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Abstract: Rationale: Astroglial cells (astrocytes), previously considered mere support cells in the 

central nervous system, are now understood to be key players in integrating neuronal inputs and 

modulating synaptic density. Astrocytic processes surround the perikaryons and neuronal 

processes including dendritic spines and by extension or retraction, respectively, lyse or facilitate 

increases in number or size of synapses. Astrocytes express estrogen receptors and in animal 

models, including monkeys, have been shown to respond to estradiol by changing the disposition 

of their processes in a manner opposite to the number of synapses. Experimental: Our objective was 

to examine the effects of estradiol and two other clinically available Selective Estrogen Receptor 

Modulators (SERMs; tamoxifen and raloxifene) on astrocyte processes in human brain tissue. To 

accomplish this goal, we used simultaneous immunostaining of the glial cytoskeletal marker glial 

acidic protein (GFAP) and ezrin, a membrane-cytoskeletal linker, plus light microscopy image 

analysis to study the thinness and branching of randomly selected human temporal lobe neocortical 

astrocytes after a 60-minute incubation of 400µ temporal lobe cortex slices. Effects of estradiol (10 

nM), raloxifene and tamoxifen (1.0 µM) were compared with untreated control slices. Results: 

Changes were confirmed in the branchings of temporal lobe astrocytes during the 60-minute 

incubation period. Astrocytes in control slices extended their branches and became thinner. Parallel 

changes were present in tamoxifen-cultured slices.  Raloxifene-treated slices showed significant 

reduction of astrocyte branching and thinning compared to controls (p = 0.01, 0.01, 0.06 for primary, 

secondary, and tertiary processes, respectively). An intermediate reduction of  astroglial process 

size was present following estradiol treatment, but not at a numerically statistically significant level 

compared to controls. Conclusions: These preliminary results support estrogen receptor modulator 

regulation of human astroglial processes in a manner consistent with previous reports on animals 

in which changes in glial spreading plays a role in synaptic changes. Neuroendocrinological and 

disease implications are discussed. 

Keywords: astrocytes; astroglia; estrogen; tamoxifen; raloxifene; GFAP; human; ezrin; synaptic 

plasticity; tau; cytoskeleton; temporal lobe; selective estrogen receptor modulator; SERM 

 

1. Introduction 

Astroglial cells (astrocytes) are the most numerous cell type in the central nervous system (CNS). 

They are characterized by expression of the cytoskeletal protein glial fibrillary-associated protein 

(GFAP) and  express estrogen receptors. (Herbison et al., 1995; Chowen and Garcia-Segura, 2021)  
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Astrocytes have traditionally been viewed as support cells or scavengers of metabolic waste and 

excess neurotransmitter; however, recent developments indicate glial roles in synaptic plasticity as 

well as other attributes. (Naftolin et al., 2007; Vasile et al, 2017; Gamage et al, 2020; Fields & Stevens-

Graham, 2002; Giaume et al, 2010; Vasile et al, 2017 ; Abotalebi et al, 2021; Torres, et al, JCI, 2024) 

We and others have shown that Selective Estrogen Receptor Modulators (SERMs, including 17β-

estradiol [estradiol]) induce changes in glial process spreading in rodent and primate (monkeys) 

brains that may account for changes in astroglial investment of neurons and their processes that 

regulate synaptic plasticity (Naftolin et al., 2007), and that estradiol inhibits hyperphosphorylation of 

the microtubule associate protein Tau (Alvarez-de-la-Rosa, et al, 2005), implying a role for SERMs 

in normal astroglial microtubule and cytoskeletal dynamics in degenerative brain diseases. 

(Rodrı´guez, et al., 2009; Shi, et al., 2024)  

There is considerable debate around the effect of estrogens on astrocytic morphology. Estradiol, 

a naturally occurring selective estrogen receptor modulator (SERM), has been shown to regulate the 

morphology of neurons and glia in the hypothalamus and hippocampus of rodents and monkeys. 

