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Abstract

Hippocampal dendritic spine density rapidly increases following estradiol (E2) treatment, but the 

types of spines and trafficking of synaptic markers have received little investigation. We assessed 

rapid effects of E2 over time on the density of four spine types (stubby, filopodial, long thin and 

mushroom) and trafficking of AMPA receptor subunit GluA2 and PSD95 on tertiary, apical 

dendrites in CA1. Castrated male rats received 20 μg/kg of E2 or vehicle and were sacrificed 30 or 

120 min later. Images of Golgi-Cox impregnated and PSD95/GluA2 stained dendrites were 

captured under the confocal microscope and quantified with IMARIS-XT. Stubby and filopodial 

spine densities did not change following treatment. Long-thin spines significantly decreased at 30 

min while mushroom spines significantly increased at 120 min. GluA2, PSD95 and GluA2/PSD95 

colocalization levels in stubby or long thin spines did not change, but filopodial spines had 

significantly reduced GluA2 levels at 30 min. Mushroom spines showed significantly increased 

levels for GluA2, PSD95 and GluA2/PSD95 colocalization at 120 min. Since GluA2 is important 

for memory consolidation, current results present novel data suggesting that trafficking of GluA2 

to mushroom spines provides one mechanism contributing to estradiol's ability to enhance learning 

and memory by the PI3 signaling pathway.

That estrogens exert regulation on dendritic spine density in hippocampal CA1 pyramidal 

neurons has been well documented over the last thirty years, reviewed in (Luine and 

Frankfurt, 2012), but the types of spines affected and the molecular mechanisms underlying 

E2-induced spinogenesis still remain largely unclear. Recent demonstrations of rapid 

spinogenesis and synaptogensis, within 30-40 min of S.C. E2 injections to gonadectomized 

females (MacLusky et al., 2005; Inagaki et al., 2012; Phan et al., 2012) and males (Jacome 

et al., 2016), provide a novel model for understanding this process and how new spines may 

relate to enhanced spatial memory following E2 (Luine and Frankfurt, 2012)
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In the current studies, a new 3-dimensional analysis of dendritic spines is combined with 

immunohistochemical staining allowing for co-localization of selected synaptic markers 

within various spine shapes. Our recent publication using this technique identifies rapid 

changes within particular spine shapes and changes in synaptic protein markers within these 

spines after stress and OP memory consolidation (Sebastian et al., 2013a; Iniguez et al., 

2016). Thus, this powerful technique can be utilized to understand E2's role in promoting 

spinogenesis and the synaptic markers within these spines. We measured four distinct spine 

classes (filopodia, stubby, long-thin, and mushroom) characterized differentially by their 

head and neck ratio (Spiga et al., 2011; Rochefort and Konnerth, 2012). Filopodia and 

stubby spines are immature spines, while long-thin and mushroom spines have larger spine 

heads than immature spines and are considered mature spines (Bourne and Harris, 2007; 

Rochefort and Konnerth, 2012). Focusing on specific spine types allows for a more discrete 

evaluation of spine densities, which may otherwise be masked by only examining overall 

changes in spines. We determined the expression of functional synapses by the presence of 

the PSD-95 marker and the AMPA receptor subunit GluA2 within the four spine classes 

given their important role in the development of these spine types (Anggono and Huganir, 

2012).

AMPA receptors are ionotropic glutamate receptors that have been widely implicated in 

synaptic plasticity, as well as learning and memory processes (Huganir and Nicoll, 2013). 

They are made up of 4 subunits that are composed of two identical heterodimers. 

Additionally, the GluA2 subunit is the rate-limiting factor for calcium influx after activation 

(Isaac et al., 2007), and thus plays an important role in modulating synaptic activity 

(Schmidt et al., 2010). The most predominant composition is the GluA1/2 subtype, followed 

by the GluA2/3 subtype (Anggono and Huganir, 2012) both of which are expressed in the 

hippocampus (Wenthold et al., 1996), and are important for learning (Joels and Lamprecht, 

2010), and long-term memory processes (Migues et al., 2010; Henley and Wilkinson, 2013; 

Sebastian et al., 2013b; Braren et al., 2014), respectively. The mechanisms by which 

GluA2/3 subunits remain elevated in the synaptic membrane are dependent upon PKMζ 
(Ling et al., 2002). As the trafficking of the GluA2 receptor subunit to the post synaptic 

density increases during episodes of synaptic plasticity and memory, clusters of PKMζ/

