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Abstract

A major obstacle in treating opioid use disorder is the persistence of drug seeking or 

craving during periods of abstinence, which is believed to contribute to relapse. Dopamine 

neurotransmission in the mesolimbic pathway is posited to contribute to opioid reinforcement, 

but the processes by which dopamine influences drug seeking have not been elucidated. To 

examine whether opioid seeking during abstinence is associated with alterations in dopamine 

neurotransmission, female and male rats self-administered oxycodone under an intermittent access 

schedule of reinforcement. Following self-administration, rats underwent a forced abstinence 

period and cue-induced seeking tests were conducted to assess oxycodone seeking. One day 

following the final seeking test, rats were sacrificed to perform ex vivo fast scan cyclic 

voltammetry and western blotting in the nucleus accumbens. Rats displayed reduced dopamine 

uptake rate on abstinence day 2 and abstinence day 15, compared to oxycodone-naïve rats. 

Further, on abstinence day 15 rats had reduced phosphorylation of the dopamine transporter. 

Additionally, local application of oxycodone to the nucleus accumbens reduced dopamine uptake 

rate in oxycodone-naïve rats and in rats during oxycodone abstinence, on abstinence day 2 

and abstinence day 15. These observations suggest that abstinence from oxycodone results in 

dysfunctional dopamine transmission, which may contribute to sustained oxycodone seeking 

during abstinence.
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Text summary:

Intermittent access to oxycodone reduced dopamine uptake rate in the nucleus accumbens core 

on abstinence day 2 and day 15. Additionally, acute application of oxycodone to the nucleus 

accumbens core induced a robust reduction in dopamine uptake rate.
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Introduction

A significant barrier for mitigating the current opioid crisis is high rates of relapse, which 

can occur even after extended periods of abstinence 1,2. Drug craving greatly contributes 

to relapse and has been shown to persist across periods of abstinence 3,4. Drug craving 

has been modeled in rodents, such that animals trained to self-administer opioids followed 

by an abstinence period exhibit prolonged drug seeking behavior, similar to humans 5–7. 

Unfortunately, there remain critical gaps in our understanding of the neurobiological basis 

for drug seeking during abstinence.

The role of mesolimbic dopamine in opioid reinforcement remains controversial 8, with 

studies showing that dopamine receptor antagonists or lesions of dopamine terminals in the 

nucleus accumbens (NAc) have little effect on opioid self-administration 9,10, while others 

show significant reductions in opioid self-administration using similar approaches 11–17. 

Nevertheless, recent work indicates that chemogenetic inhibition of ventral tegmental area 

(VTA) dopamine neurons significantly reduces heroin self-administration, supporting the 

importance of dopamine transmission in the reinforcing effects of opioids 18. Despite these 

potentially conflicting observations, there is a consensus that opioid administration increases 

dopamine transmission. Acutely, opioids increase VTA dopamine neuron activity leading to 

increased dopamine efflux in terminal regions, such as the NAc 18–22. Beyond these acute 

actions, repeated exposure to opioids leads to adaptations in both the VTA and dopamine 

terminal regions. For example, in the early stages of opioid abstinence VTA dopamine 
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neurons display increased excitability and increased firing 23–25, while dopamine uptake rate 

is enhanced in the NAc shell 26. Interestingly, evidence in humans suggest that individuals 

with active opioid use disorder and during opioid abstinence have reductions in dopamine 

transporter levels in various brain regions, including key dopamine terminal regions such as 

the striatum 27–32. Despite these observations, it remains unclear to what extent alterations in 

dopamine transmission are present across abstinence periods.

To examine dopamine transmission in the NAc during opioid abstinence, rats were 

trained to self-administer the prescription opioid oxycodone followed by fast-scan cyclic 

voltammetry (FSCV) and western blotting after periods of abstinence. One group of 

rats underwent oxycodone self-administration with a single cue-induced seeking test on 

abstinence day (AD) 1 and rats were then sacrificed on AD2 to determine changes in 

dopamine transmission early in abstinence. Another group of rats underwent oxycodone 

self-administration with cue-induced seeking tests on both AD1 and AD14 and rats were 

then sacrificed on AD15 to determine changes in dopamine transmission later in abstinence. 

NAc tissue was obtained from both groups for western blot analysis of the dopamine 

transporter (DAT) and mu opioid receptor (MOR) expression. Finally, to assess if abstinence 

from oxycodone was associated with changes in acute dopamine responses to oxycodone in 

the NAc, we applied oxycodone onto brain slices and measured dopamine transmission.

