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SUMMARY

Monoaminergic modulation of cortical and thalamic
inputs to the dorsal striatum (DS) is crucial for
reward-based learning and action control. While
dopamine has been extensively investigated in this
context, the synaptic effects of serotonin (5-HT)
have been largely unexplored. Here, we investigated
how serotonergic signaling affects associative
plasticity at glutamatergic synapses on the striatal
projection neurons of the direct pathway (dSPNs).
Combining chemogenetic and optogenetic ap-
proaches reveals that impeding serotonergic
signaling preferentially gates spike-timing-depen-
dent long-term depression (t-LTD) at thalamostriatal
synapses. This t-LTD requires dampened activity of
the 5-HT4 receptor subtype, which we demonstrate
controls dendritic Ca2+ signals by regulating BK
channel activity, and which preferentially localizes
at the dendritic shaft. The synaptic effects of 5-HT
signaling at thalamostriatal inputs provide insights
into how changes in serotonergic levels associated
with behavioral states or pathology affect striatal-
dependent processes.

INTRODUCTION

The dorsal striatum (DS) of the basal ganglia (BG) plays a critical

role in voluntary movement, learning, and motivation. It also rep-

resents the primary site of dysfunction in psychomotor diseases

such as Parkinson’s disease (PD), drug addiction, and obses-

sive-compulsive disorders (OCDs). The DS receives glutamater-

gic excitatory inputs from the cortex and thalamus. These inputs

converge on striatal projection neurons (SPNs) of the direct

(dSPN) and indirect (iSPN) pathways, which exert opposing con-
trol over motor output and hedonic states. While dSPNs stimu-

late movement, reinforcement, and reward, iSPNs inhibit move-

ment and mediate punishment and aversion (Kravitz et al., 2010,

2012; Tecuapetla et al., 2016; Vicente et al., 2016).

It is increasingly clear that encoding of action selection at stria-

tal circuits requires regulation of SPN activity and plasticity (Kra-

vitz et al., 2012; O’Hare et al., 2016; Sippy et al., 2015). While the

neuromodulatory signaling mechanisms controlling iSPN synap-

tic plasticity, especially long-term-depression (LTD), have been

studied extensively, identifying parallel mechanisms in dSPNs

has proven more difficult (Zhai et al., 2018). One of the most

important neuromodulatory inputs to the striatum is dense dopa-

minergic innervation from the substantia nigra (Tritsch and Saba-

tini, 2012). In particular, dSPNs expressing the Gs-coupled D1

dopamine (DA) receptors (D1R) are stimulated by dopaminergic

signaling. In the presence of behaviorally relevant stimuli, DA is

thought to reinforce motor actions that result in reward out-

comes through the potentiation of corticostriatal synapses

formed on dSPNs. Recent evidence indicates that DA depletion

specifically weakens thalamic connections to dSPNs, but not to

cortical afferents to these neurons (Parker et al., 2016). This

weakening, which does not occur in iSPNs, is directly associated

with motor abnormalities.

In addition to dopaminergic afferents, serotonergic inputs

from the medial and dorsal raphe nucleus (DRN) modulate the

activity of SPNs, affecting striatal function and consequently be-

haviors, includingmotor andmotivational goal-directed behavior

(Mathur and Lovinger, 2012). Serotonergic neurons of the DRN

fire coincidently with the initiation and termination of selected

voluntary movements, whereas reduction in DRN activity to

baseline or below is associated with pauses in motor sequences

(Fornal et al., 1996; Jacobs and Fornal, 1999). The evidence that

striatal serotonin (5-HT) influences action control is consistent

with the dysfunction of the 5-HT system described in OCD and

with the use of selective serotonin reuptake inhibitors (SSRIs)

for treatment of this disorder (Goddard et al., 2008).

In the DS, 5-HT acts on diverse receptors on both presynaptic

and postsynaptic circuit elements (Mathur and Lovinger, 2012).
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Depending on their localization, striatal 5-HT receptors initiate

transduction through several Gi/o-, Gq/11-, and Gs protein-

dependent and -independent pathways (Hannon and Hoyer,

2008). The specific responses to 5-HT may also be contingent

upon crosstalk with other receptor types. In dSPNs, the tempo-

ral, combinational logic of serotonergic and D1R-mediated

signaling may shape the net synaptic output, depending on the

relative balance of these two neuromodulators. It has been re-

ported that increased concentrations of 5-HT in the striatum

reduce glutamate release at corticostriatal afferents by acti-

vating presynaptic Gi-coupled 5-HT1b receptors (Mathur et al.,

2011). 5-HT can also facilitate the release of DA from dopami-

nergic projections (Navailles and De Deurwaerdère, 2011).

Despite their potential implications for BG function and for path-

ological conditions characterized by hypo-serotonergic states,

the synaptic effects of reduced striatal 5-HT signaling remain un-

explored. Neither is it known whether there is any input speci-

ficity for 5-HT modulation at corticostriatal and thalamostriatal

synapses.

In the current study, we investigated the effect of impeding

5-HT release, and thereby serotonergic signaling, on timing-

dependent synaptic plasticity in dSPNs. This allowed us to

describe cellular mechanisms underlying the input-specific

impact of 5-HT at thalamostriatal synapses.

RESULTS

Chemogenetic Inhibition of 5-HT Release Gates t-LTD at
Glutamatergic Afferents to dSPNs
To determine how plasticity is modulated at glutamatergic

inputs on dSPNs of the dorsolateral striatum (DLS), we recorded

excitatory postsynaptic potentials (EPSPs) following intrastriatal

stimulation. Intrastriatal stimulation likely activates cortical and

thalamic afferents as well as dopaminergic and serotonergic

fibers (Figure 1) (Shen et al., 2015; Threlfell et al., 2012; Wu

et al., 2015). dSPNs were selected through their negative resting

membrane potential and firing properties (Kreitzer and Malenka,

2007; Nazzaro et al., 2012). After recording, dSPN cell identity

was confirmed by immunostaining for the specific marker sub-

stance P, and the lack of immunoreactivity for the iSPN marker

A2A (Figure 1A) (Nazzaro et al., 2012; Trusel et al., 2015).

We investigated long-lasting changes in EPSPs induced upon

a spike-timing-dependent plasticity paradigm (STDP) (Shen

et al., 2008). As previously shown (Shen et al., 2008, 2015), a

post-pre STDP protocol (Figure 1B), in which the postsynaptic

spike preceded the presynaptic stimulation, did not induce plas-

ticity in this SPN subpopulation (96% ± 4% of baseline, n = 8,

p > 0.05; Figure 1B). Previous studies show that this STDP pro-

tocol leads to long-term synaptic depression (t-LTD) in dSPNs

when either D1R is inhibited or striatal DA is depleted (Shen

et al., 2008, 2015). The effects of decreased 5-HT signaling at

glutamatergic dSPN synapses during STDP remain to be deter-

mined, however.

Toaddress the role of 5-HT,wemanipulated its release chemo-

genetically. We used a newly generated transgenic DREADD

(designer receptors exclusively activated by designer drugs)

mouse line (hM4Di+/�/Pet1210-Cre) obtained by crossing the

Pet1210-Cre transgenic mice (Pelosi et al., 2014) with hM4Di
802 Neuron 98, 801–816, May 16, 2018
knockin mice expressing the DREADD hM4Di receptor (hM4DiR)

fused in-framewith themCherry reporter and flanked by two sets

of Lox sites (i.e., LoxP/Lox2722) (Figure S1A). Upon Cre-medi-

ated somatic recombination, the double-floxed DREADD

sequence is effectively inverted, leading to transcription of the

inhibitory hM4DiR in Pet1210-expressing 5-HT neurons. In brain

slices from hM4Di+/�/Pet1210-Cre mice, these neurons and their

projections can be identified by the expression of themCherry re-

porter (Figures S1B and S2A–S2L). We first confirmed that the

hM4DiR silenced serotonergic neurons of the DRN when acti-

vated by its cognate ligand clozapine-N-oxide (CNO; Figures

S1C–S1F). Bath application of CNO (5 mM) significantly

decreased the firing discharge of mCherrypositive, but not

mCherrynegative, neurons (Figures S1D and S1E). CNO did not

affect the firing rate of DRN 5-HT neurons from hM4Di+/�

littermates negative for Pet1210-Cre (Pet1210-Cre
0; Figure S1F).

mCherry- and 5-HT co-immunoreactivity was verified in the

DLS of hM4Di+/�/Pet1210-Cre mice by immunoelectron micro-

scopy (Figures S2M–S2O).We also confirmed the chemogenetic

synaptic silencing of 5-HT release by in vivo 5-HTmicrodialysis in

the DLS of freely moving hM4Di+/�/Petl210-Cre mice and their

control littermates (Figure S3A). In hM4Di+/�/Pet1210-Cre mice,

high K+ (120 mM) infusion in the DLS induced reliable 5-HT

release from serotonergic terminals; the stimulatory effect of

a second high K+ challenge was blunted by the intrastriatal

infusion of CNO (5 mM; p < 0.01; Figure S3B). CNO did not affect

K+-evoked release of 5-HTwhen infused in controlmice (p> 0.05;

Figure S3C). These controls indicate that this model can be used

to effectively silence the synaptic release of 5-HT in the DLS.

We assessed whether 5-HT synaptic silencing in the DLS af-

fects plasticity outcomes by CNO application in hM4Di+/�/
Pet1210-Cre mice (Figure 1). In dSPNs from these mice, t-LTD

occurred in the presence of CNO, but not in the control (5 mM;

74% ± 4% of baseline, n = 8, p < 0.05 versus 95% ± 5% of base-

line, n = 5, p > 0.05; Figure 1C). There were no changes in synap-

tic responses when CNO was applied during a burst pattern of

back propagating action potentials (bAPs) (94% ± 7% of base-

line, n = 5, p > 0.05) or in the absence of the STDP protocol

(93% ± 3% of baseline, n = 8, p > 0.05; Figure S4A). Further,

CNO had no effect when applied during the post-pre STDP para-

digm in naive mice (92% ± 6% of baseline, n = 7, p > 0.05; Fig-

ure S4B). These results indicate that the chemogenetic inhibition

of 5-HT release in the DLS gates t-LTD at glutamatergic afferents

to dSPNs.

Antagonism of 5-HT4R Signaling Enables t-LTD
in dSPNs
Our findings indicate that 5-HT, similar to DA through the

Gs-coupled D1R (Shen et al., 2008), disrupts the induction of

t-LTD in dSPNs. To elucidate the molecular mechanism under-

lying this role, we tested whether inhibiting 5-HT Gs-mediated

signaling allows t-LTD to occur. The striatum contains a high

density of the 5-HT6R and 5-HT4R subtypes, which, like D1R,

are coupled to Gs and are expressed in SPNs (Di Matteo et al.,

2008). Bath perfusion of the 5-HT6R antagonist SB271046

(5 mM) during the post-pre protocol did not promote plasticity

in dSPNs (99% ± 8% of baseline, n = 6, p > 0.05; Figure S4C).

In contrast, delivering the post-pre STDP paradigm in the



Figure 1. Chemogenetic Inhibition of 5-HT

Release in the DLS Promotes the Induction

of t-LTD at dSPN Glutamatergic Synapses

(A) (Top) Experimental configuration in horizontal

brain slices containing the dorsolateral striatum

(DLS). Schematic shows glutamatergic cortical and

thalamic inputs to dSPNs, as well as dopaminergic

and serotonergic afferents, which are recruited

following intrastriatal electrical stimulation. (Bottom)

Confocal laser scanning microscopy images of tri-

ple immunofluorescence for adenosine A2A recep-

tor (A2AR), substance P (SP), and biotin in patch-

recorded neurons.

(B) (Top) The post-pre pairing protocol for the in-

duction of t-LTD. (Bottom) In dSPNs from naive

mice, t-LTD was not induced by the post-pre timing

pairing (dSPN, n = 8, 7 mice; RM1WA F7,44 = 1, p =

0.4).

