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Abstract

Estrogens affect dopamine transmission in the striatum, increasing dopamine availability,
maintaining D2 receptor density, and reducing the availability of the dopamine transporter. Some
of these effects of estrogens are rapid, suggesting that they are mediated by membrane associated
receptors. Recently our group demonstrated that there is extra-nuclear labeling for ERa, ERp, and
GPERL in the striatum, but that ERa. and GPERL1 are not localized to dopaminergic neurons in this
region. GABAergic neurons are the most common type of neuron in the striatum, and changes in
GABA transmission affect dopamine transmission. Thus, to determine whether ERa or GPER1
are localized to GABAergic neurons, we double labeled the striatum with antibodies for ERa or
GPER1 and GABA and examined them using electron microscopy. Ultrastructural analysis
revealed that ERa and GPERL are localized exclusively to extranuclear sites in the striatum, and
~35% of the dendrites and axon terminals labeled for these receptors contain GABA
immunoreactivity. Binding at membrane-associated ERa and GPER1 could account for rapid
estrogen-induced decreases in GABA transmission in the striatum, which, in turn, could affect
dopamine transmission in this region.

Keywords
GPR30; membrane estrogen receptor alpha; y-Aminobutyric acid; electron microscopy

Wayne Brake (correspondent): Centre for Studies in Behavioral Neurobiology (CSBN), Department of Psychology, Concordia
University, Montreal, Canada, H4B 1R6. wayne.brake@concordia.ca, (514) 848-24242 ext. 5451.

Anne Almey: Centre for Studies in Behavioral Neurobiology (CSBN), Department of Psychology, Concordia University, Montreal,
Quebec, Canada, H4B 1R6. anne.almey@gmail.com, (514) 848-2424 x2201

Teresa Milner: Feil Family Brain and Mind Research Institute, Weill Cornell Medicine, New York, NY USA. 10065
tmilner@med.cornell.edu, (646) 962-8274

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Almey et al.

Page 2

1. Introduction

Estrogens can increase dopamine transmission in the dorsal striatum (STR). Increases in
estrogens across the estrous cycle, and estradiol (E2) replacement in ovariectomized (OVX)
rats, attenuate dopamine reuptake in the STR [1-3], possibly by reducing the availability of
the dopamine transporter [4]. Furthermore, chronic E2 treatment results in significant
increases in dopamine D2 receptor binding in the STR [5], and systemic injections of E2 are
associated with higher levels of amphetamine-induced dopamine release in the STR [1,6].
These E2-induced increases in dopamine release occur rapidly, which suggests that
estrogens act through non-genomic mechanisms in this region [1,3].

Our recent electron microscopic study [7] demonstrates that membrane-associated ERa and
GPER1 are prevalent in the STR, and membrane associated ER is also present at lower
levels. ERa, ERB, and GPER1 were observed exclusively at extranuclear sites, and were
localized predominantly to presynaptic profiles, either axons or axon terminals, suggesting
that estrogens alter striatal transmission via presynaptic mechanisms [7]. These membrane-
associated estrogen receptors provide a potential mechanism for the rapid effects of E2 in
the STR. A dual labeling study observed no colocalization of immunoreactivity for ERa or
GPER1 and TH, suggesting that these estrogen receptors (ERS) are not localized to
dopamine neurons in the STR [7]. A second experiment was conducted examining
cholinergic interneurons, identified using an immunolabel for VAChT, which demonstrated
that ~10% of ERa. and GPERL -labelled profiles in the STR are cholinergic [7]. Therefore a
low proportion of ERs are localized to cholinergic interneurons, but a large proportion of
ERs in the STR is localized to an unknown neuron type.

