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Abstract
The hippocampus is a malleable brain region that responds to external agents such as hormones and
stressors. Investigations that began in our laboratories with the Golgi technique and an appreciation
of hippocampal neuroanatomy at the light and electron microscopic levels have led us down a path
that has uncovered unexpected structural plasticity in the adult brain along with unanticipated cellular
and molecular mechanisms of this plasticity and of hormone mediation of these effects. This chapter
reviews the history of discoveries in our two laboratories involving the actions of estradiol and stress
hormones on neuronal structure and function and then discusses the insight to hormone-brain
interactions that this has engendered. These discoveries have led us to a new view of brain structural
plasticity and the role and mechanism of steroid hormone action involving both genomic and non-
genomic pathways. This new view is consistent with the predictions of Cajal in his book “The
Structure of Ammon’s horn”, 1892.
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Introduction
In his book “The structure of Ammon’s horn”, 1892, [pg 726 (Cajal, S. R. 1995)], Ramony
Cajal wrote:

“If the ability of neurons to grow and create new associations in the adult explains human
adaptability and the facility to change ideational systems, the end of neuronal changes in the
aged or in people rigid from lack of education or any other reason, also explains unshakable
convictions, an inability to conform to moral standards and even misoneism. One also might
imagine that amnesia, a paucity of thought associations, retardation and dementia could result
when synapses between neurons are weakened as a result of more or less pathological cortical
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conditions, that is, when processes atrophy and no longer form contacts, when cortical
mnemonic or association areas suffer partial disorganization. Our hypothesis even accounts
for the greater conservation of older memories – memories of youth in the aged, amnestic and
demented – because association pathways created long ago and repeated for many years
obviously acquire even greater strength. In addition, they were formed during a period of life
when neuronal plasticity was maximal.”

Camillo Golgi, who shared the Nobel Prize with Cajal in 1907, provided a very important
technique for neuroanatomical investigations and Cajal was the visionary neuroanatomist who
predicted many aspects of brain structure and plasticity that we and others are finding today.
As reflected in the above passage, Cajal had incredible insight into brain plasticity that
foreshadowed our current studies of the hippocampus and other brain regions involved in
cognition and emotion.

Cajal predicted that structural details of the hippocampal formation ”may shed light on the
interpretation of arrangements in other regions of the nervous system” (Cajal, S. R. 1968).
Consistent with this prediction, the hippocampal formation has proven to be one of the most
intensely studied structures in the brain. The hippocampus is a malleable brain region that
responds to external agents such as hormones and stressors. Investigations that began in our
laboratories with the Golgi technique and an appreciation of hippocampal neuroanatomy at the
light and electron microscopic levels have led us down a path that has uncovered unexpected
structural plasticity in the adult brain along with unanticipated cellular and molecular
mechanisms of this plasticity and of hormone mediation of these effects. This chapter reviews
the history of discoveries in our two laboratories and then discusses the new view of hormone-
brain interactions that this has helped to engender.

Studies of neuronal structural plasticity using the Golgi method
In 1968, we discovered that the hippocampus has receptors for adrenal steroid hormones
(McEwen et al., 1968). This finding has led to many studies on the behavioral, physiological
and molecular actions of stress and stress hormones on this brain region (McEwen, 2007). One
missing element in studies of stress effects on the hippocampus was a neuroanatomical analysis,
and this issue was dealt with very effectively when Elizabeth Gould introduced the Golgi
technique to the McEwen lab in 1990. Serendipitously, many unexpected findings have come
from the use of this method that could not have been discovered by other methods very easily,
if at all.

First, we found sex differences in the morphology of CA3 pyramidal neurons that altered with
thyroid hormone treatment in neonatal life (Gould et al., 1990a;Gould et al., 1990b). Then,
Catherine Woolley and Gould (Gould et al., 1990c;Woolley et al., 1990) discovered that
estradiol treatment increased the spine synapse density of CA1 pyramidal neurons, a finding
that has opened a new area of exploration of estrogen effects on cognitive function (McEwen
et al., 1999;Woolley, 1999) (Fig. 1). Next came the result that glucocorticoids and stress cause
CA3 neuronal dendritic shrinkage in male rat hippocampus (Woolley et al., 1990), a finding
that has opened another area of study on stress effects not only in hippocampus but also in
prefrontal cortex and amygdala and led to structural imaging studies on the human
hippocampus (McEwen, 2007) (Fig. 2).

Since the Golgi method requires complete impregnation of neurons and separation between
stained neurons to permit the visualization of dendrites, confirmation of the basic findings by
other methods is necessary. For spine synapse formation, electron microscopy and stereological
evaluation of spine density have confirmed the Golgi results for the hippocampus and also for
prefrontal cortex (Leranth et al., 2003; Tang et al., 2004; Woolley et al., 1992). For dendritic
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remodeling, the use of the dye-filling method has enabled studies of stress effects in prefrontal
cortex and confirmation of the ability of stress to cause retraction of dendrites of certain neuron
types (Liston et al., 2006;Radley et al., 2004) since, in prefrontal cortex, another laboratory
has shown dendritic retraction using the Golgi method (Cook et al., 2004).

