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Phasic Dopamine Modifies Sensory-Driven Output of Striatal
Neurons through Synaptic Plasticity
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Animals are facing a complex sensory world in which only few stimuli are relevant to guide behavior. Value has to be assigned to relevant
stimuli such as odors to select them over concurring information. Phasic dopamine is involved in the value assignment to stimuli in the
ventral striatum. The underlying cellular mechanisms are incompletely understood. In striatal projection neurons of the ventral striatum
in adult mice, we therefore examined the features and dynamics of phasic dopamine-induced synaptic plasticity and how this plasticity
may modify the striatal output. Phasic dopamine is predicted to tag inputs that occur in temporal proximity. Indeed, we observed D1

receptor-dependent synaptic potentiation only when odor-like bursts and optogenetically evoked phasic dopamine release were paired
within a time window of �1 s. Compatible with predictions of dynamic value assignment, the synaptic potentiation persisted after the
phasic dopamine signal had ceased, but gradually reversed when odor-like bursts continued to be presented. The synaptic plasticity
depended on the sensory input rate and was input specific. Importantly, synaptic plasticity amplified the firing response to a given
olfactory input as the dendritic integration and the firing threshold remained unchanged during synaptic potentiation. Thus, phasic
dopamine-induced synaptic plasticity can change information transfer through dynamic increases of the output of striatal projection
neurons to specific sensory inputs. This plasticity may provide a neural substrate for dynamic value assignment in the striatum.
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Introduction
The striatum has evolved as a centralized device for value assign-
ment to stimuli, specialized to resolve conflicts of environmental
stimuli for access to limited cognitive resources (Redgrave and
Gurney, 2006). The striatum is the main projection target of do-
paminergic midbrain neurons. Dopaminergic neurons fire syn-
chronous bursts with a short latency of 50 –110 ms following
novel stimuli and reward-associated events (Ljungberg et al.,
1992; Bromberg-Martin et al., 2010). If novel stimuli are not
reinforced, burst responses of dopaminergic neurons gradually
disappear (Schultz, 1986).

In the striatum, phasic dopamine (pDA) release is thought to
act as a selection mechanism through which one sensory input
becomes dominant over concurring inputs (Kapur, 2003). pDA
release provides a transient signal that can causally influence cue-
elicited reward-seeking behavior (Steinberg et al., 2013). In the
dorsal striatum and nucleus accumbens, DA receptor (DAR) ac-

tivation is critical to many forms of long-term potentiation (Kerr
and Wickens, 2001; Calabresi et al., 2007; Kreitzer and Malenka,
2008; Shen et al., 2008; Bateup et al., 2010; Shan et al., 2014). For
instance, pulsatile application of exogenous DA coincident with
presynaptic stimulation results in D1 receptor (D1R)-dependent
synaptic potentiation (Wickens et al., 1996) as does the electrical
stimulation of midbrain neurons (Reynolds et al., 2001). These
studies had revealed a central role of DA in synaptic plasticity,
yet the cellular mechanisms by which temporally controlled en-
dogenous pDA release acts on sensory inputs are incompletely
understood.

Phasic DA-induced plasticity is predicted to have a number of
properties. Sensory stimuli that occur in temporal proximity to
the pDA signal should be strengthened, and this potentiation
should be reversible if the stimulus is no longer reinforced by the
pDA signal. To test these predictions, we examined plasticity in-
duced by pDA release on sensory inputs in the olfactory tubercle
(OTu) of the ventral striatum. In human imaging studies, the
OTu is selectively activated in response to attended odors, but not
to unattended odors (Zelano et al., 2005). In the OTu, striatal
projection neurons (SPNs) are clustered in layer 2 and receive
direct sensory inputs from the main olfactory bulb (Wieland et
al., 2014). In vivo, odors evoke time-locked increases in the firing
rate of putative SPNs (Wesson and Wilson, 2010).

Since SPNs directly project to other brain regions (Wesson
and Wilson, 2011), we examined potential modifications of
the firing output evoked by a constant sensory input that was
transiently paired with pDA. Toward this aim, we used opto-
genetically evoked pDA release on olfactory inputs to SPNs in
whole-cell recordings from slices of the adult mouse OTu and
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observed plasticity consistent with predictions for dynamic
value assignment of stimuli. Importantly, pDA modified
sensory-driven firing output through synaptic potentiation,
since dendritic integration and somatic excitability remained
unchanged. This plasticity provides a mechanism through
which pDA can increase the gain of the output of neurons
responding to potentially relevant stimuli.

Materials and Methods
Animals and husbandry. We used heterozygous transgenic mice
Tg(DATCre)9075Gsc (Parlato et al., 2006) expressing the Cre recombi-
nase under control of the dopamine transporter (DAT) gene contained
in a bacterial artificial chromosome (DAT-Cre). DAT-Cre mice were
maintained on a C57BL/6NCrl background (Charles River). D1-
dTomato mice (Ade et al., 2011) and D2-GFP mice (Gertler et al., 2008)
were bred with C57BL/6NCrl wild-type mice. Two to four mice were
housed per cage, were kept on a standard 12 h light/dark cycle, and were
given food and water ad libitum. All animal procedures were approved by
the local Animal Welfare Committee and in accordance with National
Institutes of Health guidelines. Throughout the study, mice of either sex
were used.

Virus preparation and stereotactic injection. To generate cell type-
specific expression of channelrhodopsin 2 (ChR2), we injected a
Cre-inducible recombinant adeno-associated virus (AAV) vector
pAAV-double floxed(DIOA)-ChR2:mCherry (Cardin et al., 2009) into
heterozygous DAT-Cre mice (Parlato et al., 2006; Wieland et al., 2014).
Cre-inducible recombinant AAV vectors were produced with AAV1/2

coat proteins to a final viral concentration of �10 16 genome copies/ml.
Mice �8 weeks of age were anesthetized with isoflurane; and 0.75 �l of
purified double-floxed rAAV1/2-DIOA-ChR2:mCherry virus was in-
jected into each hemisphere of the ventral midbrain (location from
bregma: posterior, 3.0 mm; lateral, 0.8 mm; ventral, 4.4 mm). All mice
recovered for at least 21 d before undergoing electrophysiological
experiments.

Laser stimulation. TTL-driven laser pulses (5 ms duration, 5–10 mW/
mm 2 at slice) were delivered from 100 �m multimode optical fibers
(THORLABS) coupled to a 25 mW, 473 nm, diode-pumped solid-state
laser (CrystaLaser). The fiber optic was positioned at a distance of �300
�m from the recording site. Laser light pulses did not produce any de-
tectable postsynaptic responses in eight SPNs in ChR2 � mice.

Electrophysiology. Animals were given an overdose of isoflurane and
were perfused intracardially with cold (4°C) slicing solution containing
the following (in mM): 212 sucrose, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 7
MgCl2, and 10 glucose, at 308 mOsm, pH 7.3. The 300 �m coronal or
sagittal sections were cut in a cold slicing solution with a vibratome
(Microm). For recovery, slices were incubated at 32°C for 30 min in
carbogenated artificial CSF (ACSF) containing the following (in mM):
125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 1 MgCl2, 2 CaCl2, and 25
glucose, at 312 mOsm, pH 7.3. Infrared differential interference contrast
patch-clamp recordings were performed with an EPC-10USB amplifier
(HEKA). If not otherwise mentioned, the pipet solution for whole-cell
recordings contained the following (in mM): 120 K-gluconate, 10 HEPES,
15 KCl, 4 Mg-ATP, 7 Phosphocreatine, 4 ATP-Mg, 0.3 GTP, and 0.1
EGTA, at 291 mOsm, pH 7.2. The recording solution (physCSF) con-
tained the following (in mM): 125 NaCl, 3.5 KCl, 1.25 NaH2PO4, 25
NaHCO3, 1 MgCl2, 1 CaCl2, and 25 glucose, 312 mOsm, pH 7.3. Com-
paring the solutions, physCSF had a lower concentration of CaCl2 and a
higher concentration of KCl than ACSF (Shu et al., 2003).

