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Abstract

Our prior studies demonstrated that the rat hippocampal opioid system can undergo sex-specific
adaptations to external stimuli that can influence opioid-associated learning processes. This opioid
system extensively overlaps with the cannabinoid system. Moreover, acute administration of
A%Tetrahydrocannabinoid (THC), the primary psychoactive constituent of cannabis, can alter
cognitive behaviors that involve the hippocampus. Here we use light and electron microscopic
immunocytochemical methods to examine the effects of acute THC (5 mg/kg, i.p. 1 hour) on
mossy fiber Leu-Enkephalin (LEnk) levels and the distribution and phosphorylation levels of delta
and mu opioid receptors (DORs and MORs, respectively) in CA3 pyramidal cells and parvalbumin
dentate hilar interneurons of adult female and male Sprague-Dawley rats. In females with elevated
estrogen states (proestrus/estrus stage), acute THC altered the opioid system so that it resembled
that seen in vehicle-injected females with low estrogen states (diestrus) and males: 1) mossy

fiber LEnk levels in CA2/3a decreased; 2) phosphorylated-DOR levels in CA2/3a pyramidal cells
increased; and 3) phosphorylated-MOR levels increased in most CA3b laminae. In males, acute
THC resulted in the internalization of MORs in parvalbumin-containing interneuron dendrites
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which would decrease disinhibition of granule cells. In both sexes, acute THC redistributed DORs
to the near plasma membrane of CA3 pyramidal cell dendrites, however, the dendritic region
varied with sex. Additionally, acute THC also resulted in a sex-specific redistribution of DORs
within CA3 pyramidal cell dendrites which could differentially promote synaptic plasticity and/or
opioid-associated learning processes in both females and males.

Graphical Abstract

Redistribution of opioid receptors to different regions of
dendrites following acute THC may facilitate drug-associated
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(“4" = activation)

S,

Diameter < 1um

terminals

DOR CA3 pyramidal DG granule cell
cell

Keywords
sex differences; A9-tetrahydrocannabinol; delta opioid receptor; hippocampal CA3

INTRODUCTION

With the rise in prescription opioid use and abuse (Centers for Disease Control and
Prevention, 2019), it is imperative to elucidate the factors that alter the susceptibility

to opioid addiction. Addictive mechanisms require associative memory and motivational
incentives (Koob and Volkow, 2010) that critically involve hippocampal output relayed
directly or indirectly to the mesolimbic reward system (Vorel et al., 2001; Luo et al., 2011).
Intrinsic hippocampal circuitry supports spatial and episodic memory acquisition processes
essential for associating a drug of abuse with a particular place and set of events (Koob and
Volkow, 2010, 2016). In particular, 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).

Our prior studies in Sprague-Dawley rats have demonstrated that the hippocampal opioid
system can undergo sex-specific adaptations to the hormonal milieu and external stimuli that
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can influence these opioid-associated learning processes. In brief, females in high estrogen
states (proestrus), but not in low estrogen states (diestrus) nor in males, exhibit a form of
opioid-mediated long-term potentiation (LTP) in mossy fiber - CA3 pyramidal cell synapses
(Harte-Hargrove et al., 2015). Females with elevated estrogen states (proestrus/estrus) also
have: 1) elevated Leu-Enkephalin (LEnk) levels in mossy fibers (Torres-Reveron et al.,
2008; Pierce et al., 2014), 2) increased delta opioid receptors (DORs) in CA3 pyramidal
cell spines contacted by mossy fibers (i.e., MF-CA3 synapses) (Harte-Hargrove et al., 2015;
Mazid et al., 2016); and 3) increased plasma membrane mu opioid receptors (MORS) on
parvalbumin (PARV)-containing hilar interneurons (Torres-Reveron et al., 2009; Milner et
al., 2013). Following oxycodone conditioned place preference (CPP), estrus females exhibit
an additional increase in near-plasmalemmal DORs in GABAergic interneuron dendrites
known to contain neuropeptide Y (Ryan et al., 2018) as well as elevated phosphorylated
MOR (pMOR) levels in CA1 and CA3a,b (Bellamy et al., 2019). In males, oxycodone CPP
redistributes DORs to MF CA3 synapses (Ryan et al., 2018) and elevates phosphorylated
DOR (pDOR) levels in pyramidal cell dendrites in CA2/3a (Bellamy et al., 2019).
Oxycodone CPP also induces sex-specific changes in plasticity, stress and kinase markers in
these same hippocampus circuits (Randesi et al., 2019). Thus, elevated estrogen levels and
oxycodone CPP induce sex-specific changes in the hippocampal opioid system that would
enhance opioid-mediated learning processes.

Chronic immobilization stress (CIS) also differentially affects the hippocampal opioid
system in female and male rats which can have important functional implications. CIS
elevates mossy fiber LEnk levels and redistributes DORs and MORs in hippocampal neurons
so that all females, regardless of estrogen state, are “primed” for learning processes (Mazid
et al., 2016; McEwen and Milner, 2017). In contrast, CIS in males, but not females,

results in dendritic retraction of DOR-containing CA3 pyramidal cells and a loss of MOR-
containing PARV interneuron (McEwen and Milner, 2017). Moreover, CIS in males “shuts
down” the trafficking and activation of DORs and MORs in hippocampal neurons (Mazid

et al., 2016; McEwen and Milner, 2017; Bellamy et al., 2019). These changes in CIS males
also are accompanied by a down-regulation in the expression of several plasticity genes and
proteins (Randesi et al., 2018). Additionally, our recent studies have shown that CIS “resets”
baseline sex differences in opioid gene expression in a manner that would promote opioid
mediated learning in females, but not males (Johnson et al., 2020). The sex-specific changes
in the hippocampal opioid system likely impact network properties and synaptic plasticity
processes that contribute to the attenuation of oxycodone CPP in CIS males (Bellamy et al.,
2019; Reich et al., 2019).

Several lines of evidence indicate that cannabinoids can also influence opioid associative
learning processes. 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). Many CB1 terminals arise from cholecystokinin
(CCK) containing interneurons (Marsicano and Lutz, 1999; Tsou et al., 1999), which

are known to synapse on PARV-containing interneurons to affect their network properties
(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
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hilar neuropeptide Y (NPY) neurons (which contain DORs) are reduced (Rogers et al.,
2016). Type 2 cannabinoid receptors (CB2) are highly expressed in pyramidal cell bodies
and dendrites (Brusco et al., 2008a; Brusco et al., 2008b). Fatty acid amide hydrolase,
which metabolizes endocannabinoids, is found in the pyramidal and granule cell soma and
dendrites but not interneurons (Gulyas et al., 2004; Morozov et al., 2004). Monoglyceride
lipase, a key enzyme in the hydrolysis of 2-arachidinoyl glycerol, is contained in granule
cell mossy fibers, CA3 pyramidal cells and some interneurons (Gulyas et al., 2004). In
adult male rats, pre-exposure to CB1 agonists strengthens morphine CPP (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).

Recent studies in the CA1 region of male mice have demonstrated that acute THC can
increase the percentage of CB1 terminals forming symmetric synapses and increase the area
of pyramidal cell dendrites but decrease the size of dendritic spines (Bonilla-Del Rio et

al., 2020) However, it is unknown whether acute THC induces changes in the hippocampal
opioid system and whether these changes are sex-specific. Thus, in the present study we
used light and electron microscopic immunocytochemical methods to examine the effects
acute THC administration on the hippocampal opioid system in female and male rats.

MATERIALS AND METHODS

Animals

Experimental procedures were approved by the Institutional Animal Care and Use
Committee of The Rockefeller University and Weill Cornell Medicine and were in
accordance with the 2011 Eighth Edition of the National Institute of Health Guide for

the Care and Use of Laboratory Animals. A single cohort of 24 male and female Sprague-
Dawley rats (10 weeks old at the time of shipping) obtained from Charles River Laboratories
(Wilmington, MA) were used. Rats from each sex were housed 2-3 per cage with ad

libitum access to food and water on a standard 12h:12h light cycle (lights on at 7am). To
minimize stress, the rats were allowed to acclimate to the vivarium for 1 week and gently
handled by the same experimenter for 5 days prior to the experiment to reduce stress levels
(Deutsch-Feldman et al., 2015).

