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Abstract

Memory processing is presumed to depend on synaptic plasticity, which appears to have a role in
mediating the acquisition, consolidation, and retention of memory. We have studied the
relationship between estrogen, recognition memory, and dendritic spine density in the
hippocampus and medial prefrontal cortex, areas critical for memory, across the lifespan in female
rodents. The present paper reviews the literature on dendritic spine plasticity in mediating both
short and long term memory, as well as the decreased memory that occurs with aging and
Alzheimer's Disease. It also addresses the role of acute and chronic estrogen treatment in these
processes.
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1. Introduction

The complex mechanisms underlying the formation and retention of memories are assumed
to involve synaptic plasticity in the hippocampus and cerebral cortex. Although dendritic
spines are sites of synaptic contact and turnover of dendritic spines is an important aspect of
synaptic plasticity, the precise role that dendritic spines play in immediate memory
formation and long-term storage remains unclear. Given that the focus of our studies has
been the relationship between estradiol, memory, and dendritic spines in rodents, the present
chapter will review the literature on dendritic spines and memory function and highlight the
association(s) between estradiol, spines, and memory.
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2. Dendritic spines

First described by Ramon Y Cajal, using Golgi impregnation in purkinje cells of the bird
cerebellum (reviewed by Garcia Lopez, 2007 and Yuste, 2010), most dendrites are covered
with dendritic spines, which were initially assumed to increase the surface area for
neurotransmission (Nimchinsky et al., 2002). Spine density varies from extremely spiny
pyramidal neurons in the cortex and hippocampus (Nimchinsky et al., 2002; von Bohlen und
Halbach, 2009) to the relatively sparse spine density of neurons in the hypothalamus
(Frankfurt et al., 1990). In addition to identifying spines on many different neurons, Ramon
Y Cajal also described subtypes of spines and noted that the density of dendritic spines
increased with increased innervation. Although spine subtype classification varies, dendritic
spines generally consist of a protrusion and may have a bulbous termination (in the case of
mushroom spines). One may also distinguish between thin spines with a smaller head and
stubby spines, which lack any terminal enlargement and have extremely thin filapodia. This
latter type are presumed to be the precursors to mature spines (Bourne and Harris, 2008; von
Bohlen Und Halbach, 2009; Urbanska, et al., 2012).

The cytoskeleton of dendritic spines consists mostly of filamentous actin, which extends
from the base of the spine to the postsynaptic density (Bosch and Hayashi, 2012; Penzies
and Rafalovich, 2012; Koleske, 2013). The vast majority of dendritic spines have an
excitatory synapse at their termination suggesting that their role is to increase the surface
area for synaptic contact. However, the observation that adjacent dendritic shafts are devoid
of excitatory synapses combined with studies that have demonstrated that Ca++ is
concentrated in spines has led to the hypothesis that dendritic spines play a critical role in
the formation and plasticity of specific functional neuronal circuits rather than increasing the
surface area for synaptic contact (Yuste, 2010; Yuste, 2011). Filopodia, which lack a
bulbous termination, also seem to lack synapses, promoting the idea that filopodia may be
an immature/transient spine species. The synapse localized to most dendritic spines is an
excitatory, glutamatergic one and modulation of that excitatory input by other
neurotransmitters, especially inhibitory GABA, is assumed to be indirect. However, recent
studies have shown that GABA neurons synapse directly on a subset of dendritic spines
adjacent to a glutamatergic synapse (Higley, 2014) demonstrating a more direct relationship
between inhibitory and excitatory inputs.

2a. Dendritic spine plasticity

It has become increasingly clear that the nervous system is capable of plasticity and that the
dendritic spine is poised to be the major site of this activity (Bourne and Harris, 2008; Bosch
and Hayashi, 2012; Penzies and Rafalovich, 2012; Urbanska et al., 2012). There exists a
developmental increase in the number of dendritic spines followed by pruning, which
appears to depend on many factors (Urbanska et al., 2012). Perhaps more importantly, it is
clear that after the connectivity is initially established in the brain, dendritic spine turnover
continues (reviewed by Koleske, 2013). As part of the process of establishing neural
networks, dendrites and dendritic spines develop, mature, and are retracted as needed. In the
adult brain, however, plasticity appears to involve primarily the dendritic spine rather than
the dendritic tree. In addition, alterations in dendritic spines are now known to accompany
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brain trauma, underlie addiction and are implicated in neurological and psychiatric disease
(see below) as well as learning and memory.

