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ABSTRACT 

 

ESTRADIOL INDUCES DOSE-, TIME-, AND REGION-SPECIFIC CHANGES TO ACTIVITY-

REGULATED CYTOSKELETON-ASSOCIATED PROTEIN (ARC) IN THE MOUSE BRAIN 

 

Yamna Rizwan       Advisors: 

University of Guelph, 2021      Dr. Elena Choleris 

         Dr. Jasmin Lalonde 

 

Estrogens have been implicated extensively in learning, memory, dendritic spinogenesis, and 

synaptic plasticity. The molecular pathways underlying estrogens’ rapid, nongenomic actions 

are not well understood, however protein translation of dendritically-localized mRNA transcripts 

may be a possible mechanism of action. The Activity-regulated cytoskeleton-association protein 

(Arc) has emerged as a strong candidate for the mediation of these effects. Here, we present 

findings from mouse in vivo and primary cortical cell culture models demonstrating Arc’s 

dynamic regulation following stimulation by 17-estradiol (E2) within 15- to 40-minutes of 

treatment. Further, we show that E2 induces a differential localization of dendritic Arc dependent 

on the length of time that follows E2 treatment. In sum, these data suggest a novel role for Arc 

acting within a mechanism of E2-facilitated neuronal actions that is dose-, time-, and dendritic 

region-dependent, advocating for a multi-mechanism approach to studying Arc’s involvement in 

estrogenic short-term memory facilitation within the mouse brain. 
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1. Introduction: Literature Review 

1.1 Estrogens: A Brief Background 

Estrogens are steroid hormones that have predominantly been studied in relation to 

reproduction and sex differences (Srivastava, 2011). Yet, in the past 30 years, they have 

expanded from their earlier distinction as endocrine effectors to important neuromodulators, 

produced locally in the brain, with extensive implications for brain structure and function such as 

learning and memory, dendritic spine morphology, and synaptic plasticity (Taxier et al., 2020; 

Sheppard et al., 2019, Srivastava & Penzes, 2011). Accumulating evidence associates 

estrogens with protective effects against various neuropathological disorders and diseases 

(Deroo & Korach, 2006; Choleris et al., 2018; Srivastava et al., 2011). Thus, understanding the 

molecular underpinnings of their actions within the brain can inform the production of 

specialized pharmacological solutions for conditions such as Alzheimer’s disease, depression, 

schizophrenia, and autism-spectrum disorders, among others (Deroo & Korach, 2006). 

The concepts of learning and memory, as applied to estrogenic effects, are frequently 

used in tandem but have physiologically different meanings: learning refers to the transfer of 

information from the initial acquisition and encoding stages to memory, whereas memory refers 

to the storage and retrieval of information once acquired and encoded (Sheppard et al., 2019; 

Stuchlik, 2014). Estrogens have two mechanisms of action through which they affect both 

learning and memory: genomic (classical or slow) effects and nongenomic (nonclassical or 

rapid) effects. Genomic effects involve lipid-soluble estrogens able to cross the cell’s plasma 

membrane and bind to cytosolic estrogen receptors (ERs), which then dimerize, translocate to 

the nucleus, and bind to estrogen response elements (EREs) on nuclear (Nilsson et al., 2001) 

and mitochondrial (Klinge, 2008) DNA target genes. This binding initiates gene transcription, 

protein translation, and subsequent physiological and cognitive effects. Due to the multistep 

nature of estrogenic genomic actions, they occur within hours to days (Nilsson et al., 2001). In 
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contrast, nongenomic effects occur within minutes to hours, with estrogens binding to 

membrane-bound or cytosolic ERs, activating second-messenger systems, signalling cascades, 

local protein translation, and epigenetic and post-translational processes, which then facilitate 

physiological and cognitive changes (Taxier et al., 2020; Sheppard et  al., 2018; Sheppard et 

al., 2019). Although genomic and nongenomic estrogenic effects are two separate mechanisms 

of action, their respective molecular pathways are highly inter-connected, containing many of 

the same proteins (Vasudevan & Pfaff, 2008; Sheppard 2018).  

Genomic estrogen actions are associated with two receptors, estrogen receptor alpha 

(ER) and estrogen receptor beta (ER). These two “classic” estrogen receptors can form 

homo- or hetero-dimers, producing a variety of effects depending on the type of dimer formed 

(Paulmurugan et al., 2011), and have been found in both pre- and post-synaptic terminals 

(Milner et al., 2001; Milner et al., 2005). In the last two decades, another protein called the G 

protein-coupled estrogen receptor (GPER; previously named GPR30) has emerged as a third 

putative estrogen receptor that binds to estrogen with high affinity (Thomas et al., 2005) and is 

an important component of several nongenomic estrogenic actions on learning and memory 

(Revanker et al., 2005)—despite the lack of comprehensive evidence to exclusively establish its 

role as an estrogen receptor (Langer et al., 2010; Luo & Liu, 2020). 

Much of the research on both genomic and nongenomic estrogenic effects has centred 

around the most abundant, bioactive, and potent of the major estrogens, 17-estradiol (E2), with 

considerably less research done on the other estrogens, i.e., estrone (E1), estriol (E3), estetrol 

(E4), and phytoestrogens (Taxier et al., 2020; Sheppard et al., 2019). Numerous studies have 

linked the systemic administration of E2, activation of estrogen receptors (ER; ER; and 

GPER) via their agonists [propyl pyrazole triol (PPT); diarylpropionate (DPN); and [1-[4-(6-

bromobenzo[1,3] dioxol-5yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone (G1), 

respectively] to long-term and short-term memory changes (Taxier et al., 2020). In recent years, 
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there has been a growing focus on estrogens’ nongenomic actions, in which all three receptors 

have been implicated (Brinton, 2009). Within these studies, use of behavioural paradigms has 

allowed investigators to test facilitation of learning and memory by taking advantage of rodents’ 

preference for novelty. Specific tasks (Figure 1) include social recognition  

(discrimination between familiar and novel conspecifics), object recognition (discrimination 

between familiar and novel objects), and object placement (discrimination between familiar and 

novel placements of objects), and spatial learning of novel environments, among others (Phan 

et al., 2015). One molecular player extensively linked to nongenomic actions of estrogens has 

been the G protein-coupled receptor, metabotropic glutamate receptor (mGluR); its various 

isoforms can be activated by ER and ER to initiate signalling cascades independently of its 

direct ligand, the neurotransmitter glutamate (Meitzen & Mermestein, 2011). Extensive evidence 

has accrued in recent years demonstrating ER and ER interacting with the group I mGluRs, 

 

Figure 1: Short-term memory testing paradigms. Learning paradigms of object placement, 
object recognition, and social recognition. Microinfusion of either vehicle or hormone occurs 
15 minutes before the first of two 5-minute habituation phases, followed by a 5-minute test 
phase. All phases have 5 minutes of time in between to total a 40 minute experiment. 
Reprinted from Phan et al. (2015). 
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mGluR1 and mGluR5, to mediate activation of mGluR-initiated signalling pathways, which 

induce structural changes at the synapse (Tonn Eisinger et al., 2018). 

1.1.1 Rapid, Nongenomic Estrogenic Effects 

In pre-acquisition investigations, which explore the effects on short-term memory of 

estrogen administered before a learning task, Phan and colleagues (2012) found that E2 given 

systemically facilitates social recognition, object recognition, and object placement within 40 

minutes of subcutaneous administration in ovariectomized mice. Of note, E2 also increased 

dendritic spine density in the stratum radiatum (SR) subregion within the cornu ammonis 1 

(CA1) region of the hippocampus in ex vivo slices from non-learning subjects. Similarly, the ER 

agonist, PPT, improved social recognition, object recognition, and object placement and 

increased dendritic spine density in the SR and lacunosum moleculare (LM), whereas high 

physiological doses of ER agonist DPN impaired social recognition and was ineffectual for 

object recognition, decreased spine density at moderate and high dosages while increasing 

length at moderate doses, and only slightly improved social recognition at moderate dosages 

(Phan et al., 2011). These results have been extended towards the GPER using its agonist, G1, 

to facilitate social recognition, object recognition, and object placement within 40 minutes of 

subcutaneous injection in ovariectomized mice, finding increases in dendritic spine density 

within the CA1’s stratum radiatum in non-learning subjects (Gabor et al., 2015). Collectively, 

these systemic studies suggest that multiple forms of short-term memory are facilitated by E2 

within 40 minutes of administration, perhaps mediated by the rapid formation of new dendritic 

spines within specific subregions of the hippocampus. 

Many studies investigating estrogenic effects on brain structure and function have 

focused on the hippocampus, a structure in which estrogen actions have shown effects on 

social behaviour, learning, memory, and neuropathological diseases and disorders (Galea et al., 

2017; Spencer et al., 2008). The structural and functional aspects of the hippocampus are a 
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large part of the basis on which modern theories of the neurobiology of memory lie (Knierim et 

al., 2015). Synaptic transmission occurs between presynaptic axon terminals and post-synaptic 

dendritic spines, which are highly labile protrusions of the dendrite (Nakahata & Yasuda, 2018). 

Synaptic plasticity, the activity-induced modification of synaptic transmission through 

strengthening and weakening of synapses (Citri & Malenka, 2007), incorporates both Hebbian 

plasticity (associative) and homeostatic plasticity (scaling). Hebbian plasticity is a positive feed-

back mechanism that works rapidly and synapse-specifically to structurally and functionally 

modulate both synapse-strengthening long-term potentiation (LTP) and synapse-weakening 

long-term depression (LTD) within glutamatergic excitatory and -aminobutyric acid (GABA-

ergic) inhibitory synapses. It controls the trafficking (i.e., recruitment, embedding, and 

endocytosis) of -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs) in 

the plasma membrane, activated by the activity of N-methyl-D-aspartate receptors (NMDARs). 

In contrast, homeostatic scaling is a negative feedback plasticity that works relatively slowly to 

regulate LTP, LTD, and receptor trafficking to maintain neural activity within a physiological 

range (Vitureira & Goda, 2013; Collingridge et al., 2004; Turrigiano, 2008). Estrogens’ ability to 

induce structural changes at the synapse, such as increases in spine density, shape, and size, 

is thought to underlie its information-storage and memory-facilitating capacity (Luine & 

Frankfurt, 2012).  

As hippocampal E2 levels are considerably higher (140x) than circulating E2 levels (Hojo 

& Kawato, 2018), signifying brain-synthesized E2 as a critical source of cognitive effects, an 

increasing number of studies have begun to investigate hippocampal-dependent cognitive and 

neurobiological changes, specifically through rapid, nongenomic learning and memory tasks 

which can be tested minutes after estrogen administration. Phan and colleagues (2015) found 

that, in comparison to an artificial cerebrospinal fluid (aCSF) vehicle control, local delivery of E2 

or the ER agonist, PPT, into the dorsal hippocampus of ovariectomized mice facilitated 
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discrimination memory in social recognition and object placement tasks within 40 minutes of 

infusion, whereas ER agonist, DPN, only facilitated object placement memory. Additional work 

from this group found that bath application of E2 or ER agonist, PPT, on ex vivo hippocampal 

slices from behaviour-naïve female mice increased dendritic spine density within the stratum 

oriens and stratum radiatum after 20-30 minutes; in adult male rat hippocampal slices, E2 or 

ER agonist, PPT, increased dendritic spine density in the stratum oriens and lacunosum 

moleculare subregions of the CA1 within 2 hours of acute application (Murakami et al., 2006); 

GPER agonist, G1, increased social recognition and object recognition, but not object 

placement, within 40 minutes of dorsal hippocampal infusion (Lymer et al., 2017). Analogous to 

the behavioural results, ER agonist, DPN, showed no significant changes in spine density or 

length at any dosage. Overall, these studies reveal that E2, ER, and GPER given pre-

acquisition in the dorsal hippocampus are crucial for social and object recognition but not spatial 

learning, which may, instead, be mediated through ER. 

1.1.2 Molecular Pathways Involved in Rapid Estrogenic Effects 

How estrogen-dependent signalling produces cognitive change remains poorly 

understood, however various pathways have been found that mediate the effect of ER activation 

(Taxier et al., 2020). One pathway protein that has emerged as a major player in estrogens’ 

rapid molecular effects on cognition is the extracellular signal-regulated kinase (ERK). Using a 

specific agonist of ER, Srivastava and colleagues (2010) demonstrate in days in vitro 24 

(DIV24) primary cortical neurons that ER activation leads to the activation of ERK1/2 and p21-

activated kinase (PAK) within 30 and 60 minutes, as well as the upregulation of the cytoskeletal 

scaffolding protein, post-synaptic density 95 (PSD95), at the membrane within 60 minutes of 

treatment, accompanied by a decrease in PSD95 in the dendritic shaft (Srivastava et al., 2010). 

Research in adult male hippocampal slices shows spine increases in the stratum oriens and 

stratum lacunosum moleculare of the CA1 within 2 hours of E2 application are blocked by both 
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ER and ERK inhibitors (Murakami et al., 2006). Further, activation of ERK is required for both 

regions’ spine density increases 30- and 120-minutes post-E2 infusion into the dorsal 

hippocampus of ovariectomized mice through activation of the downstream mammalian target of 

rapamycin protein (mTOR), as both ERK and mTOR inhibitors block the spinogenesis effects 

(Tuscher et al. 2016). These results corroborate other findings implicating a pathway consisting 

of ERK1/2, phosphoinositide 3-kinase (PI3K), and protein kinase b (Akt) as critical for 

hippocampal object recognition memory consolidation within 1 hour of E2 intraperitoneal or 

intrahippocampal infusion (S.M. Fernandez et al., 2008; Fan et al., 2010). Experiments using 

bovine serum albumin-bound E2 have further elucidated that these ERK-mediated memory 

changes occur through membrane-bound, and not intracellular, estrogen receptors (S.M. 

Fernandez et al., 2008). Electrophysiology experiments in adult male rat hippocampal slices 

also show CA1, CA3, and dentate gyrus LTD occurring concurrently to increases in dendritic 

spine density within CA1 pyramidal neurons 2 hours following E2 or ER agonist, PPT, 

application; an effect prevented by an inhibitor for the mitogen activated protein kinase kinase 

(MEK), an upstream activator of ERK. Interestingly, ER agonist only blocks LTD without 

affecting increases in spine numbers (Mukai et al., 2007). Further confirmation of the role of the 

ERK pathway in work by Sellers and colleagues (2015) using rat primary cortical culture 

demonstrates that E2-induced spine formation requires only ERK and Akt, despite transiently 

increasing the expression of mTOR along with ERK and Akt. Recent work from our lab by 

Sheppard and colleagues (2021) has built upon these results by implicating both ERK and actin 

polymerization as necessary for estradiol’s rapid pre-acquisition effects on short-term social 

recognition memory. Inhibition of both actin polymerization and protein translation block E2-

facilitated short-term social recognition memory within 40 minutes of dorsal hippocampal 

infusion, whereas inhibition of DNA transcription does not affect social recognition memory. To 

control for the effects of task performance on spine morphology, both task-naïve and task-
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performing mice intrahippocampally infused with E2 show increases in spine density at 15-, but 

not 40-minutes, post-infusion. Inhibition of actin polymerization prevents this spinogenesis, but 

protein translation inhibition does not. These results lead further credence to the long-standing 

assumption that estrogenic rapid effects do not require genomic activation (Sheppard et al., 

2021; Taxier et al., 2020), along with demonstrating the necessity of actin polymerization and 

protein synthesis for social recognition memory, but, surprisingly, suggestive of only actin 

polymerization and not protein synthesis as requirements for rapid spinogenesis in the CA1. 

These findings extend previous work from Kramár and colleagues (2009) showing that estradiol 

facilitates actin polymerization in hippocampal spines and that inhibiting actin polymerization 

blocks rapid E2-induced glutamatergic transmission. 

The post-synaptic density (PSD) is a pivotal location within nongenomic estrogenic 

signalling pathways (Sellers et al., 2015). Using differentiated NG108-15 neuroblastoma cells, 

Akama and McEwan (2003) delineate mechanisms of rapid estrogenic synaptogenesis within 

the PSD, demonstrating that spinogenesis occurs within 1 hour of application via activation of 

Akt, which, subsequently, inhibits eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). 4E-

BP1 is a translational repressor of eukaryotic initiation factor 4E (eIF4E), a translation initiation 

protein (Gingras et al., 1998). Thus, Akt activating eIF4E via 4E-BP1 inhibition may signify a 

local protein translation pathway through which estrogen facilitates changes in dendritic spine 

morphology. In concert with these results, PSD95 is rapidly upregulated following E2 

stimulation, a process requiring Akt but not coinciding with increased PSD95 mRNA levels 

(Akama & McEwan, 2003). In primary hippocampal neurons, E2 induces ERK-dependent 

activation of the translation initiation factor ribosomal protein S6 (rpS6; a downstream target of 

mTOR) and 4E-BP1, as well as somatic and dendritic mRNA translation of CaMKII, within 30 

minutes of application; an effect blocked by inhibition of ERK and protein translation (Sarkar et 

al., 2010). E2 increases activated p-ERK, phosphorylated S6 kinase (a downstream target 

kinase of mTOR that activates rpS6), and phosphorylated 4E-BP1 in the dorsal hippocampus 
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within 5 minutes of infusion into the lateral ventricles. Inhibition of PI3K, ERK, or mTOR within 

the dorsal hippocampus blocks these effects as well as E2-facilitated object memory 

consolidation (Fortress et al., 2013). Further, acute E2 treatment on primary cortical neurons 

amplifies the expression of PSD95, cell adhesion protein neuroligin 1 (Nlg1), and the NMDA 

receptor subunit, GluN1, which are transported to nascent dendritic spines within 30 minutes of 

E2 application. Within this same timeframe, E2 transiently activates the ERK1/2/Akt/mTOR 

pathway, but only ERK1/2 and Akt, and not mTOR, are required for spinogenesis (Sellers et al., 

2015). In cortical neurons following synaptic activity, previously diffuse Nlg1 clusters and moves 

to excitatory post-synaptic locations at synaptogenesis, after which it rapidly recruits NMDA 

receptors followed by a relatively slower recruitment of PSD95 to nascent dendritic spines 

(Barrow et al., 2009; Washbourne et al., 2002). Nlg1 is critical for cortical excitatory synaptic 

and PSD formation and stabilization, aiding in the reorganization of the actin cytoskeleton 

(Barrow et al., 2009; Kwon et al., 2012; Gutiérrez et al., 2009). Altogether, these results 

implicate several proteins within the ERK and PI3K/Akt signalling pathways, such as ERK, PI3K, 

Akt, mTOR, rp-S6, and Nlg1, acting coordinately to facilitate E2-induced spinogenesis and 

concurrent memory changes. 

 Despite progress in the last 20 years in uncovering the molecular pathways of estrogenic 

actions in the brain, there remains considerable lack of clarity about which ERs facilitate which 

signaling pathways, and how those pathways manifest in cognitive changes within different 

brain regions. Research with rat primary cortical cells shows that after E2 treatment, GFP-

tagged AMPAR subunit, GluR1, appears within the dendritic shaft by 10- to 45-minutes but 

returns to the same spine within 60 minutes, independent of ER inhibition by tamoxifen 

(Srivastava et al., 2008), suggesting an ER-independent mechanism in nongenomic actions. 