THC injection

(-)-THC in 95% ethanol was obtained from the National Institute on Drug Abuse Drug
Supply System (catalogue #7370-001). A final concentration of 5 mg/ml THC in 7.75%
Tween80 in saline (vehicle; VEH) was prepared as described by Pickel et al (Pickel et al.,
2020). A dose of 5 mg/kg [corresponding to an estimated human equivalent of 0.8 mg/kg
or roughly 49 mg THC for a human (Nair and Jacob, 2016)], was selected as it produces
roughly equivalent peak plasma THC concentrations and total drug exposure in male and
female rats as those observed in humans following voluntary cannabis inhalation (Huestis
et al., 1992; Cooper and Haney, 2009; Ruiz et al., 2020). This moderate dose has been
used by others in mice and rats to study acute effects of THC (de Miguel et al., 1998;
Herndndez-Tristén et al., 2000; Bonilla-Del Rio et al., 2020; Ruiz et al., 2020). Female and
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male rats were separated randomly into experimental groups. Rats received either a single
dose of 5 mg/kg THC (i.p.) or VEH (controls) and returned to their home-cage for 1 hour
prior to euthanasia.

Estrus cycling determination

Estrus cycling was performed using vaginal smear cytology (Turner and Bagnara, 1971)
following anesthesia on the day of euthanasia. Estrus phases were characterized as

either proestrus (elevated estrogen levels), estrus (declining estrogen levels and elevated
progesterone levels) and diestrus (low estrogen and progesterone levels). On the day of
euthanasia, all THC-injected females were in proestrus/estrus whereas 3 of 6 VEH injected
females were in proestrus/estrus.

Tissue Preparation

Brain tissue was prepared as previously described (Milner et al., 2011). Briefly, rats

were deeply anesthetized with a Ketamine (100mg/kg) /Xylazine (10 mg/kg) cocktail

(i.p.) and fixed by aortic arch perfusion sequentially with: 1) 10-15 ml saline (0.9%)
containing 2% heparin; 2) 50 ml of 3.75% acrolein (Polysciences, Washington, PA) and

2% paraformaldehyde [PFA; Electron Microscopy Sciences (EMS) Hatfield, PA] in 0.1 M
phosphate buffer (PB; pH 7.4), and 3) 200 ml of 2% PFA in PB. Brains were extracted

from the skull, cut into a 5 mm thick coronal block using a brain matrix (ASI Instruments
Inc., Warren, MI) and postfixed for 1 hour in 2% PFA in PB. Brains then were coronally
sectioned (40 um thick) on a VT1000X vibratome (Leica Microsystems, Buffalo Grove, III.,
USA) and stored at —20°C in cryoprotectant (30% sucrose, 30% ethylene glycol in PB) until
immunocytochemical processing.

Prior to each experiment, sections from the dorsal hippocampal [-3.5 to —4.2 mm from
Bregma (Swanson, 1992)] sections were selected and rinsed in PB. To ensure identical
labeling between groups, sections were coded with hole punches in the cortex and pooled
into crucibles to be processed together throughout all immunocytochemical procedures
(Pierce et al., 1999). Sections were incubated in 1% sodium borohydride in PB for 30 min
to remove active aldehydes and then washed 8-10 times in PB until no gaseous bubbles
remained.

Antibody Characterization

All antibodies utilized in this experiment are the same as those employed in previous light
and EM studies (Milner et al., 2013; Pierce et al., 2014; Mazid et al., 2016; Ryan et al.,
2018; Bellamy et al., 2019; Reich et al., 2019; Ashirova et al., 2021).

DOR: A rabbit polyclonal antibody against amino acids 3-17 of DOR protein (Millipore
Cat# AB1560, RRID: AB 90778) was utilized. As described previously (Mazid et al.,
2016), the DOR antibody has been extensively characterized. Western blots of lysates from
rat brains and NG108-15 cells, which endogenously express DORs (Barg et al., 1984;
Persson et al., 2005; Saland et al., 2005), produced two major bands at 36kD and 72kD
(representing dimer or glycosylated form of DOR). In preadsorption controls on lysates
pre-incubated with 150 pg/ml of immunogenic peptide and the antibody completely abolish
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labeling (Persson et al., 2005). In preadsorption controls on tissue sections fixed with

4% paraformaldehyde, immunofluorescent labeling was eliminated (Olive et al., 1997).
Furthermore, no detectable labeling of this antibody is seen in Western blots of COS-7
cells [see Supplemental Fig. 1 in (Williams et al., 2011a)], which do not endogenously
express DORs (Kieffer et al., 1992) and in the dorsal raphe of DOR knockout mice [see
Supplemental Fig. 1 in (Bie et al., 2010)]. The presence of DOR-immunoreactivity (-ir)
with AB1560 in interneurons and pyramidal cells in the rat hippocampus is consistent with
MRNA expression (Mansour et al., 1994; Johnson et al., 2020) and binding (Crain et al.,
1986; Gulya et al., 1986; Mansour et al., 1987; McLean et al., 1987) for DOR in this
species.

LEnk: A mouse monoclonal antibody to Leu®-Enkephalin (Sera labs; MAS 083p, clone
NOCI, Lot P91G083; Crawley Down, UK) was employed in this study. This antibody
recognizes LEnKk, and to a lesser degree met-enkephalin and dynorphin, but not S-endorphin
in immunoblots and adsorption controls (Milner et al., 1989).

GABA: A rat polyclonal antiserum selective against GABA- glutaraldehyde-hemocyanin
conjugates (provided by Dr. Andrew Towle) was used. Specificity of this antibody has been
validated in preadsorption control studies at a working dilution of 1:2000. Immunolabeling
was completely abolished in 10 uM soluble GABA- bovine serum albumin (BSA)
conjugates but not blocked by unconjugated GABA or glutamate-, B-alanine-, taurine-
conjugates (Lauder et al., 1986).

MOR: A rabbit polyclonal antibody (Neuromics Cat# RA10104-150, RRID: AB 2156526)
that recognizes a 15-amino acid sequence (residues 384-398) in the C-terminus of MOR1
was utilized in this study. This antibody has been extensively characterized and does not
recognize the splice variant MOR-1B-E or cloned DOR (Arvidsson et al., 1995; Abbadie
et al., 2000). Specificity of this antibody has been demonstrated through Western blots
from Neuro2a cells expressing MOR1 and rat brain tissue producing bands at 67-72 kDa
(molecular weight). In adsorption control studies, immunolabeling was abolished following
pre-incubation of a 1:2000 dilution of antibody with the antigenic peptide (MOR 384-398)
(Arvidsson et al., 1995; Drake and Milner, 1999). Our previous study revealed that MOR-
and PARV-ir are most commonly co-localized in the hilus of the rat dentate gyrus (Drake
and Milner, 2006).

PARV: A mouse monoclonal PARV antibody (Millipore Sigma, Milwaukee, MI; Cat#
P3088, RRID: AB_477329) was used in this study. Specificity of this antibody has been
demonstrated previously by its ability to recognize PARV in brain tissue at a working
dilution of 1:5,000 by immunoblots and radioimmunoassay as well as preadsorption controls
utilizing 100 pl of working dilutions of 1:100 - 1:50,000 added to both antigenic and
non-antigenic solutions (Celio et al., 1988; Celio, 1990).

Phosphorylated DOR (pDOR): A rabbit polyclonal antibody generated against a
synthetic phosphopeptide corresponding to residues surrounding Ser363 of human pDOR
(#3641 Cell Signaling, Danvers, MA) was used. Antibody specificity was characterized
by Western blots done on hippocampal samples from wild-type mice producing a band at
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65kDa but not DOR knock-out mice, 20 min following injection of the DOR agonist SNC80
(10 mg/kg) (Pradhan et al., 2009).