(Woolley et al., 1997; Lâm and Leranth, 2003; Naftolin et al, 2007; Vierk et al, 2015) In these cases, the 

spreading of glial processes is accompanied by decreased numbers of synapses. The obverse has also 

been reported. (Silva et al., 1999; Lâm and Leranth, 2003; Hung et al. 2003; Vasile et al, 2017) We 

proposed that glial spreading and retraction are the mechanism for estrogen-induced synaptic 

plasticity and that this may be related to the cytoskeleton-linking protein ezrin. (Naftolin et al., 2007) 

Recently, a similar relationship to synaptologic changes has been shown for the effect of the 

neurotransmitter kisspeptin. (Torres, et al., 2024) 

Astroglial spreading can be determined by studying the facilitators of astroglial shape and 

branching. The intermediate fiber glial fibrillary protein  (GFAP) is a prime determinant of astroglial 

process shape. (Middeldorp and Hol, 2011) Ezrin belongs to ERM (ezrin, radixin, moesin) family of 

proteins that link the plasma membrane and the actin cytoskeleton and are involved in cell adhesion 

and membrane ruffling. (Tsukita and Yonemura, 2002; Ornek et al., 2008) Ezrin is expressed by 

astrocytes and our preliminary data suggest that it is involved in estrogen’s induction of astroglial 

morphologic changes (Naftolin, unpublished). We have shown that estrogen induces ezrin 

expression. (Song et al., 2004) In this project, we immunolabeled GFAP and ezrin to determine the 

state of astroglial spreading. 

Estradiol is the primary ovarian steroid that regulates hypothalamic synaptology during the 

ovarian cycle. This is particularly important in the regulation of the preovulatory LH surge. (Naftolin, 

et al, 1990; Naftolin, et al. 2007) While we have shown estradiol-induced synaptic plasticity in 

monkeys (Naftolin, et al. 2007), practical considerations have made the effect of estrogen on human 

central nervous system astroglia difficult to study. (Lee, et al. 2020) Fortunately, the dissection of the 

brain during surgery to remove tissue involved in seizures (epileptic foci) offers the opportunity to 

obtain normal neocortical tissue from the dissection of the human temporal lobe. In these preliminary 

studies we used brain slice methodology and immunohistochemistry to test for short-term in vitro 

effects of three SERMs, estradiol, tamoxifen and raloxifene, on human astroglial process thinning and 

branching. This methodology also allowed the confirmation of the expression of ezrin in human 

astroglia. 

2. Materials and Methods 

2.1. Temporal Lobe Tissue Collection and Culture 

Neocortical temporal lobe tissue samples were acquired from five patients undergoing partial 

temporal lobectomy for treatment of intractable epilepsy through the Yale Epilepsy Surgery program. 

Participants provided informed consent for the use of surgically derived brain tissue for research 

purposes, and the study protocol was approved by the Yale University School of Medicine 

Institutional Review Board and Human Investigations Committees (IRB Protocol ID: 0011012081; 

Submission ID: CR00014498). The criteria for the selection of patients for surgery and the surgical 

method for en bloc resection are described elsewhere. (Spencer et al., 1984)  
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Tissue containing normal temporal lobe neocortex was obtained from five surgical procedures. 

Collected tissue was immediately placed in cold artificial CSF (aCSF) at 4°C. Specimens were oriented 

to expose the neocortex and then sectioned into 400 µm slices with a vibratome, as previously 

described. (Williamson et al, 2005) 

Each incubation was performed in triplicate. Tissue slices were transferred and maintained in 

artificial cerebral-spinal fluid (aCSF). For study, individual temporal lobe slices were randomly 

selected from the total cache of slices.  The slices were individually incubated in aCSF for 4 hrs., then 

exposed to 17β-estradiol (10 nM), raloxifene (1.0 µM), tamoxifen (1.0 µM), or aCSF (control) for 60 

min. They were then prepared for immunostaining.  

2.2. Immunohistochemistry 

In order to maximally assess the effects of the three SERMs on glial processes, simultaneous 

double staining was performed. Individual 400 µm  tissue slices were mounted in an orientation to 

expose the neocortex, fixed and stained as previously described. (de Lanerolle et al., 1989) Briefly, 

tissues were fixed in a solution of 2% picric acid and 2% paraformaldehyde in phosphate-buffered 

saline (PBS) at pH 7.4 overnight, and then treated with 30% sucrose in PBS for 4 hours and cut into 

50 μm sections with a cryostat. (Leica Cryocut, CM1950) Slices were double-immunostained with 

anti-ezrin (Sigma, E8897) and anti-GFAP (Sigma, SAB5500113). Anti-ezrin was marked by nickel 

diaminobenzidine (DAB), yielding  dark blue-black staining while anti-GFAP was marked by 

horseradish DAB, yielding a brown color. 

2.3. Image Analysis 

The cache of immunostained sections was shuffled to randomize the study of each condition. 

