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Abstract

Following oxycodone conditioned place preference (CPP) in naïve female and male Sprague 

Dawley rats, delta- and mu-opioid receptors (DORs and MORs) redistribute in hippocampal CA3 

pyramidal cells and GABAergic interneurons in a manner that would promote opioid-associative 

learning processes, particularly in females. MORs and DORs similarly redistribute in CA3 and 

hilar neurons following chronic immobilization stress (CIS) in females, but not males, essentially 

“priming” the opioid system for oxycodone-associative learning. Following CIS, only females 

acquire oxycodone CPP. The present study determined whether sex and CIS differentially affect 

the levels of phosphorylated MORs and DORs (pMORs and pDORs) in the hippocampus 

following oxycodone CPP as phosphorylation is important for opioid receptor internationalization 

and trafficking. In naïve oxycodone-injected (Oxy) female rats, the density of pMOR-

immunoreactivity (ir) was increased in CA1 stratum oriens and CA3a,b strata lucidum and 

radiatum compared to saline-injected (Sal)-females. Additionally, the density of pDOR-ir 

increased in the pyramidal cell layer and stratum radiatum of CA2/3a in Oxy-males compared to 

Sal-males. In CIS females that acquire CPP, pDOR-ir levels were increased in the CA2/3a. These 

findings indicate only rats that acquire oxycodone CPP have activated MORs and DORs in the 
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hippocampus but that the subregion containing activated opioid receptors differs in females and 

males. These results are consistent with previously observed sex differences in the hippocampal 

opioid system following Oxy-CPP.
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1. INTRODUCTION

With the rise of the opioid epidemic over the past twenty years [1], elucidating the 

mechanisms associated with addiction is of prime importance. In the rodent hippocampus, 

opioid signaling in the CA3 region is implicated in spatial memory and associative learning 

[2, 3], two factors that are involved in the addiction process. Following chronic stress, spatial 

learning and memory are impaired in male, but not female, rodents [4, 5]. Additionally, 

chronically stressed male rodents undergo morphological changes such as dendritic 

retraction in CA3 pyramidal cells and loss of parvalbumin (PARV)-containing interneurons 

[6], suggesting that the hippocampus adapts to chronic stress differently in females and 

males.

Previously, we found that both naive female and male rats acquired conditioned place 

preference (CPP) to the mu opioid receptor (MOR) agonist oxycodone [7]. Examination of 

anatomical changes in naive rats following oxycodone CPP revealed that delta opioid 

receptors (DORs) and MORs redistributed in CA3b pyramidal cells and γ-amino butyric 

acid (GABA)-ergic hilar interneurons [7] in a manner that would promote opioid-mediated 

long-term potentiation (LTP) [8]. Moreover, chronic immobilization stress (CIS) in female, 

but not male, rats redistributed DORs and MORs within CA3 pyramidal cells and 

GABAergic interneurons in a manner that “primes” the hippocampus for opioid-associated 

learning [9–11]. Importantly, following CIS, only female rats acquired oxycodone CPP [11]. 

Taken together, these findings show that sex and CIS can differentially interact to influence 

both the hippocampal opioid system as well as behavioral responses to oxycodone.

The present study determined whether sex and CIS differentially affect the levels of 

phosphorylated MORs and DORs (pMORs and pDORs) in the hippocampus following 

oxycodone CPP as phosphorylation is important for opioid receptor internationalization and 
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trafficking. [12–14]. Determining the sex differences in pDOR and pMOR may provide 

insight into the differing mechanisms of addiction between females and males.