Until more sophisticated techniques were developed, fluctuations of dendritic spine number
and type had been demonstrated in response to many different types of stimuli at different
developmental stages and over different periods of time using Golgi impregnation to label
spines (See Figures 1 and 2). Early experiments demonstrated the importance of afferent
input to the maintenance of spine density. In 1967, Valverde demonstrated that mice raised
in total darkness had significantly fewer dendritic spines on apical dendrites of pyramidal
cells in layer V of the striate cortex compared to control animals. In the hippocampus,
deafferentation of granule cells, following lesions of the entorhinal cortex, resulted in a
decrease in the number dendritic spines present on the granule cells, an effect that was
reversed with reinnervation (Parnavelas et al., 1974). As described below, many different
types of stimuli have been demonstrated to influence dendritic spine plasticity since these
early studies.

2a,. Estrogens and dendritic spine plasticity

Estrogen receptors in the brain were initially found to be highly concentrated in the
hypothalamus and other brain regions known to be involved in reproductive function (Pfaff,
1968). Following this observation, it became increasingly apparent that estrogen receptors
were widely distributed in the brain and had important functions related to cognition.
Moreover, dendritic spines in brain regions related to cognition, such as the hippocampus
and cortex, were highly sensitive to estrogen fluctuations. Chronic changes in circulating
estradiol have been shown to alter dendritic spine density on pyramidal cells in the
hippocampus (Gould et al., 1990; Woolley et al., 1990; Luine and Frankfurt, 2013) and
cortex (Tang et al., 2004; Chen et al., 2009; Khan et al., 2013; Inagaki et al, 2012; Luine and
Frankfurt, 2013), as well as neurons in the hypothalamus (Frankfurt et al., 1990) and
amygdala (de Castilhos et al., 2008; Rasio-Filho et al., 2012) of the rat brain. Fluctuations of
approximately 30% occur in dendritic spine density on neurons in the ventromedial
hypothalamic nucleus (VMN, Frankfurt et al, 1990) and pyramidal cells in the CA1 region
of the hippocampus (CAL) during the 4-5 day estrous cycle of the rat (Woolley et al., 1990).
In both these regions, spine density is greatest when estrogen levels are highest. In
ovariectomized (OVX) female rats, dendritic spine density in the VMN (Frankfurt, et al.,
1990), CA1 (Gould et al, 1990; Woolley et al 1990; Wallace et al., 2006), and the medial
prefrontal cortex (mPFC, Wallace et al., 2006) is decreased as compared to gonadally intact
rats. Administration of exogenous estradiol following OV X in rats restores the levels of
dendritic spines in the VMN (Frankfurt et al., 1990; Calizo and Flanagan-Cato, 2003), CA1
(Gould, et al., 1990; Luine and Frankfurt 2013) and the amygdala (de Castilhos et al., 2008)
as well as in spine synapses in the hippocampi of OV X monkeys (Leranth et al., 2002).
Spine synapses in CA1 were increased by 38% when estradiol was administered to OVX
female rats as compared to oil and decreased 32% in the period between proestrus and
estrous (Woolley and McEwen, 1992). Inhibition of the enzyme, aromatase, responsible for
converting testosterone into estrogen, causes dendritic spine loss in the hippocampus of mice
(Zhou, et al., 2010). Similarly, estradiol has been shown to increase both dendritic spine and
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spine synapse density in CA1 and the mPFC of non-human primates (Tang et al., 2004;
Leranth et al., 2008; Hajszan and Leranth, 2010).

In addition to the estrous cycle and OV X data, a relationship between estrogen and dendritic
spines has been shown with pregnancy, a period in the female life span when circulating
levels of estrogen are very high. Kinsey et al. (2006) found that in late pregnancy and during
lactation in rats, dendritic spine density in CA1 pyramidal cells is greater than at any time in
the estrous cycle.

Phytoestrogens, weak estrogens found in plants, also alter spine density in OVX rats. OVX
rats fed a diet low in phytoestrogens compared to a group fed ordinary rat chow which
contains soy meal (Patisol, 2005) and is, therefore, rich in phytoestrogens, had significantly
lower dendritic spine density on pyramidal cell dendrites in both the mPFC and CA1 as
compared to rats fed the high phytoestrogen diet (Luine et al., 2006). In more recent studies,
the effects of the synthetic, non-steroidal compound, bisphenol-A (BPA) (a weak estrogen
that also has anti-estrogen properties) on dendritic spine density in pyramidal cells of the
mPFC and CA1 have been assessed. Chronic administration of 50 pg/kg/day of BPA in
OV X monkeys for 28 days completely blocked estradiol induced synaptogenesis in both the
hippocampus and the mPFC (Leranth, et al., 2008). Administration of a low dose of BPA in
adolescent rats for seven days resulted in a 21% decrease in dendritic spine density in the
mPFC of males and females when they were examined at seven weeks (adolescence) or 11
weeks (adulthood) of age. (Bowman et al., 2014). In CA1, the BPA induced decrease in
dendritic spine density was 24 % in both sexes at both adolescence and adulthood as
compared to control. These decreases in spine density were also present at 13 weeks of age
in CA1 but not in the mPFC (Bowman et al., 2015). These studies suggest that adolescent
exposure to compounds that interact with estrogen receptors lead to enduring changes in
dendritic spine density in both the hippocampus and mPFC.

