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Chronic 5-HT Transporter Blockade Reduces DA Signaling to
Elicit Basal Ganglia Dysfunction
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Serotonin (5-HT)-selective reuptake inhibitors (SSRIs) are widely administered for the treatment of depression, anxiety, and other
neuropsychiatric disorders, but response rates are low, and side effects often lead to discontinuation. Side effect profiles suggest that
SSRIs inhibit dopaminergic activity, but mechanistic insight remains scarce. Here we show that in mice, chronic 5-HT transporter
(5-HTT) blockade during adulthood but not during development impairs basal ganglia-dependent behaviors in a dose-dependent and
reversible fashion. Furthermore, chronic 5-HTT blockade reduces striatal dopamine (DA) content and metabolism. A causal relationship
between reduced DA signaling and impaired basal ganglia-dependent behavior is indicated by the reversal of behavioral deficits through
L-DOPA administration. Our data suggest that augmentation of DA signaling would reduce side effects and increase efficacies of SSRI-
based therapy.

Introduction
The serotonin (5-HT) and dopamine (DA) systems modulate
numerous brain functions and are implicated in the pathophys-
iology of affective, anxiety, and movement disorders. Both sys-
tems interact by mutually innervating brain regions/circuits and
reciprocally modulating each other. This 5-HT/DA interaction
plays a critical role in the action of antidepressant drugs. 5-HT-
selective reuptake inhibitors (SSRIs) for example, block 5-HT
transporter (5-HTT) function to increase 5-HT signaling, but
may also induce side effects typically associated with reduced DA
signaling, such as anhedonia, apathy, reduced libido, akathisia,
and extrapyramidal motor symptoms (EPSs) (Settle, 1998; Cas-
sano and Fava, 2004; Damsa et al., 2004; Preskorn et al., 2004).
These side effects can lead to discontinuation even when treat-
ment is efficacious (Kaplan, 1997; Chelben et al., 2001) and re-
duce response rates (Rush et al., 2006). Increased mechanistic
understanding of 5-HT/DA interaction should allow for im-
proved treatment strategies and drug design.

5-HT neurons of the dorsal and median raphe nuclei densely
innervate DAergic nuclei and their projection areas (Michelsen et
al., 2007). In mouse and rat, the densest afferent 5-HT innerva-
tion is present in the substantia nigra pars compacta (SNc) and
pars reticulata (SNr)— both integral parts of the basal ganglia
(BG) (Miller et al., 1975; Dray et al., 1978; Imai et al., 1986;

Vertes, 1991; Moukhles et al., 1997). The SNc DAergic neurons
project to the striatum and provide DAergic modulatory input
into the direct and indirect pathways of the BG. The SNr is the
main output region of the BG and contains mostly GABAergic
neurons projecting to the thalamus and the SNc (Bolam et al.,
2000). The latter projection provides feedback inhibition to
DAergic activity (Tepper and Lee, 2007). Based on this circuitry,
we investigated the impact of 5-HTT blockade on the nigrostria-
tal DA system and BG function. We focused our studies on BG-
dependent motor behavior as a proxy for BG function because of
its well-characterized sensitivity to alterations in DAergic activity
(Brooks and Dunnett, 2009).

Here we show that 5-htt�/� mice exhibit impaired BG-
dependent motor behavior. This finding is congruent with motor
deficits in maoa�/� mice (Salichon et al., 2001), because both
manipulations increase extracellular 5-HT levels (Cases et al.,
1996; Wellman et al., 2007; Popa et al., 2008). We investigated the
origins of this behavioral phenotype using genetic and pharma-
cological tools to probe behavior, neuroanatomy, and neuro-
chemistry and conclude that chronic 5-HTT blockade impairs
motor behavior by reducing DAergic input into the BG.

Materials and Methods
Transgenic mice. Mice heterozygous for the 5-htt mutation (5-htt�/�;
10th to 12th generations; 129S6/SvEv) were crossed to produce
5-htt�/�, 5-htt�/�, and 5-htt�/� offspring (Lira et al., 2003). Inde-
pendent groups of male subjects weighing 25– 45 g were experimentally
tested at ages 2–13 months. Subjects were genotyped with PCR of
genomic DNA isolated from tissue samples harvested at 18 –21 d of age.

Animal husbandry. Animals were housed in groups of five per cage and
provided with food and water ad libitum (except as noted). Animals were
maintained on a 12 h light/dark cycle (8:00 A.M./8:00 P.M.) Animal
testing was conducted in accordance with the National Institutes of
Health guidelines (Principles of Laboratory Animal Care) and the institu-
tional animal committee guidelines.
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Drugs. Fluoxetine (FLX; ANAWA Trading) was dissolved in 0.9%
NaCl or drinking water to achieve 2.5, 5, or 10 mg/kg when administered
intraperitoneally or through the drinking water. The peripherally acting
aromatic L-amino acid decarboxylase inhibitor benserazide (Sigma-
Aldrich) was dissolved in 0.9% NaCl to achieve 12.5 mg/kg when admin-
istered intraperitoneally. L-DOPA (Sigma-Aldrich) was dissolved in 0.1 M

hydrochloric acid and then neutralized with 0.1 M NaOH to achieve 100
mg/kg when administered intraperitoneally. Benserazide and L-DOPA
were coadministered by consecutive intraperitoneal injections separated
by 20 min with the benserazide injection preceding the L-DOPA injec-
tion. All intraperitoneal injections were performed at 10 ml/kg except
when noted otherwise.

