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Abstract
In the hippocampus, ovarian hormones and sex can alter the trafficking of delta opioid receptors
(DORs) and the proportion of DORs that colocalize with the stress hormone, corticotropin
releasing factor. Here, we assessed the effects of acute immobilization stress (AIS) and sex on the
phosphorylation of DORs in the rat hippocampus. We first localized an antibody to
phosphorylated DOR (pDOR) at the SER363 carboxy-terminal residue, and demonstrated its
response to an opioid agonist. By light microscopy, pDOR-immunoreactivity (ir) was located
predominantly in CA2/CA3a pyramidal cell apical dendrites and in interneurons in CA1-3 stratum
oriens and the dentate hilus. By electron microscopy, pDOR-ir primarily was located in somata
and dendrites, associated with endomembranes, or in dendritic spines. pDOR-ir was less
frequently found in mossy fibers terminals. Quantitative light microscopy revealed a significant
increase in pDOR-ir in the CA2/CA3a region of male rats 1 h following an injection of the opioid
agonist morphine (20 mg/kg, I.P). To look at the effects of stress on pDOR, we compared pDOR-
ir in males and cycling females after AIS. The level of pDOR-ir in stratum radiatum of CA2/CA3a
was increased in control estrus (elevated estrogen and progesterone) females compared to
proestrus and diestrus females and males. However, immediately following 30 min of AIS, no
significant differences in pDOR levels were seen across estrous cycle phase or sex. These findings
suggest that hippocampal levels of phosphorylated DORs vary with estrous cycle phase and that
acute stress may dampen the differential effects of hormones on DOR activation in females.
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1. Introduction
Opiate addiction involves both drug-related reward circuitry and spatial/episodic memory
(Koob et al., 1998; Hyman and Malenka, 2001; Nestler, 2002). Stress has long been known
to be a contributing factor in drug abuse, however men and women respond differently. For
instance, women are more prone to relapse in a stress-provoking situation than men (Rubin
et al., 1996; McKay et al., 1996; Elman et al., 2001; Koob, 2008).

Of particular relevance to the addictive processes are sexually dimorphic effects of stress on
hippocampal-related learning and circuitry. In males, chronic stress impairs cognitive
performance on spatial memory tasks as well as non-spatial recognition memory tasks and
decreases long-term potentiation (for reviews see (Luine et al., 2007; McEwen and Milner,
2007)). Moreover, chronic stress in males results in atrophy and debranching of CA3
pyramidal cell apical dendrites (McEwen, 1999; Vyas et al., 2002), increases the packing
density of small synaptic vesicles near active zones in mossy fiber terminals (Magarinos et
al., 1997) and decreases the number of interneurons containing parvalbumin (Hu et al.,
2010; Czeh et al., 2005). Conversely, chronic stress in females enhances performance on the
same memory tasks (Conrad et al., 2003; Kitraki et al., 2004; Luine et al., 2007) and does
not result in severe atrophy of CA3 pyramidal cell apical dendrites (Galea et al., 1997) or the
loss of parvalbumin-containing interneurons (Milner unpublished).

Hippocampal regions vulnerable to sexually dimorphic effects of stress extensively overlap
with the endogenous opioid system, a system that is important in drug-related learning
[reviewed in Drake et al. (2007)]. In particular, enkephalins and dynorphins are contained in
the mossy fiber pathway, whereas delta and mu opioid receptors (DORs and MORs) are
expressed in pyramidal cells and parvalbumin interneurons, respectively (Drake et al.,
2007). Activation of MORs and DORs, either by endogenous opioid peptides or exogenous
agonists such as morphine can increase pyramidal cell excitability and can facilitate long-
term-potentiation [reviewed by Simmons and Chavkin (1996)].

