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ABSTRACT
The neuroactive steroid hormone, estrogen, has been implicated in both the prevention

and treatment of Alzheimer’s disease. Interactions between estrogen and neurotrophic
systems may partially explain the beneficial effects of estrogen therapy. Previous studies have
identified estrogen binding sites colocalized with neurotrophin-related proteins and mRNA
within the rodent brain. Extending these studies to a model more relevant to human systems,
we have mapped the distribution of estrogen receptor alpha (ER-a)-immunoreactive neurons
in adult nonhuman primate brains. In addition, we used double-label immunohistochemistry
to examine colocalization of ER-a with the low- and high-affinity neurotrophin receptors, p75
and trkA, and with the cholinergic marker choline acetyltransferase. Large numbers of
ER-a-immunoreactive cells were detected in several amygdaloid and hypothalamic nuclei.
ER-a-labeled cells were also found in the lateral septum, nucleus of the stria terminals,
subfornical organ, and periaqueductal gray. Only rare, scattered ER-a-immunoreactive cells
were noted in the cholinergic basal forebrain. In contrast to rodents, no cells exhibited ER-a
and p75 or ER-a and trkA double-labeling. However, ER-labeled neurons in the amygdala, a
region containing putative nerve growth factor-producing cells and exhibiting a role in
memory, were densely and specifically invested with cholinergic terminals projecting from the
basal forebrain. Estrogen-labeled neurons were also present in the lateral septal nucleus, a
system that receives hippocampal inputs and projects to the neurotrophin-sensitive medial
septum. Thus, interactions between neurotrophin-sensitive neurons and ER-bearing neurons
exist in the primate brain, providing a potential paracrine basis for estrogen-state modulation
of vulnerability to Alzheimer’s disease. J. Comp. Neurol. 405:529–542, 1999. r 1999 Wiley-Liss, Inc.
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Treatment with the steroid hormone estrogen has re-
cently been associated with a decreased incidence of
Alzheimer’s disease (AD) (Tang et al., 1996; Kawas et al.,
1997) and with improved response to the cholinesterase
inhibitor tacrine (Schneider et al., 1996). However, the
mechanisms responsible for the beneficial effects of estro-
gen in the treatment and prevention of AD are still poorly
understood. Antioxidant effects, immune interactions, in-
creases in apolipoprotein E levels, and altered processing
of amyloid precursor protein have all been suggested as
possible influences of estrogens on the molecular cascades
that lead to pathogenesis in AD (Jaffe et al., 1994; Behl et

al., 1995, 1997; Honjo et al., 1995; Srivastava et al., 1996;
Mook-Jung et al., 1997). Evidence also exists to support a
role for estrogen as a modulator of neuronal growth factor
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systems within the brain, suggesting another potential
target of estrogen therapy (Gibbs and Pfaff, 1992; Toran-
Allerand et al., 1992; Gibbs et al., 1994; Sohrabji et al.,
1994a, 1994b; McMillan et al., 1996; Gibbs, 1998a, 1998b).

The loss of basal forebrain cholinergic neurons that
occurs during AD is a well-documented phenomenon (Dav-
ies and Maloney, 1976; Whitehouse et al., 1981, 1982;
Bartus et al., 1982; Coyle et al., 1983). Cholinergic cell
groups from the basal forebrain innervate diverse brain
regions that include the cerebral cortex and the limbic
system-associated hippocampus, amygdala, and entorhi-
nal cortex (Mesulam et al., 1983; Heckers and Mesulam,
1994). These structures and projections have been impli-
cated in the normal functioning of learning, memory, and
attention (Ridley et al., 1988, 1989; Voytko et al., 1994).
Degeneration of basal forebrain cholinergic neurons is
believed to disrupt cognitive function in AD (Bartus et al.,
1982; Coyle et al., 1983). Treatments that increase the
survival or normal functioning of these neurons could
therefore potentially slow the progression of cognitive
decline in AD. A potent survival factor for basal forebrain
cholinergic neurons in animal models of AD is nerve
growth factor (NGF) (Hefti, 1986; Fischer et al., 1987;
Koliatsos et al., 1990; Tuszynski et al., 1990, 1991; Emer-
ich et al., 1994; Kordower et al., 1994a). NGF signaling
occurs through two receptors; the specific high-affinity
receptor, Trk A, and the low-affinity neurotrophin receptor,
p75 (Hempstead et al., 1991; Kaplan et al., 1991; Parada et
al., 1992). Therefore, changes in expression of these recep-
tors may influence the ability of NGF to affect cell survival.
Recent evidence suggests that estrogen may be able to
alter the level of expression of either or both of these
receptors and perhaps even NGF expression itself (Gibbs
and Pfaff, 1992; Toran-Allerand et al., 1992; Gibbs et al.,
1994; Sohrabji et al., 1994a, 1994b; McMillan et al., 1996;
Gibbs 1998a, 1998b). Some of the therapeutic effects of
estrogen treatment on AD progression may occur through
such a mechanism.

