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Abstract

The endogenous hippocampal opioid systems are implicated in learning associated with drug use.
Recently, we showed that ovarian hormones regulate enkephalin levels in the mossy fiber
pathway. This pathway overlaps with parvalbumin (PARV)-basket interneurons that contain the
enkephalin-activated mu opioid receptors (MORs) and are important for controlling the “temporal
timing” of granule cells. Here, we evaluated the influence of ovarian steroid on the trafficking of
MORs in PARV interneurons. Two groups of female rats were analyzed: cycling rats in proestrus
(relatively high estrogens) or diestrus; and ovariectomized rats euthanized 6, 24 or 72 hr after
estradiol benzoate (10u.g, s.c.) administration. Dorsal hippocampal sections were dually
immunolabeled for MORs and PARYV and examined by light and electron microscopy. As in
males, in females MOR-immunoreactivity (-ir) was in numerous PARV-labeled perikarya,
dendrites and terminals in the dentate hilar region. Variation in ovarian steroid levels altered the
subcellular distribution of MORs in PARV-labeled dendrites but not terminals. In normal cycling
rats, MOR-gold particles on the plasma membrane of small PARV-labeled dendrites (area <
1um?) had higher density in proestrus rats than in diestrus rats. Likewise, in ovariectomized rats
MORs showed higher density on the plasma membrane of small PARV-labeled dendrites 72 hrs
after estradiol exposure. The number of PARV-labeled cells was not affected by estrous cycle
phase or estrogen levels. These results demonstrate that estrogen levels positively regulate the
availability of MORs on GABAergic interneurons in the dentate gyrus, suggesting cooperative
interaction between opioids and estrogens in modulating principal cell excitability.
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INTRODUCTION

Multiple reports have shown that ovarian steroids can alter hippocampal activity such as
increased long-term potentiation (LTP) during periods of high estogen activity (Warren et
al., 1995; Kim et al., 2002; Smith and McMahon, 2005), decreased excitatory transmission
during periods of high progestins (Smith et al., 2002) and can thus affect associative
learning processes (Zurkovsky et al., 2007). Recently, we reported that ovarian steroids
regulate the levels of enkephalins and dynorphins in the hippocampal granule cell mossy
fiber pathway (Torres-Reveron et al., 2008). Hippocampal output is regulated through a
series of principal cell and inhibitory interneuron connections that can be modulated at
several points by either endogenous opioids or exogenous opiates. Activation of the
endogenous opioid system has been implicated in learning associated with drug use (Nestler
et al, 2001) and in addiction to opiates such as morphine and heroin (Gerrits et al., 2003).
Since enkephalin opioids preferentially activate mu opioid receptors (MORs) (Janecka et al.,
2004), it is important to better understand any possible effects of ovarian steroids on MOR
trafficking.

In the dentate gyrus, MORs are found primarily in parvalbumin (PARV)-containing
GABAergic basket interneurons (Drake et al., 2002); (Mansour et al., 1988; Drake and
Milner, 1999; Drake and Milner, 2006). MOR activation by enkephalin or exogenous
agonists produces excitation and facilitates LTP (Bramham, 1992; Morris and Johnston,
1995; Xie and Lewis, 1995; Drake et al., 2007) by inhibiting GABAergic transmission,
producing a net facilitation of glutamatergic neurotransmission (Chavkin et al., 1988; Xie et
al., 1992; Morris and Johnston, 1995; Bramham and Sarvey, 1996; Drake et al., 2007). A
major role of hippocampal GABAergic basket interneurons is to control the “temporal
timing” of granule cell output during hippocampal-dependent memory processes (Paulsen
and Moser, 1998). Both the somatodendritic and axonal compartments of MOR-containing
interneurons are located within a functionally relevant distance of enkephalin-containing
terminals (Drake et al., 2002). Consequently, MORs are situated to play a key role in
hippocampal plasticity.

Several lines of evidence suggest that ovarian steroids, specifically estrogen, can modulate
MORs, but contrasting results have been observed. In hypothalamic neurons, MORs are
internalized one day after estradiol administration to ovariectomized (OVXed) rats (Sinchak
and Micevych, 2001). In the striatum and hippocampus, administration of estradiol alone or
in combination with progesterone to OV Xed rats decreases the density of MORs as
measured by autoradiography (Slamberova et al., 2003). Estradiol administration to OV Xed
rats increases MOR binding hippocampal homogenates (Piva et al., 1995) but does not alter
MOR mRNA expression in the hippocampus (Quinones-Jenab et al., 1997). The apparent
inconsistencies observed with different techniques suggest a complex mechanism, for
example that estrogens may alter the availability or trafficking of MORs rather than altering
MOR translation.