Initially, we compared excitability of SPNs in ACSF and physCSF.
When ACSF was replaced during the recording by physCSF, the resting
membrane potential (Vm) changed from �89.3 � 0.6 to �79.3 � 0.9 mV
( p � 0.05, t test), while the input resistance remained stable (76.8 � 5.7
and 75.0 � 4.8 M�; p � n.s., t test; n � 10 SPNs). Also, the intracellular
current required to evoke action potentials (APs) decreased from
340.9 � 21 pA (Vm � �43.8 � 1.0 mV) in ACSF to 302.3 � 11.9 pA in
physCSF (Vm � �46.8 � 0.9 mV; both p � 0.05, t test; n � 10). All
subsequent recordings were therefore performed in physCSF and at
33°C. Pipette resistance ranged from 4 to 7 M�, and cells were only

accepted for analysis if pipet access resistance was �25 M�. Throughout
the study, the junction potential was not corrected and input resistance
was monitored by current steps (50 ms, �30 pA). Cells were excluded if
the input resistance changed by �20% during the recording. Data were
acquired with Patchmaster software (HEKA) and analyzed with IgorPro
software (Wavemetrics). 4-AP, SKF38393, SCH23390, sulpiride, and at-
ropine were purchased from Sigma-Aldrich; and dihydro-�-
erythroidine (DH�E) was purchased from Tocris Bioscience. CNQX,
D-AP5, and gabazine were purchased from Biotrend.

SPNs were targeted with DIC microscopy based on their small oval
somata in layer 2. Membrane capacitance and resistance were deter-
mined by application of a hyperpolarizing pulse of 10 mV for 10 ms. For
the initial characterization of layer 2 neurons, action potential firing was
recorded in current-clamp mode at injected current Iinj � 0 pA by appli-
cation of a rectangular 1 s current steps starting at Iinj � �200 pA up to
saturation (step size � 50 pA).

The AP threshold was determined by applying a 2-s-long ramp current
injection following a 0.5 s subthreshold current step to achieve a starting
membrane potential of approximately �60 mV. Phasic laser stimulation
(PLS; 40 Hz, 300 ms) and no-PLS trials were repeated at least 15 times at
an interval of 20 s in an alternating fashion. PLS was applied in two sets of
experiments starting either “early” (200 ms before ramp onset) or “late”
(1 s after ramp onset). Injected current was initially adjusted so that the
first AP occurred only �1 s after ramp onset to ensure that AP firing did
not start before late PLS. We applied a threshold of 1 V/s to determine the
membrane potential at which the first AP was initiated in each trial and
compared the averaged AP threshold for each condition.

Electrical stimulation. To record evoked EPSPs from the lateral olfac-
tory tract (LOT), a unipolar glass stimulation electrode was positioned in
the superficial parts of layer 1 of the OTu. All recordings involving elec-
trical stimulation were performed in the presence of gabazine (10 �M).
EPSP amplitude was measured from baseline to peak. EPSP latency was
measured as the time between the onset of the electrical stimulation to
the deflection of EPSP rising phase from baseline. Paired-pulse ratios
(PPRs) were obtained by dividing the second EPSP amplitude by the first
EPSP amplitude. The slope of the EPSP was determined between 20%
and 80% of the EPSP amplitude. Under our recording conditions (Vm �
�80 mV), the block of NMDARs (D-AP5, 50 �M) had no effect on EPSP
amplitude or slope (see Fig. 3D). We observed similar responses for
stimulations in sagittal and coronal slices, and throughout the mediolat-
eral and rostrocaudal extent of the OTu (Wieland et al., 2014).

For plasticity induction by the D1R agonist or PLS, we stimulated the
LOT with paired pulses (two pulses with an interstimulus interval of 20
ms) every 20 s. After obtaining a stable baseline, OSTIM (100 Hz for 500
ms every 20 s) was applied 15 times in the presence of D1R agonist or
coincident PLS. We then switched back to paired-pulse stimulation. For
parallel stimulation of the control pathway (L.3 stim), a second unipolar
glass stimulation electrode was positioned in layer 3 to evoke paired
pulses. We tested for AP dependence of plasticity induction by applying
a subthreshold stimulation (“low-intensity stimulation”) versus OSTIM
(“high-intensity stimulation”). To control for plasticity-induced changes
of intrinsic excitability, we evoked AP firing by somatic current-step
injections before and after the plasticity experiment in neurons that
showed an EPSP potentiation and measured AP threshold and rheobase.
The rheobase (current required to evoke an AP) was determined from the
x-intercept of linear fits of the respective “current input � spike output”
curves before and after the plasticity experiment.

Odor-like stimulation and analysis. We performed current-clamp
whole-cell recordings in layer 2 SPNs and stimulated with the following
paradigm: control EPSPs (two pulses with an interstimulus interval of 20
ms) were separated by 10 s from the OSTIM (100 Hz for 500 ms). While
continuously applying the OSTIM protocol every 20 s, neurons required
5–10 min to reach a steady state of cumulative discharge (see Fig. 2C). We
continued with the OSTIM for another 5 min (“pre”) before we switched
to the OSTIM–PLS pairing. PLS (40 Hz for 400 ms) started 100 ms after
OSTIM onset. The OSTIM–PLS pairing was repeated 15 times. After the
pairing, only the OSTIM was applied to examine potentially longer-
lasting effects of pDA. Throughout the experiment, the EPSP amplitude,
PPR, and the input resistance were monitored. To test for effects of
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background input from the olfactory bulb [background stimulation
(BSTIM)], the PLS was paired with BSTIM (20 Hz for 500 ms). For
noncoincident pairing, PLS started either 1 s before the start or after the
end of OSTIM. AP frequencies were measured as the number of APs
within 500 ms during which OSTIM was applied. Stimulation intensity
and location were kept constant throughout the recording. For analysis,
we averaged EPSPs and AP frequencies of the first 5 min after the end of
the OSTIM–PLS pairing (post 1) and compared them to their baseline
OSTIM (pre). Pre was defined as the 5 min before the start of OSTIM–
PLS pairing. Amplitude-to-slope ratios were calculated for individual
EPSPs and then averaged. For AP threshold analysis during each OSTIM,
we measured the membrane potential at which the first AP occurred.

Biocytin filling of neurons and reconstruction. Brain slices of adult mice
were prepared as described for electrophysiology. Neurons were re-
corded with 2 �g/ml biocytin in the pipet for 10 –30 min. After the pipet
was withdrawn, slices were kept in the recording chamber for an addi-
tional 10 min and subsequently were immersion fixed in 4% PFA at 4°C
overnight. Biocytin-filled cells were incubated with peroxidase–avidin–
biotin complex (Vector Laboratories) and visualized with DAB-nickel
sulfate (Sigma-Aldrich). Subsequently, slices were mounted onto micro-
scope slides and coverslipped with Mowiol. The reconstruction of
biocytin-filled neuron was performed with a Neurolucida System (MBF
Bioscience) with 100	 oil-immersion objective (Imager, Zeiss).