(C) Experimental configuration in brain slices from

hM4Di+/�/Pet1210-Cre mice, highlighting the 5-HT

terminals (green) originating from the dorsal raphe

nucleus (DRN). In DLS dSPNs from thesemice, bath

perfusion of CNO (5 mM; blue bar) during STDP

gated a form of t-LTD, which was absent under

control conditions (dSPNDREADD + CNO, n = 8, 7

mice; RM1WA F7,44 = 8, p < 0.0001, p < 0.05 Tukey;

dSPNDREADD, n = 5, 5 mice; RM1WA F4,44 = 1.5, p =

0.3; dSPNDREADD + CNO versus dSPNDREADD, *p <

0.05, Mann-Whitney test).

(B andC) In these figures, and in the analogous plots

that follow throughout the manuscript, data are

presented as a time course (mean ± SEM) of

normalized EPSP amplitudes and normalized Rinp.

Scatter plot summarizes the ratios of synaptic re-

sponses after (a) and before (b) the STDP, at the

time points indicated. Insets represent super-

imposed averaged recordings (ten traces) before

and after the delivery of the STDP protocol (vertical

bar) (See also Figures S1–S4.)
presence of the 5-HT4R antagonists GR113808 (5 mM) or

RS39604 (5 mM) revealed t-LTD in the same neuronal subpopu-

lation (GR113808, 79% ± 5% of baseline, n = 8, p < 0.05;

RS39604, 68% ± 4% of baseline, n = 10, p < 0.05; Figure 2A).

Thus, 5-HT4R inhibition recapitulates the synaptic effects of che-

mogenetic inhibition of 5-HT release. Application of either antag-
onist in the absence of the pairing protocol

did not affect glutamatergic synaptic

transmission (GR113808, 94% ± 5% of

baseline, n = 5, p > 0.05; RS39604,

96% ± 4% of baseline, n = 6, p > 0.05;

Figure S4D), confirming that coordinated

postsynaptic and presynaptic activity is

necessary for the induction of t-LTD.

Previous studies demonstrated that in

dSPNs, antagonism of the Gs-coupled

D1R signaling allows endocannabinoid

(eCB) biosynthesis, ultimately leading to

LTD mediated by activation of the presyn-

aptic cannabinoid receptor CB1 (Shen

et al., 2008, 2015). However, this was not
the putative mechanism for antagonism of 5-HT4R signaling,

as the co-application of RS39604 with the CB1R antagonist

AM251 (4 mM) did not prevent t-LTD induction (RS39604 +

AM251, 62% ± 7% of baseline, n = 5, p < 0.05; Figure 2B).

We next investigated the locus of plasticity expression by

recording synaptic responses generated by twin stimuli, before
Neuron 98, 801–816, May 16, 2018 803



Figure 2. Antagonizing the 5-HT4R Subtype Is a Permissive Condition for t-LTD to Occur

(A) t-LTD was observed at glutamatergic dSPN synapses when the post-pre STDP protocol was delivered in the presence of the 5-HT4R antagonists GR113808

or RS39604 (5 mM; GR113808, n = 8, 7mice; RM1WA F7,44 = 7, p = 0.003, p < 0.05 Tukey; RS39604, n = 10, 9mice; RM1WA F9,44 = 14, p < 0.0001, p < 0.05 Tukey;

1WA F2,23 = 10, p = 0.0008, dSPN+ GR113808 versus dSPN, *p < 0.05, dSPN+ RS39604 versus dSPN, ***p < 0.001; Tukey). The two 5-HT4R antagonists were

applied throughout the entire duration of the recording. Solid black line (average) is the time course from Figure 1B, reported here for reference.

(B) t-LTD gated by RS39604 was not blocked by the CB1R antagonist AM251 (4 mM; dSPN + RS39604/AM251, n = 5, 4 mice; RM1WA F4,44 = 10 p = 0.001,

p < 0.05 Tukey; dSPN + AM251/RS39604 versus dSPN + RS39604, p = 0.6, Mann-Whitney test). Solid green line (average) is t-LTD from (A) obtained in the

presence of RS39604, reported here for reference.

(C) t-LTD induced with the post-pre pairing upon application of RS39604 (5 mM)was not associated with changes in paired-pulse ratio (PPR). (Left) Plot shows the

normalized first peak (p1) and second peak (p2) amplitudes of synaptic responses generated by twin stimuli at a 50 ms interval as a function of time (dSPN +

RS39604, n = 6, 5 mice; p1, RM1WA F5,44 = 5 p < 0.0001, p < 0.05 Tukey; p2, RM1WA F5,44 = 6 p < 0.0001, p < 0.05 Tukey). (Right) Boxplot diagram indicates the

PPRs of baseline (black box), and after STDP (red box) at the time points indicated (p = 0.5, paired t test). The values are the minimum, the median (bar inside the

box), and the maximum. PPR is expressed as the ratio between the amplitude of the second and first EPSPs.

(D) In the presence of RS39604, t-LTD was blocked by intracellular application of the endocytosis-disrupting peptides D15 (1.5 mM; dSPN + D15, n = 8, 8 mice;

RM1WA F7,44 = 1.7 p = 0.17) or GluA23Y (100 mg/ml; dSPN + GluA23Y, n = 6, 5 mice; RM1WA F5,44 = 1 p = 0.4). The specificity of action of D15 and GluA23Y was

confirmed by their respective control peptides (S15 for D15; GluA23A for GluA23Y) (S15, 1.5 mM; dSPN + S15, n = 5, 3 mice; RM1WA F4,44 = 4, p = 0.03, p < 0.05

Tukey; GluA23A, 100 mg/ml; dSPN + GluA23A, n = 6, 5 mice; RM1WA F5,44 = 8, p = 0.0007, p < 0.05 Tukey; 1WA, F4,28 = 7, p = 0.0004; dSPN + S15 versus dSPN,

(legend continued on next page)
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and after the STDP protocol. In this set of experiments, we

found that t-LTD was enabled by antagonism of 5-HT4R

(RS39604, 77% ± 5% of baseline, n = 6, p < 0.05; Figure 2C)

but was not accompanied by a change in paired-pulse ratio

(PPR), a hallmark of presynaptic plasticity (PPR, beforeSTDP,

1.33 ± 0.09; afterSTDP, 1.36 ± 0.10, p > 0.05; Figure 2C). This rai-

ses the possibility that this form of LTD is expressed postsynap-

tically. Consistent with this, intracellular dialysis of the peptide

D15 (1.5 mM)—a peptide that prevents AMPAR endocytosis

by disrupting the interaction between dynamin and amphiphysin

(Carroll et al., 1999; Morishita et al., 2005)—blocked t-LTD (D15/

RS39604, 91% ± 5% of baseline, n = 8, p > 0.05), whereas dial-

ysis of a scramble peptide (S15, 1.5 mM) had no effect (S15/

RS39604, 63% ± 8% of baseline, n = 5, p < 0.05; Figure 2D).

The application in the postsynaptic neuron of the GluA23Y pep-

tide (100 mg/ml), which blocks regulated, but not constitutive,

AMPAR endocytosis (Brebner et al., 2005; Collingridge et al.,

2010), had a similar effect (GluA23Y/RS39604, 94% ± 3% of

baseline, n = 6, p > 0.05; Figure 2D). Confirming this peptide’s

specific action, the control peptide GluA23A (100 mg/ml) did

not influence plasticity (GluA23A/RS39604, 70% ± 5% of base-

line, n = 6, p < 0.05; Figure 2D). Furthermore, variance analysis

of synaptic responses indicated that t-LTD resulting from che-

mogenetic inhibition of 5-HT release (Figure 1) or application

of 5-HT4R antagonists (Figure 2) is not accompanied by

changes in trial-to-trial variation in EPSP amplitude (Figure S4E).

This further supports a postsynaptic locus of plasticity expres-

sion (Shen et al., 2008).

Overall, these data indicate that 5-HT controls plasticity induc-

tion in dSPNs through the activation of 5-HT4R; this effect is

not mediated by eCBs, and it relies on postsynaptic expression

mechanisms.

Serotonin Modulates bAP-Induced Ca2+ Transients
during STDP
At glutamatergic synapses on SPNs, the induction of t-LTD de-

pends on the temporal convergence of synaptic input and post-

synaptic elevations of dendritic Ca2+ signal triggered by (bAPs)

(Plotkin et al., 2013; Shindou et al., 2011). 5-HT has been shown

to regulate ionic conductance that may affect the propagation of

bAPs (King et al., 2008). Modulation of the bAP-induced Ca2+

signal may therefore be one of the mechanisms that affect

timing-dependent synaptic plasticity in dSPNs (Plotkin et al.,

2013; Shindou et al., 2011; Zhou et al., 2005). To test this hypoth-

esis, simultaneously with the chemogenetic and pharmacolog-

ical inhibition of 5-HT signaling, we performed two-photon

Ca2+ imaging and whole-cell current clamp recordings and

monitored changes in intracellular Ca2+. In the proximal den-

drites of dSPNs, a single bout of the negative STDP protocol

(1b-STDP) triggered Ca2+ transients that were stable over time,

as indicated by the lack of variation in the area under the curve

(AUC) of the fluorescence transients over 10–15 min (106% ±
**p < 0.01 ; dSPN+D15 versus dSPN, p = 0.9, dSPN +D15 versus dSPN +S15, *p

p = 1; dSPN + GluA23Y versus dSPN + GluA23A, *p < 0.05; Tukey). Solid black lin

(A–D) (Insets, left) In these figures, and throughout the manuscript, schematics de

otherwise (see also Figure S4).
8% of control; n = 8, p > 0.05; Figure 3A). In the dSPNs of

hM4Di+/�/Pet1210-Cre mice, bath application of CNO (5 mM) to

impede 5-HT release enhanced dendritic Ca2+ influx in response

to 1b-STDP (AUC, 130% ± 8% of control; n = 11, p < 0.01; Fig-

ure 3B). The 1b-STDP-associated dendritic Ca2+ signal

increased upon application of the two 5-HT4R antagonists

GR113808 (5 mM; AUC, 122% ± 6% of control; n = 15,

p < 0.01; Figure 3C) or RS39604 (5 mM; AUC, 130% ± 7% of

control; n = 14, p < 0.01; Figure 3C). Together, these results

indicate that impeding 5-HT4R-mediated signaling boosts the

bAP-induced dendritic Ca2+ signal.

These results appear to conflict with the notion that activation,

not inhibition, of Gs-coupled receptors typically enhances

voltage-gated Ca2+ currents triggered by APs via stimulation of

protein kinase A (PKA) (Higley and Sabatini, 2010). In several

neuronal subtypes, including striatal SPNs, inhibition of various

types of K+ currents that contribute to the AP repolarization,

and after hyperpolarization phases, enhances dendritic Ca2+

transients (Cai et al., 2004; Day et al., 2008; Trusel et al., 2015).

Therefore, we hypothesized that 5-HT4R regulates dendritic

Ca2+ levels by instead influencing the activity of K+ channels.

In addition to PKA, 5-HT4R can potentially signal to Ca2+/

calmodulin-dependent protein kinase II (CaMKII) (Liu and

Voyno-Yasenetskaya, 2005; Ponimaskin et al., 2002), which

positively regulates the activity of the large-conductance Ca2+-

activated K+ channel BK (Nelson et al., 2005; van Welie and du

Lac, 2011). To test if this is the case in dSPNs, we applied the

BK channel blocker paxilline (10 mM) to isolate the BK-mediated

current (as the paxilline-sensitive component, IPaxilline) in

response to a depolarizing voltage-ramp protocol (Figure S5A)

(Deng et al., 2013). The 5-HT4R agonist RS67333 (5 mM) signifi-

cantly enhanced Ipaxilline amplitude (p < 0.05); this effect was pre-

vented by the postsynaptic intracellular application of a specific

competitive inhibitor of CaMKII, the autocamtide-2-related

inhibitory peptide (AIP, 10 mM; p > 0.05; Figure S5B). We also

confirmed that stimulating 5-HT4R activates CaMKII in DLS

dSPNs. On acute striatal slices from drd1a-tdTomatotg mice,

which express Tomato in dSPNs (Shuen et al., 2008), we moni-

tored phosphorylation of CaMKII at Thr286 (pCaMKII). Incuba-

tion (10 min) with the 5-HT4R agonist RS67333 (5 mM) signifi-

cantly increased the number of pCaMKII+/Tomato+ cells

compared to controls (p < 0.01; Figure S5C). These data indicate

that 5-HT4R can signal through CaMKII to positively modulate

BK channel activity in dSPNs.