Emerging evidence indicates that both ovarian hormones and stress affect the hippocampal
opioid system. Opioid peptide levels in the mossy fiber pathway (Torres-Reveron et al.,
2008, 2009a) as well as trafficking of MORs and DORs in hippocampal neurons (Torres-
Reveron et al., 2009b; Williams et al., 2011b) are sensitive to ovarian hormone levels. DOR-
containing neurons also express the stress hormone corticotropin releasing factor (CRF) and
its receptor, and the proportion of co-labeling for these proteins varies with sex (Williams
and Milner, 2011; Williams et al., 2011a). Moreover, both acute and chronic stress can alter
the trafficking and levels of MORs in parvalbumin-containing interneurons and the
activation of MORs in a sex-dependent manner (Gonzales et al., 2011; Milner et al., 2011a;
Khalid et al., 2010). However, whether stress affects hippocampal DORs is not known.

Thus, the present study sought to determine if DORs also are phosphorylated in the
hippocampus following stress, and if it differs in males and cycling females. To do so, we
used an antibody to the phosphorylated delta opioid receptor (pDOR) to examine the
localization of pDOR via light and electron microscopy in males and cycling females after
acute immobilization stress (AIS).

2. Results
2.1. pDOR-ir is found in select subregions the hippocampus

To determine the cellular distribution of phosphorylated DORs, pDOR labeling was
examined by light microscopy using peroxidase immunocytochemistry. pDOR-
immunoreactivity (ir) was limited to select subregions in the rat hippocampus, particularly to
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CA2/CA3a and CA1-FC (Fig. 1). pDOR-ir was found primarily in CA2/CA3a pyramidal
cell bodies and their apical dendrites in stratum radiatum (Fig. 1A and B). Moreover, pDOR-
ir was found in scattered interneurons in the dorsal and central portions of the hilus of the
dentate gyrus (Fig. 1C) and throughout stratum oriens of CA1–CA3. Neurons containing
pDOR-ir also were seen in the fasciola cinera, where it borders the most rostral portion of
CA1 (Fig. 1D). The pattern of pDOR-labeling appeared identical in male and female rats.

2.2. pDOR-ir is primarily in somata and dendrites
To determine the subcellular localization of pDOR-ir, regions of the hippocampus showing
the most dense labeling by light microscopy were analyzed using electron microscopy.
Ultrastructural analysis of the CA2/CA3a region revealed that pDOR-ir was found
exclusively in the somata and dendrites of pyramidal cells (Figs. 2 and 3). Pyramidal cell
somata were identified by their large size (20–25 μm in diameter) and their presence in the
pyramidal cell layer. Proximal dendrites that emanated from pyramidal cell somata were
often contacted by large mossy fiber boutons (Fig. 3A). More distal pyramidal cell dendrites
were identified by the presence of spines (Fig. 3B and C). In soma and large proximal
dendrites, patches of pDOR-ir were localized to endoplasmic reticula (Fig. 2). In more distal
dendrites, pDOR-ir was associated with endomembranes (Fig. 3A and C). Occasionally,
pDOR-ir was also found on the plasma membrane of distal dendrites (Fig. 3B).

In the hilus of the dentate gyrus, electron microscopic analysis revealed that pDOR-ir was
exclusively found in neuronal profiles. Most of the pDOR-labeled profiles were dendrites
although some pDOR-labeled terminals also were found (Fig. 4). Like CA2/CA3, pDOR-ir
in the hilus was punctate and associated with endomembranes (not shown). Moreover, dense
pDOR-ir was seen in dendritic spine heads (Fig. 4A and B). pDOR-labeled spines were
contacted by unlabeled terminals that formed both monosynaptic (Fig. 4A) and disynaptic
(Fig. 4B) synapses. Less frequently, pDOR-ir was detected in mossy fiber terminals (Fig.
4C). Within terminals, pDOR-ir was usually patchy and affiliated with vesicles. Most
pDOR-labeled terminals formed asymmetric synapses on unlabeled dendritic spines (Fig.
4C).

2.3. pDOR levels in CA2/CA3 increase following morphine administration
We next determined if an opioid agonist, morphine, could increase pDOR-ir in male rats.
For this, quantitative light microscopic immunocytochemistry was used to analyze
hippocampal sections from male rats injected with morphine (20 mg/kg, I.P.) or saline and
sacrificed 1 h later (Lane et al., 2008). The level of pDOR-ir was examined in four
hippocampal subregions Fig. 5; in each subregionx measurements were taken over the
regions containing cell bodies and proximal apical dendrites. Morphine administration
produced a significant increase in pDOR-ir (F(1,106)=21.08, p<0.0001). There was also a
significant difference in pDOR-ir by the hippocampal region (F(3,106)= 266.02, p=0.0001).
There was no interaction effect between drug administration and hippocampal region
(F(3,138)=1.50, p>40.05) because morphine increased pDOR-ir in all regions of the
hippocampus, although it was more pronounced in CA1-FC and CA2/CA3a.

