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Abstract
Stress interacts with addictive processes to increase drug use, drug seeking, and relapse. The
hippocampal formation (HF) is an important site at which stress circuits and endogenous opioid
systems intersect and likely plays a critical role in the interaction between stress and drug
addiction. Our prior studies demonstrate that the stress-related neuropeptide corticotropin-
releasing factor (CRF) and the delta-opioid receptor (DOR) colocalize in interneuron populations
in the hilus of the dentate gyrus and stratum oriens of CA1 and CA3. While independent
ultrastructural studies of DORs and CRF receptors suggest that each receptor is found in CA1
pyramidal cell dendrites and dendritic spines, whether DORs and CRF receptors colocalize in
CA1 neuronal profiles has not been investigated. Here, hippocampal sections of adult male and
proestrus female Sprague-Dawley rats were processed for dual label pre-embedding
immunoelectron microscopy using well-characterized antisera directed against the DOR for
immunoperoxidase and against the CRF receptor for immunogold. DOR-immunoreactivity (-ir)
was found presynaptically in axons and axon terminals as well as postsynaptically in somata,
dendrites and dendritic spines in stratum radiatum of CA1. In contrast, CRF receptor-ir was
predominantly found postsynaptically in CA1 somata, dendrites, and dendritic spines. CRF
receptor-ir frequently was observed in DOR-labeled dendritic profiles and primarily was found in
the cytoplasm rather than at or near the plasma membrane. Quantitative analysis of CRF receptor-
ir colocalization with DOR-ir in pyramidal cell dendrites revealed that proestrus females and
males show comparable levels of CRF receptor-ir per dendrite and similar cytoplasmic density of
CRF receptor-ir. In contrast, proestrus females display an increased number of dual-labeled
dendritic profiles and increased membrane density of CRF receptor-ir in comparison to males. We
further examined the functional consequences of CRF receptor-ir colocalization with DOR-ir in
the same neuron using the hormone responsive neuronal cell line NG108-15, which endogenously
express DORs, and assayed intracellular cAMP production in response to CRF receptor and DOR
agonists. Results demonstrated that short-term application of DOR agonist SNC80 inhibited CRF-
induced cAMP accumulation in NG108-15 cells transfected with the CRF receptor. These studies
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provide new insights on opioid-stress system interaction in the hippocampus of both males and
females and establish potential mechanisms through which DOR activation may influence CRF
receptor activity.
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Introduction
Relapse to drug taking following abstinence is a major impediment to the treatment of
addiction. Clinical studies in human addicts reveal that exposure to environmental stimuli
associated with drug taking behavior elicits craving and can promote relapse (O’Brien et al.,
1998; Bossert et al., 2005; Crombag et al., 2008). Moreover, several brain areas involved in
learning and memory processes, including the hippocampal formation (HF), are activated in
imaging studies during craving induced by drug-associated cues in human subjects (Kilts et
al., 2001; Schneider et al., 2001; Risinger et al., 2005). Preclinical studies also demonstrate
an important role for the HF in reinstatement of drug seeking behavior (Fuchs et al., 2005;
Fuchs et al., 2007; Bossert et al., 2007; Rogers et al., 2008; Atkins et al., 2008) and learning
in response to stress (McEwen & Milner, 2007; Bangasser & Shors, 2007; Dalla et al., 2009;
McLaughlin et al., 2009). Stress has been shown to interact with addictive processes to
increase drug use, drug seeking, and relapse (Shaham et al., 2000; Stewart, 2003; Saal et al.,
2003; Sinha, 2007) and the relationship between stress and relapse to drug seeking behavior
is particularly pronounced in females (Rubin et al., 1996; McKay et al., 1996; Elman et al.,
2001). Thus, the role played by the hippocampal formation in the interaction between stress
and drug addiction, particularly in females, requires further inquiry.

While several studies investigating the impact of stress on relapse vulnerability to opiate
abuse have focused on interactions between endogenous opioid systems and the stress
neurohormone corticotropin releasing factor (CRF) receptor in the locus coeruleus (Curtis et
al., 2006; Valentino & Van Bockstaele, 2008; Reyes et al., 2008; Van Bockstaele et al.,
2010), few studies have explored the relationship between these two systems in the HF.
Prior studies in male rats indicate that CRF receptor mRNA is abundant in CA1 pyramidal
neurons (Van et al., 2000; Justice et al., 2008). CRF receptor immunoreactivity (ir) also is
present in CA1 pyramidal neurons in the rodent hippocampus (Chen et al., 2000; Hermann
& Lutz, 2005) and ultrastructural studies using post-embedding electron microscopy
revealed CRF receptor-ir concentrated at asymmetric postsynaptic densities of CA1
pyramidal cell dendritic spines (Chen et al., 2004). Similarly, studies in rats demonstrate that
delta opioid receptor (DOR)-ir is found postsynaptically on pyramidal cell dendrites and
dendritic spines in CA1 (Commons & Milner, 1997; Williams et al., 2011) and DOR mRNA
is present in CA1 (George et al., 1994; Stumm et al., 2004). Although mu opioid receptors
(MORs) are also found in the CA1, these receptors are exclusively localized to interneurons
and not pyramidal cell dendrites and dendritic spines (Drake & Milner, 1999; Drake &
Milner, 2002). Functionally, both DORs (Piguet & North, 1993; Bramham & Sarvey, 1996;
Svoboda et al., 1999; Drake et al., 2007; Bao et al., 2007) and the CRF receptor (Aldenhoff
et al., 1983; Wang et al., 1998; Blank et al., 2002; Schierloh et al., 2007) affect excitatory
transmission and the induction of synaptic plasticity in the hippocampus. Reports also
indicate that the CRF receptor (Shaham et al., 1997; Brown et al., 2009; Shalev et al., 2010)
and DOR (Marinelli et al., 2007; Marinelli et al., 2009) play a role in reinstatement of drug
seeking behavior in animal models of addiction. Interestingly, in vivo administration of CRF
is neuroprotective in CA1 neurons and improves spatial memory via a mechanism involving
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DOR activation (Charron et al., 2008a; Charron et al., 2009). Thus, the relationship between
DORs and CRF receptors in the CA1 merits direct study.