GluA2/PSD95 proteins have been identified (Shao et al., 2012), which prevent AMPA 

receptors from undergoing endocytosis, reviewed in (Sacktor, 2011). Stabilizing AMPA 

receptors within the synaptic membrane is important for memory consolidation (Migues et 

al., 2010), as well as enhancing the area of mushroom spine heads (mature spines), which 

are known to increase during memory (Sebastian et al., 2013a). Mushroom spines have been 

hypothesized to represent physical substrates of long-term memories, i.e., memory spines, 

while small or stubby spines represent the capacity for adaptive, experience-dependent 

rewiring of neuronal circuits, i.e., learning spines (Kasai et al., 2003; Bourne and Harris, 

2008).

The current study assessed effects of acute E2 administration, 30 and 120 min, on density of 

the four spine subtypes described above and the levels of GluA2 and PSD-95 within the 

spines. Twenty adult (8 weeks old), castrated (ORX), male Sprague-Dawley rats (Harlan 

Sprague-Dawley, Inc) were used because gonadally intact males show increased CA1 spine 

densities as compared to ORX rats (Luine, 2015) due to the presence of circulating 
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androgens and estrogens (Jacome et al., 2016). Subjects were housed two/cage at the Hunter 

College animal facility and kept on a 12/12 h light/dark cycle with food and water ad libitum 
as previously reported (Jacome et al., 2016), conforming to the Hunter College guidelines 

outlined by the Institutional Animal Care and Use Committee. One week following arrival to 

the Hunter College animal facility (two weeks following ORX surgery), rats were randomly 

assigned to one of three treatment conditions: Control (vehicle; n = 6), E2 (30 min; n = 7) or 

E2 (120 min, n=7). Subjects received a single sc injection at the nape of the neck of corn oil 

vehicle (1 ml/kg; Fisher Science education), or E2 (20 μg/kg; Sigma Aldrich Co). Animals 

were anesthetized and perfused either 30 or 120 min following E2 or vehicle treatment as 

previously reported (Jacome et al., 2016). Brains were prepared for Golgi-IHC staining and 

tertiary, apical spines in CA1 analyzed as previously reported (Sebastian et al., 2013a; 

Iniguez et al., 2016). Data were analyzed using 1-way ANOVAs across treatments (vehicle, 

E2 30 min, E2 120 min) x various spine types (stubby, filapodia, long-thin, mushroom) in 

combination with Tukey-corrected t tests for post-hoc analyses. Differences in the levels of 

the various synaptic markers within spine types were also tested by one-way ANOVAs 

across treatment conditions x individual synaptic markers (PSD-95, GluA2, or PSD-95/

GluA2 colocalization) with post-hoc testing. Prism GraphPad 6.0 Statistical Package, (La 

Jolla, California) was used.

The mature spines, long-thin (Fig 1C) and mushroom (Fig 1D) both show an overall effect 

of treatment (long-thin; F(2, 14) = 3.853, p=0.046; mushroom F(2, 15) = 4.377 p=0.03) and a 

significant Tukey post-hoc test (long-thin, vehicle vs. E2 30 min, p= 0.04; mushroom, 

vehicle vs E2 120 min, p=0.03). Filopodia spines containing GluA2 show an overall effect of 

treatment (F(2, 11)=10.16, p=0.003) and significant Tukey post-hoc tests (E2 30 min vs. 

vehicle, *p=0.005; E2 30 min vs. E2 120 min #p=0.006, Fig 2B). The density of GluA2 

containing mushroom spines show a significant overall effect of treatment (F(2, 16)= 4.1, 

p=0.03) and a significant Tukey post-hoc test (vehicle vs. E2 120 min, *p=0.027, Fig 2D). 

Only PSD95 levels within mushroom spines show an overall effect of treatment (F(2, 16)= 

4.3, p=0.032) and a significant Tukey post-hoc test (vehicle vs. E2 120 min, *p=0.038, Fig 

3D). GluA2/PSD95 colocalization within mushroom spines shows an overall effect of 

treatment (F(2,14)= 4.783, p=0.026) and a significant Tukey post-hoc test (E2 30 min vs. E2 

120 min, *p=0.036, Fig 4D and Fig 5).