2. MATERIALS AND METHODS

2.1 Animals:

All animal procedures were in accordance with the 2011 Eighth edition of the National 

Institutes of Health Guidelines for the Care and Use of Laboratory Animals. This study used 

three cohorts of adult Sprague-Dawley rats (N=72; RGD Cat# 734476, 

RRID:RGD_734476): Cohort 1. Saline-injected (Sal) naïve males and females or 

oxycodone-injected (Oxy) naïve males and females that were subjected to CPP (N = 6/

group; 24 total). Cohort 2. Naïve males and females or CIS males and females not subjected 

to oxycodone CPP (N = 6/group; 24 total). Cohort 3. CIS Sal- males and females or CIS 

Oxy- males and females that were subjected to CPP (N = 6/group; 24 total). On the day of 

euthanasia, all female rats were in the estrus phase of the estrous cycle as determined by 

vaginal smear cytology. Rats were single-housed (cohorts 1 and 3) or double-housed (cohort 

2) with a 12-hour light/dark cycle with unrestricted access to food and water. Tissues from 

these cohorts of rats were used in our previous studies [7, 9, 11].

2.2 CIS:

In cohorts 2 and 3, rats were subjected to CIS for 10 consecutive days [9, 11]. For this, rats 

were placed in plastic cone shaped polyethylene bags with a small hole at the apex and a 

Kotex mini-pad for urine collection. The rats were placed with their noses at the hole of the 

bag, sealed in with tape and left undisturbed for 30 mins each day. Rats in cohort 2 were 

euthanized 1 day after the last stress session. Rats in cohort 3 started CPP training two days 

following the last stress session.

2.3 Oxycodone CPP:

The CPP paradigm is described in our previous studies [7, 11, 15]. Briefly, the apparatus is 

divided into three compartments: white, black and a central gray compartment, which are 

separated by removable doors. The 14-day CPP protocol has three phases: 1) 

Preconditioning (day 1): The rats explored the CPP apparatus freely for 30 mins. 2) CPP 

training (days 2 – 9): The removable doors were added to separate the black and white 

compartments and the rats underwent 4 training sessions. On the first day of each session, 

the rats were injected with oxycodone (3 mg/kg, i.p.) or saline and placed in one 

compartment (e.g., white) for 30 min. On the second day of each session, the rats were 

injected with saline and placed in the other compartment (e.g., black) for 30 min. Control 

rats were injected with saline on both days. 3) CPP test (day 14): The he doors were 

removed from the apparatus. Four days following the last injection, the rats were placed in 

the central gray section and allowed to explore the CPP apparatus freely for 30 mins. 

Infrared photo beam breaks were used to determine the amount of time each rat spent in 

each section. The difference in percent of time spent in the drug-paired compartment vs. the 

drug-unpaired compartment was determined. Our previous studies demonstrated that the 

naïve (unstressed) female and male rats used in this study (cohort 1) both acquired 

oxycodone CPP [7], while only the CIS female rats used in this study (cohort 3) acquired 
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oxycodone CPP [11]. Rats in cohorts 1 and 3 were euthanized immediately after the CPP 

test session on day 14.

2.4 Antibody Characterization:

pMOR: This study used a rabbit polyclonal antibody generated against a synthetic 

phosphopeptide corresponding to residues surrounding Ser377 of human (homologous to 

Ser375 of mouse) pMOR (#3451 Cell Signaling, Danvers, MA, USA). Specificity of this 

antibody has been shown using western blots and immunoprecipitation in both HEK293 

cells and neuronal cells [16]. In the presence of the opioid receptor agonist DAMGO, or the 

antagonist naloxone, pMOR-immunoreactivity (ir) in HEK293 cells is increased and 

decreased, respectively [16]. Mutating the SER 375 residue of the MOR in HEK293 cells 

abolished morphine-induced phosphorylation as measured by immunoprecipitation [17]. 

Prior studies have shown that pMOR-ir is abolished when the antibody adsorbed with the 

peptide to which the antiserum was raised [18].

pDOR: A rabbit polyclonal antibody generated against a synthetic phosphopeptide 

corresponding to residues surrounding Ser363 of human pDOR was used (#3641 Cell 

Signaling, Danvers, MA). On Western blots of hippocampal samples from wild-type mice 20 

minutes after being treated with the DOR agonist SNC80 (10 mg/kg), this antibody 

demonstrated a 65kDa band; this same band was absent in DOR knockout mice with the 

same treatment [19].

