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A B S T R A C T   

Strong expression of the G protein-coupled receptor (GPCR) neurotensin receptor 1 (NTR1) in ventral tegmental 
area (VTA) dopamine (DA) neurons and terminals makes it an attractive target to modulate DA neuron activity 
and normalize DA-related pathologies. Recent studies have identified a novel class of NTR1 ligand that shows 
promising effects in preclinical models of addiction. A lead molecule, SBI-0654553 (SBI-553), can act as a 
positive allosteric modulator of NTR1 β-arrestin recruitment while simultaneously antagonizing NTR1 Gq protein 
signaling. Using cell-attached recordings from mouse VTA DA neurons we discovered that, unlike neurotensin 
(NT), SBI-553 did not independently increase spontaneous firing. Instead, SBI-553 blocked the NT-mediated 
increase in firing. SBI-553 also antagonized the effects of NT on dopamine D2 auto-receptor signaling, poten
tially through its inhibitory effects on G-protein signaling. We also measured DA release directly, using fast-scan 
cyclic voltammetry in the nucleus accumbens and observed antagonist effects of SBI-553 on an NT-induced 
increase in DA release. Further, in vivo administration of SBI-553 did not notably change basal or cocaine- 
evoked DA release measured in NAc using fiber photometry. Overall, these results indicate that SBI-553 
blunts NT’s effects on spontaneous DA neuron firing, D2 auto-receptor function, and DA release, without 
independently affecting these measures. In the presence of NT, SBI-553 has an inhibitory effect on mesolimbic 
DA activity, which could contribute to its efficacy in animal models of psychostimulant use.   

1. Introduction 

Neurotensin (NT) is a 13 amino acid neuropeptide abundantly 
expressed in brain (Schroeder et al., 2019; Woodworth et al., 2018a) and 
implicated in the pathophysiology of several neuropsychiatric disorders 
(Boules et al., 2014; Cáceda et al., 2006; St-Gelais et al., 2006). Central 
effects of NT are mediated in large part through its high affinity G 
protein-coupled receptor (GPCR), neurotensin receptor type 1 (NTR1) 
(Binder et al., 2001; Tschumi and Beckstead, 2019). Expression of NTR1 
on the majority of dopamine (DA) cells in ventral tegmental area (VTA) 
(Alexander and Leeman, 1998; Palacios and Kuhar, 1981; Quirion et al., 

1985; Woodworth et al., 2017, 2018b), as well as presynaptically on DA 
terminals in the nucleus accumbens (NAc) (Dilts and Kalivas, 1989; 
Fawaz et al., 2009; Pickel et al., 2001; Schotte and Leysen, 1989), sug
gest regulation of DA neuron excitability and release by NT. This asso
ciation of NTR1 with mesolimbic circuitry and the influence of NT 
signaling on behaviors linked to behavioral disorders make NTR1 an 
attractive target for drug development (Binder et al., 2001; Ferraro 
et al., 2016; Geisler et al., 2006; Torruella-Suárez and McElligott, 2020). 

Stimulation of NTR1 can activate G-protein signaling and the 
recruitment of β-arrestins leading to receptor internalization and 
desensitization (Besserer-Offroy et al., 2017; Huang et al., 2020; Slosky 
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et al., 2020). In addition to neuromodulation of the DA system, activa
tion of NTR1 can affect other physiological functions like regulation of 
body temperature, blood pressure, food intake and motor coordination 
(Boules et al., 2013; Pettibone et al., 2002; Remaury et al., 2002; 
Richelson et al., 2003), likely due to engagement of both G-proteins and 
β-arrestins, which can have distinct effects on cellular and physiological 
functions (Reiter et al., 2012; Smith and Rajagopal, 2016). Hence, 
biased NTR1 ligands with effects on specific intracellular signaling 
pathways need to be developed and tested. SBI-0654553 (SBI-553) was 
developed as an optimized non-peptide ligand of NTR1 with good oral 
bioavailability and brain penetration in rodents, and was shown to bias 
NTR1 signaling towards β-arrestin recruitment while antagonizing 
G-protein activation (Pinkerton et al., 2019). Moreover, SBI-553 atten
uated the reinforcing effects of psychostimulants without causing side 
effects associated with balanced NTR1 agonism (Slosky et al., 2020), 
placing it as a promising candidate for therapeutic development. How
ever, little is known about how SBI-553 influences cellular function in 
the brain. Therefore, we here investigated how SBI-553 affects meso
limbic DA function. 

