1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Brain Res. 2008 May 13; 1209: 115-127. doi:10.1016/j.brainres.2008.02.061.

Aromatase Distribution in the Monkey Temporal Neocortex and
Hippocampus

JOSUE G. YAGUEL2 ATHENA CHING-JUNG WANGL, WILLIAM G.M. JANSSENI, PATRICK
R. HOFL:3, LUIS M. GARCIA-SEGURAZ, INIGO AZCOITIA%, and JOHN H. MORRISON1:5.

1Fishberg Department of Neuroscience, Mount Sinai School of Medicine, New York, New York 10029
2lnstituto Cajal, CSIC, E-28002 Madrid, Spain

3Computational Neurobiology and Imaging Center, Mount Sinai School of Medicine, New York, New York
10029, USA

4Departamento de Biologia Celular, Facultad de Biologia, Universidad Complutense, E-28040 Madrid,
Spain

5Department of Geriatrics and Adult Development, Mount Sinai School of Medicine, New York, New York
10029 USA

Abstract

Numerous studies have shown that neuronal plasticity in the hippocampus and neocortex is regulated
by estrogen and that aromatase, the key enzyme for estrogen biosynthesis, is present in cerebral
cortex. Although the expression pattern of aromatase mRNA has been described in the monkey brain,
its precise cellular distribution has not been determined. In addition, the degree to which neuronal
aromatase is affected by gonadal estrogen has not been investigated. In this study, we examined the
immunohistochemical distribution of aromatase in young ovariectomized female rhesus monkeys
with or without long-term cyclic estradiol treatment. Both experimental groups showed that
aromatase is localized in a large population of CA1-3 pyramidal cells, in granule cells of the dentate
gyrus and in some interneurons in which it was co-expressed with the calcium binding proteins
calbindin, calretinin, and parvalbumin. Moreover, numerous pyramidal cells were immunoreactive
for aromatase in the neocortex, whereas only small subpopulations of neocortical interneurons were
immunoreactive for aromatase. The widespread expression of the protein in a large neuronal
population suggests that local intraneuroral estrogen synthesis may contribute to estrogen-induced
synaptic plasticity in monkey hippocampus and neocortex of female rhesus monkeys. In addition,
the apparent absence of obvious differences in aromatase distribution between the two experimental
groups suggests that these localization patterns are not dependent on plasma estradiol levels.
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The brain is an important target for gonadal hormones, including estradiol (DeVoogd and
Nottebohm, 1981; Arnold and Gorski, 1984; Gould et al., 1990; Galea et al., 2006; Parducz et
al., 2006). The brain also expresses several steroidogenic enzymes (Stoffel-Wagner, 2001),
such as aromatase, which catalyzes the conversion of androgens into estrogens, the last step in
estrogen biosynthesis (Stoffel-Wagner, 2001). Following the pioneering work of Naftolin and
collaborators (Naftolin et al., 1971), who demonstrated aromatase activity in the human fetal
brain, numerous studies have characterized the expression and distribution of the enzyme in
the developing and adult central nervous system of several vertebrates species (Ryan et al.,
1972; Flores etal., 1973; Naftolin et al., 1975; Roselli et al., 1985; Schumacher and Balthazart,
1987; Jakab et al., 1993; Shinoda et al., 1994).

Circulating estradiol exerts multiple effects in the neocortex and the hippocampus, including
morphologic and functional changes in cortical circuits (Gould et al., 1990; McEwen et al.,
1995; Woolley, 1998; Foy et al., 1999; Adams et al., 2001; McEwen, 2002; Hao et al., 2003;
Amin et al., 2005; Frye et al., 2005; Hao et al., 2006; Hao et al., 2007), regulation of adult
hippocampal neurogenesis (Ormerod and Galea, 2001; Galea et al., 2006; Suzuki et al.,
2007) and induction of neuroprotection from stroke and certain neurodegenerative processes
(Azcoitia et al., 1998; Wise et al., 2000; Garcia-Segura et al., 2001; Kugaya et al., 2003; Rau
et al., 2003; Yang et al., 2003). Recent findings indicate that local estradiol synthesis by
aromatase may also affect cortical development, synaptic plasticity, and synaptic function
(Sakamoto et al., 2003; Kretz et al., 2004; Leranth et al., 2004; Hojo et al, 2004; Murakami et
al., 2006) and may contribute to endogenous neuroprotective mechanisms (Azcoitia et al.,
2001; Azcoitia et al., 2003; Garcia-Segura et al., 2003; Sierra et al., 2003; Veiga et al., 2003;
Wynne and Saldanha, 2004).

