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Abstract

While the illicit use and misuse of stimulants like cocaine and methylphenidate (MP) has 

increased, there remains no FDA approved treatments for psychostimulant use disorders (PSUD). 

Oxytocin (OT) has shown promise as a potential pharmacotherapy for PSUD. Dopamine (DA) 

neurotransmission plays a significant role in PSUD. We have recently shown that OT blunts 

the reinforcing effects of MP but, surprisingly, enhanced MP-induced stimulation of DA levels. 

Such effects have been suggested as a result of activation of OT receptors or, alternatively, 

could be mediated by direct actions of OT on MP blockade of the DA transporter. Here, we 

employed fast scan cyclic voltammetry (FSCV) to investigate the effects of systemic OT on 

MP-induced changes in the dynamics of DA, phasic release and uptake, in the nucleus accumbens 

shell (NAS) of Sprague-Dawley rats. We also tested the systemic effects of an antagonist of 

OT receptors, atosiban, to counteract the OT enhancement of dopaminergic effects of MP under 

microdialysis procedures in the NAS in rats. Administration of OT alone (2 mg/kg; i.p.) did 

not significantly modify evoked NAS DA dynamics measured by FSCV, and when administered 

10 minutes before MP (0.1, 0.3, 1.0 mg/kg; i.v.), OT did not potentiate MP-induced increases 

in phasic DA release and did not alter DA clearance rate, suggesting no direct interactions 

of OT with the MP-induced blockade of DA uptake. Also, OT alone did not elicit significant 

changes in tonic, extracellular NAS DA levels measured by microdialysis. However, consistent 

with previous studies, we observed that OT pretreatments (2 mg/kg; i.p.) potentiated MP-induced 

(0.1, 0.3, 1.0 mg/kg; i.v.) efflux of extracellular NAS DA levels. This effect was abolished when 

rats were pretreated with atosiban (2 mg/kg; i.p.), suggesting that OT receptors mediate this OT 

action. Overall, our results suggest that OT receptors mediated OT potentiation of MP-induced 
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stimulation of extracellular NAS DA levels, likely driven by modulation of DA receptor signaling 

pathways, without affecting MP blockade of DAT.
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Introduction

Psychostimulant use disorder (PSUD), as defined in DSM-V (Hasin et al. 2013), is 

a condition affecting a rapidly growing number of individuals and is associated with 

significant medical and public health consequences worldwide. The United Nations 

estimated in their 2021 World Drug Report that about 20 million people used cocaine and 

27 million people used amphetamine-like stimulants in 2019 (U.N. 2021). Of note, overdose 

deaths from cocaine are also increasing (Hedegaard et al. 2020).

Lack of approved, efficacious medications for PSUD has driven the search for the 

development of new therapeutic strategies, including preclinical and clinical assessment 

of newly synthesized lead molecules, as well as repurposing medications approved for 

other clinical indications and that show promise as PSUD treatments (Hersey et al. 2021; 

Lee et al. 2016). Among the latter drugs, oxytocin (OT) has emerged as a potential 

therapeutic option for psychostimulant use disorder (Lee et al. 2017). OT is a naturally 

occurring posterior pituitary peptide hormone, best known for its elevated levels post-partum 

and influence on maternal behaviors (Russell et al. 2003). However, its effects on social 

bonding (Olff et al. 2013; Romero et al. 2014), social behavior (Heinrichs et al. 2009), 

learning (Sarnyai & Kovacs 2014), and memory (Rimmele et al. 2009) have also been well 

documented. OT is believed to exert its effects on the mesocorticolimbic reward circuit 

of the brain, allowing its influence on motivation, reward, and associated behaviors (Love 
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2014). In this respect, the mesolimbic dopamine (DA) systems are also a primary target of 

addictive substances, including psychostimulants (Young et al. 2011; Di Chiara et al. 1999).

Among the behavioral changes induced by systemic administration of OT , decreased self-

administration of both depressants (i.e., alcohol and opioids) (Ibragimov et al. 1987; King et 

al. 2017; Kovacs et al. 1985) and stimulants (Carson et al. 2010; Everett et al. 2020; Lee et 

al. 2019; Leong et al. 2017), reduced tolerance for addictive drugs (Sarnyai & Kovacs 1994), 

and attenuated withdrawal symptoms (King et al. 2020) have all been observed. These 

OT-induced behavioral effects have prompted research into the therapeutic potential of OT 

to combat substance use disorders in humans (McGregor & Bowen 2012; Lee et al. 2016). 