NT can directly excite VTA DA neurons through NTR1-coupled 
activation of Gq and recruitment of downstream signaling pathways, 
leading to an increase in intracellular calcium (Besserer-Offroy et al., 
2017; St-Gelais et al., 2004; Tschumi and Beckstead, 2019). NT can also 
disinhibit VTA DA neurons through NTR1-mediated inhibition of the 
Gi-coupled type-2 DA auto-receptors (D2R) (Jomphe et al., 2006; Shi 
and Bunney, 1992; Werkman et al., 2000). Furthermore, NT can 
enhance DA release by acting on presynaptic DA terminals in the NAc, 
possibly through inhibition of D2R (Fawaz et al., 2009). However, how 
SBI-553 acting as an antagonist of G protein signaling through NTR1, or 
as a positive allosteric modulator of β-arrestin signaling through NTR1 
or acting through both mechanisms simultaneously to affect DA neuron 
function has not been established. Here, we report that SBI-553 blunted 
NT effects on spontaneous DA neuron firing, D2R function, and DA 
release, without independently affecting these measures in the absence 
of NT. Overall, our results suggest an NT-dependent inhibitory effect of 
SBI-553 on DA function, which could contribute to observed behavioral 
or therapeutic effects of this ligand. 

2. Material and methods 

2.1. Animals 

Mice were bred at the Veterans Affairs San Diego Healthcare System 
(VASDHS) or University of California San Diego (UCSD) and group 
housed on a 12-h light/dark cycle with ad libitum access to pelleted 
chow and water. Initial breeders DAT-Cre (Slc6a3, Stock: 006660), Ai14 
tdTomato reporter (Gt(ROSA)26Sor, Stock: 007914) and C57 (C57Bl/ 
6J, Stock: 000664) were obtained from Jackson laboratories. Hetero
zygous mice carrying one copy of DAT-Cre and one copy of the tdTomato 
reporter were used for slice electrophysiology and FSCV experiments. 
C57 mice were used for fiber photometry. Male and female mice were 
used for all experiments. All animal procedures were approved by the 
UCSD or VASDHS Institutional Animal Care and Use Committees. 

2.2. Cell-attached recordings for testing effects of NT and SBI-553 on 
VTA DA neuron firing 

On day of experiments, mice (age 4–8 weeks) were deeply anes
thetized with sodium pentobarbital (200 mg/kg i.p.; Virbac) and 
perfused intracardially with 10 ml ice-cold sucrose artificial cerebro
spinal fluid (ACSF) containing (in mM): 75 sucrose, 87 NaCl, 2.5 KCl, 7 
MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 25 NaHCO3 and continuously bubbled 
with carbogen (95% O2 + 5% CO2). Brains were extracted and sectioned 
to obtain 200-μm coronal slices of VTA in sucrose-ACSF using a Leica 
Vibratome (VT 1200). Slices were transferred to a recovery chamber 
containing ACSF (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.4 

NaH2PO4, 25 NaHCO3 and 11 glucose, continuously bubbled in carb
ogen. After at least 45 min recovery, slices were transferred to a 
recording chamber continuously perfused with ACSF (2–3 ml/min) 
maintained at 31 ◦C. Patch pipettes (3.5–5.5 MΩ) were pulled from 
borosilicate glass (King Precision Glass) using a micro-pipette puller 
(Narishige, PC-10) and filled with ACSF for cell-attached recordings. 
tdTomato labelled VTA DA neurons were identified through epifluor
escence imaging using a 40X water-immersion objective, X-Cite Series 
120Q light source (Lumen Dynamics) and a Zeiss filter set, and visually 
guided patch recordings were made using infrared-differential inter
ference contrast (IR-DIC) illumination (Axiocam MRm, Examiner.A1, 
Zeiss). Action potentials (APs) were recorded in cell-attached configu
ration under voltage-clamp (Multiclamp 700B amplifier, Axon In
struments), filtered at 2 kHz, digitized at 10 kHz (Axon Digidata 1550, 
Axon Instruments) and collected on-line using Clampex v10 software 
(Molecular Devices). AP frequency was averaged over a period of 120 s 
before, and during bath application of the compounds. DMSO or H2O 
stock solutions of drugs at 1 mM were diluted in ACSF and bath applied 
at the following concentrations, NT (in nM): 3.5, 35, 100 & 350; SBI-553 
(in μM): 1, 10 & 100. 

2.3. Cell-attached recordings for testing NT and SBI-553 effects on D2R 
inhibition in VTA DA neurons 

Using 6-12 week-old mice, 200-μm coronal sections of VTA were 
obtained as above using ice-cold N-methyl D-glucamine (NMDG)-ACSF 
containing (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 
HEPES, 25 D-glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 
CaCl2 and 10 MgSO4. Sections were transferred to a recovery chamber 
containing 150 mL of preheated (32–34 ◦C), NMDG-ACSF. Increasing 
volumes of 2 M Na+ spike-in solution were added to the recovery 
chamber in 5-min increments to achieve a controlled rate of Na+ rein
troduction (Ting et al., 2018), following which they were transferred to 
ACSF at room temperature containing (in mM): 115 NaCl, 2.5 KCl, 1.23 
NaH2PO4, 2 MgSO4, 10 D-glucose, 2 CaCl2, 26 NaHCO3, 2 thiourea, 5 
Na-ascorbate and 3 Na-pyruvate. Slices were allowed to equilibrate for 
at least 1 h, then transferred to a recording chamber and perfused 
continuously at a rate of 1.5–2 ml/min with ACSF maintained at 31 ◦C 
that contained (in mM): 125 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2 MgSO4, 12.5 
D-glucose, 2 CaCl2 and 26 NaHCO3. All solutions were continuously 
bubbled with carbogen. Patch pipettes (6–7 MΩ) prepared from 
thin-walled borosilicate glass capillaries (Sutter Instruments) were used 
to make patch-clamp recordings from visualized tdTomato+ VTA DA 
neurons. Effects on firing frequency were assessed in cell-attached mode 
in voltage clamp (Vh set to − 35 to − 40 mV so that holding current was 
zero) using pipettes that were filled with (in mM): 145 NaCl, 2.5 KCl, 2 
CaCl2, 1 MgCl2, 0.7 NaH2PO4 and 10 HEPES, adjusted to pH of 7.3 and 
280 mOsm. Data was collected at 20 kHz, lowpass filtered at 1 kHz and 
analyzed using Clampfit v10.7 software. 