BK channels shape the duration of bAP in several neuronal

populations and affect dendritic Ca2+ influx (Golding et al.,

1999). Therefore, reduced release of 5-HT or direct inhibition of

5-HT4R could dampen the activation of BK channels during the

STDP protocol, leading to an enhanced dendritic Ca2+ signal in

response to bAPs. To test this, we first assessed whether

blocking BK channels occluded the effect of RS39604.

Bath perfusion of paxilline (10 mM) significantly enhanced the
< 0.05; dSPN+GluA23A versus dSPN, *p < 0.05; dSPN +GluA23Y versus dSPN,

e (average) is the time-course from Figure 1B, reported here for reference.

pict proposed signaling pathway targeted by the defined drug, unless specified
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Figure 3. 5-HT Signaling Modulates bAP-Induced Dendritic Ca2+ Transients in dSPNs

(A) (Top left) Maximum-intensity projection images of a dSPN filled with Alexa 568. Blue dotted circle lines delimit the region of proximal dendrites, 30–50 mm from

the soma. (Bottom left) High magnification of a dSPN-proximal dendrite from which line scans were taken (yellow dotted line). (Center) Dendritic Ca2+ transients

and the corresponding relative changes in fluorescence that are induced by one bout of the post-pre STDP paradigm (1b-STDP, inset) for control conditions, and

after 10–15 min (n = 8, 4 mice; paired t test, p = 0.4). (B) Chemogenetic inhibition of 5-HT release in the DLS of hM4Di+/�/Pet1210-Cre mice enhanced dendritic

Ca2+ transients in response to 1b-STDP (n = 11, 6 mice).

(B–G) (Left) Comparison of Ca2+ transients in response to 1b-STDP (B)-(D) or to a burst pattern of bAPs (E–G), before and after a specific pharmacological

manipulation, as indicated.

(legend continued on next page)
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1b-STDP-associatedCa2+ transient (AUC, 138%±7%of control;

n = 9, p < 0.001; Figure 3D). As predicted, sequential co-applica-

tion of paxillinewithRS39604had no further effect on the induced

change in dendritic fluorescence (AUC, 139%±7%of control; p <

0.001; 100%±3%ofpaxilline, p>0.05; n=9; Figure3D), suggest-

ing that BK channels are targets of 5-HT4R signaling.

5-HT4R Modulates bAP-Induced Ca2+ Signal through
CaMKII
Our 1b-STDP-stimulation protocol is likely to activate a set of

glutamatergic, dopaminergic, and serotonergic inputs. Thus, it

cannot isolate the impact of 5-HT4R on dendritic Ca2+ influx spe-

cifically induced by bAPs. To overcome this issue, we estimated

the Ca2+ transients generated by somatically eliciting postsyn-

aptic bAPs in the absence of presynaptic stimulation (Figure 3E).

We replaced the contribution of 5-HT release on local electrical

stimulation with the direct pharmacological stimulation of

5-HT4R by the agonist RS67333 (5 mM). Consistent with the hy-

pothesis that 5-HT4R stimulates a K+ channel conductance, the

presence of RS67333 reduced the bAP-induced Ca2+ signal

(AUC, 71% ± 7% of control; n = 10, p < 0.01; Figure 3E). Further-

more, blocking BK-mediated current prevented the effect of

5-HT4R stimulation: RS67333 failed to reduce the bAP-induced

Ca2+ transients upon pre-exposure to paxilline (AUC, paxilline,

142% ± 10% of control; p < 0.01; paxilline + RS67333, 142% ±

9%of control, p < 0.05; paxilline +RS67333, 101%±7%of paxil-

line, p > 0.05; n = 7; Figure 3F). Further, the intracellular applica-

tion of the CaMKII inhibitor AIP (10 mM) prevented RS67333 from

reducing Ca2+ transients elicited by bAPs (AUC, 105% ± 5% of

AIP, p > 0.05; n = 10; Figure 3G). The selective cell-permeable

CaMKII inhibitor KN-62 (10 mM) had a similar effect: bath applica-

tion boosted bAP-induced Ca2+ transients (Figure S5D). This is

consistentwith bursts of bAPsactivatingCaMKII in proximal den-

drites (Lee et al., 2009) and with CaMKII hindering the activation

of BK channels recruited by bursts of bAPs, thus resulting in

enhanced Ca2+ transients. KN-62 prevented the inhibitory effect

of RS67333 (AUC, KN-62, 155% ± 15% of control, p < 0.05;

KN-62 + RS67333, 158% ± 22% of control, p < 0.05; KN-62 +

RS67333, 99% ± 7% of KN-62, p > 0.05; n = 7; Figure S5D),

further supporting that CaMKII acts downstream of 5-HT4R to

regulate bAP-induced Ca2+ transients.

These results indicate that the modulatory effect of 5-HT4R

activation involves CaMKII signaling. PKA may also act in the

same pathway to shape bAP-induced Ca2+ signal. Nevertheless,

when the PKA inhibitor peptide 5-24 (20 mM) was intracellularly

applied, RS67333 still reduced bAP-induced Ca2+ signal (AUC,

83% ± 5% of PKI; p < 0.05, n = 7; Figure S5E), suggesting

PKA does not play a major role in this process.

Overall, these data indicate that regulation of BK channel

activity is required for the 5-HT4R-mediated modulation of den-

dritic Ca2+ signal in dSPNs and that this modulation involves

CaMKII signaling.
(A–G) (Right) Plot summary of modulation of dendritic Ca2+ measured as area und

pharmacological manipulations, as indicated (A, B, and C, GR113808, n = 15, 10

paired t test; D, n = 9, 5mice; RM1WA, F8,2 = 20 p < 0.0001, paxilline versus contro

paxilline + RS39604, p = 1; Tukey; F, n = 7, 6 mice; RM1WA, F6,2 = 9 p = 0.005, pa

Tukey; paxilline versus paxilline + RS67333, p = 1; Tukey). (See also Figure S5.)
5-HT Signaling Controls t-LTD at Thalamic Inputs
We have demonstrated that 5-HT signaling, through the 5-HT4R

subtype, influences the postsynaptic response of dSPNs to glu-

tamatergic input activation during STDP. To dissect whether this

modulation occurs at cortical and/or thalamic inputs, we probed

the striatal circuitry with optogenetics. First, we used Thy1-ChR2

transgenic mice to measure postsynaptic responses evoked by

light activation of corticostriatal afferents, which represent at

least 50% of glutamatergic synapses on SPNs (Doig et al.,

2010; Huerta-Ocampo et al., 2014). In these mice, the expres-

sion of channel rhodopsin (ChR2) is high in cortical layer V neu-

rons (Figure 4A) and appears not to extend to thalamostriatal

neurons (Plotkin et al., 2014; Wu et al., 2015). Short blue light

pulses through the microscope objective (0.1–1 ms at 470 nm)

elicits EPSPs in dSPNs (o-EPSPCtx). We investigated post-pre

STDP at corticostriatal synapses by monitoring o-EPSPCtx

before and after the induction protocol. During the post-pre pair-

ing paradigm, optogenetic stimulation of cortical inputs was re-

placed by conventional electrical stimulation in order to recruit

5-HT fibers (Figure 4B). In this experimental setting, the STDP

protocol failed to induce significant changes in o-EPSPCtx

(98% ± 8% of baseline, n = 7, p > 0.05; Figure 4C), even when

applied in the presence of RS39604 (5 mM; 92% ± 6% of base-

line, n = 8, p > 0.05; Figure 4C). To corroborate this lack of

involvement of corticostriatal synapses in a second model, we

injected an adeno-associated viral (AAV) vector encoding

ChR2-eYFP under the control of the CaMKIIa promoter

[rAAV5-CaMKIIa-ChR2(H134R)-eYFP] into the M1 motor cortex

region of C57BL/6J mice (Johnson et al., 2017) (Figure S6A).

As with Thy1-ChR2 mice (Figure 4C), the STDP protocols failed

to induce significant changes in dSPNs o-EPSPCtx, regardless

of the presence or absence of RS39604 (dSPNCtx, 97% ± 6%

of baseline, n = 7, p > 0.05; dSPNCtx + RS39604, 90% ± 2% of

baseline, n = 6, p > 0.05; dSPNCtx versus dSPNCtx + RS39604,

p = 0.7 MannWhitney test; Figures S6B and S6C). Thus, cortico-

striatal synapses are not the primary target of the 5-HT4R-medi-

ated effects at non-dissected glutamatergic inputs to dSPNs

(Figure 2A).

These results also suggest that gating of t-LTD due to

decreased 5-HT signaling is in fact occurring at thalamostriatal

inputs. To test this, we virally expressed ChR2 in the thalamus

of C57BL/6J mice (Figure 4D) (Ellender et al., 2013; Johnson

et al., 2017) and measured light-evoked EPSPs (o-EPSPThal) at

thalamostriatal connections. To induce plasticity, we applied

the same post-pre STDP paradigm described for corticostriatal

synapses (Figure 4B). As predicted, the STDP protocol did not

evoke plasticity of o-EPSPThal in dSPNs under control conditions

(103% ± 10% of baseline, n = 6, p > 0.05; Figure 4E), whereas it

triggered a significant t-LTD of o-EPSPThal in the presence of

RS39604 (5 mM;71%±8%of baseline, n = 8, p < 0.05, Figure 4E).

We also controlled for the cell-type specificity of this effect. In

iSPNs, the post-pre STDP paradigm already induced t-LTD of
er the curve (AUC) of the fluorescence transients, in control conditions and with

mice; RS39604, n = 14, 11 mice; E, n = 10, 4 mice; G, n = 10, 4 mice; **p < 0.01,

l, ***p < 0.001; paxilline + RS39604 versus control, ***p < 0.001; paxilline versus

xilline versus control, **p < 0.01; paxilline + RS67333 versus control, *p = 0.01,
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Figure 4. Decreased 5-HT Signaling Gates t-LTD at Thalamo-dSPN Synapses

(A) Confocal images of horizontal sections of Thy1-ChR2 transgenic mice; scale bar, 500 mm; Ctx, cortex; Str, striatum; Hip, hippocampus; Thal, thalamus. Inset

shows ChR2-eYFP expressing axon terminals in the DLS; scale bar, 10 mm.

(B) Schematic of recording configuration in dSPNs. (Top) Corticostriatal stimulation evoked by 470 nm LED pulses through the microscope objective was

performed before and after the STDP protocol. (Bottom) During the post-pre STDP paradigm, light stimulation of cortical terminals was replaced by local electrical

stimulation. (C) The post-pre STDP protocol failed to induce plasticity of o-EPSPCtx either under control conditions (dSPNCtx, n = 7, 6 mice; RM1WA F6,44 = 1.1,

p = 0.4) or upon RS39604 application (dSPNCtx + RS39604, n = 8, 8 mice; RM1WA F7,44 = 0.8, p = 0.5).

(D) (Left and top right) rAAV5-CaMKIIa-ChR2(H134R)-eYFP expression targeting the thalamus (Thal); scale bar, 500 mm; Ctx, cortex; Str, striatum; Hip, hippo-

campus. (Inset) ChR2-eYFP+ axons in the DLS; scale bar, 10 mm. (Right) Schematic of recording configuration of o-EPSPThal evoked by 470 nm LED pulses

(center right), and during the delivery of the STDP paradigm (bottom right).

(E) t-LTD is induced at thalamo-dSPN synapses upon 5-HT4R inhibition (dSPNThal, n = 6, 6 mice; RM1WA F5,44 = 1.5, p = 0.3; dSPNThal + RS39604, n = 8, 4 mice;

RM1WA F7,44 = 10, p = 0.0002, p < 0.05 Tukey; dSPNThal + RS39604 versus dSPNThal, **p < 0.01, Mann-Whitney test).

