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Abstract

Prescription opioid abuse is a serious public health issue. Recently, we showed that female and 

male Sprague-Dawley rats acquire conditioned place preference (CPP) to the mu opioid receptor 

agonist oxycodone. Anatomical analysis of the hippocampus from these rats unveiled sex 

differences in the opioid system in a way that would support excitation and opiate associative 

learning processes, especially in females. In this study, we examined the expression and protein 

densities of opioid, plasticity, stress and related kinase and signaling molecules in the 

hippocampus of female and male rats following oxycodone CPP. Oxycodone CPP females have: a) 

increases in ARC (activity regulated cytoskeletal-associated protein)-immunoreactivity (ir) in CA3 

pyramidal cells; b) decreases in Npy (neuropeptide Y) gene expression in the medial hippocampus 

but higher numbers of NPY-containing hilar interneurons compared to males; c) increases in Crhr2 
(corticotropin releasing factor receptor 2) expression in CA2/3; d) increases in Akt1 (AKT serine/

threonine kinase 1) expression in medial hippocampus; and e) decreases in phosphorylated MAPK 

(mitogen activated protein kinase)-ir in CA1 and dentate gyrus. Oxycodone CPP males have: a) 

increases in Bdnf (brain derived-neurotrophic factor) expression, which is known to be produced 

in granule cells, relative to females; b) elevated Mapk1 expression and pMAPK-ir in the dentate 

hilus which harbors newly generated granule cells; and c) increases in CRHR1-ir in CA3 
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pyramidal cell soma. These sex-specific changes in plasticity, stress and kinase markers in 

hippocampal circuitry parallel previously observed sex differences in the opioid system after 

oxycodone CPP.
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INTRODUCTION

Prescription opioid abuse has increased dramatically over the past two decades and has 

become a serious public health issue (CDC, 2015). Notably, drug overdose rates involving 

synthetic opioids and heroin have dramatically increased in women (VanHouten et al., 

2019). The influence of sex in opioid addiction processes has been challenging to elucidate, 

as it is difficult to separate the role of genes, environment, and multidrug use in humans. 

However, the finding that women may have altered sensitivity to morphine over the 

menstrual cycle (Ribeiro-Dasilva et al., 2011) suggests that ovarian hormones could be 

involved in addictive processes. Indeed, rodent studies have indicated that the hormonal 

milieu likely plays a part in opioid addiction (Becker et al., 2017). For example, fluctuations 

in circulating estrogen levels over the estrous cycle in rats have been reported to alter the 

patterns of heroin self-administration (Lacy et al., 2016).

Neural circuits involved in associative memory formation and the encoding of motivational 

incentives are critically involved in the pathway to drug addiction for both sexes (Koob and 

Volkow, 2010). In rodents, opioid signaling in the CA3 region of the hippocampus is 

implicated in associative learning and spatial memory (Meilandt et al., 2004; Kesner and 

Warthen, 2010). Additionally, a type of opioid-mediated long-term potentiation (LTP) has 

been demonstrated in mossy fiber-CA3 synapses from proestrus (high estrogen) female rats, 

but not diestrus (low estrogen) female or male rats (Harte-Hargrove et al., 2015), suggesting 

that opioid associative learning processes could be heightened in females in particular 

hormonal states.

Recently, we have shown that both female and male Sprague-Dawley rats acquire 

conditioned place preference (CPP) to the mu opioid receptor (MOR) agonist oxycodone 

(Ryan et al., 2018). Notably, anatomical analysis of the hippocampus from these rats 

unveiled sex differences in the opioid system in a way that would bolster excitation and 

opiate associative learning processes to a greater degree in females than males (Ryan et al., 

2018). In particular, delta opioid receptors (DOR) redistributed within mossy fiber-CA3 

synapses in both oxycodone-injected (Oxy) females and males in a manner similar to that 

demonstrated to be important for opioid-mediated LTP in proestrus females (Harte-Hargrove 

et al., 2015; Ryan et al., 2018). Additionally, MORs and DORs rearranged in hilar 

interneurons in Oxy-females in a configuration that could enhance granule cell disinhibition 

using two different circuits:
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1) plasmalemmal associated MORs increased in parvalbumin (PARV)-labeled dendrites 

(Ryan et al., 2018) which are known to inhibit granule cell soma (Drake et al., 2007); 2) 

plasmalemmal associated DORs increased on GABAergic interneuron dendrites (Ryan et al., 

2018) which are known to contain neuropeptide Y (NPY) and are important for promoting 

lateral perforant pathway (lpp) LTP (Sperk et al., 2007). However, whether these changes in 

hippocampal opioid receptor trafficking also are accompanied by changes in gene expression 

is unknown.

Thus, the goal of this study was to investigate the effect of oxycodone CPP in female and 

male rats on opioid peptides and receptor gene expression as well as synaptic plasticity, 

stress and related signaling molecules. Genes selected for analysis were the same as those in 

our recent study in which we demonstrated sex differences in their expression following 

chronic stress (Randesi et al., 2018). To elucidate these findings, we examined the 

immunocytochemical distributions of the relevant proteins in the hippocampus from a 

separate cohort of rats that had been given oxycodone in a CPP paradigm.

EXPERIMENTAL PROCEDURES

Animals

A total of 48 adult Sprague-Dawley female (~225-250 g upon arrival) and male (~275-325 g 

upon arrival) rats were used in this study (RGD Cat# 734476, RRID:RGD_734476; Charles 

River Laboratories, Wilmington, PA). To maintain rigor and reproducibility and minimize 

experimental variability due to differences in the vendor and institute environment as well as 

experimenter handling, molecular experiments were performed on a single cohort of 24 

female and male rats obtained from the vendor at the same time. Similarly, anatomical 

experiments were performed on a single cohort of 24 female and male rats that were used in 

our previous study (Ryan et al., 2018). Rats were provided ad libitum food (PicoLab Rodent 

diet 20; LabDiet, St. Louis, MO) and water in a room with a 12:12 light/dark cycle (lights on 

at 0600) where they were single-housed in R20 rat cages (10.5 in × 19 in × 8 in; Ancare, 

Bellmore, NY). Animal procedures were approved by the Institutional Animal Care and Use 

Committees at the Rockefeller University and Weill Cornell Medicine and were compliant 

with the 2011 8th Edition of the NIH guidelines for the Care and Use of Laboratory 

Animals.

Handling and Estrous Cycle Determination

As rodent cortisol levels can be significantly altered following handling (Deutsch-Feldman 

et al., 2015; Collins et al., 2016), rats were gently handled (~3-5 minutes) once daily for a 

week before the initiation of behavioral experiments to reduce corticosterone concentrations 

in adult male rats (Deutsch-Feldman et al., 2015). For each experimental cohort, the same 

investigators throughout the studies handled the rats. As cortisol levels vary throughout the 

day, behavioral experiments were performed between 9:00 am and 1:00 pm.

Previous studies have shown that associative memory behaviors including cocaine CPP will 

be extinguished following regular estrous cycle monitoring of rodents using swabbing or 

vaginal lavage (Walker et al., 2001; Walker et al., 2002; Van Kempen et al., 2014). 
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Moreover, significant side preference in the CPP apparatus can be induced following regular 

estrous cycling monitoring with vaginal lavage in the absence of CPP (Walker et al., 2002). 

Given the drawbacks of combining CPP behavior with estrous cycling and difficulty in 

reproducing this exact process in males, estrous cycle stage using vaginal smear cytology 

(Turner and Bagnara, 1971) was only assessed on the last experimental day at the time of 

euthansia. As in our prior studies (Milner et al., 2013; Pierce et al., 2014; Mazid et al., 

2016), estrous cycles were classified as proestrus (0.5-1 day long, elevated estrogen levels), 

estrus (2-2.5 days long, declining estrogen levels), or diestrus (2-2.5 days long, low estrogen 

and progestin levels). All but two female rats were in estrus in the cohort used for the 

anatomical studies (Ryan et al., 2018) and in the cohort used for the mRNA studies.

Oxycodone CPP

Behavioral experiments were staggered over a period of 4 days between 9:00 am and 1:00 

pm for all rats. The CPP apparatus (Med Associates Inc., Fairfax, VT) consisted of three 

compartments (lateral black, lateral white and a central gray) separated by removable doors. 

During the test, locomotor activity and time spent in each compartment were monitored 

using infrared photobeams. A dose of 3 mg/kg (i.p.) oxycodone (Sigma-Aldrich #O1378) 

was used because it has been shown to induce 90-100% CPP in rats in prior studies 

(Olmstead and Burns, 2005; Ryan et al., 2018). Previous oxycodone self-administration 

studies in Sprague-Dawley rats using higher doses and longer duration of oxycodone than 

the present experiment showed that the females exhibited normal estrous cycles (Mavrikaki 

et al., 2017), suggesting no impairment by the drug on normal cycling.