Acute effects of BPA on neurons have also been demonstrated. A single injection of 40
na/kg of BPA reduces dendritic spine density within 40 min in the mPFC and CA1 of adult
male rats (Eilam-Stock et al., 2012). In female rats, the interaction between BPA and
estradiol is complex. Following administration, spine density was assessed at times of
memory consolidation (30 min) and retention (4 h) after 17f estradiol, BPA, or both
(Inagaki et al., 2012). In CAL, BPA blocked estradiol induced increases in basal spines of
pyramidal cells at 4 h and was additive with estradiol at 30 min. In the mPFC, 40 pg/kg of
BPA had no effect at either 30 min or 4h (Inagaki et al., 2012). Although BPA -estrogen
interactions are complex, these studies clearly support the idea that estrogen influences
dendritic spine density in a number of brain regions and in a number of physiological
contexts.

Reviewing the data on changes in spine density during the estrous cycle, estrogen
replacement after OV X, during pregnancy and following phytoestrogen and BPA treatments
leads to the conclusion that, in general, greater spine density in the mPFC and CA1 is related
to higher levels of estrogen. There is increasing evidence that estrogen influences spine
assembly (see below) which provides a mechanistic explanation of how estrogen increases
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spines and may also provide a bridge for understanding the relationship(s) between estrogen,
spines and memory.

3. Memory and dendritic spines

The process of memory formation, which involves obtaining, storing, and eventually
retrieving information, relies on a complex series of still poorly understood events. Memory
is essentially an adaptive process by which neuronal connections process many different
types of stimuli. Memory initially appears to affect intrinsic plasticity, which is an alteration
in the excitability of one cell and therefore non-synaptic in nature (Kasai, 2010; Sehgal et
al., 2013) as well as synaptic plasticity, which involves more than one cell and is the focus
of the present review. Synaptic plasticity encompasses both structural changes, including
dendritic spine plasticity, and the resulting physiological plasticity: long-term potentiation
(LTP) and long term depression (LTD), considered the foundations of learning and memory.
Although these phenomena have been most closely studied in the hippocampus, both the
hippocampus and the mPFC are involved in memory function (Ennaceur and Aggleton,
1994; Dumitriu et al., 2010; Funahashi, 2013; Luine, 2015).

A strong relationship between dendritic spine density in the hippocampus and memory has
been demonstrated using different behavioral assessments. The acquisition of new memories
in a conditioning paradigm is associated with increased spine density in CA1 pyramidal cells
in adult male rats (Leuner et al., 2003; Jedlicka et al., 2008) and female rats (Beltran-
Campos et al., 2011). Performance on two different spatial memory tasks, the Morris water
maze and object placement, is associated with a higher dendritic spine density on pyramidal
cells in CAL (Moser et al., 1994; Conrad et al., 2012; Eilam-Stock et al., 2012) suggesting
that there is a morphological substrate for memory In addition, existing spines in the
hippocampus undergo structural alterations that result in LTP (Jedlicka et al., 2008; Leuner
et al., 2003). In the hippocampus, it has been demonstrated that increased dendritic spine
size/number is associated with LTP (Matsuzaki et al. 2004) and decreased dendritic spine/
number is associated with LTD (Muller et al., 2000; Bosch and Hayashi, 2012). In addition,
LTP induces the formation of new dendritic spines in the rat dentate gyrus (Yuste, 2010).
Therefore, there is a strong interaction between LTP, dendritic spine density and memory in
the hippocampus. It must be noted, however, that memory may increase both spines and
LTP making it impossible at present to determine whether increased dendritic spine density
is the cause or result of improved hippocampal dependent memory in the aforementioned
animal studies.

Data accumulated from Alzheimer's disease models and post mortem brains support the role
of impaired synaptic plasticity in memory loss. Increased levels of amyloid, an integral part
of the plaques seen in post mortem brains, are known to interfere with neurotransmission in
the hippocampus in Alzheimer's disease. In addition, the decline in cognitive function in
Alzheimer's disease is associated with a decrease in the number of dendritic spines in the
hippocampus and cortex (Koleske, 2013; Lazcano et al., 2014). There appears to be a
relationship between increased amyloid deposition and decreased spine density (for review
see Koffie et. al., 2011), and proteins that are concentrated in dendritic spines are decreased
in the brains of Alzheimer's patients. Moreover, increased amyloid levels in mouse models
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of Alzheimer's disease results in decreased LTP and increased LTD (Palop and Mucke,
2010). In the mouse, infusion of beta amyloid into the hippocampus results in memory
impairment, and when cultured neurons are treated with soluble beta amyloid, there are
decreases in dendritic filopodia (Chen et al., 2014).

