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Abstract

Corticotropin releasing factor receptors (CRFR1) contribute to stress-induced adaptations in
hippocampal structure and function that can affect learning and memory processes. Our prior
studies showed that female rats with elevated estrogens compared to males have more
plasmalemmal CRFR1 in CA1 pyramidal cells, suggesting a greater sensitivity to stress. Here, we
examined the distribution of hippocampal CRFR1 following chronic immobilization stress (CIS)
in female and male rats using immuno-electron microscopy. Without stress, total CRFR1 dendritic
levels were higher in females in CAl and in males in the hilus; moreover, plasmalemmal CRFR1
was elevated in pyramidal cell dendrites in CA1 in females and in CA3 in males. Following CIS,
near-plasmalemmal CRFR1 increased in CA1 pyramidal cell dendrites in males but not to levels of
control or CIS females. In CA3 and the hilus, CIS decreased cytoplasmic and total CRFR1 in
dendrites in males only. These results suggest that in naive rats, CRF could induce a greater
activation of CA1 pyramidal cells in females than males. Moreover, after CIS, which leads to even
greater sex differences in CRFR1 by trafficking it to different subcellular compartments, CRF
could enhance activation of CA1 pyramidal cells in males but to a lesser extent than either
unstressed or CIS females. Additionally, CA3 pyramidal cells and inhibitory interneurons in males
have heightened sensitivity to CRF, regardless of stress state. These sex differences in CRFR1
distribution and trafficking in the hippocampus may contribute to reported sex differences in
hippocampal-dependent learning processes in baseline conditions and following chronic stress.
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Graphical abstract

Plasmalemmal-associated CRFR1 levels in hippocampal neurcns may predict CRF sensitivity in
males and females

Unstressed Chronic stress
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INTRODUCTION

Drug addiction is a learning process that reinforces associations of drug use with reward and
environmental cues with drug access (O’Brien et al., 1998; Crombag et al., 2008). Clinical
studies in humans as well as in animal models found that females express higher sensitivity
to craving and rates of relapse than males (Elman et al., 2001). Women are more susceptible
to several aspects of addiction than men, including relapse due to stressful events or
depression (Becker et al., 2017). The hippocampus is critically involved in ‘cue’ and
‘context’ learning important for drug craving and relapse (Hyman and Malenka, 2001;
Nestler, 2002; Volkow et al., 2006). Following chronic stress, male rodents have impaired
spatial learning and memory (McEwen, 1999; Sousa et al., 2000; Luine et al., 2007;
McEwen and Milner, 2007) and undergo morphological changes and dendritic retraction in
CAZ3 pyramidal cell dendrites (McEwen et al., 2016), suggesting that adaptive mechanisms
of the hippocampus to chronic stress differ in females and males.

Evidence from other brain regions suggests that activation of corticotropin releasing factor
(CRF) can enhance the acute effects of drugs of abuse and potentiate neuroplasticity induced
following drug withdrawal (Haass-Koffler and Bartlett, 2012). Additionally, CRF has been
extensively implicated in drug relapse following extended periods of abstinence (Brown et
al., 2009; Shalev et al., 2010; Logrip et al., 2011). In the adult rodent hippocampus,
endogenous sources of CRF originate from local GABAergic interneurons, especially those
containing parvalbumin and somatostatin (SOM) (Yan et al., 1998; Williams and Milner,
2011). Moreover, CRF receptor type 1 (CRFR1) is prominently located on pyramidal
neurons and in GABAergic interneurons (Williams et al., 2011a; Chen et al., 2012; Tan et
al., 2017). In response to short-term (minutes) stimulation, CRF released in the hippocampus
excites synapses and enhances synaptic efficacy (Wang et al., 1998; Wang et al., 2000; Chen
etal., 2012).

Stress initiates a cascade of events in the hypothalamic-pituitary-adrenal axis (HPA) that
leads to the release of glucocorticoids from the adrenal cortex (Smith and Vale, 2006).
Depending on duration, stress can have different effects on CRF-mediated hippocampal
neuroplasticity processes important for learning and memory (Smith and Vale, 2006; Regev
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and Baram, 2014). In response to high-frequency stimulation (e.g., stress), CRF contained in
dense-core vesicles (Williams and Milner, 2011) is released from axon terminals (Chen et
al., 2012) and, like other peptides, can act in a paracrine manner on CRFRs on neighboring
cells (Thureson-Klein and Klein, 1990; Herkenham, 1991). Following 1 hour of acute
immobilization stress (AlS), CRF released from male mouse hippocampal nerve terminals
can mediate the persistence of long-term potentiation (LTP) population spikes which are
essential for enhanced context-dependent fear learning (Blank et al., 2002; Blank et al.,
2003). In contrast, early life stress or chronic social stress can result in hippocampal-
dependent memory deficits that are ameliorated in CRFR1 forebrain knock-out mice (Wang
et al., 2011a; Wang et al., 2011b).

Our previous studies demonstrate that CRF and opioid systems in the hippocampus are
closely linked and sex, as well as the hormonal milieu, can alter this relationship. In
particular, CRF and delta opioid receptor (DOR) immunoreactivities colocalize in
interneurons throughout the rat hippocampus, and proestrus/estrus (high estrogen) females
have fewer CRF/DOR interneurons in the hilus of the dentate gyrus (DG) compared to males
(Williams and Milner, 2011). However, proestrus female rats compared to males have
greater numbers of terminals containing CRF alone in the DG (Williams and Milner, 2011).
Moreover, our previous electron microscopic (EM) studies in rats demonstrated that
although proestrus females and males had comparable levels of CRFR1 in DOR-containing
CAL pyramidal cell dendrites, proestrus females had increased density of CRFR1 on the
plasma membrane (Williams et al., 2011a). Together, these results suggest that females
could have elevated sensitivity to CRF at baseline states. However, a systematic evaluation
of the subcellular distribution of CRFR1 in the hippocampus of females and males
comparing different subregions is lacking.

Additionally, our recent EM studies found that chronic immobilization stress (CIS) affects
the subcellular distribution of DORs within CA3 pyramidal cells and DG hilar interneurons
in a way that could promote excitation and learning processes in females but not males
(Mazid et al., 2016). However, whether CIS alters the subcellular distribution of
hippocampal CRFR1 in female and male rats is unknown. Thus, this study used immunoEM
to examine sex differences in the subcellular distribution of CRFR1 in CA1 and CA3
pyramidal cells as well as in DG interneurons at baseline states and following CIS.

EXPERIMENTAL PROCEDURES

Animals

Male and female Sprague Dawley rats (N = 24) from Charles River Laboratories
(Wilmington, MA,; https://www.criver.com/products-services/find-model/sas-sd?
region=3611) were 2 to 3 months old upon arrival (males weighed 275 — 325 g and females
weighed 225 — 250 g). Animals were pair-housed in cages with a 12-hour light/dark cycle
(lights on 0600 — 1800) and ad /ibitum access to water and food. The rats used in this study
were the same as those used in our previous studies (Milner et al., 2013; Pierce et al., 2014;
Mazid et al., 2016). All procedures were approved by the Rockefeller University and Weill
Cornell Medicine Institutional Animal Care and Use Committees and were in accordance
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with the 2011 Eighth edition of the National Institutes of Health guidelines for the Care and
Use of Laboratory Animals.