Phosphorylated MOR (pMOR): A rabbit polyclonal antibody generated against

a synthetic phosphopeptide corresponding to residues surrounding Ser377 of human
(homologous to Ser375 of mouse) pMOR (#3451 Cell Signaling, Danvers, MA, USA)

was utilized in this study. Antibody specificity was characterized by Western blots of
HEK?293 cells and neuronal cells (Schulz et al., 2004). In immunoprecipitation studies of
HEK?293 cells and neuronal cells, immunolabeling of pMOR increased in the presence of the
opioid receptor agonist DAMGO and decreased in the presence of the antagonist naloxone
(Schulz et al., 2004). Furthermore, mutation of the Ser 375 residue of the MOR in HEK293
cells abolished morphine-induced phosphorylation (Chu et al., 2008). In absorption control
studies, pMOR-ir was completely abolished in rat hippocampal sections (Gonzales et al.,
2011).

Light microscopic immunocytochemistry

Immunolabeling procedures: Free-floating hippocampal sections were processed for
immunoperoxidase labeling using the avidin-biotin complex (ABC) protocol (Milner, 2011).
Sections were sequentially incubated in: 1) 0.5% bovine serum albumin (BSA) in TS,

30 min.; 2) primary antisera (LEnk 1:1000 Dilution, pDOR, 1:800 dilution, pMOR,

1:800 dilution), in 0.1% BSA and 0.25% Triton-X in TS for 1 day at room temperature
(~23°C), followed by 2 days in the cold (~4°C); 3) 1:400 dilution of either biotinylated
donkey anti-mouse immunoglobulin (1gG; LEnk; Vector Laboratories Cat# BA-2001;
RRID:AB_2336180) or goat-anti-rabbit IgG (pDOR, pMOR; Jackson Immunoresearch
Laboratories, Cat# 711-506-152, RRID: AB_2616595) for 30 min.; and 4) ABC solution

at half the manufacturer’s recommended dilution (Vectastain Elite kit, \ector Laboratories,
Burlingame, CA) in TS, 30 min. The bound peroxidase in the sections was visualized by

a timed reaction (7 min LEnk; 9 min pDOR; 11 min pMOR) in 3,3"-diaminobenzidine
(DAB; Millipore Sigma) and hydrogen peroxide in TS. All incubation steps were separated
by washes in TS. Incubations were carried out on a shaker at 145 rpm (antibodies) or at 90
rpm (washes). Sections were mounted on 1% gelatin-coated slides, dehydrated through an
ascending series of alcohols and coverslipped from xylene with DPX mounting media (Cat.
# 06522, Millipore Sigma).

Analysis: Optical densitometric analysis was performed by an experimenter blinded to
conditional groups using previously described methods (Williams et al., 2011a). Light
microscope photographs (10x) from each region of interest (ROI) were taken on a Nikon
Eclipse 80i microscope using a Micropublisher 5.0 digital camera (Q-imaging, BC, Canada)
and IP Lab software (Scanalytics IPLab, RRID:SCR_002775). The mean density value was
obtained using ImageJ64 (ImageJ, RRID:SCR_003070) software for each ROI. For LEnk
pixel density was determined from 6 ROIs: Crest, central hilus and dorsal blade of the
dentate gyrus; stratum lucidum (SLu) of CA3a, b and stratum oriens (SO) of CA3a (Fig.
1a). For pMOR, pixel density was determined from 4 ROIs from CA3b: SO, pyramidal cell
layer (PCL), SLu and stratum radiatum (SR). For pDOR, pixel density was obtained from 4
ROIs from CA2/3a: SO, PCL, SR medial, and SR distal. To control for variations in overall
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illumination levels and background staining, the pixel density of an unlabeled tissue region
was subtracted from the ROI pixel density measurements. Prior studies verified the accuracy
of this method through a strong linear correlation between average pixel density and neutral
density values of gelatin filters with defined transmittances ranging from 1 to 80% (Auchus
and Pickel, 1992; Pierce et al., 1999; Pierce et al., 2014).

Electron microscopic immunocytochemistry

Immunolabeling procedures: Free-floating hippocampal sections were dually labeled
for DOR and GABA or MOR and PARYV as previously described (Milner et al., 2013;
Mazid et al., 2016). After rinsing in TS, sections were blocked in 0.5% BSA in TS

for 30 min and then placed in a cocktail of either DOR (1:5000) + GABA (1:1000)

or MOR (1:1000) + PARV (1:2500) in 0.1% BSA in TS. Sections were incubated for

24 hours at room temperature and then 4 days at 4°C. Next, sections were processed

for immunoperoxidase labeling as described above except that either biotinylated donkey
anti-rat 1gG for GABA (Jackson Immunoresearch Laboratories, Cat# 712-065-150, RRID:
AB_2340646) or biotinylated goat anti-mouse IgG for PARV (Vector Laboratories Cat#
BA-2001; RRID: AB_2827932) was used as a secondary antibody. Sections were placed in
DAB in 3% Hy05 in TS for 3 min (GABA) or 9 min (PARV).

Next, sections were processed for silver-intensified immunogold (SIG) labeling for DOR
and MOR. For this, sections were rinsed in TS and incubated in donkey anti-rabbit IgG
conjugated to 1-nm gold particles [diluted 1:50; EMS Cat# 810.311, RRID: AB_25629850]
in 0.01% gelatin and 0.08% BSA in 0.01 M phosphate-buffered Sal (PBS) at 4°C overnight.
Sections then were rinsed in PBS, postfixed in 2% glutaraldehyde in PBS for 10 min and
rinsed in PBS followed by 0.2 M sodium citrate buffer (SCB; pH = 7.4). 1gG-conjugated
gold particles were enhanced for 20 min (DOR) or 18 min (MOR) with silver solution
(SEKL15 Silver enhancement kit, Prod No. 15718 Ted Pella Inc.), rinsed in SCB and then
PB.

Sections were further processed for electron microscopy using previously described
protocols (Milner, 2011). Sections were post-fixed in 2% osmium tetroxide in PB for

1 hr, followed by a dehydration series of alcohols and propylene oxide. Sections then

were embedded in EMBed 812 (Electron Microscopy Sciences (EMS), Hatfield, PA, USA)
between two sheets of Aclar plastic. Ultrathin sections (70 nm thick) through the ROl was
cut with a diamond knife (EMS) on a UCT ultratome (Leica) and collected on 400-mesh
thin-bar copper grids (T400-Cu, EMS). Sections were counterstained with Uranyless™
(EMS, #22409) for 2 min and lead citrate (EMS, #22410) for 1 min.

Analysis: All analyses were done by persons who were blind to experimental groups.
Only females in proestrus and estrus (i.e., elevated estrogen levels) were chosen for analysis
in the EM experiments. Ultrathin sections from 3 rats in each experimental condition was
analyzed at the tissue-plastic interface to minimize the difference in antibody penetration
(Milner, 2011). Photographs were taken on a Tecnai Biotwin or CM10 transmission
electron microscope (FEI, Hillsboro, OR) and images were acquired with a digital camera
system (v3.2, Advanced Microscopy Techniques, Woburn, MA). Immunolabeled profiles

Synapse. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Windisch et al.

Page 9

were classified using defined morphological criteria (Peters et al., 1991). Briefly, dendritic
profiles contain cytoplasm with mitochondria, microtubules, and agranular reticulum and
were postsynaptic to axon terminal profiles identified by the presence of vesicles. Dendrites
were further classified as either large (diameter >1.0 um; i.e., proximal to cell body) or
small (diameter <1.0 um; i.e., distal to cell body). Larger dendrites are implicated in
intraneuronal integration of inputs from multiple areas of the dendritic tree (Sjostrom et

al., 2008). Smaller dendrites are critical for coordinating excitatory neural transmission

as they contain high levels of excitatory neurotransmitter receptors (London and Hausser,
2005). Dendritic spines were usually smaller than 0.2 um in diameter, were contacted by
terminals forming asymmetric synapses and are sometimes contiguous with dendritic shafts.
Mossy fiber pathway terminals are identified by their large size (1-2 pm in diameter) and
often contact multiple dendritic spines of the CA3 pyramidal cell dendrites (Pierce et al.,
2014). Peroxidase labeling of GABA- or PARV- dendritic profiles was identified as a dense
precipitate appearing darker compared to non-labeled dendrites. SIG-labeling for DOR and
MOR was identified as black dense particles (Milner et al., 2011).