As prior reports suggest that the CRF receptor and the DOR may localize to similar neuronal
populations and subcompartments within CA1 lamina, the present study sought to confirm
these observations in males and extend them, where applicable, to females. Dual label
immunoelectron microscopy was employed to assess CRF receptor-ir and trafficking in CA1
pyramidal neurons of male rats in comparison to normal cycling proestrus female rats, as
circulating estrogen levels are highest in proestrus (Belanger et al., 1981). Prior studies in
our laboratory and others, particularly regarding ovarian steroid modulation of opioids and
opioid receptors in the hippocampus, confirm that morphological changes induced by
exogenously supplied estradiol reflect changes observed during proestrus in normal cycling
females (Woolley & McEwen, 1992; Wilson et al., 2002; Torres-Reveron et al., 2008;
Torres-Reveron et al., 2009a; Torres-Reveron et al., 2009b). Furthermore, as seven-
transmembrane domain G protein coupled receptors (GPCRs), DORs and CRF receptors
couple to distinct G proteins and demonstrate opposing effects on adenylyl cyclase activity
and resulting cAMP production (Quock et al., 1999; Eckart et al., 2002). Thus, we further
examined the functional consequences of CRF receptor colocalization with DORs in the
same neuronal population using the hormone responsive neuronal cell line NG108-15,
which endogenously express DORs (Barg et al., 1984; Kieffer et al., 1992), and assayed
intracellular cAMP production in response to CRF receptor and DOR agonists.

Materials and methods
Animals and estrous cycle determination

Adult male (275 - 325 g; upon arrival approximately 60 days old) and female (225 - 250 g;
upon arrival approximately 60 days old) Sprague Dawley rats from Charles River
Laboratories (Wilmington, MA) were pair-housed with ad libitum access to food and water
and with 12:12 light/dark cycles (lights on 0600 - 1800). All procedures were approved by
the Weill Cornell Medical College Institutional Animal Care and Use Committee and were
in accordance with the National Institutes of Health guidelines. Female rats were allowed to
acclimate for one week after which estrous cycle phase was determined using vaginal smear
cytology (Turner & Bagnara, 1971; Marcondes et al., 2002). Only female rats that showed
two consecutive, regular, 4-5 day estrous cycles were included in the study. Animals in the
proestrus phase of the estrous cycle were analyzed in comparison to males. While vaginal
smear cytology was the main method used to determine estrous cycle phase, phases were
further verified by measuring uterine weights and plasma estradiol levels from blood
samples collected from the heart immediately prior to the perfusion procedure. Plasma
serum levels of estradiol were determined by radioimmunoassay using a Coat-A-Count kit
from Diagnostics Products Corporation (Los Angeles, CA) with a sensitivity of 8 pg/ml for
estradiol. The proestrus females used in the current study have been used in prior studies
with previously reported estradiol levels and uterine weights (Williams et al., 2011).

Antisera
A goat polyclonal antibody directed against the 425-444 amino acid sequence of the carboxy
terminus of the CRF receptor precursor of human origin, which is identical to the
corresponding sequence in rat (C-20 sc-1757, Santa Cruz Biochemical, CA), was used in
dual label immunoelectron microscopy studies. Preadsorption with the antigenic peptide
sequence resulted in absence of labeling in immunoblots (Chen et al., 2000; Bangasser et al.,
2010) and tissue sections (Sauvage & Steckler, 2001; Reyes et al., 2006) and no detectable
labeling was observed for this antisera in CRF receptor knockout mice (Waselus et al.,
2009), indicating specificity. A rabbit polyclonal antibody raised against N-terminal amino
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acids 3-17 of the DOR (Chemicon, Temecula, CA) also was used in dual label
immunoelectron microscopy studies. This antibody has been previously used for Western
blot, confocal, as well as ultrastructural studies and preimmune sera and preadsorption
controls resulted in no detectable labeling (Commons & Milner, 1996; Commons & Milner,
1997; Persson et al., 2000; Persson et al., 2005; Saland et al., 2005)(Supplemental Fig. 1).
For immunofluorescence studies, a guinea pig polyclonal antiserum raised against amino
acids 34-48 of the DOR was used, with previously characterized specificity by immunoblot,
preadsorption, and immunocytochemical controls (Cheng et al., 1995; Svingos et al., 1995;
Commons & Milner, 1996). A rabbit monoclonal antibody recognizing the FLAG peptide
sequence in N- or C-terminal FLAG fusion proteins was purchased from Sigma-Aldrich
(F2555; Saint Louis, MO) for use in immunofluorescence studies.

Section preparation
Rats were deeply anesthetized with sodium pentobarbital (150 mg/kg) in the morning
(between 9:30 and 11:30 am) and their brains fixed by aortic arch perfusion with 3.75%
acrolein and 2% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.6) (Milner &
Veznedaroglu, 1992; Milner et al., 2001). The brains were removed from the skull and cut
into 5 mm coronal blocks using a brain mold (Activational Systems, Inc.), and postfixed for
30 minutes in 2% paraformaldehyde in PB. The brains were sectioned on a Leica Vibratome
(40 μm thick) and stored in cryoprotectant (30% sucrose and 30% ethylene glycol in PB)
until immunocytochemical processing. Prior to immunocytochemistry, coronal sections of
all groups were rinsed in PB, coded with hole-punches and pooled into single crucibles to
insure identical exposure to immunoreagents (Pierce et al., 1999). Sections then were treated
with 1% sodium borohydride in PB for 30 minutes to neutralize free aldehydes and rinsed in
PB.