Choi et al. (2014) examined neuritin, a trophic factor important to dendritic growth and
maturation of dendritic circuits, in Alzheimer's disease patients and Tg2576 mice, a
transgenic Alzheimer's disease model. They found that neuritin was decreased in the
hippocampus and cortex of patients and that the low dendritic spine density in the
hippocampal cells of Tg2576 mice, as well as poor performance on the Morris water maze,
was reversed by neuritin treatment. Taken together, these studies demonstrate that one
mechanism underlying memory loss in Alzheimer's disease involves a loss of dendritic
spines in hippocampal pyramidal cells and supports the concept that impaired memory is the
result rather than the cause of spine loss.

Examination of the neural pathways involved in drug addiction, craving, and relapse, also
supports the involvement of dendritic spines in memory and learning because these
pathways are similar and both require synaptic plasticity (Kelley, 2004, Russo et al., 2010).
Drug addiction may be considered an aberrant form of learning and memory. Dendritic
spines in many brain regions respond to drug administration during development and in
adulthood. Daily administration of 30 mg/kg cocaine to pregnant rats from day two of
gestation until birth increases dendritic spine density by 13-23% on pyramidal cell dendrites
in CA1 and the mPFC and by 33% on the medium spiny neurons of the striatum of 21-day-
old offspring (Frankfurt et al., 2009). In adult rats, both chronic amphetamine and cocaine
administration increase dendritic spine density in the mPFC and nucleus accumbens
(Robinson and Kolb, 2004). Administration of 30 mg/kg cocaine for 12 days to pregnant or
virgin female rats increased dendritic spine density on pyramidal cell dendrites of the mPFC
and CAL1 as well as on dendrites of cells in the medial amygdala, compared to control, 24
hours after the last injection (Frankfurt et al., 2011). In contrast to stimulants, which have
been shown to increase dendritic spine density, morphine administration decreases dendritic
spine density in the cortex and nucleus accumbens of adult rats (Robinson and Kolb, 1999)
and cultured hippocampal neurons (Liao, et al., 2005). The alterations in neuronal structure
that accompany initial exposure to the drugs induce changes in neural networks that increase
susceptibility during subsequent exposure (Russo et al, 2010), a form of learning.

Thus, evidence from both basic studies in rodents and clinical studies in Alzheimer's patients
and animal models of the disease, suggest dendritic spine plasticity as an important
mechanism underlying learning and memory. Importantly, these studies also demonstrate
that plasticity is not limited to hippocampal areas. Lastly, both the drug studies and the
Alzheimer's data clearly support the idea that spine plasticity induces learning and memory
changes and not vice versa.

3a. Memory tasks in rodents

In rodents, spatial memory is assessed by a variety of tasks including the radial arm maze,
Morris water maze, and recognition memory tasks. We have chosen to use recognition
memory tasks, which have been recently reviewed in Luine (2015), to assess memory, but a
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brief overview is appropriate here. Recognition memory tasks are advantageous for studying
memory because rats are naturally curious and will explore new objects when presented and
because learning is minimal. Importantly, recognition tasks require neither positive nor
negative rewards, which could inadvertently alter performance through stress or other
influences. In the object placement (OP) task, animals examine two identical objects for a
training period (T1) of three minutes followed by a delay of varying times (1 to 4 h) and
then examine the same objects with one object moved to a different location for another
three minutes (T2). Memory is demonstrated when an animal spends greater time with the
object in the new location than the old (Ennaceur et al., 1997). For object recognition (OR),
the T1 portion and the inter-trial delays of the task are the same as that for object placement.
However, during T2, one of the objects is replaced with a novel object. Memory is
demonstrated by more time spent exploring at the new object than the old object. Once the
animal is trained, new information requires consolidation, which occurs within 1-2 h
immediately after training. It has been shown that these tasks require input from the PFC as
well as the hippocampus (Ennaceur and Aggleton, 1994; Ennaceur et al., 1997; Broadbent et
al., 2009).