1. DOR-labeled CA3 dendrites.: Pyramidal cell dendrites containing DOR SIG labeling
were photographed from SR of CA3b (Fig. 2a). A total of 50 random dendrites labeled
with DOR only (labeled with SIG-particles but not immunoperoxidase for GABA) were
photographed at a magnification of 13500x. Microcomputer imaging Device software
(MCID) was used to determine the perimeter (um), cross-sectional area (um?) and cross-
sectional diameter of the dendrites. Subcellular localization of DOR-SIG particles were
determined as either on plasmalemma (PM), near plasmalemma (near PM) or cytoplasmic
(CY) (Fig. 2b). The density of DORs in dendrites was determined using the following
parameters: (a) the number of SIG particles localized to the plasma membrane (PM:um),
(b) the number of SIG particles localized within 50 nm of the plasma membrane (Near
PM:um), (c) the number of SIG particles localized to the cytoplasm per cross-sectional area
(CY:pm?2), and (d) the total number of SIG particles per cross-sectional area (Total:pm?).
The partitioning ratio of DORs was calculated as the proportion of SIG particles in a

given subcellular compartment (on PM, near PM, or in the cytoplasm) divided by the total
number of DOR-SIG particles within the dendrite. Dendrites were further classified as large
(diameter > 1.0 um) or small (diameter < 1.0 um) based on average diameter measures.

The significance of SIG-particle labeling on the plasmalemma identifies receptor-binding
sites, whereas SIG-particle labeling near the plasma membrane identifies a pool from which
receptors can be added to or removed from the plasma membrane (Boudin et al., 1998).
SIG-particle labeling in the cytoplasm identifies receptors that are either stored during
transfer to or from the soma or another cellular component, or the receptors are being
degraded or recycled (Pierce et al., 2009; Fernandez-Monreal et al., 2012). The functionality
of receptor trafficking using SIG-particle labeling has been supported by the internalization
of epitope-tagged MORs following morphine administration in the nucleus accumbens
(Haberstock-Debic et al., 2003).

2. DOR-labeled spines contacted by mossy fibers.: Fifty random mossy fibers which
synapsed on dendrites within SLu were photographed per animal. All spines (labeled and
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unlabeled) contacted by the mossy fibers were tallied and subcellular locations (synapse,
plasmalemma, cytoplasmic) were noted. The percent of DOR-labeled spines was calculated
by dividing the number of DOR labeled spines over the total number of spines.

3. DOR-labeled spines in SR of CA3.: From the SR micrographs collected in analysis
1, 100 dendritic spines were randomly identified and tallied. If the spines contained
DOR-labeled particles, the percent labeled was calculated and the subcellular distribution
(synapse, plasmalemma, cytoplasm) was noted.

4. MOR/PARYV dendrites in the dentate gyrus.: In the hilus of the dentate gyrus,

50 dually labeled MOR/PARYV interneuron dendrites were photographed. The density of
MOR SIG particles and partitioning ratio within PARV-labeled dendrites was determined as
described above in analysis 1 for DOR dendrites.

Figure preparation.—As the EM results represent a statistical analysis of many
micrographs, it is challenging to select a single micrograph that reflects all of the DOR

or MOR distribution changes within the dendrites seen in the graphs. Thus, the micrographs
were selected so that the distribution of the SIG particles in the four groups reflected the data
without contradicting it.

Light and electron micrographs were adjusted for brightness, sharpness and contrast

on Adobe Photoshop 2020 (Adobe Photoshop, RRID:SCR_014199). Images then were
imported into Microsoft Powerpoint [version 16.16.18 (200112)] where final adjustments

to brightness, sharpness, and contrast were performed. Adjustments were done to the entire
image to achieve uniformity in appearance between micrographs and did not alter the
original content of the raw image. Graphs were generated using Prism 8 software (GraphPad
Prism, La Jolla, CA; RRID:SCR_002798).

Statistical analysis.—Data are expressed as means + SEM. Significance was set to

an alpha < 0.05. Statistical analyses were conducted on JMP 12 Pro software (JMP,
RRID:SCR_014242). For light microscopic densitometry studies (LEnk, pMOR, pDOR), a
Student’s #test was used for two group comparisons to identify estrus cycle effects, vehicle
(baseline) differences and treatment (THC) effects in females and males. For EM studies, a
two-way analysis of variance (ANOVA) was used for comparing dendritic labeling across
all groups analyzing for main effects of “sex” or “treatment” and interactions effects of “sex
by treatment” followed by a post-hoc Tukey HSD. A student’s £test was used to do two
group comparisons of labeled spines identifying baseline differences and treatment effects in
females and males.

For EM analyses, our prior studies determined that 50 dendrites on average were sufficient
to make quantitative comparisons on the subcellular distribution of proteins (Znamensky et
al., 2003). This approach for analysis has been employed by numerous studies from our
laboratory as well as other laboratories (Bangasser et al., 2010; Marques-Lopes et al., 2014;
Mazid et al., 2016; McAlinn et al., 2018).

Synapse. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Windisch et al.

RESULTS

Page 11

Mossy fiber LEnk levels are affected by acute THC in proestrus/estrus females

Consistent with previous studies (Torres-Reveron et al., 2008; Pierce et al., 2014), diffuse
LEnk-immunoreactivity (ir) was found in the hilus of the dentate gyrus and in SLu of

CAZ3 (i.e., the mossy fiber pathway; Fig. 1A). Moreover, scattered LEnk-ir labeling is also
present in SO of CA3. Optical density of LEnk labeling first was measured from mossy fiber
subregions in CA3a, CA3b and the dentate gyrus (DG) in females (without regard to estrous
cycle stage) and males following VEH or THC (Fig. 1A). No significant differences in the
density of LEnk-ir was noted between any groups in any of the regions in the CA3 or the
dentate gyrus.

As prior studies have demonstrated that mossy fiber LEnk levels are elevated when estrogen
levels are highest (Torres-Reveron et al., 2008; Pierce et al., 2014), females were further
divided based on estrus cycle stage. We found that VEH proestrus/estrus females compared
to VEH diestrus females tended to have higher LEnk-labeling in the SLu of CA3a [t(2.98)=
2.84; p=0.06] (Fig. 1D). Additionally, THC females (all proestus/estrus) tended to have
decreased Lenk labeling in the SLu of the CA3a [t(19)=1.81;p=0.08] compared their VEH
proestrus/estrus counterparts (Fig. 1B-D). These findings suggest that acute THC decreases
the mossy fiber LEnk levels in females with elevated estrogen levels.

Acute THC differentially alters the distribution of DORs in CA3 dendrites in females and

males

EM studies examined the distribution of DORs in CA3b pyramidal cell dendrites (analysis
1). Representative micrographs of DOR-SIG labeling in large dendrites are shown for VEH-
and THC-injected females and males in Figure 3. Consistent with prior studies (Mazid et al.,
2016; Ryan et al., 2018; Ashirova et al., 2021), CA3 dendrites often have multiple spines
contacted by terminals forming asymmetric synapses (examples, Fig. 3A, B).

The density of DOR-SIG particles within CA3 dendrites from the females and males
following THC injections first were analyzed without consideration of size. Two-way
ANOVA did not show any significant differences across groups in any subcellular
compartment. However, an additional Students #test showed that THC-Females tended
[t(596)= —1.92; p= 0.06] to have a reduction in the density of DOR-SIG near the
plasmalemma compared to VEH-females (not shown).