This finding underscores E2’s differential, time-dependent mechanisms of action, as chronic E2 

application over 24 hours is inhibited by tamoxifen, implying genomic, classical ER-
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dependence (Srivastava et al., 2008). Recent work by Kim and colleagues (2016) using the 

GPER agonist, G1, and antagonist, G15, has demonstrated that GPER can facilitate object 

placement and object recognition consolidation 24- and 48-hours, respectively, after immediate 

post-training infusion into the dorsal hippocampus. Interestingly, it does this through the c-Jun 

N-terminal kinase (JNK), rather than the  ERK/PI3K/Akt pathways involved in E2, ER and ER 

rapid actions. Additionally, E2 facilitates memory effects even during GPER inhibition, 

suggesting that GPER may act through a different signalling mechanism within the 

hippocampus. Comprehensive investigations by Briz and Baudry (2014) in adult male rat 

hippocampal slices and cortical synaptoneurosomes implicate several players in E2-induced 

molecular effects. Firstly, they show that 10 nM of E2 activates ERK, Akt, and mTOR within 5 to 

15, 15 to 30, and 15 to 60 minutes, respectively, of treatment in adult male rat cortical 

synaptoneurosomes. This mTOR phosphorylation is independent of ER and ER activity but 

requires ERK as well as the protease calpain to degrade the phosphatase and tensin homolog 

(PTEN) by 15 minutes of E2 treatment, thereby releasing PTEN’s inhibition upon Akt. They 

further implicate a pathway involving GPER, the brain-derived neurotrophic factor (BDNF), and 

the BDNF receptor tropomyosin receptor kinase B (TrkB) through which E2 may conduct these 

rapid effects. Interestingly, they show ER and ER involvement in actin polymerization and 

cofilin phosphorylation occur through a separate pathway—unaffected by protein synthesis 

inhibitors—induced by E2 upon multiple cytoskeleton regulators: the Ras homolog family 

member A (RhoA) is increased by 60 minutes of treatment, p-cofilin by 30 to 60 minutes, and 

phosphorylated PAK by 15 to 30 minutes. However, E2-induced mTOR phosphorylation is also 

impaired with actin polymerization inhibition. In sum, these findings from Briz and Baudry (2014) 

elucidate how E2 can work through multiple different mechanisms to facilitate its effects in 

neuronal cells (Figure 2). Cofilin depolymerizes filamentous actin into globular actin, and 

phosphorylating it inactivates this activity, allowing F-actin assembly and stabilization of 
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cytoskeletal structure thought to underlie LTP maintenance and spine formation (Fukazawa et 

al., 2003; Briz & Baudry, 2014). These results align with recent work from our lab by Sheppard 

 

and colleagues (2021) implicating actin polymerization but not protein synthesis in rapid E2 

effects; a phenomenon perhaps explained by the complementary actions of ER and GPER 

despite their activation of different signalling pathways. Actin polymerization is a required step 

towards the formation of new spines (Nakahata & Yasuda, 2018), thus the fact that E2 

increases actin polymerization rapidly and spinogenesis within 15 minutes, may provide a 

structural basis for rapid E2-facilitated memory enhancements. Together, these findings suggest 

that E2 acts through multiple receptors and signalling pathways to effect structural change 

within the dendrite. The relative contributions of ER, ER, and GPER to these molecular 

pathways within different brain regions is uncertain, with recent work revealing an overriding 

influence of ER in the cortex and ER in the hippocampus—despite both receptors being 

found in both cell types (Srivastava et al., 2011; Sellers, 2015; Pereira et al., 2014)—and high 

                            

Figure 2: Differing nongenomic signalling mechanisms of 17-estradiol. E2 signals through 
different receptors and pathways to facilitate structural and functional change. Reprinted 
from Briz and Baudry (2014). 
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levels of GPER found in the hypothalamus, hippocampus, and brainstem (Brailoiu et al., 2007; 

Srivastava et al., 2011). Hippocampal memory consolidation studies of object recognition and 

object placement show ERK activation within 5 minutes of infusion of ER agonist, PPT, or 

ER agonist, DPN, into the dorsal hippocampus immediately post-training in ovariectomized 

mice. These effects are abolished when inhibiting either ERK or mGLuR1a, a G protein-coupled 

receptor that interacts with ER and ER (Boulware et al., 2013) and has been involved in 

estrogenic effects in the brain (Srivastava et al., 2013). Further, in hippocampal ex vivo slices 

from ovariectomized, adult wild-type, ER KO, or ER KO mice both 17β-estradiol-3-benzoate 

(EB) and GPER agonist, G1, similarly increase field excitatory postsynaptic potentials (fEPSPs) 

in CA3 to CA1 regions 40- to 45-minutes after application, with EB increasing ERK activation, 

whereas relatively modest, albeit significant, increases are seen with ER agonist, PPT, and 

ER agonist, DPN, in the ER KO and ER KO mice, respectively. Further, GPER agonist, G1, 

administration prior to EB treatment does not induce additional fEPSP increases compared to 

the EB treatment alone and GPER antagonist, G15, inhibits the sole EB treatment effects 

(Kumar et al., 2015) in an ERK-dependent manner. Collectively, these findings elucidate 

differing roles for various estrogen receptors, corroborating previously discussed behavioural 

findings suggesting an important role for the GPER in estrogen-mediated hippocampal synaptic 

plasticity, with similar actions—complementary or competitional, is not yet known—compared to 

ER, and divergent actions by ER. 

In both learning and non-learning mice, dendritic spine density is increased by 15 

minutes but not 40 minutes following E2 administration into the dorsal hippocampus (Sheppard 

et al., 2021). This furthers past data from our lab showing that in ex vivo slices and primary 

cortical culture from mice who have not performed a rapid social recognition task have 

decreased CA1 AMPA receptor activity and miniature excitatory post-synaptic currents 

(mEPSCs; Phan et al., 2015; Srivastava et al., 2008). This memory facilitation coupled to 
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decreased glutamatergic input has been theorised as a result of rapid and transient 

internalization of AMPA receptors during the formation of thin, immature spines—labelled silent 

as they do not participate in AMPAR transmission—which are then later either pruned or 

stabilized by activity-dependent experience (Phan et al., 2015). Termed two-step wiring 

plasticity, Srivastava and colleagues (2008) extrapolate this idea to their own findings as 

follows: in the first step, acute E2 treatment induces a rapid but transient increase in immature 

synapse density. This rise dissipates by 60 minutes unless the dendrite is subsequently 

activated by NMDA receptor activity maintaining the spines for up to 24 hours in the second 

step, during which AMPA receptors can re-embed within the membrane, changing spine 

density, size, and shape, and thereby facilitating Hebbian plasticity (Srivastava, 2008). Further 

findings from this group regarding the signalling pathway of these effects demonstrate that the 

small GTPase, Rap, is activated by E2 within 15 and 30 minutes of exposure, returning to 

baseline levels by 60 minutes. E2 also activates ERK1/2 by 30 minutes, coinciding with the 

accumulation of Rap’s downstream scaffolding protein, afadin (AF6), within the dendritic shaft. 

When either Rap, ERK1/2, or AF6 are blocked, E2-facilitated spinogenesis is prevented. During 

this 30 minute timeframe, levels of the AMPAR subunit GluR1 within the membrane transiently 

decline, with increased GluR1 in the dendritic shaft, an ER-independent effect. Time-lapse 

imaging shows rearrangement of GluR1 within the dendrite, with it temporarily being removed 

from the spine and moving into the shaft during a range of 10- to 45-minutes following E2 

treatment, but then is reinserted into the same spines by 60 minutes. Interestingly, these 

AMPAR decreases by 30 minutes are accompanied by NMDAR subunit NR1 increasing within 

the dendritic spine, but occur independent of NMDAR activity, as experiments were conducted 

using (2R)-amino-5-phosphonovaleric acid (APV), a selective NMDAR antagonist. This 

suggests that NMDARs are not required for rapid E2-facilitated molecular changes on cortical 

neurons within 30 minutes, in contrast to Mukai and colleagues’ (2007) findings in hippocampal 

neurons implicating NMDAR in E2-induced spinogenesis, suggesting cell type differences in E2-
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induced spine formation. Nevertheless, after this timeframe, both E2 and NMDAR activation, but 

not either alone, are required to sustain increases in dendritic spine number by 60 minutes, 

independent of the chronic presence or absence of NMDAR before acute NMDAR activation, 

via phosphorylation of calcium/calmodulin-dependent protein kinase II (CaMKII) and Rac 

pathway activation. This effect results in an increase of the GluR1 AMPAR subunit within 

spines, with AMPARS inserting into both pre-existing and nascent spines to facilitate 

functionality, with most of them colocalizing with the pre-synaptic marker bassoon, representing 

active synapse transmission, and an increase in mEPSC. These findings corroborate other 

results showing E2 induces GluR1 subunit containing AMPAR internalization within 30 minutes 

(Segal, 2005), and that AMPARs are trafficked into the membrane to facilitate synaptic activity, 

stabilized by post-synaptic proteins such as PSD95, and then internalized for degradation 

(Malinow & Malenka, 2002). Converging evidence from our lab and others indicates a timeframe 

of approximately 15- to 30-minutes following treatment in which these actions occur in both 

hippocampal ex vivo and primary cortical models (Srivastava et al., 2008: primary cortical 

culture, 15-30 minutes; Sanchez et al., 2009: primary cortical culture, 15-20 minutes; Phan et 

al., 2015: ex vivo hippocampal slices, 20-30 minutes; Sheppard et al., 2021: ex vivo 

hippocampal slices, 15 minutes). Overall, these results imply a critical role for the ERK/Akt 

pathways in the recruitment of scaffolding and cell adhesion proteins PSD95 and Nlg1, which in 

turn induce morphological changes at nascent dendritic spines, as well as identifying a 

timeframe of 15-45 minutes within which E2 exposure induces the transient generation of 

immature synapses.   

In sum, nongenomic estrogenic effects on memory exert their actions through multiple 

signalling pathways within different brain regions to facilitate cognition in a variety of memory 

tasks in a protein translation-dependent manner. Naturally, these collective results raise 

questions about the specific dendrite-localized mRNA transcripts—activated by these signalling 

cascades—that are rapidly translated to putatively facilitate these cognitive effects. A protein 
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product of one of these transcripts that has been extensively implicated in both structural and 

functional changes in the brain is the Activity-regulated cytoskeleton-associated protein, Arc; 

also known as Arg3.1 (Lyford et al., 1995; Link et al., 1995; Steward et al., 1998; Bramham & 

Wells, 2007). 

1.2 The Case for Arc as a Mediator of Nongenomic Estrogenic Effects 

1.2.1 Arc’s Influence on Cognition 

Arc protein is rapidly transcribed and translated in the brain following synaptic activity 

(Lyford et al., 1995; Link et al, 1995), and has long been implicated in memory consolidation 

(Korb & Finkbeiner, 2011; Bramham et al., 2010), playing pivotal roles as a hub-like protein 

within neurons in the hippocampus, cortex, and amygdala (Korb & Finkbeiner, 2011; Bramham 

et al., 2010; Li et al., 2015). Aberrant Arc expression has been associated with 

neuropathologies such as Alzheimer’s disease, schizophrenia, Fragile X syndrome, Angelman 

syndrome, and autism-spectrum disorders (Nikolaienko et al., 2018).  

Pioneering experiments examining Arc’s role in behaviour from Guzowski and 

colleagues (1999) showed that Arc mRNA is robustly expressed within the soma and dendrites 

of CA1, CA3, and cortical neurons in rats following a 5 minute novel environment spatial 

exploration task. Transiently blocking expression of Arc protein using antisense 

oligodeoxynucleotides within the hippocampus three hours before or immediately after a Morris 

water maze spatial training task results in impairments in LTP maintenance and memory 

consolidation, but not acquisition (Guzowski et al., 2000). Furthering these results, Arc knockout 

mice show disrupted spatial and fear memory formation and long-term depression, yet have 

intact short-term memory (Plath et al., 2006). Arc is upregulated by BDNF-triggered synaptic 

activity and requires actin polymerization to induce early LTP in the dentate gyrus (Messaoudi, 

2007). Moreover, mGluR-dependent LTD is achieved through the rapid (i.e., within 3-5 minutes 

of activity in mouse hippocampal slices) translation of pre-existing Arc mRNA localized within 

dendrites (Waung et al., 2008; Park et al., 2008). However, important recent findings from 
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Kyrke-Smith and colleagues (2021) have challenged these established studies, proposing that 

Arc mRNA is not required for hippocampal LTP maintenance, and may instead act via other 

memory mechanisms such as heterosynaptic plasticity, epigenetic processes, and homeostatic 

plasticity (Sheppard et al., 2006; Zhang & Bramham, 2020; Kyrke-Smith et al., 2021). As a 

whole, these findings demonstrate the importance of Arc as a rapid neuronal effector of memory 

processes in cognitive and behavioural function. 

1.2.2 Molecular Mechanisms of Arc 

1.2.2.1 The Spatiotemporal Profile of Arc mRNA. The potential role of Arc mRNA in 

estrogenic memory facilitation is intriguing as it is rapidly transcribed following synaptic activity 

(Lyford et al., 1995; Link et al, 1995, Bramham et al., 2010) and targeted to activated synapses 

(Steward & Worley 1998). Many studies have implicated BDNF and its receptor TrkB in 

facilitating robust Arc mRNA and protein expression in LTP experiments (Panja & Bramham, 

2014). The spatiotemporal profile of Arc mRNA is rapid; it is found in hippocampal intranuclear 

foci (locations of Arc mRNA fluorescence) within 2 minutes of learning task-based synaptic 

activity (Guzowski et al., 1999); within 5 minutes in intranuclear foci of parietal and cortical 

neurons following maximal electroconvulsive shock (MECS)-based synaptic activation 

(Vazdarjanova et al., 2002); by 15 minutes in cytoplasm near the nucleus (Guzowski et al., 

1999); by 30 minutes, mostly within the cytoplasm (Guzowski 1999; Vazdarjanova, 2002); and 

by 60 minutes, these earlier robust increases of cytoplasmic Arc mRNA have returned to 

baseline levels (Guzowski et al., 1999). Following introduction to a novel environment, Arc 

mRNA robustly increases in the CA1, CA3, and parietal cortical neurons within 0 and 8 minutes 

of exposure but goes back to control levels by 16-35 minutes (Vazdarjanova et al., 2002). 

Following a single electroconvulsive shock (ECS) to the dentate gyrus perforant path of 25-40 

day-old rats, Arc mRNA is robustly expressed within the granule cell layer by 15 minutes, 

moving to proximal dendrites by 30 minutes, and by 1 hour has reached the end of the 

molecular layer of the dentate gyrus, which is approximately 300 µm from the soma (Wallace et 
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al., 1998). The speed of Arc mRNA expression and transport following synaptic activity is 

therefore rapid, travelling to distal dendrites at a rate of approximately 300 µm per hour—

although this rate may be underrepresented given the rapid pace at which Arc mRNA and 

protein have been found within dendrites (Dynes & Steward, 2007). This expression reaches a 

peak at 2 to 4 hours post-ECS, decreasing to basal levels by 12 hours (Wallace et al., 1998). 

Using a novel transgenic mouse model with tagged endogenous Arc gene, fascinating work by 

Das and colleagues (2018) finds that, in cultured hippocampal neurons silenced for 12-16 hours 

via Na+ channel blocker tetrodotoxin followed by washout—and even after the removal of a 

stimulus—Arc mRNA is transcribed in bursts rather than constitutively within a cyclic 2-hour 

timeframe consisting of active and relatively shorter inactive periods of transcription (Das et al., 

2018). This group also found Arc mRNA localizing to the base of dendritic spine necks as well 

as within spines, with high levels of mRNA present as far as 100 µm from the soma by 30 

minutes post-stimulation, peaking by 60 minutes, before returning to baseline at 2-3 hours. As 

Guzowski and colleagues (1999) find a return to control levels by 60 minutes using MECS, 

evidently the type of synaptic trigger may mediate Arc mRNA time profiles. Das and colleagues 

(2019) further describe Arc mRNA dynamics following synaptic activity, citing even higher 

speeds of a single run, single mRNA of 1.4 ± 0.7 µm/s, showing bidirectional movement in 

between pauses with a longer movement in the anterograde versus retrograde direction; these 

rates align with previously determined microtubule and actin transport speeds (Das et al., 2018; 

Dynes & Steward, 2007). Finally, as Arc mRNA reaches its targeted spine location, it slows 

down from its original fast transport into multiple small and bidirectional adjustments to dock into 

its final location within a specific domain at the spine base; this process occurs independently of 

translation inhibition as the mRNA itself contains the directions to the domain (Dynes & 

Steward, 2007). 

1.2.2.2 The Spatiotemporal Profile of Arc Protein. Local protein translation is when mRNA 

transcripts are translated outside of the cell body at locations nearby their sites of action. Since 
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polyribosomes—multiple ribosome molecules bound to a strand of mRNA—have been found at 

the base of dendritic spines (Steward & Levy, 1982), local protein translation has emerged as a 

proposed mechanism through which Arc mRNA brings about structural and functional memory 

at specific synapses. During LTP, polysomes translocate from dendritic shafts to spines (Ostroff 

et al., 2002). NMDAR-dependent synaptic activity induces the rapid transport of newly 

synthesized Arc mRNA transcripts from the soma to activated dendrites (Steward & Worley, 

2001). These mRNA transcripts remain in a non-translated state before arriving at the dendrites 

as the eukaryotic translation initiation factor 4AIII (eIF4AIII) is found physically associated with 

Arc mRNA localized within the dendrite (Giorgi e al., 2007). Normally, eIF4AIII is removed by 

the translational ribosome machinery, thus, the fact that it is still present and found with dendritic 

Arc mRNA suggests that translation does not occur until after the transcript has arrived at the 

dendrite (Giorgi e al., 2007). Arc is rapidly and ERK-dependently translated in cortical neurons 

within 15 seconds of glutamate stimulus (Na et al., 2016) through the reactivation of stalled 

polysomes attached to pre-existing Arc mRNA in cortical and hippocampal dendrites (Park et 

al., 2008; Langille et al., 2019). Arc mRNA accumulates at the base and neck of spines in a 

manner independent from puromycin translation inhibitor (Dynes & Steward, 2012). Following 

localization to dendrites and mGluR-dependent synaptic activity, Arc mRNA is rapidly translated 

(Huber et al., 2000; Steward et al., 2015; Moga et al., 2004; Farris et al., 2014) into protein 

within 5- (Park et al., 2008) to 10-minutes (Waung et al., 2008). Newly translated Arc protein 

thus acts as a pivotal mediator of AMPA receptor endocytosis, LTD, and homeostatic plasticity 

(Oswald et al., 2015). 