2.5 Section preparation:

Procedures are described in detail in prior publications [7, 11]. Briefly, the rats were 

anesthetized either with Ketamine (100mg/kg) and xylazine (10mg/kg) I.P. (cohorts 1 and 3) 

or sodium pentobarbital (150mg/kg; cohort 2) and perfused through the ascending aorta 

sequentially with: 1) 10-15 ml 0.9% saline and 2% heparin; 2) 50 ml 3.75% acrolein and 2% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB); 3) 200 ml 2% PFA in PB. Coronal 

sections (40 μm thick) through the hippocampus were cut on a Vibratome and stored in 

cryoprotectant solution at −20°C until use. One rostral hippocampal section (between 

AP-3.5 and -4.00 from Bregma [20]) from each rat was selected for immunocytochemistry 

and sections from each cohort were processed separately. To ensure identical labeling 

conditions between groups in each cohort, hippocampal sections were coded with hole-

punches in the cortex, and processed in a single container throughout the 

immunocytochemical procedures [21].

2.6 Immunocytochemistry:

Previously described immunoperoxidase labeling methods were used [21]. The tissue 

sections were incubated in 1% sodium borohydride in PB for 30 mins to reduce reactive 

aldehydes. Sections were rinsed in PB until gaseous NaBH4 bubbles disappeared, washed in 

tris-buffered saline (TS; pH 7.6), and blocked in 0.5% bovine serum albumin (BSA) in TS 

for 30 mins. The tissues then were incubated with 0.1% BSA and either rabbit anti-pMOR 

(1:800) or rabbit anti-pDOR (1:500) for 24 hours at room temperature and 48 hours at 4°C. 

The sections were incubated in donkey-anti-rabbit antibody (1:400; Jackson 

Immunoresearch Laboratories, Cat# 711-506-152, RRID:AB_2616595) for 30 minutes in 
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0.1% BSA in TS. The tissue sections incubated in avidin-biotin complex (ABC; Vectastain 

elite kit, Vector Laboratories, Burlingame, CA) in TS for 30 mins. All incubations had TS 

washes in between them and were carried out on a shaker at 145 rpm. The sections were 

placed in 3,3’-diaminobenzidine (Sigma-Aldrich, St. Louis, MO) and 3% H2O2 in TS for 3 

mins (pMOR) or 7-9 mins (pDOR). Sections were mounted onto gelatin-coated slides, 

dehydrated, and cover slipped in DPX mounting media (Sigma-Aldrich).

2.7 Data Collection:

To ensure unbiased analysis of the data, an experimenter blinded to treatment performed all 

data collection and analyses. Images were captured at 2x (pMOR) or 10x (pDOR) on a 

Nikon Eclipse 80i microscope using a Dage MTI CCD-72 camera and IP Lab software 

(Scanalytics IPLab, RRID:SCR_002775). Average pixel density within regions of interest 

(ROI) was determined using ImageJ64 (RRID:SCR_003070) software. For pMOR, ROIs 

were the stratum lucidum (SLu) and stratum radiatum (SR) in CA3a, b, and c, and stratum 

oriens (SO) and SR in CA1. For pDOR, ROIs were the SR and pyramidal cell layer (PCF) in 

CA2/3a. The pixel density of a small region lacking labeling was subtracted from ROI 

measurements to control for variations in illumination and background staining between 

images. The accuracy of this technique has been corroborated by a strong linear correlation 

between average pixel density and neutral density values of gelatin filters with defined 

transmittances ranging from 1 to 80% (Eastman Kodak) [22].

2.8 Figure Preparation:

No feature within an image was obscured, moved, removed, introduced or enhanced. 

Adjustments to brightness, sharpness, and contrast were made in Microsoft PowerPoint 2010 

and applied uniformly to all portions of the image. Graphs were generated using Graphpad 

Prism 8 software (RRID:SCR_002798).

