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Abstract

Over the past two decades, opioid abuse has risen especially among women. In both

sexes hippocampal neural circuits involved in associative memory formation and encoding of
motivational incentives are critically important in the transition from initial drug use to drug abuse/
dependence. The opioid circuit particularly the mossy fiber pathway, are crucial for associative
memory processes important for addiction. Our anatomical studies, especially those utilizing
electron microscopic immunocytochemistry, have provided unique insight into sex differences in
the distribution of opioid peptides and receptors in specific hippocampal circuits and how these
distributions are altered following stress and oxycodone-associative learning processes. Here we
review the hippocampal opioid system in rodents with respect to ovarian hormones effects and
baseline sex differences then sex differences following acute and chronic stress. Next, we review
sex differences in the hippocampal opioid system in unstressed and chronically stressed rats
following oxycodone conditioned place preference. We show that opioid peptides and receptors
are distributed within hippocampal circuits in females with elevated estrogen states in a manner
that would enhance sensitivity to endogenous and exogenous opioids. Moreover, chronic stress
primes the opioid system in females in a manner that would promote opioid-associative learning
processes. In contrast, chronic stress has limited effects on the opioid system in males and reduces
its capacity to support opioid-mediated learning processes. Interestingly, acute stress appears to
prime males for opioid associative learning. On a broader scale the findings highlighted in this
review have important implications in understanding sex differences in opioid drug use and abuse.
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Introduction

i.1. Background.

Opioid abuse, predominately of the prescription medication oxycodone (Oxy), has risen
drastically particularly over the past two decades (Centers for Disease Control, 2015; Kibaly
etal., 2021). Of notable concern is the dramatic increase in the rate of drug overuse

among women which can lead to opioid dependence (VanHouten et al., 2019; Strang et al.,
2020). Prior studies have shown that women have altered sensitivity to morphine across the
menstrual cycle suggesting the potential involvement of ovarian hormones in drug addiction
processes (Ribeiro-Dasilva et al., 2011). Similar opioid sensitivity is observed across the
estrous cycle of a rodent model of heroin self-administration (Lacy et al., 2016).

In both the sexes, transition from drug use to drug abuse rely on associative memory and
motivational incentives (Koob and Volkow, 2010) which critically involve hippocampal
circuits connected either directly or indirectly to the mesolimbic reward system (Vorel et al.,
2001; Luo et al., 2011) (Fig. 1). These circuits are primary targets of abused drugs, including
mu opioid receptor (MOR) agonists such as Oxy (Koob and Volkow, 2016). Within the
rodent hippocampus, opioid signaling in the CA3 subregion (Fig. 2A) plays a critical role in
both spatial memory and contextual associative learning (Meilandt et al., 2004; Kesner and
Warthen, 2010). Moreover, a form of opioid-mediated long-term potentiation (LTP) has been
demonstrated in mossy fiber - CA3 pyramidal cell synapses (MF-CA3 synapse) in female
rats at high estrogen states, but not low estrogen states or in male rats (Harte-Hargrove et

al., 2015), further supporting the concept that hormonal states can alter opioid-associative
learning processes.

Our early light and electron microscopic (EM) studies have provided detailed descriptions
of hippocampal opioid circuits in rodents (Drake et al., 2007; McEwen and Milner, 2017).
Additionally, our studies over the last several years have shown significant sex differences

in the hippocampal opioid system that provide important insights in the role of this system
in opioid-associative learning processes. Following an overview of the hippocampal opioid
system, we review the hippocampal opioid system with respect to: 1) ovarian hormones
effects; 2) baseline sex differences; 3) sex differences following acute stress; 4) sex
differences following chronic stress; 5) sex differences in other systems related to opioids; 6)
Oxy conditioned place preference (CPP); and 7) chronic stress and Oxy CPP.

i.2 Methodological approaches for analysis of hippocampal opioid system.

Three main anatomical approaches have been key in revealing sex differences in the rodent
hippocampal opioid system in response to hormonal fluctuations and stress as well as
following Oxy-CPP. These methods will be briefly reviewed.
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1) Quantitative light microscopic immunocytochemistry

densitometry: Quantitative light microscopic densitometry can be used to determine the
relative differences in the levels of immunoreactivity in terminal fields (e.g., mossy fibers)
or dendritic lamina (e.g., CA1 or CA3 pyramidal cell dendrites) (Auchus and Pickel, 1992;
Pierce et al., 1999; Williams et al., 2011a; Randesi et al., 2018). Our prior studies have
shown that levels of the opioid peptides Leu-Enkephalin (LEnk) and dynorphin (DYN) in
the mossy fiber pathway as determined by optical densitometric analysis correlates with the
number of dense-core vesicles for these peptides (Pierce et al., 1999; Pierce et al., 2014).

2) Dual labeling EM immunocytochemistry: Quantitative dual labeling immuno-EM
provides a unique perspective on the proportion of receptors available for ligand binding

in particular cell compartments (Milner, 2011). It is the only method available to date that
can analyze changes in the redistribution of receptors in select neuronal compartments (i.e.,
dendrites and spines) following experimental manipulations. Figure 2B shows a conceptual
overview by which a protein (e.g., MOR) is identified using silver-intensified gold particles
(SIG) with immunoEM (Milner, 2011). The presence of plasmalemma receptors (on PM)
identified by SIGs corresponds to sites of receptor binding (Boudin et al., 1998). Receptors
identified by SIGs near the plasmalemma (i.e, near PM) may be inserted into or removed
from the plasmalemma from a pool of receptors. SIG labeling in the cytoplasm represents
receptors that may be stored, in transit to/from the cell body or other cellular compartments,
as well as in the process of being degraded or recycled (Pierce et al., 2009; Fernandez-
Monreal et al., 2012). The functionality of using SIG in receptor trafficking has been
supported by the internalization of epitope-tagged MORs in nucleus accumbens following
morphine administration (Haberstock-Debic et al., 2003).

3) In situ hybridization: /n situhybridization allows for the visualization of mMRNA
expression in specific cell types and localization cells in different subregions (Johnson et
al., 2021). Using ACD RNAscope!™ and HALO software, mMRNA expression levels are
determined by calculating the numbers of probes per cell.

1. Review of the rodent hippocampal opioid system

The anatomy and function of the hippocampal opioid system will be briefly reviewed. For a
more detailed review of the anatomy and physiology of the hippocampal opioid system see
our prior review (Drake et al., 2007).

1.1 Opioid peptides: LEnk and DYNs are prominent in mossy fiber terminal
projections of granule cells in the dentate gyrus (DG) (Gall et al., 1981; Commons and
Milner, 1995; Torres-Reveron et al., 2009b) (Fig. 3). These mossy fibers innervate hilar
mossy cells in the DG and CA3 pyramidal cells in the stratum lucidum (Drake et al., 2007).
LEnks also are in: 1) the lateral perforant path (LPP) and 2) the temporal-ammonic tract
(TAT), excitatory pathways that arise from the entorhinal cortex, and 3) scattered GABA
interneurons primarily in CA1 and CA3 (Gall et al., 1981; Johnson et al., 2021). Albeit

at much lower levels than LEnk and DY N, endomorphins are found in occasional fibers
scattered throughout hippocampus (Pierce and Wessendorf, 2000) and beta endorphin is
found in progenitor cells in the dentate gyrus (Persson et al., 2003).
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There are some notable species differences in the opioid system between rats and mice.
Compared to the rat, LEnk levels in the mossy fiber pathway are noticeably less in the
mouse (Gall et al., 1990; Van Kempen et al., 2013). The opioid peptide containing mossy
fiber pathway in the mouse contains high levels of cholecystokinin (CCK), the rat does not
(Gall et al., 1990; Chandy et al., 1995).

In contrast to small clear vesicles that contain glutamate or GABA, opioid peptides are
released from dense-core vesicles (DCVs) after high-frequency (>50 Hz) stimulation (Pierce
etal., 1999; McLaughlin et al., 2003) and activate extra synaptic receptors via “volume
transmission” (Agnati et al., 1986; Drake et al., 2002). However, LEnks can also be released
at low frequencies (2 Hz) (Wong and Moss, 1992; Han, 2003; Liang et al., 2010). Moreover,
enkephalins and dynorphins are released in response to seizures and stress (Pierce et al.,
1999; McLaughlin et al., 2003).