Postnatal drug treatment. Postnatal drug treatments were performed as
described previously (Ansorge et al., 2008). In short, litters were culled to
five pups. On postnatal day 4 (P4), pups were tattooed and randomly
assigned to vehicle (VEH; 0.9% NaCl, 5 ml/kg, i.p.) and FLX (10 mg/kg,
5 ml/kg, i.p.) treatment. Mice were treated once per day from P4 to P21.
After weaning, mice were housed separately according to sex and ran-
domly mixed for treatment.

Bioamine levels. We measured tissue DA, 3,4-dihydroxyphenylacetic
acid (DOPAC), and homovanillic acid (HVA) levels using high-
performance liquid chromatography (HPLC). Mice were injected with
anesthetic and killed via cervical dislocation. Brains were dissected on ice.
Frontal brain pieces containing the striatum and frontal cortex but not
the hippocampus or brain pieces containing only the dorsal striatum or
frontal cortex were dissected and placed into Eppendorf tubes containing
250 �l HeGA buffer [catecholamine/monoamine preservative solution
containing 0.1 M glacial acetic acid, 0.1 mM EDTA (American Chemical
Society grade reagent; 99.4 –100.06%), and 0.12% oxidized L-gluta-
thione, pH adjusted with filtered NaOH to 3.70]. Brains were homoge-
nized manually using a pestle. Tissue was placed in dry ice and stored
temporally at �20°C. For archival storage, tubes were stored at �80°C,
ready to be processed by HPLC. The supernatant was filtered using a 0.2
�m nylon filter, and a 50 �l aliquot was prepared for HPLC processing.
The HPLC program was a 27 L pickup (Model 582 Solvent Delivery
System and Model 542 Autosampler Model 5600A, Esa; ChromSep
HPLC SS 100 � 3.0 mm including guard column, Varian; ODS-3, Inter-
sil), using electrochemical detection (CoulArray Detector Microdialysis
Cell 5014A, Esa). The mobile phase was a 75, mM sodium phosphate
buffer containing 10% acetonitrile, 25 mM citric acid, 2.2 mM

1-octanesufonic acid sodium salt, 2% methanol, 25 �M EDTA, and 100
�l/l tetraethylammonium, and pumped at a rate of 0.400 ml/min (�1500
psi). CoulArray software was used for data acquisition and analysis using
external standards of 1 �m, 100 nM, 10 nM, and 1 nM. Sample concentra-
tions were normalized for tissue weight.

Immunohistochemistry and stereology. Brains were fixed and sectioned
(40 �m) as described previously (Lira et al., 2003). Immunohistochem-
ical detection of tyrosine hydroxylase (TH) was performed on floating
sections. Sections were rinsed in 0.1 M TBS, incubated in 0.02% H2O2/0.1
M TBS for 10 min, and washed with 0.1 M TBS (three times, 5 min each).
Sections were then blocked for 30 min (3% normal goat serum, 1%
bovine serum albumin, 0.4% Triton X-100, 0.1 M TBS) and subsequently
incubated with rabbit anti-TH affinity-purified polyclonal antibody
(AB152; Millipore Bioscience Research Reagents; 1:10,000) in blocking
solution overnight at 4°C. After washing (three times, 5 min each; 0.1 M

TBS), sections were incubated with biotinylated goat anti-rabbit IgG
(heavy and light chains; BA-1000; Vector Laboratories; 1:400) in block-
ing solution for 2 h at room temperature and subsequently washed again
(three times; 0.1 M TBS). Biotinylated residues were detected using the
Vectastain Elite ABC system (Standard; Vector Laboratories). Sections
were mounted and coverslipped using DPX (Sigma). Sections from pairs
of 5-htt�/� and 5-htt�/� mice were processed and reacted simultane-
ously to reduce assay variability. Antibody and reaction specificity was
determined in control sections omitting the primary antibody.

SNc/ventral tegmental area (VTA) volume, total number of SNc/VTA
DAergic neurons, and their densities were estimated using the fractiona-
tor approach (West et al., 1991) under bright-field microscopy (Leitz
Ergolux light microscope with a Ludl motorized stage) with computer-
assisted sampling (Stereo Investigator version 5.04.3; MircroBright-

Field). The microscope image was captured by a CCD camera (Sony
PowerHAD DXC-970MD) and displayed on a computer monitor. Using
the Preliminary Population Estimate feature of the software, we set the
counting frame at 30 � 30 �m and the sampling grid size at 100 � 100
�m. These parameters yielded between 200 and 300 counts per brain,
with a Schmitz–Hof intrasample coefficient of error averaging 0.075 �
0.006 SD (Schmitz and Hof, 2000). There were no significant differences
in coefficient of error values between genotypes. The SNc/VTA area was
initially identified and traced at 4� magnification and then taken to 40�
magnification, where the optical fractionator was used to perform esti-
mates. Neurons were identified by shape and staining. Upon analyzing all
the sections within a mouse, an estimated SNc/VTA volume, total TH-
positive cell count, and TH-positive cell density were calculated.

Behavioral testing. The open-field test was performed as described pre-
viously (Lira et al., 2003). In short, motor activity was quantify in Plexi-
glas activity chambers (Model ENV-520; Med Associates; length, 43.2
cm; width, 43.2 cm; height, 30.5 cm) equipped with infrared beams lo-
cated 1.5 cm above the chamber floor and spaced 2.5 cm apart to detect
horizontal activity. Vertical activity was detected using another set of
infrared beams affixed 6 cm above the chamber floor and spaced 2.5 cm
apart. Locomotor activity was measured as total ambulatory distance and
total ambulatory time.