Estrous cycle determination

The study included only female rats that had 2 consecutive, regular, 4-5 day estrous cycles.
One week after the rats arrived and were acclimated, estrous cycle stage was determined
using vaginal smear cytology (Turner and Bagnara, 1971). Mock estrus cycling on male rats
was performed at the same time to control for handling differences. Estrous cycle stage was
verified by uterine weight and radioimmunoassay of plasma serum estradiol levels from
blood samples from the heart directly before the perfusion procedure. The females used in
this study were all diestrus Il, the stage in which estrogens and progestins are lowest. This
stage was chosen so that we could make direct comparisons with our previous studies
examining the effect of CIS on DOR trafficking in the hippocampus (Mazid et al., 2016).

Chronic immobilization stress

Rats were randomly assigned to the unstressed control or CIS experimental groups. To
minimize unwanted stress on the control rats, they were housed in a neighboring room to the
CIS rats. All CIS procedures were performed between 9:00 a.m. and 1:00 p.m. daily. Rats
were subjected to CIS for 10 consecutive days (Lucas et al., 2007; Shansky et al., 2010). For
this, rats were placed in plastic cone shaped polyethylene bags with a small apical hole and a
Kotex mini-pad underneath them for urine collection. The rats were placed with their nose at
the hole of the bag, sealed in with tape and left for 30 min undisturbed. The rats were
anesthetized and perfused 1 day after the final CIS session. Control rats were left in their
home-room and anesthetized prior to relocation to the procedure room for perfusion.

Immunocytochemistry procedures

Section preparation—Rats were deeply anesthetized with sodium pentobarbital (150
mg/kg, I.P.) in the morning (between 9:30 and 11:30 am) and perfusion fixed through the
ascending aorta with: 1) 10-15 ml 0.9% saline containing 2% heparin; 2) 50 ml of 3.75%
acrolein and 2% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4); and 3) 200 ml
of 2% paraformaldehyde in PB (Milner et al., 2011). The brains then were separated from
the skull, cut into 5 mm coronal blocks using a brain mold (Activational Systems, Inc.) and
post-fixed in 2% paraformaldehyde in PB for 30 min. The brains were cut into coronal
sections (40 um thick) on a vibrating microtome (Leica Microsystems, Buffalo Grove, IL)
into PB and stored in cryoprotectant solution (30% sucrose and 30% ethylene glycol in PB)
at —20°C until immunocytochemical processing. Coronal sections containing the dorsal
hippocampus [between bregma —3.5 and —4.1; (Swanson, 1992)] of all groups, male and
female, control and CIS, (6 rats/group; N=24 rats) were rinsed in PB, coded using hole
punches then pooled into single crucibles. The pooled sections were processed together
throughout the immunocytochemical procedures to ensure identical labeling conditions
(Pierce et al., 1999). Sections were incubated in 1% sodium borohydride in PB for 30 min to
neutralize reactive aldehydes (Milner et al., 2011) and rinsed in PB.

Antibody characterization—A goat polyclonal antibody raised against the 425-444
amino acid sequence of the carboxy terminus of the CRF receptor precursor of human
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origin, which is identical to the corresponding sequence in the rat [C-20 Cat# sc-1757,
RRID:AB_673600; Santa Cruz Biochemical, CA (discontinued)], was used in the EM study.
On Western blots of mouse hypothalamus, this antibody recognizes 1 band at ~80kD; this
band is absent on Western blots from CRFR1 knockout mice (Chen et al., 2000). Moreover,
the specificity of this antibody has been shown by absence of labeling in acrolein/
paraformaldehyde fixed sections from the dorsal raphe of CRFR1 knockout mice (Waselus
et al., 2009). Furthermore, preadsorption with the antigenic peptide sequence produced no
labeling in immunaoblots (Chen et al., 2000; Bangasser et al., 2010) and tissue sections
(Sauvage and Steckler, 2001; Reyes et al., 2006). This antibody was used in our previous
EM studies (Williams et al., 2011a).

Electron microscopic immunocytochemistry—Free-floating sections were labeled
for CRFR1 using immunogold through previously described methods (Milner et al., 2011).
These methods preserve cellular morphology while enabling visualization of an antigen of
interest and localization of that antigen to discrete subcellular regions for analysis (Leranth,
1989). To enhance antibody penetration, sections were immersed in a cryoprotectant
solution (25% sucrose and 3.5% glycerol in 0.05 M PB) for 15 min then freeze-thawed by
placement in a —80°C freezer for 20 min. Sections were then incubated in goat polyclonal
CRFR1 (1:100) in 0.1% bovine serum albumin (BSA) in tris-buffered saline (TS) for 72
hours at 4°C. Sections were rinsed in TS followed by washing buffer [0.1 M phosphate-
buffered saline (PBS) with 2% gelatin and 0.1% BSA], and incubated overnight at 4°C in a
1:50 dilution of donkey anti-goat 1gG conjugated to 1 nm gold particles (Electron
Microscopy Sciences (EMS) Cat# 25800, RRID: AB_2631210) in 0.01% gelatin and 0.08%
BSA. Sections were rinsed in PBS, post-fixed in 2% glutaraldehyde in PBS for 10 min,
rinsed in PBS then in 0.2 M sodium citrate buffer (pH 7.4). The conjugated gold particles
were enhanced using silver solution [IntenSE; Amersham Biosciences, Waltham, MA; Cat#
RPN491 (discontinued)] for 6 min.

Sections were fixed in 2% osmium tetroxide for 1 hour, dehydrated in increasing ethanol
concentrations to propylene oxide and embedded in EMBed 812 (EMS) between two sheets
of Aclar plastic (Honeywell, Pottsville, PA). Three rats from each group (control and CIS
females, and control and CIS males) were randomly chosen for EM analysis (N = 12).
Ultrathin sections (70 nm thick) from the CA1, CA3 and DG from each section were cut on
a Leica UCT ultratome. Ultrathin sections were collected on 400 mesh thin-bar copper grids
(T400-Cu, EMS) and the grids were counterstained with uranyl acetate (EMS 22400) and
Reynold’s lead citrate (lead nitrate EMS, 17900-25).

Electron microscopic localization of CRFR1—AIl people who performed all data
collection and analyses were blinded to experimental conditions. Data were unblinded after
the final graphs were generated. Sections were analyzed on a Phillips CM10 transmission
electron microscope (FEI, Hillsboro, OR) equipped with an Advanced Microscopy
Techniques digital camera (Danvers, MA). Ultra-thin sections were collected from the
tissue-plastic interface where immunoreagent access is maximal (Milner et al., 2011) and
analyzed. Images were collected at a magnification of 13,500 (DG) or 10,500 (CA1 and
CAJ). Profiles were identified and categorized by standard morphological criteria as

Neuroscience. Author manuscript; available in PMC 2019 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McAlinn et al.

Page 6

neuronal (soma, dendrites, axons, terminals) or glial (Peters et al., 1991). Dendritic profiles
contained regular microtubular arrays and were usually postsynaptic to axon terminal
profiles. Dendritic profiles were distinguished by size as large (average diameter > 1.0 pm)
and small (average diameter < 1.0 pm), which correspond to proximal and distal,
respectively, to the cell body (Peters et al., 1991). Mossy fiber terminals were identified by
their large size (~1-1.5 pm in diameter), irregular contour, and the presence of numerous
small synaptic vesicles (Amaral and Dent, 1981).

Silver intensified immunogold (SIG) labeling for CRFR1 appeared as black electron-dense
particles that varied in size. Criteria for field selection included good morphological
preservation, the presence of immunolabeling in the field, and proximity to the tissue-plastic
interface (i.e., the surface of the tissue) to avoid problems due to differences in antibody
penetration (Milner et al., 2011).