Indirectly, the Golgi studies led to the rediscovery by Elizabeth Gould and Heather Cameron
that neurogenesis in the dentate gyrus is regulated by adrenal steroids (Cameron et al., 1994).
This finding was an extension of a study in which we found that removal of the adrenal glands
caused programmed cell death of dentate neurons and atrophy of dendrites of surviving dentate
neurons, which could be prevented by giving low dose of adrenal steroids (Gould et al.,
1991) (Fig. 3). The follow-up studies using 3H-thymidine led to the reinvestigation of cell
proliferation in the dentate gyrus, which could be inhibited by adrenal steroids interacting with
excitatory amino acids (EAA) (Cameron et al., 1995).

Stress-induced retraction of dendrites in CA3 neurons and estrogen-induced synapse formation
are dependent on EAA activity via NMDA receptors, since NMDA blockers will prevent each
of these types of changes (Magarinos et al., 1995;Woolley et al., 1994) and estradiol up-
regulates NMDA receptor expression (Daniel et al., 2001;Gazzaley et al., 1996;Weiland,
1992;Woolley et al., 1997). In addition to a role for EAA, there is evidence that GABA and
acetylcholine are involved in estrogen-induced synapse formation (Daniel et al., 2001;Murphy
et al., 1998;Rudick et al., 2003;Rudick et al., 2001) and that GABAergic activity may play an
important inhibitory role in stress-induced remodeling of hippocampal neurons (Magarinos et
al., 1999;Orchinik et al., 1995). Initial findings in hippocampus using the Golgi method led to
the discovery of structural plasticity in other brain regions. One of the most striking findings
has been that, in amygdala, repeated immobilization stress causes dendrite expansion and
increased anxiety (Vyas et al., 2002). Perhaps even more remarkable and unexpected is that
stress causes dendritic expansion in neurons of the orbitofrontal cortex while causing retraction
of dendrites in anterior cingulate, prelimbic and infralimbic regions (Cook et al., 2004;Liston
et al., 2006;Radley et al., 2004). A behavioral correlate of the mPFC changes is a striking
impairment of performance on an attention set shifting task that is impaired by mPFC lesions
(Birrell et al., 2000;Liston et al., 2006;McEwen, 2005;Radley et al., 2004). Hence, the reduction
in dendritic length and spine synapse density resulting from stress appears to have a strong
effect on behavior.

Although the involvement of steroid hormones as well as neurotransmitters in estrogen- and
stress-induced structural remodeling is clear, the mechanisms are complex and intriguing. One
of the first issues is what type of receptors are involved in mediating the steroid hormone
contribution and where are they located? Light microscopic localization of steroid receptors
has largely been limited to the detection of cell nuclei, which focus attention on the direct gene
regulation effects that steroid hormones have on neuronal function (Pfaff, 1980). Such nuclear
actions of steroid hormones have been known since the1960’s (Jensen et al., 1962). However,
there is an emerging story of non-nuclear steroid receptors in the brain and other tissues that
has come about, in part, via immunocytochemistry using the electron microscope (Milner et
al., 2001). As noted above, Woolley and Gould, using the Golgi method, discovered that the
hippocampus, a brain region known to have few cell nuclear estrogen receptors (Weiland et
al., 1997), shows a strong effect of estradiol on spine synapse formation (Gould et al.,
1990c). This investigation (Woolley et al., 1990) led us to look for other types of estrogen
receptors, and that, in turn, has led to a unique view of how estradiol and other steroid hormones
exert their effects on the brain.
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Towards a novel mechanism of hormone- regulated structural plasticity
Localization of gonadal steroid receptors in the hippocampal formation

The existence of estrogen effects in hippocampal formation where there is a paucity of nuclear
receptors has led to a search for other mechanisms and sites of estrogen action. Somewhat
serendipitously, we conducted a study with electron microscopic immunocytochemistry to
localize non-nuclear estrogen receptor (ER) α in the rat hippocampal formation (Milner et al.,
2001). We have subsequently gone on to examine the localization of ERβ as well as androgen
and progestin receptors in the hippocampal formation. Below is a brief synopsis of these
findings.