Preliminary OT studies in humans have been conducted and some of them show promise 

that OT may represent a novel pharmacotherapeutic approach for alcohol and substance use 

disorders (Flanagan et al. 2015; Kirkpatrick et al. 2014; McRae-Clark et al. 2013; Pedersen 

et al. 2013; Lee et al. 2014; Stauffer et al. 2016).

One stimulant that is of particular interest is methylphenidate (MP), which is approved for 

use in the treatment of attention-deficit/hyperactivity disorder (ADHD) and narcolepsy, and 

is frequently misused because of its psychostimulant properties (Shellenberg et al. 2020). 

In addition, its mechanism of action is analogous to that of cocaine. Indeed, like many 

other psychostimulants, but unlike amphetamines, MP elicits its effect by binding to and 

inhibiting the neuronal membrane dopamine transporter (DAT) and increasing extracellular 

DA in striatal brain regions like the nucleus accumbens (reviewed in Challman & Lipsky 

2000; Faraone 2018).

The preclinical and clinical behavioral studies testing OT in drug-seeking behaviors 

have shown promise, but the neurochemical mechanisms that produce these effects are 

still under investigation. Many psychostimulant use studies to date have focused on the 

mesocorticolimbic DA system due to its participation in the neurochemical and behavioral 

effects elicited by addictive drugs (Young et al. 2011; Di Chiara et al. 1993). In this 

work, we focused on the nucleus accumbens shell (NAS) due to the abundance of OT 

receptors in this region (De Kloet et al. 1985), which are thought to play a role in 

OT-mediated behavioral changes, as well as the unique ability of psychostimulants to 

produce neurochemical effects after an acute dose (Di Chiara 2002; Di Chiara et al. 1998). 

Moreover, in our previous study systemic (i.p.) OT pretreatment in male rats decreased MP 

self-administration and unexpectedly potentiated MP-induced increases in extracellular DA 

levels in the NAS but not in the accumbens core as measured by microdialysis (Lee et 

al. 2019). In addition, these systemic OT actions were also observed after local (reverse 

dialysis) OT administration in the NAS, suggesting that OT receptors in the NAS were 

involved in OT-potentiation of MP-induced stimulation of DA extracellular levels. An 

alternative explanation for such effects could be a direct action of OT on DA dynamics 

elicited by MP after blockade of DAT. Thus, the present study aims to further elucidate 

the mechanism related to OT’s actions on MP-induced increases in rat NAS DA levels. 

Using fast scan cyclic voltammetry (FSCV), which allows the assessment of phasic, evoked 

release of DA and its clearance rate (an index of DA reuptake), we determined the ability 

of OT to directly interfere with MP blockade of DAT and related changes in phasic NAS 

DA dynamics. We also utilized microdialysis to study OT potentiation of MP-induced 
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stimulation of NAS DA efflux under pharmacological blockade of OT receptors, using the 

OT-receptor antagonist atosiban.

Materials and Methods

Chemicals and Reagents

Oxytocin acetate salt hydrate (Sigma-Aldrich, St. Louis, MO; cat. 06379), atosiban 

(Adoop Bioscience, Irvine, CA; cat. A14334), and methylphenidate HCL (Mallinckrodt, 

Washington, DC; cat. 0406-1571-55) were prepared in solutions of sterile saline (Hospira, 

Lake Forest, IL; cat. 0409-4888-03) and injected at a volume of 1 mL/kg solution. 

Electrodes calibrated using dopamine hydrocholoride (Sigma-Aldrich, St. Louis, MO; cat. 

H8502) solutions.

Animals

Male Sprague Dawley rats (CD sub-strain 001; Charles River, Wilmington, MA; Research 

Resource Identifier (RRID): RGD 70508) weighing 290-320 g and approximately 8-10 

weeks old were housed in pairs with ad libitum access to food and water on a traditional 

12/12 hr light/dark schedule with all experiments being performed during the light phase. 

Animals were given one week to acclimate to the animal facility before experiments 

were conducted. All animal procedures were approved and performed in accordance with 

guidelines from the Animal Care and Use Committee of the National Institute on Drug 

Abuse, Intramural Research Program, Baltimore, MD, USA which is fully accredited by 

the AAALAC International (19-MDRB-13, 21-MTMD-9). Anesthetics were selected with 

approval by the NIDA ACUC in accordance with NIH guidelines based on their efficacy. 