Materials and Methods

Animals:

Adult female (210–260g) and male (325–430g) Long Evans rats (Envigo, Frederick, MD, 

USA) were maintained on a 12-hour reverse light/dark cycle (1500 lights on; 0300 lights off) 

with ad libitum access to food and water. After arrival, rats were given at least 7 days to 

acclimate to the animal facility prior to surgery. All protocols and animal procedures were 

conducted in accordance with National Institutes of Health Guide for the Care and Use of 

Laboratory Animals under supervision of the Institutional Animal Care and Use Committee 

at Drexel University College of Medicine.

Drugs:

Oxycodone hydrochloride, DAMGO ([d-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin), naloxone 

hydrochloride, and CTAP (d-Phe-Cys-Tyr-d-Trp-Arg-Thr-Pen-Thr-NH2) were provided by 

the National Institute on Drug Abuse Drug Supply Program (Research Triangle Park, 

NC, USA). For self-administration experiments, oxycodone hydrochloride was dissolved 

in 0.9% physiological saline. For FSCV experiments, all drugs were dissolved in artificial 

cerebrospinal fluid (aCSF).

Intravenous catheter surgery:

Rats were anesthetized using 2.5% isoflurane and implanted with a silastic catheter (ID, 

0.012 in OD, 0.025 in. Access Technologies, Skokie, IL) into the right jugular vein for 

intravenous delivery of oxycodone. The catheter was connected to a cannula which exited 

through the skin on the dorsal surface in the region of the scapulae. Ketoprofen (Patterson 

Veterinary, Devens, MA; 5mg/kg s.c. of 5 mg/ml) and Enrofloxacin (Norbrook, Northern 
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Ireland; 5 mg/kg s.c. of 5 mg/ml) were provided at the time of surgery and a second dose 

was given 12 hrs later. In addition, antibiotic/analgesic powder (Neopredef, Kalamazoo, MI) 

was applied around the chest and back incisions. Rats were subsequently singly-housed and 

allowed to recover for 5 days prior to self-administration training. Intravenous catheters 

were manually flushed with Gentamicin (5 mg/kg i.v. of 5 mg/ml) in heparinized saline 

every day during recovery to maintain catheter patency.

Self-Administration:

All self-administration sessions took place in operant testing chambers. Within the test 

chamber, two levers were located 6 cm above the floor on the left and right side of the back 

wall. The left lever was designated active and the right lever inactive. Pressing the active 

lever resulted in an intravenous infusion of oxycodone. All measures were recorded using 

custom created Ghost Software 33. Each rat underwent one oxycodone self-administration 

session per day (sessions ran from 1000–1600).

Intermittent Access (IntA):

Rats were first trained to self-administer oxycodone for 6 hrs under a fixed ratio 1 schedule 

whereby a single active lever press initiated an intravenous injection of oxycodone (0.1 

mg/kg, infused over 2.5 s - 4.5 s) paired with a cue light above the active lever and a 

20-s timeout during which the levers retracted. This dose was chosen based on previous 

oxycodone self-administration studies 34,35. Acquisition of the behavior occurred when a rat 

obtained ≥ 20 infusions in two consecutive sessions, with inactive lever presses being less 

than 1/2 the number of active lever presses. Following acquisition, rats were switched to 

the IntA schedule. Rats on the IntA schedule had access to oxycodone for 5 min followed 

by a 25-min timeout, this 30-min trial repeated for 12 trials per session for a total of 6 hrs 

per day. During the 25-min timeout, levers were retracted and during the 5-min trial there 

was no timeout following each infusion. Active lever presses resulted in a single intravenous 

injection of oxycodone (0.05 mg/kg), paired with a cue light above the active lever. Rats 

underwent this IntA schedule for ten consecutive days. We reduced the oxycodone dose (0.1 

mg/kg to 0.05 mg/kg) for the IntA portion of the studies based on pilot data from the lab 

indicating that reducing the dose led to robust responding during IntA sessions.