Previous research suggests that the remaining ERs in the STR may be localised to GABA
neurons, as this has been observed in other brain regions. Membrane-associated ERa has
been observed in the hypothalamus using electron microscopy [8], and light microscopy has
demonstrated that ERa. is localized to GABAergic neurons in preoptic and periventricular
nuclei of the hypothalamus (for review see 14). Membrane-associated ERa and GPERL1 are
observed throughout the hippocampus, primarily in interneurons of the CA1 and dentate
gyrus [10,11]. The majority of neurons in the STR are GABAergic interneurons and
projection neurons [12], so it seems likely that the remaining membrane-associated ERs are
in these GABA neurons. Systemic injections of E2 rapidly reduce GABA concentration in
the STR [12,13], and antagonizing GABAergic neurons in the STR increases DA availability
[14]. These results indicate that E2 may alter GABAergic transmission in the STR,
supporting the hypothesis that the remaining estrogen receptor labelled profiles are
associated with GABA neurons. This experiment used electron microscopy with dual
labeling for ERa or GPER1 and GABA in tissue from the STR to determine if ERs are
localized to GABAergic neurons. Similar to our previous study, ERp was not examined in
this dual labelling experiment because sufficiently low levels of ERB were observed in the
previous single labeling study [7], to make it unlikely that colocalization between with
GABA would be observed (see 4.1 Methodological Considerations).
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Three adult female Sprague Dawley rats from Charles River Laboratories (Wilmington,
MA), approximately 225-250g on arrival, were pair-housed with ad /ibitum access to food
and water. Previous experiments have demonstrated that a sample size of 3 rats is sufficient
for electron microscopy studies like the one presented here [11, 24—-26]. In the animal
colony, there was a 12:12 light/dark cycle, with lights on at 6:00am. Tissue for this
experiment was taken from rats in the diestrus phase of the estrous cycle. Estrous phase was
verified by measuring uterine weights and plasma estradiol levels from blood samples [15].
All procedures were in accordance with the National Institutes of Health guidelines and
approved by the Weill Cornell Medicine Institutional Animal Care and Use Committee. The
rats used in these experiments are the same as those used in a previous experiment [15].

ERa—A rabbit polyclonal antiserum (AS409) produced against almost the full peptide for
the native rat ERa (aa 61 through the carboxyl terminus) was supplied by S. Hayashi. This
antibody was previously tested for specificity, and shown to recognize both ligand bound
and unbound receptors [18,19]. On immunoblots of uterine lysates, this antiserum
recognizes one major band migrating at ~67kD (the molecular weight of ERa; [10]).
Preadsorption of the antibody with purified ERa resulted in no detectable bands in any of
these locations [10].

GPER1—These experiments used a rabbit polyclonal antiserum generated against a
synthetic peptide, CAVIPDSTEQSDVRFSSAV (Multiple Peptide Systems, San Diego, CA),
derived from the C-terminus of the human GPER-1 receptor [18]. In Western blots, this
affinity purified antibody specifically recognizes a 38-kD band that corresponds to the
mature 351-amino acid GPER-1 polypeptide, and does not recognize either estrogen
receptor a or B [18]. In brains fixed with 4% paraformaldehyde, immunoreactivity was
greatly reduced when the antibody was preadsorbed with 10mg/ml of purified C-terminal
peptide [19].

GABA—A third antibody, provided by A. Towle, formerly affiliated with Dept. of
Neurology at Cornell University Medical College, was used for identification of GABA. A
rat polyclonal antiserum was produced against GABA-glutaraldehyde-hemocyanin
conjugates, and was specificity tested using preadsorption with GABA-BSA, which
eliminated immunoreactivity [20]. Additionally immunoreactivity of this antiserum has been
reported to be consistent with the specificity of other GABA-antisera [20].

2.3 Tissue preparation

Rats were deeply anesthetised with sodium pentobarbital (150 mg/kg, i.p.) and were
perfused through the ascending aorta sequentially with: 10ml heparin (1000 U/ml) in saline;
50 ml of 3.75% acrolein (Polysciences, Washington, PA) in 2% paraformaldehyde and 0.1 M
phosphate buffer (PB; pH 7.4), and 200 ml of 2% paraformaldehyde in PB. Brains were
removed, cut into four 5mm blocks, and postfixed in 2% paraformaldehyde in PB for 30
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minutes. The brains were sectioned coronally at 40 um thickness on a vibrating microtome
(Vibratome; Leica) and stored in 30% sucrose and 30% ethylene glycol in PB [21] at —80°C.