ERα
Our earlier light microscopic studies showed that ERα-immunoreactivity (ERα-ir) in the
hippocampal formation is found in the nuclei of scattered inhibitory GABAergic interneurons
(Weiland et al., 1997) (Fig. 4A). Our ultrastructural analysis (Milner et al., 2001) revealed that
in addition to interneuron nuclei, ERα-ir was affiliated with the cytoplasmic face of the
plasmalemma in select interneurons and with endosomes of a few principal (pyramidal and
granule) cells. Moreover, extranuclear ERα labeling was found in profiles that were dispersed
throughout the hippocampal formation, but were slightly more numerous in CA1 stratum
radiatum (Figs. 5, 8); this latter region is the same area that undergoes estrogen-induced
synaptic plasticity (Gould et al., 1990c; Woolley et al., 1990). About half of the ERα-labeled
profiles were unmyelinated axons and axon terminals that contained numerous small, synaptic
vesicles. ERα-labeled terminals formed symmetric and asymmetric synapses on dendritic
shafts and spines suggesting that ERα-containing profiles arise from inhibitory as well as
excitatory neurons. As described later, some ERα-containing terminals were cholinergic
(Towart et al., 2003). Approximately one-quarter of the ERα-labeled profiles were dendritic
spines, many originating from principal cells; ERα-ir was often associated with spine apparati,
suggesting that estrogen might act locally through the ERα to influence protein synthesis during
synaptic remodeling, topics that will be touched on below. The remaining quarter of ERα-
labeled profiles were glia that resembled astrocytes and were often located near the spines of
principal cells. Recently, low levels of ERα–ir were identified in microglia using c-fms-EGFP
mice as a means of identifying microglial processes (A. Sierra-Saavedra. A.C. Gottfried-
Blackmore, T.A. Milner, B.S. McEwen, K. Bulloch, unpublished).

ERβ
The cellular and subcellular location of ERβ-ir in the hippocampal formation is generally
similar to that of ERα-ir except that ERβ-ir was more extensively found at extranuclear sites
(Milner et al., 2005). By light microscopy, ERβ mRNA and protein is found in the perikarya
of pyramidal cells (Fig 4B.), granule cells as well as some interneurons in adult rodents (Milner
et al., 2005;Mitra et al., 2003;Shughrue et al., 1997). Electron microscopic analysis revealed
ERβ-ir at several extranuclear sites in pyramidal and granule cells (Milner et al., 2005) and, as
described below, some newly born cells (Herrick et al., 2006) (Fig. 8). Within the perikarya
and proximal dendrites of these cells, ERβ-ir was associated with cytoplasmic organelles,
especially endomembranes and mitochondria, suggesting that ERβ may be involved in
generating Ca++ signals that control processes such as neuronal excitability and synaptic
plasticity (see discussion in Milner et al., 2005). ERβ-ir was also found on plasma membranes
and in dendritic spines, many arising from pyramidal and granule cell dendrites. In both
dendritic shafts and spines, ERβ-ir was near the perisynaptic zone adjacent to synapses formed
by unlabeled terminals. These results are consistent with the possibility of rapid activation by
extracellular ligands (see discussion Wang et al., 2006). ERβ-ir also was associated with
clusters of small, synaptic vesicles in preterminal axons that were particularly prominent in the
mossy fiber pathway. ERβ-labeled terminals had morphological features resembling
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monoaminergic terminals: they rarely formed synapses, however, those that did formed
asymmetric and symmetric synapses with dendrites. ERβ-ir also was detected in glial profiles.

Progestin Receptors (PR)
Progesterone that follows estrogen exposure rapidly decreases spine density in the CA1 region
of the hippocampus, an action that is blocked by the PR antagonist, RU486 (Woolley et al.,
1993). Although cells containing PR mRNA are seen in hippocampal formation (Hagihara et
al., 1992), PR protein is undetectable in the rat hippocampus at the light microscopic level.
However, ultrastructural analysis of the hippocampal formation revealed PR-ir at several
extranuclear sites (Waters et al., 2005). PR-ir was present in dendritic spines, many arising
from principal cell dendrites, and was closely associated with the postsynaptic density. PR-ir
was found in axons and axon terminals that contained small synaptic vesicles. Terminals and
en passant axonal boutons with PR-ir formed predominantly asymmetric synapses with
dendritic spines. These localizations suggest that PR activation influences excitatory
neurotransmission. PR-ir was found in glia, many resembling astrocytes.

Androgen Receptors (AR)
Like estrogens in female rats, androgens can affect dendritic spine density in the CA1 subfield
of the male rat hippocampus (Kovacs et al., 2003;Leranth et al., 2003). The cellular and
subcellular localization of ARs in the hippocampal formation was different from the ERs (Fig.
8) (Tabori et al, 2005). In agreement with other light microscopic studies (Commins et al.,
1985;Kerr et al., 1995;Pouliot et al., 1996;Sar et al., 1990;Simerly et al., 1990;Stumpf et al.,
1978), AR immunoreactivity was present in pyramidal cell nuclei (Fig. 4C). AR-ir also was
present in disperse, punctate processes that resembled glia (Fig. 4C) and in the mossy fiber
pathway (localizations which were later confirmed by electron microscopy). Ultrastructural
analysis confirmed the light microscopic localization and revealed AR-ir at several
extranuclear sites in all hippocampal subregions (Tabori et al., 2005) (Figs. 7, 8). AR-ir was
found in dendritic spines, many arising from pyramidal and granule cell dendrites. AR-ir was
affiliated with clusters of small, synaptic vesicles within preterminal axons and axon terminals.
Unlike ER-containing terminals, AR-labeled terminals almost exclusively formed asymmetric
synapses with dendrites and spines, suggesting that they primarily arise from excitatory
afferents. AR-labeled astrocytic profiles often apposed terminals synapsing on unlabeled
dendritic spines or formed gap junctions with other AR-labeled or unlabeled astrocytes. Both
localizations suggest additional mechanisms were androgens could influence synaptic
plasticity (see discussion in Tabori et al., 2005)

Functional implications of non-nuclear steroid receptors
The localization studies of steroid receptors in hippocampus have also led to the discovery of
some functional relationships with neurotransmitter release, signaling pathways and protein
synthesis regulation, as well as neurogenesis. In addition, there are indications that declines in
non-nuclear ERs are important in the aging process. Moreover, sex differences are apparent.