(F) In hM4Di+/�/Pet1210-Cre mice injected with the rAAV5-CaMKIIa-ChR2(H134R)-eYFP virus in the thalamus, bath application of CNO (5 mM) gated t-LTD

of o-EPSPthal in response to STDP (dSPNDREADD_Thal, n = 7, 4 mice; RM1WA F6,44 = 1.8, p = 0.1; dSPNDREADD_Thal + CNO, n = 7, 4 mice; RM1WA F6,44 = 10,

p = 0.0002, p < 0.05 Tukey; dSPNDREADD_Thal + CNO versus dSPNDREADD_Thal, ***p < 0.001, Mann-Whitney test). (See also Figures S6–S8.)
o-EPSPThal in control conditions (o-EPSPThal, 67%± 5%of base-

line, n = 7, p < 0.05; Figures S7A and S7B); the application of

RS39604 did not influence the plasticity outcome (o-EPSPThal +

RS39604, 68% ± 8% of baseline, n = 5, p < 0.05; Figure S7B).

We next assessed the link between the synaptic effects of

5-HT at thalamic inputs with the regulation of BK channel activity

(Figure 3). In our model, decreased 5-HT signaling dampens the
808 Neuron 98, 801–816, May 16, 2018
activation of BK channels during STDP and boosts the Ca2+

signal induced by bAP (Figure 3). This mechanism could underlie

the permissive role of 5-HT4R inhibition on t-LTD induction (Fig-

ures 2A and 4E). If this is the case, we would expect the pharma-

cological inhibition of BK channels during conventional STDP

to be sufficient to gate synaptic depression at thalamic inputs

recruited by optogenetic activation. Reminiscent of 5-HT4R



antagonism and chemogenetic inhibition of 5-HT release, in the

presence of the BK channel blocker paxilline (10 mM), the STDP

paradigm resulted in t-LTD of o-EPSPThal (75%± 4%of baseline,

n = 7, p < 0.05; Figure S8A).

The hM4Di+/�/Pet1210-Cre animals expressing ChR2 in the

thalamus showed effects (Figure 4F) similar to those

described above. The chemogenetic inhibition of 5-HT release

by bath application of CNO (5 mM) during the post-pre STDP

paradigm enabled t-LTD at thalamo-dSPN synapses

(dSPNDREADD_Thal, 93% ± 1% of baseline, n = 7, p > 0.05;

dSPNDREADD_Thal, + CNO, 61% ± 5% of baseline, n = 7, p <

0.05; Figure 4F). Together, these results indicate that

impeding serotonergic signaling, and in turn the activation of

the 5-HT4R subtype, is sufficient to gate t-LTD at thalamos-

triatal synapses.

In addition to bAP-induced Ca2+ transients, NMDA receptor

activation is a possible means by which dendritic Ca2+ signals

could be enhanced to enable t-LTD at thalamostriatal synapses

on dSPNs (Ellender et al., 2013; Wu et al., 2015). However, the

NMDAR antagonist R-CPP (10 mM) had no effect on o-EPSPThal

t-LTD gated by inhibition of BK channels during the post-pre

STDP paradigm (dSPNThal + Paxilline + R-CPP, 78% ± 6%

of baseline, n = 7, p < 0.05; Figure S8A) or by chemogenetic

inhibition of 5-HT release in hM4Di+/�/Pet1210-Cre mice

(dSPNDREADD_Thal, + CNO + R-CPP, 60% ± 7% of baseline,

n = 5, p < 0.05; Figure S8B). This indicates that NMDARs are

not involved in this form of synaptic depression.

Lastly, we asked whether activating 5-HT4R signaling during

the post-pre STDP paradigm is sufficient to disrupt t-LTD at

thalamic inputs to dSPNs. We first tested the assumption that

t-LTD at thalamo-dSPN synapses is suppressed by neuromodu-

latory signals (including 5-HT) released upon conventional elec-

trical stimulation during STDP, as previously proposed (Wu et al.,

2015).We re-examined plasticity of o-EPSPThal upon the delivery

of an optogenetic post-pre pairing STDP protocol (o-STDP),

which exclusively engages thalamic afferents. In this experi-

mental setting, we observed a form of t-LTD at thalamo-dSPN

synapses (72% ± 6% of baseline, n = 6, p < 0.05, Figure 5A),

consistent with previous observations (Ellender et al., 2013;

Wu et al., 2015). The 5-HT4R agonist RS67333 (5 mM) prevented

t-LTD of o-EPSPThal when applied during the o-STDP paradigm

(91% ± 3% of baseline, n = 8, p < 0.05; Figure 5A). We also

injected the rAAV5-EF1a-DIO-hChR2(H134R)-eYFP virus into

the DRN of Petl210-Cre mice to exert an optogenetic control

of 5-HT release during plasticity induction (Figure 5B). In

oblique horizontal slices from these mice, we electrically elicited

thalamic synaptic responses in the DLS (e-EPSPThal) by placing

the stimulating electrode in the thalamus, close to the border of

the thalamic reticular nucleus (Figure 5C) (Ding et al., 2008,

2010). Consistent with the response to the o-STDP paradigm

(Figure 5A), e-EPSPThal showed t-LTD upon a post-pre STDP

paradigm in which thalamic axons were stimulated (Thal-

STDP) (61% ± 7% of baseline, n = 6, p < 0.05; Figures 5C and

5D). Optogenetically evoking 5-HT release at the time of presyn-

aptic stimulation during pairing prevented t-LTD of e-EPSPThal

(93% ± 5% of baseline, n = 8, p > 0.05); plasticity was rescued

by the application of RS39604 (5 mM; 44% ± 7% of baseline,

n = 5, p < 0.05; Figures 5C and 5D). This also indicates that
t-LTD suppression is not due to light-induced release of gluta-

mate from DRN terminals.

Collectively, these results further support the involvement of

the 5-HT4R subtype in the 5-HT-mediated modulation of t-LTD

at thalamic inputs on dSPNs.

5-HT4R Preferentially Localizes at Thalamostriatal
Synapses
To increase certainty of the input specificity of the 5-HT4R

mediated effects, we combined immunohistochemistry with

three-dimensional (3D) segmentation and morphometric anal-

ysis of glutamatergicDLS synapses (Gilles et al., 2017) (Figures 6,

S9A, and S9B). We initially monitored the expression of 5-HT4R

in two different mouse lines: the VGLUT1-Venus knockin line,

which expresses the VGLUT1 transporter fused to the YFP-

variant Venus and which allows direct visualization of axonal

boutons from cortical afferents (Heck et al., 2015; Herzog

et al., 2011; Smith et al., 2014), and the VGLUT2-Cre transgenic

mice injected in the thalamuswith the AAVrh9-pCAG-flex-eGFP-

WRPE virus (AAV-FLEX-eGFP), to visualize thalamic inputs to

the striatum. In this second mouse line, thalamic boutons were

identified by immunolabeling for the presynaptic marker

Bassoon (S€udhof, 2012). We measured the 3D edge-to-edge

minimal distance from VGLUT1-positive cortical boutons and

VGLUT2-positive thalamic boutons to the closest 5-HT4R.

Although there was a higher density of VGLUT1 boutons, the dis-

tance between VGLUT1 boutons and 5-HT4R was significantly

greater than between VGLUT2 boutons and 5-HT4R (VGLUT1-

5-HT4R, 608 ± 26 nm; VGLUT2-5-HT4R, 364 ± 19 nm, p <

0.0001; with 19.34% ± 1.23% of VGLUT2 co-localizing with

5-HT4R and 9.81% ± 0.74% of VGLUT1 co-localizing with

5-HT4R; Figure 6A). Thesemorphological data support our func-

tional observations showing that thalamostriatal synapses are

the primary site of 5-HT4R-mediated effects (Figure 4).

We then investigated the postsynaptic subcellular localization

of 5-HT4R indSPNs. The viral construct AAVrh9-PPTA-Cre (AAV-

PPTA-Cre), which contains an expression cassette consisting

of Cre recombinase driven by the dSPN-specific promoter

of the PPTA gene (substance P), and the AAVrh9-pCAG-flex-

tdTomato-WRPE (AAV-FLEX-tdTOMATO) construct expressing

‘‘flexed’’ tdTomato (Dos Santos et al., 2017; Hikida et al., 2010;

Yagishita et al., 2014) were co-injected into the DLS. In dSPNs,

we measured the number of co-localizing 5-HT4Rs in 3D-recon-

structed dendrites and segmented headspines. 5-HT4R localiza-

tion is predominant in the shaft, with 3.2 ± 0.5 5-HT4R per 10 mm

of dendritic length (Figure 6B). To selectively visualize thalamic

terminals on dSPNs, we analyzed VGLUT2-Cremice co-injected

with the AAV-FLEX-eGFP virus in the thalamus andwith the AAV-

PPTA-Cre and the AAV-FLEX-dtTOMATO viruses in the DLS.

This analysis confirmed the postsynaptic subcellular localization

of 5-HT4R in both axo-spinous and axo-dendritic thalamostriatal

synapses (Figure 6C).

DISCUSSION

The results presented here reveal a previously unknown role of

5-HT at striatal circuits. This is the first demonstration that

signaling by 5-HT receptors provides a control mechanism of
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Figure 5. Activation of 5-HT Signaling Blunts t-LTD Induction at Thalamo-dSPN Synapses

(A) (Left) Schematic of recording configuration of o-EPSPThal evoked by 470 nm LED pulses, and during the delivery of the optogenetic STDP paradigm. (Right)

The o-STDP protocol induced t-LTD at thalamostriatal synapses (n = 6, 2 mice; RM1WA F5,44 = 4, p < 0.0001, p < 0.05 Tukey); plasticity was blocked by

application of the 5-HT4R agonist RS67333 (n = 8, 3 mice; RM1WA F7,44 = 2, p = 0.13; dSPNThal + RS67333 versus dSPNThal, *p < 0.05, Mann-Whitney test).

(B) (Left) Schematic of bilateral virus injection [rAAV5-EF1a-DIO-hChR2(H134R)-eYFP] in the DRN of Petl210-Cre mice. (Right) (1–3) Confocal images show the

expression of 5-HT (red), YFP (green) and merge in the DRN. DAPI nuclear staining (inset in 2) identifies the two injection sites. Scale bar, 200 mm. (4–9) High-

resolution confocal images showing SERT (red) and YFP (green) expression, and their co-localization (merge) in serotonergic afferents to the DLS. Scale bars

20 mm (4–6) and 10 mm (7–9).

(C) (Top) Experimental configuration in para-horizontal slices, showing the DLS, lateral globus pallidus (LGP), thalamic reticular nucleus (Rt), and the DRN.

(Bottom) The electric post-pre pairing protocol (Thal-STDP) for the induction of t-LTD and timing of 5-HTopto application.

(D) (Left) Recording configuration. (Right) In dSPNs, t-LTD of e-EPSPThal (dSPNe-Thal, n = 6, 6mice; RM1WA F5,44 = 4, p < 0.0001, p < 0.05 Tukey) was suppressed

by light-induced 5-HT release (dSPNe-Thal + 5-HTopto, n = 8, 6 mice; RM1WA F7,44 = 0.8, p = 0.9), and rescued by application of the 5-HT4R antagonist RS39604

(5 mM, dSPNe-Thal + 5-HTopto + RS39604, n = 5, 4mice; RM1WA F4,44 = 18, p = 0.0003, p < 0.05 Tukey; 1WA, F2,16 = 16, p = 0.0002; dSPNe-Thal versus dSPNe-Thal +

5-HTopto, **p < 0.01; dSPNe-Thal versus dSPNe-Thal + 5-HTopto + RS39604, p = 0.2; dSPNe-Thal + 5-HTopto versus dSPNe-Thal + 5-HTopto + RS39604,

***p < 0.001; Tukey).
Hebbian plasticity (t-LTD) at thalamo-SPN synapses of the direct

pathway. These synaptic effects of 5-HT are mediated by the

postsynaptic 5-HT4R subtype, which shapes bAP-evoked

dendritic Ca2+ signals through the regulation of BK channel
810 Neuron 98, 801–816, May 16, 2018
activity and which is preferentially localized at axo-dendritic

thalamostriatal synapses.