Immunohistochemistry. Mice were given an overdose of isoflurane and
perfused transcardially with PBS at 37°C; subsequently, they were per-
fused with 4% PFA and post-fixed in 4% PFA for 12 h at 4°C. Slices were
cut with a vibratome. In D2-GFP mice, sections were incubated in block-
ing solution containing primary rabbit antibody raised against GFP (1:
3000; Millipore) at 4°C overnight and Alexa Fluor 488-conjugated
secondary antibody (1:1.000; Invitrogen) at room temperature (RT) for
2 h. Blocking solution contained 0.25% Triton X and 1% fetal bovine
serum (FBS). Sections were mounted with Fluoromount (Sigma-
Aldrich) and analyzed using a confocal laser scanning microscope
(SPM5, Leica). Single confocal sections (63	 oil-immersion) were taken
from 50 �m coronal sections of the OTu per mouse. The extent of D2-
GFP and D1-dTomato expression and their colocalization were deter-
mined in layer 2 (excluding the Islands of Calleja).

Single-cell PCR. Acute coronal slices of 20- to 40-d-old D1-dTomato
mice were prepared as described for electrophysiological recordings. The
recovery solution containing the following (in mM): 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 25 NaHCO3, 4 MgCl2, 1 CaCl2, 25 glucose, 0.05 D-AP-5,
and 0.01 CNQX, at 312 mOsm, pH 7.3. After 30 min of recovery at 32°C,
1 mg of Pronase (Sigma P8811) was added per milliliter of recovery
solution, and slices were kept at RT for 1 h. Slices were then transferred to
a recovery solution with 1% FBS. After 30 min, tissue was dissected and
triturated with glass Pasteur pipets in modified Neurobasal medium con-
taining the following (in mM): 5.3 KCl, 0.4 KH2PO4, 4.2 NaHCO3, 137.9
NaCl, 0.3 Na2HPO4, 5.5 glucose, 10.4 HEPES, 11 MgCl2, 44 sucrose, 0.05
D-AP5, 0.01 CNQX, and 1% FBS, pH 7.3. Cells were plated in 10 cm cell
culture dishes and incubated at 37°C with 5% CO2. Two gentle washing
steps with the modified Neurobasal medium were performed every 10
min. dTomato 
 and dTomato � cells were picked from the 10 cm dish
with glass capillaries containing 145 mM KCl, 3 mM MgCl2, 5 mM HEPES,
osmol 292 mM attached to a Burleigh micromanipulator fixed to a Zeiss
inverted fluorescence microscope (20	). The content of the capillary
was expelled into the mix for cDNA synthesis containing 5.15 �l of
DEPC-H2O, 0.35 �l of Rnasin (40 U/�l; N2511, Promega), 0.5 �l of DTT
(0.1 M), and 0.5 �l of random hexanucleotides (500 ng/�l; N8080127,
Invitrogen), and incubated at RT for 10 min. The cDNA synthesis was
performed by the addition of 1 �l of SuperscriptII RT (200 U/�l; Invit-
rogen), 4 �l of buffer (Superscript Kit), 0.35 �l of Rnasin (40 U/�l), 1.5
�l of DTT (0.1 M), 0.5 �l of dNTP mix (20 mM; Bio&Sell), and 0.65 �l of
DEPC-H2O per tube. Tubes were incubated at 42°C for 50 min, followed
by an inactivation step at 70°C for 15 min and then stored on ice. RNaseH
(0.5 �l; catalog #10334860, Fisher Scientific) was added at 37°C for 20
min. cDNA was stored at �20°C. In each round, cDNA was collected
from a maximum of five dTomato 
 and 5 dTomato � cells, and addi-
tionally from one negative control each containing only the cDNA syn-
thesis mix and another negative control with collected Neurobasal

medium, and a positive control with mRNA containing homogenate of
the dorsal striatum. The latter positive control underwent cDNA synthe-
sis in parallel with the picked cells. For PCR, the following primers were
used to detect Substance P (GGGATGCTGATTCCTCAGTTG, TCGC
GCTTCTTTCATAAGCC; fragment length, 153 bp); enkephalin (GAC
TGCGCTAAATGCAGCTA, AAGAAGGCAGCTGTCCTTCA; fragment
length, 91 bp); D1R (TGCCGCTGTCATCAGGTTTC, AAAGGGCCAA
AAGCCAGCAA; fragment length, 140 bp); and D2R mRNA (TTATGC
CCTGGGTCGTCTATCT, ATGACAGTAACTCGGCGCTT; fragment
length, 205 bp). Two rounds of PCR were performed. The first round
contained 15 �l of the cDNA template and a mix containing 5 �l of 10	
buffer, 8 �l of MgCl2 (25 mM), 0.5 �l of dNTPs (20 mM), 2.5 �l of DMSO,
0.25 �l of TAQ polymerase (5 U/�l), 10.75 �l of water, and 1 �l of each
of the eight primers (10 �M). Ten cycles were performed with decreasing
annealing temperature (1°C per cycle; start, 94°C for 30 s, 63°C for 30 s,
72°C for 30 s), followed by 10 cycles (94°C for 30 s, 53°C for 30 s, 72°C for
30 s). A second round was performed with 2 �l of the first PCR product
and a mix containing 2 �l of 10	 buffer, 1.6 �l of MgCl2 (25 mM), 0.2 �l
of dNTPs (20 mM), 1 �l of DMSO, 0.2 �l of TAQ polymerase (5 U/�l),
11.4 �l of water, and 0.8 �l of the primer (10 �M) pair for each product.
Fifteen cycles were performed with decreasing annealing temperature of
1°C per cycle (start, 94°C for 30 s, 63°C for 30 s, 72°C for 30 s), followed
by 15 cycles (94°C for 30 s, 53°C for 30 s, 72°C for 30 s). The products
were visualized on a 3% agarose gel. One positive sample of each of the
four fragments was sequenced to assure the correct product.

Statistical analysis. Unless indicated otherwise, data were normally
distributed and reported as the mean � SEM. Data were analyzed with
the two-tailed Student’s t test or ANOVA with a post-test with Bonfer-
roni correction for multiple comparisons.

Results
Lateral olfactory tract inputs elicit bursts in SPNs
We recorded from SPNs in layer 2 in an acute coronal slice prep-
aration of the adult mouse OTu (Fig. 1A–C). SPNs had a resting
membrane potential of �82.4 � 0.5 mV and an input resistance
of 73.0 � 2.3 M�, as well as a regular firing pattern with a slow
ramp depolarization and a long latency to spike upon current
injection (n � 63; Fig. 1D). Reconstructions of biocytin-filled
neurons with these properties revealed spiny dendrites (n � 5;
Fig. 1C). All recordings were performed in the presence of the
GABAA receptor antagonist gabazine (10 �M) to avoid con-
founding circuit effects on plasticity.