In the present study quantitative dual-labeling electron microscopic immunocytochemistry
was used to determine if ovarian steroids alter the trafficking of MORs within hippocampal
PARYV interneurons. This study was limited to the dorsal hippocampus, where estrogen-
induced morphological changes are consistently reported (Cooke and Woolley, 2005). Some
of the data presented here were previously published in abstract form (Torres-Reveron et al.,
2007).
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EXPERIMENTAL PROCEDURES

Animals and estrous cycle determination

Adult female Sprague Dawley rats (225-250 g; approximately 60 days old) from Charles
River Laboratories (Wilmington, MA) were pair-housed with ad /ibitum access to food and
water and with 12:12 light/dark cycles (lights on 0600 - 1800). All procedures were
approved by the Weill Cornell Medical College and Rockefeller Institutional Animal Care
and Use Committees and were in accordance with the National Institutes of Health
guidelines. Rats were allowed to acclimate for one week after which estrous cycle stage was
determined using vaginal smear cytology (Turner and Bagnara, 1971). Only rats that showed
two consecutive, regular, 4-5 day estrous cycles were included in the study. Animals in
proestrus and diestrus 2 stages of the estrous cycle were analyzed. Diestrus 2 rather than
metestrus (diestrus 1) was chosen to be certain that the animal was completely out of the
estrus phase. For simplicity, we will use the term “diestrus” to refer specifically to diestrus 2
in this report. While vaginal smear cytology was the main method used to determine estrous
stages, stages were further verified by measuring uterine weights and levels of estrogen and
progestin from blood samples collected from the heart immediately prior to insertion of the
needle during the perfusion procedure. Rats destined for ovariectomy were not cycled.
Plasma serum levels for progesterone and estradiol were determined by radioimmunoassay
using Coat-A-Count kits from Diagnostics Products Corporation (Los Angeles, CA). The
rats used in the present study were the same rats used in our previous study, and the
hormone assay data and uterine weights have been reported previously (Torres-Reveron et
al., 2008).

Ovariectomy and steroid replacement models

Antisera

Ovariectomy was performed either at Weill Cornell Medical College or Rockefeller
University following modified surgical guidelines previously published for ovariectomy
surgery (Eddy, 1986). Rats were anesthetized with isoflurane (2-3% in oxygen) and body
temperature was monitored and maintained at 37°C using a heating pad during surgical
procedures. The lumbar dorsum was shaved on both sides and cleaned with betadine scrub
then 70% ethanol in accordance with surgical guidelines. Each ovary as well as associated
fat was identified, exposed, severed and removed. The muscle wall was closed with
absorbable suture and the skin was closed using stainless steel wound clips.

The ovariectomy model tested the effects of estradiol (E) at different time points (6, 24, and
72 hours). In the 6 hr and 24 hr groups, OV Xed rats received a single subcutaneous injection
of 10pg/0.2 mL of estradiol benzoate (EB; Sigma, St. Louis, MO) in sesame oil 6 or 24 hrs
prior to perfusion. Rats in the 72 hr group received 2 injections of EB 24 hrs apart and then
were perfused 2 days after the last injection; this protocol has been previously shown to
induce dendritic spine changes in the hippocampal CA1 region (Woolley, 1998). Rats in the
control or oil (O) groups received an injection of sesame oil 24 hrs before perfusion. All
injections started 2 weeks after ovariectomy surgery.

A rabbit polyclonal against MOR antibody was purchased from Neuromics (Minneapolis,
MN). This antibody recognizes residues 384-398 from the carboxy terminus or MOR1 and
does not recognize the splice variant MOR-1A-E or the cloned delta opioid receptor
(Arvidsson et al., 1995; Abbadie et al., 2000). Specificity of the antibody has been
demonstrated previously by western blotting, adsorption and omission controls and under
the same labeling conditions used in the present study (Arvidsson et al., 1995; Drake and
Milner, 1999). A mouse monoclonal antibody against PARV was purchased from Sigma (St.
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Louis, MO). This antibody has been previously characterized by radioimmunoassay,
immunoblots and the ability to recognize PARV in brain tissue (Celio et al., 1988).

Section preparation

Rats were deeply anesthetized with pentobarbital (150 mg/kg) on the morning of proestrus
or diestrus or following EB administration and their brains fixed by aortic arch perfusion
with 3.75% acrolein and 2% paraformaldehyde in 0.1M phosphate buffer (pH 7.6) (Milner
et al., 2001). The brains were removed from the skull and cut into 5 mm coronal blocks
using a brain mold (Activational Systems, Inc.), and postfixed for 30 minutes in 2%
paraformaldehyde in 0.1M phosphate buffer. The brains were sectioned on a Leica
Vibratome (40 wm thick) and stored in cryoprotectant (30% sucrose and 30% ethylene
glycol in 0.1M phosphate buffer) until immunocytochemical processing. Prior to
immunocytochemistry, coronal sections of all treatment groups were rinsed in PB, coded
with hole-punches and pooled into single crucibles. Sections then were treated with 1%
sodium borohydride in PB for 30 minutes to neutralize free aldehydes. Tissue sections were
rinsed in PB followed by Tris-buffered saline (TS; pH 7.6) and incubated in 0.5% bovine
serum albumin (BSA) in TS for 30 min.