Analysis 1: CRFR1-SIG labeling in pyramidal cell dendrites in CA1 and CA3
and in interneuronal dendrites in DG—Micrographs were taken of CRFR1-SIG
labeled dendrites in the stratum radiatum of CA1 and CA3 as well as in the hilus of the DG
(Fig. 1A). Photographs were taken of 50 random dendritic profiles in each of the 3 regions
for each animal. One thin section per block generally produced 50 dendrites, but in rare
cases 2 sections were examined for 1 block and the dendrites were taken from non-
overlapping regions of the block. Microcomputer Imaging Device software (MCID Analysis,
RRIS:SCR_014278) was used to determine perimeter (i.e., plasma membrane), area, average
diameter, and major and minor axis lengths for all labeled dendrites. Dendrites with
abnormal shape (form factor value < 0.5) were excluded from the data set. Average diameter
measures were used to classify dendrites as large and small. Calculations using CRFR1-SIG
particle distribution and morphometry data were used in statistical comparisons.

The density of CRFR1-SIG particles was analyzed in plasma membrane and cytoplasmic
dendritic compartments: 1) the number of plasma membrane CRFR1-SIG particles on the
dendrite perimeter (On PM:um); 2) the number of near plasma membrane CRFR1-SIG
particles per perimeter (Near:pm); 3) the number of cytoplasmic CRFR1-SIG particles per
cross-sectional area (Cyto:um?); and 4) the total number of CRFR1-SIG particles (sum of on
PM, near PM and cytoplasmic) in a dendritic profile/unit area (Total:um?). Partitioning ratio,
which is the proportion of CRFR1-SIG particles in a particular subcellular compartment
(e.g., plasma membrane or cytoplasm) divided by the total number of SIG particles, also was
determined. In addition to comparisons of CRFR1-SIG particle densities and partitioning
ratios within individual subregions (CA1, CA3, and DG), comparisons of CRFR1-SIG
particle densities and partitioning ratios between subregions were performed for control
groups.

Receptors on the plasma membrane labeled by SIGs identify receptor-binding sites (Boudin
et al., 1998). Near plasma membrane receptors constitute a pool from which receptors can be
added or removed from the plasma membrane. Receptors in the cytoplasm are either stored
during transfer to or from the soma or another cellular compartment, or the receptors are
being degraded or recycled (Pierce et al., 2009; Fernandez-Monreal et al., 2012). When
stimulated by an agonist, the ratio of receptors on the plasma membrane to those in the
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cytoplasm declines, as demonstrated by the number of SIG labeled receptors in each
compartment (Haberstock-Debic et al., 2003).

Analysis 2: CRFR1-SIG labeling in spines in CA1—From the micrographs in
stratum radiatum of CA1 (same micrographs used in analysis 1), 100 spine profiles per rat
were randomly identified. Spines were included if contacted by a terminal forming an
asymmetric synapse and categorized as labeled (with at least one CRFR1-SIG particle) or
unlabeled. CRFR1-SIG particles in labeled spines were classified as in the synapse, on the
plasma membrane, or in the cytoplasm.

Analysis 3: CRFR1-SIG labeling in spines contacting mossy fibers in CA3—
Fifty mossy fiber profiles per rat were randomly photographed from the tissue-plastic
interface of the stratum lucidum of CA3. Mossy fibers were included if contacted by a spine,
and spines were categorized as labeled (with at least one CRFR1-SIG particle) or unlabeled.

Figure preparation—Adjustments to brightness, contrast and sharpness were made in
Adobe Photoshop 9.0 (Adobe Photoshop, RRID:SCR_014199) on an iMac prior to
importing into PowerPoint 2011, where final adjustments to brightness, contrast and size
were made. The original content of the images was preserved with any changes made.
Illustrations were created in PowerPoint 2011. Graphs were generated in Prism 7 software
(Graphpad Prism, RRID:SCR_002798).

Statistical analysis—The independent variables in this study were sex (female vs. male)
and treatment (unstressed control vs. CIS). Quantitative dual labeling EM methods are
designed to determine relative changes in the subcellular distribution of proteins in dendrites
of different sizes following experimental manipulations. For this, protein distribution for
CRFR1 in dendritic profiles of different sizes, rather than number of cells or dendrites per
animal, is analyzed. Implicit in our analysis are corrections for errors related to spatial
location as we only analyze a single plane within each section. In these studies, we measured
dendritic profile perimeter, cross-sectional area, and average diameter and used these to
determine SIG particle density for each dendritic compartment (e.g., ON/um) to correct for
any size-related differences. To analyze the redistribution of SIG particles within a dendrite,
the number of SIG particles in each compartment was divided by the total number of SIG
particles in the dendrite (e.g., On/total).

Our previous study (Znamensky et al., 2003) randomly sampled dendritic profiles in 9632
pm? of tissue and determined that 50 dendritic profiles per block were sufficient to make
quantitative comparisons on the subcellular distribution of proteins between groups. In this
study (Znamensky et al., 2003), increasing the number of dendrites to 75 or greater per
animal did not change the significance of the results.

Data are expressed as means + SEM. Two-way analysis of variance (ANOVA) followed by
Tukey’s HSD post-hoc tests at a 5% confidence interval was used in control rats for: 1)
comparisons in total CRFR1-SIG densities in dendrites between and within hippocampal
regions; and 2) comparisons in all of the CRFR1-SIG densities and partitioning ratios in the
CA3 and DG. One-way ANOVA and post-hoc Welch t-test for samples with unequal
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variances at a 5% confidence interval was used for: 1) comparisons in the densities of
CRFR1-SIGs in individual dendritic subcompartments (due to low numbers in the on and
near plasma membrane compartments); and 2) in the density and partitioning ratio of
CRFR1-SIGs in all cellular compartments within CA1 dendrites (due to significant
differences in controls). All statistical analyses were conducted using JMP 12 Pro software
(JMP, RRID:SCR_014242).

RESULTS

Without stress, densities of CRFR1 in CA1, CA3, and DG dendrites differ between males
and females

Three regions of the hippocampus were chosen for EM analysis of CRFR1 containing
dendrites: stratum radiatum of CAL, stratum radiatum of CA3 and the hilus of the DG (Fig.
1A). A CA1 pyramidal cell dendrite showing an example of CRFR1-SIG particles on the
membrane, near the membrane and in the cytoplasm is shown in Figure 1B. In addition to
dendrites, CRFR1-labeled terminals, axons and glia (not shown) were observed. The
distribution of labeled profiles containing CRFR1 is consistent with previous studies (Chen
et al., 2004; Williams et al., 2011a).

Sex differences in the densities and partitioning ratios of CRFR1-SIG particles of unstressed
control animals were found in all hippocampal subregions (Fig. 2). Examples of
micrographs of dendrites containing CRFR1-SIG particle labeling in CAl, CA3, and DG are
shown (Figs. 3A,C; 4A,C; 5A,C, respectively). For total density of dendritic CRFR1-SIG
particles, two-way ANOVA revealed a significant main effect of hippocampal region (CAL,
CA3, DG; F2,951 = 130; p < 0.0001) and in the interaction between region and sex (F2 951 =
71.7; p < 0.0001). There was no significant main effect of sex (F1 951 = 0.0012; p = 0.9723)
on total density of dendritic CRFR1-SIG particles.