2.9 Statistical Analysis:

Data are expressed as mean ± SEM. Significance was set to an alpha < 0.05. All statistical 

analyses were conducted on JMP Pro 12 software (RRID:SCR_014242). Optical density 

sample comparisons were performed between groups in each cohort using a one-way 

ANOVA or two-tailed t-test with a Welch correction for samples with unequal variances (as 

determined by Levene’s test).

3. RESULTS

3.1 pMOR levels are increased in naïve Oxy-females compared to Sal-females

Consistent with our previous study [18], dense diffuse pMOR-ir is found in SLu of CA3a, b 

and c and sparser diffuse pMOR-ir is seen in the central hilus of the DG and in SO and SR 

of CA1 and CA3 (Fig. 1). In naïve (unstressed) rats, the density of pMOR-ir in Oxy-females 

is increased compared to Sal-females in the CA1 SO (t(8.25)=−2.39; p=0.0381; Fig. 1B–D), 

the CA3a SLu (t(10)=−2.77; p=0.0197), CA3a SR (t(10)=−2.72; p=0.0215), the CA3b SLu 

(t(7.53)=−2.87; p=0.0166; Fig. 1E–G), CA3b SR (t(8.20)=−3.00; p=0.0134; Fig. 2D–F), and 

the CA3c SR (t(10)=−2.80; p=0.0189). No change, m pMOR-ir were observed between 

unstressed Sal- and Oxy-males in any lamina of either the CA1 or CA3 regions (Fig. 1D,G).
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3.2 pDOR levels are increased in naïve Oxy-males compared to Sal-males

Consistent with our previous study [23], pDOR-ir was found primarily in CA2/3a pyramidal 

cell bodies and dendrites in SR (Fig. 2A). In unstressed (naïve) rats, the optical density of 

pDOR-ir is increased in Oxy-males compared to Sal-males in the CA2/3a PCL (t(10)=

−2.71; p=0.0220; Fig 2B–D) and CA2/3a SR (t(10)=−2.98; p=0.0138; Fig 2B–D). No 

changes in pDOR-ir were observed between unstressed (naïve) Sal- and Oxy-females in 

either subregion of CA2/3a (Fig. 2D).

3.3 CIS alone has little effect on pMOR and pDOR levels in females and males

The optical density of pMOR-ir increased in control males compared to control females in 

the CA3c SO (p=0.0135; not shown). No changes in pMOR-ir were observed in any other 

lamina in CA3 or in CA1 in CIS females and males.

3.4 pMOR-ir is similar in CIS Sal- and CIS Oxy-rats while pDOR is elevated in CIS Oxy-
females

In contrast to naïve rats, there were no differences in the optical density of pMOR-ir in any 

subregion of CA1 or CA3 in CIS Oxy- and CIS Sal-females or males. However, the optical 

density of pDOR-ir is increased in the CA2/3a SR of CIS Oxy-female compared to CIS Sal-

female rats (t(8)=−4.70; p=0.0015) with no change in pDOR-ir in CA2/3a in CIS Sal- and 

CIS Oxy-males (Fig. 2E–G).

4. Discussion

Here we find that oxycodone CPP increases the levels of pMOR in CA1 and CA3 neurons in 

naïve females and pDOR in CA2/3A neurons in naïve males. As phosphorylation is 

important for the internalization and trafficking of opioid receptors [12–14], the results 

suggest that oxycodone CPP redistributes MORs and DORs within select circuits in a sex-

dependent manner. Moreover, we find that following CIS, in which only females acquire 

oxycodone CPP [11], the levels of pDOR are increased in CA2/3a pyramidal neurons in 

females but not males. These results have important implications for understanding the 

mechanisms of our previously reported sex differences in opioid receptor trafficking within 

hippocampal neurons following oxycodone-associative learning [7, 11, 15].

MOR agonists such as oxycodone can bind with various affinities to MOR splice variants 

and phosphorylation of MORs may result in differentiated actions of those variants [24]. 

