTRODUCTION
Serotonin-1B (5-HT1B) autoreceptors are located in
serotonin (5-HT) terminals (Riad et al., 2000), along
with serotonin transporters (SERT), play a critical
role in autoregulation of serotonergic neurotransmission, and, are implicated in disorders of serotonergic
function, particularly emotional regulation (Clark and
Neumaier, 2001; McDevitt and Neumaier, 2011; Sari,
2004). Activation of 5-HT1B autoreceptors reduces
5-HT synthesis and release (Hjorth et al., 1995; Hoyer
and Middlemiss, 1989), providing a negative feedback
mechanism for serotonergic neurotransmission. Data
from studies using 5-HT1B knockout mice further
substantiate their important role in behavior and
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V

WILEY PERIODICALS, INC.

regulation of serotonin neurotransmission in different
brain regions (Gardier, 2009; Scearce-Levie et al.,
1999).
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Another potential mechanism by which 5-HT1B
autoreceptors may regulate serotonergic neurotransmission is by modulating its reuptake. Serotonin
reuptake is mediated by SERT and other transporters, including the plasma membrane monoamine
transporter (PMAT) or the organic cation transporter
3 (OCT3) (Daws, 2009). 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) and is
regulated by several rapidly acting post-translational
mechanisms (Blakely et al., 1998; Steiner et al.,
2008). Additionally, SERT is 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). These aspects of SERT biology
have been investigated as potential targets for antidepressant drug development [See Review by (White
et al., 2005)]. Convergent signals from several stressrelated receptor and cytokine systems appear to integrate at the level of the 5-HT terminal and alter
SERT activity (Bruchas et al., 2011; McDevitt and
Neumaier, 2011; Zhu et al., 2006; Zhu et al., 2007;
Zhu et al., 2010).
Multiple lines of evidence suggest the possibility of
a direct 5-HT1B-SERT interaction in regulating central nervous system serotonin dynamics. First, in vivo
chronoamperometric studies show that 5-HT1B antagonists decrease 5-HT clearance rates in hippocampus
(Daws et al., 1999; Daws et al., 2000). Because this
technique measures multiple mechanisms of clearance (Daws and Toney, 2007), these studies cannot
definitively conclude that the effects of 5-HT1B antagonists on clearance are mediated by SERT. Also,
because 5-HT1B receptors are expressed throughout
the brain and act as both auto- and heteroreceptors
(Morikawa et al., 2000), it is difficult to attribute the
observed effects to 5-HT1B autoreceptors. Second, certain behavioral effects of systemic 5-HT1B agonism
are attenuated by pharmacological or genetic inactivation of SERT (Shanahan et al., 2009). Although
this study establishes that these effects of 5-HT1B
drugs are mediated by SERT, it cannot be concluded
whether the effects were due to direct 5-HT1B-SERT
interactions or via other indirect mechanisms—for
example, by activating 5-HT1B heteroreceptors on glutamatergic afferents to the dorsal raphe nucleus
(DRN) (Lemos et al., 2006). Interpretation of both
sets of studies is limited by the selectivity of the 5HT1B ligands used, most of which are only partially
selective (Stamford et al., 2000). Third, a study using
molecular tools to selectively isolate 5-HT1B, cultured
HEK cells cotransfected with SERT and 5-HT1B
cDNAs displayed enhanced 5-HT uptake following 5HT pretreatment—presumably due to interactions
between 5-HT1B and SERT (Xie et al., 2008). Finally,
several studies suggest that 5-HT1B antagonists may
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be effective adjunctive therapies for depression
(Artigas et al., 1994; Artigas et al., 2001; Hjorth
et al., 2000). It is also noteworthy that two additional
studies have demonstrated 5-HT1B autoreceptor regulation of SERT in pulmonary vasculature tissue
(Lawrie et al., 2005; Morecroft et al., 2005).
The goal of this study was to extend previous
work—particularly that of Daws et al. (1999; 2000)—