Post-hoc analysis revealed that the three hippocampal regions had different densities and
subcellular distributions of CRFR1-SIG particles in dendrites. Males had more total CRFR1-
SIG particle labeling in hilar interneuron dendrites than in CA1 (p < 0.0001) and CA3 (p <
0.0001) dendrites (Fig. 2A). Moreover, males showed more CRFR1-SIG particles in CA3
dendrites than in CA1 dendrites (p = 0.0018; Fig. 2A). Females had more total CRFR1-SIG
particles in both DG and CA1 dendrites than they did in CA3 dendrites (p < 0.0001; p <
0.0001, respectively; Fig. 2A). Males displayed more CRFR1-SIG particles in the DG than
females (p < 0.0001), however they showed fewer CRFR1-SIG particles in the CA1 than
females (p < 0.0001; Fig. 2A). No sex differences were found in total CRFR1-SIG particles
in the CA3 dendrites (Fig. 2A).

The subcellular densities of CRFR1-SIG particles in individual dendritic compartments were
analyzed further by one-way ANOVA. Like the total densities, males displayed fewer
CRFR1-SIG particles on the plasma membrane of CA1 dendrites compared to females
(F1,201 = 14.2, p = 0.0002; Fig. 2B). However, unlike total densities, males had more
CRFR1-SIG particles on the plasma membrane of CA3 dendrites in comparison to females
(F1,245 = 4.70, p = 0.0311; Fig. 2B). There was no sex difference in the density of CRFR1-
SIG particles on the plasma membrane in DG dendrites (Fig. 2B).
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The subcellular densities of CRFR1-SIG particles in both the near plasma membrane and
cytoplasmic dendritic compartments in CA1, CA3, and DG dendrites were similar to those
observed for total densities. Specifically, males had fewer near plasma membrane (Fy 231 =
44.2, p < 0.0001) and cytoplasmic (F1 215 = 30.6, p < 0.0001) CRFR1-SIG particles in CA1
dendrites compared to females; however, males had more near plasma membrane (F1 276 =
3.81, p = 0.052) and cytoplasmic (Fq 212 = 14.7, p = 0.0002) CRFR1-SIG particles in the DG
dendrites compared to females (Fig. 2C,D).

Within the CA1 and CA3, partitioning ratios of dendritic CRFR1-SIG particles reflected the
differences observed in density. Specifically, males had a lower proportion of CRFR1-SIG
particles on (F1 264 = 10.3, p = 0.0015) and near (F1 2g9 = 35.8, p < 0.0001) the plasma
membrane and a higher proportion of CRFR1-SIG particles in the cytoplasm (F1 296 = 54.8,
p < 0.0001) in CAL dendrites compared to females (Fig. 2E). Likewise, males had a greater
proportion of CRFR1-SIG particles on the plasma membrane (F1 256 = 5.30, p = 0.0221) of
CA3 dendrites compared to females (Fig. 2F). There were no sex differences in the
partitioning ratio of CRFR1-SIG particles in any dendritic compartments in the DG (not
shown). However, there were additional significant sex differences in the subcellular
densities and partitioning ratios between regions (not shown).

CIS has opposite effects on CRFR1 densities in CAl dendrites of males and females

In agreement with our previous study (Williams et al., 2011a) dendrites containing CRFR1
labeling in stratum radiatum of CAL1 had the morphological characteristics of pyramidal
cells in all groups (Fig. 3A-D). In particular, many had recognizable spines that were
contacted by terminals forming asymmetric synapses (Harris et al., 1992) (Fig. 3D). Due to
significant sex differences in the distribution of CRFRL1 in control groups, densities and
partitioning ratios for CRFR1 in CA1 were analyzed by sex as a factor of treatment in a one-
way ANOVA. Males showed considerable shifts in density and partitioning ratio of CRFR1-
SIG particles following CIS. Compared to unstressed control males, CIS males had
significantly increased CRFR1-SIG particle density near the plasma membrane (F1 208 =
8.45, p = 0.0040), in the cytoplasm (F1 265 = 11.1, p = 0.0010) and in total (F1 199 = 22.3, p
< 0.0001) in CAL dendrites (Fig. 3E). Similarly, CIS males had an increased partitioning
ratio of CRFR1-SIG particles near the plasma membrane of CA1 dendrites compared to
control males (Fq 27g = 5.08, p = 0.025; Fig. 3G). Conversely, CIS females showed a
significant decrease in the total density of CRF1-SIG particles in CA1 dendrites compared to
control females (F1 346 = 7.48, p = 0.0066; Fig. 3F). In females, no differences were found
between unstressed control and CIS groups in the partitioning ratio of CRFR1-SIG particles
in any dendritic compartment (Fig. 3H). When dendrites were further subdivided by size
(i.e. small vs. large), the distribution of CRFR1-SIG particles was similar to that shown for
all dendrites (not shown).

CIS alters CRFR1 trafficking in CA3 dendrites of males but not in females

Examples of CRFR1 labeling in CA3 dendrites for all four groups are shown in Figure 4A—
D. Similar to CA1 pyramidal cells, CA3 pyramidal cells had spines, many of which were
contacted by terminals forming asymmetric synapses (Fig. 4D). In CA3, two-way ANOVA
showed significant main effects of sex on CRFR1-SIG density on the plasma membrane
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(F1,665 = 6.165, p = 0.0133) and in the cytoplasm (F1 g5 = 5.061, p = 0.0248) of dendrites.
Moreover, a sex by treatment interaction was shown for CRFR1-SIG density in the
cytoplasm (Fq g5 = 10.30, p = 0.0014) and in total (F1 gg5 = 6.314, p = 0.0122) of CA3
dendrites. A significant main effect of treatment (unstressed control vs. CIS) was found in
the cytoplasm only (F1 g65 = 4.798, p = 0.0288).

Post-hoc tests showed that significantly fewer dendritic CRFR1-SIG particles were present
in the cytoplasm (p = 0.0014) and in total (p = 0.0188) in CIS males compared to control
males (Fig. 4E). Additionally, CIS males had significantly greater CRFR1-SIG particle
density in the cytoplasm (p = 0.0006) of CA3 dendrites when compared to CIS females (Fig.
4E,F). Like densities, the ratio of cytoplasmic CRFR1-SIG particles decreased in CIS males
(p = 0.0344; Fig. 4G). However, the proportion of CRFR1-SIG particles in CIS males
increased near the plasma membrane compared to control males (p = 0.0146; Fig 4G). CIS
males also demonstrated a significantly lower CRFR1-SIG particle cytoplasmic partitioning
ratio in CA3 dendrites than CIS females (p = 0.0161; Fig. 4G,H). Unlike males, CIS females
showed no significant differences from unstressed control females in density or partitioning
ratio in any dendritic compartment (Fig. 4F,H).

In DG, CIS alters the dendritic distribution of CRFR1 in males but not in females

Examples of CRFR1 labeling in DG dendrites from all groups are shown in Figure 5A-D.
These dendrites are identified as interneurons as they lack spines and receive multiple
contacts from terminals, forming asymmetric synapses on their dendritic shafts (Ribak et al.,
1990). In the DG, two-way ANOVA showed significant main effects by sex in dendritic
CRFR1-SIG particles near the plasma membrane (F1 s5g7 = 8.308, p = 0.0041), in the
cytoplasm (Fq 587 = 17.89, p < 0.0001), and in total density (F1 587 = 42.63, p < 0.0001).
Additionally, total density of CRFR1-SIG particles demonstrated a significant main effect of
treatment (unstressed control vs. CIS; F1,587 = 6.800, p = 0.0093).

Post-hoc analyses showed that CIS males had decreased total dendritic CRFR1-SIG particle
density (p = 0.0284) compared to control males (Fig. 5E). CIS males showed significantly
greater total CRFR1-SIG particle density (p = 0.0017) compared to CIS females (Fig. 5E,F).
CIS females showed no significant change in the density of CRFR1-SIG particles in any
cellular compartment (Fig. 5F). Partitioning ratios of dendritic CRFR1-SIG particles were
not significantly different in the DG of male and female CIS rats (Fig. 5G,H).