During surgical procedures, Bupivacaine (Hospira, Lake Forest, IL; cat. 0409-1163-18) was 

administered as a local anesthetic when making skin incisions or applying sutures. Pain 

medications (carprofen) were appropriately administered after surgery.

Fast Scan Cyclic Voltammetry

Surgery.—Sprague-Dawley rats were anesthetized with 0.5 g/mL urethane (Sigma-Aldrich, 

St. Louis, MO; cat. U2500; and dissolved in sterile saline) administered intraperitoneally. 

A silastic catheter was implanted into the external jugular vein as previously described 

(Garces-Ramirez et al. 2011; Tanda et al. 2008; Solinas et al. 2003; Tanda et al. 2015; 

Solinas et al. 2006). Briefly, a skin incision was made above the right external jugular vein, 

which was exposed by blunt dissection. The vein was isolated from the connective tissue, 

the silastic portion of the catheter (2.5 cm of silastic tubing, 0.51-mm i.d., 0.94-mm o.d., 

connected to a PE50 tubing, 0.58-mm i.d., 0.965-mm o.d. using 1 cm of a 22-gauge stainless 

steel blunt needle) was inserted into the vein and then sutured into place. During the same 

surgery session, the rats were placed in a stereotaxic frame and a carbon fiber microelectrode 

was placed into the NAS using the following coordinates (AP = +1.7 mm, ML = ±0.8 mm, 

DV = −6.5 to 7.5 mm)(Paxinos & Watson 1998). A bipolar tungsten stimulating electrode 

was inserted to target the medial forebrain bundle (MFB) (AP = −4.6 mm, ML = ±1.0 mm 

lateral, DV = −6.5 mm) (Paxinos & Watson 1998). Last, an Ag/AgCl reference electrode 

was implanted on the contralateral side of the brain.
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Electrochemistry.—Carbon fiber microelectrodes were fabricated by threading a single 

carbon fiber (diameter of 0.007mm, Goodfellow Cambridge Limited, UK) through a glass 

capillary (1.2 mm in diameter, A-M Systems, Sequim, WA) and a micro-pipet puller 

(Narishige, Tokyo, JPN) was used to make a glass seal. Carbon fiber was trimmed to 

50-100 μm from the glass seal. Electrodes were pre-calibrated using 0, 0.5, 1, 2, 3 μM 

DA hydrocholoride (Sigma-Aldrich, St. Louis, MO) solutions. DA was detected using a 

DA-specific waveform (scanning −0.4 V to 1.3 V and back to −0.4 V at 400 V/s). An 

electrical stimulation (24 pulses, 180 μA, 60 Hz, 4 ms duration) was applied to evoke 

DA release. FSCV data were collected using a UEI potentiostat and breakout box running 

Tarheel-CV (UNC electrical shop, Chapel Hill, NC) and Digitimer Neurolog NL800A (Ft. 

Lauderdale, FL). DA was identified by an oxidation event at 0.6 V and data was excluded 

if the signal was not consistent or the animals did not survive through the duration of the 

experiment.

FSCV data was analyzed using HDCV (UNC, Chapel Hill, NC) and maximum DA release 

(DAmax) and DA clearance (t1/2 and k) were determined using a custom macro written in 

Igor Pro (Wavemetrics, Portland, OR), further described in Keighron et al. (2019). Area 

under the curve of the evoked DA release was calculated using Graphpad Prism (San Diego, 

CA).

Microdialysis

Probe preparation and surgery.—Concentric dialysis probes, fabricated with an active 

dialyzing surface of 1.8–2.0 mm, were implanted into brain tissue as previously described 

(Garces-Ramirez et al. 2011; Tanda et al. 2008; Tanda et al. 2005; Tanda et al. 2007; Tanda 

et al. 2016; Tanda et al. 1997). This procedure was performed using ketamine (60.0 mg/kg; 

i.p.) and xylazine (12.0 mg/kg; i.p.) anesthesia. Probes were implanted into the rat NAS (AP 

= +2.0; ML = ±1.0; DV = −7.9 mm from bregma) (Paxinos & Watson 1998). At the time 

of surgery, a jugular vein catheter was also inserted as described above for intravenous (i.v.) 

administration of drug agents. Post-operatively, rats were housed in hemispherical CMA-120 

cages (CMA/Microdialysis AB, Solna, Sweden) for recovery (>20 hrs) and for microdialysis 

test sessions. Local anesthetics and pain medications were appropriately administered as 

described in the FSCV section above.