and determine whether the 5-HT1B autoreceptor regulates SERT function in brain tissue. To specifically
manipulate 5-HT1B autoreceptor function, we used a
combination of pharmacologic and genetic approaches.
To measure SERT-mediated 5-HT uptake, we used
rotating disk electrode voltammetry (RDEV) in wholebrain and hippocampal synaptosomes. We have demonstrated that RDEV detects SERT activity with
excellent kinetic resolution, sensitivity, and discrimination from other 5-HT clearance mechanisms (Hagan
et al., 2010; Hagan et al., 2011). These are the first
studies examining SERT function and kinetics in 5HT1B knockout mice and the first studies using
RDEV to look at brain region-specific SERT function
(rat hippocampus). The specific aims of this study
were to determine the extent to which SERT function
could be decreased via pharmacologic blockade or
genetic deletion of 5-HT1B autoreceptors, to determine
the extent to which SERT function could be enhanced
by pharmacologic activation or viral overexpression of
5-HT1B autoreceptors, and to determine whether the
kinetic mechanism involved 5-HT1B effects on SERT
Km or Vmax.
MATERIALS AND METHODS
Animals
5-HT1B autoreceptor knockout (2/2) mice were
obtained from the Dr. Rene Hen at Columbia University and crossed onto the 129SvEvTac wild-type (1/1)
background. All mouse experiments were carried out
with synaptosomes isolated from adult male and
female 2/2 and 1/1 mice, in groups that were agematched with littermate controls. No significant
uptake differences between males and females were
observed. Mice ranged in size from 25 to 30 gm and
were between 3 and 6 months old at the time of
experiments. Mice were group housed and fed ad libitum. Adult male Sprague-Dawley rats (Charles River
Laboratories, Hollister, California) were housed two
per cage with access to food and water available ad
libitum. Rats weighed 275 to 350 gm at the time of
euthanasia. All rodents were kept in a temperaturecontrolled 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
Synapse
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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
Co. (Philipsburg, NJ). The sucrose, glucose, HEPES,
serotonin hydrochloride, paroxetine hydrochloride,
GBR 12935, nisoxetine hydrochloride, and sumitriptan succinate were purchased from Sigma (St. Louis,
MO). CP94253 was purchased from Tocris Bioscience
(Bristol, UK). Drugs were diluted into physiological
buffer, except 5-HT, SB224289, and CP94253. 5-HT
was diluted in pH 7.2 phosphate buffered saline
(PBS) to improve its stability (Huang and Kissinger,
1996). SB224289 was solubilized in DMSO and
matching vehicle controls were prepared. The final
percentage of DMSO in the assay was 0.0125%.
CP94253 was diluted into water. 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).
Rotating disk electrode voltammetry
RDEV and synaptosome preparations were carried
out as previously described (Hagan et al., 2010).
Briefly, a Pine Instruments Inc. (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 custommade cylindrical glass chamber maintained at 378C
by a Polyscience (Niles, IL) Series 8000 water recirculator. A constant potential of 550 mV relative to an
Ag/AgCl reference electrode was applied with a Bioanalytical Systems LC-4B amperometric detector (West
Lafayette, IN) with a laboratory-modified time constant (20 ms). Each experiment was performed on 0.5
mL of fresh synaptosomes to which exogenous 5-HT
was added (more details in Uptake Studies section,
below). Although the electrode is not specifically
selective for 5-HT, we performed RDEV under conditions that optimized the sensitivity for 5-HT and after
a stabilized baseline was reached. The measured current was exactly proportionate to the concentration of
exogenously added 5-HT (Hagan et al., 2010). All
experiments were performed in the presence of 100
nM nisoxetine and 1 lM GBR 12935 to minimize nonspecific 5-HT uptake through the norepinephrine
transporter (NET) and the dopamine transporter
Synapse