In CA1 and CA3, few CRF-labeled dendritic spines were seen in males and females

As sample sizes were too low to perform statistical analyses for CRFR1-labeled dendritic
spines in CA1 and CAS3, qualitative descriptions are presented for this data. Less than 4% of
CRFR1-labeled dendritic spines were seen in CAl and CA3 in both groups of males and
females (Table 1). There was no significant difference in the number of total labeled spines
between unstressed or CIS females and males in CA1 stratum radiatum. Of the labeled
spines in CA1, CRFR1-SIG particles were primarily found on the plasma membrane or in
the cytoplasm (Fig. 6A,B).

Similarly, the percent of CRFR1-labeled dendritic spines contacted by mossy fibers in
stratum lucidum CA3 was not significantly different between the four groups. Of the labeled
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spines in CA3, CRFR1-SIG particles were primarily found on the plasma membrane or in
the cytoplasm (Fig. 6C,D). However, the CIS males had about twice as much CRFR1
labeling in the cytoplasm of CAS3 spines than the other 3 groups (Table 1).

DISCUSSION

Sex differences in CRFR1 density and trafficking in neurons were found in unstressed
controls and CIS animals throughout the hippocampus (Fig. 7). In each hippocampal
subregion, unstressed and CIS females and males exhibited distinct patterns of CRFR1
compartmentalization within neurons. In the absence of stress, females displayed higher
total CRFR1 dendritic levels in the CAL, whereas unstressed males had higher total levels in
the DG hilus. Within neuronal dendrites, unstressed rats also showed sex differences in
CRFR1’s location relative to the plasma membrane in CA1, CA3 and DG. Sex differences
persisted after CIS; in males, near plasma membrane CRFR1 increased in CA1 pyramidal
cell dendrites but not to levels seen in either unstressed or CIS females. In males only, CIS
decreased both cytoplasmic and total CRFR1 in dendrites in CA3 and the hilus. These
changes in CRFR1 density and distribution may contribute to the reported sex differences in
hippocampal-dependent learning and memory processes in basal states as well as those
influenced by stress, and have relevance to anxiety and drug addiction and other
neurological disorders (Nemeroff and Vale, 2005; Logrip et al., 2011; Dong et al., 2012;
Haass-Koffler and Bartlett, 2012; Leuner and Shors, 2013; Bangasser et al., 2016; Becker et
al., 2017; McEwen and Milner, 2017).

In unstressed rats, sex differences in CRFR1 distribution varied between hippocampal

regions

Our studies show sex differences exist without exposure to CIS in the levels and distribution
of CRFR1 in CAl and CA3 pyramidal cells as well as in DG hilar interneurons. The largest
sex differences in the distribution of CRFR1 are observed in CA1 pyramidal cell dendrites:
diestrus (low estrogen) females compared to males have greater total CRFR1 density as a
result of elevated densities of CRFR1 on the plasma membrane, near the plasma membrane
and in the cytoplasm. This agrees with our previous finding that proestrus (high estrogen)
females exhibit increased CRFR1 density on the plasma membrane of CA1 pyramidal cell
dendrites compared to males; however, total and cytoplasmic CRFR1 densities are not
different (Williams et al., 2011a). These findings are supported by the increased binding
capacities for CRF detected in CA1 pyramidal neurons in females, regardless of estrogen
state, compared to males (Boudin et al., 1998). Moreover, they suggest that at low estrogen
states, females, but not males, have elevated reserve pools of CRFR1s in the process of
being stored, degraded or recycled that could be inserted into the plasma membrane
(Fernandez-Monreal et al., 2012; Kneussel and Hausrat, 2016).

In unstressed females, the CA1 and DG show comparable total densities of dendritic
CRFR1, which are greater than the total dendritic CRFR1 density in CA3. In contrast,
unstressed males display a greater density of total dendritic CRFR1 in the DG compared to
CALl and CA3, with CA1 levels even lower than CA3. Although unstressed males and
females have similar total levels of CRFR1 in CA3 pyramidal cell dendrites, the males have
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increased CRFR1 on the plasma membrane compared to females. This finding agrees with a
previous study in prepubescent rats indicating that CRFR1 binding in the CA3 hippocampal
region is increased in males compared to females; however, they do not observe this sex
difference in CRFR1 binding in adult rats (Weathington et al., 2014). This is similar to
reports in the locus coeruleus where CRFRL1 is elevated on the plasma membrane of
dendrites in unstressed male rats compared to females (Reyes et al., 2008; Bangasser et al.,
2010). In the locus coeruleus, increased localization of CRFRL1 to the plasma membrane in
males, but not females, is associated with beta arrestin 2, an important protein for the
CRFR1 internalization process (Bangasser et al., 2010).

Altogether, these baseline CRFR1 levels in unstressed females and males in all hippocampal
regions suggest that CRF differentially affects the balance of excitation and inhibition in a
sex-dependent manner. Specifically, unstressed females could have a heightened sensitivity
to CRF in excitatory CA1 pyramidal cells (Freund and Buzsaki, 1996), whereas unstressed
males could have an elevated sensitivity to CRF in excitatory CA3 pyramidal cells as well as
in inhibitory hilar interneurons (Freund and Buzsaki, 1996). These regional differences
could impact the processing of information from inputs to the granule cells (e.g., the
entorhinal cortex) as well as outputs within and external to the hippocampus.

Alternatively, although lower levels of CRFRL1 are detected in the DG and CA3 females
relative to males, the females may have an elevated sensitivity to CRF. In support, evidence
for the locus coeruleus shows that CRF-mediated beta arrestin signaling is dysfunctional in
females rendering CRF-receptive neurons more vulnerable to low levels of CRF (Bangasser
et al., 2010; Bangasser et al., 2012).

CIS differentially impacts CRFR1 density in CA1 pyramidal cells in males and females

Following CIS, males compared to females have elevated total levels of CRFR1 in CAl
pyramidal cell dendrites as well as increased densities of CRFR1 near the plasma membrane
and in the cytoplasm of these dendrites. In contrast, females have decreased total levels of
CRFR1 in CAl pyramidal cell dendrites. However, CIS females continue to have greater
total levels of CRFR1 as well as higher densities of dendritic CRFR1 in every synaptic
compartment than unstressed or CIS males. Thus, although CA1 pyramidal cell dendrites in
males could have an elevated sensitivity to CRF following CIS, CA1 pyramidal cells in
females would still be more responsive to CRF than males. The sexual dimorphism in the
redistribution of cytoplasmic CRFR1 in CAL dendrites following CIS is similar to that seen
in the dendrites of locus coeruleus neurons 1 day after 15 min of swim stress (Bangasser et
al., 2010).

Our previous EM studies in CAL (Williams et al., 2011a) demonstrated that there are similar
levels of CRFR1 labeled SIG particles in pyramidal cell DOR dendrites in unstressed
females and males but dual labeled dendrites are increased proestrus females. We recently
have found that after CIS, plasma membrane DORs in CA1 pyramidal cell dendrites
decrease in males, but not females (Reich et al., unpublished). Together with the present
results, these findings suggest that female and male CA1 pyramidal cells, which demonstrate
sex differences in the absence of stress, show even greater differences after CIS by shifting
their cellular responses in opposing directions. As DORs are thought to be neuroprotective
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(Hayashi et al., 2002; Charron et al., 2008; Feng et al., 2009), this redistribution of CRFR1
and DORs could render CA1 pyramidal cells in males more susceptible to neuronal damage
from CRF after experiencing CIS (Maecker et al., 1997). Interestingly, as some studies show
CRF decreases glutamate excitotoxicity (Hollrigel et al., 1998; Elliott-Hunt et al., 2002), this
unopposed increased CRFR1 signaling in CA1 dendrites could also enhance neuroprotection
through not yet described mechanisms (Charron et al., 2009). DOR can modulate CRFR1
signaling through cyclic AMP-phosphokinase A pathways, although other G-protein coupled
receptors and signaling pathways contribute to the diverse responses to CRF (Markovic et
al., 2006; Williams et al., 2011a; Dunn et al., 2013).