Sample collection and analytical procedures.—Microdialysis parameters were set as 

follows, Ringer’s solution (147.0 mM NaCl, 2.2 mM CaCl2, and 4.0 mM KCl), delivered by 

a Bee Syringe Pump Controller (BASi, West Lafayette, IN), was infused at a flow rate of 1 

μL/min through the microdialysis probes connected to fluid swivels (375/D/22QM, Instech, 

Plymouth Meeting, PA), in freely moving rats, as previously described (Garces-Ramirez et 

al. 2011; Tanda et al. 2008; Tanda et al. 2005; Tanda et al. 2007; Tanda et al. 2016; Tanda et 

al. 1997). Dialysate samples (10 μL every 10 min) were collected and analyzed immediately 

via a high-performance liquid chromatography system (chromatographic column MD-150 

× 3.2, ThermoFisher, Waltham, MA), equipped with a coulometric detector (Coulochem II, 

or Coulochem III, ESA, ThermoFisher), and analytical cell (5014B; ESA, ThermoFisher), 

whose electrodes were set at +125 and −125 mV for DA quantification. The mobile phase 

(100 mM NaH2 PO4, 0.1 mM Na2EDTA, 0.5 mM n-octyl sulfate, 18% methanol; pH 
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adjusted to 5.5 with Na2HPO4) was delivered at 0.50 mL/min by an isocratic pump (ESA 

model 582, ESA, ThermoFisher).

Histology

Proper probe or electrode placement was confirmed via histological analysis of brain tissue 

collected after the humane sacrifice of the rats following both microdialysis and FSCV 

experiments. For FSCV, brain tissue was lesioned by applying a high voltage to the electrode 

at the end of the experiment. Animals were humanely sacrificed by an overdose of urethane 

anesthetic (after FSCV; Sigma-Aldrich, St. Louis, MO; cat. U2500; approximately 0.5 g/kg 

i.v. or 1.5 g/kg i.p.) or Euthasol (after microdialysis; Virbac; cat. 051311-050-01, 100 mg/kg 

either i.p. or i.v.). Brain tissue was then collected and stored in a 4% formalde-fresh solution 

(Fisher Scientific, Waltham, MA; cat. SF93-4) for a few days. Brains were then transferred 

to a 30% sucrose solution (Sigma-Aldrich, St. Louis, MO; cat. S7903) for 3 days prior 

to tissue slicing. Tissue was sectioned at 30 μm using a cryostat (Leica Biosystems, Deer 

Park, IL). Tissue was analyzed under magnification for correct electrode placement and data 

were excluded if the electrode did not hit the target brain region. For microdialysis, brains 

were collected, left to fix in 4% formalde-fresh solution (Fisher Scientific, Waltham, MA; 

cat. SF93-4) for at least 5 days, and then sliced on a Vibratome 1000 Plus (the Vibratome 

Company, St. Louis, MO) in serial coronal slices (Paxinos & Watson 1998). Probe track 

locations were verified using atlas brain sections (Paxinos & Watson 1998) as templates. 

Only the data obtained in animals showing a correct probe track within the boundaries of the 

targeted brain areas were included in the statistical analysis.

Study Design and Statistical Analyses

The studies included in this work were not pre-registered. Drug treatments were arbitrarily 

assigned, the experimenters were not blinded to treatment, and only one experiment was 

performed on each animal. A standard sample size of 5-6 animals was used based on 

previously published work (Lee et al. 2019; Keighron et al. 2019) and confirmed with 

a post-hoc power analysis (minimum sample size of n = 3, α = 0.05, power = 0.80) 

(ClinCalc:Kane 2019). Fig. 1 contains a graphical summary of the experimental procedure. 

For the FSCV study, 21 rats were used and 4 were excluded. For the microdialysis tests, 

40 rats were used for this study and 9 were excluded. Animals were excluded if they were 

statistically significant outliers from the mean, if an incomplete data set was collected, or if 

probe/electrode placement was outside of the NAS boundaries. In the neurochemical studies, 

results are presented as group means (± SEM), normalized, and expressed as a percentage of 

basal DA values, which were calculated as means of 2-4 consecutive samples (microdialysis) 

or files (FSCV) immediately preceding drug administration (less than 15% variability). 