Next, DOR-labeled dendrites were analyzed based on size. In /farge CA3 dendrites, two-way
ANOVA did not show any significant differences across groups in DOR-SIG labeling on

or near the plasmalemma. However, a student’s #test revealed that VEH-males compared

to VEH-females tended [t(322)=-1.76; p=0.08] to have a decreased density of DOR

SIG particles near the plasmalemma of large CA3 dendrites. Additionally, THC-males
compared to VEH-males had a greater density of near plasmalemmal DOR-SIG particles
[t(322)=-2.04; p=0.04] in large CA3 dendrites (Fig. 4A). Within the cytoplasm, two-way
ANOVA comparing across all groups shows a main effect of treatment [F(1,322)= 4.41;
p=0.04]. Post-hoc Tukey confirms that THC-females compared to VEH-females had reduced
density (p = 0.03) of cytoplasmic DOR-SIG labeling in large CA3 dendrites (Fig. 4B).
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An additional student #test also shows that a treatment effect was only seen in females.
THC-females compared to VEH-females have a reduced density of cytoplasmic DOR-SIG
particles in large CA3 dendrites [t(322)=2.83; p= 0.005]. Two-way ANOVA also show

an interaction effect of sex by treatment [F(1,322)= 8.41; p=0.004] on the total density

of DOR-SIG labeling in large CA3 dendrites. Post-hoc Tukey shows that VEH-females
compared to VEH-males have a significantly (p = 0.04) greater total DOR-SIG particle
density in large CA3 dendrites. Post-hoc Tukey also shows that THC-females compared to
VEH-females have a significant reduction (p = 0.002) in DOR-SIG labeling in large CA3
dendrites (Fig. 4B).

In small CA3 dendlrites, two-way ANOVAs did not show any differences across groups of
DOR density on the plasmalemma or cytoplasm. However, two-way ANOVA showed an
interaction effect of sex by treatment on the density of DORs near the plasmalemma [F(1,
270)=7.30; p =0.007] and in total [F(1,270)= 7.67; p = 0.006] of small dendrites. Post-hoc
Tukey shows THC-females compared to VEH-females had a significantly higher density of
near plasmalemmal (p = 0.04) and total (p = 0.02) DOR-SIG particles in small dendrites
(Fig. 4C). An additional students t-test showed that VEH-females compared to VEH-males
had significantly less [t(270)=2.31; p=0.02] total DOR-SIG density in small dendrites. There
were no differences in DOR-SIG distribution in any cellular compartment in small dendrites
in males (Fig. 4D).

In analysis of partitioning ratios of DOR-SIG particles, dendrites were first analyzed without
consideration to size. However, two-way ANOVA showed no significant differences in the
proportion of on, near or cytoplasmic DORs across groups. Next, partitioning ratios of
DORs were analyzed separately in large and small dendrites. In /arge dendrites, two-way
ANOVA showed a main effect of sex on DOR-SIG particles on the plasmalemma [F(1,
322)=4.11; p= 0.04]. However, both post-hoc Tukey as well as additional students t-tests did
not show any significant differences between the groups. Two-way ANOVA shows a main
effect of treatment on the ratio of DORs near the plasmalemma [F(1, 322)=5.76; p = 0.02]
and in the cytoplasm [F(1, 322) = 4.21; p = 0.04] of large CA3 dendrites. Post-hoc Tukey
showed that THC-males compared to VEH-males had a significant increase (p = 0.05) in the
ratio of DOR-SIG particles near the plasmalemma of large dendrites (Fig. 4F). In females,
there were no significant differences in any of the partitioning ratios for DORs in large
dendrites (Fig. 4E). Although post-hoc Tukey for cytoplasmic DORs was not significant,

a student’s t-test showed that THC-males compared to VEH-males had significantly lower
cytoplasmic ratio [t(322)=2.46; p = 0.01] of DOR-SIG particles in large CA3 dendrites (Fig.
4F). In small dendrites, there was no significant difference in the ratio of DORs in any
compartment between the groups.

These findings demonstrate that females compared to males at baseline have an overall
greater reserve of DORs in proximal (large) CA3 dendrites. Moreover, acute THC in both
females and males redistributes DORs to ready releasable pools (near plasmalemma) in CA3
dendrites (albeit in different locations within the dendritic tree). Thus, these results suggest
acute THC redistributes DORs in CA3 dendrites in a manner that would promote synaptic
plasticity in both sexes upon exposure to opioid ligands.
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Following acute THC, DOR-labeled mossy fiber-CA3 synapses decrease in males

In agreement with prior studies (Harte-Hargrove et al., 2015; Mazid et al., 2016; Ryan et

al., 2018; Ashirova et al., 2021), DOR-labeling was found in CA3 pyramidal cell dendritic
spines in SLu and SR. Representative micrographs showing DOR labeling in CA3 dendritic
spines contacted by mossy fibers terminals in SLu (i.e., mossy fiber-CA3 synapses) and
within SR are shown in Figure 5. The percentage and number of DOR-labeled spines in both
SLu and SR are summarized in Table 1.

There were no significant differences in the percentage of DOR-labeled mossy fiber-CA3
synapses between VEH-females and VEH-males. However, the percentage and number of
DOR-labeled spines in SR tended to be greater [t(2.30)=-3.20; p = 0.07] in VEH-females
compared to VEH-males. In both SLu and SR, VEH-females had about twice as many
DOR-SIG particles on the synapse and near the plasma membrane compared to VEH-males.
However, VEH-females compared to VEH-males had about one-third fewer DOR-SIGs in
the cytoplasm of mossy fiber-CA3 synapses and about twice as many cytoplasmic DOR
SIGs in SR spines.

THC-males compared to VEH-males had a significantly reduced percentage [t(2.96)=3.11,;
p= 0.05] of DOR-SIG labeled mossy fiber-CA3 synapses. Moreover, THC-females
compared to THC-males had significantly greater percentage and number [t(3.13)=3.40;

p = 0.04] of DOR-labeled spines in SR.

Collectively with the results above in DOR dendrites, these findings suggest that DORs
traffic from the dendritic spines to the near plasmalemma of dendritic shafts in males.

In the dentate gyrus, acute THC decreases near-plasmalemmal MORs in PARV interneuron
dendrites in males

Prior studies (Torres-Reveron et al., 2009; Milner et al., 2013) have shown that MOR-SIG
labeling is co-localized with PARV in interneurons primarily found in the subgranular zone
in the hilus of the dentate gyrus. Representative electron micrographs showing dendrites
dually labeled for MOR-SIG and PARV-immunoperoxidase from each experimental group
are presented in Figure 6A-D. MOR/PARYV labeled dendrites in both VEH- and THC-
injected female and male rats do not contain spines and are contacted by numerous terminals
forming asymmetric synapses.

Analysis was first performed without consideration of size. Two-way ANOVA comparing
across groups revealed no significant differences in MOR density in any subcellular
compartment (i.e., on and near the plasmalemma, cytoplasm or in total) of PARV-labeled
dendrites. However, a student t-test showed that THC-males compared to VEH-males
tended [t(596)= —1.77; p= 0.07] to have a greater density of MOR-SIG particles within
the cytoplasm of PARV dendrites (Fig. 7A, B).

In large PARV dendrites, two-way ANOVA showed an interaction effect of sex by treatment
[F(1, 216)= 6.15; p =0.01] on the plasmalemma. Post-hoc Tukey showed that THC-males
compared to VEH-males have a significantly lower (p = 0.03) density of MORs on the
plasmalemma of large PARV dendrites (Fig. 7D). No significant differences in MOR
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densities are seen in any other subcellular compartment in males or in females (Fig. 7C).

In small PARV dendrites, two-way ANOVA showed no differences across groups in any
subcellular compartment. However, students t-tests showed that THC-males compared to
VEH-males tended [t(376)=—1.88; p = 0.07] to have a higher density of cytoplasmic MOR-
SIG labeling in small PARV dendrites (not shown).