3a; Memory and estrogen: chronic/subchronic treatments

That estrogen has an impact on memory has been demonstrated repeatedly in rodents. Initial
studies used chronic or subchronic estrogen treatments (reviewed by Luine and Frankfurt
2012), which will be reviewed first, while more recent studies focus on acute estrogen
treatments. Performance on the radial arm maze, water maze (Daniel et al., 1999), and T-
maze (Gibbs, 1999) is improved when OV X rats are given estradiol. OR memory is greater
when estrogen levels are high in intact, cycling rats and when OV X rats are given estrogen,
progesterone, or both (Walf, et al., 2006). Administration of 50 ug/kg estradiol benzoate
(EB) to OV X rats for two days results in improved OP and OR memory when assessed 48 h
after the last EB injection (Jacome, et al., 2010). Similar results were obtained for OV X
mice given 1 ug of EB daily for 5 days and tested for OP 24 h after the last EB injection (Li
et al., 2004). Direct infusion of EB into the dorsal hippocampus results in enhanced
performance 24 h later in the water maze (Packard, 1998) and in OP and OR (Boulware et
al., 2013). During pregnancy, high levels of hormones, including estrogens, also enhance OP
and OR memory (Macbeth and Luine, 2010).

Altered dendritic spine density in both CA1 and the mPFC accompany the changes in
memory resulting from exposure to increased or decreased circulating estrogens. When
female rats are OV X, memory performance declines and dendritic spine density is decreased
in CA1 and the mPFC by 17-53%, seven weeks later (Wallace et al., 2006). An estradiol
induced increase in OP is accompanied by an increase in dendritic spine density in CAl in
OVX rats (Luine and Frankfurt, 2013; see Table 1) and mice (Li et al., 2004). Estradiol
enhanced performance on the Y maze is also associated with increased dendritic spine
density in the mPFC (Velazquez-Zamora et al., 2012). OV X rats fed a low phytoestrogen
diet have impaired memory and lower spine density in pyramidal cells of CA1 and the
mPFC than OV X rats fed normal rat chow, which is high in phytoestrogens (Luine et al.,
2006).
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Aged rats (Markowska, 1999; Luine et al., 2014), mice (Frick et al., 2000, Von Bohlen und
Halbach et al., 2006), and monkeys (Dumitriu et al., 2010) exhibit a decline in estrogen
levels, recognition memory, and spine density as compared to young animals. Aged female
Fischer 344 rats have memory impairments that are accompanied by decreased circulating
estrogen and a marked decrease in dendritic spine density in pyramidal cells in both CA1
(Luine et al., 2011) and the mPFC (Wallace et al., 2007). Administration of estradiol to
retired OVX Long Evans breeders for two days or 28 days improved their memory in the
acquisition stage of the Morris water maze (Markham et al., 2002).

Clinical data indicates that the risk for women developing Alzheimer's disease rises after
menopause when estradiol drops (Lan et al., 2015). Although there is disagreement as to the
beneficial effects of hormone replacement therapy in Alzheimer's patients, some animal
studies suggest that estradiol has a neuroprotective effect (Carroll and Pike, 2008; Srivastava
and Penzes, 2011). Administration of estradiol or an estrogen receptor (ER) a agonist,
propylpyrazole triol (PPT), to 3xTg-AD mice, a transgenic model for Alzheimer's disease
reduced the amount of OV X induced amyloid accumulation in CA1 and several other brain
regions and improved memory (Carroll and Pike, 2008). In this model, diarylpropionitrile
(DPN), an ER p agonist had no effect on OVX induced accumulation of beta amyloid in the
hippocampus but did reduce the amount of amyloid in the amygdala. Given that increased
amyloid correlates with decreased spine density (Koffie et. al., 2011), these results suggest
that the neuroprotective effect of estradiol occurs via dendritic spines.

Experiments with BPA, which were introduced above (“Estrogens and neural plasticity”)
support the role of chronic estrogen in memory and also suggest a possible role for dendritic
spines in the process. Exposure of adolescent rats to BPA for seven days leads to impaired
OR and OP in adolescent male and female rats (Diaz-Weinstein et al., 2013) and to impaired
OR in adult male rats (Bowman et al., 2015). In these studies, decreases in dendritic spine
density of 21 to 24% in CAL and the mPFC were seen in both adolescence and adulthood
(Bowman et al, 2014; Bowman et al., 2015).

Thus, across the lifespan of female rodents, positive relationships are seen between
estrogens and memory and between estrogens and dendritic spines in the mPFC and CAL.
Examination of the estradiol effects in our animal studies in conjunction with the data
obtained from Alzheimer's disease and drug induced plasticity supports the concept that
increases in estradiol lead to increases in spines, which then enhance memory consolidation.
While definitive evidence for this relationship is currently lacking, results of molecular
studies are providing new insights (see section 4).