Our findings help elucidate the full complement of 5-HT

actions in the DS. Previous observations have shown that



Figure 6. Postsynaptic Subcellular Locali-

zation of 5-HT4R

(A) (Left) 3D volume rendering of confocal image

stack showing 5-HT4R and glutamatergic bou-

tons in the DLS. Cortical VGLUT1 positive bou-

tons were imaged in VGLUT1-Venus knockin

mice. Thalamic VGLUT2 boutons were imaged in

VGLUT2-Cre mice injected in the thalamus with

the AAV-FLEX-eGFP virus. Co-localization with

immunostained presynaptic active zone protein

Bassoon allowed the selection of thalamic bou-

tons from the segmented images (see Figure S9).

(Right) Measurements of 3D border-to-border

minimal distance from VGLUT1-positive boutons

and VGLUT2-positive boutons to the closest

5-HT4R. 18 to 24 image stacks from 2 sections

from 3 mice were analyzed. Each image stack

corresponded to a field of view of 603 60 mm and

5 mmdepth, and contained on average 4149 ± 118

VGLUT1-positive boutons and 658 ± 69 VGLUT2-

positive boutons. The distance from VGLUT2

boutons to 5-HT4R was shorter than the

distance between VGLUT1 boutons and 5-HT4R

(****p < 0.0001, t test).

(B) 3D volume rendering of a dSPN dendrite

labeled after injection in the DLS of a mix of AAV9-

PPTA-CRE and AAV9-FLEX-tdTOMATO viruses

with immunostained 5-HT4R. The dendritic shaft

was reconstructed in 3D by using Neuronstudio

software, the dendrite model then imported into

ImageJ and the headspines were segmented.

Eight dendritic segments, from 3 mice, for a total

of 423 mm dendrite length with more than 1000

spines were analyzed. (Bottom left) 3D volume

rendering of extracted dendritic shaft (red)

and segmented spine head (a specific color is

attributed to each spine head) with co-localizing

5-HT4R (white). Arrowheads indicate examples of

5-HT4R in shaft; arrows indicate 5-HT4R on

spines. (Right) Percentage of 5-HT4R co-local-

izing with either dendritic shaft or spine head.

(C) 3D volume rendering showing 5-HT4R (white)

found in the contact between boutons from

thalamic axons (green) and dendrite shaft (Top) or

spine head (Bottom) from dSPNs (red). Only 5-HT4Rs co-localizing with thalamic axonal bouton and dendrite shaft or spine are shown. Thalamic axons were

labeled by injecting AAV-FLEX-eGFP in the thalamus of VGLUT2-Cre mice. dSPNs were labeled by injecting AAV-PPTA-Cre and AAV-FLEX-tdTOMATO in the

DLS. 5-HT4R was detected by immunolabeling. (A–C) Scale bars, 1 mm. (See also Figure S9.)
increasing 5-HT levels in the DLS reduces presynaptic glutamate

release and depresses neurotransmission at corticostriatal in-

puts through the activation of the presynaptic 5-HT1b receptor

(Mathur et al., 2011). Notably, 5-HT1b-mRNA is detectable in

layer V cortical neurons, but not in the thalamic intralaminar

nuclei (Allen Brain Atlas; http://www.brain-map.org/). In the cur-

rent study, we find that impeding serotonergic signaling, thereby

dampening the activation of the 5-HT4R subtype, affects post-

synaptic dendritic Ca2+ signals and gates spike-timing-depen-

dent long-term depression (t-LTD) preferentially at thalamic af-

ferents to dSPNs.

Results presented in this study and by Mathur et al. (2011)

highlight the complexity of striatal 5-HT signaling, which acts

through diverse receptors at both presynaptic and postsynaptic

sites (Mathur and Lovinger, 2012) and which may show

specific subcellular compartmentalization. Here, we provide
evidence that 5-HT4Rs are enriched at thalamostriatal synapses

compared to cortical ones, and primarily localize at the dendritic

shaft. Exogenously applied 5-HT or inhibition of 5-HT reuptake

depresses corticostriatal afferents, whereas decreased synaptic

release of 5-HT during STDP gates t-LTD at thalamostriatal in-

puts, suggesting that the net synaptic effect of 5-HT likely de-

pends on its spatiotemporal dynamic in response to different

patterns of stimulation. This may ultimately lead to spatiotem-

poral specificity of synaptic plasticity at defined inputs (i.e.,

cortical and thalamic inputs).

Upon impeding 5-HT signaling, t-LTD at undissected glutama-

tergic inputs is of an only slightly lower magnitude than that at

thalamostriatal inputs recruited by optogenetic activation. These

results appear to be at odds with the notion that at least 50% of

excitatory inputs to SPNs are from the cortex (Doig et al., 2010;

Huerta-Ocampo et al., 2014) and our current finding that
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inhibiting 5-HT4R does not gate plasticity at corticostriatal syn-

apses. Indeed, one might predict that the magnitude of LTD re-

corded during electrical stimulation experiments would be alge-

braically diluted by unaffected cortical synapses. This prediction

would require the plasticity at cortical and thalamic inputs to be

independent. However, we cannot exclude the possibility that

the Ca2+ influx at cortical synapses that respond to electrical

stimulation might influence thalamic synapses during the post-

pre STDP. Although cortical synapses do not experience t-LTD

upon 5-HT4R inhibition, Ca2+-activated signaling molecules

might diffuse from cortical spines to the dendritic shaft (Tang

and Yasuda, 2017), where 5-HT4Rs strongly co-localize with

thalamic inputs (this study). This might affect local dendritic

spikes and facilitate cooperative plasticity at thalamostriatal syn-

apses (Golding et al., 2002; Popescu et al., 2007). An alternative

scenario is that electrical stimulation may activate unidentified

inputs contributing to the EPSP that also experience LTD upon

inhibition of 5-HT signaling; this form of plasticity might be inde-

pendent of that occurring at thalamostriatal inputs.

Our findings add to the limited knowledge of the intracellular

signaling pathways regulating the thalamostriatal system, in

particular the molecular mechanisms underlying synaptic

depression of thalamo-dSPN synapses (Atwood et al., 2014;

Ellender et al., 2011; Johnson et al., 2017; Parker et al., 2016;

Wu et al., 2015). t-LTD at thalamostriatal inputs has been shown

to be independent of eCBs released from the postsynaptic SPN

(Wu et al., 2015). Consistent with this and with the evidence that

thalamic afferents to the striatum are devoid of presynaptic

CB1R (Wu et al., 2015), we found that t-LTD gated by 5-HT4R

antagonism is insensitive to CB1R inhibition and relies on post-

synaptic expression mechanisms. In the DS, 5-HT4Rs are local-

izedmainly postsynaptically (Di Matteo et al., 2008). Activation of

this Gs-coupled receptor subtype typically increases PKA activ-

ity and leads to the inhibition of K+ channels (King et al., 2008).

Our findings point to an alternative signaling mechanism which

involves CaMKII and activation of large-conductance BK chan-

nels. Indeed, 5-HT4R can couple not only with Gs proteins, but

also with Ga13, which signals to CaMKII (Liu and Voyno-Yase-

netskaya, 2005; Nelson et al., 2005; Ponimaskin et al., 2002).

In brain regions other than the striatum, CaMKII positively regu-

lates BK channels (Nelson et al., 2005; Smith et al., 2002). We

found that the paxilline-sensitive, BK channel-mediated current

was significantly increased upon 5-HT4R activation, and this

enhancement was prevented by inhibition of CaMKII. The most

parsimonious interpretation of these results is that 5-HT4R acti-

vation leads to CaMKII activation, which, in turn, increases the

amplitude of the BK channel-mediated current.

The post-pre STDP protocol used in this study (intrastriatal

stimulation) may be reminiscent of behavioral states in which

the striatal release of 5-HT (and other neuromodulators) occurs

concomitantly with coordinated post- and presynaptic activity.

In post-pre STDP, the EPSP coincides with the afterhyperpolari-

zation (AHP) that follows the bAP (Feldman, 2012). Ultimately

affecting bAP-induced Ca2+ transients, AHP is shaped by the ac-

tivity of Ca2+-activated K+ conductances, including BK channels

(Day et al., 2008). We propose a model in which 5-HT positively

modulates BK channel activity via stimulation of 5-HT4R during

the post-pre STDP paradigm, ultimately reducing dendritic
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bAP-induced Ca2+ influx (Figure 7). This may hinder the induction

of t-LTD at thalamo-dSPN synapses, possibly by interfering with

signaling pathways involved in the internalization of AMPAR

(Grueter et al., 2010; L€uscher et al., 2000).

Conversely in this model, a decrease in 5-HT signaling during

conventional post-pre STDP would dampen activation of BK

channels and enhance bAP-induced Ca2+ signaling, thus pro-

moting AMPAR internalization and enabling t-LTD (Grueter

et al., 2010; L€uscher et al., 2000) (Figure 7). This could potentially

mimic the circumstances in vivo, e.g., when post-pre STDP is un-

correlated to 5-HT release but occurs concomitantly with dopa-

mine release or when there are pathological conditions charac-

terized by hypofunctioning of the serotonergic system.

Although our findings do not establish the precise identity of

the thalamic afferents that are modulated by 5-HT, only thalamic

inputs from the parafascicular thalamic (Pf) nucleus, and not

from the central lateral (CL) nucleus, have been shown to ex-

press t-LTD (Ellender et al., 2013). Notably, Pf nucleus projec-

tions are the primarily source for axo-dendritic synapses on

SPNs (Smith et al., 2014), where we found 5-HT4R to primarily

localize, at least on dSPNs.

The 5-HT-mediated regulation of dendritic Ca2+ signaling dur-

ing STDP represents a means by which changes in serotonergic

levels may shape the thalamostriatal system. Projections of the

intralaminar nuclei of the thalamus to the striatum are critical to

interrupt ongoing motor behavior and redirect attention toward

salient stimuli (Thorn and Graybiel, 2010), or to encoding A-O

contingencies (Bradfield et al., 2013a, 2013b). Therefore, gating

mechanisms of t-LTD at thalamic inputs that depend on seroto-

nergic levels may affect the BG network and striatal informa-

tion processing. Investigating the behavioral impact of 5-HT

signaling specifically through the 5-HT4R subtype, as well as

establishing synaptic causalities with modulation of thalamos-

triatal inputs, is certaintly an area for future studies.

Our results indicate that 5-HT at thalamic inputs, via 5-HT4R,

exerts a similar function as DA at cortical inputs, via D1R (Shen

et al., 2008); both signaling pathways contribute to the activation

of dSPNs by increasing the strength of glutamatergic inputs. The

fact that the activation of D1R by DA released during intrastriatal

stimulation (Shenet al., 2015; Threlfell et al., 2012;Wuet al., 2015)

cannot compensate for the decrease in Gs signaling when

5-HT4Rs are blocked suggests that D1R and 5-HT4R may

be localized in the different functional microdomains. Further

studies are required to assess whether D1Rs segregate at

cortical spines. Regardless, morphologically, 5-HT4Rs are pre-

dominately localized at axo-dendritic rather than axo-spinous

synapses. Since only thalamic inputs, but not cortical afferents,

form axo-dendritic synapses, this subcellular postsynaptic local-

ization of 5-HT4R (Figure 6) is consistent with the effects of 5-HT

being specific to thalamic inputs. Building on existing models of

striatal plasticity, we may now recognize excitatory DA and 5-

HT as two complementary neuromodulatory systems controlling

timing-dependent plasticity at two different glutamatergic inputs

to dSPNs. Thismight allow for greater selectivity in tuning the ac-

tivity of the direct pathway, which supports reinforcement and

reward (Fisher et al., 2017; Kravitz et al., 2012).

Overall, the findings from this study not only provide mecha-

nistic insights into the thalamic control of striatal functions, but



Figure 7. Proposed Model for 5-HT-Mediated Regulation of Postsynaptic Dendritic Ca2+ Signals during Timing-Dependent Plasticity

(A) Stimulation of 5-HT4R during the post-pre STDP paradigm promotes phosphorylation of CaMKII at Thr286, thus boosting CaMKII activation, which in turn

increases the function of BK channels during bursts of bAPs, ultimately reducing dendritic bAP-induced Ca2+ influx. This reduction would tip the balance in favor

of t-LTD suppression.