The footprint test was performed as described previously (Carter et al.,
1999) with slight modifications. To obtain footprints, the hind feet of the
mice were dipped in nontoxic black paint. The animals were then allowed to
walk on a paper track in a 1-m-long, 10-cm-wide runway with 10-cm-high
walls into an enclosed box. Hind base width and stride length were assessed.

The beam-walking test was performed as described previously (Carter
et al., 1999). The beam was made of wood, 8 mm in diameter, and 1 m
long. The beam was placed horizontally, 50 cm above the bench surface,
with one end mounted on a 10 � 10 cm illuminated support and the
other end attached to a walled-in 20 � 20 cm box into which the mouse
could escape. During training, mice were placed at the start of the beam
and trained over 3 d (four trials per day) to traverse the beam to the
enclosed box. After the third day, all mice had traversed the beam in 20 s
at least once. During testing, mice received three consecutive trials, which
were videotaped. The videos were scored blind to genotype. The latency
to traverse each beam and the number of times the hind feet slipped off
were recorded for each trial. Analysis was based on the mean scores of the
three trials.

The rotarod apparatus (accelerating model; Ugo Basile) was used to
measure motor coordination and balance. Mice were placed individually
on the rotating rotarod system and trained for 6 consecutive days, first in
accelerating speed mode at 0 –20, 0 –30, and 0 – 40 rpm, and then in
constant speed mode at 20, 30, and 40 rpm. Mice received three trials per
day. During training period, all mice attained a stable baseline level of
performance. Testing was performed at 20 and 30 rpm in constant speed
mode. Overall rotarod performance was expressed as latency to fall.

Statistical analysis was performed using StatView 5.0 software (SAS
Institute). Data were analyzed using Student’s t test or one- or two-way
ANOVA. The criterion for significance for all analyses was p � 0.05. The
criterion for a trend was 0.05 � p � 0.1. Post hoc comparisons were
conducted using the Student–Newman–Keuls test. Results from data
analyses are expressed as mean � SEM.

Results
Genetic 5-htt ablation impairs BG-dependent motor behavior
To study the consequences of increased 5-HT signaling on BG
function, we first investigated the effect of 5-htt�/� ablation on
motor behavior using tests that depend on BG function (Brooks
and Dunnett, 2009).

In tests of gait, 5-htt�/� mice displayed reduced stride length
and increased hind base width in the footprint test compared to
5-htt�/� littermates (F(1,33) � 12.142, p � 0.0014 and F(1,33) �
6.015, p � 0.0196, respectively) (Fig. 1a). The within-mouse vari-
ability of stride length and hind base width, a feature commonly
associated with cerebellar dysfunction, did not differ between
genotypes (5-htt�/�, 0.155 � 0.014; 5-htt�/�, 0.183 � 0.015;
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F(1,33) � 1.858, p � 0.1820; and 5-htt�/�, 0.123 � 0.011;
5-htt�/�, 0.114 � 0.009; F(1,33) � 0.375, p � 0.5446, respec-
tively). The beam-walking test required mice to traverse an ele-
vated beam from a lit to a dark compartment. 5-htt�/� mice
displayed an increased latency to cross the beam and an increased
number of foot slips while crossing the beam compared to
5-htt�/� littermates (F(1,20) � 9.444, p � 0.0060 and F(1,20) �
83.814, p � 0.0001, respectively) (Fig. 1b). In the rotarod test,
mice were trained to remain atop a rod rotating at 20, 30, and 40
rpm. We observed that 5-htt�/� mice were quicker to fall in
both the accelerating and constant speed modes (F(1,46) � 52.486,

p � 0.0001 and F(1,46) � 14.568, p � 0.0004, respectively) (Fig.
1c). Hindlimb clasping behavior is a motor dysfunction observed
in mice with reduced DAergic innervation of the striatum and
abnormal striatal development (Cuellar et al., 2008; Baydyuk et
al., 2011; Homma et al., 2011). 5-htt�/� mice exhibited a higher
degree of hindlimb clasping compared to 5-htt�/� littermates
(F(1,47) � 21.446, p � 0.0001), with increased clasping over
time as revealed by an interaction between genotype and time
(F(5,235) � 22.485, p � 0.0001) (Fig. 1d). To rule out potential
confounds of body weight and muscular strength, we assessed
each parameter in 5-htt�/� and 5-htt�/� mice and found no
differences in either weight or grip strength (weight in footprint
test group, F(1,33) � 3.517, p � 0.0696; weight in beam-walking
test group, F(1,20) � 3.348, p � 0.0823; weight in rotarod test
group, F(1,45) � 3.397, p � 0.0719; grip strength, F(1,19) � 0.366,
p � 0.5526) (Fig. 1e,f).