Single electrical stimuli to the LOT in the superficial parts of
layer 1 evoked short-latency EPSPs (latency to EPSP onset 1.9 �
0.4 ms) with paired pulse facilitation (PPR 2.2 � 0.3) in SPNs
(n � 10; Fig. 1E). EPSPs at a membrane potential of �80 mV
were reversibly blocked by AMPAR/NMDAR antagonists (n �
8). During odor presentation, olfactory bulb projection neurons
fire bursts of �100 Hz for a few hundred milliseconds in awake
mice (Uchida et al., 2014). We therefore applied short 100 Hz
stimulations to the LOT. The 100 Hz LOT stimulation elicited
trains of EPSPs that accumulated and evoked robust AP firing
(n � 15; Fig. 1F; no spikes occurred spontaneously without LOT
stimulation). LOT-evoked AP firing was reversibly blocked by
the NMDAR antagonist (n � 4; Fig. 1F,G). Also, application of
the AMPAR antagonist CNQX (10 �M) entirely blocked AP
firing in response to OSTIM (17.3 � 3.9 Hz before vs 0.0 � 0.0
Hz in CNQX, respectively; n � 6 SPNs). Thus, LOT activation
elicits ionotropic glutamate receptor-dependent bursting in
SPNs.

Phasic DA release induces reversible potentiation
To evoke endogenous pDA release, we conditionally expressed
ChR2 in DAergic midbrain neurons (Fig. 1A). We injected a
Cre-inducible AAV with double-floxed inverted open reading
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frame (DIOA) containing ChR2 fused to mCherry (rAAV1/2-
DIOA-ChR2:mCherry) into the ventral midbrain of 8-week-old
DAT-Cre mice. On average, 3 weeks after injection, half of ty-
rosine hydroxylase
 neurons expressed ChR2:mCherry in the
ventral midbrain (Wieland et al., 2014) with dense ChR2:
mCherry
 projections in the OTu (Fig. 1A). PLS 5 ms laser pulses
at 40 Hz of ChR2:mCherry
 afferents evoked transient peaks of
DA release in layer 2 of the adult OTu (Wieland et al., 2014).

We examined whether optogenetically evoked release from
DAergic terminals would potentiate EPSPs and/or the evoked firing

rate of SPNs. To examine changes in the
output firing of SPNs, we periodically ap-
plied 100 Hz stimulation for 500 ms to the
LOT every 20 s (hereafter named OSTIM;
Fig. 2A,B), mimicking the firing of olfac-
tory bulb projection neurons during odor
presentation. Repetition of an OSTIM ev-
ery 20 s throughout the recording evoked
stable AP responses for at least 40 min
(p � n.s., ANOVA; n � 8; Fig. 2C). In
addition to OSTIM, paired pulses were
applied to LOT to determine potential
presynaptic and postsynaptic effects dur-
ing plasticity; and a negative intracellular
current was injected to monitor input re-
sistance. AChRs were blocked with DH�E
(2 �M) and atropine (2 �M) to examine
the direct actions of pDA on SPNs. In
mice with expression of ChR2 in DAergic
neurons (ChR2
), we first recorded a sta-
ble baseline during OSTIM and then
paired the OSTIM 15 times with PLS. PLS
had a delayed onset relative to an OSTIM
of 100 ms (Fig. 2B) to account for delays of
phasic bursting of DAergic neurons after
the sensory stimulus onset (Ljungberg et
al., 1992). After the pairing of OSTIM and
PLS, we applied OSTIM alone for the re-
mainder of the recording for at least 25
min to test for durability of the plasticity.
We tested both for the potentiation of
synaptic inputs and changes in the input–
output function (IOF) of SPNs. The IOF
was defined as the number of APs evoked
by a constant OSTIM. Pairing OSTIM
with the PLS resulted in a significant po-
tentiation of the EPSP amplitude and in-
creased the IOF (both p � 0.001, ANOVA;
n � 18; Fig. 2D,E). The potentiated EPSP
amplitude and the IOF slowly returned to
baseline levels within several minutes after
the pairing with PLS had stopped. The
PPR of EPSP did not change (p � n.s.,
ANOVA), suggesting that the site of po-
tentiation is most likely at the postsyn-
apse. We confirmed that without a
pharmacological block of the AChRs, PLS
still evoked potentiation of the EPSP am-
plitudes (144 � 10% of baseline) and in-
creased the IOF (167 � 12% of baseline;
n � 6 SPNs). Application of the same
pairing of PLS and OSTIM in ChR2�

mice (Fig. 2E) changed neither the EPSP
amplitude nor the IOF. Thus, pDA both potentiated the EPSP
and increased the IOF with a similar time course when paired to
OSTIM. Interestingly, even though the potentiation of the EPSP
amplitude and the change in the IOF were significant when all
recorded SPNs were pooled (Fig. 2E), the IOF increased in only
10 of 18 SPNs in ChR2
 mice above the variability observed in
ChR2� mice (Fig. 2F). The 10 SPNs with potentiated EPSP am-
plitude in ChR2
 mice were also the ones with increased IOF
(Fig. 2F). In the 10 SPNs with potentiation of EPSP amplitudes,
PPR and input resistance normalized to baseline (pre) remained

Figure 1. Glutamatergic inputs from the olfactory bulb excite layer 2 SPNs. A, Sagittal view of the mouse forebrain showing the
location of the OTu in the ventral striatum with ChR2:mCherry expression after injection of rAAV1/2-DIOA-Chr2:mCherry in the
ventral midbrain of DAT-Cre mice. DAergic midbrain projections terminate at high density in all layers of the OTu. The LOT fiber tract
in the superficial parts of layer 1 terminate on layer 2 SPNs that in turn project to other brain regions. NAc, Nucleus accumbens;
MOB, main olfactory bulb; VTA, ventral tegmental area; IC, Islands of Calleja; VP, ventral pallidum. B, Coronal view of the OTu. C, D,
Reconstruction of a biocytin-filled SPN in layer 2 (C) and its firing response to a 1 s current step injection (current steps: –50, 
400
pA; D). E, Short-latency evoked EPSPs in an SPN evoked by electrical stimulation of the LOT were blocked by NMDAR/AMPAR
antagonists D-AP5 (50 �M) and CNQX (10 �M; Vm is indicated in this and subsequent figures). F, Short stimulation of LOT for 150 ms
at 100 Hz drove the membrane potential of an SPN to the firing threshold. AP firing was blocked by the NMDAR antagonist D-AP5
(50 �M). G, The area under the membrane potential curve (AUC) during 100 Hz LOT stimulation in F was normalized to the control
condition for statistical analysis [p � 0.05, ANOVA with post-test (*p � 0.05), n � 5].
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unchanged during this period (post 1; 100.9 � 2.8% and 106.0 �
5.7%, respectively; both p � n.s., t test). We therefore separated
the cells in ChR2
 mice into potentiated and nonpotentiated
SPNs (Fig. 3) to examine whether the site of pDA-induced plas-
ticity was confined to the stimulated synapse and whether
homeostatic plasticity contributed significantly to the modifi-
cation of dendritic integration or somatic excitability. The
potentiation of the EPSP amplitude was positively correlated
with AP spiking in potentiated SPNs but not in nonpotenti-
ated SPNs (Fig. 3A). Similar correlations were found for the
slope of the EPSP rising phase and AP spiking (Fig. 3B).

Dendritic integration may change during plasticity and result
in the amplification of synaptic inputs. Voltage-gated conduc-
tances located in the dendrites can amplify EPSPs (Lipowsky et
al., 1996; Hoffman et al., 1997; Magee, 1998). Changes in active
dendritic propagation will affect the ratio of the EPSP amplitude
to the slope of its rising phase (A/Slp ratio). Analysis of the pDA-
induced plasticity revealed that the increases in the EPSP ampli-
tude correlated positively with changes in the EPSP rising phase
(R 2 � 0.38, n � 10). Consequently, the A/Slp ratio did not change
in potentiated cells (p � n.s., ANOVA; n � 10; Fig. 3C). In
support of active dendrites in SPNs of the OTu, a potassium
channel antagonist indeed increased the A/Slp ratio of EPSPs
evoked by stimulation of the LOT in SPNs (Fig. 3D).