(B) From the opposite view, in the presence of neuromodulatory afferent stimulation, it is sufficient to inhibit 5-HT release, or to prevent the activation of the

5-HT4R subtype, to limit the activity of BK channels during the post-pre pairing, thus enhancing Ca2+ influx. This would promote the induction of t-LTD, which

involves internalization of AMPAR.
they also identify synaptic substrates for maladaptive plasticity

in BG disorders that involve dysfunction of the serotonergic

system.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal antibody to A2A Enzo Life Sciences Cat# BML-SA654; RRID:

AB_2226507

Rat monoclonal antibody to substance P Millipore Cat# MAB356; RRID:

AB_94639

Alexa 488 anti-rabbit ThermoFisher Scientific Cat# A-11034; RRID:

AB_2576217

Alexa 647 anti-rat ThermoFisher Scientific Cat# A-21247; RRID:

AB_141778

Rabbit anti-RFP antibody AbCam Cat# ab62341; RRID:

AB_945213

Chicken polyclonal anti-eGFP AbCam Cat# ab13970; RRID:

AB_300798

Rat monoclonal anti-5HT Millipore Cat# MAB352 RRID:

AB_94865

Alexa Fluor 488 goat anti-chicken IgG Molecular Probes Cat# A-11039; RRID:

AB_142924

VectaFluor Excel Amplified DyLight

594 Anti-Rabbit IgG Kit

Vector Laboratories Cat# DK-1594; RRID:

AB_2336778

Alexa Fluor 488 donkey anti-rat IgG Molecular Probes Cat# A-21208; RRID:

AB_141709

Rabbit anti-5-HT4R AbCam Cat# ab60359; RRID:

AB_2122438

Mouse anti-bassoon AbCam Cat# ab82958; RRID:

AB_1860018

Goat anti-rabbit Cy3-conjugated Jackson Cat# 111-165-003; RRID:

AB_2338000

Goat anti-rabbit Cy5-conjugated Jackson Cat# 111-175-144; RRID:

AB_2338013

Goat anti-mouse Cy5-conjugated Jackson Cat# 115-175-205; RRID:

AB_2338715

Rat monoclonal anti-mCherry ThermoFisher Scientific Cat# M11217; RRID:

AB_2536611

Rabbit polyclonal anti-5HT ThermoFisher Scientific Cat# PA1-36157; RRID:

AB_1087251

Rabbit polyclonal anti-SERT Millipore Cat# AB9726; RRID:

AB_612176

Goat anti-rabbit biotinylated secondary antibody Vector Laboratories Cat# BA-1000; RRID:

AB_2313606

1.4 nm gold-labeled goat anti-rat

Immunoglobulin-G (Fab0 fragment)

Nanoprobes Cat# 2008;

RRID N/A

Alexa 568-conjugated streptavidin ThermoFisher Scientific Cat# S-11226; RRID:

AB_2315774

Rabbit anti-pCaMKII (Thr286) Cell Signaling Technology Cat# 3361; RRID:

AB_10015209

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

rAAV5-CaMKIIa-ChR2(H134R)-eYFP UNC Vector Core AV4316O

rAAV5-EF1a-DIO-hChR2(H134R)-eYFP UNC Vector Core AV4313X

AAV9.CAG.Flex.eGFP.WPRE.bGH Upenn, Dr. Hongkui Zeng AV-9-ALL854

AAVrh9-PPTA-cre.WPRE Laboratory of Dr. J. Caboche N/A

AAV9.CAG.Flex.tdTomato.WPRE.bGH Upenn, Dr. Hongkui Zeng AV-9-ALL864

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Fluo-4 ThermoFisher Scientific Cat# F14200

Alexa Fluor 568 Hydrazide ThermoFisher Scientific Cat# A10437

Neurobiotin Vector Laboratories Cat# SP-1120; RRID: AB_2313575

ProLong Gold AntiFade reagent ThermoFisher Scientific Cat# P36935

SR95531 Tocris Bioscience Cat# 1262; CAS Number: 104104-50-9

SB271046 Tocris Bioscience Cat# 3368; CAS Number: 209481-24-3

GR113808 Tocris Bioscience Cat# 1322; CAS Number: 144625-51-4

RS39604 Tocris Bioscience Cat# 0991; CAS Number: 167710-87-4

AM251 Tocris Bioscience Cat# 1117; CAS Number: 183232-66-8

Paxilline Tocris Bioscience Cat# 2006; CAS Number: 57186-25-1

RS67333 Tocris Bioscience Cat# 0989; CAS Number: 168986-60-5

AIP Tocris Bioscience Cat# 1688; CAS Number: 167114-91-2

PKI 5-24 Tocris Bioscience Cat# 6221; CAS Number: 99534-03-9

KN-62 Tocris Bioscience Cat# 1277; CAS Number: 127191-97-3

R-CPP Tocris Bioscience Cat# 2334; CAS Number: 126453-07-4

D15 Tocris Bioscience Cat# 2334; CAS Number: 251939-41-0;

Sequence: PPPQVPSRPNRAPPG

S15 TermoFisher Scientific Sequence: ANVRRGPPPPPQPSP

GluA23Y TermoFisher Scientific Sequence: YKEGYNVYG

GluA23Y Scramble (GluA23A) TermoFisher Scientific Sequence: AKEGANVAG

CNO (Clozapine-N-Oxide) Sigma Aldrich C0832; CAS Number: 34233-69-7

Critical Commercial Assays

HQ Silver kit Nanoprobes Cat# 2012

avidin-biotin complex Vector Laboratories Cat# PK-6100; RRID: AB_2336819

Deposited Data

Analyzed Data This paper N/A

Experimental Models: Cell Lines

Mouse: ESCs BayGenomics E14Tg2a.4

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Charles River C57BL/6J; RRID: IMSR_JAX:000664

Mouse: hM4Di+/�/Pet1210-Cre Laboratory of Prof. Massimo

Pasqualetti

N/A

Mouse: hM4Di+/�/Pet1210-Cre
0 Laboratory of Prof. Massimo

Pasqualetti

N/A

Mouse: Pet1210-Cre Laboratory of Prof. Massimo

Pasqualetti

N/A

Mouse: B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J The Jackson Laboratory Cat# JAX:007612; RRID: IMSR_JAX:007612

Mouse: hM4Di+/�/Pet1210-Cre/Tph2
GFP+/� Laboratory of Prof. Massimo

Pasqualetti

N/A

Mouse: Drd1a-td Tomato BAC transgenic mouse

line 5, and backcrossed to C57BL/6J

Laboratory of Dr. N.Calakos N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: VGLUT1Venus knock-in Laboratory of Dr. Etienne Herzog;

Laboratory of Dr. J. Caboche

N/A

Mouse: Slc17a6tm2(cre)Lowl/J (VGLUT2-Cre) The Jackson Laboratory Cat# 016963; RRID: IMSR_JAX:016963

Oligonucleotides

Primer: wild-type ROSA26 allele forward

50-GAGGGGAGTGTTGCAATACC-30
BMR Genomics N/A

Primer: wild-type ROSA26 allele reverse

50-AGTCTAACTCGCGACACTGTA-30
BMR Genomics N/A

Primer: reverse

50-GTCCCTATTGGCGTTACTATG-30
BMR Genomics N/A

Recombinant DNA

Plasmid: pCX-CAG-eGFP Pasqualetti et al., 2002 https://doi.org/10.1002/gene.10053

Plasmid: pROSA26-1Sor Soriano P. Nat Genet. 1999 AddGene: #21714; https://doi.org/10.1038/5007

Plasmid: pPSVKeoFRT Pasqualetti et al., 2002 https://doi.org/10.1002/gene.10053

Vector: pROSA26-1Sor-CAG-hM4Di/mCherry This paper N/A

Plasmid: pAAV-hSyn-DIO-hM4Di/mCherry Krashes et al.,

J Clin Invest. 2011

AddGene: #44362; https://doi.org/10.1172/JCI46229.

Software and Algorithms

GraphPad Prism 6 software GraphPad Software, Inc. https://www.graphpad.com/ ; RRID: SCR_002798

pClamp 10 Molecular Devices http://mdc.custhelp.com/ ; RRID: SCR_011323

ImageJ NIH https://imagej.nih.gov/ij/; RRID: SCR_003070

Neuronstudio software Computational Neurobiology

and Imaging Center

http://research.mssm.edu/cnic/tools-ns.html ;

RRID: SCR_013798

Huygens software (Maximum Likelihood

Estimation algorithm)

Scientific Volume Imaging https://svi.nl/HuygensSoftware ; RRID: SCR_014237

Origin 9.1 OriginLab Corporation https://store.originlab.com/store/Default.aspx?

CategoryID=0 ; RRID: SCR_014212

Adobe Photoshop CS6 Adobe Systems https://www.adobe.com/ ; RRID: SCR_014199

Other

AN69 dialyzing membranes Hospal Dasco Nephral ST 500
CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Dr. Raffaella Tonini (raffaella.tonini@iit.it). Distribution of the Drd1a-td Tomato BAC transgenic mouse line 5 is rescricted by MTA.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All procedures involving animals were carried out in accordance with the Italian Ministry of Health’s directives (D.lgs 26/2014) regu-

lating animal research. Animal experiments were designed in accordance with the ARRIVE (Animal Research: Reporting of In Vivo

Experiments) guidelines (Kilkenny et al., 2010), with a commitment to refinement, reduction, and replacement, minimizing the number

of mice. Drug, and test naive male mice at postnatal day 35-80 were housed 4-5 per cage in a temperature- and humidity-controlled

room under a 12:12 h light/dark cycle with lights on at 07:00, and fed regular laboratory chow with ad libitum access to water. The

following mouse strains were used in this study: C57BL/6J (Charles River Laboratories; RRID: IMSR_JAX:000664), hM4Di+/�/
Pet1210-Cre, hM4Di+/�/Pet1210-Cre

0, Pet1210-Cre, hM4Di+/�/Pet1210-Cre/Tph2
GFP+/� (Laboratory of Prof. Massimo Pasqualetti);

B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J (The Jackson Laboratory; RRID: IMSR_JAX:007612), Slc17a6tm2(cre)Lowl/J (VGLUT2-Cre)

(The Jackson Laboratory; RRID: IMSR_JAX:016963); Drd1a-td Tomato BAC transgenic mouse line 5 (Laboratory of Dr. N.Calakos)

backcrossed to C57BL/6J; VGLUT1Venus knockin (Laboratory of Dr. Etienne Herzog and Laboratory of Dr. J. Caboche). For all strains,

male mice were routinely bred with C57BL/6J females, with the exception of VGLUT2-Cre and VGLUT1Venus, which were maintained

in homozygosis. For production of hM4Di+/�/Pet1210-Cre animals, hM4Di+/� adult males were mated to Pet1210-Cre

transgenic females; progeny was genotyped for the presence of both hM4Di in the ROSA26 locus and Cre. For production of
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hM4Di+/�/Pet1210-Cre/Tph2
GFP+/� mice, hM4Di+/�/Pet1210-Cre males were mated to Tph2GFP+/� females. Progeny was genotyped

for the presence of hM4Di in the ROSA26 locus, Cre, and GFP within the Tph2 locus.

METHOD DETAILS

Generation of the hM4Di knockin mouse line
Wegenerated the hM4DiDIO conditional knockinmouse line taking advantage of a gene targeting strategy allowing the insertion of the

construct via homologous recombination within the ROSA26 genomic locus. The in-frame fusion protein resulting from the hM4Di

DREADD receptor and the mCherry reporter coding sequences was flanked by two couples of Lox sites (LoxP/Lox2722). The result-

ing cassette was isolated from the pAAV-hSyn-DIO-hM4Di/mCherry vector and cloned in the 30-50 orientation within the pCX-CAG-

eGFP plasmid downstream of the CAG promoter by replacing the eGFP sequence. Subsequently, the CAG-hM4Di/mCherry

fragment was isolated from pCX-CAG-hM4Di/mCherry via SpeI/XbaI double digestion and cloned in the XbaI site of the

pROSA26-1Sor plasmid that had been previously modified by the addition of a PvuI recognition site downstream to the pgk-DTa

cassette in place of the unique XhoI site. Finally, the SpeI/NheI fragment containing the pgk-Neo/Kana cassette was obtained

from the pPSVKeoFRT plasmid and cloned into the unique XbaI site of the pROSA26-1Sor-CAG-hM4Di/mCherry vector. PvuI-linear-

ized targeting vector was electroporated into E14Tg2a.4 ES cells and G418 selection was maintained for 7 days as described (Giorgi

et al., 2017). Among 192 G418-resistant ES cell colonies screened, 32 were positive recombinant clones as assessed by Southern

blot analysis. Following karyotype analysis, recombinant ES cells were microinjected into C57BL/6J host blastocysts that were later

reimplanted into pseudopregnant CD1 females. Germline transmission was achieved for the 60% of the 29 chimeras obtained.

hM4DiDIO mice were born at normal Mendelian ratios and lived a normal lifespan with no obvious defects.