1.2.2.3 Arc’s Pathway and Partners. Many Arc-linked processes involve the activation of the 

ERK pathway and require actin polymerization (Huang et al, 2007; Panja et al., 2009, Korb & 

Finkbeiner, 2011). Arc is also associated with PSD95, with the two proteins forming a super-

complex and subsequently localizing to the post-synaptic membrane to facilitate excitatory 

activity (E. Fernández et al., 2017). Arc has also been linked to structural changes such as 



 

19 
  

increased levels of thin dendritic spines, and when inhibited, a reduced internalization of the 

AMPAR subunit GluR1 (Peebles et al., 2010). Further, Arc is found in the post-synaptic density 

and is critical for the regulation of synaptic AMPA receptor trafficking mediating long-term 

depression (Chowdhury et al., 2006). Specifically, it facilitates AMPAR endocytosis at the post-

synaptic membrane surface by binding to clathrin-adaptor protein (AP-2), this Arc-AP-2 complex 

subsequently recruits clathrin to the membrane, forming a clathrin-coated pit to facilitate the 

endocytosis of AMPA receptors. Arc then loses affinity for the complex and begins to interact 

with dynamin 2 and endophilin 3, which together excise the endocytotic clathrin-coated pit 

encompassing the internalized AMPA receptor. This pit then eventually loses affinity for clathrin, 

which dissociates from AP-2, and the AMPA receptor within the vesicle is either recycled back 

to the membrane or degraded (Chowdhury et al., 2006). These processes are Arc translation-

dependent when induced by mGluRs in the hippocampus, however NMDAR-LTD is not (Waung 

et al., 2008). Furthering these results, Arc expression decreases AMPAR amplitudes in the 

hippocampus (Rial Verde et al., 2006). This mechanism has been theorized to occur via Arc’s 

interaction with transmembrane AMPA receptor regulatory protein 2 (TARP2/stargazin), which 

regulates AMPAR endocytosis (Tomita et al., 2005) to facilitate this process (Zhang et al., 

2015). In novel experience tasks, Arc is upregulated by past synaptic activity within the CA1 

and, when coupled to mGluR1 activation, induces LTD (Jakkamsetti et al., 2013). Arc-

dependent AMPAR endocytosis has also been suggested as a mechanism in homeostatic 

synaptic scaling. In cortical and hippocampal cultures, high levels of Arc can prevent the 

passive increase in membrane AMPARs and mEPSC amplitudes during chronic neural inactivity 

such as that induced by Na+ channel blocker tetrodotoxin, whereas low levels of Arc protein 

present during chronic neural activity stimulated by GABAA antagonist bicuculline results in 

increases in membrane AMPAR receptors and mEPSC amplitudes (Shepherd et al., 2006). 

Further, synapse-specific homeostatic upscaling following synaptic silencing occurs in inactive 
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synapses through increased expression of surface AMPARs (Béïque et al., 2010).  Altogether, 

these findings place Arc as a vital component of both Hebbian and homeostatic plasticity. 

Post-translational modifications are also implicated in Arc protein dynamics and may 

explain the dual, seemingly incongruent, roles that Arc plays within the synapse. In LTP 

maintenance, Arc undergoes modifications through a small ubiquitin-like modifier protein 

(SUMOylation), interacting with cytoskeletal protein drebrin A, which, in turn, binds and 

stabilizes F-actin (Mikati et al., 2013). When Arc is not SUMOylated, it preferentially interacts 

with PSD95, dynamin 2, and inactive CaMKII, mediating LTD and homeostatic plasticity (Nair 

et al., 2017; Okuno et al., 2012). This suggests the importance of post-translational 

 

 

Figure 3: Synaptic and inverse synaptic tagging and capture. Both synaptic and inverse 
synaptic tagging and capture processes are hypothesized to work in tandem to facilitate LTP, 
LTD, and heterosynaptic and homeostatic plasticity. Reprinted from Okuno et al. (2018). 
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modifications to Arc-mediated synaptic changes: SUMOylated Arc may be preferentially active 

during LTP processes whilst non-modified Arc may be preferentially active during LTD-mediated 

 

                                    

                                                  

                                       

Figure 4: Hypothetical Interplay between active and inactive tagging in Arc dynamics. The 
proposed bidirectional dynamics of Arc protein during basal, LTP, and LTD conditions within 
the synapse. Reprinted from Zhang and Bramham (2020). 
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AMPAR endocytosis and homeostatic plasticity mechanisms (Okuno et al., 2018; Zhang & 

Bramham, 2020).  

1.2.2.4 Synaptic Tagging of Arc–Activated, Inverse, or Both? First hypothesized by 

Frey and Morris (1997), the concept of synaptic tagging and capture—whereby an activated 

synapse sequesters a trafficking protein within its domain—has been adopted by researchers 

investigating Arc dynamics, using it to explain findings showing that Arc protein is captured at 

activated synaptic regions within the dendrite, independent of protein translation inhibitors, 

suggesting the directions for its tagged location are embedded within its mRNA (Steward et al., 

1998; Farris et al., 2014). Important findings from Okuno and colleagues (2012) have 

challenged these long-held notions of Arc localization, demonstrating that newly synthesized 

Arc is preferentially tagged to inactive synapses in CA1/CA3/dentate gyrus that were recently 

activated, accumulating in the dendritic shaft until inhibition of activity induced movement into 

the spine (Figure 3). They suggest that Arc protein shown in previous studies in activated 

synapses (Farris et al., 2012; Steward et al., 1998) may have actually been in inactivated 

synapses or dendritic shafts nearby activated synapses, where it regulates AMPAR endocytosis 

and homeostatic plasticity (Okuno et al., 2012; Okuno et al., 2018). Although these two theories 

seem counterintuitive, recent papers from these groups have attempted to reconcile the results 

(Figure 4). They propose that active tagging and inactive tagging (heterosynaptic plasticity) 

occur in a bidirectional, simultaneous manner (Okuno et al., 2018; Zhang & Bramham, 2020). 

During basal conditions (Figure 4a), levels of structural and synaptic proteins are at relatively 

low levels. Following synaptic activity and LTP induction (Figure 4b), there is an influx of calcium 

within the cell and the protein kinase, CaMKII—which influences AMPAR activity through 

binding to the NMDA receptor (Lismen et al., 2002; Incontro et al., 2018)—is activated and 

accumulates at the PSD. There, it interacts with synaptic and structural proteins to strengthen 

and stabilize the synapse, such as phosphorylating TARP2 and Arc (and thus inhibiting LTD-

associated Arc oligomerization), upregulating TARP2’s association with PSD95 while 
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simultaneously downregulating its association with Arc—Arc’s binding site on TARP2 coincides 

with several CaMKII binding sites, suggesting competitive binding between the two (Zhang et 

al., 2015)—which results in upregulation of Arc protein synthesis from pre-present mRNAs, Arc 

SUMOylation, increased F-actin levels through Arc-drebrin A interactions, and finally, the 

downregulation of AMPAR lateral diffusion processes, sequestering them within the spine, and 

thus strengthening the synapse. As increased F-actin aids in myosin V-receptor-mediated 

protein translocation, this may act as a mechanism of AMPAR recycling back to the membrane 

(Herring & Nicholl, 2016; Zhang & Bramham, 2020). Simultaneous to these active tagging 

processes (Figure 4c), inactive tagging mechanisms are occurring via LTD, in which inactive 

CaMKII binds non-SUMOylated Arc, facilitating its transport to inactivated synapses. After  

dephosphorylation of TARP2, it then binds Arc and moves towards the endocytic zone, where it 

is involved in AMPAR endocytosis (Zhang & Bramham, 2020). 

Collectively, Arc’s role in AMPAR endocytosis, LTP, LTD, homeostatic plasticity, and 

memory facilitation, as well as the time profiles of these actions, place it as a strong candidate 

downstream effector of estrogens’ rapid, nongenomic actions on structural neuroplasticity and 

short-term memory.  

1.3 Estrogen and Arc: An Interplay?  

The possible relationship between estrogens and Arc has not been thoroughly explored 

to date. There is extensive evidence demonstrating estrogenic activation of mGluRs, as well as 

data about mGluR activation via the Group I mGluR agonist (S)-3,5-dihydroxyphenylglycine 

(DHPG) regulating Arc expression, and these lines of evidence are progressively converging 

within the study of diseases of cognitive impairment (Srivastava et al., 2013; Nikolaienko et al., 

2018; Erli et al., 2020).The level of E2 in estrous results in dendritic accumulation of membrane-

localized polyribosomes in hippocampal CA1 stratum radiatum (McCarthy & Milner, 2003). Both 

E2-induced spinogenesis and mGluR-mediated, Arc-dependent LTP and LTD occur through 
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CaMKII (Srivastava et al., 2008; Zhang & Bramham, 2020), suggesting potential interplay. 

Further, E2 induced-Akt activation leads to the phosphorylation and inactivation of 4E-BP1, a 

translation repressor (Sarkar et al., 2010). Once inactivated, 4E-BP1 can no longer repress 

eIF4E, which is a translation initiator that is upregulated along with Arc protein following 

BDNF/TrkB activation (Lalonde et al., 2017); BDNF/TrKB have been extensively implicated as 

estrogenic effectors in nongenomic processes (Sohrabji et al., 1995; Scharfman & MacLusky, 

2006; McEwan et al., 2012; Briz & Baudry, 2014). Studies directly investigating estrogen and 

Arc interactions are scarce: in 2009, Chamniansawat and Chongthummakun demonstrated that 

10 nM of E2 induce Arc mRNA expression within 20 minutes and Arc protein within 30 minutes 

of treatment in SH-SY5Y human neuroblastoma cells in an ERK/PI3K-dependent manner, 

results mirrored by Kühnle and colleagues in 2013 in both control parental SH-SY5Y and 2 to 3 

fold more in UBE3A-downregulated SH-SY5Y cells. In-vivo, Christensen and colleagues (2015) 

have demonstrated a link between Arc and sexual behaviour, where sexually naïve, 

ovariectomized rats subcutaneously injected with estradiol benzoate show increased sexual 

receptivity, but sexually experienced females show no progressive increases in sexual 

receptivity and an increase in Arc expression in the arcuate nucleus of the hypothalamus 

following mating. When Arc is inhibited with antisense oligonucleotides, sexually experienced 

females (they did not test in naïve females) show maximal sexual receptivity, indicating Arc 

plays a regulatory role in sexual receptivity. Within cortical synaptoneurosomes prepared from 

2- to 3-month old rats, Arc is increased following 30 minutes of acute 10 nM E2 treatment (Briz 

& Baudry, 2014). Further, 10 nM of E2 applied to young rat primary cortical cells upregulates the 

Wiskott-Aldrich syndrome verprolin homology protein-1 (WAVE-1) by 15- to 20-minutes, but 

rapidly decreases to nonsignificant levels by 30 minutes, returning to baseline by 60 minutes 

(Sanchez et al., 2009); WAVE-1 binds to both Arc and actin (Zhang et al., 2015) and is involved 

in F-actin branching (Sanchez et al., 2009). Inhibiting WAVE1 in homozygous adult knockout 

mice impairs spatial Morris Water Maze tasks, nonspatial object recognition, while emotional 
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memory remains intact (Soderling et al., 2003) and results in loss of dendritic spines in the 

striatum (Kim et al., 2006). 

Many studies demonstrate that E2 induces nongenomic actions within the brain, and, 

increasingly, these studies are implicating local protein synthesis or local protein presence 

important for these processes (Sheppard et al., 2021; Sarkar et al., 2015; Briz & Baudry, 2014). 

Thus, this study extends these findings by investigating if local translation of dendrite-localized 

Arc protein may mediate E2-induced changes in the brain. 

1.4 Hypothesis and Predictions 

We hypothesize that Arc mediates rapid, nongenomic estrogenic actions within the 

mouse brain, and thus is rapidly upregulated following E2 administration. To test this 

hypothesis, we will determine (a) if Arc protein expression increases by 15 and/or 40 minutes of 

50 nM 17-estradiol intrahippocampal administration (doses and time points that our lab has 

previously demonstrated increase dendritic spinogenesis and facilitate short-term memory; 

Phan et al., 2015; Sheppard et al., 2021), (b) an E2 dose-response on Arc protein expression in 

DIV14 mouse primary cortical cells via western blot analysis, (c) immunocytochemical analysis 

of an E2 dose-response on Arc protein expression in DIV14 mouse primary cortical cells, and 

(d) construct and validate a library of short-hairpin RNA (shRNA) plasmids designed to inhibit 

Arc expression for use in future experiments.  

Based on the research on both estrogen and Arc as discussed in the Literature Review, 

we predict the following results: (a) Arc protein expression will increase within the dorsal 

hippocampus following 50 nM E2 administration within both 15- and 40-minute assessment 

timepoints, specifically in the stratum radiatum and stratum oriens where our lab has shown 

increases in spine density (Phan et al., 2015; Shepperd et al., 2021), (b) Western blot 

densitometry analysis will show increases of Arc protein for the 10 nM E2 condition, a dosage 

previously shown to increase spine density (i.e., Srivastava et al., 2008; Sellers et al., 2015) and 
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dendritic protein translation (Sarkar et al., 2010) in primary cortical culture, (c) 

Immunocytochemistry analysis will show increases of Arc protein along the dendrite for the 10 

nM E2 condition at both 15- and 40- minute timepoints. 

There is a fast-growing field of research on Arc’s role in a variety of molecular pathways 

underlying activity-dependent changes in learning and memory (Bramham et al., 2010; Korb & 

Finkbeiner, 2011; Nikolaienko et al., 2018), and a similarly fast-growing field of research on the 

effects of estrogens on learning, memory, and brain plasticity. As both estrogen and Arc engage 

in activity within overlapping signalling cascades, receptors, and key synaptic proteins, 

investigating the potential interplay between these two heavyweights of learning and memory is 

a cogent next step. This project explores the role of Arc protein within rapid, nongenomic 

mechanisms of estrogenic action using in vitro and in vivo mouse models.  
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2. Materials and Methods  

2.1 Antibodies and Chemical Reagents 

2.1.1 Antibodies 

Table 1: Antibodies 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Primary Antibodies 

Rabbit anti-Arc purified polyclonal  
 

Synaptic Systems 
Cat#156003; RRID: 
AB_887694; lot 4-82 

Chicken anti-Map2 purified polyclonal  Millipore Sigma 
Cat#AB5543; RRID: 
571049; lot 3307330 

Mouse anti--actin monoclonal  Sigma-Aldrich 
Cat#A1978; RRID: 
AB_476692; lot 
087M4850V  

Rabbit anti-phospho-p44/42 [ERK1/2] 
[Thr202/204] [D13.14.4E] XP monoclonal  

Cell Signaling 
Technology 

Cat#4370S; RRID: 
AB_2315112; lot 24 

Mouse anti-ERK2 [D-2] monoclonal  Santa Cruz 
Cat#SC1647; RRID: 
AB_627547; lot G2618 

Rabbit anti-phospho-S6 ribosomal protein 
(Ser240/244) polyclonal  

Cell Signaling 
Technology 

Cat#2215S; RRID: 
AB_331682; lot 18 

Rabbit anti-phospho-cofilin (Ser3) (77G2) 
monoclonal  

Cell Signaling 
Technology 

Cat#3313S; RRID: 
AB_2080597; lot 7 

Rabbit anti-total cofilin (D3F9) XP monoclonal  
Cell Signaling 
Technology 

Cat#5175S; RRID: 
AB_10622000; lot 1 

Mouse anti-Myc-tag unconjugated, clone 9B11 
monoclonal  

Cell Signaling 
Technology 

Cat#2276; RRID: 
AB_331783; lot 24 

Secondary Antibodies  

Donkey anti-rabbit IgG [H+L] Highly Cross-
Adsorbed, Alexa Fluor 594 

Thermo Fisher 
Scientific 

Cat#A-21207; RRID: 
AB_141637; lot 
1454437 

Goat anti-rabbit IgG (H+L) Highly Cross-
Adsorbed, Alexa Fluor 594  

Thermo Fisher 
Scientific 

Cat#A-11037; 
RRID:2534095; lot 
1915919 

Goat anti-chicken IgY (H+L), Alexa Fluor 488  
Thermo Fisher 
Scientific 

Cat#A-11039; RRID: 
2534096; lot 1899514  

Goat anti-rabbit IgG (H+L) Cross-Adsorbed 
Horse Radish Peroxidase (HRP)  

Thermo Fisher 
Scientific 

Cat#G-21234; 
RRID:2536530, lot 
2087715 

Goat anti-mouse IgG (H+L) Highly Cross-
Adsorbed Horse Radish Peroxidase (HRP)  

Thermo Fisher 
Scientific 

Cat#G-21040; 
RRID:2536527, lot 
2043839 
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2.1.2 Immunohistochemistry Reagents 

Immunohistochemistry blocking solution [5% (primary)-10% (secondary) normal goat 

serum (NGS; Invitrogen, Thermo Fisher Scientific, Canada) in phosphate buffered saline (PBS; 

Sigma-Aldrich, Canada; Thermo Scientific, USA)], 4% paraformaldehyde (PFA; Electron 

Microscopy Sciences, USA) in PBS. 

2.1.3 Cell Culture Reagents 

Laminin stock solution [laminin (Sigma Aldrich, Canada); sterile PBS without calcium, 

magnesium, and phenol red (Gibco Life Technologies, Thermo Fisher Scientific, Canada)], poly-

L-lysine (PLL) stock solution [poly-L-lysine (Sigma-Aldrich, Canada); sterile H2O], 70% ethanol 

(Commercial Alcohols, Greenfield Global, Canada), 1x Hanks’ Buffered Saline Solution [HBSS; 

10x HBSS (Gibco Life Technologies, Thermo Fisher Scientific, Canada), sterile H2O], 1 M 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES; (Gibco Life Technologies, Thermo 

Fisher Scientific, Canada)], penicillin-streptomycin (Gibco Life Technologies, Thermo Fisher 

Scientific, Canada), complete neurobasal culture medium [NBM++; serum-free, hormone-free 

neurobasal medium (Gibco Life Technologies, Thermo Fisher Scientific, Canada), 

penicillin/streptomycin, serum-free 50x B-27 supplement (Gibco Life Technologies, Thermo 

Fisher Scientific, Canada), 200 mM L-glutamine (Gibco Life Technologies, Thermo Fisher 

Scientific, Canada), 10 nM glutamate (Sigma-Aldrich, Canada)]. 

2.1.4 Western Blot Reagents 

Artificial cerebrospinal fluid [aCSF; 125 mM NaCl (Fisher BioReagents, USA), 2.5 mM 

potassium chloride (KCl; Invitrogen, Thermo Fisher Scientific, Canada), 1 mM magnesium 

chloride (MgCl2; Invitrogen, Thermo Fisher Scientific, Canada), 2 mM calcium chloride (CaCl2; 

Sigma-Aldrich, Canada), 33 mM D-glucose (Sigma-Aldrich, Canada), 25 mM HEPES (HyClone 

Laboratoris, GE Healthcare Life Sciences, USA/Sigma Life Science, UK), ddH2O], 17-estradiol 

(E2; Sigma-Aldrich, Canada) in 0.02% ethanol (95%; Commercial Alcohols, Greenfield Global, 

Canada) in aCSF, 10% sodium dodecyl sulfate [SDS; SDS electrophoresis white powder 
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(Fisher BioReagents, China), double distilled H2O (ddH2O)], Tris-hydrochloric acid [Tris base 

crystalline powder (Fisher BioReagents, China), ddH2O, 1 M hydrochloric acid (HCl; Invitrogen, 

Thermo Fisher Scientific, Canada)], Ponceau solution [0.1% Ponceau S (Sigma-Aldrich, 

Canada), 1% acetic acid (Fisherbrand, Fisher Scientific, Canada), ddH2O)], 10x Tris-buffered 

saline (TBS) stock [(sodium chloride (NaCl; Fisher BioReagents, USA), Tris base crystalline 

powder, ddH2O, 1 M sodium hydroxide (NaOH; Thermo Fisher Scientific, Canada), 1 M NaOH]. 