Two-way ANOVA analysis of partitioning ratios of MOR-SIG particles in PARV dendrites
without consideration of size showed no significant differences across groups in any
subcellular compartment. However, student t-tests showed THC-males compared to VEH-
males had a lower ratio [t(596)= 1.97; p = 0.05] of MOR-SIG particles on the plasma
membrane of PARV dendrites (not shown). In farge PARV dendrites, two-way ANOVA
showed an interaction effect of sex and treatment [F(1, 216)= 4.99; p=0.03]. Post-hoc
Tukey confirmed that THC-males compared to VEH-males had a significantly lower ratio
(p = 0.03) of MOR-SIG particles on the plasmalemma of large PARV dendrites (Fig. 7F).
Additionally, t-tests show that THC females tended to have a higher ratio of MOR-SIG
particles near the plasmalemma compared to VEH females [t(592)= 1.77; p=0.08] and
reduced MOR-SIG particles in the cytoplasm compared to VEH females [t(597)= 1.88;
p=0.06; Fig. 7E) In the small BARV dendlites, no significant differences were found in the
ratio of MORs in PARV dendrites in any subcellular compartment via ANOVAS or student
t-tests.

Thus, these findings demonstrate that acute THC reduces pools of MORs available for
ligand binding on PARV interneurons in adult males, but not females.

Acute THC increases pMOR in CA3 of females with elevated estrogen levels

As shown in our prior studies (Gonzales et al., 2011; Bellamy et al., 2019), diffuse pMOR-ir
was found primarily in SLu of CA3, and to a lesser extent in SO, PCL and SR (Fig. 8A).

In most CA3b lamina pMOR levels were altered by estrous cycle phase in VEH-females.
Specifically, the density of pMOR-ir was higher in diestrus VEH-females compared to
proestrus/estrus VEH-females in SO [t(2.78)= 4.28; p= 0.03], the PCL [t(3.98)= 2.618; p=
0.06] and SR [t(3.53)= 5.53; p= 0.007] of CA3b (Fig. 8B-E). Furthermore, proestrus/estrus
VEH-females compared to VEH-males had significantly lower density of pMOR-ir in CA3b
SO [t(6.99)= 4.53; p =0.002], the PCL [t(5.23)= 2.70; p=0.04] and SR [t(6.877)= 3.07;
p=0.02]. A treatment effect was seen only in females. Specifically, THC-females compared
to proestrus/estrus VEH-females had a higher density of pMOR-ir in SO [t(6.702)= 3;
p=0.02], the PCL [t(4.925)= 2.95; p =0.03] and SR (6.905)= 4.20; p =0.004] of CA3b. Thus,
following acute THC, pMOR levels increased in most CA3b lamina in proestrus/estrus
females so that they were similar to those observed in diestrus VEH-females and males.

Acute THC increases pDOR in CA2/3a pyramidal cell dendrites of females with elevated
estrogen levels

Consistent with our earlier studies (Burstein et al., 2013; Bellamy et al., 2019), density of
pDOR-ir is highest in the PCL, SO and SR of CA2/3a (Fig. 9A). For the analysis, SR was
further divided into 2 regions denoted as “proximal SR” (i.e., within 100 um of the PCL
layer) and “distal SR” (i.e., >100 pm from the PCL layer).
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Baseline differences in the density of pDOR-ir in CA2/3a was seen in some lamina. In VEH
injected rats, diestrus females compared to PE/E females tended [t(2.373)=-3.15; p =0.07]
to have higher pDOR labeling within the proximal SR of CA2/3a (Fig. 9D). Moreover, PE/E
VEH-females compared to VEH-males had significantly lower pDOR labeling in the PCL
[t(17)= 2.28; p=0.04], proximal SR [t(17)= 3.25; p= 0.0005] and distal SR [t(17)= 2.82;
p=0.01] of CA2/3a. A treatment effect was seen in only females. THC-females compared
to VEH-females had significantly higher [t(17)= —2.41; p=0.03] pDOR labeling in the
proximal SR of CA2/3a (Fig. 9B-D).

Prior EM studies show that the majority of pDOR-labeling in SR of CA2/3a is found in
pyramidal cell dendrites (Burstein et al., 2013). Thus, these findings indicate that acute THC
increased pDOR levels in CA2/3a pyramidal cell dendrites in females in elevated estrogen
states to that seen in males.

DISCUSSION

This study shows a sex-dependent alteration in the hippocampal opioid system after a single
dose of THC. In females with elevated estrogen states, acute THC altered the opioid system
so that it resembled that seen in vehicle-injected females with low estrogen states and males.
In males, acute THC resulted in the internalization of MORs in parvalbumin-containing
hilar interneuron dendrites which would decrease disinhibition of granule cells. However,
acute THC also resulted in a sex-specific redistribution of DORs within CA3 pyramidal

cell dendrites which could differentially increase synaptic plasticity and/or opioid-associated
learning processes in females and males.

Methodological considerations

As in our prior studies (Ryan et al., 2018; Reich et al., 2019; Ashirova et al., 2021), a single
cohort of animals was used to minimize potential environmental and handling confounds.
However, as vehicle-injected females were in different estrous phases, we divided the light
microscopic data into high (PE/E) and low (DE) estrogen groups. Despite the reduced
statistical power for the light microscopy experiments, the findings presented here are
generally consistent with prior studies.

The moderate THC dose of 5 mg/kg was selected as it produces roughly equivalent peak
plasma THC concentrations and total drug exposure in male and female rats as those
observed in humans following voluntary cannabis inhalation (Huestis et al., 1992; Cooper
and Haney, 2009; Ruiz et al., 2020). Similar plasma THC concentrations have been observed
for a range of THC doses in rats across sex, ages, and strains (Narimatsu et al., 1991;

Tseng et al., 2004; Wiley and Burston, 2014; Craft et al., 2019; Ruiz et al., 2020). However,
despite the similar plasma and brain levels of THC, sex dependent differences in THC
metabolism have been demonstrated (Narimatsu et al., 1991; Britch et al., 2017; Wiley et al.,
2021). Adolescent and adult males metabolize THC via cytochrome P450 2C11 (CYP2C11)
into several metabolites including the active metabolite 11-hydroxy-A9-THC (11-OH-THC)
while female rats have been shown to preferentially metabolize THC via CYP2C6 into
11-OH-THC (Narimatsu et al., 1990; Narimatsu et al., 1991; Narimatsu et al., 1992; Tseng
et al., 2004; Craft et al., 2019). Despite similar plasma THC levels in male and female rats,
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female rats have increased circulating levels of 11-OH-THC compared to males (Tseng et
al., 2004; Craft et al., 2019). Since 11-OH-THC, similar to THC, is a partial agonist with
slightly higher affinity (~1.5 fold) for CB1 receptors in both sexes of rat (Wiley et al., 2021),
the observed subcellular trafficking differences in the hippocampal opioid system following
acute 5 mg/kg THC may be due in part to increased cannabimimetic effects of this active
metabolite.

Baseline sex differences in opioid system

Our finding that VEH high estrogen (PE/E) females compared to VEH low estrogen

(DE) females have higher levels of LEnk in SLu of CA2/3a is consistent with prior

studies (Torres-Reveron et al., 2008; Pierce et al., 2014). Moreover, our finding that VEH
females with elevated estrogen levels compared to VEH males have significantly more near
plasmalemma DORs in large CA3 dendrites is also congruent with previous studies (Mazid
etal., 2016).

In the stratum radiatum of the CA3, more DOR labeled spines were seen in VEH females
compared to VEH males. Furthermore, in the SLu, VEH females compared to VEH males
showed more DORs present in the synapse of dendritic spines. Together, these results
support our prior studies that mossy fiber LEnk levels and DORs in CA3 pyramidal cells

are positioned in drug-naive high estrogen females to promote opioid dependent LTP (Harte-
Hargrove et al., 2015).