Abstinence and cue-induced drug seeking:

Following the last self-administration session, rats underwent a forced abstinence period of 

either 1 day or 14 days. During this phase, rats remained in their home cage (except when 

performing cue-induced drug seeking tests). To assess oxycodone seeking, rats performed 

a cue-induced drug seeking test on abstinence day AD1 and AD14, or only on AD1. The 

seeking test was 30 mins and conditions were similar to the IntA session; an active lever 

press resulted in presentation of the cue light that was previously paired with oxycodone, but 

there was no oxycodone delivery. Under these conditions, the number of active lever presses 

served as a measure of the degree of oxycodone seeking.
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Ex vivo fast scan cyclic voltammetry (FSCV):

One day after the last seeking test, rats were anesthetized with 2.5% isoflurane for 5 min and 

subsequently decapitated. The brain was rapidly dissected and transferred to ice-cold, aCSF 

containing NaCl (126 mM), KCl (2.5 mM), NaH2PO4 (1.2 mM), CaCl2 (2.4 mM), MgCl2 

(1.2 mM), NaHCO3 (25 mM), glucose (11 mM), and L-ascorbic acid (0.4 mM), with pH 

adjusted to 7.4. A vibratome was used to produce 400 µm-thick coronal sections containing 

the NAc core. Slices were transferred to room temperature oxygenated aCSF and left to 

equilibrate for at least 1 hr before being transferred into a recording chamber with aCSF 

(32°C). Oxycodone-naïve (naïve) rats did not receive surgery and were used as a control 

group throughout these studies.

A bipolar stimulating electrode was placed on the surface of the tissue in the NAc core, 

and a carbon fiber microelectrode was implanted between the stimulating electrode leads. 

Dopamine release was evoked using a single electrical pulse (400 µA, 4ms, monophasic) 

every 3 min. Measurements were conducted with Michaelis-Menten modelling using 

Demon Voltammetry and Analysis Software 36. Once baseline dopamine release was stable 

(3 successive stimulations within <10% variation), the slice was exposed to increasing 

oxycodone concentrations (0.01 µM, 0.1 µM, 1 µM, 10 µM, 100 µM). Modeling of 

dopamine dynamics was conducted on the final 3 collections for baseline, and each 

concentration of oxycodone.

Additional cohorts of rats were used to test the effect of pretreatment with either the 

non-specific opioid receptor antagonist naloxone or the MOR specific antagonist CTAP 

on the effect of oxycodone on dopamine transmission. For these experiments, naïve 

rats were sacrificed and prepared for FSCV as described above. Following baseline 

recordings, naloxone [1 µM] or CTAP [0.1 µM] were applied to the slice followed by 

increasing concentrations of oxycodone in addition to naloxone or CTAP (i.e., 1 µM 

naloxone followed by 1 µM naloxone + 0.01–100 µM oxycodone, or 0.1 µM CTAP 

followed by 0.1 µM CTAP + 0.01–100 µM oxycodone). To assess the effectiveness 

of naloxone and CTAP at attenuating oxycodone-mediated changes in dopamine uptake 

rate, concentrations of naloxone and CTAP were chosen based on concentration response 

experiments indicating that these concentrations had minimal effect on dopamine uptake 

on their own (Supplemental Figure 1). To assess whether MOR agonism recapitulates 

the effects of oxycodone on dopamine transmission, the MOR specific agonist DAMGO 

was applied to the slice at increasing concentrations (0.01 µM, 0.1 µM, 1 µM, 10 µM) 

(Supplemental Figure 2).

Western Blot Procedures:

Synaptosomes were prepared and membrane fractionation was preformed using a 

modification of published procedures 37. Rats were decapitated and the ventral striatum was 

dissected and stored at −80C until preparation. Tissue was homogenized in ice-cold lysis 

buffer (1000ml, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 320 mM sucrose) with 1x protease 

inhibitor cocktail, 1x phosphatase inhibitor cocktail, and 1 mM PMSF. The homogenate was 

centrifuged at 1,000x g for 5 min at 4°C. The resulting supernatant was recentrifuged at 

10,000x g for 20 min at 4°C. The resulting synaptosomal pellet was resuspended with 300ml 
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lysis buffer for Western blot studies. Immunoblotting was performed with rabbit anti-DAT 

polyclonal antibody (1:1000, EMD Millipore), rabbit anti phospho-DAT polyclonal antibody 

(1:1000, PhosphoSolutions), rabbit anti-Mu opioid receptor polyclonal antibody (1:1000, 

Millipore Sigma), and peroxidase-conjugated goat anti-rabbit IgG (H1 L) (1:5000, Jackson 

ImmunoResearch Laboratories). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as membrane protein control and was determined with rabbit anti-GAPDH polyclonal 

antibody (1:5000, Thermo Fisher Scientific). Total DAT (tDAT), phosphorylated DAT at 

threonine-53 (pDAT), MOR, and GAPDH immunoblots were quantified by densitometry 

with ImageQuant LAS4000 (GE Healthcare Bio-Sciences). Data were analyzed and 

presented as a ratio of tDAT, pDAT, or MOR to GAPDH, as we have previously reported 
38,39.

