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Estrogen Effects on Neuronal Morphology

Sonsoles de Lacalle

Department of Biomedical Sciences, Charles R. Drew University of Medicine and Sciences, Los Angeles, CA 90059

This review focuses on the effects of estrogen on neuro-
nal morphology. Over the last decade neuroscientists
have accumulated a wealth of information confirming
the trophic effects of 17B-estradiol on a variety of brain
regions, including changes of hippocampal spine den-
sity and axonal outgrowth and retraction in hypothala-
mic nuclei, as well as other measures of structural reor-
ganization that could underlie some of the cognitive
benefits attributed to this hormone. Overall, results
from a variety of investigators suggest that 178-estra-
diol is a potent structural signal that can drive devel-
opmental as well as adult plastic events in a variety of
brain regions, not only those implicated in reproduc-
tion, but also in a diversity of functions. Most notably,
these structural modifications that subserve cyclic phys-
iological processes, can also be activated in other brain
regions to protect and even reverse structural neurode-
generative processes. The data presented here are not
exhaustive, but rather meant to provide a few examples
of these structural effects of 17p-estradiol that could
have important implications for clinical practice.

Key Words: Outgrowth; plasticity; estrogen; regenera-
tion; sprouting.

Introduction

Over the last 30 yr, substantial progress has been made
in the understanding of the hormonal events that underlie the
development of sex differences in the brain. In mammals,
the brains of males and females are different: they show dif-
ferences in the volume of specific brain nuclei, in the density
of neurons, in the complexity of dendritic arborizations, and
even in the expression of neuropeptides (/). Ithas been known
for quite some time (2) that these organizational effects of
gonadal steroids are distinct from activational effects, which
refer to hormonal actions on neural systems that mediate
specific behaviors in adulthood. Nonetheless, changing lev-
els of hormones at puberty and during adult life determine
morphological and neurochemical plasticity, not only in
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the parts of the nervous system that are organized by gonadal
hormones during development, but also in others whose
developmental dependence on hormones is not that clear.

This review is focused on the wide range of structural
effects of estrogen (173-estradiol, E2) on neurons, using as
examples the effects of E2 on four distinct brain regions,
involved in such diverse functions as female reproductive
behavior, pain, and learning and memory. The study of mor-
phological regulation by E2 in the nervous system is of par-
ticular interest because it offers the possibility of identifying
the cellular mechanisms that drive structural reorganization,
as well as the functional consequences of changes in neuro-
nal structure. Although the direct targets of E2 can be iden-
tified and localized based on the expression of the relevant
receptors, it is important to acknowledge that the site of
direct E2 action is not necessarily the same cell that displays
morphological changes. This seems to be the case, for exam-
ple, inthe hippocampus, where E2 regulates structural plas-
ticity by acting on E2-sensitive afferents, involving a neuro-
trophin such as brain-derived neurotrophic factor (BDNF)
as a transsynaptic signal.

By and large, the most promising outcome of studies of
E2-dependent structural plasticity is the potential to under-
stand the functional consequences of changes in neuronal
architecture. By placing specific E2-induced morphological
changes in their appropriate physiological and behavioral
context, neuroendocrinologists can gain insight into how
plasticity of brain structure leads to plasticity in behavior.

Although effects of E2 on neuronal morphology can be
generalized to the whole neuron, even more interesting are
those effects that can be restricted to a particular compart-
ment. In the present review we will also focus on the dif-
ferential effects of E2 on axons and dendrites.

Effects of Estrogen on Structural
Plasticity of Hypothalamic Neurons

Ultrastructural studies of hypothalamic nuclei during the
perinatal period reveal poorly developed axons and dendrites,
and decreased numbers of synapses compared to adults. Nor-
mal development leads to increased number of processes
and synapses, as well as maturation of synaptic morphology
(3,4). Early in vitro studies employing explants from new-
born rodent hypothalami (5,6) have confirmed E2’s ability
to accelerate the proliferation of hypothalamic neurites, and
administration of E2 to rats during the first month of life
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results in twice the number of axodendritic synapses within
the arcuate nucleus compared to controls (3). The results
of in vitro studies have further demonstrated that E2 can
enhance the outgrowth of neurite processes from preoptic/
hypothalamic explant cultures (7) and from dissociated hypo-
thalamic cells (8). Because these regions contain E2 recep-
tors, it is suggested that E2 effects on neurite outgrowth may
be the result of interaction with its receptors and subsequent
modulation in the expression of genes crucial to neuronal
development.