Quantitative image analysis of astrocyte morphology was conducted using Neurolucida®  (MBF 

Bioscience, Williston, VT). The images were photographed under 40X original magnification and 

additional computer magnification was used to perform the Neurolucida tracing. Slice images were 

divided into 50 areas, then 10 areas were randomly selected for analysis of branches using the 

following descriptors: primary processes – unbranched major processes emanating from the astrocyte 

soma, secondary processes – branched structures that emanate from primary processes, tertiary 

processes – branched, thinner regions of astrocyte staining associated with the individual astrocyte 

and often surrounding neural cells, identified as large cells with nuclei identified by negative 

staining.  Astrocytic images were individually labeled and manually traced using the Neurolucida® . 

The software returned the calculation of area, volume, and number of each class of processes 

associated with each cell, Table 1.  

Immunostaining was evaluated by three observers blind to treatment. The findings are reported 

here as a consensus narrative since there was no testing of observer variance. 

Table 1. Astrocytes process volumes (µm2) in treatment groups after 60-minute incubation. 

TREATMENT 
Primary Branches 

Mean ± SD  

Secondary Branches 

Mean ± SD 

Tertiary 

Branches 

Mean ± SD 

 
P value vs. 

controls               

CONTROL 62.6 ±6.87 155 ±58.26 212.2 ±93  ----- 

ESTRADIOL 60.0 ±4.06 103.8 ±48.48  172.8 ±59.36  >0.05 

TAMOXIFEN 62.0 ±2.65 152.3 ±17 228.7 ±14.2  >0.05 

RALOXIFENE 48.0 ±6.16 45.0 ±24.78 98.5 ±35.67  

0.013 

0.010 

0.056 

2.4. Statistical Analysis   

Data were analyzed with SPSS 13.0 (SPSS, Chicago, IL). Prior to analyses, measures were 

examined for normality using Shapiro-Wilk testing. We used multivariate analysis of variance 
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(MANOVA) to examine the effect of hormone treatments on astrocytic density and astrocyte process 

volume (dependent variables). P-values < 0.05 were considered numerically statistically significant.  

3. Results 

3.1. Qualitative Light Microscopic Observations 

All tissues stained positively for GFAP and ezrin. The staining was confined to structures with 

typical star-like astroglial morphology and their processes. The GFAP (brown) staining was 

homogenous while the ezrin (blue-black) was generally nodular. The levels of background staining 

were sufficiently low to easily distinguish astrocyte profiles from the neuropil. Neurons could be seen 

as negative staining round silhouettes, often outlined by glial processes (Figures 1-5). Often several 

astroglia contributed to the mesh of fibers surrounding the neurons. The thin tertiary processes could 

be seen bordering the neurons. Because they passed out of the plane of cutting, it was not possible to 

fully follow an individual process around most of the neurons; however, spaces which could have 

been synapses were seen between adjacent GFP processes, Figures 1-5. 

Nodular ezrin immunostaining (dense blue-black) was observed in all GFP-stained profiles. 

While the definition at the light microscopic level did not allow consistent determination, compared 

to the 60-minute incubated controls there was observer consensus that the staining for ezrin was 

qualitatively heavier in all treatment groups (Figures 1-5).  

Upon overview at 40X the highest astrocytic fiber density corresponded to the control group 

(Figure 1). The raloxifene, tamoxifen and estradiol-treated tissues stained more densely for 

ezrin/GFAP than the controls, Figures 1-5. The number of GFAP-positive cells/area was similar for 

all groups, data not shown. 

 

Figure 1. Control - Human temporal lobe cortex immunoreactivity for GFAP/ezrin after 60 minutes 

of culture without treatment. Astrocytes with tertiary processes often surrounding large areas of 

negative staining thought to be neurons. Astrocyte cell bodies are small and contain central, negative 

staining, nuclei. (40X). 
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Figure 2. Estradiol - Immunoreactivity for GFAP/ezrin after 60 minutes of culture with 10nM 17β-

estradiol. Astrocytes heavy staining and have thicker and less ramified processes. Few  seen to 

surround neurons.(40X). 

 

Figure 3. Tamoxifen - Immunoreactivity for GFAP/ezrin after 60 minutes of culture with 1 µM 

tamoxifen. Astrocytes heavy staining. Many “loose” tertiary glial branches that do not surround 

neurons. (40X). 

 

Figure 4. Estradiol plus Raloxifene -Immunoreactivity for GFAP/Ezrin in Astrocytes treated with E2 

and RLX.  In this figure astrocytes have fewer, thicker processes and few lead to large, negatively 

staining neurons. (40X). 
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Figure 5. Raloxifene Immunoreactivity for GFAP/Ezrin after 1 µM raloxifene X 60 minutes. Astrocytes 

with almost no processes. Few connections to the many neurons. The blue-black nodular ezrin 

staining is apparent. (40X). 