Estrogen is known to influence the expression of certain
genes by the binding of estrogen/estrogen–receptor com-
plexes to specific palindromic sequences of DNA known as
estrogen response elements (EREs). Sequences closely
resembling these EREs have been identified in the pro-
moter or 58 flanking regions of the genes for NGF, brain-
derived neurotrophic factor (BDNF), p75, and Trk A(Toran-
Allerand et al., 1992; Sohrabji et al., 1994a, 1995). In
addition, complexes of estrogen and its receptor have been
shown to bind to the ERE-like sequence found within the
BDNF gene (Sohrabji et al., 1995). Some groups have also
found that ovariectomy and estradiol treatment can effect
the levels of NGF, BDNF, p75, and Trk A mRNA expression
in the brain (Gibbs et al., 1994; Sohrabji et al., 1995;
McMillan et al., 1996). Together, these findings suggest
that estrogen may directly effect the expression of neuro-
trophin-related genes. However, such a mechanism would
require the colocalized expression of both estrogen recep-
tors (ER) and the affected trophin-related genes within the
same cell. Some studies have found such colocalization
within the adult ovariectomized mouse and in the develop-
ing rat central nervous systems. Combining autoradiogra-
phy with nonisotopic in situ hybridization, Toran-Allerand
and coworkers (1992) found that cells in the medial
septum and diagonal band of developing and ovariecto-
mized adult rodents bound 125I-labeled estradiol and also
expressed p75 mRNA and protein. In addition, ER mRNA

was colocalized with the mRNA for NGF, BDNF, NT-3,
trkA, and trkB in the developing rat forebrain (Miranda et
al., 1993).

We hypothesized that a similar pattern of colocalization
between the alpha isoform of estrogen receptors (ER-a)
and neurotrophin-related proteins would be found within
the adult primate basal forebrain. However, we have found
that in the adult primate, ER-a-immunoreactive cells do
not exhibit colocalized immunoreactivity for either p75 or
Trk A receptors. In addition, only a very limited number of
ER-a-labeled neurons colocalize with a marker of choliner-
gic neurons, choline acetyl transferase (ChAT), suggesting
that few ER-a-bearing neurons belong to a cell type known
to be NGF responsive. On the other hand, large numbers of
ER-a-immunoreactive neurons are detectable in the lat-
eral septum, hypothalamus, and amygdala, regions that
are known to contain neurons that either project to or
receive innervation from basal forebrain cholinergic neu-
rons. Further, ER-a and ChAT double-labeling reveals
dense cholinergic fiber innervation of hypothalamic and
amygdaloid areas that contain many ER-a-bearing neu-
rons. These findings suggests the existence of paracrine
interactions between estrogen and neurotrophin systems
in the primate brain.

MATERIALS AND METHODS

Subjects

The brains of four male and two female adult rhesus
monkeys (Macaca mulatta; mean age: 9.7 years; range:
7–15 years) were examined. All four males were gonadally
intact, one of the females was intact and one female had
been ovariectomized several years earlier. Each of the
monkeys was maintained at the Regional Primate Center
at the University of California, Davis, in strict accordance
to established guidelines on animal care and welfare. At
the time of death the four male monkeys weighed between
7.5 kg and 12.0 kg and the two female monkeys weighed
4.2 kg and 7.4 kg.

Tissue preparation

Monkeys were anesthetized with ketamine (25 mg/kg,
i.m.) and Nembutal (5 mg/kg, i.p.) and perfused transcardi-
ally with a solution of 4% paraformaldehyde in phosphate
buffer, pH 7.4, and then 5% sucrose in phosphate buffer. All
euthanasia was performed in strict accordance to institu-
tional and NIH guidelines. Following perfusion, the brains
were stereotaxically separated into three coronal blocks
which were rapidly removed from the skull and frozen at
280°C until sectioning. Brains were sectioned into six
series on a sliding microtome with the microtome set to a
thickness of 40 µm. One series was stained for acetyl
cholinesterase, another was stained with thionin, and the
remaining series were placed into cryoprotectant and
stored at 280°C until processed for ER-a, p75, Trk, and
ChAT immunoreactivity.

Estrogen receptor immunohistochemistry

A series of 1-in-12 free-floating sections from each brain
was processed for ER-a immunoreactivity using the Novo-
castra monoclonal antibody NCL-ER-6F11 (1:100 dilution;
Vector Laboratories, Burlingame, CA). This antibody is
directed against the full length human ER-a subtype and
has previously been characterized (Bevitt et al., 1997). For
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immunolabeling, sections were first rinsed in 0.1 M Tris-
buffered saline (TBS; pH 7.4) three times for 10 minutes
each. Incubation with 0.6% hydrogen peroxide in TBS for
30 minutes was used to reduce the activity of endogenous
peroxidases. Sections were rinsed three more times in TBS
and incubated for 1 hour with a solution of 5% donkey
serum and 0.25% Triton X-100 in TBS (blocking solution)
to reduce background staining. Sections were then placed
in the primary antibody diluted in blocking solution for 18
hours at room temperature. Following three 5-minute
rinses with blocking solution, the sections were incubated
with secondary antibody (donkey anti-mouse; Jackson
Laboratories, West Grove, PA) for 1 hour at a dilution of
1:500 in blocking solution. After three more 5 minute
rinses with blocking solution, the sections were placed in
avidin-biotin solution (ABC elite; Vector Laboratories) for
1 hour at a dilution of 9 µl/ml TBS. Sections were rinsed
three times in TBS and reacted with nickel-enhanced
diaminobenzidine (DAB) to produce a brown-black reac-
tion product. Following three final rinses in TBS, the
sections were mounted on gelatin-coated slides, air dried,
and later dehydrated, cleared, and coverslipped.

Specificity of the NCL-ER-6F11 antibody was verified by
omitting the primary antibody with a resultant loss of
neuronal labeling. In addition, labeling patterns with the
NCL-ER-6F11 were identical to patterns observed in paral-
lel sections labeled with a second, well-characterized poly-
clonal human estrogen receptor antibody (ER21, 1:200
dilution; gift of G. Greene).

ER and p75 double-label
immunohistochemistry

A series of 1-in-24 sections from each brain was pro-
cessed for both ER-a and p75 immunoreactivity using a
modification of a double mouse monoclonal labeling tech-
nique first described by Lewis Carl et al. (1993). By using a
nonbinding monoclonal antibody and unconjugated F(ab)
fragments, this technique allows the sequential use of two
mouse monoclonal antibodies to double-label a section.