A 14-day CPP protocol was employed: 1) preconditioning (Day 1): the rats were allowed to 

freely explore the entire apparatus for 30 minutes, after removing the compartment doors. In 

the cohort of rats used for the molecular studies, individual rats had a compartmental bias 

following preconditioning. In the cohort of rats used for the anatomical studies, all females 

preferred the black compartment and all males preferred the white compartment (Ryan et al., 

2018). Thus, for both cohorts we used a biased CPP design in which rat were injected with 

oxycodone on the less-preferred side of the apparatus. 2) CPP training (Days 2-9): After 

adding the doors to the apparatus to separate compartments, rats were subjected to four 

training sessions, each two days long. On the first day of each session, rats were injected 

with oxycodone (3 mg/kg, i.p.) and put in the less preferred compartment for 30 minutes [a 

time span within the 3-5 hour half-life of oxycodone (Ordonez Gallego et al., 2007)]. On the 

second day of each session the rats were injected with saline and placed in the opposite side 

from which they were injected with oxycodone. In each session, the control rats were 

injected with saline in both compartments. 3) CPP test (Day 14; four days after the last 

session): After removing the compartment doors, the rats were put in the central gray 

compartment of the apparatus and their behavior was recorded for 30 minutes. For each rat, 

preference score was calculated by first dividing the time spent in the oxy-paired chamber 

over the time spent in both the oxy- and saline-paired chambers both during preconditioning 

and on the final test day. We subtracted pre-test preference score from the post-test 

preference score, yielding a measure of change in preference score. As previously reported 

for the cohort of rats used for the anatomical studies (Ryan et al., 2018), one female and one 
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male rat did not acquire oxycodone CPP. Thus, these rats were excluded from the present 

studies.

RNA Isolation and cDNA Synthesis

Procedures for preparing RNA were similar to previous studies (Zhang et al., 2016). 

Collection of the brains for molecular studies was staggered over a period of 4 days and 

occurred between 9:00 am and 1:00 pm. Rats were deeply anesthetized with CO2, 

decapitated with a guillotine and their brains were extracted from the skull. The analysis was 

limited to the dorsal hippocampus so as to correlate with prior studies showing changes in 

opioid, plasticity and stress markers (McEwen and Milner, 2017). A 4 mm thick coronal 

section of the dorsal hippocampus was dissected from each rat using a rat brain matrix (ASI 

Instruments, Warren MI). The hippocampal slab was further divided into medial [(CA1 and 

dentate gyrus (DG)] and lateral (CA2/CA3) parts which were homogenized in 700 μl of 

Qiazol (Qiagen, Inc., Germantown, MD) and immediately frozen and stored at −80°C until 

the RNA was prepared.

Total RNA was isolated from homogenates using the miRNeasy Kit (Qiagen Inc.), as per the 

manufacturer’s recommendations. An Agilent 2100 Bioanalyzer (Agilent Technologies, San 

Francisco, CA) was used to determine the quantity and quality of RNA from each sample. 

All RNA samples were of high quality with an RNA Integrity Number (RIN) ranging from 

8.0–9.0. Complementary DNA (cDNA) was prepared from 0.5 μg of RNA using the RT2 

First Strand Kit (Qiagen Inc.). Random hexamers and oligo-dT primers were used in the RT 

reaction to produce cDNA in an unbiased manner. The RT reaction contained an external 

RNA control to monitor the efficiency and test for enzyme inhibitors that may contaminate 

the RNA samples during subsequent gene expression analysis.

RT2 Profiler Array

Gene expression levels were measured using RT2SYBR® Green qPCR Mastermix and a 

custom RT2 PCR Array (both from Qiagen, Inc.) according to the manufacturer’s 

instructions. The expression array contained 23 genes of interest (Table 1) and five reference 

genes. The genes of interest were chosen because prior studies showed them to be important 

for opioid, plasticity and stress responses in the rat hippocampus or because prior studies 

had shown them to be down-regulated following chronic stress in male rats (Randesi et al., 

2018) or upregulated after oxycodone self-administration in mice (Zhang et al. 2014). The 

genes of interest were: opioid peptides and receptors (N = 7), synaptic plasticity-related (N = 

5), stress-related (N = 6), and kinase or signaling molecules (N = 5). An ABI PRISM™ 

7900HT Sequence Detection System (Applied Biosystems, Inc., Foster City, CA) was used 

to run the qPCR reactions. One control female was eliminated from the analysis as the 

values for the housekeeping genes were outliers compared to the other female and male rats. 

Threshold cycle (Ct) values were employed to calculate the mean (± SEM) normalized gene 

expression levels.

Immunocytochemistry Procedures

Section Preparation—Collection of the rat brains for the anatomical studies occurred 

between 9:00 am and 1:00 pm over a span of 4 days (Ryan et al., 2018). Rats were deeply 
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anesthetized with a mixture of xylazine (10 mg/kg) and ketamine (100 mg/kg) and perfused 

sequentially through the ascending aorta with: 1) 10-15 ml normal (0.9%) saline, 2) 50 ml of 

2% paraformaldehyde (PFA) and 3.75% acrolein in 0.1 M phosphate buffer (PB; pH = 7.4), 

and 3) 200 ml of 2% PFA in PB. After removing brains from the skull, they were cut into 5 

mm coronal blocks using a rat brain mold (RBM-4000C; ASI Instruments), and post-fixed in 

2% PFA in PB for 30 minutes prior to transferring into PB. Hippocampal sections (40 μm 

thick) were cut with a vibratome (VT1000S, Leica Microsystems, Buffalo Grove, IL) and 

collected into 24-well plates containing PB. Sections were stored in a cryoprotectant 

solution (30% ethylene glycol and 30% sucrose in PB) at −20°C. Sections were selected 

from the dorsal hippocampus [−3.5 to −4.2 mm from Bregma (Swanson, 1992)] for each 

immunocytochemical experiment. To ensure identical labeling conditions between 

experimental groups, the sections were coded with hole punches and processed together in 

single containers through all immunocytochemistry procedures (Pierce et al., 1999). This 

method has been shown to reliably yield equal penetration of antibodies in tissues for both 

cell counts and densitometry measurements (Milner, 2011). Sections were incubated in 1% 

sodium borohydride in PB for 30 minutes to neutralize reactive aldehydes (Milner, 2011) 

then rinsed 8-10 times in PB until gaseous bubbles disappeared.

Antibody Characterization

Phosphorylated Akt (serine/threonine kinase 1; pAKT):  A rabbit polyclonal antibody 

against pAKT (Thr308; Cell Signaling Technology Cat# 9275, RRID:AB_329828) was 

used. The antibody does not detect non-phosphorylated AKT or phosphorylated AKT at 

other sites and it does not cross-react with related family members such as PKC or p70 S6 

kinase (Cell Signaling manufacturer’s specification sheet). This antibody has been used in 

prior light and electron microscopic (EM) studies on acrolein/PFA perfusion-fixed 

hippocampal brain sections (Znamensky et al., 2003).

Activity-regulated cytoskeleton-associated protein (ARC):  A goat anti-ARC antibody 

(Santa Cruz Biotechnology Cat# sc-6381, RRID:AB_634090) was used in this study. The 

antibody was raised against the C-terminus of ARC of rat origin. On Western blot, ARC 

protein detection is absent in homozygous mice lacking Arc (Wang et al., 2006).

Corticotropin releasing hormone receptor 1 (CRHR1):  A goat polyclonal antibody 

raised against the 425-444 amino acid sequence of the carboxyterminus of the CRH receptor 

precursor of human origin, which is identical to the corresponding sequence in the rat (Santa 

Cruz Biotechnology Cat# sc-1757, RRID:AB_673600) was used in the EM study. Several 

lines of evidence indicate that the antibody preferentially recognizes CRHR1 and not 

CRHR2 [reviewed in Bangasser et al. (2010), supplementary material]. This antibody 

recognizes 1 band at ~80kD on Western blots of mouse hypothalamus; this band is absent on 

Western blots from CRHR1 knockout mice (Chen et al., 2000). Labeling for the CRHR1 

antibody is absent on acrolein/PFA fixed sections from the dorsal raphe of CRHR1 knockout 

mice (Waselus et al., 2009). Additionally, no labeling is seen in immunoblots and tissue 

sections following preadsorption with the antigenic peptide (Chen et al., 2000; Sauvage and 

Steckler, 2001; Reyes et al., 2006; Bangasser et al., 2010). This antibody was used in our 

prior EM studies (Williams et al., 2011a; Williams and Milner, 2011; McAlinn et al., 2018).
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Mitogen-activated protein kinase (MAPK):  A rabbit anti-p44/42 MAPK antibody (Erk1 / 

Erk2; Cell Signaling Technology Cat# 9102, RRID:AB_330744) was used. In Western blots, 

this antibody detects endogenous levels of total p44/42 MAPK protein and does not 

recognize either JNK/SAPK or p38 MAP kinase (manufacturer’s data sheet).

Phosphorylated MAPK (pMAPK):  A rabbit anti-phospho-p44/42 MAPK antibody 

(Thr202/Try204; Cell Signaling Technology; Cat# 9101) was used. On Western blots, this 

antibody detects endogenous levels of p44 and p42 MAPK when phosphorylated either 

individually or dually at Thr202 and Tyr204 of Erk1 (Thr185 and Tyr187 of Erk2; 

manufacturer’s data sheet). This antibody does not cross-react with the corresponding 

phosphorylated residues of p38 MAP kinase or JNK/SAPK and does not cross-react with 

non-phosphorylated Erk1/2 (manufacturer’s data sheet).