1x Tris-buffered saline with Tween 20 [TBST; (10x TBS stock, Tween-20 (Fisher BioReagents, 

USA), ddH2O], 5% skim milk (Instant Skim Milk Powder, Great Value, Walmart, Canada) in 

TBST, radioimmunoprecipitation assay buffer [RIPA; 1 M Tris-HCL solution, IGEPAL CA-630 

(Sigma Life Sciences, Canada), 10% SDS, deoxicholic acid (Sigma-Aldrich, Canada), 0.5 M 

EDTA (Invitrogen, Thermo Fisher Scientific, Canada), 5 M NaCl (Fisher BioReagents, USA), 

ddH2O], lysis buffer [RIPA buffer, protease buffer (Pierce, Thermo Scientific, USA), phosphatase 

buffer (Sigma Life Sciences, Canada)], 2x Sodium Dodecyl Sulfate-Laemmli Sample Buffer [2x 

SDS:LB; 1. 0 M Tris-HCL solution, 10% SDS, 0.5% bromophenol blue (Sigma-Aldrich, Canada), 

100% glycerol (Sigma-Aldrich, Malaysia), 14 M 2-mercaptoethanol (Sigma-Aldrich, Canada), 

10% ammonium persulfate in ddH2O (APS; BIO-RAD Laboratories, Japan)], main 

polyacrylamide gel [ddH2O, 30% acrylamide/bis solution (BIO-RAD Laboratories, China), 1.5 M 

Tris-HCl solution, 10% SDS, 10% APS, tetramethylethylenediamine (TEMED; BIO-RAD 

Laboratories, USA)], stacking polyacrylamide gel (ddH2O, 30% acrylamide/bis solution, 1.0 M 

Tris-HCl solution, 10% SDS, 10% APS, TEMED), Tris-glycine running buffer [glycine crystalline 

power (Fisher BioReagents, USA), Tris base crystalline powder, SDS, ddH2O), transfer buffer 

[glycine crystalline powder, Tris base crystalline powder, methanol (Fisher Chemical, Canada), 

ddH2O]. 

2.1.5 Immunocytochemistry Reagents 

 aCSF, E2, immunocytochemistry blocking solution [10% normal goat serum (Invitrogen, 

Thermo Fisher, Scientific, USA), 4% bovine serum albumin (Sigma-Aldrich, Canada), 5% skim 
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milk powder (Great Value, Walmart, Canada), 90% phosphate buffered saline + 10% Triton X-

100 (Sigma-Aldrich, Canada)], 5% NGS in PBS, 4′,6-diamidino-2-phenylindole (DAPI; Thermo 

Fisher Scientific, Cat#1306). 

2.1.6 Lentiviral pSicoR Plasmid Reagents 

 Reconstituted oligonucleotides [100 µM oligonucleotides (Addgene, Sigma-Aldrich, 

USA), 0.5 M magnesium acetate tetrahydrate (Sigma-Aldrich, USA), nuclease-free H2O 

(Ambion, Invitrogen, Thermo Fisher Scientific, Canada)], 2x annealing buffer [3 M potassium 

acetate, 1 M HEPES-KOH (HyClone Laboratories, GE Healthcare Life Sciences, USA; Sigma 

Life Science, UK), magnesium acetate (Sigma-Aldrich, USA), nuclease-free H2O (Ambion, 

Invitrogen, Thermo Fisher Scientific, Canada)], Luria-Bertani (LB) media [ddH2O, Bacto Typtone 

(Becton, Dickenson and Company, USA), Bacto yeast extract (Becton, Dickenson and 

Company, USA), NaCl (Fisher BioReagents, USA), 5 M NaOH (Invitrogen, Thermo Fisher 

Scientific, Canada)], ampicillin stock solution [ampicillin sodium salt (Fisher BioReagents, 

China), ddH2O], restriction digest reaction [miniprepped purified complete pSicoR plasmid 

construct (Addgene, Sigma-Aldrich, USA), CutSmart 10x Buffer (New England Biolabs, USA), 

XhoI restriction enzyme (Thermo Fisher Scientific, USA), XbaI restriction enzyme (Thermo 

Fisher Scientific, USA), nuclease-free H2O (Ambion, Invitrogen, Thermo Fisher Scientific, 

Canada)], 5x GelPilot DNA loading dye (Qiagen, Germany), Tris base, acetic acid, EDTA (TAE) 

buffer 50x/2x solutions [Tris-acetate (Fisher BioReagents, China), glacial acetic acid 

(Fisherbrand, Fisher Scientific, Canada), 0.5 M EDTA, ddH2O], 2% agarose gel [2x TAE buffer, 

Bacto-Agar powder (Becton, Dickenson and Company, USA), ethidium bromide (Invitrogen, 

USA), 5x Gel Pilot loading dye (New England Biolabs, USA)]. 
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2.2 Experiment 1: Immunohistochemistry of Mouse Brain Sections 

2.2.1 Subjects and Housing 

 Experimentally and sexually naïve young adult, female CD1 mice (Mus musculus) aged 

from 2- to 3-months were purchased (Charles River Laboratories, Canada). After delivery to the 

Central Animal Facility, University of Guelph, they were housed in a colony room to acclimate 

for approximately 1 week before undergoing surgical procedures. During this week, they were 

housed in triplets within clear polyethylene cages (26x16x12cm) with corncob bedding and 

environmental enrichment (e.g., paper nesting and plastic houses) and given free access to 

water and rodent chow (14% Protein Rodent Maintenance Diet, Teklad Global, USA). Their 

colony room was on a 12-hour reverse light/dark cycle with lights on at 8pm. 

2.2.2 Surgeries 

One hour before surgery, mice were given a 20ml/kg subcutaneous dose of analgesic 

and anti-inflammatory Carprofen [0.4ml of Rimadyl (50 mg/ml; Pfizer, Canada) + 19.6 ml 

distilled H20]. At the time of surgery, mice were anesthetized using isoflurane gas (Baster 

Corporation, Inc., Canada), positioned within a stereotaxic device (David Kopf Instruments, 

USA), and had their eyes lubricated with ophthalmic liquid tear gel (Bausch & Lomb, Canada). 

There were two surgical sites of incision: the dorsal lumbar surface for the ovariectomy and the 

dorsal scalp for the cannulation. After shaving off the fur at both sites with a hair trimmer (Wahl 

Clipper Corporation, Canada), the underlying skin was cleaned as follows:  

Step 1: Germi-Stat Gel 4% chlorhexidine gluconate antimicrobial skin cleanser (Ceva 

Animal Health, Canada) 

Step 2: 91% isopropyl alcohol (Equate-Walmart, Canada) 

Step 3: Patient Pre-operative Skin Preparation Tincture Antiseptic Prep Gel (Ceva 

Animal Health, Canada).  
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A local anesthetic mixture was prepared with 0.15 ml of 5 mg/ml 0.5% bupivacaine 

hydrochloride (AstraZeneca Inc, Canada), 0.3 ml of 2% lidocaine hydrochloride USP (Wyeth 

Animal Health, Canada), and 0.45ml of saline solution (0.9% NaCl, Sigma-Aldrich, Canada). 

This mixture was subcutaneously injected at a volume of 0.02 ml into both surgical sites 

immediately before incision. 

2.2.2.1 Ovariectomies (OVX). All mice were ovariectomized to minimize the potentially 

confounding effects of circulating estrogen levels. A vertical midline incision was made on the 

sanitized dorsal lumbar skin surface, measuring 1.5 cm. The skin was gently pulled back and 

two 0.5 cm bilateral incisions were made in the muscles atop the ovarian fat pads. The ovary 

was then gently pulled out, and the arteries and oviduct clamped. The ovary and fat pad were 

then excised, with the clamp being left in place for approximately 10 seconds to allow for 

coagulation and termination of bleeding. A few drops of the local anesthetic mixture were then 

applied to the skin incision before closing it with 2 MikRon Autoclip 9 mm staples (MikRon 

Precision Inc., USA).  

2.2.2.2 Brain Cannulations. A 1.5x1.5 cm area of the cleaned dorsal scalp was 

removed, and 3% hydrogen peroxide (Equate-Walmart, Canada) was used to wipe away the 

underlying membrane. For accurate placement above the CA1 region of the dorsal 

hippocampus, bilateral cannulae were implanted 1.7 mm posterior to bregma, 1.5 mm lateral to 

midline, and 1.3 mm under the skull (Paxinos & Franklin, 2001). Two shallow holes were drilled 

just through the skull and a 26-gauge bilateral guide cannula (Plastics One, HRS Scientific, 

Canada) was inserted into each hole. Three more shallow holes were drilled at the perimeter of 

the incision and filled with jeweller’s screws (Plastics One, HRS Scientific, Canada) glued in 

place with all-purpose superglue (KrazyGlue, USA). These screws aided in the stabilization of 

an overlying dental cement head-cap (Central Dental Ltd., Canada). Following hardening of the 

headcap, a dummy cannula (Plastics One, HRS Scientific, Canada) was inserted within each 

guide cannula to protect from contaminants during recovery.  
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2.2.2.3 Recovery. Post-surgery, 0.5 ml of warmed saline was injected intraperitoneally 

to keep the mouse hydrated through recovery. Mice recovered from anesthesia within 10 

minutes and were monitored for at least 1 hour in a partially heated-bottom recovery cage with 

freely accessible rodent chow and water. Afterwards, they were single-housed in clean cages  

for 10-15 days before experimental testing.  

The day before the experiment, mice were moved into the experimental room to 

acclimate to the new environment. At this time, vaginal smears were taken with cotton swabs 

and transferred onto non-gelled slides (Frosted Beveled Edge Microscope Slides Precleaned, 

Fisher Scientific, Canada). To confirm successful ovariectomy, vaginal cytology was assessed 

at 20x magnification with an inverted microscope (LAXCO LMI-6000 Series Inverted, U.S.A). A 

successful ovariectomy was confirmed by the majority presence of leukocyte cells which is 

typical of the diestrous stage (Byers et al., 2012).  

2.2.3 Brain Microinfusions 

Microinfusion lines were constructed using Tygon 19 mm tubing (Fisher Scientific, 

Canada), 22-gauge needle tips (BD, Precision Glide, Fisher Scientific, Canada) and BD 

Intramedic PE tubing (Fisher Scientific, Canada). The lines were filled with ddH2O to utilize 

hydraulic pressure for infusion. One end of each line was attached to one of two 10 µl 700 

Series Hamilton syringes with an inner barrel diameter of 0.485 mm (Hamilton Company, USA) 

set into a microinfusion pump (PHD 2000, Harvard Apparatus, Canada). The other end of the 

line was fit onto one side of a bilateral hippocampal injector (Plastics One, HRS Scientific, 

Canada). Each mouse was gently restrained and had the other side of the injector inserted into 

their implanted cannula; this injector reached 1 mm past the end of the cannula. The mouse 

roamed freely during a 2 minute and 30 second infusion of either 50 nM E2 in aCSF or negative 

control vehicle aCSF, as per Phan et al. (2015). The infusion volume was 0.5 µl/hemisphere, 

with a rate of 0.2 µl/minute, and 50% force level. The injector was left for an additional 1 minute 
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to limit withdrawal of any drug or vehicle upon removal, and the mouse was then returned to 

their home cage for either a 15- or 40-minute timeframe. 

2.2.4 Euthanization, Brain Extraction, Freezing, and Storage 

Immediately following the end of the 15- or 40-minute home cage period, the mouse was 

euthanized via CO2 administration, followed by immediate decapitation and careful whole brain 

extraction. Brains were flash frozen in 2-methylbutane (Fisher Chemicals, USA) and then stored 

at -80ºC until sectioning.  

2.2.5 Brain Sectioning, Section Mounting, and Slide Storage 

Brains were positioned into a Leica CM1860 cryostat microtome (Leica Microsystems, 

Germany) set to -20ºC and sliced coronally in 20 µM sections. These sections were then 

mounted in pairs on microscopic slides (Frosted Beveled Edge Microscope Slides Precleaned, 

FisherBrand, Canada) coated with Vectabond Reagent tissue section adhesive (Vector 

Laboratories, Inc., USA) and then briefly dried for 10-30 minutes on a slide warmer at 42ºC 

(Azer Scientific Inc., USA) before storage at -80ºC. Sections were checked for accurate 

cannulae placements using a Zeiss Stemi 305 compact microscope at 1.0x magnification, 

guided by the atlas Mouse Brain with Coordinates (Paxinos & Franklin, 2001). 

2.2.6. Immunohistochemistry of Mouse Brain Sections 

2.2.6.1 Immunohistochemistry. Slides were removed from -80ºC and dried for 2 

minutes on a slide warmer at 42ºC. Then, the sections were fixed in 4% PFA in PBS for 10 

minutes, washed thrice in PBS for 10 minutes each, incubated in 10% NGS in PBS for 30 

minutes to block non-specific binding, before outlining the perimeter with a hydrophobic slide 

marker (Daido Sangyo, Japan). Then, the slides had 1:1000 Arc primary antibody in blocking 

solution applied at 500 µl/slide and were placed on a shaker at 4ºC for 18.5 hours. Then, the 

sections were washed thrice for 10 minutes each with PBS and then incubated in 500 µL/slide 

of 1:500 secondary antibody in blocking solution. The slides were left to rotate, protected from 

light with aluminum foil, at room temperature for 2 hours. At the end of the secondary antibody 
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incubation, 3 PBS washes of 10 minutes each were conducted with the second wash 

incorporating the nuclear marker 4′,6-diamidino-2-phenylindole (DAPI) at a dilution of 1:25000 in 

PBS. Finally, the sections were wet-mounted with Prolong Diamond Antifade Mountant (Life 

Technologies, USA) using rectangular glass coverslips (Thermo Scientific, Canada), and left to 

dry overnight laid flat and protected from light within a closed slide box. 

2.2.6.2 Imaging. Fluorescent images of the whole brain section immunostained for Arc 

and counterstained with DAPI were taken on a Nikon ECLIPSE Ti2-E inverted microscope, 

using a 40x magnification lens. Several images were taken in a 12x18 mm area encompassing 

the entire section and then stitched together with the Optimal Path function into a single image 

using NIS-Elements software (Nikon Instruments Inc., U.S.A).  

2.2.6.3 Statistical Analysis. Quantification and statistical analysis were conducted as in 

Sheppard et al. (2021). The image was transferred to Fiji, rotated 90 degrees, and a rectangular 

selection using the rectangle tool was drawn from the top of the stratum oriens to the bottom of  

 

 

Figure 5: Reference measurements for Experiment 1. Using Fiji software, a rectangular 
region of interest section nearby the tip of the injector was made ranging dorsally to ventrally 
from the stratum oriens to the dentate gyrus dorsal molecular layer, the latter of which was 
used as a background value for normalization for each hippocampal region. Average pixel 
line intensity values from the Plot Profile tool were averaged into segments corresponding to 
each hippocampal region as outlined above. This is a representative DAPI-stained image. 
DGL = dentate gyrus lower (ventral) granule cell layer, H = dentate gyrus hilus, DGU = 
dentate gyrus upper (dorsal) granule cell layer, MO = dentate gyrus dorsal molecular layer, 
LM = stratum lacunosum moleculare, SR = stratum radiatum, SP = stratum pyramidale, SO 
= stratum oriens, B = dentate gyrus ventral molecular layer/background. 
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the ventral blade of the dentate gyrus molecular layer (Figure 5). This region of interest (ROI) 

selection was standardized for all images and aligned to an intact region of the hippocampus 

nearby the tip of the injector. Then, the Plot Profile function, which calculates the average pixel 

intensity for the ROI, was used to quantify Arc expression within the rectangular section, with 

those values then transferred to Microsoft Excel (Microsoft, USA). Using a cropped version of 

this rectangular section, and the plot profile intensity values for the approximate start and end of 

each hippocampal region (dentate gyrus ventral granule cell layer, dentate gyrus hilus, dentate 

gyrus dorsal granule cell layer, dentate gyrus dorsal molecular layer, stratum lacunosum 

moleculare, stratum radiatum, stratum pyramidale, and stratum oriens) within the ROI were 

normalized by division using the average Arc pixel line intensity value for the dentate gyrus 

ventral molecular layer. Following verification that parametric assumptions were satisfied, the 

data from three separate biological replicates per treatment condition were then transferred to 

GraphPad Prism 9.1.0 for statistical analysis. In Prism, data were analyzed using fixed-factor, 

two-way ANOVA between the vehicle and E2 groups for each hippocampal region, with 

treatment as one factor with two levels (aCSF and 50 nM E2) and hippocampal region as the 

other factor. Two-way ANOVAs were conducted for both 15 minutes and 40 minutes, 

separately, along with Sidak’s multiple comparisons post hoc test when the ANOVA was 

significant. P-values were reported as both inequalities (i.e., * p < 0.05) as well as multiplicity 

adjusted p-values, which refer to p-values adjusted against Type I errors via correction of family-

wise comparisons via Sidak’s post hoc test (Wright, 1992; GraphPad Software, n.d.). 

2.3 Primary Cell Culture and Maintenance 

2.3.1 Coverslip Preparation, Dissection, and Plating 

Coverslip preparation, dissection, and plating were conducted as per Lalonde et al., 

2017. Briefly, for immunocytochemistry, 2 mm coverslips (Electron Microscopy Sciences, USA) 

were placed in a 24-well plate (Corning CoStar, Fisher Scientific, Canada) and coated in laminin 
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and poly-L-lysine (L+PLL) to promote neuron adhesion; for western blotting, a 6-well plate was 

directly coated in L+PLL, before a 16 hour incubation at 37ºC. Following this, the L+PLL was 

aspirated, washed twice with PBS, and complete neurobasal medium added to each well. 

Dissection was conducted following cervically-dislocated euthanization of a pregnant CD1 

mouse (Charles Rive Laboratories, Canada) at embryonic day 16. The lower abdomen of the 

mouse was sprayed with 70% EtOH and cut to expose the embryos—1 pregnant mouse usually 

gave 8-15 embryos. All embryos were transferred to a 10 cm plate (Corning, USA) containing 

10 ml of ice-cold 1x HBSS and removed from their amniotic sac. Following decapitation and 

removal of brains from the skull, careful dissection of each embryo’s cortex from the rest of the 

brain was conducted. Collected mixed-sex cortical tissue was kept in ice-cold 1x HBSS. After all 

embryos were processed, the cortical tissue was washed thrice with 10 ml of ice-cold HBSS. 