Data Analysis

All active and inactive lever presses were recorded during behavioral sessions. Inactive lever 

presses served as a measure of nonspecific behavior. All rats that met acquisition criteria 

were initially used for FSCV and a subset of these rats were used for western blotting 

procedures.

Analyses to detect sex differences were conducted for all behavioral and voltammetry 

metrics evaluated here. Sex differences analyses were not conducted for the western blot 

data due to low sample sizes. We did not observe any interactions between sex and measures 

of interest indicating that both females and males responded similarly across test conditions. 

Therefore, female and male data were combined as recommended by prior studies 40,41. For 

reference, Supplemental Table I shows the results from the analyses performed.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 9.4.0. Specific analyses are 

detailed in the results section. Behavioral data were analyzed using either a one-way 

ANOVA or with a paired t-test. Baseline voltammetry measurements of release and 

uptake, response to oxycodone alone on dopamine release and uptake, and western blot 

data were analyzed using a one-way ANOVA. The effects of naloxone and CTAP on 

oxycodone’s effect on dopamine release and uptake were analyzed using a two-way ANOVA 

with group (oxycodone alone, naloxone, and CTAP) as the between-subjects variable and 

oxycodone concentration as the within-subjects variable. Likewise, the effects of oxycodone 

on dopamine release and uptake were analyzed using a two-way ANOVA with group (naïve, 

AD2, and AD15) as the between-subjects variable and oxycodone concentration as the 

within-subjects variable. When significant effects were detected Dunnett’s post-hoc tests 

were subsequently performed.

Results

Rats escalate oxycodone intake under an IntA schedule and show robust drug seeking 
during abstinence

To examine the effects of oxycodone self-administration on opioid seeking during 

abstinence, rats self-administered oxycodone for ten days on an IntA schedule, followed 
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by two seeking tests on AD1 and AD14 (Figure 1A). We found that rats readily acquired 

oxycodone self-administration (Figure 1B) and rats displayed robust oxycodone intake, 

which escalated across the 10-day IntA schedule as indicated by a significant non-zero slope 

following a linear regression (F(1,8)=12, p=0.0085; Figure 1C) 42. We also observed robust 

oxycodone seeking during both the AD1 and AD14 cue-induced seeking tests. However, 

a paired t-test revealed no differences in oxycodone seeking between AD1 and AD14 

(t(11)=1.272, p=0.2298) (Figure 1D).

Abstinence from oxycodone engenders reduced dopamine uptake rate in the NAc core

To examine whether abstinence from oxycodone leads to changes in dopamine transmission, 

rats underwent ten days of IntA to oxycodone and were then sacrificed on AD2 or AD15 

for FSCV recordings in the NAc core (Figure 2A). We found that the oxycodone abstinence 

period was not associated with changes in dopamine release, but was associated with a 

decrease in dopamine uptake rate relative to naïve rats (Figure 2B–2D). One-way ANOVAs 

revealed no effect of group on dopamine release (F(2,28)=0.9262, p=0.4079), but there 

was a significant effect of group on dopamine uptake rate (F(2,28)=6.575, p=0.0046). 

Dunnett’s post-hoc analyses revealed a significant reduction in dopamine uptake on both 

AD2 (p=0.0075) and AD15 (p=0.0072) compared to naïve rats.

Abstinence from oxycodone does not influence the acute effects of oxycodone on 
dopamine transmission

To determine whether abstinence from oxycodone alters the acute effects of oxycodone 

on local NAc dopamine transmission, we first established the effect of oxycodone on 

dopamine release and dopamine uptake in naïve rats. We found that acute application of 

oxycodone did not affect dopamine release but did induce a robust decrease in dopamine 

uptake rate. One-way ANOVAs revealed no effect of oxycodone concentration on dopamine 

release (F(1.659,11.86)=1.546, p=0.2511) (Figure 3B), but there was a significant effect of 

oxycodone concentration on dopamine uptake (F(2.573,18.01)=81.11, p<0.0001). Dunnett’s 

post-hoc analyses revealed a significant decrease in dopamine uptake rate at all oxycodone 

concentrations compared to baseline (Figure 3C).

To confirm that the effects of oxycodone on dopamine uptake were mediated via actions 

on opioid receptors, slices from a separate cohort of naïve rats were pretreated with either 

naloxone [1 μM] or CTAP [0.1 μM]. A two-way mixed design ANOVA with treatment 

(oxycodone, naloxone + oxycodone, or CTAP + oxycodone) as the between-subjects 

variable and oxycodone concentration as the within-subjects variable revealed a significant 

effect of concentration on dopamine release (F(1.694,42.36)=20.29, p<0.0001), but no 

effect of treatment (F(2,25)=3.220, p=0.0570) and no treatment X concentration interaction 

(F(10,125)=1.430, p=0.1746) (Figure 3D). In contrast, we found that pretreatment with 

naloxone or CTAP significantly attenuated the effects of oxycodone on dopamine uptake. 