Neuropeptide Y (NPY):  A rabbit polyclonal antibody against porcine NPY (Peninsula 

Laboratories Cat# T-4070.0050 San Carlos, CA; RRID:AB_518504) was used. This 

antibody recognizes a 10−8 M concentration of NPY and closely related peptides YY and 

pancreatic polypeptide at 10−5 M concentrations on immunodot blots (Milner & 

Veznedaroglu 1992). This antibody has been employed in prior light and EM studies 

(Ledoux et al. 2009; Milner & Veznedaroglu 1992; Rogers et al. 2016).

Light Microscopic Immunocytochemistry

Experimental procedure: Hippocampal tissue sections were processed using formerly 

described methods (Milner, 2011) to assess changes in the density of ARC, pAKT, MAPK, 

pMAPK and NPY-immunoreactivities. In brief, tissue sections were rinsed in 0.1 M Tris-

buffered saline (TS; pH = 7.6) and blocked in 0.5% bovine serum albumin (BSA) in TS for 

30 minutes. Sections were incubated in either goat anti-ARC (1:800 dilution), rabbit anti-

pAKT (1:800 dilution), rabbit anti-MAPK (1:500 dilution), rabbit anti-pMAPK (1:500 

dilution) or rabbit anti-NPY (1:15,000 dilution) antibody in 0.1% BSA and TS for 24 hours 

at room temperature (25°C) followed by an additional incubation at 4°C for 24 hours (ARC 

and pAKT), 3 days (NPY) or 4 days (MAPK and pMAPK). Triton X-100 (0.25%) was 

added to the NPY diluent. Sections then were incubated in a 1:400 dilution of either 

biotinylated goat anti-rabbit immunoglobulin (IgG; pAKT, MAPK, pMAPK and NPY), or 

donkey anti-goat IgG (ARC; all from Jackson Labs.) for 30 minutes followed by TS rinses. 

Next, sections were incubated in avidin-biotin complex (ABC; at half the recommended 

dilution; Vectastain elite kit, Vector Laboratories, Burlingame, CA) for 30 minutes. After 

washing in TS, tissue sections were reacted in 3,3’-diaminobenzidine (DAB; Sigma-Aldrich, 

St. Louis, MO) and 3% H2O2 in TS for 4-7 minutes. Tissue sections were rinsed in PB and 

then were mounted from 0.05 Μ PB on 1% gelatin-coated glass slides, dehydrated through 

an ascending series of ethanols, and coverslipped from xylene with DPX mounting media 

(Sigma-Aldrich, Cat# 06522).

Analysis 1: pAKT, ARC, MAPK and pMAPK levels: Densitometric quantification was 

performed using methods described in prior studies (Williams et al., 2011b; Pierce et al., 

2014). All slides first were coded to ensure a blind analysis. Hippocampal images were 

captured at 10× on a Nikon Eclipse 80i microscope using a Micropublisher 5.0 digital 
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camera (Q-imaging, BC, Canada) and IP Lab software (Scanalytics IPLab, 

RRID:SCR_002775). ImageJ64 (ImageJ, RRID:SCR_003070) software was used to 

measure average pixel density within hippocampal regions of interest (ROI). Pixel density 

was determined in four ROIs within the CA1 region: stratum oriens (SO), pyramidal cell 

layer (PCL), stratum radiatum (SR) or stratum lacunosum moleculare (SLM), four ROIs 

within the CA3 region: SO, PCL, stratum lucidum (SLu) or SR, or three ROIs within the 

DG: dorsal and ventral blades of the granule cell layer (gel) or central hilus. To control for 

variations in overall illumination levels and background staining, the pixel density of an 

unlabeled tissue region (e.g. the corpus callosum) was subtracted from ROI pixel density 

measurements. Prior studies verified the accuracy of this technique through a strong linear 

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

defined transmittances ranging from 1 to 80% (Auchus and Pickel, 1992; Pierce et al., 1999; 

Pierce et al., 2014).

Analysis 2: NPY cell counts: The number of NPY cells was determined in the DG hilus 

using previously described methods (Milner et al., 1997; Williams et al 2011b). NPY-labeled 

cells containing a nucleus were counted within a 200-μm2 rectangle in the CA3b (SO, PCL, 

SLu, SR combined) and CA1 (SO, PCL, SR combined) regions. The number of NPY-labeled 

cells in the DG hilus was determined by counting all cells lying within the gel and the CA3 

PCL layers and dividing by the area of the hilus, measured using ImageJ64 software. In 

addition, NPY-labeled cells were counted in 200 μm2 subregions of the hilus [dorsal blade 

(db), central hilus (cen), and crest (cr)].

Electron microscopic immunocytochemistry

Hippocampal sections were labeled for CRHR1 with immunogold using previously 

described methods (Milner, 2011). After blocking with 0.5% BSA in TS for 30 minutes, 

sections were rinsed in TS and incubated in goat anti-CRHR1 (1:100 dilution) in 0.1% BSA 

in TS for 72 hours at 4°C. After rinsing in TS, sections were placed in washing buffer [with 

2% gelatin and 0.1% BSA in 0.1 M phosphate-buffered saline (PBS)], and incubated 

overnight at 4°C in a 1:50 dilution of donkey anti-goat IgG conjugated to 1 nm gold particles 

[Cat# 25800, Electron Microscopy Sciences (EMS), RRID: AB_2631210] in 0.08% BSA 

and 0.01% gelatin. Sections were rinsed in PBS, post-fixed in 2% glutaraldehyde/PBS (10 

min), rinsed in PBS and then placed in 0.2 M sodium citrate buffer (pH 7.4). The conjugated 

gold particles were enhanced for 6.5 minutes in silver solution (SEKL15 Silver enhancement 

kit, Prod No. 15718 Ted Pella Inc.).

Sections were fixed in 2% osmium tetroxide for 1 hour, dehydrated in increasing ethanol 

concentrations to propylene oxide and embedded in EMBed 812 (EMS) between two sheets 

of Aclar plastic (Honeywell, Pottsville, PA). Three rats from each experimental group (Sal- 

and Oxy-females, and Sal- and Oxy-males) were chosen randomly for EM analysis (N = 

12).

Ultrathin sections (70-nm thick) from the CA3b region were cut on a Leica UCT ultratome 

and collected on 400 mesh thin-bar copper grids (T400-Cu, EMS). The grids were 

counterstained with Uranyless (EMS Cat# 22409) and Lead citrate (EMS Cat# 22410).
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Electron microscopic localization of CRHR1

For the EM analysis of CRHR1, only tissues from females in estrus were used. People who 

were blinded to experimental conditions performed all data collection and analyses. Sections 

were analyzed on a Tecnai Biotwin transmission electron microscope (FEI, Hillsboro, OR) 

equipped with an Advanced Microscopy Techniques digital camera (Danvers, MA). 

Ultrathin sections were photographed from the plastic-tissue interface where 

immunolabeling access is optimal (Milner, 2011). Images of CA3 SR were collected at a 

magnification of 13,500x. Dendritic profiles were usually postsynaptic to axon terminal 

profiles and contained regular microtubular arrays and mitochondria (Peters, 1991).

Silver intensified immunogold (SIG) labeling for CRHR1 appeared as black electron-dense 

particles with varied sizes. To insure consistency in SIG labeling between blocks, samples 

were selected proximal to the plastic-tissue interface [i.e., the tissue surface; Milner (2011)].

For the CA3 PCL analysis, photographs were taken of 10 random CRHR1-SIG labeled soma 

with clearly distinguishable nuclei from each animal. For the analysis of CA3 SR, 

photographs of 50 random CRHR1-SIG labeled dendrites were taken from each animal. The 

area of each labeled soma and dendrite was measured using Microcomputer Imaging Device 

software (MCID Analysis, RRID:SCR_014278). Final cytoplasmic area of the soma was 

determined by subtracting total area from nuclear area. The number of SIG particles per unit 

area was then determined.

Figure Preparation

Adjustments were applied uniformly to the images; no feature within an image was 

introduced, removed, moved, obscured, or enhanced. Adjustments to brightness, sharpness, 

and contrast for light micrographs were made in Microsoft PowerPoint 2010. Electron 

micrographs were adjusted for image size, levels and sharpness in Adobe Photoshop 9.0 

(Adobe Photoshop, RRID:SCR_014199) and then were imported into Microsoft PowerPoint 

2010 for final layout, labeling and final adjustments to brightness and contrast. Graphs were 

made using Prism 7 software (Graphpad Prism, RRID:SCR_002798).

Statistical analysis

Data are expressed as mean ± SEM. Statistical analyses were conducted on JMP 12 Pro 

software (JMP, RRID:SCR_014242). Significance levels were set to an alpha < 0.05.

Behavior: CPP data was analyzed using a two-way analysis of variance (ANOVA) 

followed by Tukey’s HSD post-hoc analysis on the change in preference for the oxy-paired 

chamber following the pre-test and the CPP paradigm post-test.