After the last wash, the tissue was collected in 2 ml of ice-cold HBSS and 200 µl of Trypsin-

EDTA solution and incubated for 15 minutes at 37ºC in a water bath. The supernatant was then 

removed, and the tissue washed twice with 10 ml of ice-cold HBSS to remove the Trypsin-

EDTA. After the last wash, 5 ml of ice-cold HBSS was added and the tissue pieces were 

triturated, strained, centrifuged at 200 x G for 5 minutes. The supernatant was then carefully 

aspirated, and the pellet was resuspended in 10ml of complete Neurobasal medium. The cells 

were counted using a TC20 Automated Cell Counter (BIO-RAD Technologies, Germany) and 

normalized to 1.0 x 106 cells/ml. Cells were incubated at 37ºC with 5% CO2 for 14 days in vitro. 

2.4 Experiment 2: Western Blotting of Primary Cortical Neurons 

2.4.1 Treatments and Cell Lysate Collection 

After 14 days in vitro, cells in the 6-well plates had their media fully aspirated and were 

immediately applied with 2 ml/well of room temperature 10 nM E2, 25 nM E2, 50 nM E2, 75 nM 

E2, 100 nM E2, (in aCSF vehicle), or aCSF vehicle alone for 15- or 40-minutes of exposure. 
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Immediately after treatment completion, the cells were briefly washed with 2 ml of sterile PBS 

and applied with 150 µl of lysis buffer, stored at -80ºC, then normalized with 2x Laemmli buffer.  

 2.4.2 Western Blotting  

Western blotting was conducted as per Lalonde et al. (2017). Briefly, lysates were boiled 

for 7.5 minutes at 95ºC, vortexed for 10 seconds, loaded onto a 12% Tris-glycine-SDS-

polyacrylamide agarose gel, and run at 100 volts for approximately 2 hours. The separated 

proteins were then transferred from the gel onto a 0.2 µm nitrocellulose membrane (BIO-RAD, 

Technologies Germany) at 0.35 amperes for 1 hour and 15 minutes. The transfer quality was 

checked through Ponceau staining, the membrane then blocked against non-specific binding 

with 5% milk in TBST for 30 minutes. Primary antibody solution was then applied in 5% skim 

milk powder in TBST and left to rotate at 4ºC for 2 nights (approximately 32-40 hours). Then it 

was washed thrice in TBST for 10 minutes each at room temperature, and then incubated at 

room temperature in a 1:5000 secondary antibody solution in 5% milk in TBST for 1 hour. After 

immunostaining, the membrane was washed thrice with TBST for 10 minutes each, and then 

incubated in the dark in enhanced chemiluminescence (ECL) Western Blotting Substrate 

(Pierce, Thermo Scientific, Canada) at a 1:1 ratio of luminol enhancer solution to peroxide 

solution for 5 minutes. Protein bands were visualized for each treatment condition using 

autoradiography. Successive probes for different proteins were conducted after three 10-minute 

washes in TBST. The following proteins were chosen because of several converging lines of 

evidence implicating them in estrogen-facilitated effects on short-term memory and dendritic 

spine morphology: Arc (1:2000 dilution) and p-S6 (1:2000) on the same membrane [loading 

control: -actin (1:10 000) for both], and p-ERK2 [1:2000; loading control: total ERK2 (1:5000)] 

and p-cofilin (1:1000; loading control: total cofilin (1:1000)] on the same membrane. All proteins 

used the same procedures and materials, except p-cofilin required a stronger, pre-mixed ECL 

solution (Immobilon Forte Western HRP Substrate, Millipore, USA) for enhanced visualization.  
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2.4.3 Statistical Analysis 

Autoradiographs of the western blots were digitally scanned at 300 dots per inch in black 

and white (Hewlett-Packard, Canada) and the resultant file opened in Fiji (Fiji is Just ImageJ, 

National Institutes of Health, U.S.A.). The rectangle tool was used to manually encompass each 

band to measure the pixel intensity, with the corresponding loading control selection used for 

normalization. Final intensity values were calculated from three separate biological replicates 

and then transferred onto GraphPad Prism 9.1.0. Due to the exploratory nature of the study, 

separate, paired, two-tailed Student’s t tests were performed between the aCSF vehicle and 

each E2 dosage. 

2.5 Experiment 3: Immunocytochemistry of Primary Cortical Neurons 

2.5.1 Treatments and Immunocytochemistry 

At DIV14, the 24-well plate had the media in the wells fully aspirated, and the 

dissociated cells immediately treated with 500 µl/well for 5 treatment conditions: exogenous, 

room-temperature solutions of 10 nM, 25 nM, 50 nM, 75 nM E2 in artificial cerebrospinal fluid 

(aCSF), and a control vehicle of aCSF, for 15- or 40-minutes. Cells were then fixed for 15 

minutes by addition of 500 µl of 8% PFA for a final 4% concentration/well. The solution was then 

aspirated, and the cells washed thrice for 5 minutes each with PBS. Following the last wash, the 

PBS was aspirated, Arc (1:2000 dilution) and Map2 (1:1000) primary antibody solution applied, 

and the plate left to rotate for 32-40 hours at 4ºC. The primary antibody solution was then 

aspirated, and the cells washed thrice with PBS for 5 minutes each and then incubated in 

secondary antibody solution (1:5000 for both Arc and Map2) at room temperature for 2 hours, 

protected from light with aluminum foil. After incubation, the secondary antibody solution was 

aspirated and the cells were washed thrice with PBS for 5 minutes each, with the middle wash 

containing 1:25000 DAPI in PBS. After the last wash, the coverslips were wet-mounted with 
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Prolong Glass Antifade Mountant (Invitrogen, Thermo Fisher Scientific, Canada) and left to dry 

overnight laid flat and protected from light in a closed slide box.   

2.5.2 Imaging  

To minimize variability in signal intensity, images were taken of each treatment condition 

the day after mounting, and all images were taken of each biological replicate on the same day. 

Images were captured with the Nikon ECLIPSE Ti2-E inverted microscope using a 20x 

magnification lens (Nikon Instruments Inc., USA) and a 50-millisecond exposure time, with 

Map2 in the green fluorescent protein (GFP) filter and Arc in the red fluorescent protein (RFP) 

filter. A single image was created using NIS-Elements software (Nikon Instruments Inc., USA) 

by taking multiple images in a 15x15 mm area and then were stitched together using the 

Optimal Path function into one image encompassing most of the coverslip using the Large 

Image function. Then, approximately 10 intact neurons were randomly chosen per replicate (for 

an approximate total of 25-30 neurons across three biological replicates), and their primary 

dendrite manually sectioned into 25 µm segments using the Measurements and Annotations 

multipoint tool. Then the Automatic Binary tool was used to trace the outline of the dendrite, with 

touch-ups conducted manually using the Binary toolbox to increase the accuracy of the tracing. 

This binary selection was then segmented following 25 µm measurement markers and 

converted to multiple Polygon Region of Interest (ROI) sections using the Binary to ROI tool. 

The soma was ROI1, and each successive dendritic 25 µm segment thereafter followed 

chronologic labelling: ROI2 = 0-25 µm, ROI3 = 25-50 µm, ROI4 = 50-75 µm, ROI5 = 75-100 µm, 

ROI6 = 100-125 µm, and ROI7 = 125-150 µm. These values were normalized via dividing by the 

value of a 10 x 10 pixel (3.33x3.33 µm) square ROI (ROI8) within 10 µm of the dendrite as a 

background section not containing any visible dendritic or somatic segments from other neurons 

(Figure 6). The ROI Statistics function was used to measure the mean pixel intensity of Arc 

fluorescence within the RFP filter for each ROI. These values were transferred onto GraphPad 

Prism wherein three types of statistical analyses were conducted: 1) Average dendritic Arc 
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expression was determined by averaging the normalized pixel intensity of Arc for all dendritic 

ROI regions (ROI2 to ROI7) per E2 dosage condition, 2) Somatic Arc expression was 

determined by averaging all normalized Arc pixel intensity within the soma per E2 dosage 

condition, and 3) Dendritic regional Arc expression determined by averaging the normalized Arc 

pixel intensity per 25 µm segment per E2 dosage condition. 

 

2.5.3 Statistical Analysis 

In GraphPad Prism, Arc protein expression from the average dendritic data as well as 

somatic data did not satisfy parametric assumptions and thus nonparametric, unpaired Mann-

Whitney U tests were conducted between the control aCSF and each concentration of E2. For 

the dendrite segment analyses, data satisfied parametric assumptions, and thus, fixed-factor, 

two-way ANOVA was conducted, with treatment as one factor with 6 levels (aCSF, 10 nM E2, 

 

Figure 6: Representative immunocytochemistry image of a measured neuron. A 
representative image of the measurement workflow for Experiment 2. Using the Map2 
immunofluorescence of the dendritic cytoskeleton in the GFP filter (left), a combination of 
manual and automatic region of interests were outlined of the neuron, with the soma a 
separate ROI from the dendrite, which itself was sectioned into 25 µm ROI segments. The 
labels above indicate the final length of each segment (i.e., 25 µm above refers to the 
segment 0-25 µm from the soma). The mean Arc fluorescence intensity of each ROI was 
calculated by dividing the mean pixel intensity of the ROI by the mean pixel intensity of a 
nearby 10x10-pixel (px) area in the RFP filter showing the Arc immunofluorescence (right). 
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25 nM, 50 nM, 75 nM, and 100 nM E2 in CSF) and dendritic region as the other factor. This was 

followed by Dunnett’s multiple comparisons post hoc test comparing the mean Arc fluorescence 

intensity of the vehicle to each E2 dosage, per 25 µm segment.  

2.6 Experiment 4: Arc Inhibition: Short-Hairpin RNA Plasmid and 
Lentiviral Vehicle  

2.6.1 Short Hairpin RNA Plasmid Production 

All lentivirus work was conducted in the Lalonde Laboratory’s Biosafety Level 2 facility at 

the University of Guelph with all appropriate safety precautions. In order to create an shRNA 

plasmid library for future use, as well as to have multiple sequences to choose from for this 

study, three oligonucleotide short hairpin RNA (shRNA) sequences targeting the Arc gene 

[Table 2; pSicoR system; Ventura et al. (2004)] as well as a scrambled control sequence 

(pSicoR-Arc Control shRNA, pSicoR Arc shRNA #1, pSicoR Arc shRNA #2, pSicoR Arc shRNA 

#3)—each 19 nucleotides in length—were purchased from Addgene (Sigma Aldrich, USA). The 

Arc #1 and scrambled control sequences aligned with those used by Liu et al. (2012) and target 

upstream of the mouse U6 promotor (GenBank ID: NM018790). Sequences were annealed and 

then amplified via polymerase chain reaction (PCR) at 95ºC for 4 minutes, 70ºC for 10 minutes, 

and cooled down at 4ºC. Annealed oligonucleotides were then ligated onto an HpaI-XhoI-

digested pSicoR plasmid containing a non-fusion GFP marker and an ampicillin-resistant gene, 

and the ligated plasmid transformed into DH5-Competent E. coli cells (New England BioLabs, 

Canada) as per the manufacturer’s guidelines onto ampicillin-containing LB agarose plates. If 

bacterial colonies had grown in the ampicillin-containing medium, that verified that they had 

been successfully transformed with the ampicillin-resistant pSicoR plasmid. To culture, extract, 

and purify the plasmid DNA, a miniprep was performed next with the QIAprep Spin DNA 

Miniprep Kit (Qiagen, Germany) as per the manufacturer’s guidelines. Validation for positive 

clones of pSicoR plasmid DNA containing the Arc or control sequences was done with 2% 

agarose gel electrophoreses with positive clones appearing about 50 base pairs (bp) larger than 
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an empty pSicoR vector fragment (approximately 400 bp versus 350 bp). The samples were 

also then verified for DNA purity with a spectrophotometer as well as sequence verified using 

Sangar sequencing, before maxipreparation using the QIAGEN Plasmid Maxi-Kit (QIAGEN, 

Germany) as per the manufacturer’s guidelines, before verification of DNA purity and sequence.  

Table 2: Oligonucleotide Sequences 

Oligonucleotide Name Oligonucleotide Sequence  
(Sense strand 5’-3’) 

pSicoR Arc Control shRNA TTCTCCGAACGTGTCACGT  

pSicoR Arc shRNA #1  GCTGATGGCTATGACTATA 

pSicoR Arc shRNA #2 GGGTGGCTCTGAAGAATAT 

pSicoR Arc shRNA #3 GCACCCCACTGCCCACAGA 

Forward Sequencing Primer  
(maps immediately upstream the mouse U6 promotor) 

TGCAGGGGAAAGAATAGTAGAC  
 

2.6.2 Lentivirus Production 

The shRNA plasmids were transduced into Neuro2a cells overexpressing wild-type (WT) 

Arc-Myc-FLAG (N2a; Lalonde et al., 2017) cells using the Lenti-X Lentiviral Vector System 

(Takarabio, CA., U.S.A), as per the manufacturer’s guidelines. The lentiviral supernatants were 

concentrated with Lenti-X Concentrator (TakaraBio, USA) and resuspended in 1 ml ice-cold, 

sterile PBS. To protect from viral particle loss due to freeze-thawing, the viral supernatants were 

immediately used in a transduction experiment to analyze Arc inhibition. 

2.6.3 Lentivirus Transduction into a Neuro2a Stable Cell Line Expressing Arc 

One week prior to transduction, N2a cells were thawed and passaged twice at 2-day 

intervals to remove all traces of freezing media, preceding plating in each well of an uncoated 6-

well plate at approximately 1.00 x 106 cells/well: 3 replicates each for pSicoR Arc Control 

shRNA and pSicoR Arc shRNA #1. The cells were incubated at 37ºC with 5% CO2 for about 16 

hours for attachment prior to the viral supernatants being applied at 100 µl/well. The cells were 

then incubated for 48 hours at 37ºC with 5% CO2 to allow the viral particles to reach the highest 

transduction efficiency into the N2a cells.  
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2.6.4 Western Blotting and Statistical Analysis 

 Western blotting analysis to confirm shRNA-mediated Arc inhibition was conducted on 

cells as described in section 2.3, using one-tailed, paired Welch’s t test. 

2.6.5 Imaging and Statistical Analysis 

 Preliminary analysis imaging of the 24-well plate N2a cells was conducted to confirm 

successful inhibition of Arc protein translation with the lentiviral pSicoR plasmid, as per sections 

2.2, 2.2.1, and 2.2 2, using Myc antibody (1:1000). The pSicoR plasmid had a GFP gene within 

it, so N2a cells transduced with the viral plasmid fluoresced green under the microscope’s GFP 

filter. As there was only one usable replicate for this test with very few surviving cells, statistical 

analysis was not performed, and images taken were used solely for visual presentation 

purposes. 
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3. Results 

 All experimental data was verified for satisfaction of parametric assumptions; in cases 

where assumptions were violated, the appropriate non-parametric test was used. All analysis 

was conducted by one person and blind to the conditions for Experiment 1, but Experiment 2, 3, 

and 4 were conducted unblinded due to the nature of the experiment.  

3.1 Experiment 1: Immunohistochemical Analysis of Arc Expression 

in the 17-Estradiol-Treated Mouse Brain 

3.1.1 Mouse Dorsal Hippocampus Cannulae Placements 

 The spatial location of the cannulae and injectors were assessed to confirm accurate 

positioning in the dorsal hippocampus, only placements accurately positioned within the dorsal 

hippocampus were used for analysis. The position of the tip of the injector for each mouse is 

noted (open circle) in the hemisphere that was immunohistochemically analyzed (Figure 7). 

3.1.2 Effects of 17-Estradiol on Arc Expression in the Dorsal Hippocampus 

 Normalized Arc protein expression was calculated within a rectangular ROI section 

1100x69 microns in size nearby the injector for the following segments of the dorsal 

hippocampus (Figure 7): dentate gyrus lower (ventral) granule cell layer (DGL), dentate gyrus 

hilus (H), dentate gyrus upper (dorsal) granule cell layer (DGU), dentate gyrus dorsal molecular 

layer (MO), stratum lacunosum moleculare (LM), stratum radiatum (SR), stratum pyramidale 

(SP), and stratum oriens (SO). Due to tissue damage on some slices and the microscope 

software unexpectedly overlaying a dark checkered pattern on each image, a standard distance 

for the ROI placement from the injector location was not possible, however all ROIs were within 

approximately 1000µm from the injector. Fixed-factor, two-way ANOVA for 15 minutes post-E2 

administration showed the main effect of treatment as significantly decreased for 50 nM E2 

(F(1,32) = 6.43, p = .016), the main effect of hippocampal region not significant (F(7,32) = .95, p 

=.481), and the treatment x region interaction effect was not significant (F(7,32) = .28, p = .955). 

Further analysis with Sidak’s multiple comparisons test and adjusted p-values showed no 
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Artificial Cerebrospinal Fluid–15 minutes  

                      -2.80 mm                              -2.06 mm                             -2.46 mm 

                       

Artificial Cerebrospinal Fluid–40 minutes 

                    -2.54 mm                      -2.46 mm         -2.54 mm 

                   
 

50nM 17-Estradiol in Artificial Cerebrospinal Fluid–15 minutes  

                      -2.46 mm           -2.06 mm          -2.30 mm 

                    
 

50nM 17-Estradiol in Artificial Cerebrospinal Fluid–40 minutes  

                      -1.94 mm                              -2.80 mm         -2.355 mm 

                                            
 
Figure 7: Cannulae placements. Coordinates for the placement of a dorsal hippocampal 
injector in relation to bregma. Distance posteriorly from bregma is indicated on the top of 
each image, with open circles representing the tip of the injector. Images adapted from The 
Mouse Brain in Stereotaxic Coordinates (Paxinos & Franklin, 2001). Sample size for each 
condition was n = 3 biological replicates.  
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significant differences between vehicle and control at any hippocampal region: DGL: t = 1.25, df 

= 32, p = .863, H: t = 1.87, df = 32, p = .446, DGU: t = 1.02, df = 32, p = .952, MO: t = .57, df = 

32, p =  .999, LM: t = 1.01, df = 32, p = .955, SR: t = .86, df = 32, p = .982, SP: t = .11, df = 32, p 

> .9999, SO: t = .48, df = 32, p = .9997. For 40 minutes post-E2 administration, the main effect 

of treatment showed no statistical significance (F(1,32) = 1.475, p = .233). The main effect of 

hippocampal region was significantly decreased Arc expression for 50 nM E2 (F(7,32) = 23.35, p 

< .001), but there was no statistically significant interaction effect of treatment on hippocampal 

region between vehicle and E2 (F(7,32) = .95, p = .487). Sidak’s multiple comparisons post hoc 

test showed no significance for any of the hippocampal regions between vehicle and E2: DGL: t 

= 2.28, df = 32, p = .211, H: t = .16, df = 32, p > .9999, DGU: t = 1.15, df = 32, p = .908, MO: t = 

.89, df = 32, p =  .978, LM: t = .35, df = 32, p > .9999, SR: t = .33, df = 32, > .9999, SP: t = .65, 

df = 32, p = .997, SO: t = .28, df = 32, p > .9999. In the separate analysis of the average Arc 

expression throughout the DH rectangular ROI spanning the DGL, H, DGU, MO, LM, SR, SP, 

and SO, there were also no differences between the vehicle and treatment for both 15 minutes 

(t = 1.35, df = 3.128, p = .266) and 40 minutes (t = .55, df = 2.579, p =.626; Figure 8). 