All testing was done in adult mice, but given the constitutive
nature of genetic ablations, we sought to assess the ontogeny of
the 5-htt�/� motor deficit. In the rotarod test, we performed
longitudinal and cross-sectional studies of 5-htt�/� mice at var-
ious ages. In the longitudinal study, we tested one cohort of mice
repeatedly at increasing ages and detected a main effect of geno-
type (F(1,32) � 14.986, p � 0.0005) but behavioral differences
manifested themselves only at 14 weeks of age (as identified by
post hoc comparisons) (Fig. 2a). Motor performance worsened
with age for both genotypes, as revealed by a main effect of time
(F(9,288) � 13.124, p � 0.0001), with a more rapid and severe
decrease in performance seen in 5-htt�/� mice compared to
5-htt�/� mice, as revealed by an interaction between genotype
and age (F(9,288) � 5.155, p � 0.0001) (Fig. 2a). In the cross-
sectional study, we tested multiple independent cohorts of mice
at different ages. Again, progressive worsening of motor function
in 5-htt�/� mice compared to 5-htt�/� mice was observed,
with no effect of genotype at 12 weeks of age (F(1,56) � 0.324, p �
0.5712), an effect of genotype at 16, 38, and 56 weeks of age
(F(1,56) � 5.531, p � 0.0222; F(1,30) � 19.99, p � 0.0001; and
F(1,20) � 3060.399, p � 0.0001, respectively), and effect sizes in-
creasing with age (Fig. 2a). Because both genotypes were equally
trained before the onset of motor dysfunction, motor learning
deficits are unlikely to account for this phenotype.

In a longitudinal beam-walking study, we tested one cohort of
mice repeatedly at increasing ages and detected a main effect of
genotype (F(1,29) � 23.654, p � 0.0001), with behavioral differ-
ences manifesting themselves at 10 weeks of age (as identified by
post hoc comparisons) (Fig. 2b). Motor performance worsened
with age for both genotypes, as revealed by a main effect of time
(F(13,377) � 4.653, p � 0.0001), with a more rapid and severe
decrease in performance seen in 5-htt�/� mice compared to
5-htt�/� mice, as revealed by an interaction between genotype
and age (F(13,377) � 2.294, p � 0.0063) (Fig. 2b).

In the longitudinal assessment of clasping behavior, we tested
one cohort of mice repeatedly at increasing ages and detected a
main effect of genotype (F(1.47) � 7.578, p � 0.0084), with behav-
ioral differences manifesting themselves at 9 weeks of age (as
identified by post hoc comparisons) (Fig. 2c). Clasping behavior
increased with age for both genotypes as revealed by a main effect
of time (F(6,282) � 8.67, p � 0.0001) (Fig. 2c).

5-HTT inhibition during early postnatal development does
not impair BG-dependent motor behavior
Similar to the ontogeny of motor deficits in 5-htt�/� mice, de-
velopmental 5-HTT blockade from P4 to P21 alters emotional
behavior with a delayed onset at 3 months of age (Ansorge et al.,

Figure 1. Impaired motor behavior in 5-htt�/� mice. a– d, BG-dependent motor behav-
ior in 5-htt�/� mice was assessed using the footprint test (a), the beam-walking test (b), the
rotarod test (c), and the clasping test (d). a, 5-htt�/� mice display reduced stride length (left)
and increased hind base width (right) compared to 5-htt�/� control mice (n � 17–18 mice
per group). b, 5-htt�/� mice displayed an increased latency to cross the beam (left) and an
increased number of foot slips while crossing the beam (right) compared to 5-htt�/� control
mice (n � 6 –16 mice per group). c, In the rotarod test, 5-htt�/� mice were quicker to fall in
both, the accelerating (left) and constant speed (20 rpm, right) modes compared to 5-htt�/�
control mice (n � 22–26 mice per group). d, 5-htt�/� mice display increased clasping be-
havior compared to 5-htt�/� control mice (left), with increased clasping over time (right)
(n � 23–26 mice per group). e, Body weights did not differ between genotypes in the behav-
ioral cohorts. f, Muscular strength as assessed in the grip strength test did not differ between
genotypes (n � 6 –15 mice per group). *p � 0.05; **p � 0.01; ***p � 0.001.
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2004, 2008). To test whether motor deficits in adult 5-htt�/�
mice also result from developmental inhibition of 5-HTT func-
tion, we first investigated the effect of FLX treatment from P4
to P21 in 5-htt�/� and 5-htt�/� mice on motor behavior in the
rotarod test. Postnatal FLX (PNFLX) treatment did not affect
motor behavior in 5-htt�/� or 5-htt�/� mice before or after the
onset of the genotype effect (F(1,53) � 0.153, p � 0.6971 and F(1,53)

� 0.459, p � 0.501, respectively) (Fig. 3a).
Next, we first investigated the effect of FLX treatment from P4 to

P21 in 5-htt�/� and 5-htt�/� mice on clasping behavior. PNFLX
treatment did not affect clasping behavior in 5-htt�/� or 5-htt�/�
mice at 3 months of age (F(1,51) �0.007, p�0.9346), with a genotype
effect present (F(1,51) � 7.446, p � 0.0087) (Fig. 3b).

Together, these findings partially dissociate the affective phe-
notype present in 5-htt�/� mice (Holmes et al., 2003; Lira et al.,
2003) from their motor phenotype.

Chronic 5-HTT blockade during adulthood impairs
BG-dependent motor behavior
Our data imply that the motor phenotype is elicited by 5-HTT
blockade during adulthood. To test this hypothesis, we analyzed
motor behavior on the rotarod test in adult mice as a function of
pharmacologic 5-HTT blockade. Mice treated acutely with FLX
(10 mg/kg) displayed normal rotarod performance compared to

VEH-treated controls (F(1,58) � 0.955,
p � 0.3326) (Fig. 4a). Mice treated con-
tinuously with FLX (10 mg/kg/d) dis-
played impaired rotarod performance
compared to VEH-treated controls (F(1,28)

� 22.335, p � 0.0001) (Fig. 4a). We also
detected an interaction between treatment
and treatment duration (F(9,252) � 3.263,
p � 0.0009) (Fig. 4a). Post hoc analysis
revealed that chronic (at least 2 weeks)
FLX treatment reduced the latency to fall
and that impaired rotarod performance
was reversed after cessation of chronic
FLX treatment (Fig. 4a).