2.4. Alterations in pDOR-ir following AIS vary depending on region and hormonal status
We next determined if the levels of pDOR-ir differ in response to gonadal steroid status and
following AIS. For this, pDOR-ir level in CA2/CA3a (Fig. 6) was quantified using light
microscopic densitometry in males and females from each estrous cycle phase following
AIS. There was a significant effect of estrous cycle on pDOR-ir (F(3,37)=8.27, p=0.01).
There was no difference in pDOR-ir with stress (F(1,37)=1.05, p>0.05). There was,
however, a significant interaction between estrous cycle and stress (F(3,37)=4.15, p<0.05).
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To determine if estrogen contributed to the increased pDOR-ir seen in estrus females,
quantitative densitometry was used to assess pDOR-ir in ovariectomized rats 24 h following
estradiol benzoate (10 μg/0.2 ml) administration. This time-point and dose of estradiol
benzoate was chosen as previous studies have shown increased hippocampal mossy fiber
enkephalin and dynorphin levels in response to this treatment (Torres-Reveron et al., 2008,
2009a). The density of pDOR-ir was examined in CA2/CA3a and the hilus following
estradiol benzoate administration to ovariectomized rats (data not shown). There was no
significant effect of estrogen treatment (F(1,40)=3.70, p>0.05) or significant interaction
effect between estrogen treatment and hippocampal region (F(1,40)=0.07, p>0.05). There
was a significant difference between hippocampal regions (F (1,40)=868.40, p<0.0001),
which is not surprising given the large difference in pDOR labeling between the hilus and
CA1.

3. Discussion
This study demonstrates that pDOR-ir is localized to select subregions of the hippocampus
where the density of labeling is increased in response to morphine. In contrast to
phosphorylated MOR-ir (Gonzales et al., 2011), the levels of pDOR-ir are increased in
unstressed female rats during estrus. However, the observed increase in pDOR-ir level in
female rats is no longer apparent following acute stress. This suggests that acute stress
induces signaling changes in the hippocampus that dampen the effect of high levels of
estrogen on DOR activation.

3.1. Methodological considerations
We used a well-characterized antibody to pDOR (Ser363). In Western blots of mouse
hippocampal samples collected 20 min following injection of DOR agonist SNC80 (10 mg/
kg, I. P.) a 65 kDa band was detected; in hippocampal samples from DOR knockout mice,
similarly injected, no 65 kDa band was detected (Pradhan et al., 2009). This is the first
report to use the pDOR (Ser363) antiserum in acrolein/paraformaldehyde fixed neuronal
tissue. This study also shows that morphine induces a significant increase in pDOR-ir in the
areas where it is highly expressed, mainly in pyramidal cells in hippocampal subregions
CA1-FC and CA2/CA3a.

We did not find an effect of estrogen treatment in ovariectomized animals on the levels of
pDOR-ir in the hippocampus. In this study, pDOR-ir was examined at 24 h following
estrogen replacement, when leu-enkephalin and dynorphin are elevated in the mossy fiber
pathway (Torres-Reveron et al., 2008, 2009a). However, the levels of hippocampal pDOR-ir
did not change at this time-point. Several of the most frequently used ovariectomy models
vary by hormone replacement dose, time interval between ovariectomy and hormone
replacement, and time interval between hormone replacement and analysis, and these
differences can influence estrogen-mediated effects (Adams et al., 2001; Tanapat et al.,
2005). Thus, it is possible that time-points and dosing regimens of estradiol not employed in
the current study could affect pDOR-ir levels in the hippocampus.