3.2  Experiment 2A: Western Blot Analysis of the Effects of 17-
Estradiol on Arc Expression in Mouse Primary Cortical Neurons  

Arc protein expression was analyzed using western blot densitometry for mouse primary 

cortical neurons, matured to 14 days in vitro, after application of either the aCSF vehicle control 

or E2 concentrations of 10 nM, 25 nM, 50 nM, 75 nM, or 100 nM, at 15- and 40-minutes post-

application (Figure 9). For 15 minutes, the -actin normalized data from pairwise, two-tailed 

Student’s t-test from three biological replicates showed a significant increase in Arc expression 

compared to vehicle for experimental groups 50 nM (t = 4.945, df = 2, p =.039), and 75 nM (t =  

19.99, df = 2, p =.003), but not for 10 nM (t = .297, df = 2, p =.795), 25 nM (t = 2.976, df = 2, p 

=.097) and 100 nM (t = .517, df = 2, p =.657). There was a characteristic inverted U-shaped 
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curve for the E2 dose-response (Srivastava et al., 2013). Surprisingly, the data from the 40-

minute condition showed the opposite, with an upright U-shaped curve dose-response, with the 

25 nM E2 condition showing a significant decrease in Arc expression in E2-treated cells 

A                                                                                B 

        

C              D 

      

Figure 8: Effects of intrahippocampal 17-estradiol on Arc expression in the mouse dorsal 

hippocampus. Arc expression following 15 or 40 minutes of intrahippocampal 17-estradiol 
administration as a function of the average Arc fluorescence within a segmented (A, B) or 
averaged (C, D) rectangular ROI of the dorsal hippocampus, normalized to background Arc 
fluorescence in the ventral molecular layer of the dentate gyrus. There were four conditions: 
aCSF 15 minutes, 50 nM E2 15 minutes, aCSF 40 minutes, 50 nM E2 40 minutes, with 
sample size n = 3 biological replicates/condition, colour coded as vehicle in black and 50 nM 
E2 in white. Dendritic segment p-values are only reported in text for brevity; fixed-factor, 
ordinary two-way ANOVA. Average dendritic Arc expression in the whole ROI section for 
both 15 minutes and 40 minutes did not show a significant difference compared to vehicle 
(two-tailed Welch’s t test, p = .266 and p = .626, respectively). DGL = dentate gyrus lower 
(ventral) granule cell layer, H = dentate gyrus hilus, DGU = dentate gyrus upper (dorsal) 
granule cell layer, MO = dentate gyrus upper (dorsal) molecular layer, LM = stratum 
lacunosum moleculare, SR = stratum radiatum, SP = stratum pyramidale, SO = stratum 
oriens. Mean ± standard error measurement (SEM). 
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compared to vehicle (t = 4.319, df = 2, p =.0497), with 10 nM (t = .708, df = 2, p =.553), 50 nM (t 

= .800, df = 2, p =.508), 75 nM (t = .270, df = 2, p =.812), and 100 nM (t = 1.178 , df = 2, p = 

.360), being nonsignificant (Figure 9).  

See Appendix A for results from Experiment 2B: Western Blot Analysis of the Effects of 

17-Estradiol on P-ERK1/2, P-RPS6, and P-Cofilin at 15- and 40-Minutes.

3.3 Experiment 3: Immunocytochemistry Analysis of the Effects of 

17-Estradiol on Arc Expression in Mouse Primary Cortical Neurons  

Changes in Arc expression following acute E2 administration for 15- and 40-minutes via 

two-tailed Mann-Whitney U tests were performed. The values for Arc protein expression 

averaged across the 150 µm dendrite were significantly lower compared to aCSF vehicle 

A                                                                                              B 

         

Figure 9: 17-estradiol-induced effects on Arc expression in mouse primary cortical cells. 
Western blot densitometry analysis of the effect on Arc protein expression following acute 

administration for 15 minutes (A) and 40 minutes (B) of multiple dosages of 17-estradiol (10 
nM, 25 nM, 50 nM, 75 nM, and 100 nM diluted in aCSF) on DIV14 mouse primary cortical 
cells. Densitometry is presented as the ratio of Arc protein band expression over the loading 

control -actin band expression for each condition, averaged for sample size, n, of 3 
biological replicates. For 15 minutes of E2 exposure, 50 nM E2 (p = 0.039) and 75 nM E2 (p 
= 0.003) showed statistically significant increases of Arc expression compared to vehicle 
(two-tailed Student’s t-test) whereas 10 nM E2 (p = 0.795), 25 nM E2 (p = 0.097), and 100 
nM E2 (p = 0.657) did not show significance. For 40 minutes of E2 exposure, only 25 nM E2 
(p = 0.0497) showed statistically significant changes of Arc protein expression, now 
decreased compared to vehicle (two-tailed Student’s t-test) whereas 10 nM E2 (p = 0.553), 
50 nM E2 (p = 0.508), 75 nM E2 (p  = 0.812),  and 100 nM E2 (p = 0.360) did not show 
significant differences. *p < 0.05, **p < 0.01. Mean ± standard error measurement (SEM). 
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following 15 minutes of E2 acute administration for 10 nM E2 (U = 202.0, MV = 1.449, MT = 

1.218, p = .020), but not for 25 nM E2 (U = 310.0 , MV = 1.449 , MT = 1.429 , p = .370), 50 nM 

E2 (U = 346.0 , MV = 1.449, MT = 1.431, p = .633), and 75 nM E2 (U = 271.0 , MV = 1.449, MT = 

1.282, p = .115). In the 40 minute condition, there were no significant differences between 

vehicle and any E2 dosage: 10 nM E2 (U = 363.0, MV = 1.305, MT = 1.366, p = .281), 25 nM E2 

(U = 305.0, MV = 1.305, MT = 1.502, p = .074), 50 nM E2 (U = 338.0, MV = 1.305, MT = 1.429, p 

= .144), and 75 nM E2 (U = 417.0, MV = 1.305, MT = 1.383, p = .963). Within the soma, following 

15 minutes of acute E2 exposure at several concentrations, there was significantly lower Arc 

expression compared to vehicle for 75 nM E2 (U = 246.0, MV = 2.162, MT = 1.677, p = .044) but 

not at any other dosage: 10 nM E2 (U = 238.0, MV = 2.162, MT = 1.777, p = .104), 25 nM E2 (U 

= 260.0, MV = 2.162, MT = 1.716 , p = .077), 50 nM E2 (U = 373.0, MV = 2.162, MT = 2.173, p = 

.980). Somatic data for 40 minutes showed no significant effect of E2 on Arc expression 

compared to vehicle at all dosages tested: 10 nM E2 (U = 329.0, MV = 2.535, MT = 2.066, p = 

.110), 25 nM E2 (U = 382.0, MV = 2.535, MT = 2.094, p = .557), 50 nM E2 (U = 366.0, MV = 

2.535, MT = 1.851, p = .301), and 75 nM E2 (U = 298.0, MV = 2.535, MT = 1.885, p = .057). MV = 

median of vehicle column, MT = median of treatment column (Figure 10). Note that all conditions 

showed characteristic U-shaped curves as in Experiment 1 (Srivastava et al., 2013) but 

surprisingly inverted between the two timepoints except for the soma-only conditions; these 

findings are discussed in the Discussion. Further analysis at 15- and 40-minutes following acute 

E2 administration used fixed-factor, two-way ANOVA to investigate regional differences in Arc 

protein expression between vehicle and treatment conditions, revealing varying levels of Arc 

accumulation across the dendrite (Figure 11). At 15 minutes, there was a significant main effect 

of treatment (F(4, 804) = 9.928, p < .001), a nonsignificant main effect of distance from soma (F(5, 

804) = .370, p = .869), and a nonsignificant interaction effect (F(20, 804) = .342, p = .997). Dunnett’s 

multiple comparisons test with multiplicity-adjusted p-values revealed that 10 nM E2 was 
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significantly decreased compared to aCSF vehicle in distal dendritic regions with no significant 

changes in Arc expression occurring in proximal regions: 10 nM E2 vs. vehicle, distance from 

the soma: 0-25 µm p = .528, 25-50 µm p = .098, 50-75 µm p = .043, 75-100 µm p = .069, 100-

A                  B 

                               
                                                                                                
C                              D               

                               

      

Figure 10: 17-estradiol-induced effects on average dendritic and somatic Arc expression 
15- and 40-minutes post-acute administration. Normalized Arc protein expression levels 

post-acute administration of 17-estradiol for separate 15-and 40-minute experiments, for 
E2 dosages of 10 nM, 25 nM, 50 nM, and 75 nM diluted in aCSF. Arc protein fluorescence 
was quantified using the mean pixel intensity of region of interest (ROI) sections as: dendritic 
(A, B) = the average of mean Arc fluorescence of six 25µm by length segments, starting 
from the soma to 150 µm down the dendrite, soma (C, D) = mean Arc fluorescence of one 
region of interest covering the soma. All values of Arc fluorescence of the ROIs were 
background-normalized by dividing by the mean Arc fluorescence pixel intensity of a 10x10 
pixel ROI nearby the dendrite. Sample sizes are represented by n within a total of three 
biological replicates per condition. The p-values for each condition are only discussed in the 
text for brevity. All statistical analyses were performed using two-tailed Mann-Whitney U 
tests. *p < 0.05, **p < 0.01. Mean ± SEM. 
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125 µm p = .024, 125-150 µm p = .004.  Although this effect was not significant at other E2 

dosages, there was an inverted U-shaped response curve as is characteristic for E2 dose 

responses (Srivastava et al., 2013): 25 nM E2 vs. vehicle, distance from the soma: 0-25 µm p = 

.787, 25-50 µm p = .589, 50-75 µm p = .420, 75-100 µm p = .300, 100-125 µm p = .434, 125-

150 µm p = .188; 50 nM E2 vs. vehicle, distance from the soma: 0-25 µm p = .502, 25-50 µm p 

= .318, 50-75 µm p = .988, 75-100 µm p = .663, 100-125 µm p = .672, 125-150 µm p = .841; 75 

nM E2 vs. vehicle, distance from the soma: 0-25 µm p = .543, 25-50 µm p = .094, 50-75 µm p = 

.074, 75-100 µm p = .175, 100-125 µm p = .192, 125-150 µm p = .148). At 40 minutes, there 

was a significant main effect of treatment (F(4, 852) = 8.284, p < .001), a nonsignificant main effect 

A                  B 

              
 

Figure 11: 17-estradiol-induced regional dendritic Arc expression 15- and 40-minutes post-
acute administration. Normalized Arc protein expression levels post-acute administration of 

17-estradiol on DIV14 mouse primary cortical neurons for (A) 15- and (B) 40-minute 
timepoints for E2 concentrations of 10 nM, 25 nM, 50 nM, and 75 nM diluted in aCSF. 
Background-normalized Arc fluorescence was quantified using the mean pixel intensity of 25 
µm by length region of interest (ROI) segments measured from the soma to 150 µm down 
the dendrite. Segments ranged from 0-25 µm, 25-50 µm, 50-75 µm, 75-100 µm, 100-125 
µm, and 125-150 µm from the soma. Sample sizes are represented as n, per concentration, 
for a total of 3 biological replicates. Compared to vehicle at 15 minutes, 10nM E2 had 
increasingly significant decreases in Arc expression only at regions of the dendrite relatively 
distal from the soma (50-75 µm p = .043; 100µm-125 µm p = .024; 125-150 µm, p = .004), 
whereas there were no significant differences in Arc expression for any other E2 dosage at 
any dendritic distance (all other p-values only in text for brevity). Forty minutes following E2 
administration, only the 25nM E2 dosage showed statistically significant changes compared 
to vehicle, and only 50-75µm from soma, with an increase in Arc protein expression (p < 
0.001). Fixed-factor, ordinary, two-way ANOVA with Dunnett’s multiple comparisons test. 
Mean ± SEM.  
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of distance from soma (F(5, 852) = 1.344, p = .243), and a nonsignificant interaction effect (F(20, 852) 

= .731, p = .796). Interestingly, at 40 minutes—again showing an upright U-shaped curve—only 

25 nM E2 showed significant increases in Arc expression compared to vehicle: 10 nM E2 vs. 

vehicle, distance from the soma: 25 nM E2 vs. vehicle, distance from the soma: 0-25 µm p = 

.109, 25-50 µm p = .950, 50-75 µm p < .001, 75-100 µm p = .141, 100-125 µm p = .447, 125-

150 µm p = .264, with nonsignificant increases for the other E2 dosages: 10 nM E2 vs. vehicle, 

distance from the soma 0-25 µm p = .185, 25-50 µm p = .178, 50-75 µm p = .565, 75-100 µm p 

= .493, 100-125 µm p = .759, 125-150 µm p = .814; 50 nM E2 vs. vehicle, distance from the 

soma: 0-25 µm p = .610, 25-50 µm p = .782, 50-75 µm p = .693, 75-100 µm p = .559, 100-125 

µm p = .862, 125-150 µm p = .704; 75 nM E2 vs. vehicle, distance from the soma: 0-25 µm p = 

.777, 25-50 µm p = .999, 50-75 µm p = .996, 75-100 µm p = .982, 100-125 µm p = .976, 125-

150 µm p = .9997. 

3.4 Experiment 4: Lentiviral shRNA Arc Knockdown in N2a-Arc-Myc-
FLAG Cells 

Three oligonucleotides coding for shRNAs targeting distinct regions of mouse Arc 

(shRNA #1, 682-700; shRNA #2, 892-909; shRNA #3, 1298-1316) and a scrambled control 

sequence were annealed and cloned in the lentiviral pSicoR vector. HpaI-XbaI double digest of 

selected clones was used to confirm ligation of each sequence (Figure 12). All constructs were 

also verified by DNA sequencing. 

Figure 13 shows representative immunocytochemistry images from a preliminary 

transduction test of lentiviral shRNA on mouse primary cortical cells; GFP-expressing neurons 

are positive for the shRNA plasmid construct; RFP filter shows anti-Arc antibody expressing 

neurons. Note the surprising Arc inhibition in the control shRNA condition compared to the 

condition with no shRNA and no BDNF as well as the no shRNA and BDNF condition, likely a 

random effect rather than inhibition from the shRNA itself. 
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Due to this issue, added to time and logistical constraints, further replicates of this 

immunocytochemistry analysis were not conducted. Similarly, only the pSicoR Arc Control 

shRNA and the pSicoR Arc shRNA #1 were tested with western blot analysis for efficacy of 

inhibiting Arc protein translation using N2a cells constitutively expressing Arc-Myc-FLAG. A 

statistically significant decrease in Arc expression within the Arc shRNA transduced cells was 

not seen in order to confirm efficacy (Figure 14), however, there was a downward trend of the 

pSicoR Arc shRNA #1 compared to the scrambled control (t = 2.070, df = 2, p = .087).  

 

Figure 12: Validation of successful shRNA positive plasmids. Using 2% agarose gel 
electrophoreses, verification of the shRNA library for successful insertion of each shRNA 
into the pSicoR plasmid was conducted. The left-most lane shows the empty pSicoR 
plasmid fragment at 396 base pairs (bp) of length, followed by the DNA ladder, the 
scrambled shRNA control, Arc shRNA #1, Arc shRNA #2, and Arc shRNA #3 fragments, 
followed by another DNA ladder lane. The scrambled control and all three Arc shRNAs show 
as positively clones as they all appear approximately 50 bp larger (344 bp) than the empty 
plasmid. 
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                      A                               B                                C                                D    

     

Figure 13: Representative immunocytochemistry of shRNA transduction in mouse 
primary cortical cells. A representative image comparing mouse primary cortical neurons 
in GFP (shRNA plasmid construct-positive) and RFP (Arc protein) filters for the following 
four conditions: A) No virus + no BDNF treatment, B) No virus + 6 hour BDNF inducing 
robust Arc expression, C) Control shRNA for 48 hours + BDNF treatment for 6 hours, and 
D) Arc shRNA #2 for 48 hours + BDNF treatment for 6 hours. White arrowheads = 
representative neurons. 
 

             
 

Figure 14: Myc-tagged Arc expression in lentiviral Arc shRNA-transduced N2a-Arc-Myc-
FLAG cells. Arc protein expression was visualized via a Myc tag on Arc on Neuro2a-Arc-
Myc-FLAG-tagged cells transduced with the pSicoR Arc shRNA #1 plasmid. Sample size is 
represented by n for three replicates. There was no statistically significant difference on 
Arc expression between the pSicoR Arc Control and the pSicoR Arc shRNA #1, but a trend 
towards decreased Arc expression was evident for the latter. Paired one-tailed, Student’s t-
test, p = .087. Mean ± standard error measurement. (SEM). 
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4. Discussion  

4.1 Experiment 1: Effects of 17-Estradiol on Arc Expression in the 
Dorsal Hippocampus  

Intrahippocampal administration of 17-estradiol at a 50 nM dosage—previously found 

to facilitate short-term memory such as social recognition, as well as spinogenesis within the 

stratum radiatum and stratum oriens in ex vivo hippocampal slices of mice who did not learn a 

task (Phan et al., 2015; Sheppard, 2021)—did not, as we hypothesized, significantly increase 

Arc protein expression within these or other dorsal hippocampus subregions; surprisingly, we 

found a significant reduction in Arc expression within 15 minutes in the DH after E2 

administration, but it was not detectable at 40 minutes, or strong or localized enough to be 

detectable within a particular DH subregion using post hoc analysis at both 15- and 40-minute 

timepoints. These results suggest that E2 downregulates Arc in vivo, downregulating AMPAR 

endocytosis (Chowdhury et al. 2006); consistent with synapses being actively silenced and 

transient following E2 treatment (Srivastava et al., 2008; Phan et al., 2015). 

Experiment 1 investigated Arc protein expression within the dorsal hippocampus with 

immunohistochemical techniques in regions that include not only neurons but also glial cells, 

where Arc is also found (Rodriguez et al., 2005)—recent analyses account for an approximately 

1:1 ratio of glia with neurons in the brain (von Bartheld et al., 2016), and there are documented 

rapid E2 effects on astrocytes (Micevych et al., 2010). Further, Arc has been implicated in 

transport within the interneuronal space (Pastuzyn et al., 2018). Thus, Arc expression within 

glial cells and the intercellular space may confound our analysis which focuses on neuron-

specific Arc expression. Although our primary cortical culture protocol does not account for 

steps inhibiting the expression of glia, primary cultures have very low (i.e., < 5%) or no glial cell 

content (Sahu et al., 2019). Consequently, we next employed a neuron-focused approach to 
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analyzing differences in E2-induced Arc expression through western blot densitometry analyses 

in mouse primary cortical culture.  

4.2 Experiment 2: Western Blot Analysis of the Effects of 17-
Estradiol on Arc Expression in Mouse Primary Cortical Cells 

There was an increase in Arc protein expression after 15 minutes of exposure to 50 nM 

or 75 nM of E2. These dosages have previously facilitated short-term memory as well as 

spinogenesis in ex vivo hippocampal slices of non-learning mice (Phan et al., 2015; Sheppard et 

al., 2021) but are higher than the effective dose used in other primary cortical and hippocampal 

cell studies, which only find significant increases in protein expression (including Arc) for 10 nM 

E2 in western blot and immunocytological analysis (Srivastava et al., 2008; Sanchez et al., 

2009; Sarkar et al., 2010; Srivastava et al. 2011; Briz & Baudry, 2014; Sellers et al., 2015). 