Tissue sections containing the STR (Fig 1) were rinsed in PB and coded with hole punches
so that they could be pooled in single containers. Additionally, a tissue section containing
the ventromedial and arcuate nuclei of the hypothalamus was included in the
immunohistochemical procedure as a positive control. Abundant ERa immunoreactivity
(IR) is present in this region [22], so the success of immunolabelling could be confirmed
prior to processing the STR for EM. Sections were incubated in 1% sodium borohydride in
PB for 30 minutes to remove any active aldehydes. Tissue then was rinsed in PB, followed
by 0.1M Tris-buffered saline (TBS; pH 7.6), and was incubated for 30 minutes in 1% bovine
serum albumin (BSA) in TBS to reduce non-specific labeling.

2.4 Immunohistochemical labeling and tissue fixation and embedding

Free floating tissue sections containing the STR from three rats were processed for
immunohistochemical localization of ERa or GPER1 [23]. Briefly, sections were incubated
in anti-rabbit ERa (1:10,000 dilution) or GPER1 (1:1000) in 0.1% BSA in TBS for 24
hours at room temperature, and 4 days at 4°C. One day prior to processing GABA antisera
(1:2000 dilution) was added to the diluent. For immunoperoxidase labeling, sections were
incubated in 1) biotinylated donkey anti-rabbit immunoglobulin (IgG; diluted 1:400; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) in 0.5% BSA in TBS, 30 minutes; 2)
avidin-biotin complex (Vector, Burlingame, CA), 30 minutes; and 3) 3,3-diaminobenzidine
(DAB, Aldrich, Milwaukee, WI) and H,0, in TBS, 6-7 minutes. For immunogold labeling
sections were incubated in a 1:50 dilution donkey anti-rat conjugated to 1-nm colloidal gold
particles (Electron Microscopy Sciences [EMS], Fort Washington, PA) and a 0.001% gelatin
and 0.08% BSA in 0.01M phosphate buffered saline (PBS) for 2hrs. Sections were rinsed in
PBS and incubated in 1.25% glutaraldehyde in PBS for 10 minutes. Sections were then
rinsed in PBS, washed in 0.2M sodium citrate (pH 7.4), and incubated in a silver solution for
~7min (IntenSE; GE Healthcare) to enhance the conjugated gold particles. Following
immunolabelling sections were fixed for 60min in 2% osmium tetroxide in PB, dehydrated
through a graded series of ethanols and propylene oxide, and embedded in EMbed 812
(EMS) between two sheets of Aclar [21]. Ultrathin sections (~70nm thick) were taken
through the dorsal region of the STR (Fig 1) using a Leica UCT ultratome. The tissue was
collected on copper grids (EMS) and then was counterstained using Reynolds’ lead citrate
and uranyl acetate.

2.5 Analyses

Sections from the STR were examined under a Philips CM10 electron microscope with an
AMT digital camera. The subcellular distribution of each ER was examined in two sections
per rat; a 54um? area of each section was counted in each section and categorized as:
dendrites, dendritic spines, axons, axon terminals, or glia. The total number of labelled
profiles were summed for the two sections, and averaged across the three rats. Tissue
selected for analysis was taken from a depth of 0.2-1.5um from the plastic-tissue interface,
and only samples thin sectioned evenly across the plastic tissue interface were included in
analyses. Soma were not included in the quantification analyses, as they frequently occupy
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more than half of the area analyzed, reducing the overall number of estrogen receptor
immunoreactive profiles observed. Final photomicrographs were generated from digital
images, where brightness and contrast were adjusted using GIMP 2.8. Figures were
assembled in Microsoft PowerPoint 2013.