MOR1D, a prominent splice variant in the rat hippocampus, is found in the mossy fiber 

pathway and throughout lamina containing CA1 and CA3 pyramidal cell dendrites as well as 

interneurons [25]. Thus, the pattern of pMOR-ir labeling reflects a combination of labeled 

MOR1A, which is in interneurons [26], MOR1D and other MOR splice variants [18]. 

pMOR-ir is abundant within mossy fiber axons [18], suggesting that MOR activation may 

influence the transduction of electrical signals to the terminal and/or protein transport [27, 

28]. As mossy fibers also contain opioid peptides [26], activation of MORs could auto-

regulate granule cell synaptic transmission.
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pMOR-ir is also found in axon terminals forming asymmetric synapses with dendritic spines 

in CA3 [18], suggesting that MOR activation could affect excitatory transmission of other 

afferents to pyramidal cell neurons [29]. Thus, the elevation of pMOR in CA1 and CA3 in 

females following oxycodone CPP suggests that circuits in these regions have been altered 

in a manner that would enhance synaptic plasticity. Our prior studies showed that the 

threshold for MOR basal excitatory transmission in mossy fiber-CA3 pyramidal cell 

synapses is lower in proestrus (high estrogen) females compared to males [8]. However, the 

elevation of pMOR in mossy fiber axons in females following oxycodone CPP could provide 

an alternate mechanism that would promote excitation at these synapses. This would have 

important functional consequences as opioid signaling in the CA3 region is important in 

promoting associative learning processes [2, 3].

The density of pDOR-ir in CA2/3a pyramidal cells and dendrites was increased in naïve 

Oxy-males compared to Sal-males in a way that elevated them to the same levels as Sal- and 

Oxy-females. As our prior studies showed that baseline pDOR levels are higher in estrus 

females compared to males [23], the lack of change in the naïve Oxy-females compared to 

Sal-females may indicate that pDOR levels are already maximal. Within CA2/3a pyramidal 

cell soma and proximal dendrites, pDOR-ir is localized to endomembranes and endoplasmic 

reticula, organelles associated with protein synthesis and receptor trafficking [29]. Moreover, 

acute morphine (1 hour, 20mg/kg, I.P.) elevates pDOR-ir in CA2/3a pyramidal cell soma in 

naïve male rats [23]. As morphine and oxycodone are structurally similar in that they are 

both small opiate alkaloids with morphinan base structures [30], DORs in CA2/3a pyramidal 

cells likely are activated during oxycodone CPP training. In addition to soma, pDOR-ir is 

prominent within the spines of CA3 dendrites contacted by mossy fibers and other excitatory 

afferents [23]. Thus, the elevation of pDOR levels in CA2/3a pyramidal cell soma and 

dendrites in males compared to females could be important for plasticity processes through 

their downstream effects. In support, DORs are elevated in mossy fiber-CA3 synapses in 

naïve Oxy-males to levels known to promote opioid-mediated LTP in naïve proestrus 

females [7, 8].

The increase in pDOR-ir in CA3 SR in the naïve Oxy-males parallels the upregulation of the 

immediate early gene activity-regulated cytoskeleton-associated protein (Arc) mRNA CA3 

in naïve Oxy-males compared to Sal-males [15]. Additionally, our prior study [15] 

demonstrated that naïve Oxy-males compared to naïve Oxy-females have elevated levels of 

brain derived neurotrophic factor (BDNF) expression in the dentate gyrus, which harbors the 

granule cells known to produce BDNF in the mossy fibers [31]. Both Arc and BDNF are 

important regulators of synaptic plasticity processes including synaptogenesis and LTP [32, 

33]. Together these findings suggest that DORs as well as key synaptic molecules in CA2/3a 

pyramidal neurons and mossy fiber afferents are activated in males following oxycodone 

CPP. Moreover, although it is not know what signaling molecules contribute to the increase 

in pDOR-ir seen in CIS Oxy-females compared to CIS Sal-females, our prior studies in 

naïve Oxy-females suggest that ARC may be involved [15].

Unlike CIS Oxy-females, CIS Sal- and Oxy-males had unaltered pMOR and pDOR levels. 