Assessment of the normality of our neurochemical data was performed by applying the 

Shapiro–Wilk test, which template/calculator is available at Statistics Kingdom website 

(https://www.statskingdom.com/320ShapiroWilk.html). Data from our neurochemistry tests, 

microdialysis and FSCV, were found to be normally distributed. No randomization was 

performed to allocate subjects in this study but animals were arbitrarily assigned to each 

drug treatment. Either acute OT (OT acetate salt hydrate, Sigma-Aldrich, St. Louis, MO) 

(2 mg/kg; OT concentration: 2 mg/ml, administered i.p. at 1ml/kg) or saline (Hospira, Lake 

Forest, IL) treatments were arbitrarily assigned and administered i.p. as a pretreatment 10 
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min before the start (time = 0 in the figures) of the first dose of MP (Mallinckrodt, St. 

Louis, MO). Increasing doses of MP were administered (i.v.) at the time points of 0 (0.1 

mg/kg), 30 (0.32 mg/kg), and 60 min (1.0 mg/kg). Doses of OT and MP, as well as the 

administration timeline, were determined based on previously published data (Lee et al. 

2019). Using the same experimental conditions and the same schedule of MP injections, 

the above experiment was repeated with atosiban (2 mg/kg; i.p.) pretreatments given 10 

min before OT pretreatments. Atosiban dosing was based on effective doses in the literature 

(Broadbear et al. 2011). Importantly, OT was only administered as an acute dose prior to 

neurochemical studies (2mg/kg; i.p.; at 1mL/kg).

Raw FSCV data with representative color plots are shown in this manuscript but due to the 

high individual variability in control evoked NAS DA release we have chosen to normalize 

the data when comparing over the full 2-hour time course post drug administration. 

Microdialysis data were normalized as percentage of basal values for each treatment group 

to facilitate comparison with our previously published results (Lee et al. 2019). As stated 

above, our data were found to be normally distributed.

Statistical analysis (Statistica, New York City, NY, or Graphpad Prism, San Diego, CA) 

was carried out using a t-test, a mixed media analysis or a two-way ANOVA for repeated 

measures, over time, applied to the data obtained from analysis of successive evoked DA 

release or serial assays of dialysate DA normalized as percentage of basal values of each 

group. The Grubbs test for outliers was used to confirm that no data was statistically 

different than the mean.

Results

FSCV reveals that OT administration does not significantly modify phasic NAS DA evoked 
release or clearance rate

An example of color plot for DA FSCV data generated by a carbon fiber microelectrode 

implanted in the NAS of rats before and after OT treatment (2 mg/kg; i.p.) is shown in Fig. 

2A and B. In Fig. 2C we show the average baseline or control evoked release of NAS DA in 

gray. In comparison, we show the averaged evoked release of NAS DA 5-20 min following 

administration of OT (2 mg/kg; i.p.) (Fig. 2C). OT did not elicit significant changes in 

evoked maximum DA release (DAmax) [paired t-test: t=1.318; df=4; p=0.2580] (Fig. 2D) 

or DA clearance rate (t1/2) [paired t-test: t=1.039; df=4; p=0.3574] (Fig. 2E) in comparison 

to baseline NAS evoked DA. The rate of DA clearance in FSCV studies is dependent on 

diffusion of DA away from the electrode surface, enzymatic breakdown of DA, as well as 

DA clearance by DAT (Sabeti et al. 2002).

OT does not alter MP-induced increases in phasic NAS DA

Every 5 min, NAS DA was evoked and observed in a 15 s sampling file (experimental 

paradigm outlined in Fig. 3). After 4 consistent baseline sampling files with consistent 

evoked DAmax (collected every 5 min within a 20 min period), rats were administered 

either saline (i.p.) or OT (2 mg/kg; i.p.). Ten min later, three increasing doses of MP (0.1, 

0.32, 1.0 mg/kg; i.v.) spaced 30 min apart were administered. After the final injection, DA 
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dynamics were observed for an hour to ensure that DA returned to baseline/control levels. 

In Fig. 3 we also show an example of an individual animal’s evoked NAS DA response to 

the saline/MP and OT/MP treatment for visualization. We qualitatively note that no large 

change in evoked DAmax or DA clearance are observed following treatment with saline or 

OT, but we see a dose-dependent increase in evoked NAS DA with MP administration. 

Analysis of FSCV results from Fig. 4 showed that saline or OT pretreatment produced 

no distinct, significant differences in NAS DA dynamics, including the maximum evoked 

DA release (DAmax) (Fig. 4A), area under the curve of the DA release event (AUC) (Fig. 