Light microscopic immunocytochemistry

To examine changes in numbers of PARV neurons between proestrus and diestrus rats or
between OV Xed and OV Xed- estradiol administered rats, sections from each experimental
group were marked and pooled into single containers. Sections then were processed for
PARYV immunocytochemistry using the avidin-biotin complex (ABC)- peroxidase technique
(Hsu et al. 1981). For this, sections were incubated in PARV antibody 2 days at 4°C and
then processed through 1) a 1:400 dilution of biotinylated horse anti-mouse immunoglobulin
(1gG) (Vector Labs, Burlingame, CA), 30 min; 2) ABC (at twice the recommended dilution;
Vector), 30 min and 3) 3,3'-diaminobenzidine (DAB; Sigma, St. Louis, MO) and H,05 in
TS for 6 minutes. All incubations were separated by washes in TS. Sections were mounted
on gelatin-coated slides, dehydrated, and coverslipped from xylene with DPX mounting
media (Aldrich). A person unaware of the experimental condition counted the number of
PARV-labeled neurons in the hilus. Using the granule cell layer as a border, all PV cells
were counted in the dorsal hilus (between AP -3.6 - -4.0 from bregma) (Swanson, 1992)
from 1 section per rat. Differences between groups were analyzed using a Student's t-test.

For light microscopic immunofluorescent localization of MOR and PARYV, single sections
were incubated in MOR antibody (1:1000 dilution) for 48 hrs at 4 °C and then the PARV
antibody (1:1500 dilution) was added to the diluent for an additional 24 hrs. Sections then
were rinsed in TS and incubated sequentially for 1 hour each in Alexa Fluor 488 goat anti-
rabbit 1gG (1:400; Invitrogen-Molecular Probes, Carlsbad, CA) and Cy5 goat anti-mouse
1gG (1:400; Invitrogen-Molecular Probes). Sections were mounted on gelatin-coated slides,
air-dried and coverslipped with slowFade Gold antifade reagent (Invitrogen-Molecular
Probes). Immunofluorescence images were acquired sequentially using a confocal laser-
scanning microscope (Leica, Nussloch, Germany). Z-stack analysis was used to verify if
neurons were dually labeled for MOR and PARV. Alexa Fluor 488 (MOR) was
pseudocolored green while Cy5 (PARV) was pseudocolored blue.

Electron microscopic immunocytochemistry

For electron microscopic localization of MOR and PARV, single sections were labeled for
PARYV using immunoperoxidase and MOR using immunogold methods described previously
(Towart et al., 2002). All sections to be compared in a given experiment (e.g., proestrus and
diestrus) were processed together in the same containers to eliminate variables that could
affect between-groups comparisons. Sections were incubated first in MOR antibody (diluted
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1:1000) for 48 hrs at 4 °C. Following this, PARV antibody (final dilution 1:3000) was added
and the incubation continued for an additional 72 hrs. PARV was visualized using the ABC
method (Hsu et al., 1981) described above. To visualize MOR, sections next were processed
with the silver-enhanced immunogold technique (Chan et al., 1990). For this, sections were
rinsed in TS and incubated in a 1:50 dilution of goat anti-rabbit 1gG conjugated to 1-nm gold
particles (Electron Microscopy Sciences, EMS, Washington, PA) in 0.001% gelatin and
0.08% BSA in PBS overnight at 4°C. Sections were rinsed in PBS, postfixed in 1.25%
glutaraldehyde in PBS for 10 min, rinsed again in PBS followed by 1.2% sodium citrate
buffer, pH 7.4. The conjugated gold particles were enhanced by incubation in silver solution
(IntenSE; Amersham) for 5-7 min. Sections were fixed 1 hr in 2% osmium tetroxide,
dehydrated in ascending concentrations of ethanols and propylene oxide, and embedded in
EMBed 812 (EMS) between two sheets of Aclar plastic (Honeywell, Pottsville, PA).
Ultrathin sections (70-72 nm thick) through the dorsal dentate gyrus (AP -3.6 to -4.0 from
Bregma; Swanson, 1992) were cut on a Leica UCT ultratome. Sections were counterstained
with Reynold's lead citrate and uranyl acetate and examined with a FEI Tecnai Biotwin
transmission electron microscope equipped with an Advanced Microscopy Techniques
digital camera (software version 3.2; Danvers, MA).