We finally tested for changes in the membrane potential
threshold at which APs occurred during OSTIM-induced depo-
larization (Fig. 3E). Even though pDA increased the IOF, the
threshold did not change in the first pairings of PLS and OSTIM
(Fig. 3E). Also, the threshold did not change after pairing of the
PLS with OSTIM was completed (p � n.s., ANOVA; n � 10; Fig.
3F), supporting that the increase in output firing was not due to
a lowered firing threshold during the potentiation phase. A recent
study (Planert et al., 2013) described that pharmacologic D1R
activation changed the membrane threshold at which the first AP
occurred during intracellular current ramp injections. We tested
whether pDA release acutely modified the threshold for AP firing
that was elicited via 2 s current ramps. Current ramps were ad-
justed so that the first AP occurred 1 s after ramp onset. PLS
started either early (200 ms before ramp onset) or late (1 s after
ramp onset). Neither early nor late PLS changed the membrane
threshold at which the first AP occurred (early PLS, Vm �
�51.84 � 0.73 mV vs alternating no-PLS, �51.79 � 0.72 mV in
the same 18 cells; late PLS, Vm � �49.80 � 1.22 mV vs alternat-
ing no-PLS, �49.75 � 1.23 mV in the same 13 cells; both p � n.s.,
t test). These results do, however, not exclude that other param-
eters of intrinsic excitability are acutely changed by endogenous
pDA. Together, these findings support that increased firing out-
put to the same sensory stimulus was due to synaptic potentiation

Figure 2. Phasic dopamine reversibly potentiates olfactory input and SPN output. A, Recording configuration. B, Experimental paradigm: paired-pulse LOT stimulation (PP, interstimulus interval,
20 ms) and OSTIM (100 Hz, 500 ms) were alternating every 10 s throughout the experiment. After recording of a baseline, PLS (40 Hz, 400 ms) was paired coincidentally with OSTIM (latency, 100 ms
after onset of OSTIM). C, Continuous application of OSTIM every 20 s elicited stable AP firing after 5–10 min. D, Recordings from a SPN are shown pre, post 1, and 20 min after the pairing (post 2) in
a ChR2 
 mouse (Iinj � 0 pA). Top row, EPSPs evoked by paired-pulse stimulation. Bottom row, AP firing in response to OSTIM. E, Effect of coincident PLS pairing on SPNs in ChR2 � mice (black, n �
14) and ChR2 
 mice (red, n � 18) over time. From top to bottom, Effect on normalized EPSP amplitude and, IOF (defined as the number of APs per OSTIM), paired-pulse ratio, and input resistance.
Normalized EPSP amplitude and IOF: p � 0.001, ANOVA with post-test (*p � 0.05). F, Plot of the normalized EPSP amplitude and the normalized IOF in response to OSTIM directly after the induction
(post 1) for single cells (average of 5 min post 1 normalized to pre). Neurons were considered “potentiated” if their normalized EPSP increased more than the largest increase in ChR � controls. The
same 10 “potentiated” cells also were the ones with the largest increases in normalized IOF (both *p � 0.05, t test).
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without a downregulation of dendritic integration or a change in
the somatic firing threshold.

Phasic DA-induced plasticity depends on timing and
input frequency
Next, we examined whether pDA signals would still potentiate
olfactory inputs if the DA signal begins 1 s before or 1 s after
OSTIM (Fig. 4A,B). We observed that EPSPs and the IOF did not
potentiate significantly when PLS started 1 s before OSTIM onset
(both p � n.s., ANOVA; n � 10 SPNs; Fig. 4E,F). Similarly,
EPSPs and the IOF did not change when the PLS was applied 1 s
after the OSTIM (both p � n.s., ANOVA; n � 10 SPNs; Fig.
4E,F). Thus, pDA acting on olfactory inputs required precise
timing for the induction of plasticity in adult SPNs.

We also tested for information selectivity of the observed plas-
ticity. Olfactory bulb projection neurons regularly fire bursts of
up to 20 Hz in the absence of an odor in contrast to 100 Hz during
odor responses. We mimicked these background inputs by 20 Hz
stimulation to the LOT for 500 ms every 20 s (BSTIM). Thus, in
this paradigm, we kept all stimulation parameters constant ex-
cept that we switched from 100 Hz (OSTIM) to 20 Hz (BSTIM)
during pairing with the PLS (Fig. 4C). Neither the EPSP ampli-
tude nor the IOF were significantly potentiated (both p � n.s.,

ANOVA; n � 17; Fig. 4E,F). Notably, BSTIM in contrast to
OSTIM did not elicit APs at the same stimulation intensity.
These observations suggest that pDA selectively potentiates
coincident olfactory inputs over background inputs in a
frequency-dependent manner.

Phasic DA-induced plasticity is mediated by D1Rs expressed
in a subset of SPNs
Even though the potentiation of the EPSP amplitudes and the
increase in the IOF was significant when all recorded SPNs were
pooled (Fig. 2), pDA only induced increases in the synaptic am-
plitudes and firing output in a subset of SPNs. This heterogeneity
raised the possibility that the observed plasticity required the
activation of D1Rs. In the dorsal striatum, D1Rs are only expressed in
a subset of SPNs (Surmeier et al., 1996). Phasic DA release evokes
peaks of extracellular [DA] that can activate low-affinity D1Rs. We
tested whether the potentiation of EPSPs and the increase in the IOF
upon the pairing of PLS and OSTIM was blocked by the D1R antag-
onist SCH23390 (10 �M; Fig. 4D). Indeed, the D1R antagonist pre-
vented potentiation of the EPSP amplitude and increase in the IOF
(both p � n.s., ANOVA; n � 11 SPNs; Fig. 4E,F). Together these
findings reveal that the pDA-induced potentiation of EPSPs and
firing output requires D1R activation.

Figure 3. Phasic dopamine induces synaptic potentiation without homeostatic compensation. A, B, Relationship of the normalized IOF to the normalized EPSP amplitude (A) or to the normalized
slope of the EPSP rising phase (B) after pairing of pDA and OSTIM (post 1). Normalized values from single sweeps are plotted from measurements obtained during post 1 of nonpotentiated (black,
n � 8) and potentiated subset of cells (red, n � 10) from ChR2 
 mice. C, The A/Slp ratio was normalized to that before induction. The normalized A/Slp ratio baseline did not change in the 10
potentiated cells over time. D, The effect of drugs (50 �M D-AP5 and 1 mM 4-AP), and the pairing of PLS and OSTIM were tested for the A/Slp ratio normalized to the baseline before the
manipulation (n � 4, 9, 10, and 8 cells, respectively). *p � 0.05, t test. E, Whole-cell current-clamp recordings of the cumulative discharge during OSTIM (Iinj � 0 pA) before and during
the coincident pairing of PLS and OSTIM. Plot of the membrane potential threshold at which the first AP occurred during OSTIM for the first coincident OSTIM-PLS pairing �2 sweeps. F,
Before the first coincident OSTIM-PLS induction (pre) and after the pairing (post 1), the membrane potential at which the first AP occurred was measured for the 10 potentiated (red) and
8 nonpotentiated cells (black).
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We had observed that D1R-dependent potentiation only oc-
curred in a subset of SPNs. This heterogeneity could be due to the
dichotomous expression of D1Rs and D2Rs in SPNs of the OTu.
We therefore crossed D1-dTomato and D2-GFP mice (n � 3),
and observed that in layer 2 of the OTu, 305 of 607 cells only
expressed dTomato and 302 only expressed GFP, but the two
fluorescent proteins did not overlap in our sample (Fig. 5A). This
segregation was similar to the dorsal striatum in the same mice,
where 427 cells expressed only dTomato, 377 expressed only
GFP, and 7 colocalized for both fluorescent proteins. Single-cell
PCR from layer 2 cells revealed that most D1-dTomato
 cells
coexpressed D1R and Substance P, while D1-dTomato� cells
instead expressed D2R and enkephalin (Fig. 5B,C). These exper-
iments, however, do not exclude the possibility that low coex-
pression of the other DARs exists. Together, we observed a
dichotomy in the OTu that was similar to the one in the dorsal
striatum (Fig. 5D).