E2’s capacity to alter synaptic density is not limited to the
developmental stages. A series of studies by Matsumoto and
Arai (9,10) have shown that, following mechanical dener-
vation of the hypothalamus, E2 administration restores syn-
aptic density within the denervated region. Garcia-Segura
and colleagues have further characterized a process they
have called “phased synaptic remodeling” in which a dener-
vation/reinnervation cycle follows E2 administration (71,
12). Phased synaptic remodeling also accompanies the pre-
ovulatory E2 surge in cycling rats, and the number of arcu-
ate nucleus synapses thus fluctuates in a predictable fashion
throughout the estrus cycle (/2). A summary of this finding,
and a discussion of its significance can be found in ref. /3.
Similar results have been described in ventromedial nucleus
(VMN) hypothalamic neurons, using Golgi techniques (/4).
In the ovariectomized, oil-treated rat, spine density in the
VMN is significantly lower than E2-treated or intact con-
trols, and in the normal cycling rat, significantly fewer spines
are found at diestrus than proestrus. This rise and fall in den-
dritic spine density across the estrous cycle has subsequently
been confirmed by others (/15).

In addition, a number of studies have provided evidence
that E2 differentially affects selective portions of the den-
dritic tree in VMN neurons (/5-17). Although 72 h of E2
treatment causes an overall increase in dendritic spine den-
sity, this effect is not uniform. In fact, this increase is found
in short primary dendrites, which are oriented randomly
within the VMN, and coexists with a 50% reduction in spine
density in the middle portion of long, ventrolaterally ori-
ented primary dendrites (/6,17). This spatial precision on
dendritic plasticity may be a mechanism by which E2 regu-
lates synaptic input to the VMN and modulates connectivity
patterns that mediate female sexual behavior. A detailed dis-
cussion of the functional consequences of dendritic remod-
eling of VMN neurons can be found in arecentreview (/8).

Although E2 has been found to modulate many proteins
inthe adult VMN (/9), of relevance in the context of sprout-
ingis the growth-associated protein GAP-43, a protein impli-
cated in axonal growth and motility (20). In situ hybridization
studies have demonstrated that the modulation of GAP-43
mRNA expression in the rat brain by E2 is region-specific,
with a significant effect on the medial preoptic area (MPA)
and VMN of the hypothalamus, but none on the cortex (27—
24). In the median eminence, GAP-43 protein staining is
observed in the same regions where most GnRH axons and

terminals were located, and dual immunocytochemistry con-
firms that numerous GnRH terminals are also positive for
GAP-43. Furthermore, the number of GnRH neurons from
the arcuate nucleus that contain GAP-43 mRNA is signifi-
cantly higher at the time of proestrus, compared to either
diestrus or estrous phase of the cycle (25). This fluctuation
suggests that increases in GAP-43 at the time of proestrus
could promote the sprouting of axon terminals from GnRH
neurons, and allow them to contact the pericapillary space
in the region of the median eminence (26,27).

Sprouting of axon terminals has been confirmed in vitro,
and hypothalamic neurons maintained in culture also react
to E2 in the medium with a significant neuritic outgrowth
(28), a response preceded by increases in the levels of tau
protein, but not in tubulin, microtubule-associated protein
(MAP)-1a, or MAP-2. Higher levels of tau protein suggest
that as a consequence of the expression of more stable mic-
rotubules, hypothalamic neurons are able to extend longer
neurites with increased stability or to stabilize neurite branches
that would otherwise retract. These findings are in agreement
with others showing hormonal-induced changes in mRNAs
coding for specific brain proteins, including tubulin-like mole-
cules, in the hypothalamic preoptic area (29,30).