ER-a labeling was carried out as described above except
non-nickel-enhanced DAB was used as the chromagen to
create a brown-yellow reaction product that provided
superior contrast with the blue chromagen used to label
p75. ER-a-immunoreactive complexes were then blocked
from further reaction according to a modification of the
procedure described by Lewis Carl et al. (1993). Briefly,
lysate from a mouse monoclonal anti-b-galactosidase hy-
bridoma (40-1a; Developmental Studies Hybridoma Bank,
Iowa City, IA) was diluted 1:1 in TBS and incubated with
sections for 2 hours. After three rinses with TBS, the
sections were incubated with goat anti-mouse F(ab) frag-
ments (Jackson Laboratories) at a dilution of 1:20 in TBS
for 2 hours and then rinsed three more times with TBS.
Combined, these steps bind any free arms of the ER-a
antibodies and their secondary antibodies, prohibiting
cross-reactivity of p75 and additional secondary antibodies
with the ER-a-immunoreactive complexes.

Following these blocking steps the sections were incu-
bated for 18 hours at room temperature with the lysate
from an anti-human p75 mouse monoclonal hybridoma cell
line (generated by M. Bothwell) at a dilution of 1:100. This
antibody has been well characterized previously (Ross et
al., 1984; Mufson et al., 1989). Sections were then rinsed
three times for 5 minutes in blocking solution and incu-
bated with secondary antibody (donkey anti-mouse; Jack-

son Laboratories) for 1 hour at a dilution of 1:500. After
three more rinses in TBS, ABC solution was added to the
sections for 1 hour. Following three rinses in PBS the
sections were placed in Vector Laboratories’ blue, SG
substrate solution for 2–5 minutes and then briefly rinsed
in water and PBS. The yellow-brown diaminobenzidine
and blue SG chromagen reaction product are readily
distinguishable (see the RESULTS section). Sections were
mounted on gelatin-coated slides and allowed to dry. Slides
were dehydrated in a graded series of alcohols, cleared in
hemo-D, and coverslipped with Pro-Texx.

ER-a double-label immunohistochemistry
with pan-Trk and ChAT

Two other series of 1-in-24 sections were also labeled for
ER-a immunoreactivity and further labeled for either
pan-trk immunoreactivity or ChAT immunoreactivity.
Double-labeling for these markers was carried out with
the same procedure as used for ER-a/p75 double labeling,
except that the b-galactosidase and F(ab) blocking steps
and rinses were omitted because both the pan-trk and
ChAT antibodies used were polyclonal. The pan-trk anti-
body (c-trk Ab-1; Oncogene, Cambridge, MA) is a previ-
ously characterized, affinity-purified, polyclonal antibody
raised against amino acids 777–790 of the trk oncogene
protein (Chen et al., 1996). This antibody binds primarily
to trk A and has limited (minor) cross-reactivity with trk B.
Sections were incubated in pan-trk antibody overnight at
room temperature at a dilution of 1:300 in blocking
solution. The ChAT antibody (Chemicon 143, Temecula,
CA) is also an affinity-purified antibody directed against
human placental ChAT. It too has been well characterized
elsewhere (Tago et al., 1987, 1989; Kimura et al., 1990).
ChAT antibody was diluted 1:1000 in blocking solution and
sections were incubated at 4°C overnight. Secondary label-
ing for both of these polyclonal antibodies was conducted
with a donkey anti-rabbit antibody from Jackson Laborato-
ries (1:500 dilution). Following incubation with ABC solu-
tion as described above, pan-trk or ChAT immunoreactiv-
ity were visualized using the SG chromagen.

Immunocytochemical controls

Controls for double-labeled sections included sections in
which either one or both primary antibodies was omitted;
once again, specific labeling was lost with each of these
controls. In addition, a positive control for each brain was
performed by double-labeling for ChAT and p75 following
the ER-a/p75 double-labeling protocol but employing a
monoclonal anti-ChAT antibody (Boehringer; Indianapo-
lis, IN, 1:100) in place of the ER antibody. Although both of
these antigens produce a cytoplasmic staining pattern,
double-labeled cells were easily differentiated from single-
labeled cells. Therefore, the lack of colocalization observed
in the ER-a, p75 double-label experiments is not an
artifact of the double monoclonal labeling procedure em-
ployed.

To test the sensitivity of the ER-a antibody in primate
tissue, additional sections were labeled with stronger
dilutions of primary antibody (up to 1:25) and longer
incubation times in diaminobenzidine (DAB). In addition,
some sections were labeled using a signal amplification
technique (TSA, NEN-life sciences, Boston, MA). After up
to 1 hour in DAB at a 1:25 dilution of primary antibody, or
following TSA amplification of signal, sections of primate
brain showed greater background and an increase in
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cortical neuronal labeling of uncertain specificity that
appeared to be cytoplasmically localized. However, there
was no sign of increased nuclear immunoreactivity in any
of the areas sampled.

Anatomical nomenclature

Anatomical nomenclature was derived using the pri-
mate atlas of Snider and Lee (1961), the Handbook of
Chemical Neuroanatomy, edited by Swanson et al. (1987),
and the recently published macaque brain stereotaxic
atlas of Martin and Bowden (1996). Terminology for the
basal forebrain cholinergic system followed descriptions of
Mesulam (Mesulam et al., 1983). Identification of specific
nuclei was performed by comparison of immunolabeled
sections with neighboring sections Nissl stained with
thionin. Some of the figures consist of photographic pic-
tures that were scanned into a Power Macintosh G3
computer. Other pictures were captured digitally using a
Spot digital camera (Diagnostic Instruments Inc., Sterling
Heights, MI). Labels were added in Adobe Photoshop, and
in some cases brightness and contrast were adjusted.
Figures were printed on a Fujix Pictography 3000 silver
halide photography printer.