3.2. Quantitative Analysis 

Neurolucida software together with light microscopy at 40-100X magnification was used for 

analysis of GFAP/ezrin staining of astrocyte profiles using the above-described pattern and protocol 

for designating branches. Each astrocyte and its associated processes was traced with the computer 

mouse, allowing the program to calculate the area, volume, and numbers and type of processes of 

each cell. 

Cell soma -There were no differences in astrocyte nuclear (negative staining) or cytoplasmatic 

volumes after control, estradiol, raloxifene and tamoxifen 60-minute treatments, Table 1. 

Processes – Observations included branchings (primary, secondary and tertiary processes) 

reported in Table 1 and Figure 6.  

After 60 minutes of culture the profile of the results of each treatment could be characterized. 

All ex vivo astroglial processes extended and thinned over the incubation period. Starting with equal 

numbers of primary (thick) branches in all treatment groups, the control and tamoxifen groups had 

developed greater numbers of both secondary and tertiary processes while the estradiol and 

raloxifene-treated astroglial spreading  lagged behind them, Figure 6.  

After 60 minutes, branching lagged the most in the raloxifene group, with about half the number 

of tertiary branches compared to the controls. (primary 10.9, p=0.013); secondary (12.2, p=0.01), 

tertiary (5.23, p=0.05). The estradiol-treated slices showed an intermediate number of secondary and 

tertiary branches, that was not numerically statistically distinct from the controls the p<0.05 level, 

Figure 6. 
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Figure 6. The number of primary, secondary and tertiary branches in human temporal lobe astroglial 

processes after 60 minutes of culture with the noted agents. Bars indicate SEM’s. 

4. Discussion  

Attention has long been focused on the hormonal steroids such as estradiol, since they were first 

discovered and amenable to direct assays. (Corker, Naftolin and Exley, 1969) Estrogen signaling in 

the developing brain has been shown to be critical in the sexual differentiation of embryonic and 

post-natal brains. (Naftolin, et al, 1975; McCarthy et al., 2002) In the hypothalamus of females, 

circulating estrogen-mediated remodeling of hypothalamic synaptic architecture is the driver of the 

estrogen-induced gonadotropin surge (“LH surge”) prior to ovulation. (Naftolin et al., 1996, 2007) In 

the hippocampus, high circulating estradiol levels have been shown to induce increased density of 

dendritic spines and synapses (Woolley et al., 1997), a relationship likely mediated at least in part by 

astroglial action. (Lâm and Leranth, 2003)  

Since estradiol induces synaptic plasticity in monkeys (Naftolin, et al, 2007), and primate 

astroglia express estrogen receptors (Herbison et al., 1995), we performed short-term culture of 

human temporal lobe cortex slices to assess the action of three SERMs, estradiol, tamoxifen and 

raloxifene on human astroglial cytoskeletal components and the morphology of astroglial processes. 

There were differences between the actions of the three SERMs on the branching of human temporal 

lobe astrocyte processes; estradiol and raloxifene showed appreciable effects on astroglial 

morphology while tamoxifen-treated astrocytes did not differ from control tissues. At the doses used 

in the 60-minute culture, raloxifene-laced cultures showed a clear and numerically statistically 

significant reduction of secondary and tertiary astrocytic processes on quantitative image analysis. 

Estradiol had similar effects, but they failed to reach numerical statistical significance.  

The main effectors of steroid action are the nuclear receptors, for which steroids are ligands. 

(Stanisic et al.,2010) In the case of estrogen action these ligands include the ovarian steroid estrogens, 

plant SERMs and synthetic ligands such as raloxifene and tamoxifen. The latter have drawn attention 

and clinical utility because of their antagonistic effects when bound to estrogen receptors. (Motlani 

et al.,2023) SERMs have both agonistic and agonistic effects, depending on several tissue and cell-

specific factors. Selective estrogen receptor modulators are a broad and diverse group of compounds 

that include natural steroids and a large group of diverse compounds that bind to estrogen receptors. 

Some that are in general use could have unexplored agonist-antagonist actions, including effects on 
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glial spreading and brain function. For example, the widely used anti-epilepsy medication phenytoin 

(Dilantin© ) is a SERM whose mechanism of action could involve effects on astroglial spreading, etc. 