(DAT), respectively. Isolation and measurement of
specific transport via SERT is accomplished using
pharmacologic approaches that we have previously
shown are highly specific to SERT (Hagan et al.,
2010; Hagan et al., 2011). 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).
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).
Surgical procedures
Surgical procedures were carried out as previously
described (Clark et al., 2002). Rats were anesthetized
with isoflurane (1–3%) and secured in a Stoelting stereotaxic device. Scalp fur was shaved and the underlying skin was disinfected with Betadine. The scalp
was incised and bregma and lambda were visualized
and used to guide injections. A small hole was bored
at the site of injection. A 27-gauge needle was stereotaxically directed at an angle of 258 off midline toward the following coordinates: 28.3 mm from
bregma, midline, 27.2 mm. These coordinates are
ventral to those previously used for targeting caudal
DRN alone (McDevitt et al., 2011); injection of virus
at these coordinates was found to infect both caudal
DRN and median raphe nucleus (MRN), which are
raphe subregions that innervate the hippocampus
(Leranth and Vertes, 1999; Vertes, 1991; Vertes et al.,
1999).
Viral-mediated gene overexpression
We used herpes simplex viral vectors to express
hemagglutinin-tagged 5-HT1B and green fluorescent
protein (GFP) from separate transcription cassettes
on the viral amplicon (HA1B/GFP) and compared
these with GFP-only controls (Clark et al., 2002).
These vectors are neuron-selective, and peak expression is reached after about 3–4 days (Barot et al.,
2007; Ferguson et al., 2008). Virally expressed HA1B
receptors exhibit normal 5-HT1B function in vitro and
in vivo (Clark et al., 2002; Clark et al., 2004; Riegert
et al., 2008). HA1B/GFP and GFP amplicons were
packaged into viral particles to a concentration of
108 infective units/mL (Clark et al., 2002). Viral particles were loaded into the needle at a rate of 50 nL/s,
flow was verified, and the needle was placed into the
caudal DRN/MRN junction (coordinates above). Virus
was injected at 200 nL/min using a microprocessor
controlled pump (World Precision Instruments, Sarasota, FL). A volume of 2 lL of HA1B/GFP or GFP virus was injected (over 10 min), after which the needle
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was left in place for 5 min then withdrawn slowly
over 20 s. The skin was closed with sutures and
rats monitored until recovery.
GFP was visualized after euthanasia to confirm
delivery of virus to the targeted brain region. Midbrain tissue from rats was postfixed at least 24 h in
4% paraformaldehyde. Infection of dorsal and median
raphe nuclei was verified by observation of GFP fluorescence in 60 lm tissue sections as previously
described (McDevitt et al., 2011).
Preparation of synaptosomes
Unanesthetized mice and rats were decapitated and
brains (in mice) or hippocampi (in rats) 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 or hippocampal homogenate was centrifuged (1000 3 g for 10 min at 48C) in an Eppendorf
5804R (Westbury, NY) to pellet and remove cellular
debris (P1). The resulting supernatants were centrifuged (15,900 3 g 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
(15,900 3 g 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. For rats, the P2 pellet was resuspended
in 2.5 mL physiological buffer. 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).
Rats were sacrificed 3 days after surgery. Euthanasia was performed between 6 a.m. and 11 a.m. (early
in the light cycle), since previous work has suggested
that autoreceptor vulnerability to desensitization may
be enhanced in the mid-to late phase of the light cycle
(Sayer et al., 1999). Midbrain tissue was dissected and
postfixed in paraformaldehyde for GFP visualization.
[3H]-Citalopram binding
Binding was performed on synaptosomes from
RDEV experiments stored at 2808C following a modified protocol (Sexton et al., 1999). Synaptosomes were
resuspended and sonicated in hypotonic Modified
Krebs Buffer (MKB). The buffer contained 50 mM
Tris, 5 mM KCl, and 120 mM NaCl, pH 7.4. Protein
was quantified with the Pierce BCA kit, and samples
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containing 25 lg of total protein were incubated in
triplicate with 4 nM [3H]-citalopram with or without
1 lM paroxetine to define nonspecific binding for an
hour at room temperature. Bound radioactivity was
separated from free radioactivity by vacuum filtration
using a Unifilter-96 Perkin Elmer Harvester (Waltham, MA) on to 0.3% polyethylenimine (PEI) presoaked GF-C UniFilter-96 plates. Plates were dried
overnight then read on a Packard Top-Count (Meriden, CT) microplate liquid scintillation counter after
addition of 30 lL MicroScint-O cocktail (PerkinElmer;
Waltham, MA) to each well.
Uptake studies
For all experiments except the substrate-velocity kinetic analysis of 5-HT1B 1/1 and 2/2 synaptosomes,
100 nM of 5-HT was added because it is close to the
RDEV-measured Km for SERT (Hagan et al., 2010),
and thus is highly sensitive to changes in SERT function. For 5-HT1B antagonist studies, 5-HT1B 1/1 and
2/2 synaptosomes were tested with three concentrations of the 5-HT1B antagonist SB224289: 10 nM
(low), 100 nM (medium), and 1000 nM (high). For
agonist studies, in vitro and in vivo experiments were
performed. The effect of 10 nM sumitriptan was
investigated in vitro in wild-type and 5-HT1B 2/2
synaptosomes from male mice (all other mouse studies used both males and females). The effect of 1 mg/
kg CP94253 given in vivo was investigated in wildtypes, with injections given intraperitoneally 30 min
before euthanasia. The selection of the agent and the
dose was based on previous behavioral work from our
laboratory (McDevitt et al., 2011). The substrate-velocity kinetic analysis involved addition of 30, 100,
300, 500, and 1000 nM 5-HT to 5-HT1B 1/1 and 2/2
synaptosomes. All drugs were allowed to incubate
with the synaptosomes during baseline acquisition for
15 min before addition of 5-HT.
Data analysis
In all studies, 1 lM paroxetine was used to define
SERT function, as described in previous studies
(Hagan et al., 2010; Hagan et al., 2011). Initial velocities of 5-HT uptake were calculated from the linear
slope of a tangent line of the initial [steepest] 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 colorimetric based assay from Pierce (Rockford, IL). SERT
function is expressed as its initial velocity measured
in femtomoles of 5-HT uptake per second per milligram of protein (fmol 5-HT/(s * mg)). SERT function
is calculated by subtracting the initial velocity in the
presence of 1 lM paroxetine from the initial velocity
in the presence of vehicle. Statistical analyses were
Synapse
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Fig. 1. SERT function is diminished in 5-HT1B 2/2 synaptosomes relative to 1/1 controls. A: Representative raw data traces
from voltammetry experiments with wild-type and 5-HT1B 2/2
mice. Solid traces show uptake of 100 nM added 5-HT in 1/1
(black) and 2/2 (red) synaptosomes. Dotted light grey and light
pink traces show the effect of 1 lM paroxetine. The control trace in
1/1 has enhanced SERT-mediated clearance relative to 2/2 synaptosomes during the linear phase (e.g., the initial rate) of uptake
(approximately the first 10–15 s). There are no significant differen-

