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Abstract

Chronic stress or glucocorticoid exposure simplifies hippocampal CA3 apical dendritic arbors in
male rats. In contrast to males, chronic stress either reduces CA3 basal branching or exerts no
observable morphological effects in gonadally intact female rats. Under conditions that females
display stress-induced CA3 dendritic retraction, such as following ovariectomy, chronic exposure
to 17p-estradiol or cholesterol can negate these changes. Whether glucocorticoids produce CA3
dendritic retraction in ovariectomized females and whether neuroprotection from 17p-estradiol or
cholesterol is sex-specific remains unknown. The current study examined the effects of chronic
glucocorticoid exposure, in conjunction with 17p-estradiol or cholesterol administration, on
hippocampal CA3 dendritic complexity. Adult male and female Sprague-Dawley rats were
gonadectomized and implanted with 25% 17p-estradiol in cholesterol, 100% cholesterol, or blank
Silastic capsules. Rats were then assigned to either a 21-day corticosterone (CORT) drink (400ug/
mL CORT, 2.4% ethanol in tap water) or tap water (Tap, 2.4% ethanol in tap water) treatment.
Brains were processed for Golgi staining, and hippocampal CA3 dendritic architecture was
quantified. Results showed 21-day CORT administration reduced hippocampal CA3 apical
dendritic branch points, CA3 apical dendritic length, body weight gain, and adrenal weights
compared to male and female control counterparts. Furthermore, male and female rats implanted
with Silastic capsules containing cholesterol or 25% 17p-estradiol in cholesterol were protected
from CORT-induced CA3 apical dendritic branch reduction. No effects were observed in the CA3
basal dendritic arbors. The present results demonstrate that CORT produces hippocampal CA3
dendritic retraction in gonadectomized male and female rats and that cholesterol and 25% 17p-
estradiol in cholesterol prevent this dendritic simplification.
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1. Introduction

The stress response involves the release of glucocorticoids (GCs), which interact with
receptors in the brain, especially those located in limbic structures such as the hippocampus
(McEwen et al., 1968, McEwen et al., 1969). It is widely documented that GCs influence
hippocampal neurochemistry (Luine et al. 1993, Bush et al. 2003, Schubert et al. 2008), GC
receptor expression (Kitraki et al., 2004, Wright et al., 2006), neuronal excitability (Pfaff et
al., 1971; Kerr et al., 1989; Beck et al., 1994), and hippocampal-dependent behaviors such
as spatial ability (Oitzl & de Kloet, 1992, de Quervain et al. 1998, McLay et al. 1998,
Conrad et al. 1999, Coburn-Litvak et al. 2003, Dumas et al. 2010, Schwabe et al. 2010).
Moreover, the hippocampus shows marked morphological alterations following chronic
stress when GC elevations persist or when exogenous GCs are chronically administered. For
example, chronic stress or chronic administration of corticosterone (CORT), the
predominate GC in rodents, produces hippocampal CA3 dendritic retraction (Woolley et al.
1990, Watanabe et al. 1992a, Magarifios et al. 1995a; Sousa et al., 2000; Conrad et al.,
2007), reduces neuropil volume in the hippocampus (Sousa et al. 1998a & 1998b, Tata et al.,
2006), and even produces dendritic retraction in other hippocampal areas when stress or
elevated GCs persist (for review, see Conrad 2006). Consequently, the hippocampus is
highly sensitive to stress and GCs.

Past studies demonstrate several mechanisms by which chronic stress and GCs alter
hippocampal CA3 dendritic morphology. GCs appear necessary because interfering with the
synthesis of GCs by administration of cyanoketone prevents stress-induced dendritic
retraction (Magarifios et al, 1995b). Excitatory input is essential because lesions of the
entorhinal cortex, a main excitatory input into the hippocampus and CA3 region, or
interference of excitatory amino acid release block stress-induced hippocampal CA3
dendritic retraction (Sunanda et al., 1997, Watanabe et al., 1992b: respectively). These
studies provide supporting evidence that GCs and CA3 afferent connections contribute to
diminished hippocampal dendritic complexity following chronic GC exposure.

The aforementioned studies commonly used male subjects, and subsequent reports showed
that chronic stress also caused robust hippocampal CA3 dendritic retraction in females, but
with some important differences than observed in males. For example, one of the first
studies investigating chronic stress and sex differences on hippocampal dendritic complexity
found that chronic stress produced CA3 dendritic retraction in the apical region of males and
in the basal region of females (Galea et al, 1997). Since then, ovarian hormones were
discovered to protect against stress-induced CA3 dendritic retraction in females, as
ovariectomized rats exhibited robust hippocampal CA3 apical and basal dendritic retraction
following chronic stress (McLaughlin et al., 2005, 2010; Conrad et al., 2012). Subsequently,
estradiol- or cholesterol-filled Silastic implants were observed to protect against stress-
induced CAS3 dendritic retraction (McLaughlin et al., 2010). These studies reveal that
ovarian hormones and/or their precursors may be important in chronic stress influences on
hippocampal CA3 dendritic complexity. Consequently, an important follow-up question is
whether estradiol and/or cholesterol may also protect against CA3 dendritic retraction in
males. In addition, research has yet to investigate whether GCs produce hippocampal CA3
dendritic retraction in females, with some recent evidence since the start of this study that
chronic CORT administered postpartum reduces CA3 basal dendritic complexity (Workman
etal., 2013). It is possible that exogenous administration of GCs will impact female
hippocampal architecture differently than exposure to chronic stress, given that restraint and
CORT injections could produce differences in hippocampal GABA receptor subunit
expression, which could impact neuronal plasticity (Lussier et al., 2013). Thus, the present
study aimed to determine whether estradiol protects against GC-induced dendritic retraction
in males and whether GCs produce dendritic retraction in females. We hypothesized that
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chronically elevated GC levels would produce hippocampal CA3 dendritic retraction in both
males and females and that 17p-estradiol and cholesterol administration would block this
dendritic remodeling.