Nevertheless, we do see the inverted U-shaped dose-response curve typical of E2’s effects 

within the brain (Srivastava et al., 2013), and our 10 nM E2 data have a relatively large standard 

error (SE) compared to the other treatment conditions (10 nM E2 SE = .093;  25 nM E2 SE = 

.043; 50 nM E2 SE = .035; 75 nM E2 SE = .008; 100 nM E2 SE = .071), possibly masking a real 

difference and advocating for larger sample sizes in future studies. Interestingly, by 40 minutes, 

Arc protein is downregulated within an upright U-shaped dose response curve, with only the 25 

nM E2 significantly reducing Arc levels.  

Our findings here are in concert with the idea of nascent spinogenesis and mEPSC 

frequency downscaling within a 15- to 30-minute window after E2 application (Srivastava et al., 

2008; Phan et al., 2015; Sheppard et al., 2021) mediated by Arc’s role coordinating AMPA 

receptor endocytosis (Chowdhury et al., 2006). The decrease in Arc by 40 minutes aligns with 

the timing of AMPAR endocytosis downregulation and reinsertion into the same cortical spines 

they translocated from, mEPSCs returning to baseline levels, and nascent spines retracting into 

the dendritic shaft by 45- to 60-minutes post-E2 (Srivastava et al., 2008; Phan et al., 2015). The 

speed of this inversion in Arc protein expression (upregulation at 15 minutes preceding 
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downregulation at 40 minutes) following E2 is in agreement with Arc’s tightly regulated 

expression and degradation profile demonstrated in mGluR-dependent LTD, memory 

facilitation, and homeostatic plasticity processes (Mabb et al., 2014; Shepherd et al., 2006). The 

transience of this effect of E2 is further in alignment with the following findings related to Arc 

dynamics: Arc levels decrease via nonsense-mediated, translation-dependent RNA decay 

(Soulé et al., 2012; Farris et al., 2014), Arc protein half-life is 28.61 minutes (Klein et al., 2019) 

to 37 minutes (Soulé et al., 2012) in length, and AMPAR-regulated proteasomal degradation in 

order to achieve homeostatic scaling (Shepherd et al., 2006). Further, this timeline of E2 effects 

aligns with Arc dynamics after various synaptic activity stimuli: In LTP studies, Arc protein is 

rapidly induced within minutes of perforant path activation (Messaoudi et al., 2007; Farris et al., 

2014; Nair et al., 2017; El-Boustani et al., 2018); in mGluR-LTD, Arc increases in hippocampal 

slices within 5- to 10-minutes, in accordance with its role in AMPAR endocytosis (Chowdhury et 

al., 2006), and in hippocampal culture within 5- to 10-minutes, peaking at 60 minutes in DHPG-

induced mGluR-LTD (Park et al., 2008; Waung et al., 2008). In hippocampal CA1, CA3, and 

dentate gyrus dendrites, Arc protein upregulation peaks 30 minutes following a novel 

environment task (Steward et al., 2015). Further studies show E2 upregulating global Arc 

protein 30 minutes post-treatment (Chamniansawat & Chongthummakun, 2009; Kühnle et al., 

2013; Briz & Baudry, 2014). Of note, previous findings from our lab (Sheppard et al., 2021) 

show that E2-mediated spinogenesis in the DH at 15- but not 40-minutes—occurring in both 

naïve mice as well as mice that had undergone a learning task—is transcription- and 

translation-independent, and this is in agreement with our results as Arc dynamics occur 

through pre-existing Arc mRNA and protein within the dendrite (Huber et al., 2000; Park et al., 

2008; Waung et al., 2008). Thus, our results corroborate findings from previous E2 and Arc 

studies from both hippocampal and cortical cell models of a timeline of Arc protein expression 

rising within minutes of synaptic activity, peaking at 30 minutes, and then followed by a sudden 

diminishment by 40-60 minutes. 
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 Most studies that have shown E2-induced p-ERK expression in primary cortical culture 

used cells at mature ages (DIV28, Srivastava et al., 2008; DIV24, Srivastava et al., 2013; 

DIV25, Sellers et al., 2015). This suggested that at younger ages (i.e., DIV14), E2 may also 

affect Arc levels via p-ERK. However, we do not find significant changes to p-ERK levels at 15- 

or 40-minutes following E2 exposure despite simultaneous changes in Arc levels. This may be 

due to the differential mechanisms at play depending on developmental cell age, as there are 

differences in ER expression depending on cell age (Chakraborty et al., 2003a; Chakraborty et 

al., 2003b) and mature spines with distinct head structure and PSD95 only become prevalent 

around DIV21 (Srivastava et al., 2013). Further, the type of stimulation given (i.e., E2/G1/ECS/ 

etc.) also shows differences in the pathways activated; for example, in the dorsal hippocampus 

of ovariectomized mice given GPER agonist, G1, immediately post-training, it is the 

JNK/cofilin/actin polymerization pathway that is required for dendritic spinogenesis as well as 

spatial and object recognition memory consolidation (Kim et al., 2016; Kim et al., 2019) and, of 

note, it does not require ERK, unlike the E2-specific studies described above. Cell type may 

also be a contributing factor to our results, as work showing inhibition of the mitogen-activated 

protein kinase-interacting kinase (MNK)—which is activated by upstream ERK and interacts with 

eIF4E in LTP consolidation (Panja et al., 2009)—inhibits Arc protein synthesis in intact dentate 

gyri of anesthetized rats (Panja et al., 2009), but not in DIV13 cortical neurons, despite 

decreasing phosphorylated eIF4E (Lalonde et al., 2017). Thus, cell age, different levels of ER 

abundance, specific stimuli, and cell type, may all influence the activation of separate signalling 

pathways which, in turn, can have different (i.e., increasing, decreasing) effects on Arc 

expression. Finally, other studies using primary cortical culture have shown ERK upregulation at 

different times post-treatment: 30 minutes peak with 15- and 60-minute tests not significant after 

10nM E2 application (Srivastava et al., 2008), significant 30- and 60-minutes after ER agonist 

application (Srivastava et al., 2010); 10-minute strongly significant peak with 15-, 20-, and 30-

minutes weakly significant after 10 nM E2 application (Sellers et al., 2015). Thus, the time 
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profile of p-ERK is labile post-E2 treatment; perhaps our own results with cortical neuronal 

cultures showing no effects of E2 on ERK phosphorylation 15- or 40-minutes post-E2 treatment 

may be due to timing; given the rapid inversion of Arc expression (i.e., increase then decrease) 

between 15- and 40-minutes post-E2 in this test, we may have missed the window of E2 effects 

on p-ERK upregulation found in other studies (approx. 30 min. Srivastava et al., 2008 but see 

Sellers et al., 2015). 

As rpS6 has been implicated as a possible mediator of rapid E2-induced molecular 

effects and dendritic morphology (Sarkar et al., 2010; Fortress et al., 2013; Panja et al., 2009) 

as well as Arc expression via ERK-mediated rpS6 phosphorylation after 6 hours of BDNF 

treatment in DIV13 cortical neurons (Lalonde et al., 2017), we hypothesized that E2 may also 

increase p-rpS6 levels within a 15- to 40-minute rapid timeframe in DIV14 cells. However, we 

did not find significant effects of E2 on p-rpS6 levels for either 15- and 40-minute timepoints 

following treatment at any E2 dosage. Nevertheless, to our knowledge, there has not been 

study of p-rpS6 levels in cortical neurons at the 15- to 40-miunute timeframe which we 

investigated; one at which E2 seems to signal through different, sometimes inter-connected, 

estrogen receptors and pathways (Srivastava, 2011). In sum, E2 may not, then, affect rpS6 at 

the earlier timeframe of 15- to 40-minutes that we investigate, and perhaps is involved upstream 

of the pathway of ERK and rpS6. For example, work from Srivastava and colleagues (2013) and 

Frick and colleagues (2015) implicate multiple proteins pre-ERK/rpS6 such as PKA, Ras, PI3K, 

Rap, and RhoA, that may instead be involved during our analysis timecourse (Figure 15). In 

further support of our Arc findings being mediated by pre-ERK/rpS6 molecular players is work 

from Briz & Baudry (2014) showing E2 treatment on hippocampal slices involving the 

GPER/BDNF/TrkB pathway which increases RhoA only by 60 minutes yet p-PAK (which is 

separate to the RhoA pathway) increasing by 15- to 30-minutes. Importantly, they also show an 

increase in Arc expression at 30 minutes post-E2 in cortical synaptoneurosomes, suggesting 

PAK as a possible pathway agent upstream of Arc in our analyses, especially as ER agonist 
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increases PAK by 30- to 60-minutes in primary cortical cells (Srivastava et al., 2010). Further, 

findings from our lab suggest PI3K is necessary for short-term social recognition memory via 

both the ER and GPER pathways (unpublished dissertation; Sheppard et al., 2018), 

suggesting that it may also be required for possible Arc dynamics at play during E2-induced 

nascent spinogenesis and AMPAR endocytosis. Thus, our findings suggest E2 affecting Arc at 

the 15- to 40-minutes timecourse may act via pre-ERK/rpS6 steps which may include PAK and 

PI3K pathways (see Figure 2; Figure 15); advocating for further analysis examining these 

proteins at these timepoints when investigating Arc in future E2 studies. 

 

Lastly, studies have shown upregulated p-cofilin from 20 minutes up to 8 hours post-E2 

administration (Kramár et al., 2009; Yuen et al., 2011; Briz & Baudry, 2014) and our lab has 

recently found that E2 increases F-actin levels in the DH within 40 minutes of administration 

 
Figure 15: 17-estradiol is involved in multiple mechanisms within spinogenesis and 
memory consolidation. Several signalling pathways are involved in E2-induced 
spinogenesis and hippocampal memory consolidation, wherein Arc may play a role. Figure 
adapted from (a) Srivastava et al. (2013) and (b) Frick et al. (2015). 
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(Sheppard et al., 2021). Since our experiment does not include a learning task or a second, 

NMDAR-dependent stimulus to stabilize immature spines (Srivastava et al., 2008), the lack of 

increase in p-cofilin levels may be due to the absence of stimulus required for the stabilization of 

those novel, thin spines via actin polymerization. Fukazawa and colleagues (2003) demonstrate 

that initial LTP does not require actin polymerization; perhaps then, new actin polymerization is 

not required for nascent spinogenesis by our 15 minute analysis timepoint, as pre-existing actin 

may be sufficient, thus, there are low levels of p-cofilin. By 40 minutes—and when accompanied 

with a learning task (as in Sheppard et al., 2021) or a second, NMDAR-dependent stimulus (as 

in Srivastava et al., 2008)—F-actin levels have increased, via increases in p-cofilin, and spines 

become matured, leading to facilitation of short-term memory (Sheppard et al., 2021).   

Western blot analysis examines the level of protein expression within the entire neuron; 

however, separate regions of the same neuron can undergo E2 effects mediated by different 

mechanisms of action following synaptic activity (Srivastava et al., 2013). For example, E2-

induced spinogenesis within the CA1 region of the adult rat hippocampus occurs via differential 

mechanisms within the stratum oriens and stratum lacunosum moleculare, as AMPAR inhibitor 

only blocks spinogenesis in the stratum oriens (Murakami et al., 2006). Further, Arc protein is 

differentially expressed within the soma and dendrite at various rapid timepoints following 

synaptic activity (Farris et al., 2014). Thus, global protein analysis by western blotting may miss 

important aspects of E2 effects on Arc expression within individual neuron compartments. 

Consequently, using immunocytochemical analysis, we next investigated E2-induced Arc 

expression within individual neurons in a region-specific manner. 

4.3 Experiment 3: Immunocytochemistry Analysis of the Effects of 17-
Estradiol on Arc Expression in Mouse Primary Cortical Cells 
  

Immunocytochemical analysis of Arc protein expression averaged across the proximal 

150 µm subsection of a primary dendrite showed a significant decrease in Arc levels following 

15 minutes of 10 nM E2 treatment. By 40 minutes, although we did not find significant 
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differences at any dosage, visual inspection suggests a non-significant increase in Arc, 

particularly for the 25 nM E2 group. Dose response curves for both timepoints follow a U-

shaped curve: an upright curve at 15 minutes, and the more typical inverted U-shaped curve at 

40 minutes that is seen in many E2 studies (Srivastava et al., 2013). Surprisingly, these results 

are the inverse of our findings from Experiment 2 western blots where we found Arc expression 

increased at 15 minutes but decreased at 40 minutes. The contrasting nature of our western 

blot findings versus our immunocytochemical results may stem from the differences in 

intracellular analysis we employed. For example, Arc protein has been found in both the soma 

and dendrite (Korb & Finkbeiner, 2011), and shows uniform expression in the soma and 

dendrite post-ECS stimulation but at higher amounts in the soma compared to the dendrite if 

that ECS is followed by 1 hour of medial perforant path (MPP) stimulation (Farris et al., 2014). 

Thus, as our western blot tests assess Arc expression globally within the cell without taking into 

account localization patterns of Arc protein, they may skew the results towards soma-specific 

Arc (Farris et al., 2014), whereas our immunocytochemical analysis focuses on Arc levels in a 

region-specific manner within the soma and proximal 150 µm of a primary dendrite. Finally, 

despite both examining Arc levels, the two experiments consist of different protein modification 

protocols to achieve detection, as western blot detects denatured Arc protein while 

immunocytochemistry detects Arc protein in its native form. Thus, the quantification of Arc levels 

between experiments 2 and 3 are not directly comparable.  

Arc protein expression in the dorsal hippocampus accumulates uniformly within the 

soma and dendrite after ECS, however, after subsequent MPP stimulation, there are decreases 

in Arc protein expression in an activity- and translation-dependent manner within the activated 

distal dendritic regions of the middle molecular layer of the dentate gyrus (Farris et al., 2014). 

Yet, there is controversy surrounding Arc’s role in activated and inactivated synapses, with 

some studies advocating, instead, for Arc accumulation in non-activated synapses (Okuno et 

al., 2018; Zhang & Bramham, 2020). Hence, we further assessed Arc expression dynamics by 
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quantifying Arc levels in the soma as well as in successive 25 µm segments of the 150 µm 

soma-proximal subsection of a primary dendrite. We found that somatic Arc expression 

decreased at both the 15- and 40-minute timepoints, although only significantly at 15 minutes 

for 75 nM E2. Interestingly, our soma-specific findings and our tissue findings from Experiment 1 

are the only results within this project that do not show an inversion of Arc expression between 

the 15- and 40-minute timepoints, as all other analyses (i.e., western blot Arc expression; 

immunocytochemical analyses of averaged dendrite and dendritic segment Arc expression) 

show Arc levels increasing (western blot) or decreasing (immunocytochemistry) at 15 minutes 

followed by decreasing (western blot) or increasing (immunocytochemistry) by 40 minutes. 

Apart from the soma-skewed expression points discussed above, this may also be due to the 

fact that nuclear Arc is implicated in a number of activities apart from those found in dendrites, 

specifically related to learning-induced transcription, downscaling of GluR1, and homeostatic 

plasticity (Nikolaienko et al., 2018), and, of note, Arc dynamics in distal dendritic regions are not 

under diffusional or compensatory actions from the soma (Park et al., 2008). In hippocampal 

LTP studies, Arc protein is enriched at activated synapses of the dentate gyrus (Moga et al., 

2014), and in the dendritic spines of the middle molecular dentate gyrus layer but not adjacent 

sections (Rodríguez et al, 2005), demonstrating the regional-specificity of Arc expression. In 

sum, our findings in Experiment 3 showing somatic Arc diminishment post-E2 reinforce our 

findings of tissue-specific Arc downregulation in Experiment 1, together suggesting that these 

results may be driven mostly by somatic Arc dynamics rather than dendritically-localized Arc. 

Our analysis of successive 25 µm segments in the soma-proximal 150 µm dendrite 

subsection found E2 inducing a differential regionalization of Arc protein within the dendrite: 10 

nM of E2 significantly decreases Arc at distal dendritic regions (i.e., >50 µm from the soma) by 

15 minutes of treatment, however, by 40 minutes, 25 nM of E2 significantly increases Arc 

protein expression in medial dendritic segments. There are two possible explanations for these 

segment-specific findings: (1) E2 induces translocation of pre-existing Arc protein by 15 minutes 
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with Arc moving from the distal regions to more soma-proximal and medial regions, followed by 

Arc upregulation at medial segments by 40 minutes or (2) E2 enhances pre-existing Arc protein 

(and Arc mRNA) degradation by 15 minutes in the distal dendrite preceded by promoting Arc 

upregulation in the medial dendrite at 40 minutes. We believe that it is most likely that E2 

activates both these options, which work in tandem: Arc redistribution in combination with early 

Arc protein (and Arc mRNA) degradation at specific, localized dendritic regions at 15 minutes 

preceding local, de novo Arc synthesis at 40 minutes. Specifically, we hypothesize the following 

potential multi-mechanism approach: E2 induces pre-existing Arc in distal regions to translocate 

to areas where it is required (i.e., soma-proximal to medial dendritic regions) by 15 minutes. 

This local, pre-existing Arc protein is sufficient (and not sensitive to protein synthesis inhibition) 

along with actin polymerization for nascent spinogenesis in proximal-medial dendritic regions 

(Waung et al., 2008; Sheppard et al., 2021) where Arc protein then facilitates AMPAR trafficking 

from pre-existing spines into the dendritic shaft (Chowdhury et al., 2006; Srivastava et al., 

2008); simultaneously, in distal regions, there is degradation of Arc mRNA and protein occurring 

to downregulate AMPAR endocytosis where it is not required (i.e., homeostatic plasticity). Then, 

by 40 minutes, de novo Arc protein synthesis upregulation works as an additional supply source 

to the pre-existing Arc to maintain these homeostatic plasticity processes (Waung et al., 2008; 

Waung & Huber, 2009; Wilkerson et al., 2018), due to both pre-existing and de novo Arc 

accumulating at medial synapses within the dendrite to facilitate synaptic weight contrast 

processes (i.e., strengthen existing spines, prime new spines, and weaken extraneous spines); 

this additional, de novo Arc may then be required (Farris et al., 2014)—at this point, new protein 

synthesis along with actin polymerization is vital—for the maturation of spines, AMPAR 

trafficking, and the facilitation of short-term memory by 40 minutes (Srivastava et al., 2008; 

Phan et al., 2015; Sheppard et al., 2021). The fact that pre-existing Arc is sufficient (Waung et 

al., 2008) for our 15-minute effects is supported by our lab’s recent findings (Sheppard et al., 

2021) showing that inhibition of protein synthesis does not affect transient E2-induced 
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hippocampal spinogenesis by 15 minutes—despite blocking short-term social recognition 

memory by 40 minutes—as well as data showing E2-induced transient cortical spinogenesis at 

15- to 30-minutes persists despite protein synthesis inhibition (Srivastava et al., 2008). Thus, 

local protein synthesis is critical for short-term memory facilitation independently of immature 

spinogenesis, as mice who have learned a task have by then (i.e., 40 minutes) through this, 

developed mature spines. The transience of E2-induced spines may, instead, be important for 

other structural and functional processes such as eventual spine maturation (Sheppard et al., 

2021), which requires PSD95 recruitment to nascent cortical spines by 30 minutes following E2 

(Sellers et al., 2015). This is where Arc dynamics may come into play, as activity- and 

translation-induced degradation of both Arc mRNA and protein occurs simultaneously to de 

novo, local Arc synthesis to maintain initial learning and memory enhancements (Farris et al., 

2014). It is important to note that several post-synaptic proteins are linked to these processes 

(Srivastava et al., 2013; Zhang & Bramham, 2020) and Arc dynamics alone likely do not explain 

the underlying mechanisms of these estrogenic actions; for example, there is likely an E2-

inititiated network of pathways consisting of, potentially, PI3K, ERK, Akt, RhoA, PAK, cofilin, 

actin polymerization, mTOR, and rpS6, among others—working either in parallel, independent 

mechanisms or upstream or downstream of each other—to facilitate short-term memory 

(Srivastava et al., 2008; Briz & Baudry, 2014; Lalonde et al., 2017; Sheppard et al., 2021).  