3.2. pDOR-ir is mostly in CA2/CA3a pyramidal cells and scattered hilar interneurons
This study reveals that pDOR-ir is predominant in pyramidal cells in the CA2/CA3a region
of the hippocampus. The localization of pDOR in pyramidal cells is consistent with mRNA
and immunocytochemistry studies of DOR (Stumm et al., 2004; Williams et al., 2011b),
however DOR localization is not as heavily concentrated in the CA2/CA3a region as pDOR.
Recent studies have shown that CA2 pyramidal neurons are distinct in morphology and may
have a different function than in CA1 and CA3 (Mercer et al., 2007; Jones and McHugh,
2011). CA2/CA3a neurons have an overlapping distribution with mossy fiber boutons,
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which contain a buildup of opioid peptides (Torres-Reveron et al., 2008; Pierce et al., 1999).
CA2 is the only pyramidal cell region innervated by the supramammillary nucleus
(Magloczky et al., 1994), a hypothalamic nucleus believed to participate in theta rhythm
generation (Vertes and McKenna, 2000). The CA2 region is also notable because it highly
expresses adenosine A1 receptors (A1Rs), which have recently been shown to bind caffeine
and act to induce long-lasting potentiation of synaptic transmission (Simons et al., 2011;
Ochiishi et al., 1999). Moreover, activation of A1Rs causes phosphorylation and
desensitization of DORs, suggesting a functional interaction between these two receptors
(Cheng et al., 2010).

pDOR-ir was also found in hilar interneurons consistent with previous studies that have
localized DORs to somatostatin and neuropeptide Y containing interneurons in this brain
region (, 1997; Williams et al., 2011b). In interneurons, DOR activation indirectly excites
pyramidal cells (Stumm et al., 2004). Moreover, DORs have been localized to CRF-
containing interneurons, likely hilar perforant path (HIPP) associated cells, in the dentate
hilus (Williams et al., 2011a), an interneuron subgroup that regulates granule cell input and
LTP at the perforant path—granule cell synapse as shown by extensive work characterizing
interneurons in the hippocampus (reviewed by Freund and Buzsaki (1996)). As both DOR
and CRF have been shown to modulate LTP (Bramham et al., 1991; Wang et al., 1998),
these pDOR—containing neurons are positioned to modulate hippocampal signaling that is
involved in the stress response.

High levels of pDOR-ir were also detected in the fasciola cinera, which is part of the
supracallosal gyrus and continuous with the dentate gyrus (Amaral and Lavenex, 2007). The
neuropeptide Y receptor Y5 also displays the most immunoreactive staining in both the
CA2/CA3a and fasciola cinera regions in mainly pyramidal cells and some hilar
interneurons (Grove et al., 2000). Interestingly, CA3 NPY-labeled interneurons contain
fewer DORs in proestrus females compared to males (Williams et al., 2011b). Whether a
similar relationship exists in the fasciola cinera is unknown. However, this suggests that
interactions between endogenous opioids and neuropeptide Y may be influenced by gonadal
steroids.

3.3. pDOR-ir is positioned to regulate synaptic and non-synaptic transmission
Electron microscopy revealed that pDOR-ir in the hippocampus is mostly in somata and
dendrites. The localization of pDOR-ir near endomembranes and the endoplasmic reticulum
is consistent with involvement of these organelles in the synthesis and trafficking of receptor
proteins. When an agonist binds to a G protein coupled receptor, in addition to activating a
signal cascade, it is also phosphorylated by GPCR kinases and internalized as part of a
feedback regulatory process. For many receptors, including DORs, once the ligand binds,
receptor phosphorylation parallels uncoupling and internalization of the receptor (Pradhan et
al., 2009). Removal of the receptor from the plasma membrane surface can lead to
desensitization and may contribute to tolerance effects (Koch and Hollt, 2008; Scherrer et
al., 2006; Wang and Wang, 2006). pDOR-ir also is found near the plasma membrane and at
postsynaptic densities in dendritic spines. At this location, activated DORs could affect local
synaptic signaling. In particular, DOR selective ligands can inhibit intracellular cAMP levels
and modulate the activity of voltage-gated calcium and potassium channels as well as
protein kinases including PKC and MAPK (Quock et al., 1999). Recently, we have shown
that DORs are colocalized with CRF receptors in hippocampal neurons, ideally positioning
them to modulate CRF receptor signaling (Williams et al., 2011a).