A two-way mixed design ANOVA with treatment as the between-subjects variable and 

oxycodone concentration as the within-subjects variable indicated a significant effect of 

concentration on dopamine uptake (F(2.996,74.91)=112.7, p<0.0001), a significant effect of 

treatment (F(2,25)=17.52, p<0.0001) and a significant treatment X concentration interaction 

(F(10,125)=6.958, p<0.0001). Dunnett’s post-hoc analyses revealed a significant difference 
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between oxycodone alone and naloxone + oxycodone and CTAP + oxycodone at all 

concentrations (Figure 3E).

To determine the effect of a MOR specific agonist on dopamine release and dopamine 

uptake, slices from a separate cohort of naïve rats were used to test the effect 

of DAMGO. Similar to oxycodone, we found that application of DAMGO did not 

affect dopamine release, but it did induce a robust decrease in dopamine uptake rate. 

One-way ANOVAs revealed no effect of DAMGO concentration on dopamine release 

(F(1.272,6.362)=0.6646, p=0.4808), but there was a significant effect of concentration on 

dopamine uptake (F(1.268,6.339)=23.07, p=0.002). Dunnett’s post-hoc analyses revealed a 

significant decrease in dopamine uptake rate at all DAMGO concentrations compared to 

baseline (Supplemental Figure 2).

Given the observation that acute oxycodone reduces dopamine uptake rate on NAc slices, we 

examined whether abstinence from oxycodone influences the acute effect of oxycodone. We 

applied oxycodone to the NAc slice at increasing concentrations and measured dopamine 

transmission in naïve rats and in rats during oxycodone abstinence on AD2 and AD15. 

We found that abstinence from oxycodone did not affect dopamine responses to acute 

oxycodone compared to naïve rats. A two-way mixed design ANOVA with group (Naïve, 

AD2, vs AD15) as the between-subjects variable and oxycodone concentration as the 

within-subjects variable revealed a significant effect of concentration on dopamine release 

(F(2.249,49.49)=10.25, p=0.0001), but no effect of group (F(2,22)=0.2110, p=0.8114) 

and no group X concentration interaction (F(10,110)=0.8768, p=0.5571) (Figure 4A). 

Similarly, a two-way mixed design ANOVA with group as the between-subjects variable 

and oxycodone concentration as the within-subjects variable revealed a significant effect of 

concentration on dopamine uptake (F(2.717,59.77)=151.5, p<0.0001), but no effect of group 

(F(2,22)=1.219, p=0.3148) and no group X concentration interaction (F(10,110)=1.388, 

p=0.1951) (Figure 4B).

Abstinence from oxycodone is associated with reduced phosphorylation of the DAT

To determine whether reductions in dopamine uptake rate on AD2 and AD15 were 

associated with changes in tDAT or pDAT expression we performed western blotting in 

NAc tissue in naïve rats and in rats during abstinence from oxycodone on AD2 and AD15. 

We found that abstinence from oxycodone did not affect tDAT expression or the ratio 

of pDAT/tDAT, but was associated with a reduction in pDAT expression on AD15 when 

compared to naïve rats. One-way ANOVAs revealed no effect of group on tDAT expression 

(F(2,18)=0.4439, p=0.6483) (Figure 5B) and the ratio of pDAT/tDAT (F(2,18)=3.298, 

p=0.0602) (Figure 5D), but there was a significant effect of group on pDAT expression 

(F(2,18)=3.884, p=0.0396). Dunnett’s post-hoc analyses revealed a significant reduction 

in pDAT in rats on AD15 compared to naïve rats (p=0.0376) (Figure 5C). To determine 

potential contributions of the MOR on responsivity to oxycodone, we quantified expression 

of the MOR in the NAc using western blotting. Consistent with the lack of difference in 

responsivity to oxycodone (see Figure 4), a one-way ANOVA revealed no effect of group on 

MOR levels (F(2,17)=0.04181, p=0.9591) (Figure 5E).
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Discussion