Our results show that the density of long-thin spines decreases 30 min after treatment with 

E2 while the density of mushroom spines increases 120 min after treatment. Further, the 

density of mushroom spines which show co-localization of GluA2 and PSD-95 increased 

threefold between 30 and 120 min following E2 treatment. Thus, this study is the first 

demonstration of the time course for shifts in the densities of various spine types in CA1 of 

the hippocampus following E2. We and others have previously reported that E2 increases 

overall dendritic spine density on pyramidal neurons in CA1 of the hippocampus and the 

medial prefrontal cortex (PFC) at 30 min, 2 h and 4 h following S.C. (Phan et al., 2011; 

Inagaki et al., 2012; Phan et al., 2012) or intra-hippocampal administration to 

ovariectomized (OVX) rats (Phan et al., 2015; Tuscher et al., 2016). In vitro studies support 

these findings using hippocampal sections from male or female rats that were treated with 

E2 resulting in an increase in spine density within 20 (Phan et al., 2015) to 120 min 

(Hasegawa et al., 2015), respectively. Similar, but more rapid, changes were reported in 
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cultured cortical neurons where increased synaptogenesis and levels of PDS-95 were found 

30 min following estradiol (Sellers et al., 2015). In the in vitro studies, specific types of 

spines were not identified, nor were decreases in spine densities as a consequence of 

treatment found in either the in vivo or in vitro studies. While these studies show increases 

in total spines following E2, only a few have identified changes in spine types. Mushroom 

spines were higher in OVX+E2 compared to OVX mice following 5 days of treatment, but 

thin and total spine counts were unchanged (Li et al., 2004). Christensen and colleagues 

(2011) also identified a dynamic switch in spine formation, showing increases in immature 

spines (filopodial spines) within 4h of E2 treatment followed by increases in mature spines 

and a return of filopodial spines to control levels 20 h after E2 treatment (long-thin spines 

were not measured) in the arcuate nucleus, an E2 sensitive nucleus regulating reproductive 

function (Christensen et al., 2011). Furthermore, Gonzalez and colleagues (2005) show 

higher levels of mushroom spines in the proestrus phase (high estrogen) in rats, while in 

estrus (low estrogen) thin spine levels are high (Gonzalez-Burgos et al., 2005). This result is 

consistent with our E2-dependent increase in mushroom spines with a concomitant decrease 

in long-thin spine types.

In Golgi studies using OVX (Li et al., 2004; Beltran-Campos et al., 2011) or ORX (current 

study), mushroom spines constitute a minority of the total spines. In contrast, use of serial 

section transmission electron microscopy or direct application of fluorescent dyes into the 

brain with confocal microscopy shows higher densities of mushroom spines (Kasai et al., 

2003; Bourne and Harris, 2011) However, it should be noted that most, if not all, 

morphological studies utilize intact male rodents. Using gonadally intact female rats, 

Gonzalez-Burgos et al (2005) found that mushroom, compared to stubby or thin, spines were 

the majority spines during proestrus when estrogens are high, whereas, during diestrus, 

mushroom spines decreased and thin spines were the majority. Thus, the predominance of 

stubby and filopodial spines in the current study may relate to low circulating levels of 

gonadal hormones in the males. However, it remains possible that long thin spines may be 

underrepresented in Golgi-Cox stained material because of the lesser resolution of this 

technique.

Enhancements in memory by E2 have long been associated with E2-dependent increases in 

the number of dendritic spines on pyramidal neurons in CA1, a seminal finding in 

neuroendocrinology (Frankfurt et al., 1990; Gould et al., 1990; Woolley et al., 1990), which 

has been widely replicated (reviewed in (Luine and Frankfurt, 2012; Frankfurt and Luine, 

2015). Our data thus provide evidence for a close link between E2 treatment, increases in 

mushroom spines and memory consolidation across both sexes (Jacome et al., 2016). 

Consistent with our results and the role of mushroom spines in memory, increased 

mushroom spine density in CA1 produced by water maze training is prevented by 

ovariectomy (Beltrán-Campos et al, 2011).

The decrease in mature, long-thin dendritic spine density in CA1 at 30 min post estradiol is 

different from previous results in female rodents (Li et al., 2004; Christensen et al., 2011) 

and may reflect a sex difference in the effects of estradiol. However, few in vivo studies have 

been conducted in either sex. Nonetheless, these findings may be consistent with ex-vivo 

findings that AMPA currents are rapidly reduced by estradiol in female PFC (Sellers et al., 
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2015) and CA1 (Phan et al., 2015)These rapidly induced spines are initially silent synapses 

whereas in males, a similar functional outcome may be achieved with a physical reduction in 

spines. Supporting this notion of sex differences in responses, a similar pattern of spine 

turnover as reported here was found in males following induction of long term potentiation 

(LTP), i.e. decreases in small thin spines in the first 30 min followed by an increase in PSD 

area at 2 h (Bourne and Harris, 2011). Since both LTP and estradiol promote memory 

formation, spine trafficking may be integral to the process, but the pattern may be somewhat 

different between the sexes.