Quantification of ER-a/ChAT colocalization

ER-a and ChAT colocalization were quantified within
both the lateral septum and the lateral hypothalamic area,
the two areas that exhibited such colocalization. Anatomi-
cal landmarks were chosen for each of the six brains based
on Nissl- and acetylcholinesterase-stained sections. Sev-
eral sections from each monkey were counted to encom-
pass the entire nuclei. A blinded observer performed
manual counts of the total numbers of cells single-labeled
for ER-a, and single-labeled for ChAT. In addition, the
number of double-labeled cells, immunoreactive for ER-a
and ChAT, were counted. The percentage of cholinergic
cells that were double-labeled for ER and ChAT was then
calculated for each brain by dividing the total number of
double-labeled cells by the sum of single- and double-
labeled ChAT-immunoreactive cells. An average and stan-
dard error was then calculated for the six monkeys sampled.
Likewise, the percentage of ER-a-immunoreactive cells
double-labeled with ChAT, was calculated by dividing the

number of double-labeled cells by the sum of single- and
double-labeled ER-a-immunoreactive cells.

RESULTS

Estrogen receptor-a immunoreactivity

ER-a immunohistochemistry revealed two distinct intra-
cellular types of labeling. The classical intense nuclear
staining seen in the rodent brain by many other groups
was in this case also observed in the vast majority of
immunoreactive neurons (Fig. 1A). Cells in the lateral
septum displayed faint cytoplasmic labeling in addition to
strong nuclear immunoreactivity (Fig. 1B), a pattern that
has been previously reported in the guinea pig (Blaustein
and Turcotte, 1989; Blaustein, 1992). While Blaustein et
al. (1992) have also reported ER immunoreactivity at the
ultrastructural level within dendrites and axon terminals
using electron microscopy, no such labeling was observed
in this immunohistochemical study.

Several regions of the basal forebrain were found to be
immunoreactive for ERs in both sexes as summarized in
Table 1. Specific clusters of cells in the lateral septum
exhibited intense nuclear and minor cytoplasmic labeling
(Fig. 2). A smaller group of cells in the dorsomedial aspect
of the lateral septum (Fig. 2A, arrow), likely representing
an extension of the lateral septal group of neurons, also
exhibited nuclear staining. In more caudal sections through
the septum these two distinct groups of ER-a-immunoreac-
tive cells merge into a single population. Only a few
ER-a-labeled cells were noted in the medial septum. The
nucleus of the stria terminalis (not shown) contained a
substantial population of ER-a-immunoreactive cells dis-
persed throughout its extent. By comparison, the Nucleus
Basalis of Meynert, the major source of cholinergic innerva-
tion to the cortex, displayed few ER-a-immunoreactive
cells. The horizontal and vertical limbs of the diagonal
band of Broca similarly exhibited only rare ER-a-labeled
cells (not shown).

The amygdala, by contrast, contained large numbers of
neurons exhibiting intense nuclear labeling (Fig. 3). Sev-
eral of the amygdaloid nuclei exhibited ER-a immunoreac-
tivity, including the periamygdaloid area and the basal,
accessory basal, cortical, and medial nuclei of the amyg-

Fig. 1. Morphology of estrogen receptor-alpha (ER-a) immunolabeling. A: Purely nuclear patterns of
labeling are exhibited by most neuronal groups (hypothalamus shown). B: Rarely, a mixture of nuclear
and light cytoplasmic labeling is also observed (lateral septum shown). Scale bar 5 11 µm in A and 10 µm
in B.
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dala. In more caudal sections the amygdalohippocampal
area displayed a large very dense population of ER-a-
labeling nuclei (Fig. 3C). In this study, specific immunola-
beling was only rarely detected in the hippocampus proper.

Hypothalamic regions displayed strong ER-a immunore-
activity, as expected. The ventromedial, dorsomedial, para-
ventricular, periventricular and arcuate nuclei of the
hypothalamus all contained large numbers of immunoreac-
tive cells, as did the median eminence and dorsal hypotha-
lamic area (periventricular nucleus shown in Fig. 4A). The
preoptic area, a region associated with estrogen influence
of sexual behavior, was also densely labeled (Merari and
Ginton, 1975). The periventricular nucleus of the hypo-
thalamus and the lateral hypothalamic area displayed a
fair number of ER-a-labeling cells. A number of cells
immunoreactive for estrogen receptors were also detected
in the supramammillary and tuberomammillary nuclei of
the hypothalamus (not shown).

ER-a-immunoreactive cells were observed in the subfor-
nical organ (Fig. 4B). In the brainstem a small group of
nuclear ER-a-labeled cells was also present in the lateral
portion of the periaqueductal gray (not shown). A qualata-
tive examination revealed no obvious sex-based differ-
ences in the localization of ER-a-immunoreactive neurons
between male and female monkeys. In addition, no differ-
ences in localization of ER-a-labeled neurons were noted
between the ovariectomized female and the intact female.
However, a formal quantitative comparison of ER-a single-
labeled neurons was not undertaken in the present study.

ER-a and ChAT immunoreactivity

As expected, ChAT immunoreactivity was found within
large neurons of the cholinergic basal forebrain regions
Ch1, Ch2, and Ch4 (Fig. 5C,D) in the classification of
Mesulam (roughly corresponding to the medial septum,
vertical limb of the diagonal band, and the nucleus basa-
lis). Interneurons of the striatum were also clearly labeled
(not shown in Fig. 5). A dense group of small-sized ChAT-
immunoreactive neurons was also present in the lateral
septum, as previously described in both rats and monkeys
(Kimura et al., 1990). In addition, a group of small, lightly
labeled ChAT-immunoreactive neurons was detected in
the lateral hypothalamus. The location of this group
within the lateral hypothalamic area closely corresponds
to that of an acetylcholinesterase (AChE)-rich neuronal
population, Hce2, first described by Mesulam et al. (1983).
ChAT-immunoreactive neurons were also noted in the
supramammillary nucleus of the hypothalamus, another
area of the primate brain in which, to our knowledge,
ChAT immunoreactivity has not previously been reported.
A dense population of small sized cholinergic cells was also
observed in the medial habenula, as previously described
in the human brain (Heckers et al., 1992). In addition,
large neurons in the oculomotor nucleus labeled for ChAT,
as recently reported in nonhuman primates (Ichikawa and
Shimizu, 1998).