4B), and rate of DA clearance, t1/2 (Fig. 4C). [Two-way repeated measures ANOVAs: 

main effect treatment: F1,10=0.290, p=0.602; main effect time: F29,290=55.070, p<0.0001; 

interaction: F29,290=0.445, p=0.995], area under the DA evoked release and reuptake curve 

(AUC) [Two-way repeated measures ANOVAs: main effect treatment: F1,10=0.001, p=0.972; 

main effect time: F29,290=19.410, p<0.0001; interaction: F29,290=0.551, p=0.972], and DA 

clearance (t1/2: time it takes for half of the evoked release to be re-uptaken/cleared from the 

extracellular space) [Mixed-effects analysis: main effect treatment: F1,10=0.936, p=0.356; 

main effect time: F29,288=15.090, p<0.0001; interaction: F29,288=0.968, p=0.516] (Fig. 4 

A–C).

OT administration does not significantly modify tonic NAS DA levels

Extracellular levels of NAS DA were analyzed using microdialysis following an acute 

administration of OT (2 mg/kg; i.p.). Results show that no statistically significant change 

in normalized NAS DA levels were seen in comparison with vehicle administration [Two-

way ANOVA, main effect treatment: F1,9=1.014, p=0.340; main effect time: F12,108=1.156, 

p=0.323; treatment by time interaction: F12,108=0.973, p=0.479] (Fig. 5).

OT potentiates MP-induced increases in tonic NAS DA

Next, we employed microdialysis to probe NAS DA in response to OT pretreatment (10 

minutes) before administration of three increasing doses of MP administered 30 min 

apart (see experimental paradigm in Fig. 6A). Microdialysis results (Fig. 6) confirm our 

previous work (Lee et al. 2019), showing that oxytocin administration, 2 mg/kg i.p., 

significantly potentiates MP stimulation of DA levels. Further, we find that this effect can 

be significantly blunted by a pretreatment with the oxytocin receptor antagonist atosiban 

(2 mg/kg; i.p.), 10 min before administration of oxytocin [Two-way ANOVA, main effect 

treatment: F2,17=11.738, p<0.001; main effect time: F12,204=56.692, p<0.001; treatment by 

time interaction: F12,204=2.115, p<0.005].

Discussion

Our results demonstrate that systemic OT administered alone produced no significant 

changes in NAS tonic and phasic DA as assessed by microdialysis and FSCV, respectively. 

OT pretreatment did not alter MP-stimulated increases in phasic, evoked NAS DA compared 

to a saline pretreatment using FSCV (Fig. 4). This finding suggests that, under our 

experimental conditions, OT pretreatment does not alter neuronal dopamine release in 

response to the stimulant MP. This observation is interesting because dopamine receptors 

have also been found in close proximity to and/or coupled to OT receptors, suggesting this 
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interaction may be a natural process for modulating neurochemistry (Romero-Fernandez 

et al. 2013; Fuxe et al. 2012). However, it does not appear to have an effect under the 

current conditions. It is worth noting that during the present FSCV experiments, animals 

were anesthetized with urethane which largely halts spontaneous firing of DA neurons and 

may obstruct any DA firing effects potentially produced by interaction of DA and OT 

receptors. Thus, it is possible that under non-anesthetized conditions the results could be 

different. We also observed using FSCV that OT pretreatment did not significantly alter 

the rate of dopamine clearance, as compared to that of saline pretreated animals, indicating 

lack of direct interactions of OT on DAT function in a way that interferes with MP-induced 

inhibition of DA uptake.

Next, using microdialysis, we confirmed that OT pretreatment potentiates MP-induced 

increases in tonic, extracellular NAS DA levels (Lee et al. 2019). Further, the systemic effect 

of OT was blunted by a preemptive administration of the OT receptor antagonist, atosiban. 

Previous work suggested that OT’s enhancement of MP-stimulated NAS DA levels could 

be the result of OT activation of NAS OT receptors. For example, systemic administration 

of OT selectively potentiated the dopaminergic effects of MP in the NAS, but not in the 

accumbens core, and local infusion of OT into the NAS produced similar results (Lee et al. 

2019). Alternatively, OT could directly interact with DAT and/or MP to produce systemic 

and local effects. Our present FSCV results, showing lack of significant changes in baseline 

or MP-stimulated evoked DA release or clearance rate, however, do not support such an 

alternative explanation. Moreover, our microdialysis tests with atosiban strongly suggest that 

OT potentiation of MP-induced stimulation of NAS DA levels is mediated by activation of 

OT receptors, because OT effects are antagonized by pretreating the animals with an OT 

receptor antagonist.