Animals were genotyped using DNA primers as follows: wild-typeROSA26 allele forward 50-GAGGGGAGTGTTGCAATACC-30 and
reverse 50-AGTCTAACTCGCGACACTGTA-30. The hM4DiDIO knockin allele was genotyped using the same forward primer as above

in combination with the reverse primer 50-GTCCCTATTGGCGTTACTATG-30.

In vivo brain microdialysis
hM4Di+/�/Pet1210-Cre mice were anesthetized with Avertin (1.5 mg/kg) and placed in a stereotaxic frame (2B, 2biological Instru-

ments) for probe implantation. Concentric dialysis probes were implanted either in the right or left dorsolateral striatum (DLS) (uncor-

rected coordinates +0.38 AP, ± 2.0 ML, �3.8 DV). After surgery, mice were allowed to recover overnight in square Plexiglas cages

(Allentown). Concentric dialysis probes were prepared using AN69 dialyzingmembranes (Hospal Dasco, Bologna, Italy) as previously

described (Mereu et al., 2017; Mereu et al., 2015). The exposed dialyzing surface of themembrane was limited to the lowest 2.00 mm

portion of the probes, which were less than 18 mm in total length. Experiments were performed in freely moving animals in the same

cage in which they recovered from surgery. Microdialysis test sessions started at 9 AM, approximately 22-24 hours after surgical

procedures. Probes were connected to PE50 tubes and perfused with Ringer’s solution (147.0 mM NaCl, 2.2 mM CaCl2 and

4.0 mM KCl) delivered through the dialysis probes by a 1.0 ml syringe, operated by a BAS BeeSyringe Pump Controller (BAS

West Lafayette, IN, USA), at a constant flow rate of 1 ml/min. Collection of dialysate samples (20 ml) started after about 30 min,

and extracellular serotonin levels were quantified using an HPLC apparatus equipped with a reverse-phase column (C83.5 mm, Wa-

ters, Milford, USA) and a coulometric electrochemical detector (ESA Coulochem II, Bedford, USA). At the end of each experiment,

mice were sacrificed and their brains were removed and stored in formalin (4%) before histological analysis. Brains were cut in serial

coronal slices (100 mm) to locate the placement of the microdialysis probe.

Viral injections for optogenetic experiments
Five- to six-week-oldmice were anesthetized (2% isofluorane) and placed in a stereotaxic frame. Tomeasure light-induced EPSPs at

cortico- and thalamostriatal connections on dSPNs and iSPNs, C57BL/6J and hM4Di+/�/Pet1210-Cremice were injected with rAAV5-

CaMKIIa-ChR2(H134R)-eYFP virus (UNC Vector Core, Chapel Hill, North Carolina). Themotor cortexM1 (+1.1 AP; ± 1.6ML;�0.8 DV

from brain surface) or the thalamus was targeted (�2.3 AP; ± 0.75 ML;�3.5 DV). A volume of 0.5 ml/site of virus was injected at a rate

of 0.1 ml/min. To measure the effect of the release of serotonin on electrically-induced EPSPs at thalamostriatal connections on

dSPNs, Pet1210-Cre mice were injected with rAAV5-EF1a-DIO-hChR2(H134R)-eYFP virus (UNC Vector Core, Chapel Hill, North

Carolina). The dorsal raphe nucleus (DRN) was targeted (�4.36 AP; ± 0.5ML;�3,�4 DV). A volume of 0.8 ml/site of virus was injected

at a rate of 0.1 ml/min. Mice were used for electrophysiological recordings 4-6 weeks after the injection.

Electrophysiology
Slice preparation

Mice were anesthetized with isofluorane and decapitated, and their brains were transferred to ice-cold dissecting artificial cerebro-

spinal fluid (aCSF) containing 110 mM choline chloride, 2.5 mM KCl, 1.25 mM NaH2PO4, 7 mM MgSO4, 0.5 mM CaCl2, 25 mM

NaHCO3, 25 mM D-glucose, 11.6 mM sodium-L-ascorbate and 3.1 mM sodium pyruvate, saturated with 95%O2 and 5%CO2. Cor-

onal sections (250 mm thick), horizontal slices (270 mm thick) and para-horizontal slices (20� oblique) were cut using a Vibratome

1000S (Leica, Wetzlar, Germany), then transferred to aCSF containing 115 mM NaCl, 3.5 mM KCl, 1.2 mM NaH2PO4, 1.3 mM

MgCl2, 2 mM CaCl2, 25 mM NaHCO3 and 25 mM D-glucose and aerated with 95% O2 and 5% CO2. Following 20 min of incubation
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at 32�C, slices were kept at 22-24�C. During experiments, slices were continuously superfused with aCSF at a rate of 2 ml/min

at 28�C.
Electrophysiological recordings

Whole-cell patch-clamp recordings were made on striatal projection neurons (SPNs) of the dorsolateral striatum (DLS) in horizontal

or para-horizontal slices, or in neurons of the dorsal raphe nucleus (DRN) in coronal slices. Intracellular solution contained 130 mM

KMeSO4, 5 mM KCl, 5 mMNaCl, 10 mMHEPES, 0.1 mM EGTA, 2 mMMgCl2, 0.05 mMCaCl2, 2 mMNa2-ATP and 0.4 mMNa3-GTP

(pH 7.2-7.3, 280-290 mOsm/kg).

In the DLS, excitatory postsynaptic potentials (EPSPs) were induced at 0.1 Hz in the presence of the GABAA receptor antagonist

gabazine (10 mM) by intrastriatal electrical stimulation using a concentric bipolar electrode (40-100 mA; 40-80 ms; FHC, Bowdoin,

Maine) or by optogenetic stimulation of cortical or thalamic afferents using short blue light pulses (range 0.1-1 ms at 470 nm) of

LED light delivered through the microscope objective (CoolLED, pE-100, Andover, Hampshire, United Kingdom). STDP-LTD was

induced using a protocol consisting of 20 bouts of EPSPs paired with bAPs, delivered 10 s apart. Each bout consisted of five bursts

(120 ms apart), each composed of three bAPs at 50 Hz followed by one EPSP (negative timing). The onset of the EPSPs followed the

peak of the last postsynaptic action potential in the burst by 10 ms (Dt = 10 ms). During plasticity induction, postsynaptic neurons

were depolarized from �80 mV to �70 mV. Data were excluded when the input resistance (Rinp) changed > 20%. In Pet1210-Cre

mice expressing ChR2 in the DRN, thalamic afferents were stimulated by placing the stimulation electrode in the thalamus close

to the border with the thalamic reticular nucleus. To induce the release of serotonin from DRN afferents in the DLS, blue light pulses

(10 ms duration at 470 nm) of LED light were delivered through the microscope objective (CoolLED, pE-100, Andover, Hampshire,

United Kingdom) at the time of presynaptic stimulation evoked during the STDP protocol. BK channel-mediated current was re-

corded in voltage-clamp configuration in response to a depolarizing voltage ramp from �80 to 110 mV (rate 0.1 mV/ms). Data are

reported without corrections for liquid junction potentials. Data were acquired using a Multiclamp 700B amplifier controlled by

pClamp 10 software (Molecular Device), filtered at 2.5 kHz and sampled at 10 kHz (voltage clamp), or filtered at 10 kHz and sampled

at 20 kHz (current-clamp) with a (Digidata 1322, Molecular Device). For statistical purposes (RM2WA analysis; Figure S5B), data were

filtered at 0.1 kHz.

Imaging
Ca2+ transients were imaged with 100 mM Fluo-4 (ThermoFisher Scientific, Carlsbad, California) dissolved in the intracellular

recording solution. Alexa 568 (10 mM, ThermoFisher Scientific, Carlsbad, California) was used for visualization of cell bodies and den-

drites. SPNs were filled with Alexa 568 and Fluo-4 via the patch electrode for 20 min before imaging to allow dye equilibration in the

proximal dendrites. Whole-cell maximum-projection images of the soma and dendrites were acquired with 0.4 mm2 pixels with 15 ms

pixel dwell time; �120 images were taken with 0.4 mm focal steps. Drugs were bath applied for 10 min.

Two-photon Ca2+ imaging was performed with a Leica SP5 AOBS upright DM6000 CFS microscope coupled with a 2P laser

Chameleon Ultra Coherent and equipped with a Leica 25x NA 0.95 water immersion objective. The fluorescence emission was

collected with an external non-descanned photomultiplier detector equipped with a 525/50 emission filter. Green fluorescence

line-scan signals were acquired at 6 ms and 256 pixels per line, with 0.1 mm pixels and 20 ms pixel dwell time. The laser-scanned

images were acquired with 800 nm light pulsed at 90 MHz (pulse duration: �250 fs). The line scan was used to record the fluores-

cence elicited by one bout of the STDP protocol. Images were collected with LAS AF Leica software and analyzed using ImageJ soft-

ware (version 1.45, https://imagej.nih.gov/ij/, NIH, Maryland) and Origin 9.1 (OriginLab Corporation, Northampton, Massachussets).

For each recording, background fluorescence was determined from a cell-free area of comparable size to that of the line-scan image.

After subtracting the averaged background signal, fluorescence values were recorded for 200ms before the triggering the STDP pro-

tocol and averaged to give the basal fluorescence (Fbasal). The amplitude of the fluorescence transients at the recording sites was

expressed as the fractional change in basal fluorescence, (F-Fbasal)/Fbasal, (DF/F), which is approximately proportional to the changes

in intracellular Ca2+. Over the course of the experiment, Fbasal remained within the standard error of Fbasal measured under control

conditions. For data analysis, transients were digitally filtered offline (adjacent-averaging routine, smoothing factor n = 5; Origin 9.1).

Immunofluorescence
Identification of dSPNs and iSPNs

To identify SPNs of the direct (dSPN) and indirect (iSPN) pathways, neurons were filled with Neurobiotin (0.5 mg/ml, Vector Labora-

tories,Peterborough, United Kingdom) during recordings and subsequently processed for immunostaining of the A2A receptor

(marker of iSPNs) and substance P (marker of dSPNs)(Nazzaro et al., 2012; Trusel et al., 2015). After recording, slices were fixed

with 4% paraformaldehyde in 0.1 M phosphate buffer (0.1 M PB; pH 7.4) overnight at 4�C and then incubated in primary antibodies.