Both local formation of estradiol and aromatase expression have been reported in the
hippocampus of several mammalian species, including mice (Garcia-Segura et al., 1999;
Ivanova and Beyer, 2000), rats (Sanghera et al., 1991; Garcia-Segura et al., 1999; Wehrenberg
et al., 2001; Hojo et al., 2004; Rune and Frotscher, 2005) and humans (Sasano et al. 1998;
Stoffel-Wagner et al., 1999). Aromatase activity and mRNA expression using in situ
hybridization have been analyzed in the monkey hippocampus (MacLusky et al., 1986;
Yamada-Mouri et al., 1995; Wehrenberg et al., 2001). In addition, we have recently analyzed
the expression of aromatase in the human temporal cortex by RT-PCR and
immunohistochemistry (Yague et al., 2006). These findings suggest that the enzyme is present
in a high number of neurons, especially in pyramidal neurons, and subpopulations of astrocytes
(Yague et al., 2006). However, there is no data on the precise distribution of aromatase in the
different populations of hippocampal and neocortical cells in the monkey cerebral cortex.

Although estradiol may show neuroprotective functions and regulates synaptic plasticity
(Gould et al., 1990; Woolley, 1998; Azcoitia et al., 1999; Foy et al., 1999; Veiga et al.,
2004), postmenopausal alterations in affective and cognitive behaviors are highly variable in
women despite a marked drop in circulating estradiol. This suggests in some cases that local
estradiol synthesis in the brain may compensate for the hormonal loss in circulation. Also,
previous studies of the rat diencephalon showed that the treatment of ovariectomized (OVX)
female rats with estradiol provoked a decrease in the aromatase mMRNA expression, whereas
the treatment of OV X rats with testosterone increased the aromatase mRNA expression in this
brain region (Yamada et al., 1993). Thus, we assessed the cellular pattern of aromatase
expression in the temporal neocortex and the hippocampus of OV X female rhesus monkeys
that were submitted to a cyclic estradiol treatment to determine whether long-term cyclic
changes in circulating estradiol may modify aromatase expression in these brain areas in
females.
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RESULTS

Aromatase in the hippocampus

While we did not carry out detailed quantitative analyses of levels of immunoreactivity or
number of labeled neurons, the pattern, extent, and intensity of aromatase immunostaining in
the hippocampus was similar in all animals studied, regardless of treatment, suggesting that
the presence or absence of circulating estradiol does not have obvious effects on aromatases
expression or location. Aromatase-immunoreactive neurons were detected in different
hippocampal regions, including the dentate gyrus and the stratum pyramidale of CA1-3 (Fig.
1). Neuronal cell nuclei were never immunostained (Figs. 1-3). Granule cells in the dentate
gyrus (DG) showed aromatase immunoreactivity distributed mostly along the apical dendrites
that reached the molecular layer (Figs. 1B, 2A). Only a few granule cells showed a well defined
immunoreactive perikaryon (Fig. 1B). This compartimentalization of aromatase
immunoreactivity in granule cells was clearly visualized after double immunostaining of
aromatase and the neuronal marker NeuN (Fig. 2A).

In the subiculum and in CA1-3, the vast majority of aromatase-immunoreactive neurons had
the typical morphology of pyramidal cells (Fig. 1C, E), showing a reticular pattern of aromatase
immunostaining both in the perikaryon and in the initial segment of the dendrites (Fig. 1C, D).
The colocalization of aromatase and NeuN shows that the majority of neurons in the stratum
pyramidale express aromatase (Fig. 2C—F). Although the majority of aromatase-
immunoreactive neurons in the hippocampus corresponded to neurons in CA1-3 and the
granule cell layer of the DG, some neurons in other hippocampal regions, such as the molecular
and polymorphic layers of the DG were immunoreactive for aromatase. Figure 1F illustrates
an example of an aromatase-immunoreactive neuron in the molecular layer of the DG. Figure
2B shows colocalization of aromatase and NeuN in the polymorphic layer of the DG. A few
NeuN-immunoreactive neurons expressed aromatase in these hippocampal regions (Fig. 2B).
In addition, some structures with typical axonal morphology showed aromatase
immunoreactivity (Fig. 1D).