To study effects of D2R signaling in VTA DA cells, D2R agonist 
quinpirole (quin) was bath applied for 3 min after baseline recording of 
spontaneous firing. To test effects of NT on D2R function, NT was bath 
applied for 28 min followed by washout, and quin was applied 15 min 
after start of NT application for 3 min. Experiments involving SBI-553, 
NT and quin had the following design: SBI-553 was bath applied for 
43 min followed by washout, NT was bath applied 15 min after start of 
SBI-553 application for 28 min and quin was bath applied 15 min after 
start of NT application for 3 min. Finally, for experiments investigating 
effects of SBI-553 on D2R function, SBI-553 was bath applied for 28 min 
followed by washout and quin was applied 15 min after start of SBI-553 
application for 3 min. To avoid potential confound of ‘basement’ effects 
of quin on DA neuron inhibition, cells with very low baseline firing 
frequency (<1 Hz) were discarded without performing subsequent 
pharmacology. Firing was assessed in 30-s bins and quin response for a 
cell was calculated as the largest change in AP firing frequency during its 
3-min application period compared to the mean of the 2-min period 
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before its application. 
Quin stock solution of 2 mM was diluted in ACSF and applied at 2 

μM, NT stock solution of 200 μM was diluted in ACSF and applied at 10 
nM and SBI-553 HCl stock solution of 2 mM in 1.67% DMSO was diluted 
in ACSF and applied at 10 μM. (-) Quinpirole hydrochloride and NT were 
purchased from Tocris and Sigma-Aldrich respectively; SBI-553 HCl was 
synthesized at Sanford Burnham Prebys Medical Research Institute as 
described (Pinkerton et al., 2019). 

2.4. FSCV recordings 

Coronal brain sections of the NAc (300 μm) were prepared from mice 
(6–12 weeks) as described in section 2.3. Carbon fiber electrodes (CFE) 
were fabricated from 7-μm diameter carbon fiber (GoodFellow) inserted 
in a borosilicate glass capillary (1 mm/0.5 mm, A-M systems) and pulled 
to seal the pipette around the carbon fiber using a micro-pipette puller 
(Narishige, PC-10). Exposed fiber was cut to a length of 50–150 μm. 
Electrodes were then filled with 3 M KCl and lowered into the recording 
chamber with oxygenated ACSF perfused continuously at 1.5–2 ml/min 
at 31 ◦C. A triangular voltage ramp (− 0.4V to +1.3V) was applied to the 
electrode at 60 Hz at a rate of 400 V/s for 10–15 min and resulting 
background current was allowed to stabilize, following which the 
voltage ramp waveform was applied at 10 Hz for the rest of the exper
iment. The CFE along with a concentric bipolar stimulator (FHC Inc) 
were lowered in to the ventral medial NAc shell, separated by 100–150 
μm, visually guided using IR-DIC microscopy. Current transients were 
evoked using trains of electrical stimulation (10 Hz, 6 pulses, 0.2 ms 
pulse width, 300 μA current intensity) generated using a A365 stimulus 
isolator (World Precision Instruments), applied every 3 min, and 
controlled by TarheelCV software. Background subtracted cyclic vol
tammograms had peak oxidation potential of 600–700 mV characteristic 
of DA. The peak of DA current in response to stimulation was measured 
and plotted over time as DA concentration after calibration of CFE to 1 
μM DA (Alfa Aesar A11136) prepared fresh daily. Data was collected and 
analyzed using TarheelCV. 

SBI-553 (stock solution of 2 mM in 1.67% DMSO, diluted in ACSF 
and applied at 10 μM) or its vehicle alone were bath applied for 35 min 
after baseline recordings followed by washout, and NT was bath applied 
15 min after start of vehicle or SBI-553 application for 20 min. NT stock 
solution of 200 μM was diluted in ACSF and applied at 100 nM. NT 
response was calculated as the average change in peak current 5 min 
after start of application of NT, for the next 9 min, compared to average 
peak current during 10 min before start of NT application. Time graphs 
were baseline subtracted to average the 5 data points before bath 
application of drug or vehicle. 