ERα and acetylcholine
Estrogen action on basal forebrain cholinergic neurons is critically involved in mediating the
effects of estrogen in the hippocampal formation (Rudick et al., 2003). Cholinergic presynaptic
profiles (identified by vesicular acetylcholine transporter (VAChT) immunoreactivity) are
most concentrated in stratum oriens of the hippocampal CA1 region and in inner molecular
layer and hilus of the dentate gyrus (Towart et al., 2003). Quantitative ultrastructural analysis
revealed that VAChT-ir presynaptic profiles contained ERα-ir (Figs. 5B, 8) suggesting that
estrogens could rapidly and directly affect the local release and/or uptake of acetylcholine.
VAChT-labeled presynaptic profiles also apposed ERα-immunoreactive dendritic spines,
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presynaptic profiles and glial profiles; many of the latter two types of profiles abutted unlabeled
dendritic spines that receive asymmetric (excitatory-type) synapses from unlabeled terminals.
The affiliation of cholinergic terminals with excitatory terminals near ERα-labeled dendritic
spines or glial profiles suggests that alterations in acetylcholine release could indirectly affect
estrogen-modulated structural plasticity.

Estradiol and growth factors
Neurotrophins are important modulators of structural synaptic plasticity. Through trophic
action (Jordan, 1999), astrocytes serve as permissive substrates to support axonal regrowth
(Ridet et al., 1997) and are involved in estrogen-induced synaptic structural plasticity (Garcia-
Segura et al., 1999). In addition to presynaptic neuronal processes, immunoreactivity for
tyrosine kinase A (TrkA), the primary receptor for nerve growth factor (NGF), was present in
select astrocytes of the rat hippocampal formation (Barker-Gibb et al., 2001). Moreover, the
number of TrkA-labeled astrocytes in female rats fluctuated across the estrous cycle in dendritic
fields of the hippocampal formation, with the greatest number found at estrus after the peak
plasma estradiol concentration of proestrus (McCarthy et al., 2002). Few TrkA-labeled
astrocytes were found in ovariectomized animals; after estradiol replacement, this number
increased by 12-fold in the hippocampal formation, indicating estrogen-mediated induction.
Electron microscopic analysis of the dentate gyrus molecular layer demonstrated that TrkA-
labeled astrocytes are positioned primarily next to dendrites and unmyelinated axons. Because
NGF is known to stimulate astrocytes to act as substrates for axon growth (Kawaja et al.,
1991), these findings support the theory that TrkA-containing astrocytes serve a role in
structural plasticity, synaptic regeneration and axon guidance across the estrous cycle in the
hippocampal formation.

Signaling pathways - AKT
In addition to genomic mechanisms, estrogens may regulate gene expression by activating
specific signal transduction pathways, such as that involving phosphatidylinositol 3-kinase and
the subsequent phosphorylation of Akt. The Akt pathway regulates a variety of cellular events,
including the initiation of protein synthesis. Our studies (Znamensky et al., 2003) revealed that
the density of pAkt-ir in CA1 stratum radiatum was significantly higher in proestrus rats (or
in estrogen-supplemented ovariectomized females) compared to diestrus, estrus or male rats.
Ultrastructurally, pAkt-ir was found throughout the shafts and in select spines of stratum
radiatum dendrites. Moreover, proestrus rats compared to diestrus, estrus and male rats
contained a significantly more pAkt-ir associated with: (1) dendritic spines; (2) spine apparati
located within 0.1 μm of dendritic spine bases; (3) endoplasmic reticula and polyribosomes in
the cytoplasm of dendritic shafts; and (4) the plasmalemma of dendritic shafts. These findings
suggest that estrogens may regulate spine formation in CA1 pyramidal neurons via Akt-
mediated signaling events.

Progress in the study of non-genomic estrogen actions has been made possible by the use of
in vitro models which enable pharmacological and genetic manipulations (Chen et al.,
2006;Razandi et al., 1999). For example, the investigation of the role of Akt phosphorylation
in rapid estrogen effects on the translation of PSD-95 was carried out using NG-108-15 cells
(Akama et al., 2003) and then extended to the rat hippocampus by electron microscopic
immunocytochemistry (Znamensky et al., 2003).