Molecular studies: As described in prior studies (Randesi et al., 2018), a two-way 

ANOVA with sex and condition (saline vs. oxycodone CPP) as main effects, as well as their 

interaction was determined. For genes that produced significant ANOVA results (p < 0.05), 

Tukey-Kramer HSD post-hoc pairwise comparisons among the four studied groups were 

conducted. Post-hoc p-values < 0.05 were reported as nominally significant and p-values 

<0.1 were reported for exploratory purposes.
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Light microscopic immunocytochemistry studies: Comparisons of optical density 

for ARC, pAKT, pMAPK, and MAPK, as well as NPY cell counts were conducted using a 

Student’s t-test.

Electron microscopic immunocytochemistry study: Main effect comparisons in 

CRHR1-SIG particle distributions were determined through a two-way ANOVA followed by 

Tukey’s HSD post-hoc analysis for specific effects.

RESULTS

Female and male rats both acquire oxycodone CPP

Two-way ANOVA showed a significant main effect of condition (saline vs. oxycodone CPP) 

for the cohort of female and male rats used in the molecular study [F(3,18) = 28.7; p < 

0.0001)]. Neither a significant main effect of sex nor a significant interaction between sex 

and condition was observed. Post-hoc analysis showed that Oxy-females and Oxy-males had 

a greater percent change in preference for the oxycodone-paired side of the box compared to 

their saline-injected (Sal) counterparts (females: p = 0.032; males; p = 0.001; Fig. 1). There 

was no difference in preference scores between Oxy-males and Oxy-females (p = 0.796). On 

testing day, neither Sal-female nor Sal-male rats had a preference for either side of the box 

(p = 0.946). As reported in our previous study, the Oxy-injected rats used for the present 

anatomical studies also showed a significant preference for the Oxy-paired chamber and Sal-

injected rats showed no preference for either compartment (Ryan et al., 2018). On the day of 

euthanasia, all females used in the molecular cohort were in the estrus phase of the estrous 

cycle.

Molecular studies – general considerations

Sex differences between Sal- and Oxy-CPP rats were found in plasticity and stress genes as 

well as their associated signaling molecules. A schematic defining the medial and lateral 

hippocampal samples is shown in figure 2.

Plasticity genes and related proteins

Arc and ARC: Two-way ANOVA demonstrated a significant sex × condition (saline vs. 

oxycodone CPP) interaction for Arc mRNA expression in the lateral hippocampus [F(1,20) 

= 4.68, p = 0.043], Post-hoc analysis showed Sal-females had significantly greater Arc 
mRNA expression than Sal-males (p = 0.048) and that Oxy-males had significantly greater 

Arc mRNA expression than Sal-males (p = 0.049; Fig. 3A). Despite no significant main 

effect of Arc mRNA expression in the medial hippocampus, post-hoc analysis revealed Oxy-

males had a trend toward more Arc expression compared to Sal-males (p = 0.087; Fig. 3B).

Analysis of ARC-immunoreactivity (ir) in the hippocampal subregions contained in the 

lateral hippocampal sample revealed regional sex differences in ARC protein. Consistent 

with previous studies (Vazdarjanova et al., 2006), ARC-ir was detected within pyramidal 

cells and in processes within other hippocampal strata (for example, see Fig. 3E). In CA2/

CA3a, there was no significant difference between the density of ARC-ir in any lamina in 

Sal-females compared to Sal-males (Fig. 3D). However, Oxy-females showed a greater 
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density of ARC-ir than Oxy-males in both the SO [t(7) = −2.49; p = 0.042] and PCL [t(7) = 

−2.92; p = 0.022] of CA2/CA3a (Fig. 3C,D). In CA3b, Sal-females demonstrated a greater 

density of ARC-ir in SLu [t(9) = −2.89; p = 0.018] and SR [t(9) = −3.25; p = 0.01] compared 

to Sal-males. Further, Oxy-females demonstrated a greater density of ARC-ir in the CA3 

PCL compared to Sal-females [t(8) = −2.70; p = 0.027; Fig. 3E,F]. In the PCL, ARC-ir was 

mostly increased within nuclei (Fig. 3E).

Bdnf: Two-way ANOVA showed a significant sex × condition (saline vs. oxycodone CPP) 

interaction for Bdnf mRNA expression [F(1,19) = 5.55, p = 0.029] in the medial 

hippocampus. Post-hoc analysis showed Oxy-females had significantly less Bdnf mRNA 

expression than Oxy-males (p = 0.010; Fig. 4). Since previous studies have shown that brain 

derived neurotrophic factor (BDNF)-labeling is primarily detected in mossy fiber terminals 

by light microscopy [see review by Gray et al. (2013)], and a specific commercial antibody 

for BDNF could not be located, we did not analyze BDNF-ir further.

Npy and NPY: Two way ANOVA showed a significant sex × condition (saline vs. 

oxycodone CPP) interaction for Npy mRNA expression in the medial hippocampus [F(1,19) 

= 4.75, p = 0.042]. Post-hoc analysis of the medial hippocampus revealed Sal-females had 

significantly more Npy mRNA expression than Oxy-females (p = 0.028) while Oxy-males 

showed a trend toward more Npy mRNA expression compared to Oxy-females (p = 0.053; 

Fig. 5A). No significant differences in Npy mRNA expression were found between any 

group in the lateral hippocampus (Fig. 5B).

Consistent with previous descriptions (Milner et al. 1997; Williams et al. 2011b), NPY is 

detected within scattered interneurons in the rat dorsal hippocampus. The numbers of NPY-

labeled neurons were determined in the CA1 region and DG (both contained in the medial 

hippocampal sample) and CA3b (contained in the lateral hippocampal sample; Fig. 5C). 

There were no significant differences between Sal-female and Sal-male rats in any of these 

hippocampal regions (Fig. 5E). However, in contrast to Npy expression, Oxy-females 

trended toward a greater number of NPY-labeled neurons in the central hilus of the DG 

compared to Oxy-males [t(7) = −2.31; p = 0.055; Fig. 5D,E].

Stress genes and proteins

Crhr1, Crhr2 and CRHR1: Two-way ANOVA showed a significant sex × condition 

(saline vs. oxycodone CPP) interaction on Crhr1 mRNA expression in the lateral 

hippocampus [F(1,20) =4.64, p = 0.044]. Post-hoc analysis showed that the Crhr1 mRNA 

expression of the Oxy-females was significantly greater than the Oxy-males (p = 0.032) and 

showed a trend for higher Crhr1 mRNA expression than the Sal-females (p = 0.081; Fig. 

6A). Also in the lateral hippocampal region, two-way ANOVA showed that there was a 

significant main effect of condition (saline vs. oxycodone CPP) on Crhr2 expression 

[F(1,20) = 4.83, p = 0.03993]. Post-hoc analysis revealed that Oxy-females had significantly 

more Crhr2 mRNA expression than Sal-females (p = 0.023; Fig. 6B). Further, Sal-males had 

significantly greater Crhr2 mRNA expression than Sal-females (p = 0.040; Fig. 6B).

Although CRHR1-ir is not detectable at the light level. our previous studies have 

demonstrated CRHR1-ir within CA3 pyramidal cells (McAlinn et al., 2018). Thus the CA3 
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region was further analyzed by electron microscopy. Consistent with our earlier studies, 

CRHR1-SIG particles were detected within the cytoplasm of pyramidal cell somata (Fig. 

6C,D) and dendrites (not shown). Two-way ANOVA of the CRHR1-SIG particles within 

CA3 pyramidal cell somata showed significant main effects of sex [F(1,119) = 24.7; p< 

0.0001], condition (saline vs. oxycodone CPP) [F(1,119) = 56.6; p< 0.0001], and the 

interaction between sex and condition [F(1,119) = 25.1; p< 0.0001]. Post-hoc analysis 

revealed significantly more CRHR1-SIG particles in pyramidal cell somata from Oxy-males 

compared to both Oxy-females and Sal-males (p < 0.0001 for both pairs; Fig. 6E). However, 

there were no differences between any groups in the number of CRHR1-SIG particles in 

CA3 dendrites (Fig. 6F).

Plasticity- and stress-related kinases and signaling genes and proteins

Akt1 and pAKT: Two-way ANOVA showed a significant sex × condition (saline vs. 

oxycodone CPP) interaction on Akt1 mRNA expression [F(1,19) = 10.92, p = 0.004] in the 

medial hippocampus. Post-hoc analysis revealed that Oxy-females had significantly greater 

Akt1 mRNA expression than both Sal-females (p = 0.050) and Oxy-males (p = 0.003; Fig. 

7A). In addition, Sal-males had significantly more Akt1 mRNA expression than Oxy-males 

(p = 0.018; Fig. 7A).

Hippocampal subregions contained in the medial hippocampus were further analyzed for 

pAKT-ir. Consistent with earlier studies (Znamensky et al., 2003), pAKT-ir is found 

primarily in CA1 pyramidal cells and, to a lesser extent, in dendrites within SO and SR (Fig. 

7B). Almost no pAKT-ir is detected in the DG (not shown). No differences were found in 

the densities of pAKT-ir between Sal-females and Sal-males in any of the CA1 lamina (Fig. 

7C,D). However, Sal-males showed a significantly greater density of pAKT-ir in the CA1 

PCL compared to that of Oxy-males [t(9) = 4.18; p = 0.0012; Fig. 7D].