The type of neuronal profile was determined using the description of ultrastructural
morphology from Peters et al. [24]. Dendrites were large profiles (usually between 1.0 and
2.0 um) that contained regular microtubule arrays and were sometimes contacted by
terminals. Dendritic spines were small (usually between 0.3 and 0.4 um) and sometimes
contained a spine apparatus or budded from dendritic shafts and formed synaptic contacts
with axon terminals. Axon profiles were less than 0.2um in diameter, contained a few small
vesicles, and did not form synapses within the plane of section. Axon terminals had a cross-
sectional diameter greater than 0.3um and contained numerous synaptic vesicles, and
sometimes formed synapses with other neuronal profiles. Glial profiles were recognized by
their conformation to the boundaries of other profiles, and their lack of microtubules.
Finally, soma were identified by their extremely large size, a lack of microtubules and high
numbers of cellular organelles. All sections were assessed for nuclear labeling, however,
soma were not included in the quantitative analyses, as they frequently occupy more than
half of the area counted for analysis, reducing the overall number of estrogen receptor
immunoreactive profiles.

The proportions of both ERa and GPER1 immunoreactive profiles observed in the STR
were comparable to those observed in the previous study [7]. The majority of ERa- and
GPER1- IRs were observed at presynaptic sites, associated with axons (<0.15um) or axon
terminals (0.4-1.5um; see Table 1). Semi-quantitative analysis demonstrated that 36% of
ERa-IR was observed in axons and 32% was localized to axon terminals, while 40% of
GPER1-IR was localized to axons and 32% was localized to axon terminals. ERa- and
GPER1- IRs were often observed at the membrane in axons and axon terminals, and in close
proximity to small synaptic vesicles (SSVs) in axon terminals. Immunolabelling for ERa
and GPER1 was also observed at postsynaptic sites, in dendrites and dendritic spines.
Dendritic shafts accounted for 10% of ERa-labeled profiles and 13% of GPERL1 labeled
profiles, while dendritic spines accounted for 7% and 3 % of ERa and GPER1
immunoreactive profiles, respectively. In dendritic shafts, peroxidase reaction product was
often affiliated with the mitochondrial and plasma membranes, and with microtubules. In
dendritic spines, immunolabelling for these ERs accumulated in the spine head, and was
observed on the plasma membrane particularly near the post-synaptic density. Additionally,
13% of profiles labeled for ERa and 11% of the profiles labeled for GPER1 were glia. Both
ERa- and GPER1- IRs were observed at mitochondrial membranes, again paralleling
findings from the previous study in the STR [7]. Also consistent with previous findings,
GABA-IR was commonly observed in terminals, dendrites, and neuronal perikarya in the
STR; axons and dendritic spines with GABA-IR were infrequently observed [25,26].
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3.1 ERa and GABA most frequently colocalize in dendrites and terminals

There are moderate levels of colocalization between ERa and GABA in the STR.
Colocalization of ERa- and GABA- IRs was most commonly observed in dendritic shafts
(Fig. 2 A, B), with 35.3% of ERa immunoreactive dendrites containing GABA-IR (see
Table 1). Colocalization of GABA- and ERa- IRs was also frequently (27.1%) observed in
axon terminals (Fig 2B). Comparatively, lower levels of colocalization (~7%) between ERa.-
and GABA- IRs were observed in axons and dendritic spines. Glial profiles containing ERa-
and GABA- IRs were infrequently (4.8%). Additionally, ERa-IR was occasionally observed
in GABA immunoreactive soma, associated with the membrane or with mitochondria,
although these profiles were not included in quantitative analyses.