Electron microscopic immunocytochemistry
For dual label electron microscopic localization of the DOR with the CRF receptor, sections
were labeled for the DOR using immunoperoxidase and the CRF receptor using
immunogold through methods that have been described previously (Towart et al., 2003;
Torres-Reveron et al., 2009b). To enhance reagent penetration, sections were soaked in a
cryoprotectant solution (25% sucrose and 3.5% glycerol in 0.05M PB) for 15 min, and
rapidly freeze-thawed by sequential immersion in liquid chlorodifluoromethane (Freon,
Refron Inc., NY), liquid nitrogen, and PB at room temperature. Sections then were
processed for immunocytochemistry using the avidin-biotin complex (ABC) - peroxidase
technique (Hsu et al., 1981). For this, sections from each group were rinsed in Tris-buffered
saline (TS; pH 7.6) and incubated in 0.5% bovine serum albumin (BSA) in TS for 30 min.
Sections then were incubated in an antisera cocktail of rabbit polyclonal DOR (1:1500) with
goat polyclonal CRF receptor (1:100) in 0.1% BSA in TS for 72 hrs at 4°C and then
processed through 1) a 1:400 dilution of biotinylated donkey anti-rabbit immunoglobulin
(IgG) (Jackson Immunoresearch Labs, Inc., West Grove, PA), 30 min; 2) a 1:100 dilution of
peroxidase-avidin complex (Vectastain Elite Kit, Vector Laboratories, Burlingame, CA), 30
min and 3) 3,3′-diaminobenzidine (DAB; Sigma, St. Louis, MO) and H2O2 in TS for 4-6
minutes. All incubations were separated by washes in TS.

To visualize the CRF receptor, sections next were processed with the silver-enhanced
immunogold technique (Chan et al., 1990). For this, sections were rinsed in TS and
incubated in a 1:50 dilution of donkey anti-goat IgG conjugated to 1-nm gold particles
(Electron Microscopy Sciences, EMS, Washington, PA) in 0.001% gelatin and 0.08% BSA
in PBS overnight at 4°C. Sections were rinsed in PBS, postfixed in 1.25% glutaraldehyde in
PBS for 10 min, rinsed again in PBS followed by 1.2% sodium citrate buffer (pH 7.4). The
conjugated gold particles were enhanced by incubation in silver solution (IntenSE;
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Amersham) for 3-5 min. Sections were fixed 1 hr in 2% osmium tetroxide, dehydrated in
ascending concentrations of ethanols and propylene oxide, and embedded in EMBed 812
(EMS) between two sheets of Aclar plastic (Honeywell, Pottsville, PA). Ultra-thin sections
(70-72 nm thick) through the dorsal CA1 (AP −3.6 to −4.0 from Bregma (Swanson, 2000))
were cut on a Leica UCT ultratome. Sections were counterstained with uranyl acetate and
Reynold’s lead citrate and examined with a Philips CM10 transmission electron microscope
equipped with an Advanced Microscopy Techniques digital camera (Danvers, MA).

Electron microscopic data analysis
Ultra-thin sections from 6 rats in proestrus and 5 male rats were analyzed.
Immunoperoxidase labeling for the DOR was distinguished as an electron-dense reaction
product precipitate. Silver-intensified immunogold (SIG) labeling for the CRF receptor
appeared as intense black electron-dense particles located within cytoplasmic compartments
or on the plasma membrane. Profiles were considered dual labeled if they contained
electron-dense reaction product and at least two SIG particles. To circumvent problems due
to differences in antibody penetration, images were taken from the plastic-tissue interface
(i.e., the most superficial portion of the tissue section). Micrographs containing CRF
receptor SIG particles at magnifications of 10,500× to 19,000× were analyzed in a total
tissue area of 6,050 μm2 per animal in stratum radiatum of CA1. Profiles containing CRF
receptor SIG particles and DOR-ir were classified as neuronal processes (dendrites,
dendritic spines, axon terminals) or astrocytes based on criteria described in (Peters et al.,
1991).

As dual labeling was particularly abundant in dendritic profiles, further quantitative analysis
of CRF receptor SIG particles in DOR-labeled proximal dendrites (average diameter > 1.0
μm) was carried out to determine the distribution and density of CRF receptor-SIG particles
in plasmalemmal and cytoplasmic compartments. For this, CRF receptor-immunogold
particle localization was recorded as either cytoplasmic, plasmalemmal or “near plasma
membrane” (i.e., particles within 50 nM, but not touching, the plasma membrane). Several
ratios were calculated based on these designations: 1) plasma membrane SIG particles to
total number of SIG particles (PL:Total); 2) near plasma membrane SIG particles to total
number of SIG particles (Near:Total); and 3) cytoplasmic SIG particles to total number of
SIG particles (CY:Total). Morphological parameters that were used as indirect measures of
dendrite size, including surface area (perimeter), cross-sectional area, and average diameter,
were measured using Microcomputer Imaging Device software (MCID, Imaging Research
Inc, Ontario, Canada). These measurements were used to determine the number of
plasmalemmal CRF receptor-SIG particles in a profile / profile perimeter (PL:μm) and the
number of cytoplasmic CRF receptor-SIG particles in a profile / profile cross-sectional area
(CY:μm2).

Cell culture and plasmid expression constructs
NG108-15 cells obtained from American Type Culture Collection were cultured in 5% CO2
atmosphere at 37°C and maintained in Dulbecco’s modified eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS; Sigma-Aldrich)
and 1% PenStrep (100 U/ml penicillin G sodium and 100 μg/ml streptomycin sulfate;
Invitrogen). For transfections, cells were seeded in DMEM supplemented with 5% FBS.

The plasmid construct (sp)FL-r/CRFr1 was provided by Dr. Greti Aguilera at the National
Institute of Child Health and Human Development, National Institutes of Health, MD
(Young et al., 2007). The construct contains the full-length 1.1 kb rat CRFr1 cDNA with a
FLAG (DYKDDDDK) epitope tag inserted after the endogenous N-terminal signal peptide
(sp) sequence at amino acid 31 and was used as a template for further subcloning. First, to
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generate the expression construct (ppt)4×FL-r/CRFr1-myc, PCR primers were designed to
amplify the CRFr1 cDNA from the FLAG sequence to the stop codon with the endogenous
stop codon intentionally eliminated by a point mutation. The amplified product was then
cloned into the vector pCR4-TOPO (Invitrogen) to be validated with bi-directional
sequencing. The FL-r/CRFr1 sequence was then subcloned into the expression vector 3×FL-
CMV25-myc (Sigma-Aldrich). This vector contains an N-terminal pre-pro-trypsin (ppt)
leader sequence followed by three copies of the FLAG epitope tag. Furthermore, 3′ of the
cloning site is a C-terminal myc epitope tag coding sequence followed by an exogenous stop
codon. Altogether, four FLAG-tags therefore precede the r/CRFr1 coding sequence and one
myc-tag follows the coding sequence. The final construct, (ppt)4×FL-r/CRFr1-myc, was
transfected into NG108-15 cells used in immunocytochemical studies.