2. Experimental Procedures

2.1 Subjects

2.2 Surgery

All procedures conformed to federal and institutional guidelines set forth by the Arizona
State University Institutional Animal Care and Use Committee and the Guide for the Care
and Use of Laboratory Animals (National Academy of Sciences, National Research Council,
Institute of Laboratory Animal Resources on Life Science, Washington, D.C., 1996).

Sprague-Dawley rats (72 male and 72 female) were purchased from Charles River
Laboratories (Hartford, CT) and kept at Arizona State University housing facilities. All rats
were pair-housed with a same-sex littermate in a colony room containing both female and
male rats in the same treatment conditions (e.g., untreated controls were housed together and
separate from the CORT-treated group). Lights were set on a reverse 12:12 hr light cycle
(lights off at 6:00 am), and the rats had free access to food and water throughout the
experiment.

One week after arrival, all rats were gonadectomized and implanted with a Silastic capsule
containing 25% 17pB-estradiol (Steraloids, Inc., Newport, RI), 100% cholesterol (ICN
Biomedicals, Inc., Aurora, OH), or filled with glue (X; referred to as “blank”). Previous
studies have used either implants filled with nothing (glue, Kudwa et al., 2009; Heideman et
al., 2010; Wood and Rice 2013;) or implants filled with the vehicle base (cholesterol,
Evuarherhe et al., 2009; Bohacek and Daniel, 2010; Wang et al., 2011), but not both. Given
our recent finding that there may be differences in these two types of “control” conditions
(McLaughlin et al., 2010), we implemented both types of implants. Surgeries were
performed under aseptic sterile conditions. Rats were anesthetized with a ketamine cocktail
(Iml/kg, i.p., 70 mg/kg ketamine, 6 mg/kg xylazine, 10 mg/kg acepromazine, in 0.9%
sodium chloride). Silastic implants were then inserted just below the nape of the neck with a
10-gauge precision trochar (Innovative Research of America, Sarasota, FL). For males, the
scrotum was treated with Betadine surgical scrub. The scrotum and underlying tunica were
then incised and the cauda epididymis, caput epididymis, vas deferens, and testes were
extracted. The vas deferens was clamped bilaterally and the testes were removed before the
vas deferens was reinserted back into the scrotal sac. The surgical site was then closed using
sterilized suture thread. For females, bilateral ovariectomies were performed as described
previously (McLaughlin et al., 2005, 2010; Conrad et al., 2012). Briefly, the abdomen was
treated with Betadine surgical scrub, and an incision (1 cm) was made ventrally along the
pelvic region. The uterine horns were identified, the oviduct was secured with dissolvable
suture thread, and the ovaries were excised and removed. The abdominal muscles were
sutured shut and the skin was bound with wound clips, which were removed approximately
seven to ten days following surgery.

2.3 Treatment Conditions and Procedure

CORT drinking water was made by dissolving CORT (MP Biomedicals, LLC, Solon, OH)
in 100% ethanol to produce a concentration of 400 ug/mL of CORT dissolved in 2.4%
ethanol with the remaining volume being tap water. Past studies have found this
concentration of CORT in the drinking water to produce hippocampal CA3 dendritic
retraction, disrupt adrenal weights and body weight gain, and elevate circulating levels of
CORT (Magarifios et al., 1998; Magarifios et al., 1999; Conrad et al., 2004). A previous
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report using this CORT dose and drink protocol found serum CORT levels to reach 20 to 29
pg/dl two hours into the light phase of the light cycle, and these CORT levels maintained
elevations six hours later (14 to 29 ug/dl) (Magarifios et al., 1998). Rats receiving the
“control water” were given 2.4% ethanol dissolved in tap water. For simplicity, the drink for
rats in the control group will be referenced as “tap” water even though it contained 2.4%
ethanol and food coloring. In order to delineate treatment conditions and to reduce the risk
of experimenter error, red food coloring was added to CORT-treated water, and green food
coloring was added to tap water. These manipulations have previously been performed in
our lab (Conrad et al., 2004; Conrad et al., 2007) as well as other labs (Waters and
McCormick 2011; Overk et al., 2012). All rats received their respective drink treatment for
21 days; drinks were freshly made every two to three days, and water bottles were
monitored daily.

One week after surgery, male and female rats were separately divided into six experimental
conditions according to CORT treatment and Silastic implant, which resulted in the
following groups: tap water and blank Silastic implant (Tap-X), tap water and cholesterol
Silastic implant (Tap-Chol), tap water and 17p-estradiol Silastic implant (Tap-E), CORT-
treated water and blank Silastic implant (CORT-X), CORT-treated water and cholesterol
Silastic implant (CORT-Chol), and CORT treated water and 17p-estradiol Silastic implants
(CORT-E). Each treatment condition started with 12 males and 12 females; however, due to
methodological factors and Golgi staining restrictions, final analyses included fewer animals
per group (see below).