DORs in CA2/3 pyramidal cells and hilar interneurons could be activated by either
exogenous or endogenous opioids. The former assertion is supported by our finding that
pDOR-ir is elevated in CA2/3 1 h following morphine administration. Endogenous opioids
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are stored in dense-core vesicles within mossy fiber terminals (Commons and Milner, 1995;
Pierce et al., 1999). Previous studies have shown that swim stress or seizure can release
opioid peptides in the hippocampus (Pierce et al., 1999; Redila and Chavkin, 2008). Thus, it
is likely that immobilization stress similarly can release opioids from dense core vesicles.

A minority of pDOR-ir was found in axon terminals, some of which were mossy fibers. In
presynaptic terminals in rat hippocampal interneurons, DOR activation inhibits GABA
release (Cohen et al., 1992). Within terminals, pDOR-ir was mostly associated with clusters
of small synaptic vesicles. Since these small synaptic terminals contain glutamate or GABA,
the present findings suggest that DOR activation may affect transmission of these
transmitters.

3.4. Opioid receptors and acute stress
While pDOR-ir is elevated in unstressed female rats in estrus, following AIS this elevation
is lost. This finding contrasts those of pMOR following AIS (Gonzales et al., 2011). In the
hippocampus, pMOR-ir is predominantly found presynaptically in mossy fiber boutons and
axons and in a select population of hilar interneurons (Gonzales et al., 2011). The levels of
pMOR-ir are similar in normal unstressed male rats and female rats and do no vary across
the estrous cycle. However, sex and cycle differences emerged following AIS in a
hippocampal region-specific manner: pMOR-ir increased in male rats and decreased in
proestrus (high estrogen) females in the dentate hilus (Gonzales et al., 2011). Given that
pMOR is largely presynaptic, and pDOR is mostly postsynaptic, the activated forms of the
MOR and DOR may have different functions in the hippocampal opioid system.

3.5. Functional considerations
Stress and steroid hormones both influence the hippocampal opioid system, and may
contribute to sex differences in drug related learning. Projections from the CA2 region to the
ventral tegmental area via the lateral septum are involved in relaying contextual information
to the midbrain, and for example, are required for contextual reinstatement of cocaine
seeking (Luo et al., 2011). Thus, our findings that pDOR-ir is prominent in the CA2 region
suggests that activation of DORs can impact context-dependent motivational behaviors.

CA2 pyramidal neurons are strikingly less plastic than the other CA regions (Zhao et al.,
2007). CA2 is protected from seizure-induced damage, yet experiences a greater loss of
interneurons in schizophrenic brains compared to other hippocampal subregions (Mercer et
al., 2007), which also highlights its functional distinction. Regarding the stress effects in
estrus females, it is possible that glucocorticoids or other mediators that are elevated during
acute stress overcome this functional rigidity allowing greater DOR activation in females,
leading to increased neuronal activation in specific hippocampal regions. Moreover, our
findings suggest that acute stress in females can impact DOR functions in these neurons,
thereby modulating cell excitability, longterm potentiation and regulation of other signaling
cascades.

Activation of DORs may directly and indirectly interact with the hippocampal brain-derived
neurotrophic factor (BDNF) system. BDNF and its activated trkB receptor are contained in
mossy fiber boutons, whereas BDNF mRNA and full-length trkB receptor are expressed in
pyramidal cells [reviewed in Gray et al. (2012)]. Like the opioid system, the BDNF system
is important for regulating synaptic plasticity (Schjetnan and Escobar, 2012) and is sensitive
to both stress and ovarian hormone levels (Gray et al., 2012). DOR agonists have been
shown to increase BDNF mRNA expression in the hippocampus (Torregrossa et al., 2006;
Zhang et al., 2006; Torregrossa et al., 2004). This suggests that stress and/or gonadal
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hormones may affect the interplay between the DOR and BDNF systems in the
hippocampus, but this remains to be further examined.

In conclusion, we have demonstrated the localization of the phosphorylated delta opioid
receptor in the hippocampus, with high expression in the CA2 region specifically. In
addition, estrous cycle phase impacts the expression of pDOR-ir in females; an effect which
is dampened following acute immobilization stress. Together, this data supports recent
literature that gonadal hormones and stress interact to modulate the excitability and
plasticity of the hippocampus.