Mapk1, MAPK and pMAPK: Two-way ANOVA showed a significant main effect of sex 

on Mapk1 mRNA expression in the medial hippocampus [F(1,19) = 5.28, p = 0.0331]. Post-

hoc analysis revealed that Oxy-females had significantly less Mapk1 mRNA expression than 

Oxy-males (p = 0.0105; Fig. 8A).

The density of MAPK- and pMAPK-labeling next was analyzed in hippocampal subregions 

contained in the medial hippocampus. MAPK-ir was densest in CA1 pyramidal cells and DG 

granule cells; moreover, lightly-labeled MAPK-ir dendrites were found in the CA1 SR (Fig. 

8B). No differences between saline- and oxycodone-injected rats were found in the density 

of MAPK-ir in either the CA1 or DG (not shown).

As previously described (Crews and Vetreno, 2011), punctate immunolabeling for pMAPK 

in CA1 was densest in lamina containing pyramidal cell dendrites (Fig. 8C). Occasionally, 

darkly pMAPK-labeled cells were observed scattered throughout the CA1 PCL (Fig. 8C). In 

the DG, pMAPK-ir was found in scattered cells within the GCL and in punctate processes 

scattered throughout the hilus (Fig. 8D). No differences in the density of pMAPK-ir between 

Sal-females and Sal-males were observed in any region of the CA1 (Fig. 8E,F). However, 

Sal-females showed a significantly greater density of pMAPK in the dorsal GCL [t(10) = 

Randesi et al. Page 12

Neuroscience. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



−2.35, p = 0.04] and the central hilus [t(10) = −2.53, p = 0.030] of the DG compared to Sal-

males (Fig. 8G,H).

In Sal-females compared to Oxy-females, the density of pMAPK-ir was significantly greater 

in the near and distal regions of SR [nSR: t(9) = 2.81, p = 0.020; dSR: t(9) = 2.28, p = 0.020] 

in CA1 as well as the central hilus [t(10) = 2.91, p = 0.017] and ventral GCL [t(9) = 2.42, p 

= 0.038] of the DG (Fig. 8E,G). Conversely, Sal-males trended toward lower densities of 

pMAPK-ir in the central hilus [t(10) = −2.10, p = 0.0626] compared to Oxy-males (Fig. 8H). 

In Oxy-males compared to other groups, scattered pMAPK-labeled cells resembling 

interneurons were more noticeable near the CA1 pyramidal cell layer (Fig. 8C) and in the 

central hilus (Fig. 8D).

In the CA1, Oxy-females showed significantly lower density of pMAPK-ir in the SO [t(8) = 

2.55, p = 0.034] and nSR [t(8) = 3.20, p = 0.013] when compared to Oxy-males (Fig. 8E,F). 

Additionally, Oxy-females trended towards a lower density of pMAPK-ir in dSR [t(8) = 

2.18, p = 0.061] and SLM [t(8) = 2.15, p = 0.063] when compared to Oxy-males (Fig. 8E,F). 

In the DG, Oxy-females, compared to Oxy-males showed significantly lower density of 

pMAPK-ir in the ventral GCL [t(7) = 2.51, p = 0.041] and the central hilus [t(8) = 3.74, p = 

0.006; Fig. 8G,H].

DISCUSSION

The present study demonstrates that oxycodone CPP results in regional sex-dependent 

changes in plasticity (Arc, Bdnfand Npy), stress (Crhr1 and Crhr2), and related kinase (Akt1 
and Mapk1) gene expression in the hippocampus. Similarly, there were sex-dependent 

differences in the related proteins (ARC, NPY, CRHR1, pAKT, pMAPK) following 

oxycodone CPP (Fig. 9). These changes could be involved in the previously observed sex 

differences in the opioid system after oxycodone CPP (Ryan et al., 2018). Moreover, these 

changes could contribute to our understanding of previous findings in chronically stressed 

males, who, unlike chronically stressed females, did not acquire CPP and demonstrated 

diminished plasticity in the hippocampal opioid system (Reich et al., 2019).

Arc expression increases in males while ARC protein levels increase in females following 
oxycodone CPP

Arc is an immediate early gene (IEG) targeted to synapses to regulate protein synthesis-

dependent forms of synaptic plasticity [reviewed in Bramham et al. (2010)]. Arc is 

particularly important in LTP learning processes [reviewed in Plath et al. (2006)]. In the 

present study, Sal-females compared to Sal-males had elevated expression of Arc in the 

lateral hippocampus as well as ARC-immunolabeling in the dendrites of CA3 pyramidal 

cells in SLu and SR (Fig. 10A). In contrast, naïve control female rats compared to control 

male rats showed less Arc expression in our previous study with CIS but no behavioral 

apparatus (Randesi et al., 2018). The present study’s finding suggests that daily exploration 

of the enriched environment of the CPP behavioral apparatus may activate Arc expression in 

females. In support, exposure to environmental enrichment results in an upregulation of Arc 
in the CA1, CA2, and CA3 of the hippocampus, and, to a lesser extent, the DG in male rats 

(Pinaud et al., 2001). Moreover, estrogen levels are known to influence Arc expression in the 
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hypothalamus (Christensen et al., 2015) suggesting that estrogens may be involved in the 

observed sex difference in Arc expression.

Following CPP, Arc mRNA expression increased in the Oxy-males relative to the Sal-males 

in both the lateral and medial hippocampal samples so that they were equivalent to the Sal- 

and Oxy-females (Fig. 10C). Moreover, ARC-ir is elevated in the nuclei of pyramidal cells 

in Oxy-females (Fig. 10B). Euthanasia occurred within 15 minutes following the behavior, 

which is within the normal timeframe of Arc IEG expression (Wallace et al., 1998; 

Guzowski et al., 1999). Opioid receptors can activate intracellular pathways involving IEGs 

like Arc (Ziolkowska et al., 2005). Our previous studies demonstrated that oxycodone CPP 

increases DORs in pyramidal dendritic spines as well as near the plasma membrane in 

pyramidal cell dendrites in females (Ryan et al., 2018). Thus, these findings suggest that 

CA3 pyramidal cells may be more sensitive to opioids and may contribute to increases in 

ARC-ir seen in the females following oxycodone CPP.

Bdnf expression is increased in males compared to females following oxycodone CPP

BDNF is important for synaptogenesis and has a critical role in LTP (Cunha et al., 2010). 

Surprisingly, we found that Sal-females and Sal-males had no difference in Bdnf mRNA 

expression in the medial hippocampus (Fig. 9), where Bdnf is primarily expressed in granule 

cells (Choy et al., 2008). This finding was unexpected as in situ hybridization studies have 

shown that Bdnf mRNA expression decreases following ovariectomy and increases with 

addition of estradiol (Berchtold et al., 2001). Moreover, BDNF protein levels are elevated in 

the granule cell mossy fibers in high estrogen females (both proestrus and estrus) relative to 

low estrogen-state females and males [reviewed in Scharfman and MacLusky (2014)]. 

Although the reason for this discrepancy is unclear, it is possible that other cell types, in 

addition to granule cells, may contribute. Following CPP, Bdnf expression in the medial 

hippocampal sample is increased in Oxy-males compared to Oxy-females. The increase of 

Bdnf mRNA expression in the Oxy-males is consistent with the finding that 

intracerebroventricular injections of enkephalin increase Bdnf mRNA expression in the 

granule cell layer of male rats (Zhang et al., 2006). Exogenous BDNF also increases pre-
proEnk expression in the hippocampus (Croll et al., 1994), suggesting that these two systems 

are complementary. Therefore, the increase in Bdnf mRNA expression in Oxy-males is 

consistent with our findings that in Oxy-males, LEnk-ir increases in CA3b, where mossy 

fibers terminate (Ryan et al., 2018).

Npy expression and NPY cell numbers are differentially altered in females and males 
following oxycodone CPP

NPY is prominent in GABAergic interneurons and can regulate many aspects of plasticity in 

hippocampal circuits (Sperk et al., 2007). Consistent with previous studies in naïve rats 

(Williams et al., 2011b; Mazid et al., 2016), there were no sex differences in the number of 

NPY-immunolabeled neurons in the CA1, CA3 or DG. However, following CPP, the number 

of NPY-labeled neurons in the central hilus is greater in Oxy-females relative to Oxy-males 

(Fig. 9). NPY-containing GABAergic interneurons are known to colocalize DORs (Williams 

et al., 2011b). Our previous studies showed that DOR-labeled cells in the central hilus of 

females also increased following oxycodone CPP (Ryan et al., 2018). Our EM studies 

Randesi et al. Page 14

Neuroscience. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



additionally showed that near plasmalemmal DORs increased in GABAergic hilar 

interneuron dendrites in females, but not males, following oxycodone CPP (Ryan et al., 

2018). Increases in both NPY/DOR containing cells, as well as the pool of DORs readily 

available to be inserted into the plasma membrane (Boudin et al., 1998) following 

oxycodone CPP, could have functional consequences. Hilar NPY interneurons are known to 

project to granule cell dendrites where they converge with entorhinal afferents (Milner and 

Veznedaroglu, 1992; Sik et al., 1995; Williams et al., 2011b). Since NPY release is inhibited 

by DORs, activation of DORs on NPY-containing interneurons could promote lpp LTP 

(Sperk et al., 2007). As estradiol can potentiate NPY release (Ledoux et al., 2009), plasticity 

processes in high estrogen state females are likely to be further enhanced following 

oxycodone CPP.