2.4 Staining and Histology

The day after the last Tap/CORT water treatment (day 22), rats were euthanized with a
lethal dose of sodium pentobarbital (100 mg/kg, i.p.). When rats failed to respond to foot or
tail pinch, they were rapidly decapitated, unperfused brains were removed, and trunk blood
was collected to assay for 17p-estradiol levels. Brains were processed for Golgi staining
according to the FD Rapid GolgiStain™ kit (FD NeuroTechnologies, Baltimore, MD, USA).
Briefly, the brains were immersed in the impregnation solution and kept in the dark for three
weeks. They were then transferred to a final solution and stored at 4°C for another week.
Brains were then quick frozen in 2-methylbutane, kept chilled with dry ice, and cut into
coronal sections (100 um) using a cryostat (Microtome HM 500 OM cryostat, kept at =22 to
-25 °C). Sections were placed on subbed slides, blotted with bibulous blotting paper (Fisher
Scientific International Inc., USA), and allowed to dry in a dark location prior to staining.
Then, slides were rinsed in distilled water, placed in the developing solution for 10 minutes,
rinsed in distilled water, dehydrated in ascending series of ethanol, and then cleared in
neoclear, a xylene substitute (Harleco®, Gibbstown, NJ). Finally, slides were coverslipped
with Permount Mounting Media (Fisher Scientific International Inc.) and left to dry in a dark
dry place for one to two weeks.

The following criteria were used for neuronal selection and quantification: fully stained/
impregnated cell body and dendritic branches, intact cell body and dendrites (no pieces or
truncated branch sections), and the cell body was positioned in the hippocampal CA3 region.
Selected neurons were traced using a light microscope (Olympus BX51 at 320%) and an
attached camera Lucida. An individual who was blind to experimental conditions traced
neurons, classified cells (short-shaft: SS and long-shaft: LS), and analyzed branch
properties. Dendritic branch points were counted for both apical and basal CA3 neurons, and
dendritic length was calculated using a Scale Master 1l digital plan measuring system
(Calculated Industries, Carson City, NV, USA) linked by a PC interface to a Dell computer.
After quantification, SS and LS neuronal values were averaged together to obtain one
measure of dendritic complexity for each rat. For a rat to be included in the final analysis,
the brains must have contained at minimum three successfully stained neurons from either
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the SS or LS category and at least two from the other category (minimum of 5 neurons/
animal). Given these criteria, the final number of rats with sufficiently stained CA3 neurons
ranged from six to ten rats/group. Intra-rater reliability was 96.0% + 3.4% and inter-rater
reliability was 97.5% + 4.7%.

2.5 17B-estradiol Assay

A solid phase radioimmunoassay kit using 12°1-labeled estradiol (Siemens Medical Solutions
Diagnostics, Los Angeles, CA) determined serum estradiol levels. A subset of the rats from
the original 144 animals was analyzed (assay completed by Dr. Laurence Demers’ Core
Endocrine Laboratory at Penn State College of Medicine). Rats with 173-estradiol serum
levels greater than two standard deviations from the mean were removed from analyses.
Thus, one rat was removed from the female group administered CORT in the drinking water
and implanted with Cholesterol implants (Female-CORT-Chol) and one rat was removed
from the female group administered tap water and implanted with 17p-estradiol (Female-
Tap-E). The final number of rats per group ranged from 5-6 for this assay.

2.6 Statistics

3. Results

The statistical software package, SPSS (version 19), and a Macintosh computer (OS X
10.6.8) were used to analyze the data. Analyses of variance (ANOVAs) were followed by
Fisher’s LSD posthoc tests when p< 0.05. Levene’s test for homogeneity of variance was
used to ensure that the ANOVA assumption of homogeneity between groups was not
violated.

3.1. CA3 apical dendritic arbors: Effects of CORT, cholesterol, and 17p—estradiol

Representative neuronal images and tracings from each treatment are shown (Fig. 1). CA3
neurons showed marked dendritic branching in the apical region, which was truncated
following chronic CORT treatment in both females (top row) and males (bottom row, Fig. 1,
compare CORT-X to VEH-X). Cholesterol or 17p-estradiol filled Silastic implants
prevented the apical dendritic retraction produced by chronic CORT ingestion (Fig 1,
compare CORT-X with CORT-Chol or CORT-E).

17p-estradiol and cholesterol prevented CORT-induced reductions in CA3 apical dendritic
branch points in both females and males. A 2 x 2 x 3 ANOVA with sex (female, male),
drink (Tap, CORT) and Silastic implant (X, Chol, E) as independent variables and apical
dendritic branch points as the dependent variable revealed significant main effects of sex
(F1,89 = 4.74, p = 0.03), drink (F1 gg = 8.99, p = 0.004) and Silastic implant (F; g9 = 5.27, p
=0.007), and a significant interaction between drink and Silastic implant (F, gg = 6.66, p =
0.002) with no other significant effects. Posthoc tests probing the significant drink and
Silastic implant interaction showed that exposure to CORT drinking water significantly
decreased CA3 apical dendritic branch points, which was prevented by cholesterol or 17p-
estradiol Silastic implants (p < 0.04, collapsed across sex due to a lack of a sex interaction,
Fig. 2).