Electron microscopic data analysis

For the normal cycling animals, tissue from 5 rats in proestrus and 5 rats in diestrus was
analyzed. For the timed estrogen-replaced OV Xed rats, tissue from 3 animals at each
timepoint was analyzed. One or two sections of the DG per animal was thin sectioned and
examined under the electron microscope. Immunoperoxidase labeling for PARV was
distinguished as an electron-dense reaction product precipitate. Silver-intensified
immunogold (SIG) labeling for MOR appeared as intense black electron-dense particles
located within cytoplasmic compartments or plasma membrane. To avoid false negative
labeling of smaller profiles, profiles were considered as dual-labeled if they contained
electron-dense reaction product and at least one gold particle. To circumvent problems due
to differences in antibody penetration, images were taken from the tissue-plastic interface
(i.e., the surface of the tissue). As in the light microscopic study, the granule cell layer was
used to define the border of the hilus. All profiles containing both PARV and MOR
immunoreactivities were photographed and classified as dendrites or terminals based on the
descriptions from Peters et al. (1991). On average, 76 profiles were collected per block. The
area perimeter and Feret's diameter of the profiles was collected using Image J software
(NIH).

MOR-SIG particle localization was recorded as either cytoplasmic, plasmalemmal or “near
plasma membrane” (i.e., particles within 30 nM, but not touching, the plasma membrane).
Profiles were divided into different size categories based on their area or perimeter, to
analyze the density in cytoplasm or along the plasma membrane, respectively. Profiles with
a perimeter smaller than 5 um were categorized as “small”, and all other profiles as “large”.
Similarly, profiles with an area < 1 um? were categorized as “small” and all other profiles as
“large”. The density of MOR SIG for each animal was calculated as follows: the total
number of MOR-SIG particles for all the profiles sampled within a given size category was
divided by the total sum of area or perimeter of the profiles. Several ratios were also
calculated: 1) cytoplasmic SIG particles to total number of SIG particles in the profile
(CY:total); 2) plasma membrane SIG particles to total number of gold particles (PL :total);
and 3) near plasma membrane SIG particles per total number of SIG particles (CY :near).
All values were calculated per animal. Thus, for statistical analyses N equals number of
animals within a group, not numbers of profiles analyzed.

Exp Neurol. Author manuscript; available in PMC 2013 March 11.
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Data was analyzed by Student's t-test for the cycling groups or by ANOVA for the OV Xed
groups using SPSS for Windows V. 11.0 followed by protected Fisher Least Significant
Difference (LSD) post hoc test. Pictures were corrected for brightness and contrast using
Adobe Photoshop 7.01 (Adobe Systems, Inc., San Jose CA). Graphs were prepared with
Graph Pad Prism 4.01 (Graph Pad Software, Inc., San Diego CA).

MORs are frequently colocalized with PARV in the female dentate gyrus

In agreement with previous studies in male rats (Drake and Milner, 1999; Drake and Milner,
2006), MOR-ir was present in numerous PARV-labeled interneurons in the female dorsal
dentate gyrus (Fig. 1). The majority of dual-labeled neurons were in the subgranular zone of
the hilus. MOR-labeled perikarya were small (8-15 wm in minimum diameter) and were
usually fusiform or bipolar. PARV-labeled dendritic processes often extended into the
molecular layer perpendicular to the laminae, and also extended into the hilus.

At the electron microscopic level, MOR-ir was prominent in perikarya, dendrites and
terminals. Most, but not all, MOR labeled profiles contained PARV immunoreactivity (Fig.
2). Perikarya containing MOR and PARYV immunoreactivities exhibited infolded nuclei and
abundant organelles. Consistent with previous studies in males (Drake et al., 1999),
perikarya contained few MOR SIG particles. These particles were usually affiliated with the
endoplasmic reticulum (Fig. 3). Few MOR SIG particles were found on the plasma
membrane of PARV-labeled perikarya, regardless of estrogen state. Dual labeled perikarya
received few synaptic contacts and were surrounded by glial processes.

MOR SIG particles were more prominent in PARV-labeled dendrites and terminals. Dual-
labeled dendrites were large (average Feret's diameter= 3.07 £ 0.19 wm) or small (average
Feret's diameter= 1.25 + 0.05 um) and often contained mitochondria and smooth
endoplasmic reticula. Dual-labeled dendrites frequently formed synapses, primarily of the
asymmetric or excitatory type, with numerous unlabeled terminals (Fig. 2A and B). Within
dendrites, MORSIG particles were localized on or near the plasma membrane and in the
cytoplasm. Dual labeled terminals ranged in size from 0.26 to 5.84 um in Feret's diameter
and contained numerous small synaptic vesicles and few (1-3) large dense-core vesicles
(Fig. 2C and D). Like dendrites, MOR SIG particles were on or near the plasma membrane
and in the cytoplasm of PARV-labeled terminals. Since the majority of MOR SIG particles
were in dendrites and terminals, these profiles were selected for the quantitative analysis.