In the current studies, we examined the effects of abstinence following oxycodone self-

administration on dopamine transmission and on DAT and MOR protein expression. We 

found that IntA to oxycodone led to escalation of drug intake and persistent drug seeking 

during abstinence. Further, we found that both early (AD2) and later (AD15) in abstinence, 

there was a reduction in dopamine uptake rate. Using western blotting, we observed a 

reduction in pDAT on AD15, but not AD2. This mismatch between pDAT and uptake 

rate indicates that observed reductions in dopamine uptake during abstinence cannot be 

solely attributable to changes in pDAT expression. Additionally, we found that acute 

oxycodone application to the NAc induced a robust reduction in dopamine uptake rate, 

and this effect did not differ following abstinence from oxycodone. Consistent with this, 

we found no difference in MOR expression levels across groups. Taken together, these 

observations suggest that abstinence from oxycodone is associated with dysfunctional 

dopamine transmission compared to naïve rats, but acute responsivity to oxycodone on 

dopamine transmission remains unchanged.

IntA to oxycodone engenders escalation of intake and sustained oxycodone seeking in 
abstinence

Escalation of drug intake is considered a hallmark of addiction and it has been suggested 

that rats that escalate drug intake have greater motivation for the drug 43–45. In the current 

studies, we observed that rats escalated oxycodone intake across the ten days of IntA, 

which is consistent with previous findings using long access34,35,46,47 and IntA to opioids48. 

Rats trained to self-administer opioids followed by a forced abstinence period display 

cue-induced drug seeking. Typically rats display comparatively low drug seeking early in 

abstinence and seeking increases or incubates over the course of the abstinence period 5–7. In 

the current study, we did not observe incubation of oxycodone seeking. Rather, we observed 

heightened seeking early in the abstinence period that persisted for 2 weeks. This finding is 

surprising given considerable prior evidence indicating incubation of opioid seeking 5,49–53, 

including for oxycodone 34,35,54,55. One explanation for this lack of incubation may be 

differences in the schedule of access used. There is extensive evidence that the schedule of 

access engenders distinct behavioral phenotypes for cocaine self-administration, and despite 

being understudied, there is evidence that this may be true for opioids as well. Indeed, 

a recent study found that IntA to heroin resulted in maintained seeking from abstinence 

day 1 to abstinence day 21 with no incubation 56. Thus, in the current studies, rats may 

be expressing exaggerated seeking early in abstinence which remains elevated later in 

abstinence, resulting in the absence of incubation. Interestingly, our observation of robust 

oxycodone seeking both early and later in abstinence is consistent with what has been 

reported for human opioid craving, which is characterized by persistent opioid craving 

throughout abstinence and hence a lack of incubation of craving 57–59. Taken together, the 

current findings provide additional evidence that IntA schedules reproduce important aspects 

of drug use observed in humans, such as increased intake over time and persistent drug 

seeking.
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IntA to oxycodone does not influence stimulated dopamine release

Microdialysis studies indicate reduced basal dopamine levels in the NAc during abstinence 

following chronic opioid exposure 60–64. In our studies, we found no changes in stimulated 

dopamine release at baseline during oxycodone abstinence, on AD2 or AD15, compared to 

naïve rats (Figure 2C). This finding is consistent with a recent study indicating that in rats 

on day 1 of heroin abstinence there was no change in stimulated dopamine release in the 

NAc shell 26. Taken together, these observations suggest that despite a reduction in basal 

dopamine levels in the NAc, there appears to be no deficits in dopamine release mechanisms 

during oxycodone abstinence.

IntA to oxycodone leads to a lasting reduction in dopamine uptake

Several studies indicate that opioids influence dopamine transmission leading to increased 

dopamine in the NAc following opioid administration 18,19,60,65–67. In the NAc, the primary 

mechanism of dopamine removal is via the DAT on dopamine terminals. However, it 

remains largely unknown whether repeated opioid exposure induces dopamine terminal 

adaptations. Imaging studies in humans examining various brain regions found that during 

opioid abstinence there is reduced DAT availability 27–31. In rats, it has been shown that 

following chronic morphine administration there are reduced DAT levels in the anterior 

basal forebrain 68. Consistent with those findings, we found that both early and later in 

abstinence there is reduced dopamine uptake in the NAc core, supporting lasting reductions 

in the efficiency of dopamine removal during abstinence. Further, there is evidence for 

a hypodopaminergic state in the NAc during opioid abstinence 60,63 which is posited to 

contribute to dysphoria during withdrawal 69. Therefore, a reduction in dopamine uptake 

rate during abstinence may reflect a compensatory response to this hypodopaminergic state, 

which could help to prolong dopamine availability in the extracellular space.