ces in total uptake rates between wild-type and 5-HT1B 2/2, as
shown in panel B: SERT function varies considerably across individuals, and while absolute values of SERT uptake rates do not differ
significantly, when the data are normalized for each individual animal’s SERT uptake, a modest but significant effect of genotype
emerges, as shown in C (t-test, P 5 0.0159); n 5 20 wild-type and
19 5-HT1B 2/2 animals in both B and C. Data are expressed as
mean 1 SEM, *P < 0.05. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

performed with Graphpad Prism 5 (San Diego, CA),
except where indicated otherwise.
In experiments comparing SERT clearance in 5-HT1B
1/1 vs. 2/2 synaptosomes, SERT function was analyzed with a t-test. Serotonin clearance can vary significantly among individual animals. Synaptosomes from
each animal are subjected to treatment with vehicle or
drug; thus, each animal can serve as its own control.
Normalization enables effects to be observed independent from the inter-animal variability in clearance velocities; however, many effects in these studies are robust
and apparent without normalization of the data.
Experiments testing the effects of drugs in vitro (e.g.
SB224289, sumitriptan) tested four conditions: control
(vehicle), drug, paroxetine, and drug1paroxetine.
SERT function in the absence of drug was calculated
as (initial velocity of control) 2 (initial velocity of
paroxetine). Each individual animal produces a sufficient volume of synaptosomes (5 mL, with 0.5 mL
used for each assay) to test multiple drug conditions
and serves as its own control for calculations of SERT
function. SERT function in the presence of drug was
calculated as (initial velocity of drug) 2 (initial velocity
of drug1paroxetine). Each independent observation
represents measurements from a single animal.
For the experiments testing low, medium, and high
SB224289 on 5-HT1B 1/1 vs. 2/2 synaptosomes,
data were normalized to % of control and two analyses were performed: a two-way ANOVA with a Dunnett post-test, and a linear regression of initial rates
as a function of the log of the drug concentration was
performed in SPSS (Chicago, IL). An IC50 of

SB224289 was also calculated. Studies with sumitriptan were analyzed by two-way ANOVA. SERT function was compared between the pretreatment mouse
studies with CP94253 and in rat studies by t-test.
The Km and Vmax for SERT in 5-HT1B 1/1 and 2/2
synaptosomes was determined using curve-fitting procedures to fit SERT uptake velocity versus 5-HT concentration to the Michaelis–Menten equation as
described in our previous studies (Hagan et al., 2010).
Photomicrographs were acquired on a Bio-Rad (Hercules, CA) Radiance 2000 confocal imaging system
and were not altered other than cropping in Photoshop Elements from Adobe (San Jose, CA). Kinetic
constants are reported as mean 6 SER (standard
error of regression). Other data are reported as the
average 1 SEM, except for the substrate-velocity plot
and IC50 calculation, which present data as mean 6
SEM. The significance level was set at P < 0.05.
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RESULTS
Genetic deletion and pharmacologic blockade of
5-HT1B receptor both decrease SERT function
Initial rates of serotonin clearance were visibly
more rapid in wild-type than in 5-HT1B 2/2 synaptosomes, as shown in the raw data traces in Figure 1A.
While there was no significant effect for enhanced
SERT-dependent uptake in wild-types synaptosomes
over 5-HT1B 2/2, when taken as an average (P 5
0.380, Fig. 1B), when the data are normalized for
each individual animal’s SERT uptake, a significant
effect of genotype emerges (P 5 0.0159, Fig. 1C).