To characterize the specific subpopulations of neurons that express aromatase we carried out
an analysis of colocalization of aromatase and calcium-binding proteins in specific
hippocampal regions (Fig. 3). The double staining of aromatase with calretinin (CR) revealed
neurons that expressed both proteins in regions such as the DG and CA1 ( Fig. 3A, B), whereas
other CR-immunoractive neurons did not co-express aromatase (Fig. 3A, C). In contrast, all
calbindin (CB) immunoreactive neurons observed were also immunoreactive for aromatase
across all hippocampal fields (Fig. 3D-F). Finally, the analysis of colocalization of aromatase
and parvalbumin (PV) showed that most but not all PV-immunoreactive cells co-express
aromatase (Fig. 3G-I). Double immunostaining of aromatase and GFAP did not reveal
colocalization in the hippocampus (Fig. 4A-C), suggesting that astrocytes do not express
aromatase in hippocampus.

Aromatase in the temporal neocortex

As observed for the hippocampus, the pattern and extent of aromatase immunostaining in the
temporal neocortex was similar in both treatment groups; demonstrating no obvious effect of
estradiol treatment. Many neurons in the neocortex showed aromatase immunoreactivity in the
perikaryon and proximal processes (Fig. 5). However, the intensity of immunostaining in
neocortex was lower than in the hippocampus (Figs. 5, 6). As in the hippocampus, neuronal
cell nuclei in the neocortex were never immunostained (Figs. 5, 6). Moreover, some
immunostained processes could be identified as axons by their small varicosities in the
neocortex (Fig. 5E).
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Aromatase-immunoreactive neurons were abundant in layers 11 through VI (Fig. 5C-G). In
general, neuronsin layers 111, V and VI showed the highest staining intensity, with a particularly
prominent staining in layers V and VI (Fig. 5F, G). Double labeling experiments with NeuN
revealed that not all neurons were immunoreactive for aromatase, even in those cortical layers
where aromatase-labeled cells were more abundant (Fig. 6).

Most aromatase-immunoreactive neocortical neurons had the typical morphology of pyramidal
cells (Figs 5, 6). Additionally, a small number of aromatase-immunoreactive neurons showed
immunoreactivity for markers expressed by interneurons (Fig. 7). Finally, as in the
hippocampus, colocalization of aromatase and the glial marker GFAP was not detected in the
neocortex (Fig. 8).

DISCUSSION

Aromatase immunoreactivity in the hippocampus

The aromatase expression patterns in the hippocampus and temporal neocortex of the female
rhesus monkey, extends data from previous studies in several brain structures of different
vertebrates (Sanghera et al., 1991; Shen et al., 1994; Yamada-Mouri et al., 1995; Saldanha and
Schlinger, 1997; Sasano et al., 1998; Garcia-Segura et al., 1999; Stoffel-Wagner et al., 1999;
Ivanova and Beyer, 2000; Saldanha et al., 2000; Wehrenberg et al., 2001; Hojo et al., 2004;
Rune and Frotscher, 2005; Yague et al., 2006). Expression of aromatase in the hippocampus
of the rhesus monkey is in agreement with the previous work of Wehrenberg and collaborators
(2001) who showed aromatase mMRNA by in situ hybridization, in pyramidal neurons and
granule cells in the hippocampus of marmoset monkeys (Callithrix jacchus). According to our
findings, aromatase is localized in the perikaryon, dendrites and some axonal processes in select
neuronal populations. We detected aromatase immunoreactivity in a large population of cells
in the monkey hippocampus, which consisted mostly of excitatory neurons, including
pyramidal cells in CA1-3 and granule cells in the DG. Certain GABAergic interneurons,
identified by the expression of the calcium-binding proteins CR, CB, and PV, also showed
immunoreactivity for aromatase. Double immunostaining of aromatase and CR, CB, or PV
revealed that only some CR and PV interneurons also express aromatase. On the contrary, all
the CB interneurons found expressed aromatase. This pattern of immunostaining coincides
with that described for aromatase immunoreactivity in neuronal somata and neuronal processes
in the human brain (Naftolin et al., 1996; Ishunina et al., 2005; Yague et al., 2006).