Similarly, clasping behavior was not
elicited by acute FLX treatment (F(1,11) � 0.008, p � 0.9307) but
by chronic FLX treatment (F(1,28) � 19.245, p � 0.0001) (Fig. 4b).
Again, we detected an interaction between treatment and treatment
duration (F(3,84) � 3.006, p � 0.0348) (Fig. 4b). Post hoc analysis
revealed that chronic (at least 2 weeks) FLX treatment elicited
clasping behavior and that motor impairments are ameliorated
after cessation of chronic FLX treatment (Fig. 4b).

In addition, chronic FLX treatment elicited motor impair-
ments in the rotarod test in a dose-dependent fashion at 20 and 30
rpm (F(3,34) � 3.254, p � 0.0335 and F(3,34) � 5.444, p � 0.0036,
respectively) (Fig. 5a). To test whether chronic FLX elicits motor
impairments through 5-HTT blockade as opposed to off-target
effects, we treated 5-htt�/� and 5-htt�/� mice with FLX (10
mg/kg/d, drinking water) and investigated rotarod performance.
We detected an interaction between genotype and treatment at 20
and 30 rpm (F(1,44) � 9.801, p � 0.0031 and F(1,44) � 12.171, p �
0.0011, respectively) (Fig. 5b). Post hoc analysis revealed that
chronic FLX treatment reduced the latency to fall in 5-htt�/�
mice without worsening rotarod motor behavior in 5-htt�/�
mice (Fig. 5b), demonstrating that the effect of FLX is mediated
via 5-HTT blockade. In addition, motor deficits do not resemble
a serotonin syndrome-like phenotype—which is characterized by
head weaving, forepaw treading, backward movement, hindlimb

Figure 2. Progressive motor deficit in 5-htt�/� mice. a– c, BG-dependent motor behavior in 5-htt�/� mice as a function of age was assessed using the rotarod test (a), the beam-walking
test (b), and the clasping test (c). a, Rotarod performance progressively worsened with age in 5-htt�/� mice compared to 5-htt�/� control mice in a longitudinal study (20 rpm; top; n � 17 per
group). Four independent cohorts of mice were tested at 12 weeks of age (n � 29 –29 mice per group), 16 weeks of age (n � 29 –29 per group), 38 weeks of age (n � 15–17 per group), and 56
weeks of age (n � 6 –16 mice per group) at 20 rpm as indicated (bottom). No effect was detected at 12 weeks of age. An effect of genotype was detected at 16, 38, and 56 weeks of age, and effect
sizes increase with age. b, Beam-walking performance progressively worsened with age in 5-htt�/� mice compared to 5-htt�/� control mice (n � 14 –17 per group). c, Clasping behavior
progressively increased with age in 5-htt�/� mice compared to 5-htt�/� control mice (n � 22–27 per group). The dotted line indicates reduced n compared to previous ages. *p � 0.05; **p �
0.01; ***p � 0.001.

Figure 3. Transient developmental 5-HTT blockade does not produce motor deficits. a, b, BG-dependent motor behavior in
PNFLX and 5-htt�/� mice was assessed using the rotarod test (a) and the clasping test (b). a, No effect of P4 –P21 FLX treatment
was detected on the latency to fall before (12 week old; 20 rpm) or after the onset of the genotype effect (16 weeks old; 20 rpm; n�
13–16 mice per group). b, No effect of P4 –P21 FLX treatment was detected on clasping behavior at 3 months of age, with an effect
of genotype present (n � 13–14 mice per group). **p � 0.01.
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abduction, and Straub tail—and are pres-
ent in multiple genetic background strains
(C57BL/6, VEH, 552.167 � 22.813;
C57BL/6, FLX, 444.13 � 38.395, F(1,59) �
10.17, p � 0.0023; BALB/C, VEH,
243.603 � 13.672; BALB/C, FLX,
196.824 � 16.916; F(1,36) � 4.498, p �
0.0409). Together, these findings demon-
strate that chronic 5-HTT blockade dur-
ing adulthood elicits motor deficits and
that the emotional and motor phenotypes
of the 5-htt�/� mice are fully dissociable.

Chronic 5-HTT inhibition reduces
striatal DA and DA metabolite levels
The progressive deterioration of motor
behavior in 5-htt�/� mice suggests that neurodegeneration of
DAergic neurons might underlie this behavioral phenotype. But
because motor behavior normalizes after cessation of 5-HTT
blockade, we hypothesized that reduced nigrostriatal DA signal-
ing without neurodegeneration constitutes the underlying mech-
anism generating motor deficits after increased 5-HT signaling.
In support of this hypothesis, electrolytic lesions of the dorsal and
median raphe nuclei increase striatal levels of the DA metabolites
DOPAC and HVA in rats (Juorio and Greenshaw, 1986).

To test this hypothesis, we first quantified TH-positive neu-
rons in the SNc and VTA of 5-htt�/� and 5-htt�/� mice. In-
deed, stereologic analysis revealed no differences in SNc and VTA
volume, number of TH-positive neurons, and density of TH-
positive neurons in the SNc and VTA between 5-htt�/� and
5-htt�/� mice (F(1,10) � 2.207, p � 0.1682; F(1,10) � 0.817, p �
0.3873; and F(1,10) � 0.133, p � 0.7228, respectively) (Table 1).