In particular, these studies tease out the differences in effects of OT on MP-induced 

increases in NAS DA in tonic (microdialysis) vs. phasic (FSCV) DA. From these studies, 

we postulate that (1) OT is not directly modulating dopaminergic neuron neurotransmitter 

release or electrically evoked release events, (2) nor is OT directly acting at DAT and/or 

interfering with MP-induced blockade of DAT and slowing DA clearance rate.

Our neurochemical results of OT potentiating MP-induced increases in NAS DA appear to 

be in sharp contrast to the ability of OT to blunt the behavioral reinforcing effects of MP 

under self-administration procedures (Tanda et al. 2017; Lee et al. 2019). Herein, we delve 

into the molecular underpinnings of oxytocin’s actions on NAS DA via OT receptors.

If DA transmission plays a role in psychostimulant self-administration behavior (Wise 

et al. 1995; Volkow et al. 2019), the effects of OT pretreatment aimed to block MP-

maintained self-administration behavior shown in our previous study would suggest a 

possible impairment of post-synaptic DA transmission by OT. Such impairment would 

result in attenuated or blunted behavior even under conditions of increased DA signaling, 

as shown in our previous study (Lee et al. 2019). We would suggest that this OT-induced 

impairment in translating the post-synaptic DA transmission signal might also result in a 

potentially attenuated DA signal to pathways that play a role in maintaining the steady-state 

of DA in the terminal regions of DA neurons (Imperato & Di Chiara 1985; Imperato et al. 
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1988; Valenti & Grace 2010). This effect would produce activation of known DA neuronal 

feedback loops to restore DA levels, thus increasing DA release and DA extracellular levels 

(Imperato & Di Chiara 1985; Valenti & Grace 2010).

Our neurochemical results suggest that OT directly or indirectly interferes with post-synaptic 

DA transmission (stimulation/inhibition of DA firing, negative DA receptor feedback, etc.) 

producing the behavioral effects observed with OT administration without the expected 

blunting in NAS DA we probe ‘pre-synaptically’ (Lee et al. 2019). Additionally, OT appears 

to produce changes in NAS DA only in states of DA neurotransmission activation (such as 

that produced by MP administration). Under these conditions, increased receptor activation 

is present. This response may be further exacerbated by increases in negative DA receptor 

feedback, as well as increases in negative GABAergic input, both of which are activated by 

high dopaminergic tone. Our results suggest that OT might interfere with the recruitment 

of these feedback pathways via OT-induced post-synaptic changes in NAS DA signaling. 

However, we cannot exclude that systemic administration of OT may also modulate the 

endogenous oxytocinergic system, its pathways and receptors at the central and periphery 

levels. Systemic administration of OT may potentially affect the extracellular levels of OT in 

different brain areas (Neumann et al. 2013), thus potentially modulating oxytocin functions/

activities (Moos et al. 1984; Carson et al. 2010). It is important to note that OT has been 

shown to differentially modulate distinct dopaminergic brain areas which may result in 

facilitation or inhibition of specific behavioral effects (Xiao et al. 2017).

It is well documented that OT receptors are also present on glutamatergic and GABAergic 

projections to mesolimbic regions like the NAS (Peris et al. 2017; Xiao et al. 2017). For 

example, infusion of OT into the nucleus accumbens was shown to increase glutamate 

levels in that region (Weber et al. 2018), without producing enhancements in NAS DA 

(Lee et al. 2019). OT has also been shown to increase GABA in multiple brain regions, 

including the hypothalamus, via a mechanism that is sensitive to atosiban (Thakur et al. 

2019). Microdialysis studies on prefrontal cortex and dorsal hippocampus showed OT did 

not alter baseline glutamate, but did blunt methamphetamine induced increases in glutamate, 

while OT increased baseline GABA and blunted methamphetamine-induced decreases in the 

hippocampus (Qi et al. 2012). Therefore, it is possible that OT may be indirectly mediating 

NAS DA via actions on glutamatergic and GABAergic neurons, in order to produce the 

neurochemical changes on MP-induced increases that we observed.

In conclusion, we show that OT increases MP-induced stimulation of NAS DA in a manner 

that is dependent upon the activation of OT receptors. Further studies are needed to 

determine the mechanism by which OT modulates NAS DA after administration of MP. 