Aromatase immunoreactivity in the neocortex

Intemporal neocortical regions, pyramidal cells expressing aromatase were found across layers
I1-VI1, although the most intense immunostaining was present in pyramidal cells located in
cortical layers V and V1. This matched our previous findings in the human temporal neocortex
(Yague et al., 2006). As in the hippocampus, localization patterns were similar across the
treatment groups. The distribution of aromatase in pyramidal cells is important when
considering the implications of the different types of pyramidal cells in cortical circuits. Those
pyramidal cells projecting to the subcortical nuclei are located in layers V-VI, whereas those
projecting to other ipsi- or contralateral cortical areas are found mainly in layers l1-I11 (for
reviews see Jones, 1981; Jones, 1984; White, 1989; Felleman and Van Essen, 1991; DeFelipe
and Farifias, 1992; Lund et al., 1994; Rockland, 1997; Morrison et al., 1998). The expression
of aromatase in many pyramidal neurons located through layers 11-V1, suggests that local
estradiol formation mediated by aromatase, may affect a wide variety of extrinsic and intrinsic
excitatory circuits.

Immunocytochemical studies in the primate neocortex indicate that the majority of
interneurons are GABAergic (reviewed in Houser et al., 1984; Jones, 1993), and that specific
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subpopulations of GABAergic neurons are immunoreactive for CB, CR, or PV. Each of these
three calcium-binding proteins labels distinct types of interneurons, and there is minimal
colocalization (reviewed in Andressen et al., 1993; DeFelipe, 1993; DeFelipe, 1997). For
example, double bouquet cells can be labeled for CB or CR, but never for PV, whereas
chandelier cells contain PV although a subpopulation in layers V-VI contains CB. However,
chandelier terminals are never labeled with CR. The finding that a significant population of
GABAEergic interneurons does not express aromatase is in agreement with our previous
observations in the human temporal neocortex (Yague etal., 2006). The restriction of aromatase
immunostaining to discrete subpopulations of interneurons indicates a highly selective
expression of the enzyme in the monkey temporal cortex. The impact of the lack of aromatase
in certain pyramidal and GABAergic neurons should be explored in future physiological and
pathological studies of excitatory and inhibitory cortical circuits.

Absence of aromatase immunoreactivity in astrocytes

Interestingly, neither hippocampal nor neocortical astrocytes showed aromatase expression.
This finding is in contrast with our previous observations in the human temporal neocortex
(Yague et al., 2006) where we have detected that a subpopulation of astrocytes expresses
aromatase. However, the findings of the present study are in agreement with previous results
obtained in rodents and birds where glial cells usually do not express aromatase under normal
conditions, but do under different paradigms of cerebral lesion (Garcia-Segura et al., 1999;
Azcoitia et al., 2003; Peterson et al., 2004). Because the aromatase gene (cypl19 gene) is under
a complex transcriptional regulation, with multiple promoters controlling the aromatase
expression in different species (Harada et al., 1993; Bulun et al., 2003; Golovine et al., 2003),
the existing differences between the cyp19 gene promoter region among rodents, monkeys and
humans could account for these differences in the glial aromatase expression among different
species.

Effects of estrogen therapy

Several factors, including androgens, have been shown to regulate aromatase expression in the
brain (Balthazartetal., 1992; Harada et al., 1992; Honda et al., 1994). The results of the present
study do not corroborate the hypothesis that chronic cyclic changes of estrogen levels in plasma
may affect aromatase immunoreactivity in the brain, as the observed aromatase cellular
distribution in the hippocampus and temporal neocortex is similar across treatment groups.
Due to the qualitative nature of our analysis, we can not exclude that ovariectomy or estrogen
therapy may affect aromatase activity or the levels of aromatase expression per cell, however
our findings do suggest that there is not a marked change in the cellular pattern of expression
of the enzyme.