Estradiol and protein synthesis
The synaptogenesis phase of estrous is driven by estrogen and may require newly synthesized
proteins. Ribosomes synthesize soluble proteins when free in the cytoplasm, and integral
membrane or secretory proteins when membrane-associated (Blobel et al., 1979). We
(McCarthy et al., 2003) found that ribosomal protein immunoreactivity and the percentage
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associated with membranes increases locally in CA1 stratum radiatum dendrites during
estrogen-induced synaptogenesis. These findings support a role for estrogen in regulating the
local synthesis of integral membrane proteins, e.g. receptors, in dendrites for newly developing
synapses across the estrous cycle.

ERβ and neurogenesis
During development, cells in or near the granule cell layer transiently express high levels of
estrogen binding and nuclear ERs (Solum et al., 2001). Moreover, mRNA for ERs, especially
ERβ, is expressed in proliferating and differentiating cells in the subgranular zone of the dentate
gyrus (Isgor et al., 2005). Our recent studies revealed that neuronal perikarya and dendrites
labeled with doublecortin, a marker of newly generated cells, contained extranuclear ERβ-ir
in both adult and neonatal dentate gyrus (Herrick et al., 2006) (Figs. 6,7). Dual labeled perikarya
had the morphological characteristics of granule cells, although a few resembled interneurons.
ERβ-ir also was in glial profiles that apposed DCX-labeled perikarya and dendrites. These
findings are consistent with data showing that estrogens can exert non-genomic effects directly
and indirectly on newly generated cells in neonatal and adult rat dentate gyrus.

ERα and aging
The effects of estrogens on the distribution of ERα in CA1 of young (3–4 mo.) and aged (22–
23 mo.) ovariectomized rats was examined using post-embedding immunoelectron microscopy
(Adams et al., 2002). Within dendritic spines, most ERα-ir was seen in plasmalemmal and
cytoplasmic regions of spine heads, with a smaller proportion within 60 nm of the post-synaptic
density. In the presynaptic terminal, ERα-ir was clustered around synaptic vesicles. Non-
synaptic pools of ERα-ir within the pre- and post-synaptic compartments were significantly
reduced (to 35% and 27%, respectively) in the young animals treated with estradiol compared
to those that received vehicle. However, no estrogen treatment-related differences were seen
in the aged animals. Also, 50% fewer ERα –labeled spines were seen in the hippocampi of
aged rats compared to young rats. The reduced responsiveness of ERα to estrogen in aging rats
may contribute to decreased hippocampal function and synaptic plasticity seen in aging.

ERα and sex differences
Estradiol-mediated increases in dendritic spine density and synaptogenesis in the CA1 region
are specific to females, as estradiol-treated males fail to show increases in hippocampal spine
density (Leranth et al., 2003). As noted earlier, estradiol-induced spinogenesis in the female
is dependent upon up-regulation of the NMDA-type glutamate receptor. We (Romeo et al.,
2005) found that while estradiol increases NMDA binding in gonadectomized females,
estradiol fails to modulate NMDA binding in gonadectomized males. Moreover, proestrus
(high estrogen) females had a significantly increased number of ERα-labeled dendritic spines
compared to diestrus females and intact males. These studies suggest that the ability of estrogen
to increase NMDA binding in the hippocampus and the presence of ERα in dendritic spines
may contribute to the observed sex difference in estradiol-induced hippocampal spinogenesis.

Presence of non-genomic receptors in other brain regions
The line of research outlined above that led us to the discovery of non-genomic receptors for
steroid hormones in the hippocampal formation has paved the way for the finding of non-
nuclear receptors in other brain regions, in which nuclear receptors are absent or sparsely
present. This, in turn, has synergized with progress using cell culture models and studies of
non-neural tissues which have revealed many examples of rapid, non-genomic actions of
estrogens as well as other steroids (Kelly et al., 2001; Norman, 2006; Tasker et al., 2006). The
brain regions that have been studied thus far are ones in which functional effects of estrogens
were recognized even if the nuclear receptor density was negligible, and now, using electron
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microscopic immunocytochemistry, non-genomic estrogen receptors are visible. The results
of these studies are summarized below.

Estrogen receptors in brainstem
Bulbospinal C1 adrenergic neurons in the rostral ventrolateral medulla (RVLM) are critically
involved in blood pressure control (Reis et al., 1988). Local injection of 17β-estradiol into the
RVLM region decreases sympathetic tone within minutes (Saleh et al., 2000). We (Wang et
al., 2006) investigated the anatomical and physiological basis for estrogen effects in the RVLM.
Immunoelectron microscopy revealed that ERα and ERβ were extranuclear and in particular
suggest that estrogens can modulate the function of RVLM C1 bulbospinal neurons either
directly through extranuclear ERβ, or indirectly through extranuclear ERα in selected afferents.
In isolated bulbospinal RVLM neurons, 17β-estradiol specifically and dose-dependently
reduced voltage-gated Ca++ currents, especially the long-lasting (L-type) component via an
ERβ-selective mechanism. This Ca++ current inhibition may underlie the decrease in
sympathetic tone evoked by local 17β-estradiol application. Together, these findings provide
a structural and functional basis for the effects of estrogens on blood pressure control and
suggest a mechanism for the modulation cardiovascular function by estrogen in women.