Our study is currently limited to male rats and to pharmacologic modulation of the OT 

receptor, thus additional studies are needed to provide a more encompassing mechanistic 

understanding of the actions of OT in PSUD. However, based on both clinical and 

preclinical studies showing OT’s ability to interfere with the behavioral, reinforcing actions 

of psychostimulants (Lee et al. 2017; McGregor & Bowen 2012; Sarnyai & Kovacs 2014), 

we postulate that OT could serve as a promising potential pharmacotherapeutic for PSUD.
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Figure 1: Experimental procedure.
Animals arrived and underwent stereotaxic surgery for fast scan cyclic voltammetry 

(FSCV) analysis or microdialysis probe implantation. After neurochemical experiments 

were completed animals were humanly sacrificed and histological analyses were completed 

to confirm proper electrode or probe placement.
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Figure 2: Oxytocin (OT) administration does not change phasic nucleus accumbens shell (NAS) 
dopamine (DA) dynamics.
(A) An example color plot and cyclic voltammogram (shown in white and inlayed in the 

color plot) of a control evoked release of DA in the rat NAS are shown with a dopamine 

event visible at ~0.6 V. Stimulation is marked by a green box below the color plot (5-7s). (B) 

An example color plot and cyclic voltammogram post OT administration (2 mg/kg; i.p). (C) 

Average evoked NAS DA before (control; gray; n=5 rats) and after OT administration (5-20 

min post OT; red; n=5 rats). Error is shown in lighter colors above and below the traces. (D) 
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Maximum DA release and (E) clearance rat (t1/2) for control (gray; n=5 rats) and post OT 

(red; n=5 rats).
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Figure 3: Monitoring phasic nucleus accumbens shell (NAS) dopamine (DA) dynamics with fast 
scan cyclic voltammetry (FSCV).
A schematic showing the experimental timeline in the middle and an individual animal’s 

evoked NAS DA release treated with saline (SAL) and methylphenidate (MP) above. 

Example baseline and post-treatment color plots and cyclic voltammograms are shown at the 

top. Stimulation is marked by a green box below the plot. FSCV files are collected for 15 s 

every 5 min and after 4 stable baseline files. Next, either SAL or oxytocin (OT) pretreatment 

is administered (0 or 2 mg/kg; i.p.) 2 more files are collected and then 3 increasingly large 

doses of MP (0.1, 0.3, 1.0 mg/kg; i.v.) are administered 30 min apart (6 files) and data is 

collected for 60 min (12 files) after the last and largest dose of MP.
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Figure 4: Oxytocin (OT) administration does not alter methylphenidate (MP)-induced increases 
in phasic nucleus accumbens shell (NAS) dopamine (DA).
Analysis of fast scan cyclic voltammetry (FSCV) results of evoked NAS DA at baseline/

control, 10 min after saline or OT (2mg/kg; i.p.) and 10 min after increasing doses of 

methylphenidate (MP) (0.1, 0.32, 1.0 mg/kg; i.v.). Data are shown as the average of each 

animal’s results normalized to their baseline for (A) Maximum evoked DA (DAmax), (B) 

area under the curve (AUC), (C) t1/2 throughout the experimental paradigm and error bars 

indicate SEM (n=6 rats for each).

Hersey et al. Page 20

J Neurochem. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: Time course showing that oxytocin (OT) administration does not significantly modify 
extracellular nucleus accumbens shell (NAS) dopamine (DA) levels.
DA levels were measured every 10 min and, after a consistent baseline was established, 

either vehicle (VEH, saline; i.p., shown in black, n=5 rats) or OT (2 mg/kg; i.p., shown in 

red, n=6 rats) was administered. Data are shown as the average of each animal’s results 

normalized to their baseline and error bars indicate SEM.
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Figure 6: Atosiban, an oxytocin-receptor antagonist, blunted oxytocin potentiation of 
methylphenidate (MP)-induced increases in extracellular dopamine (DA) levels in dialysates 
from the nucleus accumbens shell (NAS).
(A) A schematic showing the experimental paradigm for both treatment groups. (B) Time 

course of the effects of atosiban (ATO; 2 mg/kg; i.p.) administered 10 min before OT 

(2mg/kg; i.p.), and 10 min after OT administration, 3 increasing doses of MP (0.1, 0.3, and 

1 mg/kg; i.v.), spaced 30 min apart, were administered. (Saline + MP, n=6 rats; OT + MP, 

n=8 rats; ATO + OT + MP, n=6 rats). Data are shown as the average of each animal’s results 

normalized to their baseline and error bars indicate SEM.
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