Among the cholinergic basal forebrain (Ch1–Ch4), no
cells were detected that exhibited both ChAT and ER-a
immunoreactivity. However, the lateral septal and lateral
hypothalamic cholinergic groups contained many cells
that double-labeled for ChAT and ER-a (Fig. 5A,B). These
double-labeled neurons were consistently observed in each
of the six primate brains examined. Cell counts revealed
that 54.4 6 9.2% (6SEM) of the ChAT immunoreactive
neurons in the lateral septum contained ER-a-immunore-
active nuclei. However, only 18.5 6 4.6% of all the ER-a-
immunoreactive cells in the lateral septum were also
ChAT-immunoreactive. In the lateral hypothalamus, 71.5
6 7.0% of ChAT-labeled cells contained ER-a-immunoreac-
tive nuclei, whereas only 25.7 6 3.8% of all ER-a-labeling
cells displayed ChAT-immunoreactive perikarya. Thus, in
both the lateral septum and lateral hypothalamus, most of
the cholinergic cells contained ER-a-immunoreactive nu-
clei. However, most ER-a-containing cells in both of these
regions were not cholinergic.

Cholinergic axons and terminals were also readily de-
tected by the ChAT antibody in double-labeled sections. Of
note, regions containing high densities of cholinergic termi-
nal fields in both the amygdala and hypothalamus also
contained large numbers of ER-a-immunoreactive neu-
rons (Fig. 5 E–H). Cholinergic innervation of the amygdala
and hypothalamus has previously been well described
(Emson et al., 1979; Mesulam et al., 1983; Emre et al.,
1993; Heckers and Mesulam, 1994). However, association
of these cholinergic projections with ER-a-bearing neurons
in the amygdala and hypothalamus has, to our knowledge,
not been reported.

ER-a and p75 immunoreactivity

Labeling of neurons with the p75 monoclonal antibody
in the nonhuman primate and human brain has been well
characterized (Kordower et al., 1988; Mufson et al., 1989).
In the present study, p75-labeled neurons exhibited strong
immunoreactivity in neuronal cytoplasm and processes

TABLE 1. Distribution of Estrogen Receptor Alpha Immunoreactive Cells
in the Primate Central Nervous System

Region Density of ER-a-labeled cells

Telencephalon
Amygdala

Accessory basal nucleus 111
Amygdalohippocampal Area 111
Basal nucleus 11
Cortical nucleus 11
Medial nucleus 1
Periamygdaloid area 11

Hippocampus 1/2
Septum

Medial Septum 1/2
Lateral Septum 11

Diagonal Band of Broca
Horizontal Limb 1/2
Vertical Limb 1/2

Nucleus Basalis of Meynert 1/2
Allocortex

Piriform cortex 2
Entorhinal cortex 2

Isocortex 2
Nucleus of the Stria Terminalis 11
Striatum 2
Globus Pallidus 2

Diencephalon
Hypothalamus

Arcuate nucleus 111
Dorsomedial nucleus 11
Dorsal hypothalamic area 111
Intermediate hypothalamic region 11
Lateral hypothalamic area 1
Median eminence 11
Paraventricular nucleus 11
Periventricular nucleus 11
Preoptic area 11
Suprammillary nucleus 1
Supraoptic nucleus 2
Tuberomammillary nucleus 1
Ventromedial nucleus 111

Thalamus 2
Periaqueductal gray 1
Subfornical organ 1

2, no cells observed; 1/2, few scattered cells; 1, moderate number of cells; 11, fairly
large number of cells; 111, many very densely packed cells.

ESTROGEN RECEPTORS IN THE ADULT PRIMATE BRAIN 533



with clearing of the nucleus, as expected. Consistent with
previous studies, intense p75 labeling was present through-
out the cholinergic basal forebrain in Ch1, Ch2, and Ch4.
There was little overlap in the distribution of p75 and
ER-a labeled cells (Fig. 6A,B). However, some regions
containing neurons immunoreactive for p75 also contained
a small number of ER-a-immunoreactive cells. Despite
this, ER-a-immunoreactive nuclei were never found in
cells also exhibiting p75-immunoreactive cytoplasm (Fig.
6C,D). In contrast to previous descriptions in the develop-
ing rat and ovariectomized adult mouse brain, ER-a and

p75 immunoreactivity did not colocalize within neurons in
the adult macaque brain. The failure to detect this form of
colocalization was presumably not simply a consequence of
insensitivity of the immunolabeling technique, since our

Fig. 3. Estrogen receptor-alpha (ER-a) immunolabeling in the
amygdala. A: ER-a-immunolabeled neurons are observed in the
periamygdaloid area (PA); B: in the basal (BA) and accessory basal
(ABA) amygdaloid nuclei, and C: in the amygdalohippocampal area
(AHA). Scale bar 5 265 µm in A and B, and 330 µm in C.