4. Experimental procedure
4.1. Animals

4.1.1. Cohorts—All procedures were approved by the Weill Cornell Medical College and
Rockefeller University Institutional Animal Care and Use Committees and were in
accordance with the 2011 Eighth Edition of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Adult male and female Sprague Dawley rats (2–3
months old, N=76) from Charles River Laboratories (Wilmington, MA) were housed 3–4
animals per cage with a 12:12 light/dark cycle and free access food and water. Three cohorts
were housed in different animal facilities (WCMC and RU), and their brains were collected
in different years. The first cohort, also used in our previous study (Lane et al., 2008), was
used to assess if pDOR levels are altered after acute morphine exposure. The second cohort
that was used to assess the effects of AIS in males and in females from different estrous
stages, was the same used in our recent study (Gonzales et al., 2011). The third cohort, used
in our previous studies (Torres-Reveron et al., 2008, 2009a, 2009b), was used to assess
pDOR-ir in ovariectomized rats treated with estradiol benzoate. All animals were sacrificed
between 9AM and 1 PM.

4.1.2.Estrous cycle determination—Only female rats that showed two consecutive,
regular 4–5 day estrous cycles were used in these studies. Estrous stage was determined
using vaginal smear cytology (Turner and Bagnara, 1971) daily between 9:00 and 10:00
AM, after one week of acclimation following arrival. To control for the effects of handling,
male rats were removed from their cages daily to perform mock estrous cycling. Uterine
weight and plasma serum estradiol levels via radioimmunoassay (Torres-Reveron et al.,
2008) were measured to confirm estrous stage. Diestrus II rats rather than metestrus
(diestrus I) were chosen to insure that rats were completely out of the estrus phase.

4.1.3.Ovariectomy and estradiol replacement—Rats were anesthetized with
isofluorane (2–3% in oxygen) and the ovaries were removed bilaterally as previously
described (Torres-Reveron et al., 2009a). Ovariectomized rats received a single
subcutaneous injection of 10 μg/0.2 ml of estradiol benzoate (Sigma-Aldrich, St. Louis,
MO) in sesame oil and were sacrificed 24 h later. Control rats were injected with sesame oil
only.

4.1.4.Acute morphine administration—Male rats (N=8) were injected with morphine
(20 mg/kg, I.P.) or saline and sacrificed 1 h later. Since injected morphine sulfate has a half-
life of 2–4 h, morphine was physiologically active in the animals' systems at the time they
were sacrificed (Lane et al. 2008).

4.1.5.Acute immobilization stress—Rats (N=48) were transported from their home
room into a procedure room, and AIS was performed as previously described (Lucas et al.,
2007; Shansky et al., 2010) between 9:00 AM and 1:00 PM. Rats were placed in plastic cone
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shaped polyethylene bags containing a small hole at the apex of the cone; a Kotex mini-pad
was placed underneath them to collect urine. Rats were placed with their nose at the hole,
sealed with tape in the bag, and left undisturbed on a countertop for 30 min. Immediately
after AIS, rats were anesthetized in the procedure room and their brains perfusion-fixed (see
below). Control rats were left in the home-room and anesthetized prior to transfer to the
procedure room for perfusion.

4.2. Immunocytochemistry
4.2.1. Antibodies—A rabbit polyclonal antibody generated against a synthetic
phosphopeptide corresponding to residues surrounding Ser363 of human pDOR (#3641 Cell
Signaling, Danvers, MA) was used in this study. This antibody has been used to measure
pDOR-ir using immunofluorescence, western blots and immunoprecipitation in both
HEK293 cells and neuronal cells. Previously, in Western blots using this antibody on mouse
hippocampal samples, a 65 kDa band was seen in mice treated with DOR agonist SNC80
(10 mg/kg) and sacrificed 20 min later (Pradhan et al., 2009). This same band was not found
in DOR knockout mice with the same treatment (Pradhan et al., 2009), further
demonstrating specificity of this antibody. Although the manufacturer's supply of this
antibody has been exhausted, reproduction of the antibody is expected in mid-2013
(personal communication with Cell Signaling). Serial dilution tests were used to show that
the labeling intensity of the pDOR antibody was linear, and a dilution that produced slightly
less than half-maximal labeling intensity was chosen for our studies to optimize the
detection of intensity variations (Chang et al., 2000).