Functional implications of aromatase expression in the hippocampus and neocortex

The expression of aromatase in hippocampal and neocortical neurons of monkeys is of
particular interest given that estrogen, the product of aromatase activity, promotes plastic
changes in synapses in the rat and monkey hippocampus (Gould et al., 1990; Choi et al.,
2003; Hao et al., 2003). In rodents, there is evidence to support that estradiol-mediated synaptic
plasticity in the hippocampus is mediated not only by gonadal estrogens, but also by estrogens
synthesized locally in the hippocampus (Adams et al., 2001; Kretz et al., 2004; Leranth et al.,
2004; Rune and Frotscher, 2005; Murakami et al., 2006). In vitro studies have shown that the
pharmacological inhibition of aromatase activity in hippocampal slices decreases the number
of dendritic spines and the number of dendritic spine synapses on CA1 pyramidal neurons
(Kretz et al., 2004; Rune and Frotscher, 2005; Prange-Kiel and Rune, 2006; Prange-Kiel et al.,
2006). In addition, aromatase inhibition within the brain in vivo prevents the increase in the
number of CA1 spine synapses induced by testosterone and dehydroepiandrosterone
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administration to female rats (Hajszan et al., 2004; Leranth et al., 2004; MacLusky et al.,
2004, 2006). This, along with our present findings that show abundant expression of aromatase
in the soma and dendrites of hippocampal and neocortical pyramidal neurons of monkey,
suggests that in primates, local aromatase activity may play a role in the modulation of cortical
synaptic plasticity. In addition, the expression of aromatase by different subpopulations of
interneurons is of interest, since the enzyme increases GABA synthesis in hippocampal cultures
(Zhou et al., 2007). In addition, GABAA receptor inhibition decreases both the number of
dendritic spines and the synthesis of estradiol in hippocampal slices (Zhou et al., 2007),
suggesting that aromatase may play an important role in cortical function by linking the activity
of specific subsets of GABAergic interneurons with synaptic plasticity in pyramidal cells.

In summary, our findings indicate that the enzyme aromatase is widely expressed in the
hippocampus and temporal neocortex of the female rhesus monkey. The enzyme is
predominantly expressed in pyramidal cells of the hippocampus and neocortex, suggesting that
local estrogen formation in the brain may affect the function of excitatory cortical cells. In
addition a subpopulation of interneurons, identified by the expression of calcium-binding
proteins, also expresses aromatase. These findings suggest that local estrogen formation may
be relevant for cortical function in primates.

MATERIALS AND METHODS

Experimental groups and treatment

The study was carried out in young OV X female rhesus monkey (Macaca mulatta) that received
estradiol or vehicle (see Table 1). All experiments were conducted in compliance with the
National Institutes of Health Guidelines for the Care and Use of Experimental Animals
approved by the Institutional Animal Care and Use Committee at the University of California-
Davis.

Eight young female rhesus monkeys (mean age = SEM, 10 years + 3 months) were used in this
study. The monkeys were bilaterally OV X and were assigned to age-matched OV X+vehicle
and OV X+estradiol treatment groups. Following an average post- ovariectomy interval of 29
weeks, OV X+estradiol monkeys received estradiol cypionate (100 pg/ml of sterile peanut oil,
i.m.; Pharmacia, Peapack, NJ) in a single injection every three weeks. OV X+vehicle monkeys
were provided an equivalent volume of vehicle injection according to the same schedule.
Treatment extended over approximately 2 years (Table 1). Estradiol and vehicle injections
were coded and administered in a blind fashion until all experiments were completed. Serum
estradiol values were measured at perfusion, 24 hours after the final injection. (See Hao et al.,
2007 for details).

Immunohistochemistry

Single-labeling procedure—Peroxidase immunohistochemistry was performed on
vibratome sections (50 um thick). Sections were treated for 45 minutes with a solution of
ethanol (50%) and hydrogen peroxide (5%) in phosphate buffer (PB) to quench endogenous
peroxidase activity. Sections were then incubated for 48 hours at 4°C with a rabbit polyclonal
antibody (Garcia-Segura et al., 1999; Yague et al., 2006) generated from a 15-amino acid
peptide corresponding to residues 488-502 of mouse aromatase, a region homologous to human
and monkey aromatase (Beyer et al., 1994). This antibody has been shown to specifically
recognize aromatase in the human brain (Yague et al., 2006). The primary antibody was diluted
1:2,000 in PB with 0.3% Triton X-100 (PBT), 0.3% bovine serum albumin and 5% normal
goat serum. After incubation with the primary antibody, sections were washed in PB and
incubated, for 1 hour at room temperature, in biotinylated goat anti-rabbit IgG (Pierce Meridian,
IL; diluted 1:1,000 in PBT). Sections were then processed using the Vectastain ABC
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immunoperoxidase kit (Vector, Burlingame, CA) and the antibody distribution was detected
histochemically with 0.05% 3,3'-diaminobenzidine tetrahydrochloride as a chromogen (DAB;
Sigma, St. Louis, MO) and 0.01% hydrogen peroxide. The sections were mounted, dehydrated,
cleared with xylene and coverslipped. Immunostaining was absent when the aromatase
antibody omitted. In addition, incubation of the antibody with the immunogenic peptide
resulted in a dose-dependent reduction of the staining (see also Yague et al., 2006).