This finding is in agreement with our prior findings examining the hippocampal opioid 

system in this same cohort of rats [11]. Specifically, the levels of MORs in GABAergic 

Bellamy et al. Page 7

Neurosci Lett. Author manuscript; available in PMC 2020 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interneuron dendrites are similar in CIS Sal- and Oxy-males [11]. Furthermore, the number 

of DOR-labeled dendritic spines contacted by mossy fibers in CA3 was significantly 

reduced in CIS Sal- and Oxy-males [11]. Additionally, corticotropin releasing hormone 

receptor, which is colocalized with DORs in pyramidal cell neurons [6] and is important for 

synaptic efficacy and LTP [34], is increased in naïve Oxy-males but significantly decreased 

after CIS [35]. Together, these findings indicate that CIS Oxy-males compared to their 

unstressed counterparts did not activate MORs and DORs in a manner that allows them to 

develop the synaptic plasticity necessary for opioid associated learning processes such as 

CPP.

In conclusion, the present demonstration that oxycodone CPP activates MORs in CA1 and 

CA3 neurons in naïve females and in contrast DORs in CA2/3a neurons in naïve males 

suggests that facilitation of drug-associated learning may occur through differing 

mechanisms in the two sexes. Moreover, these findings suggest that the absence of activation 

of MORs and DORs in CIS Oxy-males may contribute to their inability to acquire CPP.
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PCL pyramidal cell layer

pDOR phosphorylated DOR

PFA paraformaldehyde

pMOR phosphorylated MOR

ROI region of interest

Sal saline

SLu stratum lucidum

SO stratum oriens

SR stratum radiatum

TS tris-buffered saline
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Highlights:

• Oxycodone conditioned place preference alters opioid receptor 

phosphorylation

• The hippocampal region containing activated opioid receptors varies with sex

• Phosphorylated mu opioid receptor levels increase in CA1 and CA3a,b in 

females

• Phosphorylated delta opioid receptors (pDOR) increase in CA3/CA2a in 

males

• After chronic immobilization stress, pDOR levels increase CA3/CA2a in 

females
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Fig 1: pMOR levels are increased in naïve Oxy-females compared to Sal-females in CA1 and 
CA3b.
A. pMOR-ir is most dense in the SLu of CA3a, b and c and less dense in the SO and SR of 

the CA1 and CA3. Sparse diffuse pMOR-ir is seen in the central hilus of the dentate gyrus 

(DG). B,C. Representative images show pMOR-ir in the SO, PCL, SR, and SLM of CA1 in 

a Sal-female (B) and an Oxy-female (C) rat. D. The density of pMOR-ir increases in the SO 

of CA1 in Oxy-females compared to Sal-females. E,F. Representative images of pMOR-ir in 

the SR, SLu, PCL, and SO of CA3b in a Sal-female (E) and an Oxy-female (F) rat. G. The 
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density of pMOR-ir increases in the SLu and SR of CA3b in Oxy-females compared to Sal-

females. Scale bar A = 250 μm; B,C,E,F = 100 μm; *p < 0.05.

Bellamy et al. Page 14

Neurosci Lett. Author manuscript; available in PMC 2020 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 2: pDOR levels are increased in naïve Oxy-males compared to Sal-males and in CIS Oxy-
females compared to CIS Sal-females in CA2/3a.
A. pDOR-ir is most dense in the pyramidal cell layer and SR of CA2/3a. B,C. 
Representative images show pDOR-ir in the SR, PCL, and SO of CA2/3a in a Sal-male (B) 
and an Oxy-male (C) rat. D. The density of pDOR-ir increases in the PCL and SO of 

CA2/3a in Oxy-males compared to Sal-males. E,F. Representative images of pDOR-ir in the 

SR, PCL, and SO of CA2/3a in a CIS Sal-female (E) and a CIS Oxy-female (F) rat. G. The 
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density of pDOR-ir increases in the SR of CA2/3a in CIS Oxy-females compared to CIS 

Sal-females. Scale bar A = 250 μm; B,C,E,F = 100 μm; *p < 0.05; **p < 0.01.
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