Plasma membrane MORs in small PARV dendrites are more abundant during proestrus

The greatest changes in the subcellular distribution of MOR-SIG particles over the estrous
cycle or following estradiol administration were detected in small PARV-labeled dendrites.
Specifically, proestrus rats had a greater number of MOR-SIGs on the plasma membrane per
pwm perimeter of small PARV-labeled dendrites compared to diestrus rats (t= 2.45, d.f.= 8,
p< 0.05; Fig. 4A). This increase in plasma membrane MOR SIG particles was accompanied
by a decrease in cytoplasmic MOR-SIG particles per area unit of PARV-labeled dendrites in
proestrus rats (t= 3.03, d.f.= 8, p< 0.05). Calculations of the ratio of plasmalemmal MOR-
SIG particles to total MOR-SIG particles within PARV dendritic profiles showed a similar
pattern. Proestrus rats had a larger ratio of MOR-SIG particles on the plasma membrane of
small PARV-labeled dendrites compared to rats in diestrus (t= 4.25, d.f.= 8, p< 0.01), and a
decreased ratio of MOR-SIG particles in the cytoplasm of small PARV-labeled dendrites (t=
2.43, d.f.= 8, p< 0.05; Fig. 4B). The total number of MOR-SIG particles within PARV
dendritic profiles was not significantly different between the two groups (p > 0.05). No
significant cycle-linked changes were observed in the number of MOR-SIG particles near
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the plasma membrane, or in the number or distribution of MOR SIG particles in large
PARV-labeled dendrites.

MORs increase on the plasma membrane of small PARV dendrites in OVXed rats 72 hrs
after pulsatile estradiol

To confirm the role of estradiol in the changes seen on proestrus rats, OV Xed rats were
administered two pulsatile doses of EB and analyzed 48 hrs after the last injection (i.e., 72 hr
EB group). The 72 hr EB treated group displayed an increase in plasma membrane MOR-
SIG particles in small PARV-labeled dendrites. ANOVA revealed a main effect of group
treatment (F(3 11)= 4.77, p<0.05). Post-hoc analysis showed that the 72 hr EB group had a
significant increase in plasma membrane MOR-SIG particles per um perimeter compared to
control and 24 hrs EB groups (p< 0.05 both comparisons; Fig. 5A). While there was a strong
tendency for decreased cytoplasmic MOR-SIG particles per unit area of PARV-labeled
dendrites in the 72 hr group as compared to controls, this decrease was not significant (p =
0.1; Fig. 5A, right inset). The increase in the number of plasma membrane MOR-SIG
particles was mirrored by an increase in the ratio of plasma membrane MOR-SIG to total
MOR-SIG particles within PARV-labeled dendrites (F(3,11)= 3.78, p=0.05). Post hoc
analyses revealed a significant increase in plasma membrane MOR-SIG particles to total
MOR-SIG particles in PARV-labeled dendrites in the 72 hr EB group compared to control
and 24 hr EB groups (p< 0.05 both comparisons; Fig. 5B). While the ratio of cytoplasmic to
total MOR-SIG particles in PARV-labeled dendrites tended to decrease in the 72 hr EB
group compared to the control group, it did not reach statistical significance (p = 0.10; Fig.
5B, right inset). The total number of MOR-SIG particles within small dendritic profiles was
not significantly different between groups. The number of MOR-SIG particles near the
plasma membrane of small PARV-labeled dendrites was not significantly different between
groups (p > 0.05).

MOR distribution is altered in large PARV dendrites of OVXed rats administered EB

Large dual-labeled dendrites, unlike smaller dendrites, did not show group-linked
differences in the density of MOR-SIG on the plasma membrane or in the cytoplasm.
However, PARV-labeled large dendrites did show a significant main effect of group for the
MOR-SIG particles near the plasma membrane (F3 11)= 4.75, p=0.05) (Fig. 6). Post hoc
analysis revealed that the 24 hr EB group was significantly lower than the control and 6 hr
EB group (p< 0.05 both comparisons), and that the 72 hr EB group was different from the 6
hr EB group (p< 0.05). The partitioning ratio of total MOR-SIG particles within large
PARV-containing dendritic profiles also was significantly different between EB
administered groups. Specifically, there was a significant main effect of group in the ratio of
cytoplasmic:total MOR-SIG particles (F(3,11)= 5.68, p=0.05). There were no significant
differences detected for the plasma membrane:total and the near-plasma membrane: total
MOR-SIG particles in large PARV-labeled dendrites. Subsequent post-hoc analysis revealed
that a significantly higher ratio of MOR-SIG particles in the cytoplasm of large PARV-
labeled dendrites from the 24 hr EB group compared to the control and 6 hr EB groups (p<
0.01, both comparisons).