3a, Memory and estrogen: acute treatments

Alterations in dendritic spine density, in addition to other actions of estrogen following
chronic exposure, are due to estrogen-induced increases in protein synthesis through
genomic mechanisms. The observation that estrogen could enhance memory rapidly, within
several hours, (Luine et al., 2003) indicated that membrane estrogen receptors, could
mediate rapid effects on spine plasticity. Thus, experiments with shorter estrogen treatment
times were undertaken. When OV X rats were injected with 15 pg/kg of 17a- or 17f8-
estradiol 30 min before exploration of objects in T1 and the T2 recognition/retention trial
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was given 4 h later, both 17a-and 17f-estradiol enhanced memory (Inagaki et al., 2010).
Moreover, the effective dose of 15 ug/kg was far lower than that used in chronic study
where estradiol enhanced memory (50 pg/kg/day, Jacome et al., 2010). The demonstration
that acute estradiol could even be given immediately following the T1 trial, indicated that
estradiol is promoting the consolidation of memory (Luine 2015). Further support for the
rapid effects of estradiol comes from a study in which a dose dependent increase in the
postsynaptic spine density (PSSD), which is a marker for synapses, was observed within 30
min in CA1, when OV X rats were given injections of either 17a- or 17p- estradiol
(MacLusky et al., 2005). Agonists for both ER a and B have been shown to differentially
affect spine density on pyramidal cell dendrites in CA1 in the rodent. In hippocampal slices
from male rats, application of 1 nM estradiol increased dendritic spine density in CA1
neurons in two hours as did PPT, an ER a agonist (Murikami et al., 2006). However, in this
study the ER B agonist, DPN, had no effect. In the mouse, PPT increased dendritic spine
density in the stratum radiatum and lacunosum-moleculare within 40 minutes, whereas
DPN, decreased spine density (Phan et al., 2011). In the latter study, PPT enhanced both OP
and OR while DPN had no effect on OP but improved OR. However, in cortical neuron
cultures, WAY-200070, an ERp agonist, increased spinogenesis, spine size, and PSD-95
within 30 min (Srivastava et al., 2010). The results of these studies show that estrogens
rapidly promote both memory consolidation and spine density and that both ER subtypes are
involved in mediating rapid estradiol effects on spinogenesis, but these effects vary
depending on location.

In order to determine whether estrogen dependent increases in dendritic spines in the mPFC
and CAL1 contribute to the rapid enhancements in recognition memory by estrogens, OVX
female rats were given a recognition memory sample trial and an immediate injection of
20pg/kg 17B-estradiol. Subjects were sacrificed 30 min after the T1 trial, during which time
consolidation of memory for the OP task is occurring (Inagaki et al, 2010; Luine 2015). As
summarized in Table 1, in pyramidal cells in CA1 and the mPFC, spine density was
increased by 16 to 29% by estradiol, depending on the dendritic branch, compared to
control, suggesting that enhanced OP in this paradigm is related to an increase in dendritic
spine density. No rapid estradiol effects were seen in the dentate gyrus. In addition there was
no change in dendritic spine density in the VMN at 30 minutes post injection, but spine
density was increased by 20% four hours after the injection (Frankfurt, unpublished, see
Table 1). The rapid increase, 30 min following estradiol administration, in spines in the
mPFC and CA1, areas that are involved in memory, but not in other brain areas, provides
further evidence that increases in spine density may contribute to estrogen's ability to
enhance memory.

Recent studies by Frick and co-workers (reviewed in Frick, 2012) have shown that direct
infusion of estradiol into the dorsal hippocampus is sufficient to rapidly enhance object and
place memory consolidation in mice and that this effect is associated with rapid activation,
within 5 min, of NMDA receptors as well as multiple upstream and downstream cell
signaling pathways including those contributing to spine formation such as the extracellular
signal-regulated kinase/mitogen activated protein kinase (ERK/MAPK) pathway, cyclic
AMP response element binding protein (CREB), and activation of the mammalian target of
rapamycin (mTOR) protein synthesis pathway (Fortress and Frick, 2013; Fortress and Frick,
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2014; Luine and Frankfurt, 2013). Moreover, memory consolidation can be blocked by
inhibition of these pathways (Fortress and Frick, 2013; Fortress and Frick 2014). Thus, it
was of interest to investigate whether bilateral infusion of 5 ug of 17p-estradiol-
cyclodextrin, which does not pass through cell membranes, directly into the hippocampus,
would also increase spine density.