Next, we analyzed DA and DA metabolite levels (DOPAC and
HVA) in frontostriatal tissue of 5-htt�/� and 5htt�/� mice.
HPLC measurements revealed that mice with constitutive 5-htt
ablation (5-htt�/�) exhibited significantly lower DOPAC and
HVA levels in frontostriatal regions and a trend toward reduced
DA compared to 5-htt�/� littermate controls (F(1,12) � 8.684,
p � 0.0122; F(1,12) � 17.808, p � 0.0012; and F(1,12) � 4.563, p �
0.054, respectively) (Fig. 6a). To investigate a potential dissocia-
tion of this phenotype from the impact of 5-htt ablation on adult
emotional behaviors (Ansorge et al., 2004), we next analyzed the
consequences of PNFLX treatment on adult DA and DA metab-
olite levels. Indeed, we detected a dissociation, with PNFLX treat-
ment not affecting DA, DOPAC, or HVA levels compared to
VEH-treated littermate controls (Fig. 6b). Finally, we analyzed
DA, DOPAC, and HVA content in frontostriatal tissue of mice
treated with FLX for 3 weeks (oral 10 mg/kg/d) and found re-
duced DA and DOPAC levels in FLX-treated mice compared to
their VEH-treated littermates (F(1,14) � 6.376, p � 0.0243 and
F(1,14) � 6.712, p � 0.0214, respectively) (Fig. 6c), indicating a
reduction in the readily releasable pool of DA and reduced DA
release/reuptake after chronic 5-HTT blockade.

To discriminate effects of increased 5-HT signaling on the
mesolimbic and nigrostriatal system, we next assessed DA,
DOPAC, and HVA levels separately in the frontal cortex and
dorsal striatum of mice treated with VEH or FLX for 3 weeks (oral
10 mg/kg/d). DA, DOPAC, and HVA levels in the frontal cortex
were not affected by treatment (F(1,13) � 0.4, p � 0.757; F(1,13) �
0.5541, p � 0.369; and F(1,13) � 0.5699, p � 0.34, respectively)
(Fig. 6d). However, chronic FLX treatment reduced DA and
DOPAC levels in the dorsal striatum compared to VEH treatment
(F(1,14) � 5.684, p � 0.0318 and F(1,14) � 7.252, p � 0.0175,

respectively) (Fig. 6e). These data demonstrate that chronic
5-HTT blockade during adulthood preferentially inhibits DA sig-
naling in the nigrostriatal system in mice.

l-DOPA treatment reverses motor deficits elicited by chronic
5-HTT inhibition
We reasoned that if reduced 5-HTT activity impairs motor func-
tion by reducing the pool of readily releasable DA and subsequent
DA signaling, we should be able to augment DA release with
L-DOPA and normalize motor behaviors. Mice treated with VEH
or FLX for 3 weeks were acutely administered L-DOPA/bensera-
zide (15/12.5 and 100/12.5 mg/kg, i.p.) or VEH. Four hours after
the benserazide injection, rotarod performance was assessed, and we
detected a main effect of L-DOPA/benserazide for the latency to fall
at 20 and 30 rpm (F(2,26) � 3.647, p � 0.0402 and F(2,26) � 3.445, p �
0.0471, respectively) (Fig. 7a,b). Post hoc analysis revealed that

Figure 4. Chronic FLX treatment during adulthood produces motor deficits. a, b, Motor behavior was evaluated using the
rotarod test (a) and the clasping test (b). a, No effect of acute FLX treatment was detected on the latency to fall in a cross-sectional
(box; n � 30 mice per group; 20 rpm) or longitudinal study (n � 15 mice per group; 20 rpm). Chronic FLX treatment reduced the
latency to fall starting after 2 weeks of treatment, and performance normalized after cessation of FLX treatment (n � 15 mice per
group; 20 rpm). b, No effect of acute FLX treatment was detected on clasping behavior (n � 5– 8 mice per group). Chronic FLX
treatment increased clasping behavior starting after 2 weeks of treatment, and cessation of FLX treatment reduced clasping
behavior (n � 15 mice per group). *p � 0.05; **p � 0.01; ***p � 0.001.

Figure 5. Chronic 5-HTT blockade during adulthood produces motor deficits. Motor behavior
was evaluated using the rotarod test. a, Chronic FLX treatment reduces the latency to fall in a
dose-dependent manner at 20 and 30 rpm (n � 9 –10 mice per group). b, Chronic FLX treat-
ment does not reduce the latency to fall in 5-htt�/� mice (n � 10 –14 mice per group). *p �
0.05; **p � 0.01; ***p � 0.001.