An additional analysis was used to determine whether the CORT and Silastic implant
interaction on CA3 apical branch points was separately maintained for females and males.
For females, a significant main effect of drink (Fq 45 = 5.61, p = 0.02) and an interaction
between drink and Silastic implant (F, 45 =3.85, p = 0.03) was found for apical dendritic
branch points. Posthoc tests showed that females provided with CORT drink and implanted
with blank capsules (CORT-X) expressed significantly reduced branch point numbers
compared to all other female conditions (p < 0.009, Fig. 2A). Importantly, cholesterol (p =
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0.009) or 17p-estradiol (p = 0.006) implants prevented CA3 apical dendritic retraction in
CORT-treated female rats (Fig. 2A). Likewise, for males, a 2 x 3 ANOVA revealed
significant main effects for drink (F1 41 = 3.94, p = 0.05) and Silastic implant (F5 41 = 3.98,
p =0.03), and a significant interaction between drink and Silastic implant (F, 41 =4.90, p =
0.01). Males implanted with blank Silastic implants and given CORT drinking water
(CORT-X) displayed significantly fewer apical branch points than did all other male
treatment groups (p = 0.03). As found with the female data, cholesterol (p = 0.001) or 17p-
estradiol (p = 0.03) prevented CAS3 apical dendritic retraction in male rats given CORT (Fig.
2B).

For CA3 apical dendritic branch length, a 2 x 2 x 3 ANOVA revealed significant main
effects of sex (F1 g9 = 7.53, p = 0.007), drink (F1 gg = 5.38, p = 0.02) and Silastic implant
content (F2 gg = 5.638, p = 0.005), with no significant interactions. Males expressed greater
CA3 apical dendritic length than did females (p < 0.05). The significant main effect for
CORT suggested that all rats given CORT drink expressed shorter CA3 apical dendritic
branch length than all rats given tap water, regardless of sex or Silastic implant (p < 0.05).
However, this effect appeared to be driven predominately by the shorter branch length of the
CORT-X group (in females and males). Given that past studies found CORT to produce
CA3 dendritic retraction in the apical length of male neurons (Woolley et al., 1990; Sousa et
al., 2000), planned comparisons were performed for CORT-X and Tap-X in males; however,
we did not observe statistically significant effects. Finally, the post-hoc analyses for the
significant effect of Silastic implant showed that cholesterol prevented the CORT-induced
CA3 dendritic length reductions (females, p = 0.02 and males, p = 0.05), with a pattern
observed for CORT-E that did not reach statistical significance (Table 1).

3.2. CA3 basal dendritic arbors: Effects of CORT, cholesterol, and 17f—estradiol

For CA3 basal branch points and length, an analysis of sex, drink, and Silastic implant
revealed a significant three-way interaction (basal branch points, F; gg = 5.05, p = 0.008; and
basal length, F; gg = 3.61, p = 0.03) with no other significant effects. When posthoc tests
probed these interactions, no significant effects of sex or treatment groups were found.
Notably, females given CORT water and implanted with blank implants (CORT-X) tended
to display fewer basal branch points and shorter basal branch lengths than did the other
female groups, although these effects were not statistically significant (Table 1).

3.3. Effects of CORT, 17B-estradiol, and cholesterol on physiological measures

CORT treatment and 17p-estradiol-filled implants significantly altered body weight. A 2 x 2
x 3 ANOVA revealed significant main effects of sex (F1 157 = 44.667, p < 0.0001), drink
(F1,127 = 10.734, p < 0.001), and Silastic implant (F 127 = 60.237, p < 0.0001) on body
weight gain, with no significant interactions. Females gained less weight than did males, yet
the effects of CORT drink and Silastic implant were similar between the sexes. CORT-
treated rats gained less weight than did tap water-treated rats (p < 0.001), and this weight
change occurred regardless of sex and Silastic implant contents (Fig. 3A). Moreover, 17p-
estradiol reduced body weight gain in both females and males regardless of CORT or tap
water administration (p < 0.001 for both blank and Chol treatments). Rats implanted with
cholesterol or blank Silastic implants had similar body weight gain (p > 0.9).

For adrenal weights, sex, CORT, and Silastic implants produced similar outcomes as found
with body weight gain (Fig. 3B). Analyses revealed significant main effects of sex (F1 127 =
65.935, p < 0.001), drink treatment (F1 157 = 290.951, p < 0.001), and Silastic implant
(F2,127 = 146.871, p < 0.001), as well as a significant interaction between sex and Silastic
implant (F2 127 = 2.96, p = 0.05) on adrenal weights corrected for body weight. Females
showed greater adrenal weight per body weight unit than did males, which was expected
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given the smaller size of female rats. CORT treatment reduced the ratio of adrenal to body
weight in both females and males relative to tap water-treated rats (Fig. 3B). For Silastic
implants, 17p-estradiol increased adrenal weight to body weight ratio compared to both
blank and cholesterol Silastic implants (p < 0.001 for both blank and Chol). The posthoc
tests probing the sex by Silastic implant interaction revealed that females implanted with
17p-estradiol (Tap-E and CORT-E combined) showed significantly larger adrenal to body
weight ratio compared to all other groups (p < 0.05), and that males implanted with estradiol
showed larger adrenal to body weight ratio (Tap-E and CORT-E combined) compared to the
remaining groups (p < 0.05 for Female-X, Female-Chol, Male-X, Male-Chol). The
remaining groups were statistically similar to each other.