3.2 GPER1 and GABA most frequently colocalize in dendrites and terminals

There were moderate levels of colocalization between GPER1- and GABA- IRs in the STR.
GPER1-IR was most frequently (40.1%) colocalized with GABA-IR in dendritic shafts (Fig
3A,; Table 1). GPER1- and GABA- IRs also colocalized in axon terminals (30.2%; Fig 3B).
Similar to the findings with ERa., low levels of colocalization were observed between
GABA- and GPER1- IRs in dendritic spines and axons. Specifically, 7.4% of GPER1-
labeled dendritic spines contained GABA-IR, and 3.8% of GPER1-labeled axons contained
GABA-IR. Glia also colocalized GPER1- and GABA- IRs (14.6%). Finally, GPER1-IR was
observed in GABAergic soma (Fig 3C), associated with the cell membrane an cellular
organelles, including mitochondria and Golgi bodies, but soma were not included in
quantitative analyses.

4. Discussion

A moderate proportion of both ERa and GPER1 were localized to GABAergic neuronal
profiles in the STR, suggesting a possible mechanism for previous research demonstrating
that estrogens rapidly decreased GABA availability in the STR [14,27]. The results of this
study are similar to the results of our previous experiments examining ERs in the STR [7],
increasing confidence in these findings. The greatest proportion of ERa and GPER1
colocalization with GABA was observed in dendritic shafts, and a substantial proportion of
ERa and GPER1 immunoreactive axon terminals were GABAergic. Additionally, GPER1
was localized to glial cells that also contained GABA-IR. There were low levels of
colocalization between these estrogen receptors and GABA in axons and dendritic spines,
likely due to the low levels of GABA-IR observed in these profiles. The findings of this
experiment clearly demonstrate that a proportion of ERa and GPER1 in the STR are
localized to GABAergic neurons, where they are observed exclusively at extranuclear sites.

4.1 Methodological Considerations

Methodological considerations are discussed in detail in our previous publication [7].
Briefly, the immunolabelling methods used here lead to excellent preservation of cellular
morphology allowing for discrete localization of antigens [28]. All tissue sections were
identical in size and were taken near the plastic tissue interface to ensure that differences in
antigen penetration did not affect the results of these experiments. Immunoreactivity for
ERa and GPER1 is discrete and does not fill the entire profile. Thus, lack of
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immunoreactivity for ERs in a single 70 nm thick section does not demonstrate that the
profile lacks ERs. Additionally, for the dual-labeling analyses, the probability of detecting
both immunomarkers in the same plane of section is decreased, particularly for small
profiles. Consequently, the quantification analyses presented here are conservative,
underestimating the number of ERs, and the frequency with which these receptors are
localized to GABAergic profiles.

4.2 ERa and GPERL1 are localized to GABAergic neurons in the STR

Approximately one third of axon terminals with ERa.- and GPER1- IRs were GABAergic.
These ERs are positioned to directly affect transmitter release from terminals, which
corresponds to previous research that demonstrates that systemic injections of E2 rapidly
(<30min) attenuate K* -evoked GABA release in the STR [12,27]. There is evidence that
dopamine release in the STR is inhibited by GABA [29,30], thus E2-induced decreases in
GABA could increase dopamine availability in the STR. More recently it was shown that
E2-induced decreases in GABA affect rotational behaviour, which is dependent on
dopamine transmission in the striatum, suggesting that E2 —induced changes in GABA alter
dopamine transmission in this region [27]. The localization of ERa and GPERL1 to
GABAergic terminals provides a potential mechanism for estrogens’ effects on GABA
transmission, and a means by which estrogens could indirectly affect dopamine transmission
in the STR.

Additionally, approximately one third of the ERa and GPER1 immunoreactive dendrites
were GABAergic. This suggests that estrogens can also affect postsynaptic transmission in
GABAergic neurons of the STR. The localization of ERs to dendrites of GABAergic
neurons is of particular interest because previous research has demonstrated that the majority
of dopaminergic synapses in the STR are onto GABAergic medium spiny neurons [38,39].
Additionally, 70% of the dopamine terminals in the STR synapse on dendritic shafts,
potentially dendrites of GABA neurons [38]. Thus, ERs localized to GABAergic dendrites
could be in close proximity to dopamine-GABA synapses, ideally positioned to modify
dopamine-GABA interactions in the STR. This suggests a second potential mechanism
through which binding at ERs could affect GABA transmission in the STR.