Table 1. Normal SNc/VTA volume, DAergic cell number, and DAergic cell density in
5-htt�/� mice

Volume (mm 3) Total number Density (mm �3)

5-htt�/� 1.041e8 � 0.062e8 3289 � 157 3.179e5 � 0.118e5
5-htt�/� 0.944e8 � 0.020e8 3074 � 179 3.247e5 � 0.150e5

Tyrosine hydroxylase-positive neurons were quantified using stereology. n � 6 mice per group.
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chronic FLX impairs motor performance, and L-DOPA/benserazide
rescues this impairment at both doses (Fig. 7a,b). Next, we treated
5-htt�/� and 5-htt�/� mice with L-DOPA/benserazide (100/12.5
mg/kg, i.p.) or VEH and observed a significant improvement of ro-
tarod performance in 5-htt�/� mice treated with L-DOPA. Specif-
ically, we detected a genotype by treatment interaction on the latency
to fall for 20 rpm and a treatment effect for 30 rpm (F(1,30) � 14.133,
p � 0.0007 and F(1,30) � 7.2, p � 0.0177, respectively) (Fig. 7c,d).
Post hoc comparisons revealed an effect of genotype in VEH-
treated mice but not in benserazide/L-DOPA-treated mice and an
effect of treatment in 5-htt�/� but not in 5-htt�/� mice at both 20
and 30 rpm (Fig. 7c,d). To investigate whether benserazide/
L-DOPA treatment impacts general locomotor activity, we analyzed
behavior in the open-field test. While we detected the previously
described effect of genotype (F(1,74) � 4.46, p � 0.0381) with
5-htt�/� mice displaying a reduction in total ambulatory dis-
tance, no effect of benserazide/L-DOPA treatment or genotype by
treatment interaction was detected (F(1,74) � 1.043, p � 0.3105 and

F(1,74) � 0.036, p � 0.8495, respectively)
(Fig. 7e). Likewise, benserazide/L-DOPA
did not alter stereotypic activity, as we de-
tected no treatment effect or genotype by
treatment interaction (F(1,74) � 1.766, p �
0.188 and F(1,74) � 0.264, p � 0.6087, re-
spectively) (Fig. 7f). These data support our
hypothesis that 5-HT-induced motor dys-
function is mediated by reduced nigrostria-
tal DA signaling and rule out cerebellar
dysfunction, because cerebellar ataxias re-
spond poorly to anti-Parkinson drugs (Gil-
man, 2004).

Discussion
Our data demonstrate that chronic
5-HTT blockade impairs BG-dependent
motor behavior and reduces striatal DA
and DA-metabolite levels. Behavioral res-
cue through L-DOPA treatment indicates
a causal relationship, where 5-HTT block-
ade results in reduced nigrostriatal DA
signaling to consequently impair motor
function.

5-HT signaling and DAergic control of
BG function
In the classic model, DA regulates BG
function by modulating the direct and in-
direct pathway via projections from the
SNc to the striatum. The direct pathway is
under positive control through D1 recep-
tors, whereas the indirect pathway is un-
der negative control through D2
receptors. Increased striatal DA signaling
disinhibits thalamocortical circuits both
through activation of the direct pathway
and inhibition of the indirect pathway;
conversely, reduced DA tone inhibits
thalamocortical circuits both through re-
duced activation of the direct pathway
and reduced inhibition of the indirect
pathway (Kravitz et al., 2010).

We found that increased 5-HT signal-
ing through chronic blockade of 5-HTT
function reduces the pool of readily re-

leasable DA in the striatum. Reduced striatal DOPAC levels after
chronic 5-HTT blockade further suggest reduced striatal DA sig-
naling as a consequence. Consistent with this conclusion, we find
BG-dependent motor behaviors to be impaired after chronic
5-HTT blockade and demonstrate reversibility of motor deficits
through L-DOPA treatment. Because L-DOPA treatment is gen-
erally not efficacious for disorders based on selective dysfunction
in either the direct or indirect pathway (Watts and Koller, 2004),
our data indicate that chronic 5-HTT blockade leads to increased
5-HT signaling, modulating BG function at the level of the DAer-
gic tone provided to both the direct and indirect pathway. Inter-
estingly, wild-type animals usually metabolize L-DOPA to
DOPAC without affecting DA levels, but L-DOPA can restore DA
transmission in DA-depleted animals by replenishing vesicular
pools (Buu, 1989; Zhou and Palmiter, 1995). Thus, our data in-
dicate that chronic 5-HTT blockade partially depletes vesicular
DA levels, which can be restored by systemic L-DOPA treatment.

Figure 6. 5-HTT blockade reduces DA and DA metabolite levels in frontostriatal regions. a– e, DA, DOPAC, and HVA levels were
measured by high-performance liquid chromatography in 5-htt�/� mice (a), after transient developmental 5-HTT blockade
(FLX; 10 mg/kg/d, i.p.; P4 –P21; b), and after chronic fluoxetine treatment (FLX; 10 mg/kg/d; drinking water; c– e). Total fronto-
striatal (a–c), frontal cortex (d), and dorsal striatal (e) levels were assessed. DOPAC and HVA levels, normalized by tissue weight,
decrease after constitutive genetic 5-htt ablation (a). No changes of DA, DOPAC, or HVA levels, normalized by tissue weight, were
detected after transient developmental 5-HTT blockade (b). DA and DOPAC levels, normalized by tissue weight, decrease
after chronic FLX treatment in frontal–striatal (c) and dorsal–striatal (e) tissue samples. n � 6 –13 mice per group. *p �
0.05; **p � 0.01.
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This vesicular DA depletion hypothesis is consistent with the
crowding-out effect described after 5-HTT blockade, when 5-HT
is taken up by the dopamine transporter (DAT) into DAergic
neurons (Cases et al., 1998; Zhou et al., 2002, 2005). Promiscuous
5-HT reuptake by the DAT can also explain the specific effect of
5-HTT blockade on striatal but not frontal cortex DA and
DOPAC levels, because DAT immunoreactivity is high in the
striatum and sparse in the frontal cortex (Sesack et al., 1998).
Thus, we predict that under conditions of reduced 5-HTT func-
tion, L-DOPA treatment shifts the intracellular DA/5-HT ratio of
SNc DAergic neurons back toward DA and reverses its vesicular
displacement.