The present studies also observed a significant reduction in baseline pMOR-ir labeling in
most lamina of CA3b in VEH PE/E females compared to VEH DE females and males.
These findings contrast our prior studies (Gonzales et al., 2011; Bellamy et al., 2019;
Ashirova et al., 2021) which found no sex or estrous cycle differences in pMOR levels

in CA3 or dentate gyrus in uninjected or saline-injected rats. Moreover, the VEH PE/E
females compared to VEH DE females and males had less pDOR-ir in some lamina of
CAZ2/CA3a. However, prior studies have shown increased CA2/CA3a pDOR-ir in uninjected
or saline-injected E females compared to DE females or male rats (Burstein et al., 2013;
Ashirova et al., 2021). Phosphorylation of MORs and DORs is important for uncoupling
and internalization of activated receptors (Pradhan et al., 2009). The observed differences

in pMOR and pDOR levels in the present study and prior studies may be due to the Tween
80 vehicle used for the THC experiments. An excipient or solubilizing agent is required

for THC due to its poor aqueous solubility. Water-soluble non-ionic solubilizers/surfactants,
such as Tween 80, have been shown /in vitroto inhibit hERG potassium currents and /n vivo
to alter gastrointestinal, renal, and liver function in rats as well as plasma lipoproteins in
mice (Woodburn and Kessel, 1994; Pestel et al., 2006; Himmel, 2007). Moreover, estrogen
has been shown to influence lipoproteins (Parini et al., 2000), therefore it is possible that
the observed reductions in phosphorylated receptors in PE/E females was due to an estrogen
mediated effect of Tween 80 on lipoproteins.

Female specific alterations in the hippocampal opioid system following acute THC

In females with elevated estrogen states, acute THC altered the opioid system so that it
resembled that seen in VEH-injected females with low estrogen states and males: 1) mossy
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fiber LEnk levels in CA2/3a decreased; 2) phosphorylated-DOR levels in CA2/3a pyramidal
cells increased; 3) phosphorylated-MOR levels increased in CA3b laminae except SLu; and
4) cytoplasmic and total DORs in CA3b pyramidal cell dendrites decreased.

Although mossy fiber LEnk levels are elevated at high estrogen states (Torres-Reveron et al.,
2008), our prior studies have shown that acute stress reduces mossy fiber LEnk-ir labeling
(Pierce et al., 2014). Thus, similar to stress, acute THC may eliminate the estrogen effects on
mossy fiber LEnk levels. Furthermore, following THC, the percent of DOR-labeled spines in
SLu are unchanged. Together, these findings suggest that THC-injected females may have a
reduced capacity for opioid-mediated LTP in mossy fiber-CA3 synapses (Harte-Hargrove et
al., 2015).

For many receptors, including DORs and MORs, ligand binding initiates the
phosphorylation of the receptors which results in the uncoupling and internalization of the
receptor (Pradhan et al., 2009; Dang and Christie, 2012). Our prior studies have shown

that pDORs are located near the plasma membrane and at postsynaptic densities of CA2
pyramidal cells (Burstein et al., 2013). Additionally, we have shown that pMORs are located
in dendritic shafts of CA3 pyramidal cells (Gonzales et al., 2011). Thus, these findings
suggest that the increase in both pDOR and pMOR in the CA3 following acute THC would
result in a desensitization of DORs and MORs in CA3 pyramidal cells.

Male specific changes in the hippocampal opioid system following acute THC

In contrast to females, acute THC in males had no effect on the levels of LEnk, pDOR or
pMOR within the CA3 region. Additionally, acute THC in males, but not females, yields an
internalization of MORs in parvalbumin-containing hilar GABA-interneuron dendrites. This
decrease of MORs on the plasmalemma following acute THC would reduce pools of MORs
available for ligand binding (Boudin et al., 1998) on PARV interneurons in adult males.
Activation of MORs on GABAergic interneurons leads to the disinhibition (i.e., activation)
of granule cells which can increase the release of endogenous LEnk from mossy fibers and
subsequently increase LTP in CA3 pyramidal cells (Drake et al., 2007; Harte-Hargrove et al.,
2015). Thus, acute THC in males would potentially reduce these processes.

Acute THC redistributes DORs in CA3 pyramidal cells in a sex-specific manner

In both females and males, acute THC altered the distribution of DORs in CA3 pyramidal
cells, however, the region of the dendrites in which DORs were redistributed varied with
sex. In females, acute THC decreased cytoplasmic and overall total DORs in large CA3
dendrites and this was accompanied by an increase in near plasmalemma DORs in small
CA3 dendrites. In contrast, acute THC in males decreased DORs in mossy fiber - CA3
synapses and increased near plasmalemma DORs in large CA3 pyramidal cell dendrites.
This sex difference in the redistribution of DORs within CA3 pyramidal cells could have
different influences on synaptic plasticity processes in females and males. While both
large (proximal) and small (distal) dendrites receive excitatory inputs, large dendrites
usually receive inputs from local sources whereas smaller dendrites integrate inputs from
distant locations (London and Hausser, 2005; Spruston, 2008). Thus, in females, acute
THC increased DORs on distal dendrites that would be post-synaptic to entorhinal cortical
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afferents, many of which contain LEnk (Drake et al., 2007). As perforant path projections to
the CA3 promote both NMDA- and opioid-mediated LTP (Do et al., 2002), elevated DORs
in distal CA3 dendrites would influence these processes in females following acute THC.

In males, acute THC increased DORs in the proximal dendrites which are postsynaptic to
“autoassociative” recurrent collaterals of CA3 cells (Scharfman and MacLusky, 2017). As
autoassociative function of CA3 neurons are thought to be important for pattern separation
and completion which are features of episodic memory (Scharfman and MacLusky, 2017),
elevated DORs in proximal dendrites in males may promote these processes. However, as
DORs also decreased in mossy fiber-CA3 synapses with acute THC, mechanisms promoting
opioid receptor LTP at these synapses (Breindl et al., 1994; Harte-Hargrove et al., 2015)
would be expected to be concurrently decreased.

The redistribution of DORs within CA3 pyramidal cell dendrites following acute THC
could also influence plasticity and neuroprotective processes in response to stress involving
other G protein coupled receptors. In particular, CA3 pyramidal cells contain both DOR
and corticotropin releasing factor type 1 receptors (CRFR1) (McAlinn et al., 2018) which
are known to utilize common signaling pathways including protein kinase C and mitogen-
activated protein kinase (Battaglia et al., 1987; Quock et al., 1999; Blank et al., 2003;
Hillhouse and Grammatopoulos, 2006). Additionally, DOR agonists can attenuate CRFR1
induced production of intracellular cyclic AMP (Williams et al., 2011b). Thus, the increase
of DORs in CA3 pyramidal dendrites seen following acute THC could alter the balance of
DOR/CRFR1 in both females and males in favor of DORs leading to a greater reduction in
cyclic AMP production. In support, our prior EM studies have shown that baseline numbers
of plasmalemmal DORs and CRFR1s in CA3 pyramidal cell dendrites are higher in males
compared to females (Mazid et al., 2016; McAlinn et al., 2018), and thus, the elevation

of DORs following acute THC may have a more profound effect in males. For example,

as CRFR1 activation decreases glutamate mediated excitotoxicity of pyramidal neurons

via cyclic AMP-dependent mechanisms (Hollrigel et al., 1998; Elliott-Hunt et al., 2002),
elevated DORSs, could inhibit neuroprotective effects of CRF in response to stress, especially
in males.

The increased presence of available pools of DORs for ligand binding on CA3 pyramidal
cells following acute THC could also have implications for opioid addictive processes.

In male rats, disruption of morphine CPP following administration of a DOR antagonist

is associated with an increased DOR dimer expression in post-synaptic densities in
hippocampal tissue (Billa et al., 2010). Additionally, chronic morphine use, in which MORs
are desensitized (Bailey and Connor, 2005), leads to an increased importance of DORs

for endogenous and exogenous opioid signaling in the CA3. Thus, the redistributions of
DORs to the near plasma membrane seen following acute THC would further favor the
enhancement of DOR mediated processes following chronic opioid use.

The present study focused on the effects of acute THC on the hippocampal opioid system,
however, little is known regarding the long-term adaptations of the hippocampal opioid
system to chronic THC. Evidence from the human literature indicates that increased self-
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exposure to non-medical cannabis use by teens and young adults is a positive predictor of
opioid dependence diagnosis (Butelman et al., 2018a). Moreover, although self-exposure

to cannabis is still apparently higher in men than women (Butelman et al., 2018b; Cooper
and Craft, 2018), adolescent and adult females show an accelerated course of problematic
cannabis use (Hernandez-Avila et al., 2004; Ehlers et al., 2010; Schepis et al., 2011). As the
hippocampal opioid system is important for spatial memory and in contextual associative
learning (Meilandt et al., 2004; Kesner and Warthen, 2010), determining the effects of
chronic THC on the opioid system in adolescents and adults could have important clinical
implications.
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Fig. 1. Acute THC reduces mossy fiber Leu-Enkephalin (LEnk) levels in CA2/3a in proestrus/
estrus (PE/E) female rats.