In CA3 pyramidal cells, CIS alters the distribution of CRFR1 only in males

CIS results in a redistribution of CRFR1 from the cytoplasm to near the plasma membrane
as well as decreased total CRFR1 in CA3 pyramidal cell dendrites in males but not females.
Moreover, although few CRFR1s are detected in the CA3 pyramidal cell dendritic spines
contacted by mossy fibers, the number of CRFR1-labeled spines appears to increase
following CIS in males but not females. In contrast, CIS does not affect the distribution or
levels of CRFR1 in any cellular compartment in the CA3 pyramidal cell dendrites of
females. These findings support our recent studies demonstrating a down-regulation of
Crhirl ra in the CA3 following CIS in male, but not female, rats (Randesi et al., 2018).
These sex differences in the redistribution of CRFR1 in CA3 pyramidal cell dendrites may
contribute to the dendritic retraction of CA3 dendrites in males after long-term stress
(McEwen et al., 2016).

CA3 pyramidal cells contain both CRFR1s and DORs in males and females (Chen et al.,
2000; Mazid et al., 2016). Following CIS, DORs redistribute within CA3 pyramidal cell
dendrites: plasma membrane DORs decrease in males while cytoplasmic and total DORs
decrease in females (Mazid et al., 2016). Additionally, males have approximately three times
less CA3 pyramidal cell DOR-labeled spines contacted by mossy fibers compared to
proestrus females (Harte-Hargrove et al., 2015), and the proportion of CA3 DOR-labeled
spines is unchanged in females following CIS (Mazid et al., 2016). Similar to the CA1, the
response to CIS is not only sex dependent, but both CRFR1 and DORSs redistribute in CA3
pyramidal cell dendrites in opposite manners. As a consequence, this redistribution of
CRFR1 and DORs in CA3 pyramidal cells could affect mossy fiber-CA3 synaptic function.
In particular, the presence of postsynaptic DORs in CA3 dendrites results in proestrus
females, but not diestrus females or males, exhibiting a novel form of mossy fiber LTP
(Harte-Hargrove et al., 2015). Moreover, the opioid system in the hippocampal CA3 region
has been implicated in visual-spatial pattern completion, an important component of context
learning (Meilandt et al., 2004; Kesner and Warthen, 2010).

CIS has limited effects on CRFR1 levels in DG interneurons

CIS has few effects on the levels or subcellular distribution of CRFR1 in hilar interneuron
dendrites and these occur only in males. Similar to CA3, in DG hilar interneuron dendrites,
males exhibit a decrease in total levels of CRFR1 following CIS; however, the total levels of
CRFR1 in interneuron dendrites in males are still elevated compared to CIS females. These
results are consistent with our previous finding that CIS does not alter the density of DORs
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in GABAergic hilar dendrites in either males or females (Mazid et al., 2016). However, as
the present study examines CRFRL1 redistribution following CIS in unidentified
interneurons, it is also possible that changes in the redistribution of CRFR1 in hilar
interneurons are limited to a specific subtype of interneurons. Moreover, previous studies
have shown that parvalbumin-containing hilar interneurons decrease by about 30% in males,
but not females, following CIS (Czeh et al., 2005; Hu et al., 2010; Milner et al., 2013). Thus,
it is likely that CRFR1 labeling following CIS is measured in a smaller portion of
interneurons in the males compared to the females.

Application of CRF to the DG of male rats produces long-lasting synaptic efficacy of
neurons in this region (Wang et al., 2000). Although the phenotype of CRFR1-containing
neurons in the rat hilus in not known, their topographic distribution by light microscopy
(Chen et al., 2000; Tan et al., 2017) indicates that they likely contain SOM and/or
neuropeptide Y (NPY) (Freund and Buzsaki, 1996). Our previous studies have shown that
SOM/NPY-containing interneurons and, to a lesser extent, parvalbumin-labeled interneurons
colocalize CRF as well as DORs in the male and female rat hilus (Williams and Milner,
2011; Williams et al., 2011b). Hilar SOM/NPY-containing neurons project to the outer
molecular layer of the DG, where they inhibit the induction and maintenance of lateral
perforant pathway LTP (Sperk et al., 2007); the lateral perforant pathway also contains
enkephalins (Drake et al., 2007). Thus, together with this study, these findings suggest that
activation of CRFR1 in males could have a greater effect on synaptic plasticity and LTP in
the DG, particularly in relation to the opioid system, than in females.

Functional considerations

The present study adds to the growing body of literature that stress affects hippocampal
protein and gene expression as well as plasticity processes in females and males differently
(Marrocco et al., 2017; McEwen and Milner, 2017; Randesi et al., 2018). As depicted in the
examples below, sex differences in the densities and subcellular distributions of CRFR1 in
hippocampal subregions could contribute to a wide range of outcomes depending on the age
of the animal, type and duration of stressor.

Together with our previous studies (Williams et al., 2011a), the present studies indicate that
more CRFR1 is found on the plasma membrane of CA1 pyramidal cell dendrites in females,
regardless of estrogen state, compared to males. This could differentially impact excitatory
glutamatergic transmission (Oberlander and Woolley, 2017) as well as stress-associated
changes in the structure and function of this region (McEwen et al., 2015). For example,
proestrus females compared to diestrus females and males have greater numbers of dendritic
spines on CA1 pyramidal cell neurons (McEwen and Milner, 2017). Thus, elevated CRFR1
in CA1 synapses from females, especially during proestrus, would be expected to promote
enhanced levels of synaptic efficacy following a short excitatory stimulus that release CRF
compared to males (Chen et al., 2012). However, the presence of higher levels of CRFRL1 in
CAL1 pyramidal cells in females may render females more sensitive to longer periods of CRF
release. Specifically, approximately 75 minutes after application of CRF to CA1 pyramidal
cells in male rodents, synaptic transmission is depressed and thin dendritic spines are lost,
resulting in impaired synaptic plasticity (Chen et al., 2013). Thus, we would predict that the
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interval in which synaptic efficacy begins to decline following CRF application would be
shorter in female rodents. Moreover, as females also have higher levels of CRFR1 in other
cellular compartments (i.e., near plasma membrane and cytoplasmic) of CA1 pyramidal
neurons compared to males, we would predict that they would be more sensitive to acute
stressors, especially when the protective effects of estrogen (Zarate et al., 2017) are low. In
support of this idea, when diestrus female rats are subjected to acute (30 sec) stress and
analyzed in proestrus, the increase in CAL1 dendritic spines is not observed (Shors et al.,
2001). In contrast, the same acute stress in male rats increases CA1 dendritic spines (Shors
etal., 2001).