5-HT1B AUTORECEPTOR REGULATION OF SERT

1029

Fig. 2. Pharmacologic antagonism of 5-HT1B autoreceptors
decreases SERT function in 1/1 but not 2/2 synaptosomes. A:
SERT function was measured by adding 100 nM 5-HT in the
presence of low (10 nM), medium (100 nM) and high (1000 nM)
concentrations of the 5-HT1B antagonist SB224289 in both 5HT1B 1/1 (wild-type) and 5-HT1B 2/2 synaptosomes. Data were
analyzed by a one-way ANOVA with a post hoc Dunnett’s multi-

ple comparisons tests comparing each treatment to control; for
wild-type P 5 0.0026, for knockout, P 5 0.9011. B: In a doseresponse plot of SB224289 in 1/1 vs. 2/2 synaptosomes, the
IC50 was determined with a nonlinear sigmoidal dose-response
curve to be 102 nM (95% confidence interval 20–524 nM).
The bottom of the curve was estimated at 0.34 6 0.14. n 5 6–7
per treatment.

SERT function varies considerably among individual
animals, which can mask subtle alterations in function. The normalization of the data was intended to
unmask any subtle difference in basal uptake rates
between the genotypes.
We next explored the sensitivity of 5-HT uptake in
the presence or absence of a highly selective 5-HT1B
antagonist, SB224289. Addition of SB224289 inhibited SERT function in a dose and genotype-dependent
manner (Fig. 2A). One-way ANOVA revealed a significant drug effect in wild-type synaptosomes (P 5
0.0026), with a Dunnett post-test revealing the effect
at the 1000 nM concentration of SB224289. The drug
had no effect in 5-HT1B knockouts (P 5 0.9610), indicating that the drug effect required the expression of
5-HT1B receptors. The IC50 for SB224289 was calculated in wild-type synaptosomes at 102 nM (95% confidence interval 20–524) (Fig. 2B). A linear regression
of SERT activity as a function of the log of the drug
concentration showed the genotype effect was significant (P < 0.01) and that effect varies by drug dose in
wild-type but not knockout synaptosomes (P <
0.0001).

high levels of 5-HT exposure during synaptosome
preparation may interact with 5-HT1B receptors and
interfere with subsequent attempts to further stimulate these receptors with agonist in vitro; therefore,
we adopted a 5-HT1B agonist pretreatment strategy.
Pretreating mice with the selective, brain-penetrant
5-HT1B agonist CP94253 (1 mg/kg) significantly
enhanced SERT function by 57% (P 5 0.028) (Fig.
3A). To assess whether increased expression of 5HT1B autoreceptors alters the extent of SERT regulation, we manipulated 5-HT1B autoreceptor expression
by injecting a viral vector that expresses hemagglutinin-tagged 5-HT1B and GFP (HA1B/GFP) or a GFPonly control vector into caudal raphe, infecting both
dorsal and median raphe, as previously described
(Clark et al., 2002; Clark et al., 2004; McDevitt et al.,
2011). We then compared SERT activity in hippocampal synaptosomes (an area that receives strong 5-HT
innervation from the injected region of raphe)
between groups of rats expressing the GFP-only control virus or the HA1B/GFP virus. SERT function was
significantly increased in hippocampal synaptosomes
from animals with increased 5-HT1B autoreceptor
expression by 141% (P 5 0.008) (Fig. 3B). GFP was
visualized to confirm delivery of virus to targeted
brain region (Fig. 3C).

Pharmacologic activation of 5-HT1B
receptors with pre-treatment and viral
overexpression of 5-HT1B autoreceptors both
increase SERT function
No enhancement of SERT function was observed
with 10 nM sumitriptan given in vitro in either wildtype or knockouts. In wild-types, control and sumitriptan SERT initial velocities were, respectively, 111
6 22 and 125 6 27 fmol 5-HT / (s * mg); whereas, in
knockouts, control and sumitriptan SERT initial
velocities were, respectively, 102 6 41; and 80 6 41
(P 5 0.668, n 5 4 per genotype). We reasoned that

Neither deletion nor overexpression
of 5-HT1B receptor change SERT binding
There were no differences in specific [3H]-citalopram binding to SERT between 5-HT1B 1/1 and 2/2
mouse synaptosomes (600 6 50 vs. 510 6 60 counts
per minute (cpm); P 5 0.2550) or between GFP and
HA1B/GFP rat synaptosomes (190 6 40 vs. 140 6 60
cpm; P 5 0.5173), suggesting that the increased
SERT activity in hippocampus from rats with
Synapse
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Fig. 3. Pharmacologic activation and viral overexpression of 5HT1B enhance SERT function. A: Wild-type mice (n 5 14) pretreated with 1 mg/kg CP94253 given intraperitoneally 30 min
before euthanasia have increased SERT function relative to vehicle-treated controls (n 5 10). The uptake of 100 nM added 5-HT
was measured. Data were analyzed by a t-test; P 5 0.028. B: Overexpression of 5-HT1B receptors by viral mediated gene transfer

enhances hippocampal SERT function in Sprague-Dawley rats (n
5 5/group, 100 nM 5-HT added to experiments). C: Viral-mediated
expression of green fluorescent protein in caudal dorsal raphe nucleus. Scale bar 5 200 lm. Data were analyzed by a t-test; P 5
0.008. Data are expressed as mean 1 SEM, *P < 0.05, **P < 0.01.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE 1. SERT velocities in 5-HT1B 1/1 and 2/2 synaptosomes
(shown in Fig. 4)
5-HT1B 1/1
(wild-type)
[5-HT] nM
30
100
300
500
1000