Second, to generate the (sp)FL-r/CRFr1-eGFP expression construct, the original Aguilera
template was used again, but this time, the forward PCR primer included the endogenous
signal peptide sequence and the inserted FLAG sequence. The (sp)FL-r/CRFr1 sequence
was amplified again without the stop codon and cloned into pCR4-TOPO (Invitrogen) for
sequence validation. The CRF receptor was then subcloned in-frame into pEGFP-N1
(Clontech, Mountain View, CA) for enhanced green fluorescent protein (eGFP). The final
construct, (sp)FL-r/CRFr1-eGFP, was transfected into NG108-15 cells used in intracellular
cAMP assays.

Immunofluorescence labeling of NG108-15 cells
NG108-15 cells were plated on poly-L-lysine-coated 18 mm coverslips in 12 well plates at a
density of 4 × 103 cells per well for differentiation as previously described (Akama &
McEwen, 2003). Twenty-four hrs after plating, cells were washed in warm PBS and media
replaced with differentiating medium, consisting of Neurobasal medium supplemented with
B27 (Invitrogen) and 1 mM dibutyryl cAMP (D0627; Sigma-Aldrich). Cells were allowed to
differentiate for 5 d before transfection with the (ppt)4×FL-r/CRFr1-myc construct in Opti-
MEM (Invitrogen) using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s protocols and allowed to grow at 37°C for 3 d. These differentiated
NG108-15 cells demonstrate distinct neuronal morphology of arborized projections that
contact extensions from other neurons (Akama & McEwen, 2003). For
immunocytochemistry, transfected and untransfected NG108-15 cells were fixed in 4% PFA
in PBS for 10 min, rinsed in PBS and incubated in: 1) 0.1% triton (TX) in PBS, 1 min; 2)
5% normal goat serum (NGS) in PBS for 1 hr; 3) a combination of guinea pig polyclonal
DOR (1:1500) with rabbit monoclonal FLAG (1:3000) antisera in 5% NGS in PBS for 24
hrs at 4°C; and 4) a 1:600 dilution of goat anti-guinea pig Cy5 IgG (Jackson
Immunoresearch Labs) and a 1:600 dilution of goat anti-rabbit Alexa Fluor 488 (Invitrogen)
in 5% NGS in PBS for 1 hr at room temperature. All incubations were separated by washes
in PBS. ProLong Gold antifade reagent with DAPI (Invitrogen) was used to mount
NG108-15 coverslips on slides. As controls, these immunocytochemical procedures were
utilized on cells with the omission of the primary or secondary antisera.
Immunofluorescence images were acquired sequentially using a Nikon H550L microscope
equipped with a Nikon Eclipse 90i camera. Alexa Fluor 488 (FLAG) was pseudocolored
green and Cy5 (DOR) was pseudocolored red.

Cyclic AMP assays
Intracellular cAMP content was measured with the cAMP XP Assay Kit (4339; Cell
Signaling Technology, Inc., Danvers, MA). Cells were seeded in 96-well plates at a density
of approximately 104 cells per well in 100 μl media and allowed to grow for 24 hr at 37°C.
The (sp)FL-r/CRFr1-eGFP construct was transfected into cells in Opti-MEM (Invitrogen)
using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocols
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and cells were allowed to grow for 36-48 hrs at 37°C. On the day of an experiment, plates
were washed in warm PBS and cells were incubated in 200 μl DMEM containing 0.5 mM 3-
isobutyl-1-methylxanthine (IBMX; EMD Chemicals, In., Newark, NJ), an inhibitor of cyclic
nucleotide phosphodiesterase, 30 min at 37°C to prevent the breakdown of accumulated
cAMP. Cells then were incubated in 100 μl DMEM containing 0.5 mM IBMX ± 10 nM
(+)-4-[(αR)-α-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-
diethylbenzamide (SNC80; Tocris Bioscience, Ellisville, MO), a highly selective non-
peptide DOR agonist (Calderon et al., 1994; Bilsky et al., 1995), for 30 min at 37°C. 100 μl
DMEM containing 10 μM Forskolin (Tocris) or 100 nM CRF (Tocris) in 0.5 mM IBMX ±
10 nM SNC80 was added to each well and the incubation continued at 37°C for 15 min, at
which time cells were washed in ice cold PBS, 100 μl lysis reagent was added to each well,
and the plate was shaken on a microplate shaker for 10-15 min. From each sample, 50 μl
from the cell culture plate was transferred into the appropriate well of the immunoassay
microtiter plate. cAMP was measured using the manufacturer’s Enzyme Immuno Assay Kit
Protocol (Cell Signaling Technology). Calculations were performed using SoftMax Pro 5.3
Software (Molecular Devices, Inc.) and data are expressed as a percentage of forskolin-
stimulated cAMP levels. Samples were measured in duplicate or triplicate in three separate
experiments (n=3).

Statistical Analysis and data presentation
Profile frequency was analyzed by Student’s t-test while CRF receptor-SIG particle density
and distribution in DOR-ir dendritic profiles were analyzed by Kruskal-Wallis and Mann-
Whitney U nonparametric statistical tests as these data were not normally distributed
(Shapiro-Wilk p < 0.05) using SPSS for Windows V. 11.0 (SPSS). Intracellular cAMP
production was analyzed by ANOVA. Pictures were formatted and adjusted for sharpness,
brightness and contrast using Adobe Photoshop CS4 software (Adobe Systems, Inc., San
Jose CA) and prepared in Microsoft Office PowerPoint 2007. Graphs were prepared with
Graph Pad Prism 5.03 (Graph Pad Software, Inc., San Diego CA). All ultrastructural data in
bar graphs are presented as mean ± SEM.