1.2 Opioid receptors: Enkephalins and endomorphins are endogenous ligands for mu
and delta opioid receptors (MORs and DORs, respectively) (Sandin et al., 2000; Persson

et al., 2003; Drake et al., 2007). In the rat hippocampus, MORs (MOR1A) are prominent
in parvalbumin (PARV)-labeled GABAergic basket cells that innervate DG granule cell and
CA3 pyramidal cell somata and proximal dendrites (Drake et al., 2007) (Fig. 4). MORs are
also in mossy fiber terminals and axons (MOR1D) (Abbadie et al., 2000) and cholinergic
and GABAergic septal afferents (Leranth and Frotscher, 1989; Kaplan et al., 2004). DORs
are prominent in GABA interneurons that project to the distal dendrites of granule and
pyramidal cells and contain somatostatin (SOM), neuropeptide Y (NPY) and corticotrophin
releasing factor (CRF) (Drake et al., 2007; Williams and Milner, 2011) and inhibit the
distal dendrites of granule and pyramidal cells (Piguet and North, 1993; Drake et al., 2007).
DORs, and MORs to a lesser extent, are in granule and pyramidal cell dendrites (Piguet and
North, 1993; Williams et al., 2011a; Rubin et al., 2020; Johnson et al., 2021). Activation

of MORs and DORs largely leads to disinhibition of interneurons, leading to activation of
interneuron targets, but can directly inhibit granule and pyramidal cells (Drake et al., 2007).
Activation of LEnk containing mossy fibers and the lateral perforant pathway promotes
long-term potentiation (LTP) in CA3 pyramidal cells via MORs and DORs (Derrick et al.,
1992; Do et al., 2002; Harte-Hargrove et al., 2015). Opioid signaling in the CA3 region has
been shown to play a critical role in spatial memory and in contextual associative learning
(Meilandt et al., 2004; Kesner and Warthen, 2010).

DY Ns are the endogenous ligands for kappa opioid receptors (KORs) and also have a high
affinity for MOR1D (Drake et al., 2007; Pasternak and Pan, 2013). In the rat hippocampus,
KORs are on a few scattered interneurons in the hilus and in the CA1-3 some of which
contain NPY and SOM (Halasy et al., 2000; R&cz and Halasy, 2002; Johnson et al., 2021).
In the guinea pig, KORs are in substance P afferents to granule cells (Drake et al., 1996;
Drake et al., 1997). Endogenous DY Ns block the induction of LTP and reduce excitatory
neurotransmission in granule cell-perforant path synapses (Wagner et al., 1993). LTP is also
inhibited by the activation of the KORs in the dentate gyrus (Morris and Johnston, 1995).
KORs also are associated with inhibition of spatial learning as well as context induced fear
(Sandin et al., 1998).
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1.3 Opioid related peptides.—Nociceptin/orphanin FQ (N/OFQ) is a more recently
identified fourth member of the opioid peptide family. This endogenous ligand binds to its
own receptor, ORL1 or NOP receptor, which are distinct from conventional opioid receptors
(Moulédous, 2019). Furthermore, activation of NOP receptors has a modulatory role on
MORs (Toll et al., 2016). Numerous N/OFQ-containing interneurons are found in the DG
as well as in the CA1, CA2, and CA3 (Moulédous, 2019). NOP binding is primarily found
in lamina containing pyramidal and granule cell dendrites in the hippocampus (Moulédous,
2019). The N/OFQ system inhibits transmission and synaptic plasticity (Moulédous, 2019).

2. Effects of the hormonal milieu on the hippocampal opioid system in females

2.1 Estrous cycle: As the majority of studies examining sex differences in the
hippocampal opioid system have been done in naturally cycling female rodents, we will
briefly review estrous cyclic phases used in these studies. Estrous phases used are: 1)
Proestrus which gives rise to a peak in the levels of 17-beta estradiol (E2), luteinizing
hormone (LHRH), and follicle stimulating hormone (FSH); It precedes ovulation and is
analogous to the human follicular phase (Turner and Bagnara, 1971; McLean et al., 2012).
2) Estrus which lasts 1-2 days, with ovulation occurring within the first 24 hours (Goldman
et al., 2007). Estrogen levels begin to decline and progestin levels are elevated (McLean et
al., 2012). 3) Diestrus [combination of diestrus | (metestrus) and diestrus 1] has the lowest
levels of estrogens and progestins.

2.2 Ovarian hormone receptors and opioid system.—The distribution of estrogen
receptors (ERs) and the effects of estrogen on hippocampus function have been extensively
reviewed (Waters et al., 2009; Spencer-Segal et al., 2012; McEwen and Milner, 2017). Thus,
we will discuss these findings primarily as they relate to the rodent hippocampal opioid
system. ERa is found in CA1 and CA3 pyramidal cells and DG granule cells, especially

in dendritic spines, as well as interneurons and glia (Milner et al., 2001; Romeo et al.,

2005; Mitterling et al., 2010). ERa-containing interneurons often colocalize CCK and NPY
(Hart et al., 2007; Ledoux et al., 2009), and occasionally found in parvalbumin-containing
interneurons (Weiland et al., 1997). In CA1, ERa is associated with clusters of vesicles in
perisomatic inhibitory boutons; these vesicles mobilize towards synapses following estrogen
treatment (Hart et al., 2007). ERa is found in numerous axon terminals (Milner et al.,

2001; Mitterling et al., 2010), some of which contain acetylcholine (Towart et al., 2003),

but ERa is not detected in LEnk and DY N-containing mossy fiber terminals and axons
(Torres-Reveron et al., 2008; Torres-Reveron et al., 2009b). In contrast, ERp is colocalized
in some LEnk- and DYN mossy fibers terminals and smaller terminals in the hilus of the
DG (Torres-Reveron et al., 2008; Torres-Reveron et al., 2009b). Within the mossy fiber
terminals, ERP has a subcellular association with the plasmalemma and small synaptic
vesicles (Torres-Reveron et al., 2008; Torres-Reveron et al., 2009b). Moreover, like ERa,
ERB is found in CAl and CA3 pyramidal cells and DG granule cells as well as interneurons
in the hippocampus (Milner et al., 2005; Mitterling et al., 2010). In adult rodents, the
progesterone receptor (PR) is colocalized in CA3 in both LEnk and DYN mossy fiber axons
(Torres-Reveron et al., 2008; Torres-Reveron et al., 2009b; Mitterling et al., 2010). However,
in developing rats, PR is transiently expressed in Cajal-Retzius cells contained in the outer
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molecular layer of the DG (Newell et al., 2018), a region which overlaps with LEnk inputs
arising from the entorhinal cortex (Drake et al., 2007).

2.3 Ovarian hormones and opioid peptides.—In cycling rats, LEnk levels in
stratum lucidum of CA3 and the hilus of the dentate gyrus are highest when estrogen

levels are elevated (proestrus/estrus) (Fig. 5) (Torres-Reveron et al., 2008; Pierce et al.,
2014). Similarly, 24 hours after estradiol (E2) replacement in ovariectomized (OVX) rats,
LEnk levels in the DG hilus and CA3c increase (Torres-Reveron et al., 2008). Further, LEnk
levels increase in the mossy fiber pathway with age but not with either E2 alone or E2 plus
progesterone replacement in the mossy fiber pathway (Williams et al., 2011c).

In rats, DYN levels in the DG and CA3 lamina are the highest in the estrous phase compared
to proestrus or diestrus (Torres-Reveron et al., 2009b) {Fig. 5). In OV X rats, 24 hours
following either E2 or medroxyprogesterone replacement, DYN levels are increased in both
DG and CA3 (Torres-Reveron et al., 2009b). Elevated DG DY N levels are also observed 72
h following E2 replacement in OV X rats (Torres-Reveron et al., 2009b). Decreased DYN in
the mossy fiber pathway occurs with age as well as with E2 + progesterone replacement in
young adult OV X rats (Williams et al., 2011c).

Unlike rats, mice do not have fluctuations in mossy fiber LEnk or DYN levels across

the estrous cycle (Van Kempen et al., 2013). Further, no change in mossy fiber pathway
LEnk levels was observed in OVX mice lacking either ERa or ERB with and without E2
replacement (Van Kempen et al., 2013). However, OV X mice lacking ERa, but not ERp,
mossy fiber DYN levels increased 48 hours following E2 replacement (Van Kempen et al.,
2013) (Table 1). This suggests that the absence of ERa unmasks a potential regulation of
DYN expression by ERp in response to E2.

2.4 Ovarian hormones and opioid receptor distributions.

MORs: In the hippocampus, administration of E2 alone or in combination with
progesterone to OV X rats decreases the density of MORs as measured by autoradiography
(Slamberova et al., 2003). E2 administration to OV X rats increases MOR binding in
hippocampal homogenates (Piva et al., 1995), but does not alter MOR mRNA expression
in the hippocampus (Quifiones-Jenab et al., 1997).