A. Representative light micrograph showing the regions of the CA3 and dentate gyrus (DG)
from which optical density of LEnk-ir were measured. CH, central hilus; DB, doral blade

of the hilus; SLu, Stratum lucidum; SO, stratum oriens. B, C. Representative micrographs
show that THC PE/E females compared to VEH PE/E females have decreased LEnk labeling
in the CA3a. D. In CA2/3a, VEH PE/E females have higher LEnk labeling compared to
diestrus VEH-females. However, THC PE/E females have similar densities of LEnk in
CAZ2/3a compared to VEH diestrus (DE) females. » = p < 0.08. Scale bar = 100 microns.
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Fig 2. Schematic of electron microscopic (EM) analysis in hippocampus.
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A. DOR-labeling was analyzed in pyramidal cells in CA3b and MOR-PARYV labeling was
analyzed in the hilus of the dentate gyrus (DG) (boxed regions). B. CA3 pyramidal cell
schematic and cross-section of dendrite represents the subcellular compartmentalization of

the SIG-particles. PM, plasma membrane.
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Fig 3: Examples of delta opioid receptor (DOR)-labeled CA3 dendrites particles from VEH and
THC rats.

A-D. Representative EMs of DOR-labeled dendrites (DOR-D) from a VEH-female (A),
THC-female (B), VEH-male (C) and THC-male (D) rat. m, mitochondria; sp, spine; uT,
unlabeled terminal; Triangle, on plasma membrane SIG; Chevron, near plasma membrane
SIG; Arrow, cytoplasmic SIG. Scale bar = 500 nm
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Fig 4. Sex differences in the distribution of delta opioid receptor-silver intensified gold (DOR-
SIG) within CA3 pyramidal cell dendrites in vehicle and acute THC rats.

A,B. In large pyramidal cell dendrites, VEH-females tended to have more near plasma
membrane DOR-SIG particles compared to VEH-males. Additionally, THC-females had
reduced density of DOR-SIG particles in the cytoplasm and in total in large CA3 dendrites
compared to VEH-females. THC-males had increased near plasma membrane DOR-SIG
particles compared to VEH-males. C,D. In small pyramidal cell dendrites, VEH-females
had fewer total DOR-SIG particles compared to VEH-males. THC-females had increased
DOR-SIG particles near the plasmalemma and in overall total compared to VEH-females.
In contrast, there were no differences in DOR-SIG density in CA3 dendrites between male
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groups. E,F. There were no differences in the partitioning ratios of DOR-SIG particles

in large CA3 dendrites in female groups. However, the partitioning ratio of DOR-SIG
particles in large CA3 dendrites of THC-males compared to VEH-males increased near the
plasmalemma and decreased in the cytoplasm. * and # p < 0.05; ¢ = p = 0.08
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Fig 5. Representative electron micrographs of delta opioid receptor-silver intensified gold (DOR-
SIG) labeled spines in CA3.

A-B. In SR of CA3, DOR-SIG particles are found in the cytoplasm (A) and near the plasma
membrane (B). C. A spine with a DOR-SIG particle on the plasma membrane is contacted
by mossy-fiber terminals. sp, spine; T, terminal. mf-T, mossy fiber terminal. Triangle, on
plasma membrane SIG; Chevron, near plasma membrane SIG; Arrow, cytoplasmic SIG.
Scale bar =500 nm.
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Fig 6: Examples of dendrites dually labeled for mu opioid receptor (MOR) and parvalbumin
(PARV) from the dentate gyrus of VEH and THC rats.

A-D. Representative electron micrographs of large PARV dendrites (PARV-D) dually labeled
with MOR-SIG from a VEH-female (A), THC-female (B), VEH-male (C) and THC-male
(D) rat. m, mitochondria; uT, unlabeled terminal; uD, unlabeled dendrite. Triangle, on
plasma membrane SIG; Chevron, near plasma membrane SIG; Arrow, cytoplasmic SIG.
Scale bar = 500 nm
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Fig 7. Sex differences in the distribution of mu opioid receptor silver intensified gold (MOR-SIG)
particles within parvalbumin (PARV)-labeled dendrites in hilus of the dentate gyrus in VEH and
THC rats.

A. In female groups, there were no significant differences in the density of MOR-SIG
particles in any cellular compartment of PARV dendrites. B. THC-males compared to
VEH-males tended to have increased densities of cytoplasmic MOR-SIG particles in PARV-
labeled dendrites. C,D. In large PARV-labeled dendrites, THC-males, but not females, had
significantly less MOR-SIG particles on the plasmalemma compared to VEH-males. E. The
partitioning ratio of MOR-SIG particles in large PARV dendrites tended to be higher near
the plasmalemma and lower in the cytoplasm of THC-females compared to VEH-females. F.
The partitioning ratio of MOR-SIG particles in large PARV dendrites was significantly less
on the plasma membrane in THC-males compared to VEH-males. * p < 0.05; * p < 0.08.
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Fig 8. Sex differences in phosphorylated mu opioid receptor (pMOR) levels within the CA3b in
VEH and THC female and male rats.

A. Low magpnification light micrograph of pMOR-labeling shows the CA3b region of the
hippocampus (box) that was sampled for analysis. B-D. Representative micrographs of
pMOR-ir in CA3b from diestrus (DE) VEH females and proestrus/estrus (PE/E) THC
females. E. In all laminae, except the SLu, of the CA3b, PE/E VEH females had
significantly less pMOR labeling compared to PE/E THC females, DE VEH females, and
VEH males. PCL, pyramidal cell layer; SLu, stratum lucidum; SO, stratum oriens; SR,
stratum radiatum. *, aand b p < 0.05; ¢ = p = 0.06. Scale bar = 0.5 mm
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Fig 9. Sex differences in phosphorylated delta opioid receptor (pDOR) levels within the CA2/3a
in VEH and THC rats.

A. Low magnification light micrograph of pDOR-labeling shows the CA2/3a region of

the hippocampus (box) that was sampled for analysis. B,C. Representative micrographs of
pDOR-ir from CA2/3a from proestrus/estrus (PE/E) VEH and THC female rats. D. PE/E
VEH-females compared to VEH-males had lower levels of pDOR-ir in the pyramidal cell
layer (PCL), proximal and distal stratum radiatum (SR). pDOR-ir was significantly higher in
THC-females in the proximal SR compared to VEH-females. *, a,and b p <0.05;c=p =
0.07. Scale bar = 0.5 mm
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Fig. 10. Comparison of sex differences in the rat hippocampal opioid system following VEH and

acute THC injection.

Greater than (>) or less than (<) symbols indicate baseline sex differences in VEH-injected
rats. PE/E, proestrus estrus; DE, diestrus. Red arrows indicate increases whereas blue arrows

indicate decreases following acute THC injections.
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Table 1
DOR labeled spines in CA3
Group % + SEM #+ SEM Location
labeled spines  labeled spines  Synapse Membrane Cytoplasm

Stratum Lucidum

VEH-female 59+27 6.6 2.7 2 13 8
THC-female 59+0.7 93+1.2 3 8 17
VEH-male 93+17" 12.6+0.8 0 8 29
THC-male 30+097 40+1.0 0 0 12
Stratum Radiatum

VEH-female 9.0+17" 9.0+17" 5 8 14
THC-female 73+1.2% 73127 4 8 10
VEH-male 43+03" 43+03" 3 3 7
THC-male 26+06% 26067 0 4 4

Stratum Lucidum: All spines were counted from 50 mossy fibers.

Stratum Radiatum: 100 spines were counted from randomly selected micrographs.

Data is presented at Mean + SEM. “Location” represents the totals from each group (N=6)

*
p<0.05

N
p=0.07

#0=004
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