Results
CRF receptors colocalize with DORs in CA1 pyramidal cell dendrites

In agreement with previous studies in rats (Commons & Milner, 1997; Williams et al.,
2011), DOR-ir was present in CA1 somata, dendrites and dendritic spines, and axon
terminals. CRF receptor-ir was present in CA1 dendrites and dendritic spines, consistent
with prior reports in rodents (Chen et al., 2000; Chen et al., 2004; Hermann & Lutz, 2005).
In stratum radiatum of CA1, CRF receptor-ir was particularly abundant in DOR-labeled
dendritic profiles (Fig. 1). Shafts of dual-labeled dendrites in stratum radiatum were usually
oriented perpendicular to the pyramidal cell layer, received few synapses on the dendritic
shaft, and were often visibly spiny (Fig. 1C). As these ultrastructural features are consistent
in morphology with dendrites of pyramidal cells rather than interneurons (Harris et al.,
1992), CRF receptor-ir colocalized with DOR-ir in pyramidal cell dendrites. Qualitatively,
most DOR-labeled dendritic profiles contained CRF receptor-ir. Frequency analysis of dual-
labeled dendritic profiles revealed that proestrus females had an increased number of DOR-
labeled dendrites containing CRF receptor-ir in comparison to males (t=2.560, d.f.=9,
p=0.031; Fig. 2A).

Ovarian hormones influence CRF receptor subcellular distribution in DOR-labeled
pyramidal cell dendrites in SR of CA1

In CA1 stratum radiatum dendrites, most CRF receptor-labeling was in the cytoplasmic
compartment with less than 20% of CRF receptor-SIG particles directly associated with the
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plasma membrane in males and proestrus females (Fig. 1, Fig. 2D). Quantitative
ultrastructural analysis revealed that females had similar numbers of CRF receptor-SIG
particles per dendrite in comparison to males (Mann-Whitney U Test, z=0.978, p=0.328;
Fig. 2B). Moreover, proestrus females displayed similar density and number of CRF
receptor-SIG particles in the cytoplasm in comparison to males (CY:μm2 z=0.482, p=0.630;
CY:Total z=0.134, p=0.893; Fig. 2C, D). In contrast, proestrus females and males
demonstrated significant differences in CRF receptors on the plasma membrane of DOR-
labeled dendrites. Specifically, proestrus females displayed increased density of CRF
receptor-SIG particles on the plasma membrane (z=2.210, p=0.027; Fig. 2C) as well as an
increased number of CRF receptor-SIG particles on the plasma membrane (z=2.174,
p=0.030; Fig. 2D) in comparison to males.

Inhibition of CRF receptor mediated signaling by DOR activation
CRF-induced activation of CRF receptors leads to production of cAMP through stimulation
of adenylyl cyclase by Gαs (De Souza, 1995; Eckart et al., 2002). Conversely, the DOR has
been reported to inhibit adenylyl cyclase through a Gαi/o-mediated mechanism (Quock et al.,
1999). A possible site of interaction between the CRF and opioid systems may therefore
center upon cAMP production. NG108-15 cells are a useful in vitro model for specifically
studying DOR interactions with other receptors as well as signal transduction mechanisms
(Bergsbaken et al., 1993). We analyzed the effects of DOR and CRF receptor agonists in
NG108-15 cells transfected with a CRF receptor FLAG fusion construct. As demonstrated in
Fig. 3, transfected cells express both DORs and CRF receptors whereas untransfected cells
only express DORs. Statistical analysis of cAMP assay results revealed a trend for
differences among agonist treatments in untransfected and transfected NG108-15 cells
(F(5,12) = 2.827, p = 0.0651). Specifically, transfected CRF receptors were functional, as
shown by their ability to increase intracellular cAMP levels in NG108-15 cells stimulated
with CRF (Fig. 4). CRF stimulation of untransfected NG108-15 cells produced little
appreciable increase in intracellular cAMP levels. Activation of DORs, by the selective non-
peptide agonist SNC80, attenuated forskolin-increased intracellular cAMP levels in
untransfected (Fig.4) and transfected (not shown) cells. Moreover, DOR activation reduced
CRF-induced intracellular cAMP levels in transfected NG108-15 cells (Fig. 4).

Discussion
This study is the first to demonstrate that CRF receptors colocalize with DORs in
hippocampal CA1 pyramidal cell dendrites. In addition, in comparison to males, proestrus
females have an increased number of dendrites co-labeled with CRF receptor- and DOR-ir
as well as increased density and number of CRF receptors localized on the plasma
membrane of dual labeled dendrites (Fig. 5A-B). In vitro results indicate that activation of
DORs attenuates CRF receptor mediated increases in intracellular cAMP levels, suggesting
DOR modulation of CRF receptor signaling when both receptors are present in the same
neuron (Fig. 5C).

Methodological considerations
The pre-embedding immunogold method was chosen to localize CRF receptor
immunoreactivity at the ultrastructural level as it maintains morphological preservation
while providing discrete subcellular localization of the antigen of interest (Leranth & Pickel,
1989). This method is more appropriate than post-embedding methods for localization of
immunoreactivity at extrasynaptic sites, and thus is suitable for quantifying the regional
distribution of CRF receptors (Lujan et al., 1996). Although pre-embedding immunogold
labeling can produce lower estimates of receptor number than immunoperoxidase labeling,
due to reduced reagent penetration (Leranth & Pickel, 1989), this limitation was not likely to
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affect comparisons of CRF receptor density between groups as (a) tissue was pooled and
processed together to facilitate relative comparisons (Pierce et al., 1999), and (b) ultra-thin
sections were collected from the plastic-tissue interface where immunoreagent access is
maximal (Leranth & Pickel, 1989).