Fig. 4. Substrate-velocity plot of SERT function in 5-HT1B 2/2
mice relative to 1/1 (wild-type) controls. The rightward shift in the
plot for 5-HT1B 2/2 mice suggests a reduction in Km but not Vmax.
The Km in 1/1 synaptosomes was 291 6 141 nM and the Km in 2/
2 synaptosomes was 548 6 250 nM. The Vmax in 1/1 synaptosomes
was 305 6 52 fmol 5-HT/(s * mg) and the Vmax in 2/2 synaptosomes
was 361 6 74 fmol 5-HT/(s * mg); n 5 8–18 determinations per concentration per genotype. Data are shown on the graph as mean 6
SEM; kinetic constants are presented as mean 6 SER (standard
error of regression).

increased 5-HT1B autoreceptors reflected a change in
SERT function rather than SERT density.
Deletion of 5-HT1B receptor may impact SERT
Km to a greater extent than Vmax
To assess the possible kinetic mechanism by which
5-HT1B autoreceptors regulate SERT activity, we
examined SERT-mediated uptake over a range of
Synapse

fmol
5-HT/(s * mg)
26
81
131
224
230

6
6
6
6
6

8
14
16
20
34

5-HT1B 2/2
(knockout)
n
9
12
10
10
17

fmol
5-HT/(s * mg)
15
60
96
213
227

6
6
6
6
6

6
10
19
27
21

n
8
12
10
9
18

concentrations of added 5-HT. Deletion of 5-HT1B
induces a slight, though not statistically significant
right-ward shift in the substrate-velocity plot of
SERT function (Fig. 4). A greater impact of the 5HT1B–SERT interaction was observed at lower extracellular concentrations of 5-HT (Table I),
DISCUSSION
These experiments produced three major findings.
First, SERT function in synaptosomes can be
decreased by genetic deletion of 5-HT1B or by pharmacologic blockade of 5-HT1B autoreceptors. Second,
SERT function can be enhanced by treatment of mice
with the selective, brain penetrant 5-HT1B agonist
just before sacrifice or by increasing 5-HT1B autoreceptor expression using viral-mediated gene transfer.
Finally, 5-HT1B autoreceptors appear to increase
SERT function by altering SERT Km to a greater
extent than Vmax.
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Several aspects of our experimental approach were
selected to increase the sensitivity to detect changes
in SERT function and to discern contributions of
5-HT1B autoreceptors. RDEV was used because of
several advantages offered by this method, including
decreased vulnerability to ‘‘fouling’’ by oxidized 5-HT
products, precise control of analyte and drug concentrations, and improved sensitivity to differences in 5HT uptake, such as the gene-dose effect between
SERT 1/1 and 1/2 synaptosomes, which cannot be
detected using radioligand-based uptake assays
(Hagan et al., 2010). While the gold standard for demonstrating biological relevance remains in vivo studies, RDEV can provide complementary information
because the precise concentration of analytes in the
assay (e.g., 5-HT and other ligands) are controlled.
The use of a synaptosomal preparation favors the
likelihood that 5-HT1B autoreceptors, as opposed to
heteroreceptors, were involved since only synaptosomes formed from serotonergic neurons will express
both 5-HT1B and SERT. As it is very unlikely that
any actions at 5-HT1B heteroreceptors on nonserotonergic synaptosomes could be transmitted to serotonergic synaptosomes where SERT resides, we infer
that the data in these experiments involves 5-HT1B
autoreceptors only. The addition of 100 nM 5-HT was
used in assays because this concentration is close to
the Km of SERT (99 6 35 nM) as measured previously
using RDEV (Hagan et al., 2010).
SERT function differed between 5-HT1B 1/1 and
2/2 synaptosomes. The raw data traces in Figure 1A
show comparable slopes between the 1/1 and 2/2
control traces over the initial linear portion of the
uptake plot, though, in the traces shown, the uptake
in the knockout ‘‘lags’’ slightly behind the wild-type
trace. When SERT-mediated uptake was normalized
to total uptake for each animal, a significant effect of
5-HT1B autoreceptors on SERT function was apparent. Total clearance did not differ between genotypes; thus, the data also suggest that non-SERT