Our analysis of GluA2 containing spines types reveal significantly lower densities of 

filopodial spines 30 min after E2 treatment followed by significantly higher GluA2, PSD95 

and GluA2/PSD95 colocalization within mushroom spines at 120 min. These results 

highlight the dynamic and rapid effects of E2 on hippocampal spines and the trafficking of 

GluA2 in specific spines. E2 can act at membrane receptors located outside of the cell 

nucleus on cell bodies, axons, spines, presynaptic terminals and near post synaptic 

neurotransmitter receptors (Almey et al., 2015). The interaction between E2 and various 

synaptic receptors causes rapid changes in rodent sexual behavior, avian male sexual 

displays, nutrient ingestion, social learning, and more importantly, cognition (Christensen et 

al., 2011; Cornil et al., 2012; Luine and Frankfurt, 2012; Sinchak and Wagner, 2012; Ervin 

et al., 2013). Within seconds to minutes of binding, cell signaling cascades are activated 

including ERK-dependent mammalian target of rapamycin, a key protein synthesis pathway 

involved in spine remodeling, the transcription factor cAMP-response element-binding 

protein which mediates filopodial extension and spine formation, and the PI3 pathway 

involved in synapse formation (Frick, 2015). Our results suggest that E2 activates this PI3-

GluA2/PKMζ signaling pathway resulting in the rapid growth of spines, particularly 

filopodia to mushroom spines and the trafficking of the GluA2 receptors in the spines. Based 

on current knowledge of synaptic dynamics in the hippocampus (Bourne and Harris, 2007; 

Bourne and Harris, 2008), these rapid changes initiated by estradiol may provide an 

important substrate for enhanced memory.
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Figure 1. Estradiol treatment decreases the density of long-thin spines and increases mushroom 
spines
Stubby (A) and filopodia (B) spines did not change as a consequence of E2 treatment. Long-

thin spines show a significant reduction 30 min following E2 compared to vehicle (*p=0.04, 

C). Mushroom spines show a significant increase 120 min following E2 treatment compared 

to vehicle (*p=0.03, D).
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Figure 2. Estradiol treatment decreases GluA2 levels in filopodia spines and increases GluA2 
levels within mushroom spines
GluA2 levels in stubby spines did not change with E2 treatment (A). 30 min following E2, 

GluA2 levels were significantly lower within filopodia spines compared to vehicle and 

compared to 120 min after E2 treatment (*p=0.005, #p=0.006 respectively, B). GluA2 levels 

within long-thin spines did not change as a consequence of E2 treatment (C). GluA2 levels 

within mushroom spines show a significant increase 120 min following E2 treatment 

compared to vehicle (*p=0.027, D).
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Figure 3. Estradiol increases PSD95 levels within mushroom spines
PSD95 levels within stubby (A), filopodia (B) and long-thin spines (C) did not change 

following E2 treatment. PSD95 levels within mushroom spines show a significant increase 

120 min following E2 treatment compared to vehicle (*p=0.038, D).
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Figure 4. Estradiol increases GluA2/PSD95 colocalization levels within mushroom spines
GluA2/PSD95 colocalization levels within stubby (A), filopodia (B), and long-thin (C) 

spines did not significantly change following E2 treatment. GluA2/PSD95 colocalization 

levels significantly increase 120 min following E2 treatment compared to 30 min after E2 

(*p=0.036; D).
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Figure 5. Identification of spine-specific changes in the CA1 region of the hippocampus following 
Estradiol administration
(A) Classification of dendritic spine morphology. (B) Representative Golgi-impregnation of 

hippocampus CA1 spines captured at 100x magnification. Scale bar =3μm. (C, D) Estradiol 

increases colocalization of GluA2 and PSD95 within Mushroom spines. Representative 

dendrites from E30 min (C) and E120 min (D). Yellow voxels indicate colocalized GluA2 

and PSD95 within Mushroom spines. All carats indicate mushroom spines. Red carats 

indicate mushroom spines that do not contain colocalized GluA2 and PSD95. Blue carats 

indicate mushroom spines that contain colocalized GluA2 and PSD95. Scale bar =5μm.
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