The current study used the hormone responsive neuroblastoma NG108-15 cell line to assay
intracellular cAMP production in response to CRF receptor and DOR agonists. This well
established in vitro model system has demonstrated batch-to-batch consistency and neuronal
homogeneity (Hamprecht et al., 1985; Yano et al., 1998) and is characterized by the
presence of DORs and the absence of other opioid receptor subtypes (Barg et al., 1984;
Kieffer et al., 1992). As such, NG108-15 cells are useful for specifically studying DOR
interactions with other receptors as well as signal transduction mechanisms as they are
readily amenable to transfection (Bergsbaken et al., 1993). These cells also demonstrate
more neuronally differentiated features, including the formation of processes reminiscent of
axons and dendrites, in response to all-trans retinoic acid (Beczkowska et al., 1997). Our
previous studies as well as those of others have shown that NG108-15 cells contain estrogen
receptors, are estrogen responsive, and form spine-like processes in culture that respond to
estrogen similarly to what has been observed in vivo (Woolley et al., 1990; Akama &
McEwen, 2003; Aizawa & Yamamuro, 2008). Thus, these cells are useful for demonstrating
DOR agonist effects on intracellular signaling, as described in the current study, and the
modulatory effects of estrogen on the same signaling mechanisms as planned for future
studies.

Ovarian hormones alter CRF receptor distribution in DOR-labeled pyramidal cell dendrites
In addition to an increased number of dual labeled dendritic profiles in proestrus females
compared to males, ultrastructural studies demonstrated increased CRF receptor density and
localization to the plasma membrane in proestrus females (Fig. 5A-B). Such altered CRF
receptor distribution in males and females may have functional consequences given previous
reports in the locus coeruleus (LC), a key site of opioid and CRF system intersection, which
demonstrate sex differences in stress responsiveness of LC neurons that are attributable to
altered CRF receptor signaling and/or trafficking in females (Curtis et al., 2006; Bangasser
et al., 2010). Specifically, in response to stress, females demonstrate CRF receptor
recruitment to the plasma membrane (and impaired internalization) while males demonstrate
CRF receptor internalization (Bangasser et al., 2010). Thus, increased CRF receptor
localization to the plasma membrane of pyramidal cell dendrites of proestrus females could
result in enhanced sensitivity to CRF and, if CRF receptor trafficking in the CA1 follows the
same pattern observed in the LC in response to stress, a decreased ability to adapt to
excessive CRF. However, while ultrastructural studies in the LC have demonstrated that
roughly 20% or greater reductions in CRF receptor distribution to the plasma membrane
correspond well with electrophysiological changes in neuronal activation in response to CRF
administration (Bangasser et al., 2010), it is unknown what magnitude of CRF receptor
redistribution to or away from the plasma membrane of hippocampal neurons at the
ultrastructural level is biologically meaningful. Future studies using stress to evoke
hippocampal CRF release will determine whether small changes in CRF receptor plasma
membrane localization, like the ~2-3% difference noted between unstressed proestrus
females and males in the present study, produce or contribute to functional outcomes.

Interestingly, studies suggest a pivotal role for the CRF receptor in hippocampal dendritic
spine dynamics and, ultimately, dendritic integrity in response to stress (Maletic-Savatic et
al., 1999; Chen et al., 2006; Chen et al., 2008). For example, exposure to CRF provokes
spine loss and dendritic regression in hippocampal organotypic cultures and selective
blockade of the CRF receptor has the opposite effect (Chen et al., 2008). Such derangement
of spine dynamics is a plausible candidate mechanism for stress-evoked dendritic atrophy
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and associated synaptic dysfunction (Brunson et al., 2005) as dendritic spines are thought to
be involved in the acquisition and retention of associative memories and stressful encounters
can alter their density in the HF (Shors et al., 2001; Leuner & Shors, 2004; Segal, 2005;
Parducz et al., 2006). In male rats, acute stress increases CA1 spine density and increases
associative learning (Servatius & Shors, 1994; Shors & Servatius, 1997; Shors et al., 2001).
In female rats, exposure to the same stressor decreases CA1 spine density and decreases
associative learning (Shors et al., 1998; Shors et al., 2001; Bangasser & Shors, 2004). Thus,
ovarian hormones, particularly estrogens which also influence spine density in the
hippocampal CA1 region, appear to play a role in these sexually dimorphic responses to
stress (Gould et al., 1990; Woolley & McEwen, 1992; McLaughlin et al., 2005; Cooke &
Woolley, 2005; Luine et al., 2007). Indeed, emerging evidence suggests that estrogens
modulate several overlapping cellular pathways in the hippocampus to regulate CA1 spine
formation and plasticity. One model suggests that estrogens activate the phosphotidylinositol
3-Kinase (PI3-K) pathway, resulting in Akt activation, LIM kinase activation, and increased
PSD-95 expression, leading to actin remodeling and spine formation (Akama & McEwen,
2003; Znamensky et al., 2003; Spencer et al., 2008). Hence, estrogen actions through the
CRF receptor could also mediate spine turnover. The present observation of increased CRF
receptor density on the CA1 pyramidal cell dendritic plasma membrane of proestrus (high
estrogen) females in comparison to males could therefore contribute both to normal
fluctuations in CA1 spine density during the rodent estrous cycle (Woolley & McEwen,
1992) and the differential effect of acute stress on CA1 morphology, as proestrus females
may be more sensitive to the effects of stress-evoked CRF release (Chen et al., 2004).

However, as the current studies only examined proestrus females in comparison to males, it
is unknown whether the present findings are (1) a result of true sexual dimorphism at the
level of the CRF receptor (i.e., fundamentally and permanently different in males and
females regardless of estrous cycle phase (McCarthy & Konkle, 2005)), as has been
suggested for the CRF receptor in the LC (Bangasser et al., 2010), or (2) a response
modulated by changes in adult circulating gonadal hormones given the observation of
fluctuating CA1 spine dynamics across the rodent estrous cycle (Woolley & McEwen,
1992). A first step to addressing whether our findings are a result of organizational versus
activational effects of ovarian hormones will be to examine the subcellular distribution of
the CRF receptor in normal cycling females in other phases of the estrous cycle, namely
estrus (high progesterone) and diestrus (low estrogen and progesterone), in comparison to
proestrus females in future studies. Additional ultrastructural studies will focus on stress-
evoked CRF receptor trafficking in the CA1 of males and normal cycling females.