3.4. Effects of Silastic implant content on serum 17B-estradiol levels

Silastic implant content significantly affected serum 17p-estradiol levels, as demonstrated
by a 2 x 2 x 3 ANOVA showing a significant main effect of implant (F, 56 = 13.96, p <
0.0001) on 17p-estradiol serum levels. Posthoc analyses showed that 17p-estradiol-filled
capsules significantly elevated 17p-estradiol serum levels compared blank (p < 0.001) or
cholesterol (p < 0.001) filled capsules (Fig. 4A). While both female and male rats implanted
with cholesterol-filled capsules had elevated serum levels of 17pB-estradiol, these levels did
not differ from female and male rats implanted with blank-Silastic capsules. The ANOVA
also revealed a significant interaction between sex and drink treatment (F1 56 = 5.90, p =
0.02), such that females given tap drinking water had significantly elevated estradiol levels
compared to males given tap water (p = 0.03) and females given CORT water (p = 0.05).
The remaining groups were statistically similar. The ANOVA also revealed a significant
interaction between sex and Silastic implant (F, 56 = 3.07, p = 0.05). Females implanted
with 17p-estradiol capsules showed statistically elevated serum 17p-estradiol than the
remaining groups (p < 0.01, Female-X, Female-Chol, Male-X, Male-Chol, and Male-E).
Males implanted with 17p-estradiol capsules also showed significantly higher serum 17p-
estradiol levels than males implanted with blank capsules (p < 0.05, Fig. 4B). There were no
other significant results.

4. Discussion

In this study, we investigated the effects of prolonged CORT exposure on hippocampal CA3
dendritic architecture in gonadectomized male and female rats given 17p-estradiol-,
cholesterol-, or blank-filled Silastic capsules. Our results revealed that CORT was associated
with hippocampal CA3 apical dendritic retraction in male and female rats. Moreover, 25%
17p-estradiol in cholesterol and cholesterol alone implants prevented this CORT-induced
reduction of CA3 apical dendrites in both sexes. These findings are the first to demonstrate
that 25% 17pB-estradiol in cholesterol and cholesterol alone protected against CORT-induced
hippocampal dendritic remodeling in males and that CORT produced hippocampal CA3
apical dendritic retraction in females.

During the stress response, the release of CORT, neurotransmitters, and neuropeptides are
altered and any one of these alterations can potentially influence neuronal integrity. In our
study, CORT was administered in drinking water to chronically elevate circulating GC
levels without the concomitant changes in neurochemicals that are released during a stress
response. This CORT drinking water regimen (400 pg/ml) was previously compared to a
separate cohort of rats that underwent restraint (Magarifios et al., 1998). They reported that
CORT drink produced circulating serum CORT levels similar to the restraint group near the
end of the restraint period, ranging from 14 to 29 ug/dl (for the CORT drink condition) and
16 to 21 pg/dl (for the restraint condition). Levels prior to the start of restraint, however,
differed as restrained rats exhibited basal serum CORT levels (1 to 2 pg/dl), whereas the
CORT-drink treated rats maintained high serum CORT levels (20 to 29 ug/dI).
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Consequently, CORT drink and restraint increased serum CORT levels, but CORT drink
might extend the duration of serum CORT elevations. A potential limitation of the current
study is how much CORT was actually ingested by the rats. It is possible that CORT treated
rats in the current study drank less than did the tap water treated group as one study
observed that less CORT drink was consumed by CORT treated rats compared to a control
drink group given tap water (Waters and McCormick, 2011). While the amount of CORT
drink ingested might vary in our study, the ramifications of prolonged exposure to this
concentration of CORT in the drinking water manifested physiological effects consistent
with effective GC treatment, such as reduced body weight gain (Watanabe et al. 1992a;
Sousa et al. 1998a & 1998b; Magarifios et al., 1998; Conrad et al., 1999; Coburn-Litvak et
al., 2003; Conrad et al., 2004; Tata et al., 2006; Conrad et al., 2007; Schubert et al., 2008;
Brummelte et al., 2010) and altered adrenal weights (Magarifios et al., 1998; Tata et al.,
2006). In addition, 17p-estradiol further modified body weights and adrenal weights without
negating the effect of CORT on physiological parameters per se, as rats exposed to both
CORT and 17p-estradiol showed the lowest body weight gain and the largest adrenal/body
weight ratio. Consequently, physiological changes confirmed effective CORT
administration.

The effects of CORT on hippocampal CA3 dendritic morphology in males evident in this
study have some similarities and differences with the literature. We found that CORT drink
provided to male rats reduced CA3 apical dendritic branch number compared to male rats
given tap water. While we also found a significant main effect for CORT drink to reduce
CA3 apical branch length (for both females and males and across Silastic implant
condition), planned comparisons between CORT-X and Tap-X in males did not reveal
statistical differences. Our results support the finding that CORT reduces apical dendritic
complexity of hippocampal CA3 neurons in male subjects (Woolley et al., 1990; Magarifios
et al., 1998; Sousa et al., 2000; Conrad et al., 2007). However, the degree of dendritic
remodeling varies across studies. For example, one of these reports found CORT reduced
CA3 dendritic complexity in both apical branch points and length (Woolley et al., 1990),
another found CORT only reduced CAS3 apical dendritic length (Sousa et al., 2000), while
the other two studies found CORT effects only in apical branch points (Magarifios et al.,
1998; Conrad et al., 2007). Our current study aligns with the latter reports, and we speculate
that the differences as to whether CORT produces effects on both dendritic measures may
reflect the amount and/or duration of exposure to CORT. These discrepancies may be
relevant because the amount of CORT ingested could vary across individual rats, which may
contribute to some of the variability in morphological outcomes. Moreover, as the duration
of CORT exposure in the drinking water is extended from three to five weeks, CORT effects
are observed in both CA3 apical dendritic branch points and length from the same laboratory
(please compare Magarifios et al., 1998 with Margarifios et al., 1999). Taken together, our
current findings support previous research showing that CORT reduced male hippocampal
CA3 architecture and these changes, whether in branch points or length, are reliably shown
in the apical region.