Estrogen receptors in dorsal raphe
Estrogens influence serotonergic activity in rodent and monkey brain and there is evidence that
estrogen affect mood and potentiate the actions of serotonin-related antidepressant drugs
(Schneider et al., 1997). In rat dorsal raphe, cell nuclear ERα-ir was found in non-serotonergic
neurons, whereas in mouse some ERα-ir is in the nuclei of serotonergic (5HT) neurons (Alves
et al., 1998;Alves et al., 2000). In the rat dorsal raphe, extranuclear ERα-ir was associated with
the plasmalemma of 5HT-containing neurons identified by tryptophan hydroxylase (TPH)
immunostaining (Milner et al., 2003) suggesting that ERα may be shuttled to extranuclear sites.
One such site is the synaptic junction of non-5HT neurons and another is near dense core
vesicles that abut TPH immunoreactive dendrites. Thus, non-5HT neurons have non-nuclear
ERα and one function might be to regulate neuropeptide release from efferents that modulate
5HT neurons.

Estrogen receptor in striatum
The rat striatum is devoid of any nuclear ER labeling and yet shows powerful effects of
estrogens on dopamine release and neuronal firing. Moreover, estrogen effects on dopamine
release and on D1 and D2 receptor binding have been demonstrated, along with rapid estrogen
effects on Ca++ currents in striatal neurons (Mermelstein et al., 1996). ERα-ir was detected in
dendritic spines contacted by unlabeled terminals that form asymmetric synapses, suggesting
that the terminals were glutamatergic (Milner et al., 2003). In addition, some ERα–ir was
detected in terminals with small synaptic vesicles that contacted cholinergic perikarya
identified by VAChT-ir, suggesting that estrogen could directly influence the activity of
cholinergic neurons in striatum.

Glucocorticoid receptors in amydgala
Glucocorticoids, released in high concentrations from the adrenal cortex during stressful
experiences, bind to glucocorticoid receptors in nuclear and peri-nuclear sites in neuronal
somata (McEwen, 2005). Their classically known mode of action is to induce gene promoter
receptors to alter gene transcription. Using electron microscopy to examine the lateral
amygdala, we (Johnson et al., 2005) found glucocorticoid receptors in non-genomic sites,
including glia processes, presynaptic terminals, neuronal dendrites, and post-synaptic densities
of dendritic spines. The lateral nucleus of the amygdala is specifically implicated in the
formation of memories for stressful experiences (LeDoux, 2003). The presence of
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glucocorticoid receptors in non-nuclear-membrane translocation sites, particularly dendritic
spines, where they show an affinity for postsynaptic membrane densities, suggests that
glucocorticoids may have a specialized role in modulating synaptic transmission plasticity
related to fear and emotional memory.

Rapid non-genomic effects of glucocorticoids have been recognized for some years in the newt,
where G-protein coupled receptors have been identified that regulate reproductive and
aggressive behaviors (Orchinik et al., 1994). More recently, rapid non-genomic effects of
glucocorticoids have been described on endocannabinoid release (Di et al., 2003). Furthermore,
rapid mineralocorticoid actions on sodium flux are known (Wehling, 1997), and, quite recently,
rapid actions of corticosterone on glutamate neurotransmission have been shown by genetic
deletion to depend on the mineralocorticoid receptor that affects cell nuclear events (Karst et
al., 2005).

Conclusion
We have described a path of discovery that began with the use of the Golgi method to
demonstrate heretofore unrecognized aspects of the structural plasticity of the adult
hippocampal formation and which has led us to a new view of brain structural plasticity and
the role and mechanism of steroid hormone action. This new perspective is consistent with the
predictions of Cajal, as reflected in the quotation at the beginning of this article. Our findings
were largely unexpected given the bias against structural plasticity of the adult brain that has
existed until recently and also given what was known at the time concerning the distribution
and mechanism of action of nuclear steroid receptors. The dissonance of finding a steroid action
where few or no nuclear receptors could be found prompted us to seek, and find, non-nuclear
steroid receptors and estrogen effects on second messenger pathways of the type that are now
more widely recognized in endocrinology but which were controversial at the time. It is safe
to say that we would never be where we are now without the Golgi method and the insights of
Cajal that got us started down this pathway.

Non-genomic effects of steroids are now an increasingly accepted aspect of steroid action in
brain and other tissues and organs. Evidence points to rapid, non-genomic actions of
aldosterone and Vitamin D (Funder, 2005;Norman et al., 1999;Wehling, 1997) and this
complements evidence that estradiol, progesterone, glucocorticoids and androgens also have
non-genomic actions.