Consistent with peripheral estradiol injections, a large increase in the spine density on apical
(15%) and basal (30%) dendrites in pyramidal cells in CAlwas present 30 min after
estradiol injection (Tuscher et al., 2014; Table 1). Thus, estradiol, acting only in the
hippocampus, activates both memory and spines suggesting that increases in spines are part
of the process for enhancing memory consolidation. At 30 min post estradiol, there was no
increase in dendritic spine density in the mPFC; however, when examined two h after the
bilateral 17 estradiol infusion, an 18% increase in spine density on basal mMPFC dendrites
was found as well as a further increase, 27% and 30%, in spine density on basal and apical
CAL dendrites (Tuscher et al., 2014; Table 1). The temporal pattern of the estrogen
dependent changes in spine density, first in CAL and then in the mPFC, supports the idea
that following an initial increase in dendritic spine density in CA1, neurons in CAl
subsequently relay information to the mPFC which then shows an increase in spine density.
Although it could be argued that the delayed increase in the mPFC dendritic spines was due
to diffusion of estradiol from the hippocampus to the mPFC, this possibility is not supported
because spine density in the VMN, which responds to estradiol, was not increased at either
point (Table 1). It should be noted that in previous experiments, peripheral administration of
estradiol increased dendritic spine density on both branches of pyramidal neurons in the
mPFC within 30 minutes (Inagaki et al, 2012). Comparing the results of intrahippocampal
estradiol with peripheral estradiol administration suggests that there may be multiple
(temporal) mechanisms that estrogen influences with respect to recognition memory (Table
1). Indeed, it has been demonstrated that the hippocampus interacts with the mPFC for
spatial encoding, retrieval, and delayed spatial working memory (Churchwell and Kesner,
2011).

Taken together, these changes in spines suggest that estradiol effects on memory are
multifaceted and that an initial process in the hippocampus may be subsequently projected to
the mPFC but that the mPFC alone can also be rapidly altered by estradiol. Future studies
will be required to address the differential, perhaps sequential roles of the mPFC relative to
the hippocampus and to correlate where specific component(s) of memory processing occur
in the brain.

From the aforementioned results, it appears that both chronic and acute exposure to estrogen
induces alterations in dendritic spines in two key brain areas responsible for memory. Table
1 summarizes results from several studies conducted in our laboratories and shows a
temporal comparison of increases in dendritic spine density in several brain regions after
acute and chronic peripheral treatments and intrahippocampal infusions of estradiol.
Estradiol administration, whether peripheral (acute or chronic) or intrahippocampal,
increases dendritic spine density on the basal dendrites of pyramidal cells in CAL. The very
rapid responses after both peripheral and intrahippocampally administered estradiol point to
the importance of increased dendritic spine density to memory consolidation while the
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chronic increase in dendritic spine density following estradiol suggests that an increased
dendritic spine number may prime the cells for better memory. Srivastava and Penzies
(2011) have shown that 17 o estradiol induces a transient increase in functional dendritic
spines in cortical neurons in vitro within 30 minutes. Therefore, the population of spines that
is increased by acute vs chronic estradiol administration may differ.

The effects of estradiol in the mPFC, as noted above, may be direct following peripheral
administration at 30 min and also indirect, following intrahippocampal administration. The
role of the mPFC in mediating memory and also enhancing memory following estradiol
treatment as well as the relative importance of chronic versus rapid estrogen effects on
memory requires further elucidation.

4. What happens at the level of the spine?

Dendritic spine plasticity refers to the generation of “new” spines and the process of
maturation from thin filipodial projections to more complex structures that can make
synapses (Ziv and Smith 1996) as well as to changes that existing spines may undergo
(Kasai et. Al., 2010, Koleske, 2013, Sehgal et al., 2013). This process requires the
mobilization of many proteins, particularly actin (Penzies and Rafalovich, 2012), which is
highly concentrated in dendritic spines (Matus et al., 1982), and actin associated proteins,
which project into the postsynaptic density (Fortin et al, 2012). Cellular actin is present two
forms: globular, G-actin, or filamentous, F-actin. The cycling between the two forms is an
essential part of spine plasticity and requires interaction with the actin-associated proteins,
including cofilin that inhibits actin depolymerization (Lamprecht, 2014). The relationship
between postsynaptic actin dynamics and LTP has also been established. Repetitive firing of
synapses, such as that occurring during high-frequency synaptic stimulation to induce LTP,
promotes actin polymerization within the spine, causing the spine to enlarge. Conversely,
treatment that weakens synaptic efficacy, such as low-frequency stimulation that results in
LTD causes actin loss and dendritic spine shrinkage (Matzusaki et al, 2004; Koleske, 2013).

If synaptic rearrangement is the basis for learning and memory, what is the relationship
between spine dynamics and memory processes? Nelson et al. (2012) have shown a dose
dependent inhibition of OP in female rats when latrunculin A, a drug that inhibits actin
assembly, is injected into the dorsal hippocampus. Synaptopodin is an actin-associated
protein found in dendritic spines, and in synaptopodin knock out mice, hippocampal cells
lack dendritic spines, LTP is decreased and animal learning is impaired in young but not old
animals (Deller et al, 2003). As recently reviewed by Lamprecht (2014), inhibition of actin
assembly impairs all types of memory in different brain areas and this effect is achieved via
alterations in actin-associated proteins.