Similar to males, females MOR-immunoreactivity (-ir) is in numerous PARV-labeled
perikarya, dendrites, and terminals in the dentate hilar region (Torres-Reveron et al., 2009a).
The number of PARV-labeled cells is not affected by estrous cycle phase or estrogen

levels (Torres-Reveron et al., 2009a). However, variation in ovarian steroid levels alters

the subcellular distribution of MORs within PARV-labeled dendrites but not in terminals
(Torres-Reveron et al., 2009a) (Fig. 5). In normal cycling rats, the density of MORs on

the plasma membrane of small PARV-labeled dendrites is higher in proestrus rats than

in diestrus rats (Torres-Reveron et al., 2009a). Moreover, subsequent studies show that
estrus females have more MORs on the plasma membrane of PARV dendrites compared to
proestrus females (Milner et al., 2013). Likewise, in OV X rats MORs have a higher density
on the plasma membrane of small PARV-labeled dendrites 72 hours after E2 exposure
(Torres-Reveron et al., 2009a). Thus, elevated estrogen levels increase plasmalemmal
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MORs on PARV-dendrites, indicating that more MORs are available for ligand binding. In
contrast to rats, there were no differences in the subcellular distribution of MORs in PARV
containing dendrites in the DG of female mice from different estrous cycles (unpublished)
(Table. 1).

Similar to other G-protein coupled receptors, ligand binding typically initiates the
phosphorylation of MORs and DORs which is important for receptor uncoupling,
internalization and trafficking (Law et al., 2000; Deng et al., 2001; Pradhan et al., 2009;
Doll et al., 2011; Dang and Christie, 2012). This phosphorylation can occur in the presence
of other opioid receptor agonists via a few identified signaling mechanism resulting in the
reduction of functional receptors and consequently leading to desensitization (Williams et
al., 2013). There are no estrous cycle differences in the levels of pMOR-labeling in the
mossy fiber pathway (Gonzales et al., 2011). This suggests that endogenous MOR signaling
may not be affected by changes in hormonal milieu across the estrous cycle.

DORs: At the light microscopic level, DOR levels in the stratum radiatum of CA3 are
significantly elevated in diestrus rats compared to proestrus rats (Mazid et al., 2016). At

the EM level, the subcellular distribution of DORs within CA3 pyramidal cell dendrites is
similar in proestrus and diestrus rats (Mazid et al., 2016) (Fig. 5). However, the number

of DOR-containing CA3 dendritic spines contacted by mossy fibers in proestrus females

is greater than diestrus females (Harte-Hargrove et al., 2015; Mazid et al., 2016). The
subcellular distribution of DORs in GABAergic hilar interneuron dendrites is also similar in
proestrus and diestrus females (Mazid et al., 2016).

Unlike CAS3, the subcellular distribution of DORs within CA1 pyramidal cells is affected

by estrous cycle stage (Fig. 6). Estrus rats have elevated DORs on and near the plasma
membrane of CA1 dendrites compared to proestrus rats (Williams et al., 2011a; Rubin et al.,
2020). Conversely, proestrus and diestrus rats compared to estrus rats have higher levels of
cytoplasmic DORs in CA1 dendrites (Williams et al., 2011a; Rubin et al., 2020). However,
there is no difference in the numbers of DOR-containing spines on CA1 dendrites between
the estrous cycle stages. These findings suggest that high estrogen levels in the absence

of high progesterone levels, decrease the availability of DORs for ligand binding the CAl
dendrites.

Rats in estrus have a higher level of pDORs in CA2/3a compared to the proestrus and
diestrus females as well as males (Burstein et al., 2013). This is in line with estrus

rats having increased LEnk and DOR expression and suggests potentially increased DOR
signaling when high estrogen is concomitant with reduced progesterone.

2.5 Functional considerations: Proestrus females, but not diestrus females and males,
show a strong MOR regulation of mossy fiber transmission and a DOR-dependent form of
mossy fiber-CA3 LTP (Harte-Hargrove et al., 2015). This novel form of opioid-dependent
LTP in proestrus females is concomitant with elevations of mossy fiber LEnk levels and
DORs in CA3 pyramidal cell spines contacted by mossy fibers (MF-CA3 synapses) (Pierce
et al., 2014; Mazid et al., 2016) as well as MORs on the plasma membrane of GABAergic
interneurons (Torres-Reveron et al., 2009a; Milner et al., 2013). Together, these results
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suggest in elevated estrogen states: 1) greater amounts of LEnks are produced and could
be released from granule cells after stimulation [e.g., stress (McLaughlin et al., 2003)] and
2) MORs/DORs are positioned on different neuronal subpopulations in a manner that can
promote excitation (i.e., disinhibition) (Drake et al., 2007).

3. Sex differences in the hippocampal opioid system: unstressed (control) rats

3.1 Sex differences and opioid peptides.—Proestrus/estrus (elevated estrogen)
female rats have twice the LEnk levels in the mossy fiber pathway than diestrus female

and male rats (Torres-Reveron et al., 2008; Pierce et al., 2014) (Fig. 5). As the mossy fiber
pathway transverses through the CA3, the CA3 can be divided into 3 subregions: CA3c is
the most proximal region to the DG, whereas CA3b is in the middle and CA3a is the most
distal (Sun et al., 2017). Both the CA3a and CA3b regions encode for spatial information in
short-term memory (Cherubini and Miles, 2015). The CA3Db is also responsible for greater
associative learning as it has the strongest excitation and reduced inhibition compared to the
other 2 regions (Sun et al., 2017). Although LEnk and DYN levels in mossy fibers are more
limited in mice compared to rats (see section 1), female mice have higher LEnk and DYN
levels in specific subregions of CA3 compared to male mice (Van Kempen et al., 2013). In
particular, LEnk is elevated in CA3b whereas DYN is higher in CA3a in the mossy fiber
pathway of female compared to male mice (Van Kempen et al., 2013).

There are few sex differences in opioid peptide mMRNA expression in the rat hippocampus
(Johnson et al., 2021). In the granule cell layer of the DG, females have more cells with low
expression of PENK (proenkephalin; precursor protein for Enk) compared to males. There
are no differences in the expression of PDYN (pro-Dynoprhin; precursor protein for DYN)
in either the dorsal or ventral blade of the DG granule cell layer between estrus females and
males. Similarly, there are no sex difference in the expression of LEnk in interneurons in any
hippocampal region (Johnson et al., 2021).

3.2 Sex differences and opioid receptors.

MORSs: At the EM level, the numbers of MOR-containing PARV cells in the hilus of the
dentate gyrus are similar in females (estrus) and males (Ryan et al., 2018). However, estrus
females have lower overall density of MORs near the plasma membrane and cytoplasm

as well as total in PARV labelled dendrites compared to males (Ryan et al., 2018). The
subcellular distribution of MORs within PARV-labeled dendrites in the hilus of the DG is
similar in PE females and males (Milner et al., 2013).

The levels of pMORs in the DG or CA3 are not affected by sex or estrous cycle stage
(Gonzales et al., 2011) {Fig. 5). Similarly, in the CA1, pMOR levels are not different
between estrus females and male rats (Bellamy et al., 2019) (Fig. 6).

OPRM!1 (Opioid receptor, mul) is found in interneurons in CAl, CA2/3a, CA3b, and DG
(sub-granular zone and granule cell layer). The number of OPRMI expressing interneurons
is similar in estrus females compared to males (Johnson et al., 2021).

DORs: By light microscopy, there are no sex differences in the levels of DORs in SR of the
CAZ3 region (Mazid et al., 2016). However, by EM, proestrus females compared to males had
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more DORs near the plasma membrane of CA3 pyramidal dendrites (Mazid et al., 2016) as
well as thrice as much DORs in MF-CA3 synapses (Harte-Hargrove et al., 2015). Proestrus
females have more DOR-labeled cells in the hilus of the DG compared to males (Williams et
al., 2011a). Additionally, there are no sex differences in the subcellular distribution of DORs
in GABAergic dendrites in the hilus of the DG as analyzed by EM (Mazid et al., 2016; Ryan
etal., 2018).

In contrast to CA3, DOR levels in the CAL, as assessed by light microscopy, are lower

in PE females compared to males (Williams et al., 2011a). Moreover, at the EM level,

PE females compared to males have fewer plasmalemmal DORs and elevated cytoplasmic
DORs in distal dendrites of CA1 pyramidal cells (Williams et al., 2011a; Rubin et al., 2020),
indicating DOR trafficking away from available binding sites {Fig. 6).