We then addressed whether optogenetically evoked pDA re-
lease during OSTIM will induce synaptic plasticity in the majority
of D1-dTomato
 SPNs, and, importantly, whether the synaptic
potentiation persists if OSTIM is removed directly after pairing
(Fig. 6A). To first address this question, OSTIM was presented
only during induction. OSTIM was paired with PLS in mice ex-
pressing ChR2 in DAergic neurons. Indeed, synaptic potentiation
was observed for LOT inputs directly after pairing with OSTIM,
but not in the control pathway (Fig. 6B,C). Synaptic potentiation
of LOT inputs persisted for at least 25 min (averaged normalized
EPSP amplitude for 30 –35 min in Fig. 6C (LOT, 1.43 � 0.23; p �
0.05, t test). We then confirmed the optogenetic effects on syn-
aptic plasticity by application of the D1R agonist SKF38393 (10
�M). The D1R agonist itself did not change the EPSP amplitude
and PPR (Fig. 6D,E), compatible with lack of D1Rs in olfactory
bulb projection neurons (Mansour et al., 1990). We then applied
OSTIM in presence of the D1R agonist (Fig. 6F,G). Before and

Figure 4. Features of phasic dopamine-induced plasticity. A–D, Left, Schemes of the pairing protocols. Right, Example traces of EPSPs evoked by paired-pulse stimulation (PP, top row) and AP
firing in response to LOT stimulation in ChR2 
 mice at Iinj � 0 pA. A, Noncoincident pairing: PLS started 1 s before the start of the respective OSTIM. B, Noncoincident pairing: PLS started 1 s after
the end of the respective OSTIM. C, BSTIM reflects output frequencies of olfactory bulb projection neurons at their baseline firing. During induction, the 100 Hz OSTIM was replaced by the 20 Hz BSTIM
that was applied coincident with PLS. Before and after pairing, only OSTIM was applied. D, Coincident pairing of OSTIM and PLS in the presence of the D1R antagonist SCH23390 (10�M). E, Effect of the induction
conditions shown in A–D in ChR2 
mice (n�10, 10, 17, and 11, respectively) over time. From top to bottom, Effect on normalized EPSP amplitude, IOF, paired-pulse ratio, and input resistance (for all data, p�
n.s., ANOVA). Note that there was a transient overshoot in AP firing without an overshoot in EPSP amplitudes when switching from BSTIM to OSTIM that was also observed without PLS (data not shown). Also,
the normalized IOF of the pairing PLS 1 s before OSTIM showed a tendency to increase, albeit this effect was not significant in our dataset ( p �n.s., ANOVA). F, Plot of the normalized EPSP amplitude (left) and
the normalized IOF (right) in response to OSTIM directly after the induction (post 1) for single cells (average of 5 min post 1 normalized to pre; all p � n.s., t test).
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after OSTIM we evoked single EPSPs through LOT stimulation.
In wild-type mice, only part of SPNs displayed a D1R agonist-
induced synaptic potentiation directly following OSTIM (p �
0.05, t test; Fig. 6G) that persisted for at least 25 min (averaged

normalized EPSP amplitude for 30 –35 min in Fig. 6G, 2.22 �
0.43; p � 0.05, t test). In the absence of the D1R agonist, no
synaptic potentiation was induced by OSTIM (p � n.s., t test; Fig.
6G). Importantly, in D1-dTomato marker mice, OSTIM in the
presence of the D1R agonist resulted in potentiation of the syn-
aptic input in most recorded D1-dTomato
 SPNs directly fol-
lowing OSTIM (p � 0.05, t test; Fig. 6H, I) that persisted for at
least 25 min (averaged normalized EPSP amplitude for 30 –35
min, 2.33 � 0.42; p � 0.05, t test; Fig. 6I). Furthermore, the
potentiation was observed only in the OSTIM-activated inputs
(superficial part of layer 1), but not in the control pathway (layer
3), revealing input specificity of the synaptic plasticity. In the
potentiated pathway, PPR (Fig. 6I) and the A/Slp ratio of the
EPSP (107.2 � 11.9% of the respective control value) remained
unchanged (both p � n.s., t test), revealing that presynaptic re-
lease and dendritic integration did not significantly contribute to
the synaptic potentiation, as has already been observed for pDA-
induced plasticity. In the above experiments, stimulation inten-
sity had been adjusted so that each OSTIM evoked more than
three APs. We also tested whether AP firing during OSTIM was
required to induce synaptic potentiation. The EPSP amplitude
was not potentiated in D1-dTomato
 SPNs in which OSTIM
elicited only one or no APs in the presence of the D1R agonist
(Fig. 6I). This further supports the idea that the induction of
D1R-dependent synaptic plasticity requires robust postsynaptic
spiking during induction. Finally, we confirmed that intrinsic
excitability remained unchanged. In four SPNs that underwent
synaptic potentiation (averaged normalized EPSP amplitude for
30 –35 min, 2.51 � 0.41; p � 0.05, t test), we had injected current
steps before and again 25 min after plasticity induction. The
threshold and rheobase of the first AP did not change in response
to increasing current steps before and after the plasticity induc-
tion (AP threshold: pre, Vm � �46.8 � 1.5 mV vs post, Vm �
�48.8 � 1.2 mV; rheobase: pre, 194.4 � 45.3 pA vs post, 247.5 �
67.8 pA; both p � n.s., t test). In summary, these experiments
support that the DA-induced synaptic potentiation was input
specific and confined to D1R-expressing SPNs (Fig. 7).

Discussion
In this study, we examined cellular plasticity by which a salience
signal of dopaminergic midbrain neurons modifies sensory in-
puts in a striatal circuit. Evoked endogenous pDA release induced
reversible synaptic potentiation of temporally correlated sensory
inputs through the activation of D1Rs that are expressed in a
subset of SPNs. This form of pDA-induced plasticity has proper-
ties to function as a cellular mechanism for dynamic top-down
selection of relevant stimuli.

Phasic increases in DA concentration are particularly well
suited to activate low-affinity D1Rs in SPNs (Dreyer et al., 2010).
Indeed, we observed that synaptic potentiation induced by
evoked pDA release required D1R activation and was observed
only in a subset of SPNs in the OTu. Similarly, synaptic plasticity
induced by a D1R agonist was observed in a subset of SPNs that
express D1Rs. SPNs in the OTu segregated into subsets of SPNs
that are Substance P
/D1R
 or enkephalin
/D2R
 like in the
dorsal striatum. Thus, the observed pDA-induced plasticity was
confined to a subset of molecularly defined SPNs.