Neuritic outgrowth in hypothalamic neurons in culture
also follows a sexually dimorphic pattern. Early work has
shown that neurons taken from female hypothalamus dif-
ferentiate axons later than the corresponding males, and
alsohave fewer primary neurites and shorter dendrites (3/).
Carrer and his colleagues followed this finding with a series
of studies (32—34) that demonstrated how, in primary cul-
tures of dissociated hypothalamic neurons taken from the
VMN, the neuritogenic effect of E2 is exerted differenti-
ally depending on the genetic sex of the neurons, the age of
the donor, and the presence of heterotopic glia from the tar-
get region. When taken at embryonic d 19, both male and
female hypothalamic neurons would react to the presence
of E2 with increased outgrowth and branching, whereas in
cultures prepared from embryonic d 16, only male cells were
responsive to E2. This neuritogenic effect of E2 in male
neurons could not be blocked by either tamoxifen or ICI,
suggesting that the effect is not exerted through the classi-
cal intracellular receptor signal transduction mechanism
but rather through a membrane-mediated mechanism (35).
On the other hand, in cultures grown without glia, or with
glia from non-target regions, E2 had no immediate effect,
thus pointing toward an indirect effect of E2. Furthermore,
the axogenic effect of E2 was suppressed in cultures treated
with a specific TrkB antisense oligonucleotide (36,37) sug-
gesting a synergistic effect of E2 and neurotrophic factors
in the sprouting response of these neurons.

Estrogen Modulates Structural
Plasticity of the Hippocampus

E2 regulation of dendritic spines and spine synapses on
pyramidal neurons in the hippocampus is one of the most
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studied examples of hormone-driven dendritic plasticity in
adulthood. Gould et al. (38) were the first to show that den-
dritic spine density in the adult rat hippocampal neurons is
sensitive to hormone levels. A number of groups replicated
this finding in rats (39,40) and in monkeys (4/,42), and
extended it to show that E2 modulates both pre- and post-
synaptic proteins in the hippocampus of female macaques
(43). Arecentreport (/8) reviews in detail the cellular mech-
anisms of E2-induced dendritic spine density and the corre-
sponding changes in hippocampal connectivity as well as its
behavioral correlates. They describe thatrats’ working mem-
ory is improved 14 d after E2 treatment, at the time of ele-
vated spine density, but not before spine density increases
(d 0-1) or after it returns to low levels (d 9-10).

In some of their earlier work using Golgi-impregnated
tissue, Woolley and colleagues (44) demonstrated that api-
cal dendritic spine density in CA1 hippocampal pyramidal
cells undergo a cyclic fluctuation across the estrous cycle
in the adult female rat, with spines being more numerous
in the afternoon of proestrus than in estrus, which would
favor a better integration of synaptic information. However,
notonly spine density but also spine shape is affected by E2
levels, and during proestrus mushroom spines are more
abundant, while thin spines are more abundant during estrus
(45). In ovariectomized mice, E2 has been shown to induce
similar transformations of spines into the mushroom-shaped
type, at least in part through its action on cytoskeleton-asso-
ciated synaptic proteins (46).

Investigations to determine the mechanism of E2-induced
neurotrophism point to a temporal cascade of E2-inducible
effects that are mediated by separated but potentially inter-
acting pathways. It is known that E2 induces a rise in intra-
cellular calcium (47), frequently the initiating event leading
to intracellular signaling pathways that regulate neurite out-
growth and synaptic connectivity (48). But several other sig-
naling pathways have been invoked as an explanation for
dendritic sprouting, and there is evidence for E2 actions on
pre- and post-synaptic proteins (43,49). The earliest phase of
E2-induced neurotrophism, filopodial outgrowth, can occur
within minutes of exposure and one mechanistic candidate
could be E2-dependent activation of a member of the Rho
family of GTPases, Rac 1B (50). The second phase, the devel-
opment of stable dendritic spines appears to be mediated by
an NMDA receptor—dependent mechanism through E2 acti-
vation of a src tyrosine kinase that phosphorylates the NMDA
receptor (51). The third phase appears to involve E2-induc-
ible spine stabilization via a transient suppression of GABA
(A)-mediated inhibition of CA1 pyramidal cells (52). Inter-
estingly, some of these effects are mediated via cholinergic
input (53-57), as described below.