Contrary to our findings of reduced dopamine uptake rate during abstinence, a recent study 

indicated that following heroin self-administration rats have increased dopamine uptake 

in the NAc shell on the first day of abstinence 26. Two possible explanations for this 

discrepancy may involve differences in the NAc subregion where dopamine recordings were 

obtained, and the schedule of reinforcement used to expose rats to opioids — both of which 

are known to impact dopamine transmission. For example, FSCV and microdialysis studies 

demonstrate that morphine, oxycodone, or the MOR agonist DAMGO, lead to varying 

changes in dopamine levels in the NAc core versus the NAc shell 65,70,71, suggesting that 

these NAc subregions may have differential responses to opioids. While there are currently 

no published comparisons on the effects of different schedules of opioid self-administration 

on dopamine transmission, previous work indicates that different schedules of access for 

cocaine self-administration can lead to distinct dopamine adaptations. For example, long 

access to cocaine promotes tolerance in dopamine responses to cocaine 72,73, while IntA 

to cocaine leads to enhanced dopamine transporter function at baseline and sensitized 

dopamine responses to cocaine 73,74. Further, in addition to the schedule of access, evidence 

also suggests that abstinence from cocaine can also influence dopamine transmission 74,75. 

Future studies are needed to assess the influence of different schedules of reinforcement on 

the effects of opioids on dopamine uptake.
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The cellular processes underlying changes in dopamine uptake are not entirely understood. 

Nevertheless, there is evidence that tDAT levels and modifications of the DAT influence 

dopamine uptake 76,77. Indeed, previous studies suggest that reduced pDAT is associated 

with decreased dopamine uptake 78,79. Therefore, we examined tDAT and pDAT expression 

in the NAc as a potential biochemical mechanism for the observed reduction in dopamine 

uptake following abstinence from oxycodone. We found that rats had reduced levels of 

pDAT on AD15 which coincides with reduced dopamine uptake at that timepoint. However, 

we found no changes in pDAT on AD2, despite a reduction in dopamine uptake observed 

at the same timepoint. This was surprising given prior evidence that pDAT expression is 

associated with changes in dopamine uptake rate 38. While these findings suggest that 

there is not a one-to-one relationship between uptake rates and pDAT expression, other 

modifications to the DAT may be contributing to the reduced dopamine uptake. For example, 

increased phosphorylation of serine-7 on the DAT has been shown to decrease dopamine 

uptake, while the converse is observed with decreases in phosphorylation of serine-7 80. 

Unfortunately, there are no available antibodies to target this phosphorylation site in the rat, 

therefore additional studies will be required to identify potential mechanisms mediating the 

effects of oxycodone abstinence on dopamine uptake rate.

Local actions of oxycodone reduce dopamine uptake in the NAc core

The widely supported mechanism through which opioids increase striatal dopamine is 

via disinhibition of VTA dopamine neurons through MOR-mediated inhibition of GABA 

neurons in the rostromedial tegmental nucleus 18,20,21,81,82. However, there is also evidence 

that opioids can act locally in the NAc to influence dopamine transmission, with local NAc 

infusion of fentanyl increasing, and MOR antagonist decreasing, dopamine levels 22,83. To 

initially investigate the effects of oxycodone on dopamine transmission in the NAc, we 

applied oxycodone directly onto NAc slices. We found that oxycodone induced a robust 

MOR-dependent reduction in dopamine uptake rate, which to our knowledge has not been 

reported previously. This observation suggests that in addition to disinhibiting dopamine 

neurons in the VTA, opioids may also influence striatal dopamine levels by reducing 

dopamine uptake rate locally.

The mechanisms by which local opioid administration alters dopamine uptake in the 

accumbens remain unclear. Abused opioids, such as oxycodone, act primarily at the 

MOR with lower affinities at the kappa and delta opioid receptors 84–86. However, 

dopamine terminals in the NAc lack MORs 87, suggesting that opioids must be acting to 

modulate dopamine uptake indirectly through local microcircuitry in the NAc. Indeed, MOR 

expression has been identified in both cholinergic and GABAergic interneuron populations 

in the NAc 88,89 and are known to influence dopamine release 90–92. However, to our 

knowledge there is no evidence that these interneuron populations impact dopamine uptake 

rate. Future studies may need to differentially examine the influence of MOR activation 

on cholinergic or GABAergic population to better understand the processes by which 

oxycodone can reduce dopamine uptake rate in the NAc.

In the current experiments, we tested if oxycodone abstinence would influence the acute 

effects of oxycodone on dopamine transmission and whether this was associated with 
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alterations in MOR expression. We found that there was no difference in response to 

oxycodone on dopamine release and uptake between oxycodone-experienced and naïve rats. 