The discovery of non-genomic localizations of epitopes for estrogen, androgen and progestin
receptors in brain regions not previously associated with the actions of so-called “sex
hormones” has supported functional evidence for the widespread actions of these steroids
throughout the nervous system. Thus, in addition to reproductive behavior and neuroendocrine
function, these steroids are now known to affect motor coordination, mood, pain and cognitive
function and to have neuroprotective effects (Handelsman et al., 2005;McEwen et al.,
1999;Sherwin, 2003;Stein, 2001;Wise et al., 2001). The extensive actions in brain of estrogens,
progestins and androgens raise the possibility, on the one hand, for the development of
pharmaceutical agents that mimic some action of these hormones. On the other hand, they also
indicate that developmentally-programmed sex differences and “sex hormone” actions in adult
life may play a role in the actions of other pharmaceutical agents for, and the progression of,
a variety of neurological and behavioral disorders (Baker et al., 1974;Cahill, 2006;Grossi et
al., 2000;Hamilton, 1989;McEwen et al., 2005;Wilson, 1999).

Considerable progress has been made in the development of pharmaceutical agents that mimic
selective steroid hormone actions. These include SERM’S (selective estrogen response
modulators) (McDonnell, 1999), SARM’s (selective androgen response modulators)(Kearby
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et al., 2007;Rosen et al., 2002) as well as agents that mimic non-genomic actions of Vitamin
D (Norman, 2006). Just as is the case for exploration of non-genomic actions of steroids
(Akama et al., 2003;Kelly et al., 2001), the development of these selective modulators has
required in vitro models and immortalized cell systems (Razandi et al., 1999;Simoncini et al.,
2000) with later translation to in vivo models where differences in organ and tissue
responsiveness to these agents have been revealed (Brinton, 2004;Shang et al., 2002).

As a result of the newly recognized complexity of steroid hormone action in brain, there are
many open questions for future research. For example, to what extent are there other receptors
for non-genomic effects of steroids and how are they related to the genomic steroid receptors?
For PRs, are there not only functions for the non-nuclear locations of receptors with the nuclear
receptor epitope (see above) as well as functions and possibly unique cellular locations of
receptors unrelated to the genomic receptors, besides the well-know actions of Aring reduced
progestins via the GABAa receptor (Wagner, 2006)? For Vitamin D and for mineralocorticoid
actions, do the rapid effects depend on the genomic receptors because they are the products of
the same gene but with different cellular localizations (Karst et al., 2005;Norman, 2006) or are
there separate non-genomic receptors that depend on expression of the genomic receptors? For
glucocorticoids, are there rapidly acting non-genomic receptors and actions in mammals that
are unrelated to the genomic receptors (Tasker et al., 2006) as well as non-genomic localizations
of the genomic GR (see above)? A related question is do the rapid effects of all steroids
synergize with the genomic actions, as for example, has been shown for estrogens (Vasudevan
et al., 2001)?

Although the prospects for development of new pharmaceutical are exciting because of the
diversity of genomic and non-genomic steroid actions, there are potential problems stemming
from the widespread actions of steroids in the brain and body. Nowhere is this better illustrated
than for estrogens. SERM’s have the ability to protect bone mineral loss because of their partial
agonist effects and to protect against breast cancer because of their partial estrogen antagonist
effects (Riggs et al., 2003). In brain, SERM’s mimic the effects of estrogens on the cholinergic
system which is involved in cognitive function and attention (Gibbs et al., 2004;Luine et al.,
1977;McMillan et al., 2002;Voytko, 2002;Wu et al., 1999). Yet at least some SERM’s have
the ability to block estrogen-induced synapse formation in the hippocampus (McEwen et al.,
1999), which would, unlike estradiol treatment, not enhance processes related to memory
storage or retrieval. One alternative to this problem is the development of SERM’s that cannot
enter the brain (Labrie et al., 2003) and thus produce the beneficial effects on bone and cancer
progression without compromising brain function. Yet, we know so little about the molecular
mechanisms for each of the steroid actions that much more research is needed on this aspect,
and the possibilities to develop new, selective compounds are thus very attractive (Brinton,
2004).

The broader view of hormone action in brain and other tissue has engendered a new view of
hormone-brain interactions. Neuroscience has moved forward by recognizing the importance
of external hormonal influences on brain and also the importance of the remodeling of the brain
throughout the lifespan not only as a naturally occurring process but also as a potential
mechanism for the action of pharmaceutical agents and non-pharmaceutical therapies such as
physical activity, cognitive behavior and psychotherapy and physical therapy. At a mechanistic
level, the revelations about how steroid hormones affect many signaling pathways,
neurotransmitters and growth factors have enriched the study of hormone action and brought
it more in line with other aspects of neurochemistry and neuropharmacology.

Finally, the new understanding of the role of hormones in brain structural plasticity has
translational implications for a better understanding of stress and stress-related disorders such
as depressive illness and sex differences in these conditions as well as for age-related cognitive

McEwen and Milner Page 10

Brain Res Rev. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decline and dementia. With improved methods for brain imaging, there is increased ability to
translate findings from animal models to the human condition and vice versa.
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AR  

androgen receptor

EAA  
excitatory amino acids

ER  
estrogen receptor

NGF  
nerve growth factor

NMDA  
N-methyl-D-aspartic acid

PR  
progestin receptor

RVLM  
rostral ventrolateral medulla

TH  
tyrosine hydroxylase

TPH  
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tryptophan hydroxylase