4.2.2. Section preparation—Rats were deeply anesthetized with sodium pentobarbital
(150 mg/kg, I.P.) and perfused sequentially through the ascending aorta with: (1) 10–15 ml
saline containing 2% heparin in 0.9% saline; (2) 50 ml 3.75% acrolein and 2%
paraformaldehyde in 0.1 M phosphate buffer (PB; pH7.4); and (3) 200 ml 2%
paraformaldehyde in PB. After perfusion, brains were cut into 5 mm coronal blocks, post-
fixed in 2% PFA in PB for 30 min, and switched into PB. Coronal sections (40 mm thick)
through the hippocampus were cut on a vibratome in PB. Sections were stored in
cryoprotectant solution (30% sucrose and 30% ethylene glycol in PB) at −20 °C (Milner et
al., 2011b). For immunocytochemistry, sections were rinsed in PB, coded with hole-punches
and pooled into containers to ensure identical processing (Pierce et al., 1999). Sections were
incubated in 1% sodium borohydride in PB for 30 min and rinsed in PB.

4.2.3. Light microscopic immunocytochemistry and analysis—To examine
changes in pDOR-ir levels between different experimental groups, sections were processed
as previously described (Torres-Reveron et al., 2008). Briefly, sections were transferred to
0.1 M Tris-buffered saline (TS; pH7.6) and then blocked in 0.5% BSA in TS for 30 min.
Sections were placed in the pDOR antibody (1:500) for 24 h at room temperature, andthen
24–72 h at 4 °C. Sections then were processed in a 1:400 dilution of biotinylated goat-anti
rabbit immunoglobulin (IgG;Vector Laboratories, Burlingame, CA) for 30 min followed by
a 1:100 dilution of avidin-biotin complex (ABC; Vectastain elite kit, Vector Laboratories)
for 30 min. All incubations were separated by washes of TS. Sections were reacted in 3,3′-
diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO) and 3%H2o2 in TS for 4–6 min
and rinsed in TS followed by PB.Sections were mounted on gelatin-coated slides,
dehydrated and coverslipped from xylene with DPX mounting media (Sigma-Aldrich).

Sections from the dorsal hippocampus (−3.6 to −4.0 mm from Bregma; Swanson 2000) were
chosen for analysis. Cell layers were identified using terminology from the Swanson atlas
(Swanson, 2000). An experimenter who was blind to treatment group did all evaluations.
For quantitative densitometry, photomicrographs through regions of interest (ROI) were
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captured using a Dage MTI CCD-72 camera on a Nikon Eclipse 80i microscope and
converted to gray-scale. The mean gray value (of 256 Gy levels) for each selected ROI was
determined as previously described (Torres-Reveron et al., 2008). To control for variations
in illumination and background staining, the average pixel density from three regions
lacking labeling was subtracted. Optical density values were measured using Image J64 and
net optical density values obtained after subtracting background values. All data was
analyzed using a Two-Way ANOVA followed by Tukey HSD post-hoc analysis (p<0.05).

4.3. Electron microscopic immunocytochemistry and analysis
4.3.1. Immunoperoxidase labeling—Sections were processed for light microscopy as
described above and rinsed in PB. They then were placed into 2% osmium tetroxide in PB
for 1 h, then dehydrated in increasing concentrations of ethanol and propylene oxide before
being embedded in Embed 812 (Electron Microscopy Science, Fort Washington, PA)
(Milner et al., 2011b). Ultrathin sections (70–72 nm thick) through the ROI were cut on a
Leica UCT ultratome and collected on 400-mesh copper grids (EMS). The grids were
counterstained with uranyl acetate and Reynolds lead citrate. Sections were examined on a
Tecnai Biotwin transmission electron microscope. Immunolabeled profiles were classified
using defined morphological criteria (Peters et al., 1991). Dendritic profiles contained
regular microtubule arrays and were usually postsynaptic to axon terminal profiles. Axon
terminal profiles had numerous small synaptic vesicles.