2.5. Stereotactic surgery 

For intracranial injections, mice (7–10 weeks) were deeply anes
thetized with isoflurane and placed into a stereotaxic apparatus (Kopf). 
500 nl of AAV5-CAG-dLight1.1 (8.1 x 1012 GC/ml, Addgene 11067) was 
infused unilaterally into the NAc (ML = − 0.6, AP = +1.3, DV = − 4.45; 
mm relative to Bregma) using custom-made glass pipettes (~25 μm 
aperture diameter) and a Nanoject III (Harvard Apparatus) at a rate of 
10 nl/s with 1-s pulse and 5-s inter-pulse interval. The glass pipettes 
were held in place for 5 min after infusion before retracted. Following 
AAV infusion, a 1.25 mm-diameter metal ferrule, 6 mm long, 400 μm 
core, 0.48 NA optic fiber (Doric Lenses, Canada) was implanted in NAc 
(ML = − 0.6, AP = +1.3, DV = − 4.2; mm relative to Bregma) for fiber 
photometry recordings. Fibers were stabilized in place using dental 
cement (Lang dental) secured by two skull screws (Plastics One). Ani
mals were administered with the analgesic carprofen (5 mg/kg s.c.; 
Rimadyl) after surgery, monitored daily and allowed to recover for 5–6 
weeks before experiments began. 

2.6. Fiber photometry recordings in vivo 

Mice were habituated to handling for 6 days prior to recordings. On 
test days, mice were tethered with a fiber photometry optic fiber cable 
through a pigtailed rotary joint (DORIC) and allowed to freely explore 
an open field (50 × 50 cm) for 30 min while recording baseline signals. 
After 30 min, vehicle (3% DMSO in saline, i.p.) or SBI-553 (12 mg/kg, i. 
p.) dissolved in vehicle was injected; 15 min later, cocaine (20 mg/kg in 
saline, i.p.) was injected and recordings made for another 50 min. 
Vehicle or SBI-553 was injected in a counterbalanced manner across 2 
test days (day 1 and day 3), with a day off between treatments (day 2 and 
day 4). One mouse was excluded due to repeated cable detachment 
during cocaine recording days. On day 5 all mice received SBI-553. Mice 
were tethered to the optic fiber cable, baseline signals recorded for 30 
min, injected with vehicle for 15 min recording, then injected with SBI- 
553 and recorded for another 40 min. Locomotor activity was recorded 
and analyzed using automated video tracking system using AnyMaze 
software (Stoelting, CA). Cocaine hydrochloride was purchased from 
Sigma-Aldrich. 

For fiber photometry recordings, dLight 1.1 was excited by 
amplitude-modulated signals from two light-emitting diodes (465- and 
405-nm isosbestic control, DORIC) reflected off dichroic mirrors (6-port 
minicube, DORIC), delivered through an optic fiber. Signals were 
returned through the same optic fiber and acquired using a femtowatt 
photoreceiver (Newport), digitized at 1017 Hz, and recorded by a real- 
time signal processor (RZ5P, Tucker Davis Technologies). Event time
stamps related to vehicle, SBI-553 and cocaine injections were digitized 
in Synapse software (Tucker Davis Technologies) by TTL inputs from 
AnyMaze. Signals were analyzed using custom-written MATLAB scripts. 
Data were detrended by regressing the isosbestic control signal (405 nm) 
on the sensor signal (465 nm) and then generating a fitted 405-nm signal 
using the linear model generated during the regression. However, 405 
and 465 signals were analyzed and displayed separately after it was 
observed that SBI-553 independently affected the isosbestic control 
signal. Area under curve (AUC) was calculated for the sensor (465 nm) 
signal and locomotor activity after cocaine injections (minutes 46 
through 90). 

2.7. Histology 

Following fiber photometry experiments, mice were deeply anes
thetized with sodium pentobarbital (200 mg/kg; i.p.) and transcardially 
perfused with ~20 ml of phosphate buffered saline (PBS) followed by 
~20 ml 4% paraformaldehyde (PFA) at a rate of 5–6 ml/min. Brains 
were extracted, post-fixed in 4% PFA at 4 ◦C overnight, and transferred 
to 30% sucrose in PBS for 48–72 h at 4 ◦C. Brains were flash frozen in 
isopentane and stored at -80 ◦C. 30-μm coronal sections were cut using a 
cryostat (CM3050S, Leica) and collected in PBS containing 0.01% so
dium azide. For immunostaining, brain sections were gently rocked 3 ×
5 min in PBS, 3 × 5 min in PBS containing 0.2% Triton X-100 (PBST) and 
blocked with 4% normal donkey serum (NDS) in PBST for 1 h at room 
temperature (RT). Sections were then incubated in primary antibody 
chicken anti-GFP (1:2000; Invitrogen A10262) added to 4% NDS block 
solution at 4 ◦C overnight. Following this, sections were rinsed 3 × 10 
min with PBST and incubated in secondary antibody Alexa 488 donkey 
anti-chicken (1:400; Jackson ImmunoResearch) for 2 h at RT. Sections 
were washed 3 × 10 min with PBS, mounted on slides, and coverslipped 
with Fluoromount-G mounting medium (Southern Biotech) containing 
DAPI (0.5 μg/ml; Roche). Images were acquired using widefield epi
fluorescence (Zeiss AxioObserver) with a 5X objective with identical 
acquisition settings across slides. dLight expression and optic fiber 
placements were mapped onto corresponding coronal sections in the 
Paxinos Mouse Brain Atlas using Inkscape. 
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2.8. Statistical analysis 