There are no sex differences in the expression of OPRDI (Opioid receptor, delta) in
interneurons in CA1, CA2/3a, CA3b, and central hilus of the DG (Johnson et al., 2021).
However, when the CA1 region was divided into lamina, colocalization of OPRD1/ OPRM1
was found to be higher in unstressed (US) males compared to US females (Johnson et al.,
2021).

KORs: There are no sex differences in the number of OPRK (Opioid receptor, kappa)
expressing cells in the hippocampus (Johnson et al., 2021).

3.3 Functional considerations: Similar functional differences have been observed
in the opioid system of proestrus females compared to males as were observed between
females in high estrogen states compared females with low estrogen states (as described
above in section 2.4, estrous cycle differences). In particular, proestrus females compared
to males have greater amounts of LEnk available for release after stimulation of granule
cells. Moreover, the redistribution and expression of MORs/DORs in pyramidal cells and
interneurons would enhance excitability and plasticity processes to a greater extent in
females with elevated estrogen states than in males. Thus, in addition to an estrous cycle
effect, there is a sex difference in the hippocampal opioid system.

4. Sex differences in hippocampal response to acute immobilization stress (AIS)

Stress is a common facet of life across species and generally involves a heightened arousal
state induced by an aversive situation or stimulus. The hippocampus is not only critically
involved in memory formation, but also plays a role in terminating the stress response
through glucocorticoid-mediated negative feedback of the hypothalamic-pituitary-adrenal
axis (Herman and Cullinan, 1997; McEwen, 2007). With one of the highest concentrations
of receptors for corticosteroids in the mammalian brain, the hippocampus is highly sensitive
to stress (Reul and de Kloet, 1985; Conrad et al., 1999). The response to acute stress
involves adaptive mechanisms that enable escape or triumph over the aversive situation;
however, these mechanisms can have adverse consequences particularly in the hippocampus.
Here we review our recent findings on sex differences in hippocampal response to acute
immobilization stress (AIS).
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4.1 Sex differences and opioid peptides following AIS.—After AIS (30 min),
LEnk levels in the mossy fiber pathway in CA3 decrease in proestrus females to a level
similar to that of males (Pierce et al., 2014) (Fig. 7).

4.2 Sex differences and opioid receptors following AIS.

MORs: Following AIS, females show an increase in plasmalemmal MORs in proestrus

but not estrus rats and a reduction of cytoplasmic MORs in small PARV-labeled dendrites

in both proestrus and estrus rats (Milner et al., 2013). (Fig. 7). These results suggest

that activation of MORs following AIS in only high estrogen state females would lead

to a greater inhibition of the PARV-labeled interneurons dendrites (Drake et al., 2007). In
contrast, AlS in males induces an increase in cytoplasmic MORs in PARV dendrites (Milner
etal., 2013).

Following AIS, proestrus and estrus females had reduced pMOR levels in the DG and

no change in pMOR levels in CA3 compared to corresponding controls (Gonzales et al.,
2011) (Fig. 7). Conversely, pMOR levels in the CA3 and DG subregions of the mossy fiber
pathway significantly increase in male rats following AIS (Gonzales et al., 2011).

DORs: Following AIS, proestrus female rats show increases in cytoplasmic DORs in
CA3 pyramidal cell dendrites and decreases in near plasma membrane DORs in hilar
GABAergic dendrites (Mazid et al., 2016) (Fig. 7). In contrast, AIS in males increases
near plasmalemmal and total DORs in CA3 pyramidal cell dendrites as well as in hilar
GABAergic dendrites (Mazid et al., 2016). Further, AlIS increases the percent of DOR-
labelled spines contacted by mossy fibers in CA2/3 in males but not females (Mazid et al.,
2016). Following AIS, no significant differences in pDOR levels in CA2/3 are seen across
estrous cycle phase or sex (Burstein et al., 2013).

4.3 Functional considerations.—In general, AlS has differential effects on the opioid
system in males and females, depending on the estrogen state. In females, the decreases in
mossy fiber LEnk levels as well DOR trafficking within CA3 pyramidal cells and GABA
interneurons seen after AIS resemble that seen in diestrus females and thus would reduce
excitation and plasticity processes (see section 2). In males, AlS would be expected to
enhance opioid-mediated excitation and plasticity processes (Fig. 8).

5. Sex differences in hippocampal response to chronic immobilization stress (CIS)

Exposure to prolonged or recurrent stress has sexually dimorphic effects on hippocampal-
related learning and circuitry. Chronic stress in males impairs cognitive performance,
reduces LTP, and results in atrophy and debranching in CA3 pyramidal cells apical

dendrites (McEwen, 1999; McEwen and Milner, 2007). Conversely, in females chronic
stress enhances some aspects of cognitive performance and does not result in CA3 pyramidal
cell atrophy (Conrad et al.; Luine et al., 2007). Further, chronic stress has been shown to
differentially impact the hippocampal opioid system as reviewed below.

5.1 Effects of CIS on hippocampal structure.—The effect of chronic stress on
hippocampal structure and function has been extensively reviewed in prior publications
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(McEwen, 2007; McEwen et al., 2015; McEwen and Milner, 2017; McEwen and Akil,
2020) Of particular relevance to the hippocampal opioid system chronic stress in males,
but not females, has been shown to result in dendritic retraction of CA3 pyramidal cells
and PARV interneuron loss (Watanabe et al., 1992; Galea et al., 1997; Vyas et al., 2002;
McEwen and Milner, 2017) (Fig. 9).

5.2 Sex differences and opioid peptides following CIS.—CIS increases LEnk
levels in the mossy fiber pathway in estrus and diestrus rats to levels seen in proestrus rats
but does not alter LEnk levels male rats (Pierce et al., 2014) (Fig. 7). Further, CIS (estrus)
females compared to unstressed (US) females and US/CIS males have elevated expression
of PENK in granule cells (Johnson et al., 2021). Moreover, CIS elevated PENK expression
in interneurons located in CA1, CA2, and CA3 in both females and males compared to US
counterparts (Johnson et al., 2021).

Following CIS, DYN levels in stratum lucidum of CA3b are higher in male rats compared
to females (Gregiore et al unpublished). In contrast to LEnk, CIS males compared to US
males and US/CIS females have elevated PDYN expression in the granule cells located in
the dorsal blade of the DG (Johnson et al., 2021).

5.3 Sex differences and opioid receptors following CIS.

MORs: The number of PARV-labeled neurons in the DG hilus, which colocalize MORs
(Drake et al., 2007), are decreased following CIS in males, but not females (Czeh et al.,
2005; Hu et al., 2010; Milner et al., 2013). At the EM level, CIS reduces the size of
dendrites and terminals dually labeled for MOR and PARV in the DG in females, but not
males (Milner et al., 2013). Further, CIS in females, but not males, results in a higher density
of cytoplasmic MORs in PARV dendrites in the DG (Milner et al., 2013). Additionally,
PMOR levels in all hippocampal regions are unchanged in both females and males after CIS
(Bellamy et al., 2019).

CIS (estrus) females compared to CIS males have greater overall expression of OPRM1

in the CA3 region (Randesi et al., 2018). However, /n situ hybridization showed that CIS
males compared to CIS (estrus) females have elevated expression of OPRM1 in granule cells
(Johnson et al., 2021).

DORs: By light microscopy, CIS increased the number of DOR labeled interneurons in the
hilus of the dentate gyrus in females but not males (Mazid et al., 2016)(Fig. 7). Additionally,
CIS decreases the number of NPY containing neurons, which colocalize DORs (Drake et al.,
2007) in males but not females (Mazid et al., 2016). Following CIS, EM studies show that
cytoplasmic and total DORs decrease in the CA3 pyramidal cell dendrites in females (Mazid
et al., 2016). In contrast, CIS in males results in a decrease in plasmalemmal DORs in CA3
pyramidal cell dendrites (Mazid et al., 2016). However, in the DG the proportion of DORs
near the plasmalemma of GABAergic dendrites is elevated in females but decreased in males
following CIS (Mazid et al., 2016) (Fig. 9). In CAL, CIS increased cytoplasmic and total
DORs in pyramidal cell dendrites in females (Rubin et al., 2020). Moreover, CIS increases
near plasmalemma DORs in pyramidal cell dendrites in males so that they were equal to that
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seen in females (Rubin et al., 2020). Furthermore, pDOR levels in CA2/3a are unchanged in
both females and males after CIS (Bellamy et al., 2019).