Double-labeling procedures—Double immunohistochemical staining was performed to
colocalize aromatase with neuronal and glial markers. Tissue sections were incubated for 48
hours at 4°C with the primary antibodies in PBT containing 5% normal goat serum. The
aromatase antibody described above was combined with a mouse monoclonal anti-glial
fibrillary acidic protein (GFAP) antibody (Sigma, G-3893; diluted 1:1,000), or with a mouse
monoclonal antibody against the neuronal marker NeuN (MAB 337, Chemicon, Temecula,
CA, diluted 1:2,000). Other sections were incubated with the anti-aromatase antibody in
combination with mouse monoclonal antibodies against the calcium-binding proteins CB, CR
and PV in order to show co-expression in subpopulations of interneurons (Swant, Bellinzona,
Switzerland, catalogue codes 300, 6B3, and 235, respectively, all diluted 1:2,000). Tissue
sections were subsequently washed in PB and incubated for 1 hour at room temperature with
goat anti-rabbit IgG conjugated with green Alexa (488 nm) and goat anti-mouse IgG conjugated
with red Alexa (594 nm) (Molecular Probes, Eugene, OR; diluted 1:1,000 in PBT). Selected
areas in brightfield or in fluorescence were photographed using a digital camera adapted to a
fluorescence microscope (Zeiss Axiphot, Germany) and using a Zeiss LSM 510 microscope
equipped with Zeiss 10x (Plan-Neofluar, 0.3 NA) and 20x (Plan-Apochromat, 0.8 NA)
objective lenses. Immunostaining was absent when the first antibodies were omitted.
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parvalbumin
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phosphate buffer
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Fig. 1.

Aromatase DAB immunoreactivity in the rhesus monkey hippocampus. (A) Panoramic view
of aromatase distribution in the hippocampus (subject 29357). Sub, Subiculum; CA1-CA3
cornu Ammonis subfields 1-3; DG, Dentate gyrus. (B) Aromatase expression in the DG. The
image shows aromatase immunostaining both in the perikaryon of some granule cells (arrow)
as well as in dendrites that reach the molecular layer (arrowheads) (subject 27697). (C)
Aromatase expression in CA1. The image shows several aromatase immunoreactive pyramidal
cells (subject 29357). (D) Detail a high magnification of panel C showing an aromatase-
immunoreactive fiber (arrowheads). (E) Aromatase expression in CA3. The image shows
several neurons expressing aromatase (subject 30691). (F) Aromatase-immunoreactive neuron
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located in the molecular layer of the dentate gyrus (subject 28816). Scale bars in A: 500 pum;
D: 10 um; F: 25 um (for B, C, E and F).
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Fig. 2.

Confocal laser scanning microscope (CLSM) images demonstrating colocalization of
aromatase (green) and NeuN (red) in the rhesus monkey hippocampus (subject 28816). (A)
Colocalization of aromatase and NeuN in the granular cell layer of the DG. (B) Colocalization
of aromatase and NeuN in the polymorphic layer (PL) of DG (C,D) Colocalization of aromatase
and NeuN in CA3. (E) Colocalization of aromatase and NeuN in CA2. (F) Colocalization of
aromatase and NeuN in CA1. Scale bar in F: 50 um.
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Fig. 3.