Unlike NPY cell number, Npy mRNA expression decreased in Oxy-females (Fig. 10B). 

Several factors could have contributed to this finding. First, the microarray sampling from 

the medial hippocampus included both the CA1 and DG, meaning that detection of the 

differences in Npy mRNA expression within a subregion of the hilus would be beyond the 

sensitivity of the method. Second, as NPY was detected in a larger population of cells in the 

females following oxycodone CPP, it is possible that the individual cells actually express 

lower levels of Npy message. Third, the medial hippocampal sample included the CA1 

region. Prior studies have shown that NPY-containing neurons in CA1 colocalize with 

MORs (Drake and Milner, 2002). In other brain regions, changes in the expression of MORs 

can alter the levels of Npy mRNA expression (Yoo et al., 2005). Thus, it is possible that 

NPY-containing cells in CA1 colocalize different amounts of MORs in female and male rats, 

thus differentially affecting Npy mRNA expression.

Crhr1 and Crhr2 expression and the subcellular distribution of CRHR1 are differentially 
altered in females and males after oxycodone CPP

Crhr1 and Crhr2 mRNA show distinct but overlapping distributions in the brain (Reul and 

Holsboer, 2002). The effects of CRH receptors on hippocampal-mediated neuroplasticity 

can vary depending on the duration of the stressor (Smith and Vale, 2006; Regev and Baram, 

2014). Evidence from other brain areas shows that activation of CRH receptors can 

potentiate the acute effects of drugs of abuse and enhance neuroplasticity induced following 

drug withdrawal [reviewed in Haass-Koffler and Bartlett (2012)]. In agreement with our 

prior studies (McAlinn et al., 2018; Randesi et al., 2018), Sal-female and Sal-male rats had 

similar Crhr1 expression levels in the lateral hippocampal region and similar densities of 

CRHR1-SIG particles in CA3 neurons (Fig. 9). Following CPP, Crhr1 mRNA expression in 

the lateral hippocampal sample tended to increase in Oxy-females compared to Sal-females. 

However, no changes in CRHR1-SIG particle density within CA3 pyramidal cells were 

observed. In contrast, the expression of Crhr1 mRNA in the lateral hippocampus was not 

changed in the Oxy-males relative to the other groups (Fig. 9). However, the total number of 

CRHR1-SIG particles in CA3 soma increased in the Oxy-males compared to both the Sal-

males and Oxy-females (Fig. 10C). This suggests that oxycodone CPP may upregulate 

Crhr1 in different types of cells in females (i.e., non-pyramidal cells) and males (i.e., 

pyramidal cells). It is also possible that changes in cortisol levels following the behavior 

contributed to the sex differences in Crhr1 and CRHR1-SIG particles after oxycodone CPP.
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The present study demonstrated that Crhr2 mRNA expression is greater in Sal-males 

compared Sal-females (Fig. 10A). These findings are consistent with the observation that 

androgens increase Crhr2 mRNA levels in whole rat hippocampus and primary hippocampal 

neurons (Weiser et al., 2008). Following CPP, Crhr2 expression in the lateral hippocampus 

increased only in the Oxy-females (Fig. 10B). Previous studies have suggested that in 

regions of the rat brain, such as hippocampus, where Crhr1 and Crhr2 are abundant, the two 

Crh subtypes can respond to one another (Weiser et al., 2008), suggesting the possibility that 

Crhr2 increases in females to compensate for the increase in Crhr1.

Following CPP, Akt1 expression and pAKT densities are opposite of those observed for 
Mapk1 expression and pMAPK densities

Akt1, a signal transduction intermediate, plays a crucial role in cell growth and synaptic 

protein translation, including post-synaptic density (PSD)-95 (Brunet et al., 2001; Akama 

and McEwen, 2003; Chong et al., 2005). Consistent with our prior study (Randesi et al., 

2018), there was no sex difference in the mRNA expression of Akt1 in the medial 

hippocampal sample between the saline rats. We also found that AKT protein levels in CA1 

were similar in Sal-females and Sal-males. As our previous studies had demonstrated higher 

densities of pAKT-ir (Thr308) levels in naïve proestrus females compared to males 

(Znamensky et al., 2003; Yildirim et al., 2011), the different results between the present 

study and the Randesi et al. (2018) study could be due to the hormonal state (proestrus vs. 

estrus) and/or the added behavioral experience of the saline-injected rats.

Following oxycodone CPP, a sex difference emerged: the expression of Akt1 in the medial 

sample increased in the Oxy-females and decreased in the Oxy-males relative to their saline 

counterparts (Fig. 10B,C). Moreover, the densities of pAKT-ir in CA1 were unchanged in 

the Oxy-females but decreased in the pyramidal cell layer in the Oxy-males compared to the 

Sal-males (Fig. 10C). These findings suggest that oxycodone CPP maintains AKT-mediated 

signaling events in female rats but reduces them in male rats. These results differ from prior 

studies in male rats showing that morphine CPP results in increased pAKT (Ser 473) protein 

levels on Western blots in CA1 (Shen et al., 2016) and DG (Guo et al., 2016). However, 

differences between oxycodone and morphine, including their pharmacodynamics and 

signaling processes (Lemberg et al., 2006), post-receptor binding effects on drug 

internalization (Bolan et al., 2002; Arttamangkul et al., 2008) and bioavailability (Soderberg 

Lofdal et al., 2013) could have contributed to the divergent results in male rats. Additionally, 

the experimental design of the morphine CPP in these studies differed from that for 

oxycodone CPP in the present study: 4-5 days vs. 8 days of testing; two training 

sessions/day vs. one training session per day; and the test day immediately followed the 

training session vs. a 4 day gap between training and testing (Guo et al., 2016; Shen et al., 

2016). Lastly, the morphine CPP studies did not assess gene expression and measured pAKT 

protein using an antibody raised to a different phosphorylated site.

MAPK is critical for integrating membrane receptor signals to the nucleus (Sananbenesi et 

al., 2003). Alterations in MAPK signaling can affect many plasticity processes (Wu et al., 

2005; Zheng et al., 2005; Murphy and Blenis, 2006) including glutamatergic NMDA 

receptor phosphorylation and LTP in the hippocampus (Bi et al., 2000). There were no 
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differences in the mRNA expression of Mapk1 in the medial hippocampal sample and in the 

densities of MAPK-ir in the CA1 or DG in Sal-females and Sal-males. However, the 

densities of pMAPK-ir in the granule cells and hilus were elevated in Sal-females compared 

to Sal-males (Fig. 10A). This finding is consistent with studies demonstrating that estrogens 

activate the MAPK pathway (Bi et al., 2000; Singh et al., 2000).

Following CPP, Mapk1 mRNA expression in the medial hippocampus was lower in Oxy-

females compared to Oxy-males. Moreover, densities of pMAPK-ir decreased in Oxy-

females and increased in Oxy-males in most lamina in the CA1 and in the DG, especially the 

central hilus (Fig. 10B,C). These findings are consistent with several reports that the opioid 

system and the MAPK pathways are functionally interrelated (Trapaidze et al., 2000; 

Persson et al., 2003).

In particular, stimulation of opioid receptors increases MAPK protein levels in vitro 
(Gutstein et al., 1997; Kramer and Simon, 2000) and this increase in MAPK can activate 

IEGs such as c-fos and c-jun (Shoda et al., 2001). Moreover, DOR and MOR antagonists 

reduce MAPK-mediated cell proliferation in hippocampal rat progenitor cell cultures 

(Persson et al., 2003). Thus, as the DG harbors adult-generated progenitor cells (Opendak 

and Gould, 2015), our findings suggest that oxycodone CPP has the opposite effect on adult 

neurogenesis in female and male rats. Several studies have shown that factors that increase 

adult neurogenesis also increase spatial learning (Lieberwirth et al., 2016).

Interestingly, we found that Akt and Mapk1 exhibited opposite gene expression patterns in 

the medial hippocampus following oxycodone CPP depending on sex. It is known that the 

Ras-PI3K-AKT and Raf-MAPK systems mediate one another and have been shown to 

control opposite functions (Rommel et al., 1999; Zimmermann and Moelling, 1999; Menges 

and McCance, 2008). These opposing interactions may occur by two possible pathways, 

either by AKT inhibiting its downstream target, Raf, leading to inhibition of MAPK 

(Rommel et al., 1999), or by the negative regulation of the AKT pathway by Raf-MAPK, 

leading to inhibition of AKT (Menges and McCance, 2008). This provides a potential 

explanation for the opposite gene expression patterns observed in this cohort.