DOR activation influences CRF receptor-mediated signaling
The CRF receptor is a GPCR linked to adenylyl cyclase through Gαs protein activation.
Subsequent cAMP production leads to activation of protein kinase A (PKA), a mechanism
thought to be responsible for many of the known effects of CRF in the rodent hippocampus
(Chen et al., 1986; Battaglia et al., 1987). For example, exogenous CRF application
produces long-lasting enhancement of synaptic efficacy in the dentate gyrus (Wang et al.,
1998; Wang et al., 2000), reversibly increases spiking of pyramidal cells (Aldenhoff et al.,
1983), and enhances the amplitude of CA1 population spikes evoked by stimulation of the
Schaffer collateral pathway (Hollrigel et al., 1998) in the rat hippocampal formation.
However, reports indicate that CRF receptors also have the ability to interact with other G-
protein systems, including Gαq (Grammatopoulos et al., 2001; Hillhouse &
Grammatopoulos, 2006). Indeed, it is now well established that CRF receptors can activate a
number of intracellular pathways which include but are not limited to protein kinase C
(PKC) and mitogen-activated protein kinase (MAPK) (Hillhouse & Grammatopoulos,
2006). Furthermore, selective involvement of PKC and extracellular signal-regulated kinase
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(ERK), a member of the MAPK family, have been demonstrated in PKA-independent CRF
receptor mediated effects on neuronal excitability and stress-associated learning tasks in the
hippocampal formation (Blank et al., 2003; Sananbenesi et al., 2003; Sheng et al., 2008).
Such promiscuity of the CRF receptor with multiple signal transduction effectors (1)
suggests that the net effect of CRF receptor activation is dependent on the balance between
the possible signaling cascades it may activate, rather than the effect of CRF upon one
pathway exclusively (Gallagher et al., 2008) and (2) emphasizes the importance of
identifying the contribution of other GPCRs, like DORs, to shared signal transduction
mechanisms.

It is well established that most DOR-mediated events are dependent on the activity of
pertussis toxin-sensitive G proteins (Gαi/o) and that DOR selective ligands inhibit
intracellular cAMP levels and modulate the activity of voltage-gated calcium and potassium
channels (Quock et al., 1999). However, DORs also modulate a variety of protein kinases,
including PKC and MAPK (Quock et al., 1999). Given the anatomical and functional
observations of the current study, namely (1) colocalization of CRF receptor-ir with DOR-ir
in pyramidal neurons and (2) DOR-mediated inhibition of CRF receptor induced elevations
in intracellular cAMP levels, DORs are ideally positioned to modulate CRF receptor
signaling. While DOR activation can inhibit or attenuate CRF signaling through cAMP
pathways via Gαs, DOR activation could also enhance or facilitate CRF signaling through
PKC and MAPK pathways via Gαq. Such receptor cross-talk between the opioid and CRF
system in the hippocampal formation may underly the neuroprotective properties of the
DOR and CRF receptor observed during ischemic or excitotoxic events.

Substantial data has demonstrated that DOR activation is protective against ischemic stress
in both in vitro and in vivo models of brain injury (Ma et al., 2005; Narita et al., 2006;
Charron et al., 2008a; Charron et al., 2008b; Charron et al., 2009; Gao et al., 2010). Among
other mechanisms posited for DOR-mediated neuroprotection, including enhanced
antioxidant ability, stabilized ion homeostasis, and inhibiting caspase activity, are activation
of MAPK family member ERK (Hayashi et al., 2002; Feng et al., 2009; Gao et al., 2010)
and inhibition of glutamate release (Johnson & Turner, 2010). The role of CRF and its
receptor in neurotoxicity is more complex, as a dichotomy appears to exist between in vivo
and in vitro studies. For example, in vitro studies suggest CRF is neuroprotective via
mechanisms involving MAPK activation (Elliott-Hunt et al., 2002; Pedersen et al., 2002)
while in vivo work suggests that CRF is involved in the pathogenesis of neuronal damage in
the hippocampus via mechanisms involving cAMP-dependent hyperexcitability of
pyramidal neurons resulting in a net increase in glutamate release (Hollrigel et al., 1998;
Elliott-Hunt et al., 2002). The discrepancy between in vitro and in vivo findings may stem
from CRF induced activation of diverse intracellular signaling pathways present in vivo. One
possibility supported by the findings of the current study could be that DOR activation
inhibits CRF receptor-associated cAMP-PKA signaling pathways but promotes CRF
receptor-associated MAPK pathways. Such synergy between GPCRs has been proposed for
cannabinoid receptor - CRF receptor interactions in the rodent cortex and is supported by
recent in vivo studies demonstrating neuroprotective effects of CRF administration in CA1
neurons contingent on DOR activation (Charron et al., 2008a; Charron et al., 2009). While
results in the current report show DOR attenuation of CRF signaling via cAMP, whether
DORs also enhance CRF receptor-associated MAPK pathways will need to be addressed in
future studies.

Importantly, ligand activation of DORs is dependent upon DOR presentation at the plasma
membrane (Pradhan et al., 2009). Although the subcellular distribution of DORs within CRF
receptor-labeled dendrites has not yet been examined and will be in future experiments,
prior ultrastructural studies of CA1 pyramidal cell dendrites labeled for DOR-ir suggest that
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DORs are primarily found intracellularly rather than on the plasma membrane (Commons &
Milner, 1997; Williams et al., 2011). Thus, the ability of DORs to influence CRF receptor
signaling in vivo will largely depend on stimuli promoting DOR recruitment to the plasma
membrane. Reports indicate that such stimuli include inflammation (Cahill et al., 2003;
Cahill et al., 2007), stress (Commons, 2003), and chronic opioid exposure (Cahill et al.,
2001; Ma et al., 2006; Bie et al., 2009). Consequently, the present observations of (1)
increased CRF receptor-ir colocalization in dendrites containing DOR-ir and (2) increased
CRF receptor-ir at the plasma membrane of these dendrites in drug naïve, unstressed
proestrus females compared to males would suggest potentially increased unopposed CRF
receptor signaling in females rather than increased opportunity for DOR regulation of CRF
receptor signaling. Future studies will address trafficking of DORs and CRF receptors in
CA1 pyramidal cell dendrites of normal cycling females and males in response to stress and
opiate exposure to identify the in vivo physiological conditions facilitating DOR interaction
with the CRF receptor.