clearance mechanisms in 5-HT1B knockout animals
were enhanced. Total clearance involves a combination of high affinity uptake (by SERT), low affinity,
high capacity uptake transporters including the
extraneuronal monoamine transporter, the PMAT and
the organocation transporters—OCT1, OCT2, and
OCT3 (Baganz et al., 2008; Feng et al., 2005; Gasser
et al., 2006; Schmitt et al., 2003). Contributions from
the DAT and NET can be excluded because experiments were performed in the presence of 1 lM GBR
12935 (a DAT blocker) and 100 nM nisoxetine (a NET
blocker). The contributions of SERT and non-SERT
uptake has been addressed in our previous work
(Hagan et al., 2011) and OCT3, in particular, may be
an interesting mechanism because it has been demonstrated that its function can be altered by stress
(Baganz et al., 2008; Baganz et al., 2010; Gasser
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et al., 2006). Although the focus of this study was the
regulation of SERT by 5-HT1B autoreceptors, future
studies should address the role of 5-HT1B regulation
of non-SERT transport mechanisms. These data also
suggests that endogenous 5-HT1B autoreceptor tone
may influence SERT function under basal conditions.
SB224289 exhibited drug dose and genotype-dependent inhibition of SERT function (Fig. 2A). The
IC50 calculated in wild-type synaptosomes was 102
nM (Fig. 2B), which is very close to the IC50 previously reported for regulation of [3H]-5-HT release
from rat striatal synaptosomes, 62 nM (Sarhan and
Fillion, 1999). These findings clarify the results of
previous studies showing that 5-HT1B antagonists can
reduce serotonin uptake activity via 5-HT1B receptor
inhibition. Daws et al. used in vivo chronoamperometry to observe that cyanopindolol inhibited 5-HT
clearance in the CA3 hippocampal area and that this
inhibition was additive with fluvoxamine at nonsaturating concentrations (Daws et al., 2000). 5-HT-moduline, an allosteric 5-HT1B modulator, and methiothepin, a nonselective antagonist, also inhibited clearance (Daws and Toney, 2007). While these studies
suggest a possible 5-HT1B–SERT interaction, a few
methodological limitations prevented acquisition of
definitive evidence that the observed 5-HT clearance
decreases were due to 5-HT1B autoreceptor effects on
SERT. First, most of the drugs used are only partially
selective for 5-HT1B, a problem compounded by the
fact that microinjection of drugs into brain tissue
does not result in uniform concentrations of drug
throughout the region of interest. Second, because in
vivo chronoamperometry requires the local infusion of
test ligands into tissue, there is some uncertainty
regarding the site of action (e.g. 5-HT1B autoreceptors, heteroreceptors or other receptors). Finally, with
in vivo chronoamperometry, 5-HT clearance is comprised of diffusion of injected 5-HT away from the
electrode as well as multiple biological mechanisms of
uptake. These studies resolve some of these issues by
using a very selective antagonist, SB224289 (Gaster
et al., 1998; Selkirk et al., 1998), at known concentrations, using genetic approaches including the 5-HT1B
knockout, and by using RDEV and synaptosomes, the
advantages of which are described above. The absence
of an effect of SB224289 in 5-HT1B knockout mice
even at very high concentrations confirms that 5HT1D autoreceptors were not involved; thus, the data
support the conclusion that 5-HT1B receptors are the
primary form of serotonergic terminal autoreceptor
found in mouse brain (Trillat et al., 1997).
The 5-HT1B agonist sumitriptan did not enhance
SERT function in the in vitro studies. We used 100
nM 5-HT as the substrate for SERT-mediated reuptake, which could also strongly activate 5-HT1B autoreceptors (KD 10 nM), and would be expected to be a
confound if the receptor response time is on the order
Synapse

1032

C.E. HAGAN ET AL.