In the DG, the higher density of CRFR1 on GABAergic interneurons in males compared to
females suggests that inhibitory neurons would be more sensitive to CRF in males. However,
the effect of CRF on these interneurons would vary depending on the duration of exposure.
As previous studies have shown in male rats (Wang et al., 2000), a brief (seconds to minutes)
exposure to CRF activates CRFR1 on inhibitory neurons to promote long lasting
potentiation of DG neurons. However, in male but not female rats chronic stress results in a
loss of DG parvalbumin interneurons (Hu et al., 2010; Milner et al., 2013), known to contain
CRFR1 (Yan et al., 1998; Williams and Milner, 2011) and this upsets inhibitory-excitatory
DG networks important for cognitive processes (Hu et al., 2010). Moreover, GABAergic
interneurons are important for coordinating the activity of preexisting as well as newly born
granule cells (Markwardt et al., 2011). The presence of elevated levels of CRFR1 in
GABAergic interneurons in males compared to females could indirectly contribute to
reduction of hippocampal adult neurogenesis in male rodents, but not females following
chronic stress (Mirescu and Gould, 2006; Surget et al., 2008; Masiulis et al., 2011; Marques
et al., 2016). These decreases in adult neurogenesis can increase anxious behavior in males
(Revest et al., 2009). Although the developmental time-point at which sex differences in the
subcellular distribution and density of CRFR1 within interneurons emerge is unknown,
evidence from the hypothalamus suggests that sex hormone influences on CRH gene
expression emerge during early prenatal development (Patchev et al., 1999). Thus, it is
possible that the lower density of CRFR1 in DG interneurons in females compared to males
may contribute to the decreases in granule cell number and DG size seen in females
following maternal deprivation stress (Oomen et al., 2011).

The higher number of CRFR1s on the plasma membrane along with colocalization with
DORs in CA3 pyramidal cell dendrites in males could influence plasticity and
neuroprotective processes in response to chronic stress. CRFR1 and DORs 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). Moreover, CRF induced activation of CRFRs leads to production
of intracellular cyclic AMP that can be attenuated by DOR agonists (Williams et al., 2011a),
suggesting receptor cross-talk between the opioid and CRF receptor systems. In the rat
hippocampus, our EM observations would suggest that sex differences in the responses of
CA3 neurons to DOR agonists could be attributed to the balance of DORs and CRFR1
within these neurons. Thus, elevated plasma membrane CRFR1 but lower DORs on CA3
dendrites in unstressed males compared to unstressed females (Mazid et al., 2016) may
permit greater excitation and plasticity to responses to CRF in favor of DOR-mediated LTP
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(Harte-Hargrove et al., 2015). However, in males following CIS, the balance of CRFR1 and
DORs on the plasma membrane of CA3 neurons shift even more to favor of CRFR1 (Mazid
et al., 2016). This elevation in CRFR1s on and near the plasma membrane of CA3 pyramidal
cell dendrites in males would make them more vulnerable to CRF-induced cyclic AMP-
dependent hyperexcitability (Hollrigel et al., 1998; Elliott-Hunt et al., 2002) and would
contribute to processes that promote spine loss and dendritic retraction following CIS (Wang
etal., 2013; McEwen et al., 2015). In contrast, the balance of CRFR1 and DORs in CA3
pyramidal neurons is similar in unstressed and CIS female rats (Mazid et al., 2016) and thus
would be predicted may allow for the DOR responses of CA3 neurons to still be in place. In
particular, opioid effects on CA3 pyramidal cell neurons are important for contextual
learning processes (Meilandt et al., 2004; Kesner and Warthen, 2010). We recently found
that conditioned place preference to oxycodone, a behavior that involves contextual learning,
is present in female rats, but not male rats, following CIS (Milner et al., unpublished).

In conclusion, the demonstrated sex differences in the density and subcellular distribution of
CRFR1 in excitatory and inhibitory neurons that could differentially affect the network
properties of the hippocampus. In particular, the CA1 may be more sensitive to CRF in
females whereas the CA3 and DG may be more sensitive to CRF in males. Thus, as CA3
pyramidal neurons receive afferents from granule cells and project to CA1 as well as back to
the DG (Scharfman and MacLusky, 2017), differences in the weight of CRF sensitivity in
one subregion would affect the responses of other subregions. Thus, the reported sex
differences in hippocampal CRFR1 distributions could affect learning and memory
processes in different ways in females and males, including those relevant for addictive
processes, and also contribute to sex differences in these processes in response to stress
(McEwen et al., 2016).
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AlS acute immobilization stress
BDNF brain derived neurotrophic factor
BSA bovine serum albumin
CIS chronic immobilization stress
CRF corticotropin releasing factor

CRFR1 corticotropin releasing factor receptor 1

DG dentate gyrus
DOR delta opioid receptor
EM electron microscopic
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HPA hypothalamic-pituitary-adrenal
LTP long-term potentiation
MAPK mitogen-activated protein kinase
NPY neuropeptide Y
PB phosphate buffer
PBS phosphate-buffered saline
PKC protein Kinase C
SIG silver-intensified immunogold
SOM somatostatin
TS tris-buffered saline
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Highlights

Female rats have higher CRFR1 levels in CA1 pyramidal cell dendrites even
after chronic immobilization stress (CIS).

After CIS, near plasmalemmal CRFR1 increases in CA1 pyramidal cell
dendrites in males.

Unstressed male rats have higher CRFRL1 in inhibitory interneurons in the
dentate gyrus even after CIS.

Males have elevated plasmalemmal CRFR1 on CA3 pyramidal cell neurons,
even following CIS.

Sex differences in hippocampal CRFR1 may contribute to effects of stress on
learning and memory.
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Fig. 1. Regions of the rat hippocampus sampled for electron microscopy
A. Schematic diagram of the rostral rat hippocampus showing the regions of CA1, CA3 and

dentate gyrus (DG) sampled for microscopy [modified from diagram 31 (-3.70 from
bregma) in Swanson, 1992]. B. Representative electron micrograph shows CRFR1-SIG
labeling in a CA1 pyramidal cell dendrite in stratum radiatum. CRFR1-SIG particles were
located on the plasma membrane (arrowhead), near the plasma membrane (chevron) and in
the cytoplasm (arrow). Scale bar A = 0.5 mm; B = 500 nm.
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Fig. 2. Sex differences in distribution of CRFR1-SIG particles in CA1, CA3, and DG in the
unstressed control groups

A. In control rats, the total density of CRFR1-SIG particles in dendrites (# SIG/pum?) was
significantly lower in CAL and higher in the DG of males compared to females. Moreover,

significantly lower densities of CRFR1-SIG particles in dendrites were seen in CA1

compared to CA3 and DG in males and higher densities of CRFR1 SIG particles in CAl and
DG compared to CA3 in females. B. The density of CRFR1 SIG particles on the plasma
membrane (# SIG/um) in dendrites was significantly lower in CA1 and higher in CA3 of

males compared to females. C. The density of CRFR1-SIG particles near the plasma

membrane (# SIG/um) in dendrites was significantly lower in CA1 and higher in DG of
males compared to females. D. The density of CRFR1 SIG particles in the cytoplasm (#
SIG/um?) of dendrites was significantly lower in CA1 and higher in DG of males compared

to females. E. In CA1, a smaller partitioning ratio of CRFR1-SIG particles was on the

plasma membrane (On/Total) and near the plasma membrane (Near/Total), and a greater

ratio of cytoplasmic CRFR1-SIG particles (Cyto/Total) in males compared to females. F. In
CA3, males compared to females had a greater ratio of CRFR1-SIG particles on the plasma
membrane (PM/total). No significant differences in partitioning ratio were observed in hilar
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interneurons. ***p < 0.001; **p < 0.01; *p < 0.05; *p = 0.052. 2 p < 0.001 (CA1 vs. DG;
CA3vs. DG) and p < 0.01 (CA1 vs. CA3); ° p <0.001 (CA1 vs. CA3; CA3vs. DG). N=3
rats/group; n = 50 dendrites/rat/area.
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Fig 3. Sex differences in the distribution of CRFR1-SIG particles in CA1 pyramidal cell
dendrites after CIS
A-D. Representative electron micrographs show the distribution of CRFR1-SIG particles in