In the STR, GABAergic spiny projection neurons and interneurons are the majority (~90%)
while the cholinergic interneurons are the remainder [31]. Terminals within the STR can
arise from these interneurons as well as dopaminergic or glutamatergic projection neurons
from the substantia nigra and cortex, respectively [31,32]. In a previous experiment ERa and
GPER1 were not observed in dopaminergic neurons in the STR, and a low proportion of
these receptors were observed in cholinergic interneurons (~10%) [7]. In this study ~30% of
ER-immunoreactive terminals and ~40% of ER-immunoreactive dendrites were GABAergic,
but it is very likely that these are conservative estimates due to the nature of the technique.
These electron microscopy studies observe the highest proportion of ERs in GABA neurons,
which are the most common neuron type in this brain region, suggesting that estrogens may
elicit the majority of their effects in the STR by altering GABA transmission. Membrane-
associated ERs commonly are associated with GABAergic neurons in the hippocampus
[33,34], hypothalamus [8,9], and now in the STR, and E2 affects GABA transmission in all

Neurosci Lett. Author manuscript; available in PMC 2017 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Almey et al.

Page 8

three of these brain regions [12,27,34-37]. As such, this experiment provides further support
for the hypothesis that GABAergic neurons are major targets for estrogens actions in the
central nervous system [35].

Finally, it is interesting that his experiment observed GPER1, and to a lesser extent ERa, in
glia containing GABA-IR. Previous research has demonstrated that there is non-synaptic
GABA release from astrocytes, which is important for the maintenance of tonic GABA tone
in the cerebellum, and is also implicated in tonic GABA levels in the thalamus, and
hippocampus [40]. Since GABA is important in neuron-glial interactions, and GPERL1 are
localized to GABA-containing glia, it is possible that estrogens could affect glial GABA
release, although research is needed to confirm this speculation.

4.3 Conclusion

This experiment demonstrated that ERa and GPER1 are localized to GABA neurons in the
STR. ERs were observed in GABAergic terminals and dendrites, where they are positioned
to modulate transmission at GABA synapses. These ERs on GABAergic profiles are a
possible mechanism for the rapid E2-induced decreases in GABA in the STR, and suggest
that estrogens may indirectly affect dopamine transmission in this region by decreasing
GABA availability.
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Highlights

Estrogen receptors have been shown to be membrane associated in the
dorsal striatum

Here we confirm that and show that they are localized to GABA
neurons
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Figure 1.
The area of the dorsal striatum examined in this experiment.
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Figure 2.
Electron micrographs demonstrating colocalization of ERa and GABA in the dorsal

striatum. A) A dendrite (DEN) containing immunogold labeling for GABA and
immunoperoxidase labeling for ERa., which is associated with the membrane and a
mitochondrion, forms a synapse with a GABA- and ERa immunoreactive terminal (TER).
B) ERa- and GABA -IRs in a dendrite (DEN) that forms a synapse with an unlabeled
terminal, and a terminal (TER) containing ERa-IR. Black arrow = immunoperoxidase for
ERa, White arrow = immunogold for GABA, bar = 500nm.
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Figure 3.
Electron micrographs demonstrating colocalization of GPER1 and GABA in the dorsal

striatum. A) A dendrite (DEN) containing GABA- and GPER1- IRs associated with
microtubules and the plasma membrane. B) A terminal (TER) containing GABA- and
GPER1- IRs associated with small synaptic vesicles, which forms a synapse with a GPER1
immunoreactive dendrite (DEN). C) GABA-IR in a soma (SOM) containing GPER1-IR that
is associated with a Golgi body. Black arrow = immunoperoxidase for GPER1, White arrow
= immunogold for GABA, bar = 500nm.
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