Fig. 2. Estrogen receptor-alpha (ER-a) immunolabeling in the
septal nucleus. A: The lateral septal nucleus (LS) has a dense
population of ER-a-immunoreactive neurons that display both nuclear
and nuclear with cytoplasmic patterns of labeling. ER-a-labeled
neurons are also observed in the dorsomedial aspect of the lateral

septum (arrow). The medial septum (MS) by comparison exhibits only
the occasional scattered ER-a-bearing cell. B: ER-a-labeled lateral
septal neurons at higher magnification. Scale bar 5 330 µm in A and
65 µm in B.
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Figure 3



Fig. 4. Estrogen receptor-alpha (ER-a) immunoreactivity in the hypothalamus and subfornical organ.
A: ER-a-immunolabeled neurons are found in several hypothalamic nuclei, including the periventricular
nucleus (PVa) 3V, 3rd ventricle. B: The subfornical organ (SFO) displays a circumferential arrangement of
ER-a-bearing neurons. Scale bar 5 265 µm in A and 65 µm in B.

Fig. 5. Double labeling for estrogen receptor alpha (ER-a) and
choline acetyltransferase (ChAT). A: Lateral septal nucleus (LS):
Double labeling for ER-a (yellow-brown label in nucleus) and ChAT
(blue label in cytoplasm) reveals intracellular colocalization of the two
labels in several cholinergic neurons (indicated by thin arrows) in this
region. Some neurons are single-labeled for ChAT (broad arrow) or
ER-a. LS, lateral septum. B: Higher magnification in the lateral septal
nucleus illustrates a neuron double-labeled for ER-a and ChAT, and a
neuron (lower left corner) single-labeled for ER-a. C: Cholinergic basal
forebrain: In the primate cholinergic cell groups Ch1–Ch4, many
neurons are labeled for ChAT, whereas ER-a-bearing neurons are not
detected in significant numbers. Ch4 region is pictured. D: Higher
magnification in the Ch4 region discloses typical ChAT labeling but

not ER-a labeling in cell nuclei. E: Amygdala: Of note, there is a
distinct co-association of cholinergic axon terminals with ER-a-
bearing neuronal soma in the periamygdaloid area and in other
regions of the amygdala. Cholinergic terminals (punctate blue labeling
in E and F) are found in regions of ER-a-bearing neurons (arrows). F:
Higher magnification demonstrating association of cholinergic axonal
terminals and ER-a-bearing neurons in periamygdaloid area. G:
Hypothalamus: A coassociation of cholinergic axon terminals with
ER-a-bearing neurons is also evident in the arcuate nucleus of the
hypothalamus. H: Higher magnification of hypothalamus in Fig. G.
Scale bar 5 46 µm in A, C, and H, 15 µm in B and D, 70 µm in E, 30 µm
in F, and 250 µm in G.
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Figure 5



Fig. 6. Double labeling for estrogen receptor-alpha (ER-a) and the
low-affinity neurotrophin receptor p75 (A–E) or the high-affinity
neurotrophin receptor trkA (F,G). A: Septal nucleus: double labeling
for ER-a (yellow-brown label) and p75 (blue label) reveals different
regions of localization. ER-a labeling is present in lateral septum (LS)
but not in medial septum (MS), whereas p75 labeling is present in MS
but not LS. There is little overlap in the distribution of these two
markers. B: Ommision of both ER-a and p75 primary antibodies
(negative control) reveals very low background immunoreactivity. C:
Medium magnification of ER-a and p75 double labeling at the junction
of the Ch4 region and the lateral hypothalamic area (LH) reveals
individual neurons labeled for either ER-a or p75, but no double-
labeled neurons. D: High magnification of ER-a and p75 double

labeling at the junction of the Ch4 region and the lateral hypothalamic
area clearly shows individual cells labeled for either p75 (blue) or ER-a
(yellow-brown), but no double-labeled cells. E: Double labeling for
ER-a and p75 in the arcuate nucleus of the hypothalamus (ArcH)
reveals p75-labeled axons coursing and terminating in region of
ER-a-labeled neurons. F: Septal nucleus: double labeling for ER-a
(yellow-brown label) and trkA (blue label) again reveals no overlap of
ER-a-labeled cells in lateral septum and trkA-labeled neurons in the
medial septum. G: Higher magnification of ER-a and trkA double
labeling in the Ch4 region reveals a single ER-a-labeled neuron
(arrow) interspersed among numerous trkA-labeled neurons, but no
double-labeled neurons. Scale bar 5 300 µm in A, B, and F, 93 µm in C
and E, 15 µm in D, and 50 µm in G.
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protocol, using the same ER antibody employed in the
present study, successfully reveals numerous neurons
double-labeled for ER and p75 in the rodent cholinergic
basal forebrain (Blurton-Jones and Tuszynski, unpub-
lished observations).

ER-a and pan-Trk immunoreactivity

The pan-trk antibody used in this study predominantly
labels trkA. Neuronal trk immunoreactivity was restricted
primarily to known regions of the brain that have been
previously reported to express trkA in the primate (Kor-
dower et al., 1994b), including the cholinergic basal fore-
brain regions Ch1, Ch2, Ch4, and the striatum. Sections
double-labeled for ER-a and trk did not exhibit intracellu-
lar colocalization of the two labels in these regions (Fig.
6F,G). Once again, the same labeling protocols successfully
demonstrate double-labeled cells within the rodent basal
forebrain (Blurton-Jones and Tuszynski, unpublished ob-
servations).

DISCUSSION

The present study demonstrates the presence of mul-
tiple neuronal groups in the adult primate brain that
express ER (Table 1). Areas displaying large numbers of
ER-a-immunoreactive cells include the lateral septum,
nucleus of the stria terminalis, the periamygdaloid area,
basal, accessory basal, and cortical nuclei of the amygdala;
the amygdalohippocampal area, the ventromedial, dorso-
medial, and arcuate nuclei of the hypothalamus; the
medial preoptic area, dorsal hypothalamic area, and me-
dian eminence. Lesser numbers of ER-a-immunoreactive
neurons are also present in the subfornical organ, paraven-
tricular, periventricular, supramammillary, and tuber-
omammillary nuclei of the hypothalamus; lateral hypotha-
lamic area, medial nucleus of the amygdala; and
periaqueductal gray. The basal forebrain cholinergic com-
plex, including areas Ch1–Ch4, contain only scattered
ER-a-expressing cells.