In relation to what is known about changes in spines and memory function, estradiol
increases the magnitude of LTP at hippocampal synapses in hippocampal slices (Foy et al.,
1999; Kramar et al., 2009). For example, in hippocampal slices, inhibition of estrogen
synthesis by letrazole, an aromatase inhibitor, decreased LTP and the number of dendritic
spines (Vierk et al., 2012). In addition, consistent with estrogen's activation of LTP and
latrunculin A's effects on actin polymerization, estradiol induced LTP is inhibited by
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latrunculin (Babayan and Kramar 2013). Estrogens also increase many synaptic proteins,
including PSD-95 and spinophilin (Lee et al., 2004). Inhibition of the enzyme aromatase,
that converts testosterone into estrogen, induces a loss of synaptophysin in the hippocampus
of mice (Zhou et al., 2010). Lastly, estradiol has been shown to inactivate cofilin, which is
responsible for disassembly of actin, which may explain how estradiol promotes F-actin and
spine assembly (Kramar et al., 2009). These studies provide a mechanism for understanding
how estradiol can influence the proteins involved in spine dynamics and increase dendritic
spine density.

Recent studies, using hippocampal cultures in the absence of ovarian derived steroids, have
demonstrated that estradiol is synthesized within the hippocampus (Vierk et al., 2014) and
that intrahippocampally-derived estradiol is needed for maintaining spine stability in female
rodents. Determination of estradiol levels during the rat estrous cycle reveals that estradiol
levels within the hippocampus are far higher than can be accounted for by ovarian release
and that levels are maintained after OVX (Kato et. al., 2013). In addition, in this study,
dendritic spine density in CA1 fluctuated over the estrous cycle with the highest dendritic
spine density occurring when estradiol and progesterone levels were greatest. When
letrozole, which inhibits the final step in synthesis of estradiol, is given to hippocampal
cultures, synaptogensis is inhibited and spine synapses in CA1 decrease (Prange-Keil et al.,
2006; Vierk et al., 2012). These findings suggest that, regardless of the many studies that
have manipulated estrogen levels by OV X and observed alteration in dendritic spine density
and memory, local estradiol biosynthesis may an important source of estradiol. In our
previous studies with OV X rats, it took up to five weeks to see a decrease in OP (Wallace et
al., 2006), which may have been due to intraneuronal synthesis of estrogen. With respect to
this observation, it is important to note that Kato et al. (2013) have demonstrated that two
weeks after OV X the amount of estradiol in the rat hippocampus was similar to that seen at
diestrus, but when 40ug/kg of estradiol was administered subcutaneously to OV X rats five
hours before the hippocampi were examined, intrahippocampal levels of estradiol were the
same as those seen in proestrous. Thus, there appears to be an interaction between peripheral
and intrahippocampal estradiol, but future studies are required to provide a more detailed
temporal relationship between OV X and intrahippocampal estrogen and to explain how this
relationship may relate to memory function.

5. Conclusion

Dendritic spine density alterations in both the hippocampus and the prefrontal cortex appear
to underlie memory function. The fact that dendritic spines are altered within minutes may
correspond to consolidation of initial memories whereas increased dendritic spine density
after longer periods of time may be part of a type of continued plasticity necessary for
storage of long-term memories. Some of the short- vs. long-term differences may be related
to specific brain regions involved. It is well known that the formation of memories occurs in
the hippocampus and that long-term storage requires the neocortex. The data available on
the relationship between dendritic spine density and memory fits well with the results on
estrogen involvement in memory, in that rapid changes are membrane receptor mediated and
long term changes require nuclear—transcription mechanisms.
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A pattern emerges where the formation of a memory induces an initial electrical alteration in
a cell, probably in the hippocampus, which then initiates a series of structural changes that
lead to strengthening of synaptic function and LTP. Over time this initial change is
translated into further, more persistent structural changes. Estrogen seems to influence many
aspects of these processes, from the electrophysiological to the short and long term
morphological alterations. Further, detailed study of the interconnected circuits is needed to
better understand the morphological underpinnings of memory and how estradiol modulates
it.
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Figure 1.
A. Schematic coronal section illustrating the region of the medial prefrontal cortex of the rat

examined in Golgi preparations. B. Golgi impregnated pyramidal neurons from layer 11/l
and V of the medial prefrontal cortex (10x). C. Representative pyramidal cells from medial
prefrontal cortex. Arrows denote the secondary basal and tertiary apical dendrites used for
analysis (20x).
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Figure 2.
A: Schematic coronal section illustrating the CA1 region of the rat hippocampus examined

in Golgi preparations. B. Golgi impregnated pyramidal neurons from CA1 (10x). C.
Representative dendrite used to count spines (denoted by arrows, 100x under oil).
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