Likewise, we found no differences in MOR expression between these experimental groups. 

These observations are consistent with prior work indicating that opioid exposure does not 

affect MOR expression 26 nor MOR activity 93–95 in the NAc. Despite these findings, it is 

important to note that in the dorsal striatum, oxycodone self-administration has been found 

to decrease MOR expression 34,96, indicating that there are differential effects of opioid 

exposure depending on the striatal region under investigation. Given the differential effects 

of oxycodone exposure on MORs in the NAc versus the dorsal striatum, future studies will 

be needed to assess if abstinence from IntA to oxycodone influences MOR expression, DAT 

function or expression in other striatal regions.

Conclusions

In the current studies, we found that IntA to oxycodone engendered robust seeking 

behavior throughout abstinence. Further, we observed that throughout abstinence there was 

disrupted dopamine transmission with particularly robust reductions in dopamine uptake. 

This reduced dopamine uptake is present on AD2 and is maintained for two weeks, which 

is consistent with the lasting reduction in DAT availability observed in human imaging 

studies. Overall, these findings suggest that during opioid abstinence there may be lasting 

dysfunction in dopamine transmission which may represent a compensatory response to a 

hypodopaminergic state during the abstinence period. Further, these observations suggest 

that changes in dopamine transmission during opioid abstinence may contribute to drug 

seeking behavior.
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FIGURE 1. 
Rats exhibit escalation of oxycodone intake under an IntA schedule and show exaggerated 

seeking behavior during abstinence. (A) Experimental timeline. (B) Days to acquire self-

administration. (C) Active and inactive lever presses across the 10 days of IntA. (D) Lever 

presses during cue-induced seeking tests on abstinence day 1 (AD1) and abstinence day 14 

(AD14). N = 13 (7 females and 6 males). Data shown are mean ± SEM. Linear regression 

across all days **p < 0.01.
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FIGURE 2. 
Abstinence from IntA to oxycodone was associated with decreased dopamine uptake. (A) 

Experimental timeline. (B) Pseudo-color plots and example traces for Naïve, abstinence day 

2 (AD2) and abstinence day 15 (AD15) groups. Arrows indicate time of stimulation (Stim). 

(C) Dopamine release and (D) dopamine uptake at baseline. Naïve, n = 10 (5 females and 5 

males); AD2, n = 9 (4 females and 5 males); AD15, n = 12 (6 females and 6 males). Data 

shown are mean ± SEM. **p < 0.01 compared to Naïve.
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FIGURE 3. 
Acute oxycodone produced a concentration dependent reduction in dopamine uptake. (A) 

Example traces at increasing oxycodone concentrations. The effect of oxycodone application 

onto NAc slices on (B) dopamine release and (C) dopamine uptake; oxycodone, n = 8 (4 

females and 4 males). Effect of naloxone or CTAP pretreatment on oxycodone-induced 

changes in (D) dopamine release and (E) dopamine uptake; oxycodone, n = 12 (6 females 

and 6 males); naloxone + oxycodone, n = 8 (4 females and 4 males); CTAP + oxycodone, 

n = 8 (4 females and 4 males). Data shown are mean ± SEM. **p < 0.01, ***p < 0.001 

compared to baseline (BL); ++p < 0.01, +++p < 0.001 CTAP + oxycodone compared to 

oxycodone alone, # p < 0.05, ###p < 0.001 naloxone + oxycodone compared to oxycodone 

alone.

Samson et al. Page 20

Addict Biol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Abstinence from IntA to oxycodone did not influence the acute effects of oxycodone 

on dopamine transmission. The effect of oxycodone application onto NAc slices on (A) 

dopamine release and (B) dopamine uptake. Naïve, n = 9 (4 females and 5 males); AD2, n 

= 8 (3 females and 5 males); AD15, n = 8 (3 females and 5 males). Data shown are mean ± 

SEM.
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FIGURE 5. 
Abstinence from IntA to oxycodone was associated with reduced phosphorylated DAT at 

Threonine-53 (pDAT) on abstinence day (AD)15. (A) Representative blots for Naïve, AD2 

and AD15 groups. (B) Total DAT (tDAT), (C) pDAT, (D) pDAT/tDAT ratio and (E) Mu 

opioid receptor (MOR) in the NAc. Naïve, n = 6 (3 females and 3 males); AD2, n = 7 (3 

females and 4 males); AD15, n = 8 (4 females and 4 males). Data shown are mean ± SEM. 

*p < 0.05 compared to Naïve.
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