Similar to increases in DOR-immunolabeled cells (see above), CIS females compared to
CIS males have greater overall expression of OPRD1 in the CA2/3 region (Randesi et al.,
2018) (Fig. 10). /n situ hybridization shows that CIS elevates OPRDI1in CA1,CA2 and
CA3 pyramidal cells and DG granule cells in both females and males (Johnson et al.,
2021). Additionally, CIS increases OPRDI probe copies in most cell types throughout the
hippocampus in both females and males (Johnson et al., 2021).

KORs: CIS does not affect the numbers of KOR-immunolabeled cells in either sex
(unpublished). However, CIS elevates the expression of OPRKI in hilar interneurons in
both males and females as well as OPRK1 in CA2/3a interneurons in males (Johnson et al.,
2021).

5.4 Functional considerations: Our studies revealed that CIS (30 min per day for 10
days) “primes” the opioid system in all females in a manner that would promote excitation
and learning processes following subsequent exposure to an opiate ligand; conversely,

CIS essentially “shuts off” the opioid system in males (Milner et al., 2013; Pierce et al.,
2014; Mazid et al., 2016). The opioid system in all females after CIS resembles that of
females in elevated estrogen states: 1) LEnk is ~2X higher in mossy fibers; 2) DORs are
increased in MF-CA3 synapses; 3) MORs are increased in PARV interneuron dendrites;

4) in CIS females, DORs mobilize to the near-plasmalemma dendrites of hilar NPY/SOM
interneurons known to project to granule cell dendrites where they converge with entorhinal
afferents (Milner and Bacon, 1989; Milner and Veznedaroglu, 1992). This finding suggests
that a second mechanism for enhancing hippocampal excitation and perhaps learning
processes comes into play in females after CIS. Specifically, since DORs inhibit NPY
release, activation of DORs on NPY-containing interneurons could promote lateral perforant
pathway LTP (Sperk et al., 2007). Furthermore, CIS in the absence of behavior increases
cytoplasmic DORs in females and near plasmalemmal DORs in males in CA1 pyramidal
cell dendrites (Rubin et al., 2020). However, CIS with behavioral enrichment increases
DORs in dendritic spines and thus helps females “prime” for sensitivity to DOR agonists
(Rubin et al., 2020).

To conclude, CIS impairs spatial memory in males but not in females. Further, in females,
CIS enhances and primes the opioid system to be more sensitive to agonists.

6. Other systems that differ between the sexes and change following CIS in parallel with
the opioid system

6.1 Corticotropin releasing factor (CRF) system.

CREF peptide: The opioid system substantially overlaps with the CRF system. DOR is
colocalized with CRF in interneurons throughout the hippocampus, many of which also
contain SOM (Williams and Milner, 2011) suggesting that these cells regulate perforant
path input to granule cells (Freund and Buzsaki, 1996). Although DOR/CRF interneurons
occur with equal frequency in proestrus females and males, proestrus females have greater
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numbers of CRF terminals that lack DORs (Williams and Milner, 2011). Taken together,
these results indicate that DORs are positioned to regulate CRF peptide release but their
ability to exert such regulation may be compromised in females with elevated estrogen
states. Following CIS, overall Crfgene expression in the DG/CAL region is elevated in
males but unchanged in females (Randesi et al., 2018). As sex-dependent changes in CRF
receptor expression accompany this elevation in Crf(see below), CIS may differentially
affect the balance of excitation and inhibition in females and males.

CREF receptor: DORs can modulate CRF receptor (CRFR) signaling through cyclic
AMP-phosphokinase A pathways (Williams et al., 2011b). By EM, DORs and CRFRs are
colocalized in CA1 pyramidal cell dendrites (Williams et al., 2011b). In CAL, proestrus
females compared to males have an increased number of DOR/CRFR pyramidal cell
dendrites and an elevated plasma membrane associated CRFR in these dual labeled dendrites
(Williams et al., 2011b). In CA3, diestrus females and males have similar subcellular
distributions of CRFR in pyramidal cells (McAlinn et al., 2018), many of which contain
DORs (McEwen and Milner, 2017), except for increased plasmalemmal CRFR1 in males.
In the DG, CRFR1 is found in interneurons with a topographic pattern resembling

those containing NPY/SOM; males had higher total and cytoplasmic levels of CRFR in
hilar interneurons compared to DE females (McAlinn et al., 2018). Following CIS, near
plasmalemmal, cytoplasmic, and total CRFRs in CA1 dendrites are elevated in males while
DE females had reduced total CRFRs following CIS (McAlinn et al., 2018). Additionally,
overall Crhirl gene expression in the CA3 region is down-regulated in males but not females
following CIS (Randesi et al., 2018). Concomitant with these changes, plasmalemmal
associated DORs decrease in CA3 dendrites in males, but not females following CIS
(Mazid et al., 2016). As DORs are thought to be neuroprotective (Hayashi et al., 2002;
Charron et al., 2008; Feng et al., 2009), this redistribution of CRFR1 and DORs away from
the plasmalemma in CA3 pyramidal cells in males could make them more susceptible to
damage from CRF following CIS (Maecker et al., 1997) (Fig. 11).

6.2 Plasticity and other related signaling genes.—In addition to changes in
opioid and CRF gene expression, CIS alters the expression of other relevant genes in

the hippocampus (Randesi et al., 2018). Following CIS, Avprla (another stress gene),

Arc, CdhZ, Nirk2 (plasticity genes), AktZ, and Arrb1 (kinase/signaling genes) were all
down-regulated in the hippocampus of male but not female (estrus) rats (Randesi et al.,
2018). The sex-dependent changes in gene expression following CIS may contribute to the
attenuation of Oxy-CPP in males exposed to CIS (see section 8).

7. Sex differences in opioid system and related signaling pathways following Oxy CPP

Conditioned place preference (CPP) is a behavioral model used to measure the association
between a rewarding stimulus and a contextual environment (Mucha et al., 1982; Prus et
al., 2009; McKendrick and Graziane, 2020) (for a comprehensive review see Tzschentke,
1998; Tzschentke, 2007). As associative learning critically involves the hippocampus and is
important for the transition from initial drug use to abuse/dependence (Koob and Volkow,
2010), this behavior model was used to further study the anatomical changes in the
hippocampus due to reward-related effects of opioids (McKendrick and Graziane, 2020).
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In brief, CPP consists of three phases; habituation, conditioning and post-conditioning.

In context to Pavlovian learning, the animal learns an to associate the unconditioned
response of euphoria or anhedonia of a drug to a neutral stimulus (i.e., environmental

cues). Following one or more conditioning sessions, the animal is then tested for preference
or avoidance of the previously drug-paired environment without the drug. This allows

for the quantifiable expression of the overall preference (CPP) or aversion (CPA) to the
drug-induced conditioning stimulus. If an animal acquires CPP, then this can be interpreted
as being mediated by the rewarding effects of a drug (McKendrick and Graziane, 2020). As
our study focuses on associative learning, an important phase of opioid use disorder (Koob
and Volkow, 2010; 2016), we selected an Oxy dose of 3 mg/kg (I.P.) because it has shown
to induce 90-100% CPP in female rats (Olmstead and Burns, 2005) and in both sexes in our
earlier studies (Ryan et al 2018; Randesi et al., 2019).

7.1 Sex differences in the rat hippocampal opioid system after Oxy-CPP.—In
agreement with prior studies examining morphine-CPP in male rats (Billa et al., 2010), both
male and female rats acquire Oxy-CPP (Ryan et al., 2018). However, females spend about
twice as much time in the Oxy-paired chamber (Ryan et al., 2018). Following Oxy-CPP,
LEnk-mossy fiber levels are elevated in CA3b of Oxy-males and sprouted in CA3a of
Oxy-females (Ryan et al., 2018) (Fig. 12), suggesting that opioid sensitivity is enhanced
albeit via different mechanisms. In particular, pools of LEnk available for release in mossy
fibers would be increased in males whereas mechanisms for increase synaptic plasticity in
CAZ3 pyramidal dendrites would be increases in females following Oxy CPP (Scharfman
and MacLusky, 2014). Immuno-EM revealed that DORs redistributed to MF-CA3 synapses
in Oxy-males (Ryan et al., 2018); a similar redistribution in females has been previously
shown to be important for opioid-mediated LTP (Harte-Hargrove et al., 2015) suggesting

a potential mechanism for Oxy CPP to enhance LTP processes in males. In the DG

hilus of Oxy-females, plasmalemmal and total MORs increased in PARV dendrites and
near-plasmalemmal DORs increased in GABAergic dendrites known to contain NPY (Ryan
et al., 2018). These findings are consistent with prior studies showing that morphine-CPP
increases total MORSs in synaptic homogenates in male rats (Billa et al., 2010). The
redistribution of MORs and DORs within interneurons in Oxy-females would potentially
enhance disinhibition of granule cells via two different circuits. Specifically, elevations in
plasmalemmal associated DORs on GABAergic dendrites known to contain NPY could
promoting LTP in the lateral perforant pathway (Sperk et al., 2007); and elevations in
plasmalemmal associated MORs in PARV dendrites would disinhibit granule cell soma
(Drake et al., 2007).