Yet, the relatively small reduction in striatal DA and DOPAC
levels is unlikely to explain the quantitative extent of motor im-
pairment observed after 5-HTT blockade. 5-HT receptors lo-
cated in the BG likely play a role in conjunction with vesicular DA
depletion to elicit BG dysfunction. Because many different 5-HT
receptors are expressed in the BG, identification of their contri-
bution to 5-HTT blockade-elicited motor impairments will re-
quire a screening-like approach, potentially yielding therapeutic
targets for SSRI supplementation. The total reversal of behavioral
deficits by L-DOPA indicates that such treatment might not only
reverse vesicular DA depletion, but also decrease 5-HTergic sig-
naling through specific 5-HT receptors in the BG. Another “false
neurotransmitter”-related mechanism could accomplish such
feat: “false DA” generated from L-DOPA by the aromatic amino-
acid decarboxylase in 5-HTergic neurons (Carta et al., 2008)
could reduce 5-HTergic signaling and contribute to the behav-

ioral recovery. Thus, L-DOPA might replenish vesicular DA and
reduce vesicular 5-HT.

Abnormal motor and affective behaviors in 5-htt�/� mice
are dissociable
5-htt�/� mice display increased anxiety- and depression-like
behaviors (Holmes et al., 2003; Lira et al., 2003; Zhao et al., 2006;
Wellman et al., 2007). Here we report that 5-htt�/� mice also
display BG-dependent motor deficits. Because dependent mea-
sures in behavioral tasks often are influenced by multiple factors,
behavioral data can be vulnerable to misinterpretation. We fur-
ther report that BG-dependent motor deficits are phenocopied
by chronic adult 5-HTT blockade, but not by transient develop-
mental 5-HTT blockade. Conversely, increased anxiety- and
depression-like behaviors of 5-htt�/� mice are phenocopied by
transient developmental 5-HTT blockade, but not by chronic
adult 5-HTT blockade (Ansorge et al., 2004, 2008; Popa et al.,
2008). This double dissociation supports our interpretation of
the motor-related phenotypes reported here and corroborates
the interpretation of published affective phenotypes for 5htt�/�
and PNFLX-treated mice.

Clinical implications
Reduced DA signaling following chronic SSRI administration
may underlie several SSRI induced side effects and might lower
therapeutic response rates (Damsa et al., 2004). Our findings
reported here provide substantial support for this hypothesis.
The impaired BG-dependent motor function after chronic
5-HTT blockade that we observed directly models EPSs elicited
by 5-HTT-blocking drugs in humans (Arya, 1994; Leo, 1996;
Caley, 1997; Gill et al., 1997; Lane, 1998; Hedenmalm et al., 2006;
Madhusoodanan et al., 2010). Our data suggest that concurrent
treatment with drugs augmenting nigrostriatal DA signaling
might ameliorate EPSs.

Using motor function as a behavioral proxy for nigrostriatal
DA signaling and BG function, our results provide insight into
potential treatment strategies for other BG-related diseases. At a
macrocircuit level, striatonigrostriatal pathways from the nu-
cleus accumbens shell to the dorsolateral striatum form an as-
cending network interconnecting different functional regions of
the striatum in a feedforward organization (Haber et al., 2000).
Through respective parallel BG outputs to thalamocortical neu-
rons, this connectivity allows information to flow from limbic to
cognitive to motor circuits (Middleton and Strick, 2000; Haber,
2003; Haber and Calzavara, 2009). This architecture explains
how BG function is not only involved in the control of motor
coordination, but also in the modulation of goal-directed motor
function through emotions, motivation, and cognition. Hence,
SSRI treatment might impact these processes analogously to its
consequences on motor coordination described here. While this
hypothesis remains to be tested, it is supported by the efficacy of
SSRIs in the treatment of disorders with impaired inhibition of
thoughts and behaviors, such as obsessive-compulsive disorder,
where increased DAergic tone and frontostriatal hyperactivity are
thought to cause symptoms (Marsh et al., 2009).

Because 5-HT/DA interaction in BG circuitry controls motor
actions as well as thoughts and emotions, it will be important to
identify and target molecules that augment nigrostriatal DA sig-
naling to provide improved pharmacotherapy for patients suffer-
ing from diseases as diverse as movement disorders, disorders
with impaired inhibition of thoughts and/or behaviors, and de-
pression and/or anxiety.

Figure 7. L-DOPA treatment reverses motor deficits elicited by 5-HTT blockade. a–f, Motor
behavior was evaluated using the rotarod test (a– d) and the open-field test (e, f ). FLX-treated
mice displayed a reduced latency to fall compared to VEH-treated controls only when treated
with VEH but not when treated with L-DOPA/benserazide (15/12.5 and 100/12.5 mg/kg, i.p) at
20 rpm (a) and at 30 rpm (b; n � 7– 8 mice per group). 5-htt�/� mice displayed a reduced
latency to fall compared to 5-htt�/� littermates only when treated with VEH but not when
treated with L-DOPA/benserazide (100/12.5 mg/kg, i.p) at 20 rpm (c) and at 30 rpm (d; n �
14 –18 mice per group). e, f, L-DOPA/benserazide treatment did not affect behavior in the
open-field test (n � 13–24 mice per group). *p � 0.05; **p � 0.01.
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