The ventral striatum is involved in the assignment of value to
stimuli (Berridge and Robinson, 1998; Kapur, 2003; Bromberg-
Martin et al., 2010). A number of features may be predicted for
pDA-induced plasticity of sensory coding if it plays a role in the
selection of relevant stimuli. The first prediction is that the rela-
tively short duration of pDA concentration peaks (lasting a few

Figure 5. Molecular segregation of D1R and D2R SPNs. A, Segregation of dTomato 
 and
GFP 
 neurons in layer 2 of the OTu of double D1-dTomato and D2-GFP reporter mice. B,
Example of a single-cell PCR from a D1-dTomato 
 and a D1-dTomato � cell of the OTu and
coexpression of Substance P (SP, 153 bp), enkephalin (Enk; 91 bp), D1R (D1, 140 bp), D2R (D2,
205 bp). The right lanes originate from aspiration of medium without a cell. C, D, Fraction of cells
coexpressing D1R, D2R, Substance P (SP), and enkephalin derived from single-cell PCR of 13
D1-dTomato 
 and 13 D1-dTomato � cells of layer 2 of the OTu (C) and of 10 D1-dTomato 


and 10 D1-dTomato � cells in the dorsal striatum (dors. Str.; D). pos., Positive; neg., negative.
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Figure 6. The pairing of OSTIM and D1R activation induces synaptic potentiation in D1 SPNs. A, Schematic configuration of the two stimulation paradigms: after application of paired-pulse
stimulation (PP, interstimulus interval, 20 ms) for at least 5 min, OSTIM was applied 15 times in the LOT, whereas in the control pathway (L.3 stim) no OSTIM was applied. After induction, paired
pulses were continuously monitored in both paradigms. B, C, Effect of PLS and OSTIM pairing during induction. B, Example traces of EPSPs evoked by LOT (Figure legend continues.)
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seconds) may serve to provide a timestamp on glutamatergic
inputs to striatum (Kapur, 2003; Redgrave and Gurney, 2006),
strengthening those striatal input– output connections that are
active at the time of the reward-associated event. The timestamp
is thus influenced by two factors, the kinetics of pDA release and
of DAR activation as D1Rs that are metabotropic receptors and
act on timescales of hundreds of milliseconds (Kreitzer, 2009).
We observed a narrow time window for the induction of pDA-
induced synaptic plasticity that spanned less than �1 s between
OSTIM and pDA. Similarly, pDA-induced spine enlargement
was observed only if pDA occurred within �1 s before or after the
excitation of SPNs (compare Fig. 1N,O in Yagishita et al., 2014).
It is, however, possible that different time windows and rules exist
for other forms of plasticity (Abbott and Nelson, 2000). Interest-
ingly, in striatal cholinergic interneurons pDA also elicited D1-

type DAR-dependent firing responses that had terminated within
1 s (Wieland et al., 2014). In line with the preferential stamping of
sensory inputs by a temporally nearby top-down signal, pDA poten-
tiated olfactory inputs when the pDA began 100 ms after the onset of
the sensory input, but not when the sensory input had stopped be-
fore the pDA began. Together, phasic burst responses of midbrain
DA projections produce peaks of released DA and induce synaptic
plasticity in currently active striatal input synapses.

The second prediction for value assignment is that the under-
lying mechanisms are dynamic as environmental stimuli may be
relevant only for a period of time. We therefore established a
protocol to determine the transient influence of pDA on the fir-
ing response to a constant sensory input. We observed that syn-
aptic potentiation was slowly reversible when the input was no
longer paired with a pDA signal. The molecular mechanisms un-
derlying the reversibility of plasticity may be addressed in future
studies. The focus of the present study was to understand the
cellular processes underlying the plasticity of the input– output
function of SPNs that are central to the third prediction.

The third prediction for plasticity induced by pDA is the pref-
erential amplification of sensory information over background
neuronal activity of glutamatergic inputs. In the olfactory bulb,
projection neurons have output frequencies of 20 Hz at baseline
and up to �100 Hz during odor responses (Shusterman et al.,
2011). Downstream in the OTu, SPNs have very low firing fre-
quency (�2 Hz) at baseline that increases up to 20 Hz or higher in
response to odors (Wesson and Wilson, 2010). Thus, rate coding
of odors is observed in both the olfactory bulb and the striatum.
We mimicked these low-frequency background and high-
frequency odor response outputs from the olfactory bulb. High-
input frequencies evoked cumulative AP discharges that were
necessary to induce synaptic plasticity of AMPAR-mediated
EPSPs when paired to pDA. Notably, synaptic plasticity in our study
was induced without postsynaptic current injection. The block of
NMDARs prevented postsynaptic EPSP summation to induce AP
firing that was required to induce synaptic potentiation. NMDAR-
dependent LTP induction was also found in the dorsal and ventral
striatum (Reynolds et al., 2001; Shen et al., 2008; Cahill et al., 2014).
NMDARs not only play a role in the induction of plasticity, they also
can be potentiated in SPNs of the ventral striatum through D1R
activation (Cahill et al., 2014). Our pDA-induced synaptic potenti-
ation was selective to the stimulated sensory inputs. Considering that
potentiation was preferentially observed at high-input frequencies
upon odor presentation, it is possible that in the OTu, SPNs function
as a high-pass filter and pDA is capable of increasing the gain of the
rate code of the relevant odors.

Phasic DA induced a synaptic potentiation of the stimulated
sensory inputs, but no changes were detected in the dendritic
integration or somatic excitability, even though SPNs have den-
drites with voltage-sensitive ion channels that influence the prop-
agation of EPSPs as revealed by the blocking of K
 conductances.
The modulation of intrinsic conductances leading to dendrite- or
cell-wide downregulation of excitability has been observed
with different induction protocols and in certain neuron types
(Debanne and Poo, 2010). In the original descriptions of homos-
ynaptic plasticity, however, potentiation induced by high-
frequency presynaptic stimulation is associated with enhanced
firing probability of the postsynaptic neurons in response to ex-
citatory input (Bliss and Lomo, 1973; Andersen et al., 1980).
Similarly in SPNs of the OTu, pDA-induced synaptic potentia-
tion left somatic and dendritic excitability untouched, thereby
resulting in enhanced action potential firing output to the same
input stimulus. Such a cellular plasticity mechanism would allow

4

(Figure legend continued.) stimulation (top row) and L.3 stimulation (middle row). AP firing
during OSTIM (bottom row) in ChR2 
 mice at Iinj � 0 pA. C, Average data from 14 SPNs in
ChR2 
 mice revealed a potentiation of the EPSP amplitude only for LOT stimulation in which
OSTIM was applied during PLS. From top to bottom, Effect on normalized EPSP amplitude,
paired-pulse ratio, and input resistance. Lower right, Scatter plot of the normalized EPSP am-
plitudes (post over pre). Each dot represents a cell. D, E, Application of the D1R agonist SKF38393
(10 �M) did not change the EPSP amplitude or PPR when paired pulses were evoked alone in the
LOT of wild-type mice (all p � n.s., ANOVA; n � 8). F, G, Effect of D1R activation on LOT
stimulation in wild-type mice. F, Example traces of EPSPs (top row) in the presence of the D1R
agonist SKF38393 (10 �M), and AP firing (bottom row) during OSTIM. G, Average data from
SPNs revealed a potentiation of the EPSP amplitude (n � 11) in the presence of SKF38393 (10
�M), but not in the absence of the agonist (n � 10). Lower right, Scatter plot of the normalized
EPSP amplitudes. H, I, D1R activation-induced potentiation requires AP firing during OSTIM in
D1-dTomato 
 mice. H, Example traces of EPSPs evoked by LOT stimulation for high-intensity
(top row) or low-intensity induction (middle row). Membrane potential responses (bottom
row) during high-intensity or low-intensity OSTIM at Iinj � 0 pA. I, Average data from D1-
dTomato 
 SPNs in the presence of the D1R-agonist SKF38393 (10 �M) with either high-
intensity (n � 11) or low-intensity (n � 5) OSTIM. Lower right, Scatter plot of the normalized
EPSP amplitudes.