Statistical analysis was performed using GraphPad Prism v9. All data 
shown in time traces and bar plots represent mean ± SEM. Data were 
tested for normality using the Shapiro-Wilk test and appropriate para
metric or non-parametric tests were used. Data was analyzed using 
Student’s t-test or Wilcoxon test, one-way ANOVA with Tukey’s post hoc 
test, or Friedmans test and repeated measures (RM) two-way ANOVA. 
Significance was set at p < 0.05. 

3. Results 

3.1. SBI-553 does not affect firing of VTA DA neurons but blocks NT- 
mediated activation 

To test the effects of SBI-553 on DA neuron firing we performed cell- 
attached recordings from VTA DA neurons in mice expressing Cre- 
dependent tdTomato in dopamine transporter (DAT) expressing neu
rons (Fig. 1A). Bath application of NT significantly increased DA neuron 
firing when applied at 35 nM (t6 = 2.7, p = 0.03), 100 nM (p = 0.0005, 
Wilcoxon test) and 350 nM (p = 0.015, Wilcoxon test), but not at 3.5 nM 
(p = 0.12, Wilcoxon test) (Fig. 1 A-E). In contrast, application of SBI-553 
did not affect DA neuron firing: 1 μM, t6 = 1.8, p = 0.12; 10 μM, t6 = 1.6, 
p = 0.17; 100 μM, t3 = 1.3, p = 0.28 (Fig. 1 F–I). However, pre- 
application of SBI-553 blocked the NT-mediated increase in firing (p 
= 0.68, Friedman test) (Fig. 1J). 

3.2. SBI-553 blocks the ability of NT to oppose D2R signaling 

NT also regulates excitability of VTA DA neurons through regulation 
of D2R signaling (Jomphe et al., 2006; Thibault et al., 2011). We 
therefore evaluated effects of NT and SBI-553 on the change in VTA DA 
neuron firing induced by the D2R agonist quinpirole (quin), using 
cell-attached recordings. We reasoned that if NT reduces D2R function 
through a G-protein-dependent pathway, then SBI-553 would oppose 
the ability of NT to suppress quin-mediated inhibition. On the other 
hand, if NT inhibits D2R function via recruitment of β-arrest
in-dependent pathways, then SBI-553, a PAM of NTR1 β-arrestin 
recruitment, may enhance NT-mediated suppression of D2R signaling. 

Bath application of quin decreased firing in all recorded VTA DA 
neurons (Fig. 2A and B). Pre-application of NT increased DA neuron 
firing (Fig. 2C), but also blunted the inhibitory effects of quin (Fig. 2C, F, 
G). Application of SBI-553 alone did not increase DA neuron firing 
(Fig. 2D and E), nor did SBI-553 block quin-mediated inhibition of DA 
neuron firing (Fig. 2E-G). However, SBI-553 did blunt the effects of NT 
on DA neuron firing (Fig. 2D), and on the NT-mediated inhibition of quin 
(Fig. 2D, F, G) (Main effect of treatment on quin-mediated inhibition; 
change in frequency: F3,34 = 9.9, p < 0.0001, percent change in fre
quency: F3,34 = 8.3, p = 0.0003). No differences in baseline firing across 
the four groups were detected (F3,34 = 0.27, p = 0.85) (Fig. 2H), sug
gesting similar properties for the cells sampled across the groups. These 
results suggest that SBI-553 can inhibit VTA DA neurons by blocking 
NT’s ability to oppose D2R-mediated autoinhibition. 

Fig. 1. SBI-553 does not alter DA neuron firing but blocks NT mediated activation of VTA DA neurons. (A) Example image (scale 25 μm) and cell-attached recording 
from a tdTomato-positive cell in VTA. Bath application of different concentrations of NT (B) 3.5 nM (n = 5), (C) 35 nM (n = 7), (D) 100 nM (n = 12) & (E) 350 nM (n 
= 7), increased firing of VTA DA neurons. NT responses were compared to their baseline using paired t-test or Wilcoxon test. *p < 0.05, **p < 0.005. (F) Example 
recording from a VTA DA cell showing no effects of SBI-553 (10 μM) on firing. Bath application of different concentrations of SBI-553 (G) 1 μM (n = 7), (H) 10 μM (n 
= 7) & (I) 100 μM (n = 4) did not affect firing of VTA DA cells; not significant (ns) by paired t-test. (J) Pre-application of SBI-553 (1 μM) blocked NT (100 nM)- 
mediated activation of VTA DA neurons (n = 9); Friedman test, p = 0.68. 
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3.3. SBI-553 blocks NT-mediated enhancement of evoked DA release in 
NAc 