In addition to mapping the distribution of ER immunore-
activity in the primate brain, this study was designed to
explore the hypothesis that ER-bearing neurons in the
brain directly colocalize with neurotrophin receptor expres-
sion and, therefore, that estrogen influences neurotrophin-
sensitive neurons in an autocrine manner. Such findings
have previously been described in developing and ovariec-
tomized adult rodents (Toran-Allerand et al., 1992; Mi-
randa et al., 1993). However, in this study no colocalization
of estrogen receptors with either p75 or trkA neurotrophin
receptors was found in intact male monkeys or in an intact
and an ovariectomized female monkey. Also, in contrast to
previous studies in ovariectomized rats (Gibbs, 1996),
ER-a-immunoreactive neurons did not colocalize with
ChAT-immunolabeled neurons located in the basal fore-
brain cholinergic complex. Rather, neurons in two other
regions, the lateral septal nucleus and the lateral hypo-
thalamus, exhibited ER-a/ChAT double immunolabeling.

To account for differences between the present findings
and those reported in rodents, several possible explana-
tions can be explored.

Technique. Some previous studies in rodents have
used steroid autoradiography and in situ hybridization to
detect estradiol binding and neurotrophin mRNA expres-
sion. Both of these techniques may be more sensitive than
immunocytochemistry. On the other hand, immunolabel-

ing in the present experiment revealed ER-bearing neu-
rons in all classically described adult estrogen-sensitive
nuclei outside the cholinergic basal forebrain complex.
Studies of ER protein distribution by other groups have
also reported relatively few ER-expressing cells within the
cholinergic basal forebrain of other species, including
sheep and guinea pig (DonCarlos et al., 1991; Lehman et
al., 1993). In addition, an earlier autoradiographic study of
estradiol binding in adult ovariectomized female macaque
monkeys by Pfaff et al. (1976) detected estradiol binding in
the same regions in which ER-a immunoreactivity was
noted in the present study. Whereas binding within the
diagonal band and nucleus basalis (Ch2–Ch4 regions,
roughly) was not detected in the primate brain in the study
by Pfaff et al. (1976), colocalization of estrogen binding
with p75 was found within these regions of the rodent
brain by Toran-Allerand et al. (1992). It is important to
note that Pfaff’s study employed tritiated (3H) estradiol,
whereas Toran-Allerand and coworkers used a potentially
more active ligand, iodinated (125I) estradiol. Another
autoradiographic study in the squirrel monkey brain found
no estradiol binding in the cholinergic basal forebrain
(Keefer and Stumpf, 1975). Despite these negative find-
ings in primate species, it is possible that estrogen recep-
tors are expressed at extremely low levels in the choliner-
gic basal forebrain of primates and are not readily
detectable by standard immunocytochemistry or 3H-
autoradiography; the physiological relevance of this low
level of expression would remain to be determined. It is
also important to note that steroid autoradiography prob-
ably detects both alpha and beta subtypes of estrogen
receptors, whereas the monoclonal antibody used in this
study (NCL-ER-6F11) recognizes only ER-a receptors. A
recent study of the distribution of ER-a and ER-b mRNA in
the adult rat brain found that, whereas little ER-a mRNA
was expressed in the medial septum and diagonal band,
greater amounts of ER-b mRNA can be detected in these
regions (Shughrue et al., 1997). Therefore, autoradio-
graphic studies in rodents that detect estradiol binding in
the medial septum, diagonal band, and nucleus basalis
may be primarily detecting ER-b binding in those areas.
Our study does not preclude the possible colocalization of
ER-b with p75 or Trk A; however, the functional role of
ER-b remains to be determined.

Evolutionary divergence. Estrogen sensitivity in
basal forebrain neurons may have evolved differently in
rodent and primate orders. Autoradiographic studies in
both rodent and primate brains by Pfaff et al. (1973, 1976)
detected some differences in the distribution of estradiol
binding in cells between the two species. Rat studies
detected moderate numbers of estradiol-binding cells
within the diagonal band, whereas studies in the primate
brain detected no labeled cells within this area. Prelimi-
nary data from our own laboratory supports the possibility
of a difference in ER-a expression between monkey and rat
within the medial septum, diagonal band, and nucleus
basalis. Sections taken from intact female rats immunola-
beled with the same ER-a antibody (Novocastra NCL-ER-
6f11), following exactly the same protocol of the present
study, revealed large numbers of ER-a-immunoreactive
cells within the rat diagonal band and moderate numbers
of ER-a-labeled neurons within the medial septum and
nucleus basalis (unpublished observations). When rat
sections were further double labeled for p75, Trk A, or
ChAT, many cells within the diagonal band and some
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within the medial septum and nucleus basalis colocalized
ER-a with p75, Trk A, or ChAT. The ER-a antibody is
directed against purified human ER-a protein; therefore,
one might expect that the antibody more sensitively
detects monkey ER-a than rodent ER-a, but the possibility
remains that the antibody is more sensitive in rodent
tissue than primate. However, additional control experi-
ments, described within the methods section, were per-
formed to test the sensitivity of primate ER-a-immunola-
beling. When sections were labeled using either stronger
primary antibody dilutions and longer incubation times or
a signal amplification technique, no increase in the num-
ber of ER-a-immunoreactive neurons within the choliner-
gic basal forebrain was detected in primate tissue. This
preliminary data, and the differences noted between estra-
diol binding in rodent and primate autoradiographic stud-
ies, support the possible existence of species differences in
estrogen receptor distribution.