Figure 7. The scheme summarizes the dynamics and mechanisms through which phasic
dopamine release induces an increase in the output rate to a constant olfactory input through
synaptic plasticity.
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for differential amplification of sensory inputs with altered rate
information transfer to downstream brain areas.

In summary, the pDA-induced plasticity examined in this
study is compatible with models (Koechlin and Burnod, 1996;
Redgrave and Gurney, 2006) proposing that signal attributes
such as odor identity are encoded by activity within a population
of neurons, while the salience of a sensory input is coded by the
overall intensity of firing within the population. These features
may provide correlates of cognitive processes in which certain
stimuli become dominant over concurring inputs. DA has also
been associated with aberrant salience. Aberrant salience de-
scribes a process in which associations of certain stimuli are
formed too easily with other stimuli or associations, once formed,
are not easily reversible (Kapur, 2003). Such aberrant salience of
sensory inputs can result in delusions and may involve the cellu-
lar mechanisms by which DA induces plasticity to reversibly as-
sign value to certain stimuli over others.
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dopaminergic activity exerts fast control of cholinergic interneuron firing
via sequential NMDA, D2, and D1 receptor activation. J Neurosci 34:
11549 –11559. CrossRef Medline

Yagishita S, Hayashi-Takagi A, Ellis-Davies GC, Urakubo H, Ishii S, Kasai H
(2014) A critical time window for dopamine actions on the structural
plasticity of dendritic spines. Science 345:1616 –1620. CrossRef Medline

Zelano C, Bensafi M, Porter J, Mainland J, Johnson B, Bremner E, Telles C,
Khan R, Sobel N (2005) Attentional modulation in human primary ol-
factory cortex. Nat Neurosci 8:114 –120. CrossRef Medline

9956 • J. Neurosci., July 8, 2015 • 35(27):9946 –9956 Wieland et al. • Phasic Dopamine Potentiates Sensory Inputs

http://dx.doi.org/10.1038/81453
http://www.ncbi.nlm.nih.gov/pubmed/11127835
http://dx.doi.org/10.3389/fnsys.2011.00032
http://www.ncbi.nlm.nih.gov/pubmed/21713123
http://dx.doi.org/10.1113/jphysiol.1980.sp013435
http://www.ncbi.nlm.nih.gov/pubmed/7205666
http://dx.doi.org/10.1073/pnas.1009874107
http://www.ncbi.nlm.nih.gov/pubmed/20682746
http://dx.doi.org/10.1016/S0165-0173(98)00019-8
http://www.ncbi.nlm.nih.gov/pubmed/9858756
http://dx.doi.org/10.1113/jphysiol.1973.sp010273
http://www.ncbi.nlm.nih.gov/pubmed/4727084
http://dx.doi.org/10.1016/j.neuron.2010.11.022
http://www.ncbi.nlm.nih.gov/pubmed/21144997
http://dx.doi.org/10.1038/mp.2014.73
http://www.ncbi.nlm.nih.gov/pubmed/25070539
http://dx.doi.org/10.1016/j.tins.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17367873
http://dx.doi.org/10.1038/nature08002
http://www.ncbi.nlm.nih.gov/pubmed/19396156
http://dx.doi.org/10.3389/fnsyn.2010.00021
http://www.ncbi.nlm.nih.gov/pubmed/21423507
http://dx.doi.org/10.1523/JNEUROSCI.1894-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20962248
http://dx.doi.org/10.1523/JNEUROSCI.2660-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18945889
http://dx.doi.org/10.1038/43119
http://www.ncbi.nlm.nih.gov/pubmed/9202119
http://dx.doi.org/10.1176/appi.ajp.160.1.13
http://www.ncbi.nlm.nih.gov/pubmed/12505794
http://www.ncbi.nlm.nih.gov/pubmed/11152712
http://dx.doi.org/10.1162/jocn.1996.8.4.353
http://www.ncbi.nlm.nih.gov/pubmed/23971506
http://dx.doi.org/10.1146/annurev.neuro.051508.135422
http://www.ncbi.nlm.nih.gov/pubmed/19400717
http://dx.doi.org/10.1016/j.neuron.2008.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19038213
http://www.ncbi.nlm.nih.gov/pubmed/8899593
http://www.ncbi.nlm.nih.gov/pubmed/1552316
http://www.ncbi.nlm.nih.gov/pubmed/9742133
http://www.ncbi.nlm.nih.gov/pubmed/2143777
http://dx.doi.org/10.1002/dvg.20236
http://www.ncbi.nlm.nih.gov/pubmed/16981198
http://dx.doi.org/10.1371/journal.pone.0057054
http://www.ncbi.nlm.nih.gov/pubmed/23469183
http://dx.doi.org/10.1038/nrn2022
http://www.ncbi.nlm.nih.gov/pubmed/17115078
http://dx.doi.org/10.1038/35092560
http://www.ncbi.nlm.nih.gov/pubmed/11544526
http://www.ncbi.nlm.nih.gov/pubmed/3794777
http://dx.doi.org/10.1523/JNEUROSCI.0313-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25009253
http://dx.doi.org/10.1126/science.1160575
http://www.ncbi.nlm.nih.gov/pubmed/18687967
http://dx.doi.org/10.1038/nature01616
http://www.ncbi.nlm.nih.gov/pubmed/12748642
http://dx.doi.org/10.1038/nn.2877
http://www.ncbi.nlm.nih.gov/pubmed/21765422
http://dx.doi.org/10.1038/nn.3413
http://www.ncbi.nlm.nih.gov/pubmed/23708143
http://www.ncbi.nlm.nih.gov/pubmed/8815934
http://dx.doi.org/10.1146/annurev-neuro-071013-013941
http://www.ncbi.nlm.nih.gov/pubmed/24905594
http://dx.doi.org/10.1523/JNEUROSCI.6003-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20181598
http://dx.doi.org/10.1016/j.neubiorev.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20800615
http://dx.doi.org/10.1016/0306-4522(95)00436-M
http://www.ncbi.nlm.nih.gov/pubmed/8848115
http://dx.doi.org/10.1523/JNEUROSCI.1175-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25164653
http://dx.doi.org/10.1126/science.1255514
http://www.ncbi.nlm.nih.gov/pubmed/25258080
http://dx.doi.org/10.1038/nn1368
http://www.ncbi.nlm.nih.gov/pubmed/15608635

	Phasic Dopamine Modifies Sensory-Driven Output of Striatal Neurons through Synaptic Plasticity
	Introduction
	Materials and Methods
	Results
	Lateral olfactory tract inputs elicit bursts in SPNs
	Phasic DA release induces reversible potentiation
	Phasic DA-induced plasticity depends on timing and input frequency
	Discussion
	References