For figures, images were adjusted for sharpness in Adobe Photoshop 9.0 and imported into
PowerPoint 2010 on a Mac-Book where final adjustments to brightness and contrast were
made. These changes did not alter the original content of the raw image. Graphs were
generated in Prism 5.0a.
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Fig. 1.
By light microscopy, pDOR is distributed in select subregions of the hippocampus. (A)
pDOR-ir is most dense in the pyramidal cell layer (pcl), especially in CA2/CA3a (boxed
region enlarged in B). Additionally, pDOR-labeled cells are found in the hilus of the dentate
gyrus (DG; boxed region enlarged in C). (B) Higher magnification of the CA2/CA3a region
shows dense pDOR-labeled somata in the pyramidal cell layer (pcl) and in dendrites (arrow)
in stratum radiatum (sr). (C) Higher magnification shows pDOR-labeled interneurons
(arrows) in the hilus. (D) pDOR-ir is found in somata in the pyramidal cell layer (arrow) of
the fasciola cinera. gcl=granule cell layer. Scale bars=a, 100 μm and b–d, 10 μm.
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Fig. 2.
By electron microscopy, pDOR-ir is prominent in pyramidal cells in CA2/CA3a. Patches
(arrows) of pDOR-ir are located near the endoplasmic reticulum (er) within the cytoplasm of
proximal dendrites. An unlabeled terminal (uT) forms symmetric synapse (curved arrow)
with the dendrite. m=mitochondria. Scale bar=500 nm.
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Fig. 3.
By electron microscopy, pDOR-ir is found in dendrites in CA2/3a. (A) pDOR-ir localized to
endomembranes (em) in the shaft of a large dendrite, which is contacted (curved arrows) by
mossy fiber terminals (mT). (B) Patches (arrows) of pDOR-ir are found near the plasma
membrane of a dendrite. (C) A patch of pDOR-ir is adjacent to an endomembrane (arrow)
near plasma membrane in a dendrite. In both B and C, the spines contacted (curved arrows)
by unlabeled terminals (uT) emanate from the shafts of the pDOR-labeled dendrite. Scale
bars=500 nm.
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Fig. 4.
By electron microscopy, pDOR-ir is primarily in dendrites but also in terminals in the hilus
of the dentate gyrus. (A) Dense pDOR-ir is found in the head of spines (arrows). The spine
on the left emanates from a dendritic shaft (D) and is contacted by a small terminal (T),
which contains a patch of pDOR-ir (arrow). The spine on the right is contacted by an
unlabeled terminal (uT). (B) pDOR-ir (arrow) is in the head of a dendritic spine that
emanates from a dendritic shaft (D) and is contacted by two unlabeled terminals (uT). C.
pDOR-ir is affiliated with a cluster of vesicles (arrow) near the plasma membrane of a
mossy fiber terminal (mT) that contacts (curved arrows) two dendritic spines (sp). Scale
bars=500 nm.
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Fig. 5.
Acute morphine increases pDOR-ir in select hippocampal subregions. To determine an
opioid agonist can increase pDOR-ir, male rats were injected with morphine. Using
quantitative densitometry, pDOR-ir was examined in control animals and morphine treated
animals in different hippocampal regions. Post-hoc analysis revealed that pDOR-ir is
significantly greater (p=0.0001) in the CA2/3a and in the CA1—fasciola cinera (FC) regions
of male rats 1 h following a single morphine injection (20 mg/kg, I.P.). N=4 animals per
condition.
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Fig. 6.
Effects of sex and estrous cycle stage on pDOR-ir in CA2/3a in normal and stressed rats.
Quantitative densitometry was used to measure pDOR-ir in the CA2/CA3a region of the
hippocampus in animals following acute immobilization stress and in control animals. Post-
hoc analysis revealed that in control animals, pDOR-ir is elevated in estrus compared to
other cycle stages (*p<0.05). Also, estrus animals were the only group showing a significant
decrease (**p<0.05) in pDOR-ir following acute immobilization stress.
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