How CORT influences CA3 dendritic complexity in females differs with reports that
manipulated chronic stress. From our laboratory, chronic stress produced CA3 apical and
basal dendritic retraction in ovariectomized female rats (McLaughlin et al., 2005, 2010;
Conrad et al., 2012), and this dendritic pruning was prevented with Silastic implants of
cholesterol or estradiol (McLaughlin et al., 2010). These findings appear to contrast with a
report that found chronic stress to produce CA3 dendritic retraction in the basal region, as
measured by branch points without altering basal dendritic length (Galea et al., 1997). One
difference is the former studies used ovariectomized female rats, whereas the latter study
used gonadally intact female rats. Consequently, the ovarian hormones could have
attenuated the stress-induced CA3 dendritic retraction, as revealed by one metric (branch
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numbers) being reduced as opposed to seeing effects in both measures by Galea et al,
(1997). Another variable is the number of cell types used in the analysis. In our assessment,
the number of long-shafted and short-shafted cells is weighted equally in quantification
because CA3 short-shafted cells are intrinsically more complex than CA3 long shafted cells
(Fitch et al., 1989). One of our past reports found chronic stress to decrease the branch
points in the basal dendritic tree of long-shafted neurons, but not short-shafted neurons
(McLaughlin et al., 2005). It is tempting to speculate that perhaps the contribution of cell
types in the analysis could have produced the differences in these reports. Alternatively,
perhaps chronic CORT administration produces a different neuronal profile than that
observed by chronic stress, and future studies will need to parse out these outcomes.

Serum from a subset of rats was analyzed and showed that 17p-estradiol administration
produced detectable, circulating 17p-estradiol levels within the range found in cycling,
proestrous female rats (~40 — 50 pg/ml, Smith M., 1975). These serum levels were also
greater than circulating 17p-estradiol found in rats implanted with blank or cholesterol
capsules. Females in the tap water treatment and implanted with 17p-estradiol Silastic
capsules had the highest serum levels, which were significantly greater than the remaining
groups (Fig. 4). Interestingly, both male and female gonadectomized rats with blank Silastic
implants showed detectable 17p-estradiol levels, suggesting that the assay may have had
some cross-reactivity. Consequently, the actual serum levels of 17p-estradiol in these groups
were most likely lower than our assay detected. It is important to note that all groups
receiving 25% 17p-estradiol implants showed significantly elevated serum 17p-estradiol
compared to the cholesterol- and blank-filled capsules. These findings further validate
effectiveness of 17p-estradiol administration through Silastic implants.

The mechanisms by which 25% 17p-estradiol in cholesterol and cholesterol alone prevented
CORT-induced hippocampal dendritic changes are unclear; however, there are some
intriguing possibilities. In our previous study (McLaughlin et al., 2010), we observed a dose-
dependent increase in serum 17p-estradiol based upon the type of Silastic implant, such that
cholesterol treatment elevated serum 17p-estradiol levels compared to ovariectomy, and
these serum 17B-estradiol levels were further increased by capsules containing 25% 17-
estradiol in a cholesterol base. At that time, we hypothesized that one mechanism of action
might be through the conversion of cholesterol into estradiol given the dose-dependent
serum estradiol elevations and other studies showing that high cholesterol diets could
significantly elevate 17p-estradiol serum levels in ovariectomized mice and improve
cognition (see recent work, Li et al., 2012). However, unlike our past study, the current
research showed that cholesterol implants may not have produced 17p-estradiol levels that
were statistically elevated compared to those associated with the blank implants and yet, the
cholesterol-treated rats were protected against CORT-induced CA3 dendritic retraction. This
finding revealed a limitation of our study in that cholesterol alone produced similar
neuroprotection against CORT-induced CA3 dendritic retraction as compared to the 17p-
estradiol group. Consequently, the current design made it difficult to distinguish whether
17p-estradiol was neuroprotective alone. Specifically the 17p-estradiol implants also
contained a percentage of cholesterol (75%), with cholesterol perhaps mediating the
neuroprotective effects against CORT-induced CA3 dendritic retraction. Indeed, cholesterol
has been shown to be important for synaptic activity (Mauch et al., 2001, Pfrieger, 2003;
Suzuki et al., 2007, Frank et al., 2008), dendritic differentiation (Goritz et al., 2005), and
cellular function (Tsui-Pierchala et al., 2002). Moreover, dysregulating cholesterol
metabolism in the brain has been implicated in several neurodegenerative disorders that
involve limbic structures, such as Huntington’s disease (Karasinska and Hayden, 2011) and
Alzheimer’s disease (Vance et al., 2005). The importance of cholesterol in brain function is
further emphasized by reports that the brain contains approximately 25% of the total
quantity of cholesterol in the body (Dietschy and Turley, 2001). Therefore, the possibility
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exists that cholesterol (and not 17p-estradiol) may have mediated neuroprotection for CA3
dendritic architecture following chronic CORT treatment.