(Fadiel et al.,2015) 

Knowledge of the importance and function of astrocytes has expanded dramatically in recent 

years. More than support cells, astrocytes are now known to be  active participants in the 

development, survival, maintenance and function of neurons and synapses. While it is known that 

exposure to gonadal steroids, especially estradiol,  during both neonatal and postnatal periods can 

modulate astroglia morphology, these effects are complex, difficult to study, and have high regional 

specificity. (McCarthy et al., 2002; Mong and Blutstein, 2006) 

More tractable and of particular interest is the role of estrogen-regulated glial morphologic 

changes and synaptic complement during hypothalamic sexual differentiation of the brain (Levy et 

al. 1996; Garcia-Segura and McCarthy, 2004) and estrogen-induced synaptic plasticity. (Naftolin, 

2007). Regarding the former, we used in vitro organ culture to show the concordance between 

synaptology and astroglial disposition during brain sexual differentiation (Levy et al, 1996). More 

recently, using a similar in vitro rodent hypothalamus model we have succeeded in using estradiol to 

induce the synaptic changes that occur in vivo during the pre-ovulatory LH surge. (Levy, et al., in 

preparation). The present report shows that in vitro methods can furnish further access to the role of 

astroglia in human brain synaptic plasticity. 

The present results add to the growing body of literature on estrogen signaling in the brain and 

the emerging role of astrocytes in mediating neuronal and synaptic changes. (Levy, et al,1996; Garcia-

Segura et al., 1999; McCarthy et al., 2002; Naftolin, et al., 2007; Garcia-Segura, et al , 2009; Micevych 

et al., 2010; Hansberg-Pastor et al., 2015; De Pittà et al., 2016; Torres, et al., 2024) Other mechanisms 

include neurotransmitter-induced changes in astrocyte metabolism (Torres, et al., 2024) and secretion 

of local factors (“gliotransmitters”) that modulate neuronal activity via paracrine effects. (Durkee and 

Araque, 2019; Garcia-Segura and McCarthy, 2004) All of these findings carry important implications 

for SERM action in blood-brain barrier integrity (Bechmann, et al., 2005) and the immune responses 

involved in degenerative brain diseases. Mor, et al., 1999) The brain effects of systemic estrogen 

treatment in menopausal women and anti-estrogen treatment during cancer therapy certainly 

involve effects on astroglia and have important clinical implications.  

The morphologic astrocyte process changes correlated with increases in ezrin staining, implying 

that SERM-activated ezrin plays a role in mediating the extension and retraction of astrocytic 

processes. Ezrin is a ubiquitous protein belonging to the ezrin-radixin-moesin (ERM) family. Upon 

ligation of plasma membrane receptors, e.g. Insulin, cytokines, ezrin is activated and links the 

intracellular domain of the plasma membrane proteins to the actin cytoskeleton. In this way, ezrin is 

linked to morphological changes in cells and membrane-associated signal transduction events. (Saka 

et al., 2014; Tsukita & Yonemura, 1997) In the case of astrocytes, ERM proteins have been shown to 

organize the astrocytic plasma membrane into functional domains and to mediate both the structural 

and functional plasticity of peripheral astrocytic processes. (Derouiche et al., 2012; Lavialle et al., 

2011) Ezrin expression is induced by estradiol (Song, et al. 2005), but short-term activation by SERMs 

has not previously been reported. 

Finally, this preliminary study offers proof of principle that opens the door to improved 

understanding of effects of SERMs on other aspects of human brain function, such as the spreading 

of the glial podocytes of the blood-brain barrier. (Bechmann, et al. 2005)  

This study has limitations. It studied only a single area of the limbic system, had limited numbers 

of samples, did not include multiple doses of test SERMs, and relied on light microscopic methods. 

However, it serves as the first reported evidence that in human brain tissues, SERMs differentially 

regulate the glial properties involved in synaptology and that these actions must be considered in 

health and disease. 

In summary, this study supports the ex vivo use of human brain tissues to study the effects of 

SERMs and other biologicals on neuron-glia architecture. We show that during 60 minutes in culture 

estradiol, raloxifene, and tamoxifen exposure results in differential branching of astrocytic processes. 

These changes were associated with relative increases in immunoreactive GFAP and ezrin levels.  
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The role of estrogenic signaling on astrocyte structure and function is fundamental to both 

neurodevelopment and adult neural physiology, as well as a variety of neurologic diseases. We and 

others have proposed that astroglial spreading and retraction regulate the number and size of 

synapses on neurons and their processes. Since SERMs and estrogen receptors are fundamental to 

every living creature, further delineation of the functional consequences of SERM-induced astrocyte 

remodeling is an important topic for further study. 
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