MOR distribution was not changed in PARV immunoreactive terminals

PARYV immunoreactive terminals were classified and analyzed in the same manner as
dendritic profiles. However, there were no between group differences in the cytoplasmic or
plasmalemmal distribution of MOR SIG particles for either the normal cycling animals or
the ovariectomized animals (not shown). Thus the distribution of MOR in terminals from
PARYV immunoreactive neurons is not affected by changes in ovarian steroids.
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The number of PARV-immunoreactive cells is not altered by estrous cycle or by estradiol
administration

One possible basis for the hormone- or cycle-linked changes observed in dual labeled
profiles is a change in the detectable number of profiles containing PARV. To address this
possibility, in a separate set of experiments we quantified the number of PARV positive
neurons in cycling animals and OVXed animals from the 72 hr EB group. No significant
differences in the average number of PARV-immunoreactive neurons were found within the
hilus of proestrus or diestrus rats (Proestrus: 8.4 + 1.02; Diestrus: 6.8 = 1.15; p>0.05 on a
Student's t-test; N = 4 each condition). Similarly, the number of PARV-labeled neurons in
72 hr EB OVXed rats was not significantly different from OV Xed control rats (OVX-EB:
5.4 £1.5; OVX-Control: 7.4 + 1.98; p> 0.05 on a t-test; N=5 each condition). This finding
supports the idea that number of PARV-labeled profiles is not affected by cyclic changes in
ovarian hormones, ovariectomy or estradiol administration after ovariectomy.

DISCUSSION

This study is the first to demonstrate that ovarian steroids alter the trafficking of MORs
within subpopulations of hippocampal GABAergic interneurons. In particular, this study
shows that elevated levels of estrogens, either at proestrus or after 72 hrs of pulsatile EB in
OV Xed rats, can increase the availability of MORs on PARV-containing GABAergic basket
cells, potentially altering the disinhibitory effects of endogenous or exogenous opiates (Fig.
7).

Methodological Considerations

The pre-embedding immunogold method was chosen to localize MOR immunoreactivity
because it maintains morphological preservation while providing discrete subcellular
localization of the antigen of interest (Leranth and Pickel, 1989). This method is more
appropriate than post-embedding methods for localization of immunoreactivity at
extrasynaptic sites, and thus is suitable for quantifying the regional distribution of MORs
(Lujan et al., 1996; Drake et al., 2005). Although pre-embedding immunogold labeling can
produce lower estimates of receptor number than immunoperoxidase labeling, due to
reduced reagent penetration (Leranth and Pickel, 1989), this limitation was not likely to
affect comparisons of MOR density between groups since (a) sections were pooled and
processed together to facilitate relative comparisons (Pierce et al., 1999), and (b) ultrathin
sections were collected from the plastic-tissue interface where immunoreagent access is
maximal. For each animal, we analyzed a similar number of dual labeled processes from the
hilus to insure that between-group comparisons were not affected by pre-embedding
immunogold limitations.

Our experiments were conducted both in normal cycling animals and in ovariectomized
animals. To provide the best correlation of hormonal levels between the two sets of
experiments the cycling animals were studied at proestrus and diestrus; in proestrus
circulating estrogen levels are highest and in diestrus circulating ovarian hormone levels are
lowest (Belanger et al., 1981). The roles of ovarian hormones have been studied using many
different OV Xed models (for example: (McEwen, 2001; Cyr et al., 2001). Each model has
different strengths and weaknesses since estradiol effects depend strongly on hormone dose,
time elapsed after steroid administration, and interval following ovariectomy (Tanapat et al.,
2005). The OV Xed model used here was used previously in our laboratory to study the
effects of estrogen levels on enkephalin and dynorphin (Torres-Reveron et al., 2008; Torres-
Reveron et al., 2009). The OV Xed model with 72 hr estrogen-replacement regimen used in
this study has been shown to produce increases in dendritic spines in stratum radiatum of
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CALl (Woolley and McEwen, 1994), as is seen at proestrus in cycling animals (Woolley et
al., 1990).

Ovarian steroids alter trafficking of MORs

The number of MORs on the plasma membrane of small PARYV labeled dendrites was
higher in proestrus rats and OV Xed rats 72 hrs after the onset of EB administration. These
results indicate that increases in estrogen levels result in the mobilization of MORs from
cytoplasm to plasma membrane. A previous study has shown that neurotensin receptors
identified by SIG particles bound to plasma membrane show a similar distribution to
radioactive-ligand binding sites, indicating that plasmalemmal associated SIG particles
reflects functional receptors (Boudin et al., 1998). Interestingly we observed movement of
MOR towards the plasma membrane only in smaller dendrites and not in larger dendrites.
Becker and Hu (2008) suggested that the movement of NMDA-NRL1 receptors in nucleus
accumbens dopaminergic neurons from larger to smaller dendrites reflects the trafficking of
receptors to an area where the likelihood of functional synaptic sites is higher. Therefore, a
similar phenomenon might be occurring in PARYV interneurons where MOR receptors are
relocalizing from larger dendrites to smaller ones in response to increased levels of estradiol.
Functionally, a larger number of MORs at the plasma membrane will results in more
receptors available for activation by endogenous or exogenous ligands. More MORs
activated can lead to augmented excitability at the mossy fiber-CA3 synapse (Derrick et al.,
1992; Akaishi et al., 2000).