Clinical implications
Our findings provide new anatomical evidence of CRF receptor colocalization with DORs in
hippocampal CA1 pyramidal neurons, supporting and extending the growing body of
literature investigating the interaction between endogenous opioid and CRF systems. In
particular, they suggest that DORs influence CRF receptor signaling through cAMP-PKA
pathways. In addition, the number and density of CRF receptors on the plasma membrane of
pyramidal cell dendrites is slightly greater in high estrogen females than in males. The
increased presence of the CRF receptor on the neuronal surface for response to CRF is
consistent with compelling evidence of sexual dimorphism in stress reactivity and the
increased prevalence of stress-related psychiatric disorders in women (Kessler et al., 1993;
Kessler et al., 1995; Marcus et al., 2005; Marcus et al., 2008). Previous reports have proven
the efficacy of DOR antagonists in blocking the reinstatement of drug seeking behavior
(Ciccocioppo et al., 2002; Marinelli et al., 2009; Kotlinska et al., 2010) whereas CRF
precipitates reinstatement of drug-seeking behavior (Shaham et al., 1997; Brown et al.,
2009; Shalev et al., 2010) in male animal models of addiction. Furthermore, excessive
elevation of hippocampal CRF peptide levels in vivo may contribute to abnormal neuronal
excitation and neuronal damage (Hollrigel et al., 1998; Roe et al., 1998) particularly when
DORs are blocked (Charron et al., 2008a; Charron et al., 2009). Thus, tight regulation of
CRF levels and CRF receptor activity, particularly those signal transduction mechanisms
mediating hyperexcitability and neuronal damage, may be important for both normal and
pathological activation of the hippocampal circuit. Research focused on DOR regulation of
hippocampal CRF receptor activity, as both stress and opiate exposure promote trafficking
of DORs to the plasma membrane, may therefore highlight new pharmacological targets to
counteract heightened stress sensitivity and relapse proclivity in women.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
CRF receptor-ir is found in DOR-labeled dendrites in stratum radiatum of CA1.
Representative electron micrographs from a male (A) and proestrus female (B, C)
demonstrate CRF receptor-labeling in both cytoplasmic and plasmalemmal sites in spiny
DOR-ir dendrites similar in morphology to pyramidal cells using the immunogold-silver
technique. CRF receptor-SIG particles are found along the plasma membrane (blue circles),
near the plasma membrane (blue arrowhead), or in the cytoplasm (blue arrows) of DOR-
immunoperoxidase labeled (red arrows) dendrites. CRFr+DOR−De = dual-labeled dendrite,
sp = spine. Scale bars = 500 nm.
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Fig. 2.
Ovarian hormones influence the distribution of CRF receptor-SIG particles in CA1 stratum
radiatum dendrites containing DORs. (A) Proestrus females display an increased number of
DOR-labeled dendrites containing CRF receptor-ir in comparison to males (*p<0.05). (B)
The number of CRF receptor-SIG particles per DOR-labeled dendrite is similar in males and
proestrus females. (C) Proestrus females have increased plasma membrane density of CRF
receptor-SIG particles on DOR-labeled dendrites in comparison to males (*p<0.05). (D) The
number of CRF receptor-SIG particles is increased on the plasma membrane of DOR-
labeled dendrites in proestrus females in comparison to males (*p<0.05).
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Fig. 3.
Immunofluorescent images illustrating colocalization of DOR (A, E, I) with CRF receptor
(B, F, J) in NG108-15 cells. (A-D) NG108-15 cells transfected with the (ppt)4×FL-r/CRFr1-
myc fusion construct display CRF receptor colocalization with DOR-labeled cells, where A,
B, and C are unmerged images of D. (E-H) Omission of primary antisera in
immunocytochemical processing of NG108-15 cells transfected with the (ppt)4×FL-r/
CRFr1-myc fusion construct results in no detectable DOR or CRF receptor (FLAG)
labeling, where E, F, and G are unmerged images of H. (I-L) Untransfected NG108-15 cells
display DOR-labeling only, where I, J, and K are unmerged images of L. DOR-labeling is
red. CRF receptor (FLAG)-labeling is green. DAPI is blue. Dual-labeled cells appear
yellow. Scale bars = 50 μm.

Williams et al. Page 23

Exp Neurol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
CRF-induced increases in intracellular cAMP levels are mediated by the CRF receptor and
attenuated by DOR activation. The cAMP levels were quantified in IBMX-pretreated
transfected and untransfected cells after forskolin (10 μM), SNC80 (10 nM), and CRF (100
nM) treatment. Values are the mean of determinations made in duplicate or triplicate in three
separate experiments and expressed as a percentage of forskolin-induced intracellular cAMP
levels in untransfected NG108-15 cells.

Williams et al. Page 24

Exp Neurol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Schematic diagram summarizing ovarian hormone influences on CRF receptor distribution
in DOR-labeled dendrites within stratum radiatum of CA1. (A) In males, CRF receptors are
frequently found in the cytoplasm and infrequently on the plasma membrane of DOR-
labeled pyramidal cell dendrites. (B) In comparison to males, proestrus (high estrogen)
females display increased number and density of CRF receptors on the plasma membrane of
DOR-labeled dendrites. Taken together, these results suggest that when estrogen levels are
high in females, CRF receptor distribution to the dendritic plasma membrane is greater than
their male counterparts and may result in enhanced sensitivity to CRF. (C) A schematic
representation showing in vitro inhibition of CRF receptor mediated cAMP production by
DOR activation, one possible site of opioid and CRF system interaction. AC = adenylyl
cyclase, PKA = protein kinase A.
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