Following Oxy-CPP, pMOR levels in CA1 and CA3a,b are elevated in females whereas
pDOR levels in CA2/3a are higher in males (Bellamy et al., 2019). As phosphorylation is
important for opioid receptor internationalization and trafficking (Law et al., 2000; Deng
etal., 2001; Doll et al., 2011), these findings suggest that Oxy CPP differentially activates
opioid receptors in females and males in select hippocampal circuits. Importantly, our
recent studies have shown that Oxy injections not paired with CPP have little effect on the
distribution of DORs and MORs as well as the phosphorylation of MORs and DORs in
hippocampal neurons in either female or male rats (Ashirova et al., 2021). Together, these
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results indicate that Oxy-CPP induces sex-dependent redistributions of opioid receptors in
hippocampal circuits in a manner facilitating opioid-associative learning processes (Fig. 8).

7.2 Other systems that change with Oxy CPP.—Sex differences in the opioid
system following Oxy-CPP are paralleled by changes in plasticity, stress and kinase
markers in hippocampal neurons (Randesi et al., 2019) (Fig. 13). Oxy CPP females

exhibit: a) increases in activity regulated cytoskeletal-associated protein (ARC)-ir in CA3
pyramidal cells; b) decreases in Ajpy gene expression in the medial hippocampus but

higher numbers of NPY-labeled hilar interneurons compared to males; c) increases in Crhr2
expression in CA2/3; d) increases in AKT serine/threonine kinase 1 (AktZ) expression in
medial hippocampus; and e) decreases in phosphorylated mitogen activated protein kinase
(pMAPK)-ir in CA1 and DG. However, Oxy CPP males had: a) increases in brain derived-
neurotrophic factor (Bdnf) expression, which is known to be produced in granule cells; b)
elevated Mapkl expression and pMAPK-ir in the DG hilus which harbors newly generated
granule cells; and c) increases in CRF receptor-ir in CA3 pyramidal cell soma. As previously
discussed (Randesi et al., 2019), these findings suggest additional mechanisms by which
Oxy CPP could interact with the hippocampal opioid system to differentially enhance
plasticity and learning processes in females and males.

8. Sex differences in hippocampal opioid system following CIS and Oxy CPP

8.1 Sexdifferences in the LEnk and opioid receptor trafficking following CIS
and Oxy CPP.—As discussed in sections 5 and 6, CIS differentially influences the opioid
system as well plasticity and stress markers in hippocampal neurons in female and male

rats in a manner that would “prime” females for opioid mediated learning processes but
negatively impact learning processes in males. In particular, our studies indicate that CIS in
female rats results in a redistribution of MORs and DORs within hippocampal pyramidal
cell and GABAergic interneurons in a manner that is similar to that seen in elevated estrogen
states in unstressed rats.

Following CIS, females, but not males, acquire Oxy-CPP (Reich et al., 2019). The
distribution of opioid receptors in hippocampal circuits of CIS Oxy females are positioned
for enhancing excitability and plasticity processes. Like CIS Sal-females, CIS Oxy-females
have elevated DOR densities in MF-CA3 synapses know to promote opioid mediated LTP
(Harte-Hargrove et al., 2015). Not only do CIS Oxy-females have more DOR-labeled hilar
interneurons than CIS Sal-females but CIS Sal- and Oxy-females compared to both groups
of CIS males had elevated total levels of DORs and MORs in GABAergic interneuron
dendrites. These findings suggest an increased capacity for greater synthesis and/or storage
of these receptors in circuits important for opioid-mediated disinhibition (Drake et al.,
2007). In contrast to CIS Oxy-females, low levels of DORs in MF-CA3 synapses and

hilar GABAergic interneurons in CIS Oxy-males which may contribute to their inability to
acquire Oxy CPP (Fig. 14). This idea is supported by previous findings that DOR antagonist
pretreatment blocks acquisition of morphine-CPP in male rats and correlates with increased
levels of DOR dimers in hippocampal post-synaptic densities (Billa et al., 2010). However,
CIS Oxy-males compared to CIS Sal-males have more plasmalemmal MORs on large
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PARV-containing interneuron dendrites suggesting a limited ability for increased granule
cell disinhibition Drake et al., 2007).

8.2 Sex differences in phosphorylated MORs and DORs in CIS rats following
Oxy CPP.—As discussed in section 5, CIS alone has little effect on pMOR and pDOR
levels in the hippocampus in both the sexes. In CIS females, Oxy CPP increases pDOR
levels in pyramidal cells and their dendrites in CA2/3a (Bellamy et al., 2019). However, in
CIS males, which did not acquire Oxy CPP, there were no changes in either pMOR or pDOR
levels in the hippocampus (Bellamy et al., 2019). Consistent with the results from naive rats,
these findings indicate that only rats that acquire Oxy-CPP have activated opioid receptors in
the hippocampus.

9. Sex differences in the rat hippocampal opioid system after acute THC.

Several lines of evidence indicate interactions between the opioid and cannabinoid systems.
Anatomically, the opioid and cannabinoid systems extensively overlap in the hippocampus.
Cannabinoid receptors type 1 (CB1) are densely expressed on GABAergic interneuron
terminals (Nyiri et al., 2005) and many CB1 terminals arise from CCK-containing
interneurons known to synapse on PARV-containing interneurons and affect their network
properties (Marsicano and Lutz, 1999; Tsou et al., 1999; Karson et al., 2009). CB1s also
are in terminals that synapse on DOR-containing pyramidal cells and regulate cannabinoid-
dependent suppression of excitatory transmission (Kawamura et al., 2006). In female CB1
knockout mice, mossy fiber LEnk levels and the number of DOR containing hilar NPY
neurons are reduced (Rogers et al., 2016). Type 2 cannabinoid receptors (CB2) are highly
expressed in pyramidal cell bodies and dendrites (Brusco et al., 2008b; Brusco et al., 2008a).
Behaviorally, pre-exposure to CB1 agonists strengthens morphine CPP in adult male rats
(Manzanedo et al., 2004) and both CB1 agonist and A%Tetrahydrocannabinoid (THC), the
primary psychoactive constituent of cannabis (Mechoulam and Parker, 2013), can increase
heroin self-administration (Solinas et al., 2005).

Sex-dependent alteration in the hippocampal opioid system occur following a single dose
of THC (Windisch et al., 2021). Acute THC altered the opioid system in proestrus/estrus
females such that it resembled vehicle-injected diestrus females and males. Namely, mossy
fiber LEnk levels in CA2/3a were decreased, pDOR levels in CA2/3a pyramidal cells were
increased, pMOR levels were increased in CA3b laminae except SLu, and both cytoplasmic
and total DORs in large CA3 pyramidal cell dendrites were decreased with a concomitate
increase in near plasmalemma DORs in small CA3 dendrites. Similar to CIS, acute THC
eliminated the estrogen effects on mossy fiber LEnk levels. This together with the lack of
change in DOR-labeled SLu spines, suggests that females may have a reduced capacity for
opioid-mediated LTP in MF-CA3 synapses (Harte-Hargrove et al., 2015) following acute
exposure to cannabinoid agonists such as THC (Fig 15).

In males, acute THC had no effect on the levels of LEnk, pDOR, or pMOR within the CA3
region but did result in the internalization of MORs in PARV-containing hilar interneuron

dendrites which would decrease disinhibition of granule cells. Further, acute THC in males
resulted in decreased DORs in MF-CA3 synapses and increased near plasmalemma DORs
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in large CA3 pyramidal cell dendrites (Fig 15). These proximal dendrites are postsynaptic
to “autoassociative” recurrent collaterals of CA3 thought to be important for key features

of episodic memory (Scharfman and MacLusky, 2017). Therefore, increased DORs in these
proximal dendrites may promote these processes following acute THC exposure. Overall,
acute THC resulted in sex-specific changes within the rat hippocampal opioid system which
could differentially promote synaptic plasticity and/or opioid-associated learning processes
in both females and males.