Another possible mechanism mediating protection against CORT-induced CA3 dendritic
retraction may involve the conversion of cholesterol into another neurosteroid, as cholesterol
is a steroid precursor and can give rise to brain estradiol, as well as other neurosteroids. It is
important to recognize that steroid levels within the brain do not necessarily represent
steroid plasma levels (Croft et al., 2008). Consequently, cholesterol-filled implants could
have provided neuroactive steroids within the brain, even when the serum assay revealed
statistically similar estradiol levels as found in the blank- implanted group. Hence,
cholesterol from Silastic implants could have elevated neurosteroids and even brain estradiol
levels. For instance,17p-estradiol can be synthesized de novo within the brain, including
within the hippocampus (Baulieu 1998; Kretz et al., 2004; Hojo et al., 2004). Indeed,
enzymes required for neurosteroidogenesis are abundant in many regions of the
hippocampus (Kimoto et al., 2001; Hojo et al., 2004, 2008), leading to the intriguing
possibility that cholesterol was locally converted into 17p-estradiol, for example. Estrogens
can exert neuroprotective effects and enhance the survival of neurons (Behl 2003; Maggi et
al., 2004; Turgeon et al., 2006), protect against traumatic brain injury, and benefit several
neurodegenerative disorders such as Parkinson’s disease, Alzheimer’s disease, and
schizophrenia (For review see: Behl, 2002; Dhandapani and Brann, 2002). /n vitro studies
show that 17p-estradiol can protect against amyloid-p damage (Marin et al., 2003) and
glutamate neurotoxicity (Mize et al., 2003). Taken together, it is likely that cholesterol and
17p-estradiol may both block CORT-induced hippocampal dendritic remodeling.

The current data are of particular importance because hippocampal dendritic architecture
may have implications on hippocampal function, such as learning and memory. We have
previously shown that chronic stress and the resulting simplification of hippocampal CA3
dendritic arbors correspond with poor spatial learning and memaory in males (for reviews,
Conrad 2006, 2010). We have also found that chronic stress does not produce these same
cognitive changes in females, whether they are gonadally intact or ovariectomized (for
review, McLaughlin et al., 2009), perhaps due to a more complex interplay between the
hypothalamic-pituitary-adrenal axis and the hypothalamic-pituitary-gonadal axis (Conrad
and Bimonte-Nelson, 2010). These findings beg the question as to whether CA3 dendritic
retraction is necessary for spatial learning and memory.

Based on the results from our laboratory, we suggest that CA3 dendritic retraction is an
indicator of vulnerability to spatial learning and memory deficits, but the presence of CA3
dendritic retraction per se does not dictate impaired spatial memory. For example, chronic
restraint stress that produces CA3 dendritic retraction in male rats typically leads to spatial
memory deficits; however, these deficits can be prevented by merely one injection of
metyrapone to reduce CORT prior to memory testing (Wright et al., 2006). In this scenario,
the status of the stressed brain, including the expression of CA3 dendritic retraction, would
still be present in the subsequent hours in which testing occurred, but the neurochemical
profile would be altered by the metyrapone injection. Moreover, a theory about information
processing in the hippocampus derived from place cells posits that the CAS3 trisynaptic
pathway contributes to information about memory retrieval or expectation, whereas the
entorhinal cortical pathway to the CA1 neurons contributes information about the senses or
the actual experience (Moser and Paulsen, 2001). One take home point is that while two
main pathways contribute to CA1 information processing, one does not involve the CA3
neurons. Perhaps CA3 neurons contribute to refinement as opposed to being a functional
necessity. Another point to contemplate is that estrogens increase CA1 spine density
(Woolley and McEwen, 1993; McLaughlin et al., 2008, 2010; Conrad et al., 2012) and the
combination of chronic stress and estradiol increases CA1 dendritic complexity (Conrad et
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al., 2012). Perhaps these plastic changes in the CA1 dendrites might be compensating for or
even facilitating spatial abilities following chronic stress, whether or not CA3 dendritic
complexity is altered. Regardless of the interpretation, the findings of the current study
reveal that when both males and females are gonadectomized and provided with similar
steroids (17p-estradiol, cholesterol, blank), the CORT effects on hippocampal CA3 dendritic
architecture and neuroprotective mechanisms of 17p-estradiol/cholesterol no longer reveal
sex differences. Similar findings are observed at pre-puberty when gonadal hormones have
not fully matured following a prenatal and postnatal stress paradigm in which CA3 dendritic
retraction is found in both males and females (Bock et al., 2011). Future studies are
necessary to elucidate the specific cellular and molecular mechanisms behind the
neuroprotection exerted by 17p-estradiol/cholesterol and how 17p-estradiol and cholesterol
in combination with CORT impact neuronal function or activity.
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Females

Males

Tap-Chol

Figure 1.
Effects of chronic CORT exposure on CA3 dendritic complexity. Camera Lucida tracings of

CA3 neurons are represented above corresponding Golgi-stained cells. CORT reduced CA3
apical dendritic branch points in both females and males, while cholesterol and 25% 17p-
estradiol in cholesterol prevented these effects. Basal dendritic arbors were unaffected by
drink treatment. Tap water treatment and blank Silastic implants (Tap-X), tap water
treatment and cholesterol-filled implants (Tap-Chol), tap water treatment and 17p-estradiol-
filled implants (Tap-E), CORT drink treatment and blank implants (CORT-X), CORT drink
treatment and cholesterol-filled implants (CORT-Chol), CORT drink treatment and 17§-
estradiol-filled implants (CORT-E). Scale bars = 100 pm.
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Figure 2.