Short trains of electrical or optogenetic stimulation in NAc have been 
shown to activate D2Rs expressed on presynaptic terminals by local DA 
release (Phillips et al., 2002; Shin et al., 2017) and application of NT in 
the NAc shell was reported to enhance evoked DA release, potentially 
through inhibition of D2R signaling (Fawaz et al., 2009). We therefore 
hypothesized that, similar to its effects on DA neurons in VTA, SBI-553 
would antagonize NT-mediated excitatory effects on DA release. To test 
this, we used FSCV to measure electrically evoked DA release in ventral 
medial NAc shell in mouse brain slices (Fig. 3A and B). We found that 
bath application of NT resulted in a small but significant enhancement in 
evoked DA release, which was inhibited by SBI-553 (change in DA: effect 
of time F4.9, 187 = 3.9, p = 0.002, effect of treatment F1, 38 = 5.0, p =
0.03, time × treatment interaction F21, 798 = 2.9, p < 0.0001; % change 
in DA: effect of time F3.9, 148 = 4.0, p = 0.004, effect of treatment F1, 38 =

5.2, p = 0.03, time × treatment interaction F21, 798 = 3.8, p < 0.0001; 
average of NT induced % change in DA: t38 = 2.7, p = 0.01) (Fig. 3C–E). 

3.4. SBI-553 does not alter cocaine-evoked NAc DA release in vivo 

To test whether SBI-553 independently affects basal and cocaine- 
evoked DA release in NAc, we treated mice with SBI-553 and/or 
cocaine over several test days (Fig. 4A) and used fiber photometry to 
record changes in fluorescence (F) of a genetically encoded DA sensor 
dLight 1.1 (Fig. 4B). Cocaine evoked the expected increase in DA release 
in NAc, observed as an increase in 465 nm F (Fig. 4C), however the 
cocaine-evoked increase was unchanged by pre-treatment with SBI-553 
(t8 = 0.22, p = 0.83) (Fig. 4D). Cocaine also induced the expected 
hyperlocomotion (Fig. 4E). While the onset of cocaine-induced loco
motion may have been delayed by SBI-553 pretreatment (effect of time 
F2.9, 46 = 13.5, p < 0.0001, effect of treatment F1, 16 = 0.0001, p = 0.99; 
time × treatment interaction F16, 256 = 1.4, p = 0.12), cumulative lo
comotor activity was not changed by SBI-553 under these conditions (t8 
= 0.01, p = 0.99) (Fig. 4F). In the above recordings we also observed a 
small SBI-553-induced increase in F, particularly at 405 nm, prior to 
administration of cocaine (Fig. 4C). We confirmed this with a follow-on 
test where mice were given SBI-553 without subsequent cocaine 
(Fig. 4G), and for this reason we analyzed 465 nm unnormalized to 
isosbestic 405 nm F. Overall, these results suggest that SBI-553 does not 
acutely influence DA release, nor affect cocaine-evoked DA release in 

Fig. 2. SBI-553 inhibits effects of NT on D2R signaling in VTA DA neurons. (A) Example cell-attached recording from a VTA DA neuron showing (B) quin (2 μM)- 
induced reduction in firing (n = 10). Averaged traces showing effects on quin-induced inhibition following bath application of (C) NT (10 nM, n = 10), (D) SBI-553 
(10 μM) plus NT (n = 9), or (E) SBI-553 (n = 9). (F) Change in action potential (ΔAP) from baseline represented in frequency (Hz) or (G) percent change (%) show 
that NT blunts quin-induced inhibition, and this effect of NT was blocked by SBI-553. One-way ANOVA with Tukey’s post-hoc test, **p < 0.005. (H) Baseline firing 
rate was similar across groups; one-way ANOVA, p = 0.85. 
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NAc. 

4. Discussion 

In the current study, we report that SBI-553 antagonized NT effects 
on spontaneous firing and D2R function in VTA DA neurons, without 
independently affecting these measures. We also observed that SBI-553 
blocked NT-mediated enhancement of evoked DA release in NAc. This is 
consistent with prior studies showing that activation of NTR1 increases 
DA neuron firing through G protein modulation of multiple cation 
channels, including a decrease in conductance of inwardly rectifying K+

channels, activation of non-selective cation channels including transient 
receptor potential (TRP) channels, and activation of inositol triphos
phate (IP3) receptors (Binder et al., 2001; St-Gelais et al., 2004; Stuhr
man and Roseberry, 2015; Tschumi and Beckstead, 2019). 
NTR1-mediated inhibition of D2Rs in DA neurons is also mediated 
through recruitment of Gq-coupled protein kinase C or Gs-coupled pro
tein kinase A, resulting in D2R phosphorylation and desensitization or 
internalization (Jomphe et al., 2006; Shi and Bunney, 1992; Thibault 
et al., 2011). Therefore, SBI-553 mediated antagonism of G protein 
signaling may be sufficient to explain its inhibitory effects on 
NT-mediated DA neuron excitation. However, it is also possible that 
SBI-553 potentiation of β-arrestin and subsequent NTR1 internalization 
(Slosky et al., 2020) contributes to the antagonistic effect we here 
observed. 