Consistent with an increased presence of MORs on the plasma membrane of PARV
interneurons, we recently reported that leu-enkephalin levels are elevated in specific
subregions of the mossy fiber pathway during proestrus and estrus (one day after the peak in
ovarian steroids) or 24 hrs after estradiol administration to OV Xed rats (Torres-Reveron et
al., 2008). Our previous studies of the male dentate gyrus also localized enkephalin
immunoreactivity to large dense-core vesicles in terminals that are situated within a
functionally relevant distance of MOR-labeled dendrites (Commons and Milner, 1996;
Drake et al., 2002). Together, these findings suggest that during the high frequency
hippocampal activity that stimulates release of enkephalins (e.g., stress: (McLaughlin et al.,
2003), activation of MORs on PARV-containing dendrites would be greater in proestrus rats
than in diestrus rats. Additionally, they suggest that exposure to exogenous opioids (e.g.,
morphine) during proestrus would activate more MORs on hippocampal interneurons.

As with leu-enkephalin, we have observed that ovarian steroids increase dynorphin
immunoreactivity in the mossy fiber pathway, with higher dynorphin observed at estrus,
following 24 hrs of estradiol administration or following chronic medroxyprogesterone
(Torres-Reveron et al., 2009). While dynorphin preferentially binds to kappa opioid
receptors (KORs), it has only a modest selectivity for KORs over MORs (Hruby and Agnes,
1999). Moreover, relatively few KORs are detected in the rat dentate gyrus (Drake et al.,
2007). Therefore, in addition to leu-enkephalin, released dynorphin could potentially
activate MORs on the plasma membrane and work synergistically with leu-enkephalin to
increase the disinhibition in principal cells (Plager and Vogt, 1988). However, whether
MORs are internalized after activation by either dynorphin or enkephalin remains to be
determined since MORs show ligand-dependent trafficking (Arttamangkul et al., 2008).

Possible mechanisms of steroid effects on MORs in the dentate gyrus

The estrogen receptor (ER) subtype ERa has been localized to both nuclear and extranuclear
sites of GABAergic interneurons (Milner et al., 2001). Direct genomic effects of estradiol on
MOR expression are unlikely since few PARV-containing interneurons in the hippocampus
express nuclear ERa (Nakamura and McEwen, 2005). However, non-genomic effects of
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estradiol are supported by our previous studies demonstrating that some interneuron
dendrites express non-nuclear ERa (Milner et al., 2001). Moreover, in the hypothalamus
MOR internalization is through an ERa dependent mechanism (Micevych et al., 2003),
suggesting that non-nuclear ERs might be affecting the trafficking of MORs in hippocampal
dendrites. In addition, extranuclear ERB-ir is prominent on interneuron perikarya and
dendrites in the hilus (Milner et al., 2005) many of which colocalize PARV (Blurton-Jones
and Tuszynski, 2002); Milner et al., 2005). Thus by activating non-nuclear ERs, increased
estrogen levels may influence the mobilization of MORs from cytoplasmic to plasma
membrane locations. The possibility of specific interactions between non- nuclear ERs and
MORs merits further study.

Clinical considerations

The influence of estradiol on the trafficking of MORs in hippocampal interneurons has
several important functional implications. Clinical reports have shown that seizure
frequency changes during the menstrual cycle, a phenomenon known as catamenial epilepsy
(Backstrom, 1976; Herzog et al., 2004). Seizure exacerbation appears to be related to
estrogen surge during pre-ovulatory days which produces an increased ratio of serum
estrogen over progesterone (Penovich and Helmers, 2008). The increase in estrogen favors
hippocampal gutamatergic activity and reduces progesterone inhibitory effects mediated by
GABAergic stimulation (Majewska et al., 1986; Wong and Moss, 1992). MOR activation on
PARV- GABAergic interneurons results in more disinhibition and increased excitation
susceptibility. We have shown that in rats, both leu-enkephalin and dynorphin are elevated
during proestrus compared to diestrus (Torres-Reveron et al., 2008; Torres-Reveron et al.,
2009). The present demonstration of an increased density of plasma membrane MORs in
dendrites suggests that estradiol may increase both, endogenous ligand levels (leu-
enkephalin and dynorphin) and mobilization of MORs to plasma membrane, contributing to
increased seizure susceptibility during periods when the ratio of estrogen over progesterone
is augmented.

Our results show evidence for the interaction of estrogen and opioid systems, which can
provide a cellular substrate for functional differences in hippocampal activity related to
drug-associated learning. Release of endogenous opioids and the induction of mossy fiber
LTP both require high frequency stimulation (Derrick et al., 1992). Mossy fiber LTP is
critical for hippocampal dependent contextual learning (Ishihara et al., 1997; Dumas et al.,
2004). Contextual associative learning with a particular drug-abuse experience is thought to
contribute to the maintenance of addictive processes (Berke and Hyman, 2000). In addition,
endogenous peptides such as dynorphin or dynorphin-like compounds capable of reaching
the mesolimbic system have been proposed to be potentially effective in managing drug
addictions with a possible higher effect in female subjects (Kreek et al., 1999). Thus, our
results demonstrate one additional interaction between estrogen and mu opioid systems that
shed light on the mechanisms involving sex-linked differences in hippocampal activity
related to drug-associated learning.