of seconds, since the measure of initial uptake rate
occurs within the first 10–20 s following addition of 5HT. A SERT substrate that could be measured by
RDEV but does not activate 5-HT1B receptors would
be ideal; however, one has not yet been identified. It
is possible that endogenous 5-HT in the synaptosome
preparations activates 5-HT1B autoreceptors, inducing
a ‘‘ceiling effect’’ limiting additional receptor activation; however, this seems unlikely because the endogenous 5-HT was expected to have been significantly
eliminated during multiple rinsings of the P2 pellet.
It is unclear whether a biologic factor was masking
the potential effects of any additional 5-HT1B agonist
on SERT function, or whether we merely failed to
identify an effective combination of agonist, concentration, and duration of treatment for observing
effects on SERT function.
We recently circumvented a similar complication in
measuring kappa opioid receptor regulation of SERT
activity with RDEV. We found that the selective
kappa agonist, U50,488 was effective at increasing
SERT function when given before sacrifice but not
directly in the in vitro RDEV assay (Bruchas et al.,
2011). Therefore, we pretreated mice with the 5-HT1B
agonist CP94253 using a moderate dose that appears
to be optimal for preferentially activating 5-HT1B
autoreceptors (McDevitt et al., 2011; Sarhan et al.,
1999). Indeed, enhanced SERT function was detectable in mice pre-treated with 1 mg/kg CP94253 (Fig.
3A). Because this experimental design does not fully
discriminate potential contributions of 5-HT1B autovs. heteroreceptors, we addressed this issue using a
viral overexpression paradigm to test the hypothesis
that increased 5-HT1B autoreceptors in serotonin terminals in the forebrain could increase SERT function.
We injected the viral vectors in a subregion of
dorsal raphe known to innervate the hippocampus
(Leranth and Vertes, 1999; Vertes, 1991; Vertes et al.,
1999); the hippocampus was chosen because it could
be discretely dissected and has significant serotonergic
innervation and hence was a good source for synaptosome preparation. Recently, we showed that 5-HT1B
overexpression using the same viral vector injected
using the same procedure into the same target has a
significant impact on conditioned fear responses
(McDevitt et al., 2011). Indeed, SERT activity in hippocampal synaptosomes after viral overexpression of
5-HT1B autoreceptors in caudal raphe increased
nearly twofold compared with GFP-only controls (Fig.
3B). Although previous work has demonstrated that
cultured HEK-293 cells transfected with 5-HT1B
cDNA have enhanced 5-HT uptake over control (Xie
et al., 2008), this study is the first demonstration that
increased expression of 5-HT1B autoreceptors can
enhance SERT function in brain tissue; this may have
physiological implications since 5-HT1B autoreceptor
expression is quite variable among individuals and
Synapse

this has behavioral impacts on stress reactivity
(Kaiyala et al., 2003; Neumaier et al., 2002).
Two mechanisms that have previously been shown
to regulate SERT activity include altering SERT trafficking to the synaptic membrane surface, which
would produce a change in SERT Vmax, and increasing SERTs catalytic activity, which would produce a
change in Km (Steiner et al., 2008). Our data do not
rule out either as a possible mechanism. A more
detailed kinetic analysis will be required in a future
study. The changes in SERT activity observed in the
present experiments do not appear to be due to differences in the amount of total SERT protein in the
whole-brain synaptosomal preparations, as no significant differences in radioligand binding were observed
between the experimental and control groups in either the rat or mouse samples. Estimates of the kinetic constants for SERT as measured in 5-HT1B 2/2
and wild-type synaptosomes suggest that Km may be
altered to a greater extent than Vmax in knockouts
(Fig. 4), though there is not a statistically significant
difference in either. Additionally, while Figure 4
should reflect SERT function, the SERT signal is subject to more noise with increasing added 5-HT; it is
possible that non-SERT mechanisms of clearance may
interfere the signal, particularly at higher concentrations of added 5-HT, where these mechanisms predominate in mediating uptake (Hagan et al., 2011).
This is the first study demonstrating that increases
and decreases in 5-HT1B autoreceptor expression levels in brain tissue can increase or decrease SERT activity, respectively. Bidirectional regulation of SERT
by 5-HT1B autoreceptors is an important finding,
since both natural and experimental variations in 5HT1B expression in dorsal raphe are associated with
altered stress reactivity (Clark et al., 2002; Clark
et al., 2004; Kaiyala et al., 2003; McDevitt et al.,
2011; Neumaier et al., 2002). This is especially intriguing in the context of the relationship between
environmental stress and SERT genotype, which has
been implicated in altering the vulnerability to
depression (Caspi et al., 2003; Daws and Gould,
2011). We have recently observed that p38 map kinase is involved in stress-mediated regulation of
SERT activity (Bruchas et al., 2011). Moreover, p38
map kinase has the ability to catalytically activate
SERT (Zhu et al., 2005). Perhaps, the impact of 5HT1B autoreceptors on stress vulnerability is mediated, at least in part, by an interaction with 5-HT
reuptake. Additionally, a direct interaction could exist
between 5-HT1B autoreceptors and SERT. These are
possibilities to explore in future investigations.
In summary, SERT function can be dynamically
influenced by increases or decreases in 5-HT1B autoreceptor activity. We found that 5-HT1B autoreceptors regulate SERT catalytic activity (Km). The molecular interactions between 5-HT1B autoreceptors and SERT may
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be an important mechanism by which serotonin neurotransmission is regulated in basal and high-stress circumstances and may provide a novel basis for synergistic pharmacological treatment of psychiatric disorders.
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