NTR1 β-arrestin-mediated heterologous desensitization of D2R could 
also be a mechanism through which NT opposes D2R signaling. Indeed, 
NT’s inhibitory effects on D2R function can occur through a G protein- 
independent mechanism (von Euler et al., 1991). However, it is unlikely 
that β-arrestin-dependent mechanisms acting alone could explain our 
results because SBI-553, acting as a PAM of β-arrestin signaling, would 
instead have potentiated rather than blocked the inhibitory effects of NT 
on D2R signaling. Moreover, by recruiting β-arrestins, SBI-553 should 
have directly inhibited D2R function in the absence of NT ligand, but 
this was not observed in our current study. Expression of NTR1 in 
midbrain DA neurons is also under developmental regulation (Wood
worth et al., 2018b) and some midbrain DA neurons express other NT 
receptors, which could contribute to NT’s effects independent of 
SBI-553’s effects on NTR1 (Piccart et al., 2015; Sarret et al., 1998; 
Tschumi et al., 2022; Woodworth et al., 2018b). 

Though the effect was variable across our FSCV recordings, we found 
that NT significantly enhanced DA release in NAc, corroborating pre
vious studies (Reyneke et al., 1992). Although we did not test the 
mechanism underlying this effect, NT has been shown to regulate DA 
release in NAc through inhibition of D2R expressed on presynaptic DA 
terminals (Fawaz et al., 2009). NT has also been shown to increase 
spontaneous excitatory post-synaptic currents in cultured rat VTA DA 
neurons through inhibition of presynaptic D2Rs (Legault et al., 2002). 
Our observed NT-mediated increase in evoked DA release might thus be 
through negative regulation of presynaptic D2R, with SBI-553 

Fig. 3. SBI-553 inhibits NT-induced increase in evoked DA release in ventral medial NAc shell. (A) Example DA transient resulting from electrical stimulation in NAc 
(top) and corresponding voltammogram taken at the peak of DA transient (top). Color plot shows current measured at the electrode across entire range of applied 
potentials (bottom). Red square denotes electrical stimulation (6 pulses at 10 Hz). (B) Map of CFE recording sites. (C) DA transient evoked every 3 min plotted across 
time in the presence of vehicle (Veh) plus NT (100 nM) or SBI-553 (10 μM) plus NT (100 nM), as absolute change in concentration from baseline or (D) percent 
change from baseline. (E) Average percent change reveals NT-induced increase in evoked DA response is blocked by SBI-553, n = 20 recordings from 12 mice per 
group. Unpaired t-test, *p < 0.05. 
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antagonizing NT’s effects on DA release in NAc through mechanisms 
similar to those discussed above for VTA. 

Despite our ex vivo results showing NT-dependent inhibitory effects 
of SBI-553 on DA neurons, in vivo effects of SBI-553 on DA neuron ac
tivity could differ. Indeed, local infusion of NT into the VTA or NAc can 
elicit different behavioral responses that may reflect distinct actions on 
pre- or post-synaptic NTR1 across multiple NTR1-expressing cell types. 
NT infusion or release in to VTA increased DA neuron excitability, DA 
release in NAc, and locomotor activity, similar to the effects of psy
chostimulants; conversely NT infusion into NAc reduced 
psychostimulant-induced hyperactivity or locomotor activity induced 
by local dopamine injection (Boules et al., 2013; Kalivas et al., 1984; 
Patterson et al., 2015; Richelson et al., 2003). These region-specific ef
fects may result from NTR1 expression on multiple cell populations. This 
complexity may also account for why the systemic administration of 
either NTR1 agonists or NTR1 antagonists have been found to decrease 
psychostimulant-induced behaviors (Boules et al., 2013; Ferraro et al., 
2016; Richelson et al., 2003; Sharpe et al., 2017). Notably, systemic 
injections of SBI-553 reduced effects of cocaine and methamphetamine 
on reinforcement and locomotion (Slosky et al., 2020). 

Our experiments did not reveal acute effects of SBI-553 on basal or 

cocaine-evoked DA release in NAc. This finding is in line with the 
observation that the NTR1 antagonist SR48692 does not alter extracel
lular DA levels in NAc (Steinberg et al., 1994) and seems to suggest that 
the behavioral effects of SBI-553 are attributable to circuits downstream 
of DA release. Such an effect could be in line with the inhibitory action of 
NT on NAc DA-evoked locomotion (Kalivas et al., 1984). Alternatively, 
the behavioral effects of SBI-553 may be dependent on plastic changes 
that occur as a consequence of repeated cocaine exposure. For example, 
chronic psychostimulants can increase brain NT levels (Betancur et al., 
1997; Binder et al., 2001; Torruella-Suárez and McElligott, 2020), thus 
chronic cocaine could induce changes in endogenous NT signaling that 
SBI-553 acts to reverse. Indeed, if the actions of SBI-553 on DA neurons 
are primarily dependent on antagonizing the effects of NT, as we 
observed in our ex vivo experiments, then we may not have observed an 
in vivo effect of SBI-553 on DA release because of low endogenous NT 
signaling under the conditions assessed. Future experiments investi
gating effects of SBI-553 following more chronic treatment regimens are 
needed to address this. 