dendrites from a control male (A), CIS male (B), control diestrus female (C) and CIS
diestrus female (D). Examples of CRFR1-SIG particles are shown on the plasma membrane
(arrowhead), near the plasma membrane (chevron) and in the cytoplasm (arrow). Scale bar =
500 nm. E. In CIS males, near plasma membrane, cytoplasmic and total CRFR1-SIG
particle density significantly increased compared to control males. F. In CIS females
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compared to control females total CRFR1-SIG particle density was reduced. G, H. In males,
but not females, the proportion of CRFR1 SIG particles near the plasma membrane
significantly increased (p < 0.05) after CIS (G). ***p < 0.001; **p <0.01; *p <0.05. N =3
rats/group; n = 50 dendrites/rat/area.
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Fig. 4. Sex differences in the distribution of CRFR1-SIG particles in CA3 pyramidal cell
dendrites after CIS

A-D. Representative electron micrographs show the distribution of CRFR1-SIG particles in
dendrites from a control male (A), CIS male (B), control diestrus female (C) and CIS
diestrus female (D). Examples of CRFR1-SIG particles are shown on the plasma membrane
(arrowhead), near the plasma membrane (chevron) and in the cytoplasm (arrow). A spine
(sp) and terminal (T) contacting the spine are shown (D). Scale bar = 500 nm. E. In CIS
males, CRFR1-SIG particle density in dendrites significantly decreased in the cytoplasm and
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in total. Moreover, following CIS, males had less cytoplasmic CRFR1-labeling in dendrites
than CIS females. F. Females did not show differences in density of CRFRL1 in any dendritic
compartment after CIS. G, H. In males, but not females, the proportion of CRFR1 near the
plasma membrane significantly increased and the proportion of CRFRL1 in the cytoplasm
significantly decreased in dendrites following CIS. Moreover, the proportion of cytoplasmic
to total CRFR1-SIG particles in dendrites from CIS males was significantly less than
females. **p < 0.01; *p < 0.05. 2 p < 0.001; P p < 0.05. N = 3 rats/group; n = 50
dendrites/rat/area.
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Fig. 5. Sex differences in the distribution of CRFR1-SIG particles in DG hilar interneuron

dendrites after CIS

A-D. Representative electron micrographs show the distribution of CRFR1-SIG particles in
dendrites from a control male (A), CIS male (B), control diestrus female (C) and CIS
diestrus female (D). Examples of CRFR1-SIG particles are shown on near the plasma
membrane (chevron) and in the cytoplasm (arrow). Scale bar = 500 nm. E. In males, total
CRFR1-SIG particle density in dendrites was significantly reduced after CIS. CIS males had
more total CRFR1 than CIS females. F. No significant differences in the density of CRFR1
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in any dendritic compartment were found in females. G, H. No significant differences were
found in the partitioning ratios of CRFR1 in any dendritic compartment in either males or
females following CIS. *p < 0.05. 2 p < 0.01. N = 3 rats/group; n = 50 dendrites/rat/area.
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Fig. 6. Examples of CRFR1-labeled spines in CAl and CA3
In stratum radiatum of CA1, CRFR1-SIG particles were found on the plasma membrane

(chevron, A) or in the cytoplasm (arrow, B) of dendritic spines contacted by unlabeled
terminals (uT). In A, the labeled spine emanates from a dendritic shaft (D). In stratum
lucidum of CA3, CRFR1-SIG particles were found on the plasma membrane (chevron, C) or
in the cytoplasm (arrow, D) of dendritic spines contacted by mossy fiber terminals (mT).
Scale bar =500 nm.
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Fig. 7. Schematic diagram depicting sex differences in the subcellular distribution of CRFR1 in
hippocampal dendrites without stress and following CIS

Unstressed (control): In CA1 pyramidal cell dendrites, females compared to males had
more CRFR1 in every cellular compartment. In CA3 pyramidal cell dendrites, males had
more CRFR1 on the plasma membrane than females. In hilar interneuron dendrites, males
compared to females had more cytoplasmic and total CRFR1. CIS: In CA1 pyramidal cell
dendrites, CIS males compared to control males had more CRFR1 near the plasma
membrane, in the cytoplasm and in total. However, although CIS females compared to
control females had less total CRFR1 in CAL dendrites, they still had more CRFR1 than
control and CIS males. In CA3 pyramidal cell dendrites, CIS decreased cytoplasmic and
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total CRFR1 in males only. Likewise, hilar interneuron dendrites of CIS males had less total
CRFR1 than control males.

Neuroscience. Author manuscript; available in PMC 2019 July 15.



Page 36

McAlinn et al.

"uonIpuod Jad stel € = N "1ed Jad sjeurwial Jagly Assow pajos|as Ajwopues oG Ag paioeIuod saulds o1LIpuUsp
woJ} paulwialep saulds Jo abeiusolad ;gD ‘1ed Jad saulds pajoajas Ajwopuel 0OT WOy paulwislap saulds pajade|-TH44D 40 abejuadiad (1D "ajoned 9|S-TH4HD auo Uey) alow pey saulds awos
x

€ 4 14 6 8'0F€'C | Salews}SIo
14 € 4 6 €0FT¢C Sajewsy O
4" g 0| L1 0T+87 S3lew SIO
S S T|oOT 0T+G¢ Sajew 110
EVO
€ T T S €0+ /LT | Salews} SIo
9 14 0| o1 CTFE€ Sajews) B
S € T 6 90F¢€ S3lew SIO
€ 0 0 € 90FT ssjew 10
vo

wsedolfo | sueaquisw | asdeuAs
LOWRIOT |y | NTS F 0% dnoio

sauids onupusp Ul sajored 91S-THAYD JO uonngLisig
T a1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuroscience. Author manuscript; available in PMC 2019 July 15.



	Abstract
	Graphical abstract
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Animals
	Estrous cycle determination
	Chronic immobilization stress
	Immunocytochemistry procedures
	Section preparation
	Antibody characterization
	Electron microscopic immunocytochemistry
	Electron microscopic localization of CRFR1
	Analysis 1: CRFR1-SIG labeling in pyramidal cell dendrites in CA1 and CA3 and in interneuronal dendrites in DG
	Analysis 2: CRFR1-SIG labeling in spines in CA1
	Analysis 3: CRFR1-SIG labeling in spines contacting mossy fibers in CA3
	Figure preparation
	Statistical analysis


	RESULTS
	Without stress, densities of CRFR1 in CA1, CA3, and DG dendrites differ between males and females
	CIS has opposite effects on CRFR1 densities in CA1 dendrites of males and females
	CIS alters CRFR1 trafficking in CA3 dendrites of males but not in females
	In DG, CIS alters the dendritic distribution of CRFR1 in males but not in females
	In CA1 and CA3, few CRF-labeled dendritic spines were seen in males and females

	DISCUSSION
	In unstressed rats, sex differences in CRFR1 distribution varied between hippocampal regions
	CIS differentially impacts CRFR1 density in CA1 pyramidal cells in males and females
	In CA3 pyramidal cells, CIS alters the distribution of CRFR1 only in males
	CIS has limited effects on CRFR1 levels in DG interneurons
	Functional considerations

	References
	Fig. 1
	Fig. 2
	Fig 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Table 1