Estrogen state. The use of either developing or ovari-
ectomized female animals in previous rodent studies, in
comparison to the four male and two female adult pri-
mates of the present study, may have affected relative
levels of ER expression and therefore detectability by
immunolabeling. In fact very few studies mapping the
distribution of estrogen receptors in intact male and
female rodent brains have been performed. Ovariectomy
can increase the expression of ERs, whereas high levels of
estrogen present during proestrus or in estradiol-supple-
mented rats cause a downregulation in expression of
estrogen receptors (Sohrabji et al., 1994a). Thus, the
colocalization of ER and neurotrophin-related genes ob-
served in rodent studies may result from upregulation of
ERs in response to ovariectomy. On the other hand, our
own preliminary data suggests that ER labeling remains
readily detectable in the cholinergic basal forebrain of
intact adult female rats. Further, the present study in-
cluded one long-term ovariectomized female monkey, and
no differences in localization of neuronal labeling were
detected in this subject compared to a nonovariectomized
adult female monkey and four adult male monkeys. None-
theless, further findings from ovariectomy models may be
quite informative in understanding age-related changes in
the postmenopausal brain and the affects of estrogen
status on AD progression.

Whereas colocalization of ERs and neurotrophin recep-
tors has not been detected in the primate brain in the
present finding, a striking finding is the coassociation of
cholinergic terminal fields with ER-a-bearing neurons in
the amygdala. Since cortical neuronal targets of choliner-
gic innervation produce NGF (Conner and Varon, 1992;
Mufson et al., 1994), these ER-a-bearing amygdaloid neu-
rons may in fact be a source of NGF to the basal forebrain
cholinergic projections to the amygdala (Emre et al., 1993;
Heckers and Mesulam, 1994). This finding would support
previous suggestions that estrogens directly regulate neu-
rotrophin gene expression (Toran-Allerand, 1996), thereby
secondarily modulating inputs of neurotrophin-dependent
or neurotrophin-sensitive systems in a paracrine manner.
Since the NGF gene contains an estrogen response element-
like sequence, upregulation of NGF gene expression could
potentially be induced by estrogen in the amygdala; the
resulting increase of NGF in the amygdala would be taken
up by cholinergic axon terminals projecting from the
cholinergic basal forebrain. In this manner, estrogen would
modulate both NGF production in ER-a-bearing amygda-

loid neurons, and NGF availability to projecting choliner-
gic axons. This hypothesis is readily testable by assessing
alterations in NGF levels and NGF localization within the
amygdala in response to modulation of estrogen levels. An
estrogen response element-like element has also been
detected between intron IV and exon V of the BDNF gene.
Further, estrogen treatment of adult ovariectomized rats
has been shown by semiquantitative RT-PCR to increase
BDNF mRNA expression (Sohrabji et al., 1995). BDNF
protein is present in the amygdala and has also been
shown to influence the survival of basal forebrain choliner-
gic neurons in lesion models (Morse et al., 1993; Conner et
al., 1997), providing another potential mechanism for
interaction between estrogen and neurotrophin systems.

The presence of ERs in the supramammillary nucleus
suggests another potential mechanism through which
estrogen could influence memory systems. The supramam-
millary nucleus has been implicated in the generation and
modulation of hippocampal theta rhythm (Kirk and Mc-
Naughton, 1991; Kocsis and Vertes, 1994, 1997; Pan and
McNaughton, 1997; Vertes and Kocsis, 1997). Theta rhythm
is a synchronized electrical activity that occurs within the
hippocampus only during rapid eye movement (REM)
sleep or during important waking behaviors. A growing
amount of evidence suggests that theta activity may be
involved in the process of long-term potentiation (LTP)
(Staubli and Lynch, 1987; Pavlides et al., 1988; Huerta and
Lisman, 1993), and in the ‘‘consolidation’’ of memory
(Buzsaki, 1984). Neurons of the supramammillary nucleus
innervate the hippocampus both directly (Haglund et al.,
1984; Vertes, 1992) and indirectly by projecting to choliner-
gic and GABAergic neurons in the medial septum and
diagonal band, which in turn innervate the hippocampus
(Borhegyi et al., 1998). BDNF is produced within cells of
the supramammillary nucleus (Conner et al., 1997), and
estrogen has been shown to modulate BDNF gene expres-
sion (Sohrabji et al., 1995; Gibbs, 1998b). Thus, estrogen
binding to receptors within supramammillary neurons
may modulate local BDNF production, thereby influencing
supramammillary projections to the hippocampus and the
generation of hippocampal theta activity. This in turn
could modulate memory.

CONCLUSIONS

Overall, the present study lends support to the concept
that estrogen and neurotrophin systems interact in the
mammalian brain. In the primate, ER-bearing neurons
receive direct inputs from neurotrophin-sensitive basal
forebrain cholinergic neurons in the amygdala. ER-
bearing neurons are also present in the lateral septal
nucleus, a group of neurons that receive inputs from the
hippocampus and project directly to medial septal choliner-
gic neurons; this circuitry therefore introduces a modula-
tory influence of estrogen over subcortical systems that
directly regulate hippocampal function. The association of
ER-bearing neurons in these two neural circuits that
modulate memory suggest a paracrine level of interaction
between estrogen and neurotrophin receptor-bearing sys-
tems. Autocrine effects of estrogen on BDNF-producing
hypothalamic neurons that project to the hippocampus are
also plausible. Further studies will better define the direct
role of estrogen on neurotrophin production in the normal
brain and in the estrogen-deficient state. An improved
understanding of estrogen–neurotrophin interactions may
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lead to insights regarding the neural basis of estrogen
deficiency as a risk factor for the development of AD, and
lead to novel approaches for AD prevention and treatment.
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