10. Sex Differences in the Effects of Opioids Across Development.

Few studies have examined developmental differences in hippocampal changes induced

by drugs of abuse. For opioids, learning and memory deficits as well as reduced
hippocampal BDNF levels have been observed following prenatal morphine exposure in rats
(Ahmadalipour et al., 2015). Further, females appear more sensitive to the deleterious effects
of prenatal opioid exposure as memory deficits and changes in hippocampal gene expression
occurred following a shorter duration of prenatal morphine exposure than that required

for similar effects to occur in their male counterparts (Nasiraei-Moghadam et al., 2013).
Interestingly, the prenatal morphine induced memory deficits in males, but not females, were
reversed during their subsequent postnatal development. However, no studies to date have
examined morphological changes in the hippocampus induced by prenatal opioid exposure.

Adolescence is a critical period of development characterized by robust behavioral,
morphological, hormonal, and neurochemical changes including in brain regions implicated
in drug reward and reinforcement [see review see (Windisch and Kreek, 2020)]. Adolescent
opioid exposure has been shown to result in significant and prolonged effects including
increased opioid reward, reduced analgesic efficacy, and exacerbated somatic withdrawal
severity during subsequent opioid use in adulthood (Schwarz and Bilbo, 2013; Zhang et al.,
2016; Salmanzadeh et al., 2017; Ghasemi et al., 2019). This suggests that adolescent opioid
exposure results in significant and long-lasting changes in the brain. Additionally, adolescent
opioid exposure has profound effects on sexual maturation in both sexes and circulating
androgens in males (Cicero et al., 1989; Cicero et al., 1991; Yilmaz et al., 1999; Byrnes,
2005; Hofford et al., 2011). Adolescent oxycodone self-administration in mice results in
significant alterations in the expression synaptic plasticity genes in the hippocampus (Zhang
et al., 2015); however, similar to prenatal exposure, no studies to date have examined
morphological changes in the hippocampus induced by opioids during adolescence. The
initial and long-term consequences of exposure to opioids on the hippocampus across the
lifespan remains a critical unanswered question.

Summary and conclusion.

As reviewed, our studies have revealed significant sex differences in the hippocampal opioid
system especially after chronic stress which have important implications for Oxy associated
learning processes. In both sexes, Oxy-CPP redistributes opioid receptors in hippocampal
circuits in a manner facilitating opioid-associative learning processes. However, the number
of circuits is greater in females. Moreover, CIS primes the hippocampal opioid system

for Oxy-CPP in female but not male rats for opioid associative learning processes. These
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sex-specific changes in opioid-receptor trafficking are accompanied by a down-regulation of
opioid, stress, plasticity, and kinase/signaling genes in the hippocampus of CIS males. Such

changes likely contribute to the attenuation of Oxy-CPP in males following CIS. Therefore,

these findings suggest why these changes seen in male rats following CIS may contribute to
their diminished capacity to acquire Oxy-CPP.

Further, the changes in the female opioid system following CIS not only primes them for
Oxy-CPP but also makes them more sensitive to opioids in general following chronic stress.
On a broader scale, these sex-differences in the hippocampal opioid system may contribute
the greater susceptibility of females to opioid addiction and relapse, especially after chronic
stress (Becker et al., 2017). In particular, following chronic stress, opioid peptides and
receptors are positioned within at least three hippocampal circuits in females, but not males,
in a manner that would facilitate opioid associated learning processes.

As hormonal levels may exert a functional effect on the hippocampal opioid system,

this may be advantageous in providing a sex-specific therapy for females. For instance,
monitoring a menstrual cycle phase may be useful in disrupting the association of a drug to
an environmental cue. Indeed, others (American Addiction Centers, 2020) have suggested
that hormone levels may be important to consider for reducing cue induced craving in
women.

Opioid abuse has drastically risen over the past two decades particularly in the rate of drug
overuse among women (Centers for Disease Control, 2015). In both sexes, hippocampal
neural circuits involved in associative memory formation and encoding of motivational
incentives are critically involved in transition from drug use to drug abuse (Koob and
Volkow, 2010). Further, there is a growing appreciation for the integral role stress plays in
the transition from drug use/abuse to dependence (Koob and Schulkin, 2019; Ruisoto and
Contador, 2019). The hippocampus is highly sensitivity to both acute and chronic stress
(Kim and Diamond, 2002; McEwen, 2007). As previously covered, there are clear basal
differences in the hippocampal opioid system between sexes that are differentially altered
by subsequent stress or drug exposure. Additional research is needed to clarify the impact
of age/development on the hippocampal opioid system and the subsequent impact drug
dependence risk. Overall, the findings highlighted in this review forms a vital part of the
bigger more pressing issue of drug abuse and addiction.
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AIS Acute immobilization stress

Aktl AKT serine/threonine kinase 1

ARC activity regulated cytoskeletal-associated protein
Bdnf brain derived-neurotrophic factor
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DG
DOR
DYN
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EM
EM-1
EM-2
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LTP
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MAPK
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MOR
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PR
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Chronic immobilization stress
Conditioned Place Preference
corticotrophin releasing factor
corticotropin releasing factor receptor 2
dense-core vesicle

dentate gyrus

Delta Opioid Receptor
Dynorphin

Estradiol

electron microscopy
Endomorphin 1

Endomorphin 2

Estrogen receptor

follicle stimulating hormone
immunoreactivity
Leu-enkephalin

lateral perforant path
long-term potentiation
luteinizing hormone

mitogen activated protein kinase
Mossy Fiber

Mu-opioid receptor
neuropeptide Y
ovariectomized

Oxycodone

Parvalbumin

Plasma Membrane
Progesterone receptor

silver-intensified gold particles
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SOM somatostatin
TAT temporal-ammonic tract
uUs Unstressed
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HIGHLIGHTS

. High estrogens in females increase hippocampal opioid system to promote
excitation

. Opioid expression and distribution favors enhanced plasticity in females

. Acute stress enhances opioid-mediated plasticity in males but not females

. Chronic stress reduces opioid-mediated plasticity in males but primed in
females

. Sex-dependent redistribution during opioid place conditioning facilitates
learning
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Fig. 1. Hippocampal participation in addictive disease circuitry.
The hippocampus plays a significant role in the learning aspect of addictive diseases.

Associative learning enhances the classical dopamine reward system which is important
for transitioning from initial drug use to abuse/dependence. Hipp - hippocampus; PFC

- prefrontal cortex; NAc - nucleus accumbens; VTA - ventral tegmental area; Amyg -
amygdala.
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Fig. 2. Schematic denoting regions of the hippocampus used for light and electron microscopy
analysis.

A. Schematic of a coronal section through the hippocampus showing the CA1, CA3
(a, b and ¢ subregions) and dentate gyrus (DG) regions sampled for light and

electron microscopy. B. Schematic of a dendritic cross section showing the subcellular
compartmentalization of opioid receptors used for electron microscopy analysis.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chalangal et al. Page 32

O
=
N~

B LEnk
1 Dyn

Fig. 3. Schematic of opioid peptide pathways within the hippocampus.
Leu-enkephalin (LEnk) and dynorphins (DYN) are found in the mossy fiber pathway

originating from granule cells in the DG. The mossy fibers transverse through the CA3
(green and yellow fibers) in stratum lucidum (SLu). LEnks, originating from the entorhinal
cortex, are found in lateral perforant pathway (LPP) and the temporal-ammonic tract (TAT)
pathway. Scattered interneurons containing LEnk (not shown) are found throughout the
hippocampus.
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Fig. 4. Schematic of a granule cell and associated interneuron interactions in the dentate gyrus.
Mu opioid receptors (MORs; blue) are found on inhibitory GABAergic PARV-interneurons

that project to the somata and proximal dendrites of granule cells. Activation of MORs
lead to a disinhibition and subsequent activation of the granule cells. Delta opioid receptors
(DORs; orange) are found on neuropeptide Y/somatostatin (NPY/SOM) interneurons that
contain primarily project to the distal dendrites of granule cells. Kappa opioid receptors
(KORs; pink) are primarily found in substance P (subP; pink) afferents that arise from the
hypothalamus. LEnk (green) is found in granule cells and in the LPP.
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Sex and estrous cycle differences in opioid markers
in the rat hippocampal mossy fiber pathway

i FEMALE MALE
i region E2 E2 E2
marker + + +
s Eal HE ¥ 6hr 24hr  T2hr
@ LEnk levels MF (CA3) ++++ ++ ++ ++ i+ + ++
Dynlevels | MF (CA3/DG) +++ A+t ++ ++ o+ b +++ ++++
! on PM ++ ++ ++
DORs in near PM +++ +++ ++
CA3 pyramidal .
cell dendrites y ++ ++ ++
total ++ ++ .
B pDOR CA2/3a s il 4 A
ﬁ DOR spines MF-CA3 ++++ ++ ++ +4
DOR spines CA3 SR ++ .
on PM ++ ++ ++
DORs in near PM +++ et .
GABA
dendrites oyto ++ e b
total E R ++4+ +4+
on PM +++ ++++ . i ++ “++ ++ +++ +4+++
o MORs in | near PM(LG) ++ ++ ++ ++ + + ++++
PARV
dendrites cylo b ++ ++++ ++ ++ ++ ++ i
total +++ ++ $f i
I PpMOR | MF(CA3DG) ++ ++ ++ ++

Fig. 5. Summary of sex and estrous cycle differences in opioid markers in the rat hippocampal
mossy fiber pathway.