Effects of chronic CORT exposure and cholesterol or 25% 17p-estradiol in cholesterol
treatment on hippocampal CA3 dendritic branch points. A) Effects from females showing
that CORT -treated rats with blank implants (CORT-X) exhibited diminished hippocampal
CA3 dendritic complexity compared to all other groups, as marked by a reduction in apical
branch points. Cholesterol and 25% 17p-estradiol in cholesterol Silastic implants prevented
the simplification of CA3 apical dendritic branch points following CORT treatment. B) CA3
apical dendritic branch points in males showing that CORT drink induced a reduction in
CA3 apical dendritic branch points and this CORT-induced effect was prevented by
cholesterol and 25% 17p-estradiol in cholesterol Silastic implants. * p < 0.05 compared to
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all other groups. Tap water treatment and blank Silastic implants (Tap-X), tap water
treatment and cholesterol-filled implants (Tap-Chol), tap water treatment and 17p-estradiol-
filled implants (Tap-E), CORT treatment and blank implants (CORT-X), CORT treatment
and cholesterol-filled implants (CORT-Chol), CORT treatment and 17p-estradiol-filled
implants (CORT-E).
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Figure 3.

Effects of prolonged exposure to CORT, cholesterol, and 17p-estradiol on body weight gain
and adrenal weights. A) Although females gained significantly less weight than did males,
as would be expected, CORT significantly reduced body weight gain in both sexes
compared to tap water-treated rats, and weight was further attenuated by 17p-estradiol. B)
Adrenal weights are represented as a ratio of adrenal weight per 100 grams of body weight.
Rats that underwent chronic CORT exposure had significantly diminished adrenal weights
regardless of sex. Rats implanted with 17p-estradiol capsules had significantly enlarged
adrenals compared to their blank and cholesterol-implanted same-sex counterparts.
Furthermore, females had significantly larger adrenal weights per 100 grams of body weight
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than compared to males. *** p< 0.001 Significant main effect of Sex. 88§ p<0.001
Significant main effect of CORT compared to tap water treatment. +1f p<0.001 Significant
main effect of 17p-estradiol Silastic implant. Tap water treatment and blank Silastic
implants (Tap-X), tap water treatment and cholesterol-filled implants (Tap-Chol), tap water
treatment and 17p-estradiol-filled implants (Tap-E), CORT drink treatment and blank
implants (CORT-X), CORT drink treatment and cholesterol-filled implants (CORT-Chol),
CORT drink treatment and 17p-estradiol-filled implants (CORT-E).
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Figure 4.

Females

Males

Effects of chronic CORT treatment and cholesterol and 17p-estradiol administration on 17p-
estradiol serum levels. A) Female rats implanted with 17p-estradiol implants and given tap
water (Tap-E) displayed significantly elevated 17p-estradiol serum levels compared to all
other groups, except females treated with 17p-estradiol and CORT water (CORT-E).
Females treated with 17p-estradiol and CORT water showed significantly higher 178-
estradiol serum levels than did CORT-treated females implanted with blank or cholesterol
capsules. Males exposed to CORT and implanted with 17p-estradiol implants demonstrated
significantly elevated serum levels of 17p-estradiol compared to males implanted with blank
implants and given tap water (Tap-X), and females given CORT drink treatment and
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implanted with blank- and cholesterol-filled Silastic implants (CORT-X and CORT-Chol).
B) Contents of implants significantly affected serum 17p-estradiol levels. Females
implanted with 17p-estradiol-filled Silastic implants displayed higher serum levels of 17p-
estradiol compared to female and male rats implanted with blank- and cholesterol-filled
Silastic implants (X and Chol). Moreover, male rats implanted with 17p-estradiol showed
significantly higher 17p-estradiol serum levels than did males with blank- and cholesterol-
filled Silastic implants. 311 p<0.001 compared to all other groups except females given
CORT drink and implanted with 17p-estradiol implants. ++ p < 0.02 compare females to
males. * p < 0.05 compared to females given CORT drink and blank (females CORT-X) or
Cholesterol implants (females CORT-Chol) § p < 0.05 compared to males given tap water
and blank Silastic implants (males Tap-X). T p < 0.01 compared to females and males
implanted with blank- or cholesterol-filled Silastic implants and males implanted with 17p-
estradiol Silastic implants. ¥ p < 0.05 compared to males implanted with blank Silastic
implants. Tap water treatment and blank Silastic implants (Tap-X), tap water treatment and
cholesterol-filled implants (Tap-Chol), tap water treatment and 17p-estradiol-filled implants
(Tap-E), CORT drink treatment and blank implants (CORT-X), CORT drink treatment and
cholesterol-filled implants (CORT-Chol), CORT drink treatment and 17p-estradiol-filled
implants (CORT-E).
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