Trk A  
tyrosine kinase A

VAChT  
vesicular acetylcholine transporter
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Figure 1.
Camera lucida drawings of Golgi impregnated apical dendrites from CA1 pyramidal cells of
animals in the proestrus (A) or estrus (B) phase of the estrous cycle. The arrows indicate some
of the dendritic spines. Note the greater density of dendritic spines in A compared to B. Scale
bar, 10 μm for both A and B. Reprinted from (Woolley et al., 1990) by permission.
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Figure 2.
Camera lucida drawings of CA3c pyramidal cells from the brains of sham-injected (A) and
corticosterone-injected (B) animals. For these cells, numbers of dendritic branch points are:
(A) 15 apical, and 10 basal; (B) 9 apical, and 9 basal. Dendritic length values for these cells
are: (A) 1636.9 μm apical, and 1164.7 μm basal; (B) 1136.3 μm apical, and 1285.0 μm basal.
Note the decrease in both the number of dendritic branch points and dendritic length in the
apical tree of (B) compared to (A) while the basal tree shows no change in these parameters.
Scale bar = 50 μm for A and B. Reprinted from (Woolley et al., 1990).
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Figure 3.
Camera lucida drawings of representative Golgi-impregnated dentate gyrus granule cells from
brains of sham operated (A, B, C), adrenalectomized (I, E, F) and adrenalectomized plus
corticosterone (G, H, I) animals. There is a decrease in dendritic branch points in all three cell
types [granule cells located in the genu (A, D, G), granule cells with single primary dendrites
(B, E, H) and granule cells with multiple primary dendrites (C, F, I) with adrenalectomy
compared with sham operation and adrenalectomy plus corticosterone. From (Gould et al.,
1990d) by permission.
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Figure 4.
ERα-, ERβ-, and AR- immunoreactivities have overlapping, yet distinct, distributions in the
CA1 region of the rat hippocampus. A. ERα-immunoreactive nuclei (arrows) are found
primarily in the border of strata radiatum (SR) and lacunosum-moleculare (SLM). B.
Extranuclear ERβ-immunoreactivity is evident in pyramidal cell perikarya and their apical
dendrites in SR. A few, scattered ERβ-labeled interneuron perikarya also are found. C. AR-
immunoreactivity is primarily observed in pyramidal cell nuclei and in a few scattered glial
processes (arrowheads). SO, stratum oriens; SP, stratum pyramidale. Bars, 500 μm
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Figure 5.
In the rat hippocampus, extranuclear ERα-is found postsynaptically in dendritic spines and
presynaptically in terminals, some of which are cholinergic. A. ERα-immunoreactivity
(arrowhead) is found in a dendritic spine emanating from a dendritic shaft. The spine is
contacted (curved arrow) by an unlabeled terminal. B. A terminal with ERα-immunoreactivity
(arrowhead) also contains silver intensified immunogold (black particles) labeling the
cholinergic marker, vesicular acetylcholine transporter (VAChT). A, B, CA1 Stratum
radiatum. Bars, 500 nm.
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Figure 6.
Extranuclear ERβ-immunoreactivity is detected in newly born cells in the rat dentate gyrus.
A. A cell with silver intensified immunogold (black particles) for the new cell marker,
doublecortin (DCX), also contains immunoreactivity for ERβ (arrowhead). B. Enlargement of
the boxed region shows that the ERβ-immunoreactivity (arrowhead) is associated with a
mitochondrion (m). Bars, 500 nm.
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Figure 7.
In the hippocampus, AR is found at nuclear sites in CA1 pryamidal cells and in extranuclear
sites in dendritic spinces and glial cells. A. AR-immunoreactivity (arrowheads) is found in the
nucleus of a pyramidal cell perikaryon. B. AR-immunoreactivity (arrowhead) is in a dendritic
spine emanating from a dendritic shaft (D). The labeled spine is contacted by an unlabeled
terminal (uT). C. AR immunoreactivity is found in two glial profiles (AR-g) that form a gap
junction (arrow). The glial profiles abut the basement membrane (bm) of a blood vessel
endothelial cell. A, B, CA1 Stratum radiatum. Bars, 500 nm.
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Figure 8.
Schematic diagram depicting the cellular and subcellular localization of ERs, PRs and ARs in
the hippocampal CA1 region. Pyramidal cells contain nuclear labeling for AR (dark green) and
a subset of GABAergic interneurons contains nuclear ERαs (dark pink). Pyramidal cells and
some GABAergic interneurons contain cytosolic and plasma membrane-associated ERβs
(blue). Dendritic spines, many belonging to pyramidal cells, contain ERαs, ERβs, ARs and
PRs (purple). ERαs, ERβs, ARs and PRs are found in axons and axon terminals. Some ERα-
containing terminals are cholinergic (acetylcholine; orange); some ERβ-containing terminals
resemble monoaminergic terminals. Astrocytes (stars), mostly in the molecular layer, also
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contain ERαs, ERβs, ARs and PRs. (Summarized from Milner et al., 2001; 2005; Tabori et al.,
2005; Towart et al., 2003; Waters et al., 2005).
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