In conclusion, this study provides ultrastuctural evidence for increased MOR availability in
response to cyclic ovarian hormones and estradiol administration. These findings, and our
previous reports that endogenous opioid peptides increase in the mossy fiber pathway in
response to ovarian steroids, contribute to a developing picture of interactions between
estradiol and the hippocampal opioid system that potentially have powerful effects on
excitability, plasticity and hippocampal-dependent learning processes.
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MOR/PARV

Figure 1.

By light microscopy, MOR-ir is contained in numerous PARV-labeled neurons in the hilus
of the dentate gyrus. Confocal micrographs show MOR alone (A), PARV alone (B) and a
merged Z-stack reconstruction image (C). Arrows indicate dual labeled cells. Bars, 50 pm.
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Figure 2.

By electron microscopy, MOR SIG particles are found in PARV-labeled dendrites and
terminals in the female rat dentate gyrus. (A, B) PARV peroxidase labeled dendrites (den)
contain MOR SIG particles in the cytoplasm (white arrowheads), and at the plasma
membrane (regular arrow) from a proestrus rat (A) and a diestrus rat (B). In A, the PARV-
labeled dendrite contains two MOR SIG particles at the plasma membrane and one of the
particles is in close apposition to an asymmetric synapse (solid black arrow) with an
unlabeled terminal (ut). (C, D) PARV peroxidase labeled small terminals (ter) containing
MOR-SIG particles in the cytoplasm or in the plasma membrane from a proestrus rat (C)
and a diestrus rat (D). In C, the small terminal has one SIG particle in the plasma membrane
(regular arrowhead); the terminal is next to a MOR SIG labeled soma. Both terminals
contain numerous small synaptic vesicles. Bars, 500 nm.
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Figure3.

By electron microscopy, few MOR SIG particles are found in PARV-labeled perikarya in
the female rat dentate gyrus. Only two SIG particles (white arrows) are observed. Note that
the lack of MOR-SIG labeling is not due to antibody penetration since this picture was taken
from a superficial sample as noted by surface-tissue interface (asterisk). This dual labeled
soma is in close apposition to a PARV-SIG MOR dual labeled terminal (ter). Another single
labeled PARYV terminal is observed on the field.
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Figure 4.

The distribution of MOR-SIG particles in small PARV-labeled dendrites changes in normal
cycling female rats. (A) The number of MOR-SIG particles in small PARV dendrites (i.e.,
area < 1 um? and perimeter < 5 um) is increased on the perimeter and decreased in the
cytoplasm of proestrus compared to diestrus rats. (B) In proestrus compared to diestrus rats,
small PARV dendrites show a higher ratio of plasma membrane:total MOR-SIG particles
and lower ratio of cytoplasmic:total MOR-SIG particles. * represents significantly different
from diestrus group (p< 0.05) on a t-test.
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The distribution of MOR-SIG particles in small PARV dendrites is altered in OV Xed rats
administered pulsatile EB over a 72 hr period (72 hr EB group). (A) The number of MOR-
SIG particles is increased on the perimeter and tends to decrease in the cytoplasm of small
PARYV dendrites from the 72 hr EB group. (B) In the 72 hr EB group, the ratio of plasma
membrane:total MOR-SIG particles is increased in small PARV dendrites. # represents
significantly different from control and 24 hrs group. Smaller inserts on the right show a

comparison of control and 72 hrs EB group only compared using Student's t-test. *

represents significantly different from control group (p< 0.05).
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The distribution of MOR-SIG particles near the plasma membrane of large PARV-labeled
dendrites is decreased in OV Xed rats in the 24 and 72 hr EB groups. (A) The number of
MOR-SIG particles that lie near (i.e., within 0.1 m but not touching) the plasma membrane
of large (area bigger than 1 um? and a perimeter bigger than 5 um) PARV-labeled dendrites
are decreased in the 24 and 72 hr EB groups. (B) The ratio of cytoplasmic:total MOR-SIG
particles is increased in large PARV-labeled dendrites in the 24 hr EB group. * represents

significantly different from control and 6 hr EB group and » represents significantly

different from 6 hr EB group only.
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Figure7.

Schematic diagram summarizing the observed effect on the redistribution of MORs in
PARYV interneurons in the female rat dentate gyrus. When estrogen levels are high (either at
proestrus or 72 hr after EB administration) enkephalin/dynorphin levels are elevated in the
mossy fibers and more MORs are on the small dendrites plasma membrane of PARV
GABAergic interneurons. However, when estrogen levels are low (either at diestrus or in
OVX control rats), less MORs are on the small dendrites plasma membrane and more on the
cytoplasm. Together, these results suggest that during periods of high estrogen levels, more
MORs are available to be activated and this can lead to greater disinhibition (e.g., more
excitation) of pyramidal cells.
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