Functional considerations

The present study demonstrates sex-specific changes in the expression and protein densities 

of plasticity, stress and related kinase markers in hippocampal circuitry following oxycodone 

CPP (Fig. 10). These changes parallel many of the sex differences in the levels of LEnk and 

the redistribution of opioid receptors we previously observed in the hippocampus following 

oxycodone CPP (Ryan et al., 2018). Specifically, elevations in ARC-ir in CA3 dendrites and 

in Crhr2 mRNA expression in the lateral hippocampal sample accompany the redistribution 

of DORs to the spines of CA3 dendrites in Oxy-females. Additionally, the number of NPY-

containing neurons increases in the same population of interneurons that have elevated near-

plasma membrane DORs following oxycodone CPP. In Oxy-males, the elevation of CRHR1-

ir in the soma of CA3 pyramidal cells accompanies the DORs in the dendritic spines of these 

cells. Moreover, gene expression of Bdnf as well as levels of LEnk, both of which are 

contained in granule cells and their mossy fibers (Gray et al., 2013; Pierce et al., 2014), are 

elevated in Oxy-males. BDNF-stimulated LTP elevates Arc mRNA expression (Wibrand et 
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al., 2006) and this is coupled with the activation of MAPK (Alder et al., 2002; Ying and 

Sanders, 2003).

Our studies suggest additional mechanisms by which oxycodone CPP could interact with the 

hippocampal opioid system differentially in female and male rats to further enhance 

plasticity and learning processes. First, in Oxy-females, Akt mRNA expression is elevated in 

the medial (CA1/DG) hippocampal sample. Within this sample, CA1 pyramidal cells are 

known to contain high levels of DORs and pAKT and that their levels are altered by 

estrogens (Znamensky et al., 2003; Williams et al., 2011b; Yildirim et al., 2011). In 

particular, pAKT-labeling is elevated on the plasma membrane and spines of CA1 pyramidal 

cells in high estrogen female rats compared to male rats (Znamensky et al., 2003; Yildirim et 

al., 2011). In CA1, estrogens promote CA1-mediated LTP and plasticity [reviewed Spencer 

et al. (2008)] and AKT acts downstream of glutamatergic NR2B-NMDA receptors to 

enhance the expression of morphine CPP (Shen et al., 2016). In contrast, Oxy-males show 

reduced Akt mRNA in the medial sample and pAKT-ir in CA1, suggesting that plasticity 

processes may also be reduced.

Second, in Oxy-males, enhanced expression of Mapk1 and pMAPK in the hilus would be 

predicted to enhance adult neurogenesis of granule cells (Persson et al., 2003) and thus 

would potentially introduce more opioid-producing granule cells into hippocampal circuits. 

Additionally, MAPK activation can enhance NMDA receptor function and LTP (Bi et al., 

2000). In contrast, Oxy-females showed a reduction of pMAPK-labeled interneurons and, in 

comparison with Oxy-males, a greater number of NPY cells in the central hilus. Although 

whether pMAPK and NPY are contained in the same interneurons is unknown, these 

findings suggest that opioid-associated learning could activate inhibitory interneurons via 

different mechanisms. Future studies will seek to determine the phenotype of pMAPK-

labeled neurons.

The observed changes in CRHR1 and pMAPK protein densities and Arc expression in the 

lateral hippocampus are notable because they may help explain the sex-dependent processes 

at the mossy fiber-CA3 synapses in CIS rats (Mazid et al., 2016; McAlinn et al., 2018; 

Randesi et al., 2018; Reich et al., 2019) and the inability to acquire oxycodone CPP in 

chronic immobilization stress (CIS) males (Reich et al., 2019). We posit that CIS “primes” 

the hippocampal opioid system in females for opioid-associated learning while “shutting 

down” synapses important for opioid-associative learning in CIS males. In particular, CIS 

reduces DORs in mossy fiber-CA3 synapses that we showed in prior studies are critical for 

opioid-mediated LTP (Harte-Hargrove et al., 2015). In CIS Oxy-males, not only do DORs in 

mossy fiber-CA3 synapses remain low, but also the levels of LEnk in the mossy fiber 

pathway remain unaltered (Reich et al., 2019). CIS elevates the number of CRHR1s on the 

plasma membrane of CA3 dendrites in male rats (McAlinn et al., 2018). This would render 

males more vulnerable to cyclic AMP-dependent hyperexcitability (Hollrigel et al., 1998; 

Elliott-Hunt et al., 2002), possibly contributing to the dendritic retraction and spine loss of 

CA3 dendrites in response to CIS (Wang et al., 2013; McEwen et al., 2015). Moreover, CIS 

inhibits adult neurogenesis in male rats (Holmes and Galea, 2002), likely decreasing MAPK, 

suggesting a possible mechanism for reduced output of granule cell mossy fiber-CA3 

synapses.
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Finally, naïve male rats compared to naïve females have greater Arc expression in the lateral 

hippocampal sample but following CIS, Arc expression is significantly down-regulated in 

males but remains unaltered in females (Randesi et al., 2018). Other studies have 

demonstrated that stressors can disrupt Arc expression in the hippocampus (Kozlovsky et al., 

2008; Biala et al., 2011). Thus, together with the present study, it is likely that Arc 
expression in the lateral hippocampus is particularly sensitive to the environment (e.g., 

stress) in males. The reduction of Arc expression in CA3 by CIS may contribute to the 

prevention of DOR redistribution at mossy fiber-CA3 synapses in CIS males following 

oxycodone CPP (Reich et al., 2019) and is possibly related to the dendritic retraction of CA3 

neurons seen in males, but not females, following CIS [reviewed in McEwen et al. (2015)]. 

This change in Arc expression could negatively impact LTP processes in mossy fiber-CA3 

synapses [reviewed in Plath et al. (2006)].

In conclusion, these sex-specific changes in plasticity, stress and kinase markers in 

hippocampal circuitry parallel previously observed sex differences in the opioid system after 

oxycodone CPP (Ryan et al., 2018). Moreover, the changes in stress-naïve males could 

contribute to the inability to acquire oxycodone CPP and the diminished plasticity in the 

hippocampal opioid system that we have recently observed in chronically stressed males 

(Reich et al., 2019).
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ABBREVIATIONS

ABC avidin-biotin complex

Akt serine/threonine kinase 1

Arc activity-regulated cytoskeleton-associated protein

Bdnf brain-derived neurotrophic factor

BSA bovine serum albumin

cen central hilus

CIS chronic immobilization stress

CPP conditioned place preference

cr crest of hilus

Crh corticotropin releasing hormone

CRHR corticotropin releasing hormone receptor

Ct threshold cycle
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DAB diaminobenzidine

db dorsal blade of hilus

DG dentate gyrus

DOR delta opioid receptor

EM electron microscopic

gc granule cell

GCL granule cell layer

IEG immediate early gene

ir immunoreactivity

LEnk Leucine-enkephalin

lpp lateral perforant pathway

LTP long-term potentiation

Mapk mitogen-activated protein kinase

mf mossy fiber

ML molecular layer

MOR mu opioid receptor

NPY neuropeptide Y

Oxy oxycodone CPP rat

PFA paraformaldehyde

PB phosphate buffer

PBS phosphate-buffered saline

pc pyramidal cell

PCL pyramidal cell layer

RIN RNA integrity number

ROI region of interest

RT reverse transcription

Sal saline CPP rat

SIG silver-intensified immunogold

SLu stratum lucidum
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SLM stratum lacunosum-moleculare

SO stratum oriens

SR stratum radiatum

TS tris-buffered saline

All gene names are written in italics with only the first letter capitalized (e.g. Npy), while all 

protein names are written in uppercase (e.g. NPY).
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Highlights

Hippocampal gene expression and protein levels vary depending on sex after oxycodone 

(Oxy) conditioned place preference (CPP)

After Oxy CPP, Npy mRNA expression decreases but a subset of NPY-labeled cells 

increases in the dentate gyrus (DG) in females

In CA3, plasticity and stress markers differentially increase in Oxy CPP females (ARC, 

Crhr2) and males (Arc, CRHR1)

After Oxy CPP, signaling kinases (Akt1, pAKT, pMAPK) change in opposite directions 

in females and males in CA1 and DG

Differences in signaling, kinase, and stress markers suggest sex-specific hippocampal 

pathways for opioid-associated learning
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Fig. 1. Both female and male rats used for molecular studies exhibit oxycodone conditioned place 
preference (CPP).
During the preconditioning phase, individual rats had a compartmental bias. Thus, 

oxycodone was administered on the less-preferred side for the animal. Preference score is 

the amount of time spent in the Oxy-paired chamber over the sum of time spent in Oxy- and 

Saline-paired chambers, calculated as a percent. The percent change in preference score, 

shown in the graph, is the pre-test preference score (of the side that would later be paired 

with oxycodone) subtracted from the post-test preference score of the Oxy-paired side. 