CLSM images demonstrating colocalization of aromatase (green) and calcium-binding
proteins (red) CR, CB, and PV in the rhesus monkey hippocampus. (A—C) Colocalization of
aromatase and CR in the hippocampus (subjects 26326, 27697, and 29357, respectively). (D-
F) Colocalization of aromatase and CB in the hippocampus (subjects 30691, 28816, and 28816,
respectively). (G-I) Colocalization of aromatase and PV in the hippocampus (subjects 30691,
28816, and 29628, respectively). (A) CR-immunoreactive neuron co-expresing aromatase
(arrow) and two CR-immunoreactive neurons that do not co-express aromatase (arrowheads)
in DG. (B) CR-immunoreactive neuron co-expressing aromatase in CALl. (C) Polymorphic
layer (PL) of the dentate gyrus showing a CR-immunoreactive neuron that does not co-express
aromatase. (D) Polymorphic layer of dentate gyrus showing a CB-immunoreactive neuron co-
expressing aromatase. (E) CB-immunoreactive neuron co-expressing aromatase in the alveus
of CAl. (F) Two CB-immunoreactive neurons co-expressing aromatase in CA2. (G) PV-
immunoreactive neuron that does not co-express aromatase in the DG. (H,l) PV-
immunoreactive neurons co-expressing aromatase in CA3. Scale bar in I: 25 um.
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Fig. 4.

CLSM images demonstrating colocalization of aromatase (green) and GFAP (red) in the rhesus
monkey hippocampus (subject 28816). (A) Astrocytes that do not co-express aromatase in the
DG. (B) Detail of CA3 demonstrating an astrocyte that does not co-express aromatase. (C)
Detail of CA1 stratum radiatum (srCA1) demonstrating an astrocyte that does not co-express
aromatase. Scale bar: 25 um.
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Fig. 5.

Aromatase DAB immunoreactivity in the rhesus monkey temporal neocortex. (A) Low
magnification overview of aromatase distribution in the temporal neocortex (subject 29357).
(B-G) Details of the aromatase distribution in the different layers of the temporal neocortex
(subject 29357). (B) Aromatase immunoreactive cell in layer I. (C) Detail of several neurons
expressing aromatase in layer 1. (D) Aromatase immunoreactivity in pyramidal cells of layer
I11. The aromatase immunostaining is localized both in the perikarion and in main dendrites
(arrowhead). (E) Detail of an aromatase immunoreactive fiber in layer 1V ( arrowheads). (F)
Layer V showing pyramidal cells intensely immunoreactive for aromatase specially in the
perikaryon (arrowhead). (G) Detail of aromatase immunoreactive neurons in layer V1. Some
neurons show high level of aromatase immunostaining (arrow), whereas other are slightly
immunoreactive (arrowhead). Scale bars in A: 250 um; B: 25 um; G: 25 pum (for C-G).
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Fig. 6.

CLSM images demonstrating colocalization of aromatase (green) and NeuN (red) in the rhesus
monkey temporal neocortex (subject 30691). Colocalization of aromatase and NeuN in layers
I-11 (A), layer 111 (B), layers IV=V (C) and layer VI (D). While some NeuN immunoreactive
neurons co-express aromatase (arrows), other NeuN immunoreactive were immunonegative
for aromatase (arrowheads). Scale bar in D: 50 pum.
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Fig. 7.
CLSM images demonstrating colocalization of aromatase (green) and calcium-binding
proteins (red) in layers I1-I11 of the rhesus monkey temporal neocortex. (A-G) Colocalization

of aromatase and CR. (H-N) Co-localization of aromatase and CB. (O-U) Colocalization of
aromatase and PV. (A) Overview of layer Il (subject 30691). (B-D) CR-immunoreactive
neuron co-expressing aromatase (subject 26326). (E-G) CR-immunoreactive neuron that does
not co-express aromatase (subject 26326). (H) Overview of layer 11 (subject 30691). (I-K) CB-
immunoreactive neuron co-expressing aromatase (subject 29357). (L—N) CB-immunoreactive
neuron that does not co-express aromatase (subject 27697). (O) Overview of layer I1-I11
(subject 30691). (P-R) PV-immunoreactive neuron co-expressing aromatase (subject 29357).
(S-U) PV-immunoreactive neuron that does not co-express aromatase (subject 28816). Scale
bars in O: 100 um (A,H,0); U: 20 um (for all high magnification images).
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Layer I1I

Fig. 8.

CLSM colocalization demonstrating aromatase (green) and GFAP (red) in the rhesus monkey
temporal neocortex. (A) Layer | of temporal neocortex showing several astrocytes that do not
co-express aromatase (subject: 29357). (B) Layer Il of the temporal neocortex showing two
astrocytes that do not co-express aromatase (subject: 29357). (C) White matter of the temporal
neocortex showing two astrocytes that do not co-express aromatase (subject: 30691). Scale
bar: 20 um.
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