In the present study, SBI-553 did not inhibit cocaine-induced loco
motion, though we observed an apparent delay in the onset of cocaine- 
induced activity. The inhibitory effects of SBI-553 and its precursor 

Fig. 4. SBI-553 does not affect basal or cocaine-mediated increase in DA in NAc in vivo. (A) Timeline for investigating effects of SBI-553 on basal and cocaine-evoked 
DA in NAc. (B) Coronal section of dLight 1.1 expression in NAc with optic fiber tract (arrowhead); map of optic fiber placements. (C) Timecourse of cocaine- 
potentiated increase in DA fluorescence (465 nm) in NAc, n = 9 mice. (D) The cocaine-induced increase in DA was not altered by SBI-553 pre-treatment. AUC 
(465 nm) was measured from 46 to 90 min; paired t-test, p = 0.83, n = 9 mice. (E) Timecourse of cocaine-induced hyperlocomotion measured simultaneously in the 
same mice, n = 9 mice. (F) No change in cumulative cocaine-induced locomotion was detected between the vehicle (Veh) and SBI-553 pretreatment groups, AUC was 
measured from 46 to 90 min; paired t-test, p = 0.99, n = 9 mice. (G) SBI-553 itself induced a small increase in both 405 nm and 465 nm F, though this was more 
apparent in the 405 nm signal, n = 10 mice. 
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ML314 on locomotion have been observed in multiple contexts, 
including in dopamine transporter knock-out mice following i.p. and p. 
o. administration (Barak et al., 2016; Pinkerton et al., 2019; Slosky et al., 
2020), in methamphetamine-induced locomotor paradigms (Barak 
et al., 2016; Slosky et al., 2020), and in cocaine-induced locomotor 
paradigms (Slosky et al., 2020). In the current study, several factors 
deviated from prior paradigms and may contribute to the lack of effect, 
including that mice received SBI-553 offset by 15 min rather than syn
chronized with stimulant challenge, that we used a counter-balanced 
within-subjects design rather than separate cohorts, that mice under
went craniotomy, and that mice were tethered which may limit maximal 
speed. Future studies could explore these parameters. 

We did not specifically observe clear signatures of β-arrestin 
recruitment by SBI-553 in our experiments, however, several studies 
highlight the importance of β-arrestin signaling in vivo, including in 
drug psychomotor activation and reinforcement (Harris and Urs, 2021; 
Huang et al., 2018; Porter-Stransky and Weinshenker, 2017; Whalen 
et al., 2011). SBI-553’s effects on methamphetamine-induced hyper
locomotion were absent in conditional knockout (cKO) mice lacking 
β-arrestin2 in striatal D2R-expressing medium spiny neurons (MSNs) 
and persisted in cKO mice lacking β-arrestin2 in midbrain dopamine 
neurons (Slosky et al., 2020). However, there is a conspicuous lack of 
evidence that MSN’s express NTR1, and some data suggests that VTA DA 
cells express β-arrestin1 but not β-arrestin2 (Thibault et al., 2011). To 
address these questions, future experiments examining the 
cell-type-specific expression of NT receptors and physiological effects of 
SBI-553 are needed. Although our experiments focused on the effects of 
SBI-553 on the mesolimbic DA circuit, NTR1 expression has also been 
found on glutamate terminals in the striatum (Ferraro et al., 2007, 
2008). Indeed, much work implicates glutamate inputs to NAc in 
addiction and substance use disorders (Buck et al., 2021; D’Souza, 2015; 
Grueter et al., 2012; Lüscher, 2016; Scofield et al., 2016). Thus, mod
ulation of glutamate release by NT and SBI-553 in the NAc represent a 
high-priority focus of future studies. NTR1s are also robustly expressed 
in other brain regions linked to motivated behavior including the 
septum, hippocampus, amygdala, bed nucleus of stria terminalis (BNST) 
and hypothalamic nuclei (Boudin et al., 1996; Geisler et al., 2006; 
Kaneko et al., 2021; Lei and Hu, 2021). 

In summary, our current results suggest that SBI-553 inhibits DA 
neuron activity and release through antagonistic effects on NT-mediated 
excitation and disinhibition of D2R, most likely by acting as an antag
onist of NTR1 G-protein signaling. D2Rs are highly expressed in VTA DA 
neurons, are key regulators of their excitability and DA transmission in 
the striatum, and disruption of their function has been shown to alter the 
reinforcing properties of multiple classes of misused drugs (Beaulieu and 
Gainetdinov, 2011; de Mei et al., 2009; Ford, 2014). Therefore, effects of 
SBI-553 on D2R signaling may contribute to its effects on 
psychostimulant-evoked behaviors. 
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