Effects of Estrogen on Structural Plasticity
of the Basal Forebrain Cholinergic System

The physiology of the basal forebrain cholinergic system
is also modulated by E2, and the effect of the hormone on

the regulation of muscarinic receptors and choline acetyl-
transferase (ChAT) activity was already described more than
25 yr ago (58-60). This finding was followed by a number
of studies showing that E2 can significantly enhance the
expression and activity of ChAT, the synthetic enzyme re-
sponsible for the production of acetylcholine (67). We have
recently described (62) that E2 induces a significant four-
fold increase in total neurite length in basal forebrain cho-
linergic neurons from female rats, grown in culture. This
change was accompanied by a twofold increase in the num-
ber of segments per neuron, and was found evenly distrib-
uted throughout the dendritic arborization, with no particular
preference for proximal versus distal processes. We hypoth-
esized that cytoarchitectural modifications by E2 could also
participate in neuronal regeneration under pathological con-
ditions. In particular, E2 may play a role in supporting the
survival of cholinergic neurons in neurodegenerative dis-
orders, and newly formed neurite branches may lead to the
formation of new synapses. Furthermore, structural enhance-
ment of nerve cell morphology has been postulated to be
an integral step in cellular processes leading to information
storage in the nervous system, and perhaps E2-induced neu-
rite sprouting within cholinergic neurons could underlie the
cognitive enhancement effects of E2 treatment. Saenz and
colleagues (63) addressed this question using an experimen-
tal lesion model. Sixteen young adult female rats were used,
eight ovariectomized (OVX) and eight intact (NOVX), and
four rats from each group were treated with subcutaneous
pellets releasing E2 (+E) or placebo (+P). All 16 rats received
a unilateral lesion of the cholinergic-specific toxin 192 IgG-
saporin as described previously (64). The immunotoxin des-
troyed between 30% and 50% of the cholinergic neurons in
the nucleus of the horizontal diagonal band of Broca (HDB),
and a comparison of morphological parameters of cholin-
ergic neurons in the lesioned versus the control basal fore-
brain showed a hormonal effect. E2 treatment, whether from
natural sources (the NOVX+P group) or from the pellet (the
OVX+E group), was able to maintain dendritic arboriza-
tion in the surviving neurons at control levels. By contrast,
dendritic arborization remained significantly reduced in
animals totally deprived of E2 (OVX+P). The number of
dendritic segments was not changed by any of these manip-
ulations, and there was no obvious effect of the hormone on
this structural parameter. These results are consistent with
findings by Ferrini and colleagues (65) showing that in aged
male mice E2 treatment increased neurite length in ChAT
immunoreactive cells to levels similar to young animals and
also upregulated the expression of GAP-43 mRNA in the
aged mice.

Importantly, the effect of E2 on cholinergic neurons is
not limited to the dendritic compartment, but also includes
axons. E2 action at the level of presynaptic terminals may
be responsible, in turn, for the structural changes in hippo-
campal pyramidal cells, and anumber of in vivo experiments
suggest a role for the basal forebrain cholinergic system in
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the regulation of hippocampal dendritic spines. Evidence
in this regard comes from work indicating that transsection
of the fimbria/fornix, the fiber tract that contains the cholin-
ergic axons from the basal forebrain to the hippocampus,
blocks E2-induced spine formation (39), and also from ex-
periments showing that E2 delivered directly to the medial
septum can increase spine density in the hippocampus (55),
as well as from electrophysiological data showing that, in
animals with specific cholinergic lesions, E2 is much less
effective in disinhibiting hippocampal pyramidal cells (53)
than in controls.