Rabbit polyclonal antibody to A2A (1:250, Enzo Life Sciences, Farmingdale, New York) and rat monoclonal antibody to substance P

(1:200, Millipore, Billerica, Massachussets) were diluted in 0.1 M PB containing 0.3% Triton X-100. Sections were subsequently

incubated with Alexa 647- or Alexa 488-conjugated secondary antibodies (1:200) and Alexa 568-conjugated streptavidin (1:1000)

(ThermoFisher Scientific, Carlsbad, California), mounted on glass slides, and coverslipped with ProLong Gold antifade reagent

(ThermoFisher Scientific, Carlsbad, California). Images were acquired with an inverted Leica TCS SP5 AOBS TANDEM confocal

microscope.
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5-HT, SERT and mCherry expression

hM4Di+/�/Pet1210-Cre/Tph2
GFP+/� or Pet1210-Cre mice were perfused with 4% paraformaldehyde (w/v) in phosphate buffer (0.1 M

PB; pH 7.4) and vibratome sections (50 mm) were processed for immunofluorescence (Migliarini et al., 2013). After blocking and per-

meabilization, slices were incubated in primary antibody diluted in PBTriton solution (0.1 M PB, 0,5% Triton X-100, 5% horse serum)

[rabbit anti-RFP (1:500, Abcam, Cambridge, United Kingdom); chicken polyclonal anti-eGFP (1:1000, Abcam, Cambridge, United

Kingdom); rat monoclonal anti-5-HT (1:200, Merck Millipore, Darmstadt, Germany)] overnight at 4�C. Rabbit anti-SERT (1:500, Milli-

pore, Darmstadt, Germany) primary antibody was diluted in modified PBTriton (0.1 M PB, 0,3% Triton X-100, 10% horse serum) and

slices incubated for 36 h at 4�C. Slices were then incubated in secondary antibody [Alexa Fluor 488 goat anti-chicken IgG (1:500,

Molecular Probes, Eugene, Oregon); VectaFluor Excel Amplified DyLight� 594 Anti-Rabbit IgG Kit; Alexa Fluor 488 donkey anti-

rat IgG (1:500, Molecular Probes, Eugene, Oregon)] for 2 h at room temperature and mounted onto slides for imaging. Images

were acquired with a MacroFluo microscope (Leica, Weltzar, Germany) with a DS-SMc digital camera (Nikon, Tokyo, Japan) or

with an A1 confocal microscope (Nikon, Tokyo, Japan).

Postsynaptic localization of 5-HT4R in dSPNs
Labeling of cortical and thalamic afferents

To identify cortical afferents, VGLUT1-Venus knockin mice were used and no injections were required (Heck et al., 2015; Herzog

et al., 2011). To label thalamic afferents, AAV9.CAG.Flex.eGFP.WPRE.bGH (UPenn) was injected in the thalamus of VGLUT2-Cre

mice (�2.3 AP; ± 0.75 LM; �3.5 DV). A volume of 0.5 ml/site of virus (diluted 1:10 in PBS) was injected at a rate of 0.1 ml/min.

Mice were perfused 3-4 weeks after the injection. To label dSPNs, the viral construct AAVrh9-PPTA-CRE, which contains an expres-

sion cassette consisting of Cre recombinase driven by the promoter of the PPTA gene (substance P), which is specifically expressed

in dSPNs, was co-injected with AAV9.CAG.Flex.tdTomato.WPRE.bGH (UPenn) expressing ‘‘flexed’’ tdTomato under the CMV/

actin hybrid promoter (CAG). The DLS was targeted (+0.5 AP; ± 2.6 LM; �2.9 DV) and a volume of 2 ml/site of the mix was

injected at a rate of 0.1 ml/min. Mice were perfused 2-3 weeks after the injection (Dos Santos et al., 2017; Hikida et al., 2010).

In VGLUT2-Cre mice, double injections of the AAVrh9-PPTA-CRE/AAV9.CAG.Flex.tdTomato.WPRE.bGH mix in the DLS and

of AAV9.CAG.Flex.eGFP.WPRE.bGH in the thalamus were also performed. Mice were perfused 3 weeks after the injection. The

tdTomato- and eGFP-expressing viruses were made available by Dr. Hongkui Zeng of the Allen Institute for Brain Science.

Mouse perfusion and preparation of vibratome sections

Mice were deeply anesthetized and intracardially perfused with 4% PFA in 0.1 M phosphate buffer, pH 7.4 at 4�C. The brain was

removed from the skull and placed in 4%PFA overnight at 4�C. Sections of 30 or 50 mmwere cut in the frontal plane using a vibratome

1000S (Leica, Wetzlar, Germany), and stored in PBS.

Immunocytochemical labeling

Sections were permeabilized for 15 min in 0.5% Triton X-100, blocked for 1 h at room temperature in PBS containing 0.01% Triton

X-100, 3% BSA and 3% NGS. The sections were incubated 48 hours at 4�C with primary antibodies (rabbit anti-5-HT4R: 1:500,

Abcam; mouse anti-bassoon: 1:250, Abcam) in PBS with 0.01% Triton X-100, 3% BSA and 3% NGS. After washing, sections

were incubated for 90 min at room temperature with secondary antibodies (goat anti-rabbit Cy3-conjugated or Cy5-conjugated;

goat anti-mouse Cy5-conjugated; 1:500, Jackson) in PBS with 0.01% Triton X-100, 3% BSA and 3% NGS. Sections were washed

before mounting in Prolong Gold.

Confocal image acquisition and deconvolution

Images stacks were acquired with a Confocal Laser Scanning Microscope (SP5, Leica, Wetzlar, Germany),) through an 63x oil im-

mersion objective with numerical aperture of 1.4 (Leica, Wetzlar, Germany) using 700Hz scanning frequency and pinhole aperture

set to 1 Airy Unit. Stacks of 25 images (1024x1024 pixels) were acquired with a pixel size of 60 nm and z-step of 200 nm. Excitation

(ex.) wavelength and emission (em.) range were set as follows: Venus, ex. 514, em. 545-540; GFP, ex. 488, em. 500-550; tdTomato

and Cy3, ex. 561, em. 570-625; Cy5, ex. 633, em. 650-750 nm. Images were acquired in sequential mode with a low-noise Hybrid

detector combining avalanche gain and GaAsP detection (HyD, Leica Wetzlar, Germany). Metrology measurements were performed

on fluorescent beads to confirm proper alignment of lasers and field homogeneity, using the ImageJ-based MetroloJ plugin. Decon-

volution with the experimental point spread of function from fluorescent beads using the Maximum Likelihood Estimation algorithm

was performed with Huygens software (Scientific Volume Imaging).

Image analysis

Segmentation varicosities, distance measurements and co-localization analysis were performed in three dimensions (3D) using the

procedures implemented in the ImageJ-basedDiAna plugin, extensively described in Gilles (Gilles et al., 2017). The 3D intensity radial

distribution centered on the local maximum of each object was used to segment the objects. GFP in thalamic afferents was localized

in the axons as well as in boutons. Thus, axonal boutons were selected according to their co-localization with the immunolabeled

presynaptic active zone protein Bassoon. Following segmentation, 3D distances between the borders of VGLUT objects and the

closest 5-HT4Rwere computed and co-localizing objects counted. For co-localization analysis of 5-HT4R on spine heads and shafts,

the dendritic shaft was first reconstructedwith Neuronstudio software, then imported into ImageJwhile spine headswere segmented

in ImageJ (Dos Santos et al., 2017; Heck et al., 2015). 5-HT4R co-localization analysis was then performed with shafts and

spine heads.
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Immuno-EM analysis
Pre-embedding immuno-gold analyses were performed as described (Hebert-Chatelain et al., 2014). In short, after a pre-incubation

step in blocking solution [(10% BSA, 0.1% sodium azide and 0.02% saponin in Tris-buffered saline (TBS)], coronal sections

were incubated with rat monoclonal anti-mCherry (1:50, Sigma Aldrich Italia, Milano, Italy) and rabbit polyclonal anti-5-HT (1:200,

ThermoFisher Scientific, Waltham, Massachusetts, USA) primary antibodies in blocking solution with 0.004% saponin. After several

washes (1% BSA in TBS), sections were incubated with a goat anti-rabbit biotinylated secondary antibody (1:150, Vector Labora-

tories, Peterborough, United Kingdom) and with secondary 1.4 nm gold-labeled goat anti-rat Immunoglobulin-G (Fab’ fragment,

1:100, Nanoprobes Inc., Yaphank, New York, USA). Sections were then processed in avidin-biotin complex (1:50, Vector Labora-

tories, Peterborough, United Kingdom), silver-intensified with the HQ Silver kit (Nanoprobes Inc., Yaphank, New York, USA), and

incubated in a solution of 0.05% DAB and 0.01% hydrogen peroxide (Vector Laboratories, Peterborough, United Kingdom). After

post-fixation with 1% glutaraldehyde, the immunolabeled sections were analyzed by electron microscopy, as described (Giacomini

et al., 2016). Scanning transmission electron microscopy (STEM) images were collected with a Schottky field-emission gun FEI

Tecnai G2 F20 (FEI, Hillsboro, Oregon) transmission electron microscope equipped with a high angular annular dark field (HAADF)

detector and operating at an acceleration voltage of 200 kV.

Activation of CaMKII in acute slices
Acute slices from drd1a-tdTomatotg mice (n = 3) were prepared as described (Trusel et al., 2015). After 1 h of recovery in aCSF at

32�C, slices were incubated 10 min at 32�C with or without 5 mM of the 5-HT4R agonist RS67333; after 5 min washout at 32�C in

aCSF, slices were fixed in 4% PFA + 50 mM NaF for 4 h at 4�C. Slices were then rinsed three times (5 min each) in PBS and stored

at �20�C in a cryoprotective solution (PBS + 30% glycerol + 30% PEG) until immunofluorescence was performed. After several

washes in PBS, slices were permeabilized in PBS + 0.5% Triton X-100 for 4 h at room temperature, blocked with PBS + 0.5% Triton

X-100 + 3% BSA for 1 h at room temperature and incubated with the primary antibody [rabbit anti-pCaMKII (Thr286) 1:400, Cell

Signaling] in PBS + 0.1% Triton X-100 + 3% BSA overnight at 4�C. After several washes in PBS, slices were incubated with the

secondary antibody (Alexa 488 anti-rabbit, 1:500, ThermoFisher Scientific) in PBS + 0.1% Triton X-100 + 3% BSA for 2 h at room

temperature. After several washes in PBS, slices were mounted in ProLong Gold. Images were acquired with an inverted confocal

microscope (Leica TCS SP5 AOBS TANDEM) with a 20X objective, acquiring 10 mm thick stacks with a 2 mm z-step, starting from

30 mmbelow the surface of the slice. For each experimental condition, 3 slices were acquired, and 2 images per slice were analyzed,

counting the total number of pCaMKII and tdTomato double-positive cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Appropriate parametric statistic were utilized to test our hypothesis, unless data did not meet the assumptions of the intended para-

metric test (normality test). In this case, appropriate non-parametric test were used. Power analysis assumptions were: power = 0.9;

alpha = 0.5; two-tailed and expected difference 50% greater than the observed standard deviation. Data were analyzed by two-way

repeated-measure (RM2WA) or one-way repeated-measures ANOVA (RM1WA) for comparisons within a group, and one-way

ANOVA (1WA) for between-group comparisons (GraphPad Prism 6 software). Post hoc analysis (Tukey; Home-Sidak, as indicated)

was performed only when ANOVA yielded a significant main effect. Two groups were tested for statistical significance using the two-

population t test and Mann-Whitney U-nonparametric test (GraphPad Prism 6 software). Statistical details of experiments are shown

in results, figures and figure legends. Data are reported as mean ± s.e.m., unless stated otherwise. In the electrophysiological exper-

iments, measurement of EPSPs were made using pClamp software (Molecular Devices). The occurrence and magnitude of synaptic

plasticity was evaluated by comparing the normalized EPSP amplitudes from the last 5 min of baseline recordings with the corre-

sponding values at 25-35 min after STDP (as indicated in Figure 1B). LTD plots were generated by averaging the peak amplitude

of individual EPSPs in 1 min bins. Coefficients of variation (CV) for EPSPs were calculated by the ratio of the standard deviation

(sd) and the mean EPSP amplitude (Shen et al., 2008). In imaging experiments, the magnitude of the Ca2+ signal was measured

as the area under the curve (AUC) in the transient region. n values for electrophysiological and imaging experiments represent

the number of recorded cells. No statistical methods were used to pre-determine sample sizes, which were, however, similar to

those reported previously (Nazzaro et al., 2012; Trusel et al., 2015). For immunohistochemistry, images were processed with Adobe

Photoshop (Adobe Systems) using only linear adjustments of contrast and color.

DATA AND SOFTWARE AVAILABILITY

Mouse strains: Pet1210-Cre; MGI:5620670 [http://www.informatics.jax.org/allele/key/854058]; mouse Tph2GFP+/�; MGI:5442736

[http://www.informatics.jax.org/allele/key/821477]; a custom macro in ImageJ using algorithms from the Plugin 3DImageSuite

(http://imagejdocu.tudor.lu/doku.php?id=plugin:stacks:3d_ij_suite:start) is available upon request (nicolas.heck@upmc.fr) since it

requires to be adapted according to image names and calibration.
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