Saline-injected rats showed no significant change in preference score by sex. However, 

preference was significantly greater for Oxy-injected rats compared to their Saline-injected 

counterparts. SF, Sal-female; OF, Oxy-female; SM, Sal-male; OM, Oxy-male; * p < 0.05, ** 

p < 0.01.
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Fig. 2. Schematic of hippocampal dissection used for molecular studies.
For the molecular studies, coronal dorsal hippocampal samples (~4 mm thick) were isolated 

and the block was separated into a medial sample primarily containing the CA1 and dentate 

gyrus and a lateral sample primarily containing the CA2 and CA3. Bar = 0.5 mm. Adapted 

from (Swanson, 1992).
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Fig. 3. Sex differences in Arc mRNA expression and ARC protein densities following oxycodone 
CPP.
A. In the lateral hippocampus (LH), Sal-females (SF) had significantly more Arc mRNA 

expression than Sal-males (SM). Moreover, Sal-males had significantly less Arc mRNA 

expression than Oxy-males (OM). B. In the medial hippocampus (MH), Sal-males had a 

trend towards less Arc mRNA expression than Oxy-males. OF, Oxy-females. C. 
Representative light microscopic micrographs show higher densities of ARC-ir in the 

CA2/3a pyramidal cell layer (PCL) in an Oxy-female compared to an Oxy-male. D. In 
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CA2/3a, the density of ARC-ir was significantly greater in stratum oriens (SO) and the PCL 

of Oxy-females compared to Oxy-males. SR, stratum radiatum. E. Representative light 

microscopic micrographs show lower densities of ARC-ir in the CA3b pyramidal cell layer 

(PCL) from a Sal-female compared to an Oxy-female. F. In CA3b, the density of ARC-ir 

was significantly greater in stratum lucidum (SLu) and SR of Sal-females compared to Sal-

males. The density of ARC-ir was significantly greater in Oxy-females compared to Sal-

females in the PCL. * p < 0.05, ^ p = 0.087, ap = 0.042, bp = 0.022, cp = 0.018, dp = 0.010.
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Fig. 4. Sex differences in Bdnf mRNA expression following oxycodone CPP.
A. In the medial hippocampus (MH), Oxy-females (OF) had significantly less Bdnf mRNA 

expression than Oxy-males (OM). B. In the lateral hippocampus (LH) there are no 

differences in Bdnf mRNA expression between the groups. *p < 0.05.
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Fig. 5. Sex differences in Npy mRNA expression and NPY protein densities following oxycodone 
CPP.
A. In the medial hippocampus (MH), Sal-females (SF) had significantly greater Npy 
expression than Oxy-females (OF). Moreover, Oxy-females had a trend towards less Npy 
expression compared to Oxy-males. B. In the lateral hippocampus (LH), there were no 

differences in Npy expression between any groups. C. Low magnification photomicrograph 

of the rat dorsal hippocampus shows NPY-labeled cells scattered throughout the 

hippocampus. Boxed areas show regions sampled for quantitative analysis: CA1, CA3b and 

Randesi et al. Page 33

Neuroscience. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the dorsal blade (db), central hilus (cen) and crest (cr) of the dentate gyrus (DG). Bar = 500 

μm. D. Representative light microscope micrographs show fewer NPY-labeled neurons in the 

central hilus of the dentate gyrus of an Oxy-male compared to an Oxy-female. gel, granule 

cell layer Bar = 50 μm. E. There was a trend for more NPY-labeled cells in the central hilus 

of Oxy-females compared to Oxy-males. * p < 0.05, ap = 0.055.
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Fig 6. Sex differences in Crhr1 and Crhr2 mRNA expression and CRHR1 protein densities 
following oxycodone CPP.
A. In the lateral hippocampus (LH), Sal-females (SF) had a trend towards less Crhr1 mRNA 

expression than Oxy-females (OF). Oxy-females had significantly more Crhr1 mRNA 

expression than Oxy-males (OM). B. In the lateral hippocampus, Sal-females had 

significantly less Crhr2 mRNA expression than Sal-males (SM) and Oxy-females. C & D. 
Representative electron micrographs show that fewer CRHR1-SIG particles (arrows) are 

found in the cytoplasm of soma from a Sal-male compared to an Oxy-male. In both 
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micrographs, a CRHR1-SIG particle is found on the nuclear membrane (arrowhead). N, 

nucleus. Bar = 500 nm. E. In CA3, significantly more CRHR1-SIG particles are found in the 

Oxy-males compared to the Sal-males and Oxy-females. F. The density of CRHR1-SIG 

particles in CA3 dendrites is not different between the 4 groups. * p < 0.05, Λ p = 0.081.
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Fig. 7. Sex differences in Akt1 mRNA expression and pAKT protein densities following 
oxycodone CPP.
A. In the medial hippocampus (MH), Akt1 mRNA expression is significantly higher in Oxy-

females (OF) compared to Sal-females (SF) and Oxy-males (OM). Moreover, Akt1 mRNA 

expression is significantly higher in Sal-males (SM) compared to Oxy-males. B. 
Representative light microscope micrographs show greater pAKT-ir in the CA1 pyramidal 

cell layer (PCL) of a Sal-male compared to an Oxy-male. SO, stratum oriens; nSR and dSR, 

near and distal stratum radiatum, respectively. C & D. There were no differences in pAKT-ir 
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between Oxy- and Sal-females. Sal-males had significantly more pAKT-ir in the PCL 

compared to Oxy-males. * p < 0.05, ** p < 0.01.
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Fig. 8. Sex differences in Mapk1 expression and MAPK and pMAPK protein densities following 
oxycodone CPP.
A. In the medial hippocampus (MH), Mapk1 expression is significantly lower in Oxy-

females (OF) compared to Oxy-males (OM). B. In CA1 (left), MAPK-ir is densest in the 

pyramidal cell layer (PCL) and stratum lacunosum-moleculare (SLM) but is also found 

throughout the other lamina (SO, nSR, dSR). In DG (right), MAPK-ir is dense in both the 

dorsal and ventral granule cell layers (dGCL, vGCL) and in the central hilus (cen). C. 
Representative light microscope photographs show distribution of pMAPK-ir in the CA1 
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region. D. Representative light microscope photographs show distribution of pMAPK-ir in 

the dentate gyrus. SF, Sal-female; SM, Sal-male. Arrows indicate examples of pMAPK-

labeled cells. Bars = 25 μm. E & F. In CA1, the density of pMAPK-ir significantly 

decreased in the nSR and dSR of Oxy-females compared to Sal-females. Moreover, Oxy-

females had significantly lower densities of pMAPK-ir in SO and nSR and a trend towards 

lower density of pMAK-ir in dSR and SLM compared to Oxy-males. G & H. In the dentate 

gyrus, Sal-females had significantly higher densities of pMAPK-ir the dGCL and central 

hilus compared to Sal-males. Sal-females had significantly higher densities of pMAPK-ir 

than Oxy-females in the vGCL and in the central hilus. Sal-males had a trend towards lower 

density of pMAPK-ir than Oxy-males in the central hilus. Oxy-females compared to Oxy-

males had significantly lower densities of pMAPK-ir in the vGCL and central hilus. *p < 

0.05, ap = 0.034, bp = 0.013, cp = 0.061, dp = 0.063, ep = 0.040; fp = 0.030, gp = 0.041; hp = 

0.006.
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Fig. 9. Summary of sex differences in plasticity, stress markers and related kinase and signaling 
molecules following oxycodone CPP.
Relative levels of RNA expression and protein densities are indicated by the differences in 

the shading. Pyramidal cells include dendrites and soma. gc, granule cell; in, interneuron; 

pc, pyramidal cell.
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Fig. 10. Plasticity, stress and kinase gene and protein densities are altered differentially within 
hippocampal circuits in females and males both in saline rats and following oxycodone CPP.
A. In CA3, saline rats have: 1) greater ARC protein density and Arc expression in Sal-

females compared to Sal-males; 2) greater Crhr2 expression in Sal-males compared to Sal-

females. In DG, Sal-female rats have greater pAKT density compared to Sal-males. B. After 

CPP, Oxy-females have: 1) increases in plasticity protein markers for ARC in CA3 

pyramidal cells (pc) and NPY in hilar interneurons (in) but decreases in Npy mRNA 

expression in the medial hippocampus; 2) increases in the mRNA expression for the stress 
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marker Crhr2 in the CA2/3 region; and 3) increases in Akt1 mRNA expression and pAKT-ir 

density in CA3 pyramidal cells and decreases in pMAPK-ir density in CA1 pyramidal cells. 

C. After CPP, Oxy-males have: 1) increases in the mRNA expression of Bdnf which is 

known to be produced in granule cells (Scharfman and MacLusky, 2014); 2) elevations in 

pMAPK-ir densities in the dentate hilus which harbors newly generated granule cells; and 3) 

increases in Arc mRNA expression and CRHR1-SIG particles in the soma of CA3 pyramidal 

cells.
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Table 1.

Genes selected for analysis.

Group Symbol Gene Name

Opioid Oprd1 opioid receptor, delta

Oprk1 opioid receptor, kappa

Oprl1 nociceptin receptor

Oprm1 opioid receptor, mu

Pdyn prodynorphin

Penk proenkephalin

Pomc proopiomelanocortin

Plasticity Arc activity regulated cytoskeleton-associated protein

Bdnf brain-derived neurotrophic factor

Cdh2 calcium dependent adhesion transmembrane protein

Npy neuropeptide Y

Ntrk2 neurotrophic tyrosine kinase, receptor, type 2

Stress Avpr1a Avp receptor 1a

Crh corticotropin releasing hormone

Crhr1 corticotropin releasing hormone receptor 1

Crhr2 corticotropin releasing hormone receptor 2

Fkbp5 FK506 binding protein 5

Nr3c1 glucocorticoid receptor

Kinases & Signaling Akt1 AKT serine/threonine kinase 1

Arrb1 arrestin, beta 1

Arrb2 arrestin, beta 2

Mapk1 mitogen activated protein kinase 1

Pim1 Pim1 proto-oncogene, serine/threonine kinase
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