Morphological Effects of E2
in the Peripheral Nervous System (PNS)

E2 affects many subpopulations of the PNS, including
non-nociceptive (66,67) as well as nociceptive sensory nerves.
This correlates with physiological findings showing that pain
threshold in female rats fluctuates across the estrous cycle,
and pain sensitivity is reduced by E2 (68,69). Compared
with gonadectomized rats, chronic elevation of plasma E2
induces a significant sprouting of calcitonin gene-related
peptide (CGRP)-immunoreactive fibers innervating mam-
mary gland arterioles (70), those in the ear pinna and the mes-
enteric vasculature (7/). Vascular endothelial and smooth
muscle cells express E2 receptors (72,73), and also synthe-
size and secrete various neurotrophic factors to which sen-
sory nociceptor neurons are responsive (74,75). It is there-
fore possible that E2 acts on peripheral tissue to increase
neurotrophic factor availability. Nonetheless, because the
majority of dorsal root ganglion (DRG) neurons express E2
receptors (76), adirect effect of E2 on sensory neurons can-
not be ruled out. In fact, recent work (77) has described a
robust outgrowth in DRG neurons cultured with E2. This
sprouting response is not accompanied by changes in neu-
ron number or size, but elicits an increase in CGRP-immu-
noreactive levels, consistent with an effect of E2 on CGRP
synthesis (78,79).

Another interesting example of structural actions of E2
on the PNS is the remodeling that occurs in the sympathetic
innervation of the rat uterus as a function of E2 levels, a
degenerative and regenerative process that occurs not only
during pregnancy but also as a normal component of the
estrous cycle. Low levels of E2 following ovariectomy and
during the early diestrus phase of the estrous cycle are char-
acterized by relatively high sympathetic nerve density of the
uterine horns. However, when E2 levels increase (injection,
sustained infusion, or during the early estrous phase), den-
sity of sympathetic nerves innervating the myometrium rap-
idly decreases (80,81). This loss of innervation occurs within
24 h, and is the result of axonal degeneration, not of retrac-
tion of intact axons, as determined by electron microscopy
(82). Furthermore, this loss of innervation appears related,
at least in part, to changes in the properties of the target tis-
sue, as in vitro studies have shown that while the myome-

trium from low-E2 rats can induce the sprouting of superior
cervical ganglion (SCG) neurons, raising E2 levels in vivo
prior to harvesting the myometrium abolishes this response
(83). It has recently been reported that E2 regulates this
sympathetic neurite outgrowth by modulating BDNF syn-
thesis and release by the rodent uterus (84).

Conclusion

The work presented in this review confirms the impor-
tance of E2 in regulating structural plasticity, through direct
or indirect, positive or negative effects on dendritic and axo-
nal morphology.

In the case of dendrites, because of their fundamental
involvement in synaptic integration and synaptic plastic-
ity, plastic properties are important for both neuronal infor-
mation processing and storage. Modifications in dendritic
arbors profoundly shape the computational and storage capa-
bility of neurons, and thus allow a degree of flexibility that
enables the performance of the most appropriate computa-
tion under a given condition. From a behavioral perspective,
this structural flexibility may be particularly useful to enable
responses to fluctuating levels of hormones, although it also
should be noted that it potentially renders the system more
susceptible to errors, and thus pathological conditions.

E2 actions at the presynaptic level are a source of modu-
latory influences on target regions, and as such, affect pat-
terns of synaptic connectivity more widely than would be
expected from the distribution of E2 receptors. A particu-
larly striking example is the basal forebrain cholinergic sys-
tem, where E2 seems to elicit a sprouting response at the
dendritic level in cholinergic neurons (which express E2
receptors), while also exerting a remote effect, that is, driv-
ing an increase in synaptic density in hippocampal neurons
(which do not express E2 receptors) that are the target for
cholinergic projections.

Documenting specific structural effects of E2 on neurons
is, obviously, only the first albeit necessary step to further
elucidate the molecular cascades that are activated by the
hormone. A review of the available data, even as limited as
the present, highlights the need for much more work to be
done.
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