Comparisons of opioid markers in the DG and CA3 between females at different estrous
states and males. Red ++++ and +++ indicate elevated levels; Black ++ and + indicate lower
levels. Results for LEnk from Torres-Reveron et al (2008) and Pierce et al (2014); for DYN
from Torres-Reveron et al (2009) and Gregorie et al (unpublished); for DORs from Mazid
et al (2016); Harte-Hargrove et al (2015); Ryan et al (2018); for pDOR from Burstein et al
(2013); for MORs from Milner et al (2013); and for pMOR from Gonzales et al. (2011).
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Sex and estrous cycle differences in opioid
markers in the rat hippocampal CA1
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Fig. 6. Summary of sex and estrous cycle differences in opioid markers in the rat hippocampal
CAl.

Comparisons of opioid markers in the CAlbetween females at different estrous states and
males. Red ++++ and +++ indicate elevated levels; Black ++ and + indicate lower levels.
Results for DORs from Williams et al (2011); Rubin et al (2020); and for pMOR from
Bellamy et al (2019).
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Sex differences in opioid markers in the rat hippocampal
mossy fiber pathway after stress
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Fig. 7. Summary of sex differences in opioid markers in the rat hippocampal mossy fiber
pathway following stress.

Comparisons of opioid markers in the DG and CA3 between females from different estrous
states and males following acute immobilization stress (AlS) and chronic immobilization
stress (CIS). Results for LEnk from Pierce et al (2014); results for DYN from Gregorie et

al. (unpublished; CIS); results for pMOR from Gonzales et al., 2011(AIS); CIS - Bellamy et
al 2019 (CIS); for pDOR from Burstein et al., 2013 (AIS); Bellamy et al., 2019 (CIS). for
DORs from Mazid et al (2016); for MORs from Milner et al (2013). >, <, = signs indicate
baseline differences. Arrows indicate the direction of change from baseline following AIS or
CIS.
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Fig. 8. Following AIS opioid receptors are redistributed in a manner that would promote opioid-
associated learning in male rats.

Schematic of CA3 pyramidal cell shows DORs (orange) are significantly higher near the
plasmalemma following AIS in males suggesting increased opioid-ligand mediated synaptic
plasticity. Schematic of DG granule cell shows DORs are also significantly higher near the
plasmalemma of GABAergic NPY-interneuron. This leads to enhanced disinhibition and
subsequent opioid-mediated excitation. MORs (blue) also are elevated in the cytoplasm of
basket cells, indicating increased reserve pools. (-): indicates disinhibition; (+): indicates
activation. Arrows indicate direction of change.
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Fig. 9. Following CIS opioid receptors are redistributed in a manner may promote opioid-
associated learning in female rats and cause structural changes in males.

Schematic of CA3 pyramidal cell shows males have significant adverse dendritic retractions
following CIS subsequently reducing the possibility of opioid mediated synaptic plasticity,
Furthermore, males have decreased plasmalemma DORs in CA3 pyramidal cell dendrites
thus, further reducing the opioid-mediated plasticity. In the DG, males also have reduced
numbers of basket cells (know to contain MORs) following CIS. Conversely, the schematic
of the DG granule cell shows that DORs increase near the plasmalemma of GABAergic
NPY-interneurons in females, enhancing disinhibition leading to opioid-mediated excitation.
Moreover, females have elevated total levels of MORs in basket cells. (-): indicates
disinhibition; (+): indicates activation. Arrows indicate direction of change.
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Sex and estrous cycle differences in opioid markers
in the rat hippocampal CA1
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Fig. 10. Summary of sex and estrous cycle differences in opioid markers in the rat hippocampal
CALl after CIS.

Comparisons of opioid markers between females and males following chronic
immobilization stress (CIS). Results for DORs from Williams et al (2011) and Rubin et

al (2020); for pMOR from Bellamy et al. (2019). >,= indicate baseline differences. Arrows
indicate direction of change following CIS.
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Fig. 11. CIS further alters plasmalemmal associated corticotrophin releasing factor (CRF)
receptor levels in rat hippocampal neurons in a manner that differentially alters CRF sensitivity
in males and females.

Baseline levels of plasmalemmal CRFR are higher in CA1 pyramidal cells in females

and in CA3 pyramidal cells and hilar interneuron in males (hot shown). Following CIS,
plasmalemmal associated CRFRs are elevated in CA1 pyramidal cells and reduced in CA3
pyramidal cells in males, suggesting greater CRF sensitivity in males than in females in
stress environments. Results from McAlinn et al. 2018.
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Fig. 12. Redistribution of opioid receptors following oxycodone CPP may facilitate opioid
associated learning particularly in females.

Following Oxy-CPP, DORs in mossy fiber-CA3 synapses increase males to levels of that
seen in proestrus (elevated estrogen levels) females suggesting both sexes would have
mechanisms in place that would increased in opioid-mediated long-term potentiation. In the
DG granule cells MORs and DORs redistribute in females in a manner that would increased
disinhibition and subsequent activation of granule cells. (=): indicates disinhibition; (+):
indicates activation. Arrows indicate direction of change. Results from Ryan et al 2018.
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Fig. 13: Following oxycodone CPP, hippocampal plasticity, stress and associated kinase mMRNA
and protein levels have sex-specific alterations in rats.

Oxy-CPP resulted in alterations in plasticity, stress and associated kinase markers in both
males and females and are congruent with the sex-specific changes seen in the opioid
system. The changes observed may suggest why CIS males did not acquire OXY-CPP.
Arrows indicated direction of change. Placement mRNA and proteins bubbles indicate the
regional changes. Results from Randesi and Contoreggi et al 2019.
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Fig. 14: Opioid receptors redistribute following CIS in a manner that would promote oxycodone
associative learning in female rats but not males.

In CA3 pyramidal cells, total and cytoplasmic DORs were elevated in CIS Sal females.
Following Oxy CPP, DORs had a similar distribution in CIS females. Moreover, the number
of DORs mossy fiber CA3 synapses in CIS Sal females was similar to that observed in
females in elevated estrogen states suggesting that mechanisms that promote DOR-mediated
LTP are in place following CIS. In DG, CIS Oxy-females had greater numbers of MORs
and DORs in interneurons suggesting mechanisms for enhanced disinhibition are still in
place. In contrast, CIS results in few distribution changes in Sal- and Oxy males, which may
contribute to the reduced ability of males to acquire Oxy-CPP. (-): indicates disinhibition;
(+): indicates activation. Arrows indicate direction of change. Results from Reich et al 2019.
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Fig. 15: Redistribution of opioid receptors following acute THC may differentially affect opioid-
associated plasticity in female and male rats.

Following acute THC, DORs are trafficked to different regions of CA3 dendrites in females
and males suggesting sex-specific mechanisms for increased opioid-mediated synaptic
plasticity. In GABAergic PARV interneurons, MORs are internalized in males which would
leading to decreased disinhibition, thus suggesting that acute THC would reduce opioid-
mediated learning processes in males. (-): indicates disinhibition; (+): indicates activation.
Arrows indicate direction of change. Results from Windisch and Mazid et al 2021
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Table 1

Comparison of hippocampal opioid system in mouse vs rat.

Page 45

Mossy fiber pathway Sex differences  Cycle differences observed  Other
LEnk Mouse K rat Mouse — no CCK colocalization
Rat - yes Mouse >> rat
Dyn Mouse K rat Mouse — no Increase in OVX mouse lacking ERa + given E2
replacement
Rat - yes
MOR in PARV dendrites in DG hilus Mouse — no
Rat -yes
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