Arc degradation occurs through a combination of nonsense-mediated, translation-

dependent RNA decay (Soulé et al., 2012), and AMPAR-regulated, ubiquitin ligase-mediated 

proteasomal degradation (Greer et al., 2010; Mabb et al., 2014) within 28.61 minutes (Klein et 

al., 2019) to 37 minutes (Soulé et al., 2012). Multiple studies implicate the rapidity with which 

Arc protein is degraded following synaptic activity, on a timescale of minutes (Messaoudi et al., 

2007; Panja et al., 2009; Nair et al., 2017), and this may further explain—at a synapse-specific 

and epigenetic level—what is happening in the dendrite post-E2 treatment. As Arc is 

preferentially accumulated at inactivated synapses to facilitate AMPAR endocytosis together 
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with accumulation of SUMOylated Arc at activated synapses during LTP processes and 

stabilization (Okuno et al., 2018; Nair et al., 2017), E2 could be inducing both the translocation 

towards the soma as well as the rapid degradation of Arc in distal dendrites to allow for nascent 

spinogenesis nearby the soma that would otherwise be repressed by high Arc protein levels. By 

40 minutes, these mechanisms have changed; medial dendritic segments begin undergoing 

synapse-specific homeostatic plasticity mechanisms, i.e., AMPAR upscaling, nascent spine 

retraction, and mEPSC return to baseline frequency (Srivastava et al., 2008; Béïque et al., 

2011; Shepherd et al., 2006; Zhang & Bramham, 2020), which require relatively higher amounts 

of SUMOylated Arc. These processes occur before the dendrite is given a second stimulus via 

NMDARs (Srivastava et al., 2008) and/or the mouse undergoes a task such as short-term 

memory which matures spines (Sheppard et al., 2021), perhaps, in order to prime the spines for 

future stabilization and use. Our multi-mechanism hypothesis is further supported by visual 

cortex research (El-Boustani et al., 2018) demonstrating preferential Arc accumulation at spines 

which have recently undergone activation and enlargement (i.e., maturation) via AMPAR 

upscaling in a CaMKII-dependent manner, and are now undergoing LTD. Accordingly, Klein 

and colleagues (2015) advocate for a tightly-regulated method of synaptic plasticity in which 

mGluR-LTD via pharmacological (DHPG) or synaptic (perforant path low frequency stimulation) 

treatments results in rapid (i.e., within 30 minutes) Arc depletion via proteasomal degradation, in 

a metaplastic—historical neural activity that affects future neural activity—action to block further 

mGluR-LTD activation. They propose that Arc proteasomal degradation and new Arc protein 

synthesis act in tandem to facilitate mGluR-LTD. This may, then, explain our own results 

demonstrating E2-induced shifts in Arc expression, as we may be capturing the heterosynaptic 

processes of pre-existing Arc translocation and degradation (protein and mRNA) preceding de 

novo Arc synthesis, all in order to maintain the homeostatic plasticity of the neuron (Zhang & 

Bramham, 2020). 
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One important caveat to our Arc translocation hypothesis is that studies have 

demonstrated synapse-specific directions to dendritic locations are inherent to Arc mRNA 

transcripts (Steward et al., 1998; Farris et al., 2014), and to our knowledge, there have been no 

studies directly showing Arc protein translocation following translation. Further, diffusional or 

compensatory processes on Arc levels from the soma do not occur at distal dendritic regions 

(Park et al., 2008; Waung et al., 2010; Farris et al., 2014; Zhang & Steward, 2020). There has 

been some recent evidence implicating region-specific dynamics of Arc expression in distal 

dendrites following synaptic activity—possibly via kinesin-mediated ribosomal loading of 

dendritically-localized Arc mRNA (Grange et al., 2009; Klein et al., 2019)—that may further 

explain the mechanisms and protein players facilitating the regionalized Arc expression along 

the dendrite in our results. Specifically, Klein and colleagues (2019) demonstrate regional 

differences in Arc expression in both DIV17-25 mouse primary hippocampal culture and mouse 

ex vivo hippocampal slices (Figure 16): distal CA1 Schaffer collateral dendrites are regulated by 

Sam68, an RNA-binding protein important for protein translation (Klein et al., 2019). In Sam68 

knockout mice, both Arc levels and mGluR-LTD are reduced specifically at regions of the 

dendrite over 100 µm from the soma. These results support our multi-mechanism hypothesis 

(i.e., translocation, degradation, de novo synthesis) coordinating Arc protein dynamics as this 

study advocates for a Sam68-independent soma/proximal dendrite-specific mechanism and a 

Sam68-dependent distal dendrite-specific mechanism acting together to confer redundancy in 

proximal dendrites; elimination of one mechanism does not affect protein translation in these 

<100 µm regions, however, the lack of the soma/proximal dendrite-specific mechanism in distal 

dendrites >100 µm drastically affects Arc-associated synaptic plasticity in Sam68 KO cells. 

Thus, we further hypothesize that our findings showing E2 redistributing Arc via translocation, 

degradation, and de novo synthesis in a dendritic region-specific manner may be under the 

influence of Sam68 processes, or another protein conducting Arc dynamics similar to how 

Sam68 does in the Klein and colleagues (2019) study. To our knowledge, there are no 
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studies investigating an  association between estrogens, Sam68 dynamics, and Arc expression, 

or even between estrogens and Sam68, but the aforementioned findings added to our own 

support the idea of underlying regionalized, time-specific Arc localization in E2-induced synaptic 

activity. Recent efforts to resolve Arc’s seemingly contradictory actions within synaptic plasticity 

have implicated a coordination between synaptic strengthening and weakening processes, of 

which Arc plays multiple, diverse roles, dependent upon cell type, cell age, synapse-specific 

activation history, type and degree of synaptic activation, and post-translation modifications 

(Nikolaienko et al., 2018; Zhang & Bramham, 2020). Nevertheless, we cannot discount that Arc 

protein may not be playing a necessary role in E2-induced spinogenesis and short-term memory 

facilitation, but rather one involved in other synaptic processes such as spine maturation 

(Sheppard et al., 2021), or as a compensatory, additional, or redundant mechanism within 

synaptic weight contrast processes (Klein et al., 2019; Zhang & Bramham, 2020; Kyrke-Smith et 

 

Figure 16: RNA-binding protein Sam68 regulates differential Arc localization in dendrites. 
There are different mechanisms regulating Arc protein localization within specific dendritic 
regions during mGluR-LTD via Sam68 RNA binding protein dynamics. Reprinted from Klein 
et al. (2019).  
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al., 2021) induced by E2. However, our results provide a strong basis of reasoning suggesting a 

role for Arc as a downstream effector of estrogenic rapid spinogenesis, and possibly, short-term 

memory facilitation. Accordingly, we propose Arc’s role to be within the modulation of 

homeostatic scaling and tuning of synaptic weight contrasts (i.e., increasing the signal-to-noise 

ratio of synaptic inputs) during E2-induced neuronal changes of spine structure and function that 

facilitate short-term memory (Shepherd et al., 2006; Srivastava et al., 2008; Phan et al., 2015; 

Okuno et al., 2018; Zhang & Bramham, 2020; Sheppard et al., 2021; Kyrke-Smith et al., 2021).  

4.4 Experiment 4: Lentiviral shRNA Arc Knockdown in N2a-Myc-FLAG 
Cells 

 To study Arc’s role in rapid estrogenic effects requires the selective inhibition of Arc 

protein expression. Thus, in Experiment 4, we created a library of shRNA constructs along with 

a scrambled control shRNA, packaged within lentivirus vehicles, designed to selectively inhibit 

Arc protein synthesis. Testing the ability of pSicoR Arc shRNA #1 to inhibit Arc protein 

expression through the use of N2a cells constitutively overexpressing Arc-Myc-FLAG did not 

show significant decreases in Arc expression between pSicoR Arc shRNA #1 and the 

scrambled control, however, there was an encouraging downward statistical trend to suggest 

possible, yet inefficient, Arc inhibition. This inefficient Arc inhibition is likely due to technical 

issues; at the start of the 48 hour-long lentiviral transduction, many, although not all, cells 

were—although alive—clumped together and floating, rather than dissociated and attached to 

the bottom of the plate, signifying sub-optimal health and the risk of low shRNA uptake, as well 

as possibly low basal levels of Arc in both the control and treatment groups, which would make 

it difficult to find detectable inhibitory effects. Thus, future studies within the Choleris and 

Lalonde labs should conclusively validate these lentiviral shRNAs before employing them in 

experiments requiring the effective and selective inhibition of Arc protein. 
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4.5 Conclusions, Implications, and Future Directions 

At the outset of this study, we hypothesized that Arc was involved in E2’s rapid, 

nongenomic effects in vivo in the mouse dorsal hippocampus and in vitro in mouse primary 

cortical culture. We predicted that Arc expression would be increased in the dorsal 

hippocampus within 15- to 40-minutes of E2 administration, in the entire neuron (i.e., soma and 

dendrite) in western blot analysis, and along the dendrite in immunocytological analysis. 

Surprisingly, we found a treatment effect of Arc downregulation at 15 minutes in histological 

tissue, whereas in western blot analysis of primary cortical cells, high dosages of E2 induced a 

rapid increase of Arc protein at 15 minutes followed by a decrease at 40 minutes. These results 

support the tightly regulated dynamics of Arc mRNA and protein within both the soma and 

dendrites. Curiously, when we focused on local, dendrite-specific Arc protein expression, our 

results showed a low dosage of E2 first decreasing Arc protein across the dendrite by 15 

minutes and then increasing it by 40 minutes. Remarkably, upon further examination of this 

effect, we found that E2 induced differentially localized accumulation of Arc protein, with a 

reduction of Arc in distal dendritic regions by 15 minutes and an upregulation in medial dendritic 

regions by 40 minutes. Thus, although our predictions did not come to fruition, our underlying 

hypothesis was correct in associating Arc within nongenomic E2 molecular mechanisms in the 

hippocampus and cortex. Our findings, thus, place Arc as a tightly-regulated modulator of E2 

actions, possibly facilitating—when SUMOylated—nascent spinogenesis and spine maturation, 

as well as—when endogenous—AMPAR endocytosis and synaptic weight contrasts in a time-, 

dose-, and region-specific manner within the brain, to facilitate learning and memory. 

This study lays the groundwork for further investigation into the role of Arc within 

nongenomic estrogenic effects on dendritic spinogenesis and short-term memory facilitation. 

Future studies should extend this research to determine if Arc is required for E2’s effects. First, 

by validating the efficacy of Arc inhibition by the shRNA library created in comparison to the 
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control shRNA. Subsequently, by determining the shRNA dosage that effectively inhibits Arc 

protein translation within the dorsal hippocampus while not affecting animal health or mortality, 

as well as learning and memory other than that directly affected by E2’s facilitatory effects in 

future short-term memory tests. Lastly, by conducting behavioural paradigms, such as for social 

recognition, to test if Arc inhibition in the dorsal hippocampus is required for E2-facilitated short-

term memory. Further testing of the dorsal hippocampi from these trials using western blot 

densitometry will provide additional information on Arc protein levels, their post-translational 

modification state, in addition to information on other molecular players implicated in E2-

mediated molecular mechanisms, such as RhoA, PI3K, PAK, CaMKII, ERK, rpS6, and cofilin, as 

well as Arc-associated players such as Sam68. 

Apart from extending our study’s base work, replicating our results with the use of 

fluorescently tagged-Arc reporters (as in Okuno et al., 2012) to analyze live-cell imaging of Arc 

and spine dynamics following E2 application (as in Srivastava et al., 2008) within in vitro primary 

cortical and hippocampal models, as well as in vivo animal models, should be a second step to 

build on our findings. Importance must also be placed on investigating the differences between 

hippocampal and cortical E2-signalling mechanisms on dendritic morphology and presumed 

implications for cognition, particularly the differential roles that ER, ER, GPER, as well as 

AMPAR, NMDAR, and their individual subunits play within these processes. 

 Finally, future research should improve upon the current study’s experimental protocols 

in view of the critical role of sex differences. In 2016, the National Institutes of Health in the 

United States implemented a policy for considering sex as a biological variable within research 

design and analysis, and this policy has proved effective at increasing the rigour of biomedical 

and basic science research (Arnegard et al., 2020). There has been considerable research 

describing sex differences in the brain (Choleris et al., 2018) and to this end, it is imperative that 

future studies extending our research employ the use of sex-specific cell culturing techniques 
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and addition of male animal subjects to elucidate Arc’s role within E2-facilitated actions on brain 

and behaviour in a sex-specific manner.  

4.6 Limitations 

This study has a number of limitations that should be considered when interpreting its 

findings. Firstly, the images for Experiment 1 brain sections were taken using a large image 

feature that digitally stitched smaller segments of the image together to make one large image 

of the entire tissue section. This rendered stitched areas at the juncture of the smaller segments 

darker than the rest of the segments, and although we attempted avoiding these areas by visual 

inspection, they may still have impacted the pixel intensity calculations. Thus, weak DH 

subregion effects that might have been detectable by post hoc tests following our significant 

ANOVA treatment effect at 15 minutes may have been missed. Further, in Experiments 2 and 3, 

we did not pre-treat with vehicle before applying treatment, which most others have done while 

investigating molecular effects of E2 on cortical cultures, acute hippocampal slices, and cortical 

synaptoneurosomes (Srivastava et al., 2008; Briz & Baudry, 2014; Sellers et al., 2015); this may 

explain the incongruent results on significant E2 dosages between our results and past studies. 

To add, in Experiment 3, we only looked at the first 150 µm of the primary dendrite, thus we 

were unable to catch potential changes at extreme distal regions; something to be considered 

especially as Arc mRNA can travel approximately 200 µm within 40 minutes (Wallace et al., 

1998). As this study did not explore estrogenic molecular effects through the use of ER-specific 

agonists such as PPT, DPN, and G1, we cannot definitively suggest that our results are 

representative of signalling through any one—or combination of—ER pathways; indeed, these 

ERs may be working in tandem to activate multiple pathways (Srivastava et al., 2011; Lymer et 

al., 2015; Phan et al., 2015; Kim et al., 2016). Further, many of the results, particularly in 

Experiment 3, were calculated using nonparametric tests, which have relatively low power to 

detect true differences versus parametric tests, so our findings may signal only a fraction of 
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what might really be happening within the brain. As different brain regions may respond 

differently to E2 (see Literature Review; Srivastava et al., 2011), our use of histological tissue of 

the dorsal hippocampus for Experiment 1, but primary cortical cells for Experiment 2 and 3 is 

another limitation. Finally, and critically, due to the use of mixed-sex embryonic cortical tissue in 

Experiments 2 and 3, our results should be interpreted with knowledge that sex-specific 

versions of the experiments may yield different results, considering that estrogenic actions 

within the brain are known to display sex differences (Choleris et al., 2018).  

4.7 Significance  

 Estrogens have been linked to several neuropathological disorders such as 

schizophrenia, autism-spectrum disorders, depression, and Alzheimer’s disease, among others 

(Srivastava et al., 2011). Although exogenous use of estrogens and progesterones in post-

menopausal women increases risk of invasive breast cancer and cardiovascular disease 

(Prentice et al., 2002), these results have been disputed (Craig et al., 2005). In fact, many 

recent studies discuss the beneficial effects of estrogens (Galea et al., 2016): 17-estradiol has 

been associated with neuroprotective effects in humans (Gogos et al., 2015; Weickert et al., 

2016; Duman et al., 2016) and in cellular models of schizophrenia (SCZ) and major depressive 

disorder (MDD; Erli et al., 2020). Dysfunction in synaptic activity, centred around specific 

synaptic proteins and dendritic spines, has been implicated in the formation of both SCZ and 

MDD (Penzes et al., 2011; Calabrese et al., 2016; Erli et al., 2020) as well as conditions such as 

Alzheimer’s disease and autism-spectrum disorders (Srivastava et al., 2011). However, the 

molecular mechanisms of estrogenic effects within the brain are only starting to be uncovered, 

and much work remains to be done to find better pharmacological treatments, with fewer side 

effects, than exogenous estradiol therapies in current use. Of foremost importance to this 

objective is revealing the interconnected molecular pathways between estrogens, signalling 

pathways, and the synaptic protein players and genetic disease markers within these pathways. 
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For example, E2 reverses synapse loss due to mutant disrupted-in-schizophrenia 1 (DISC1) 

gene or the accumulation of its protein product (Erli et al., 2020). DISC1 regulates the 

expression of Traf2 and Nck-interacting kinase (TNIK) expression (Wang et al., 2011) and 

recent findings from our lab (Walzcyk-Mooradally et al., 2021) demonstrate that TNIK co-

immunoprecipitates with Arc. This suggests a putative connection between estrogens and Arc in 

schizophrenia. Further examination of molecular links between estrogens and Arc such as this, 

in schizophrenia as well as other neuropathologies, is thus central to the advancement of 

knowledge in the field. 

In conclusion, our study illuminates a role for Arc within estrogenic actions in the brain 

and lays the groundwork for further investigation into its mechanisms of action. Although our 

findings here unravel only a small thread within this interconnected molecular web of estrogenic 

information storage, it is an important step forward in the mission to identify and develop 

targeted therapies for estrogens-associated neuropathologies. 
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6. APPENDIX A 

3.2B Results 

3.2B.1 Western Blot Analysis of the Effects of 17-Estradiol on P-ERK2, P-RPS6, and P-

Cofilin in Mouse Primary Cortical Cells at 15- and 40-Minutes Exposure 

 The protein expression levels of p-ERK2, p-rpS6, and p-cofilin were analyzed following 

15- and 40-minutes of acute exposure of 17-estradiol in DIV14 mouse primary cortical 

neurons. Following parametric verification, paired, two-tailed Student’s t test for all three 

proteins showed no statistically significant change in expression, compared to aCSF vehicle, at 

either timepoint, for any of the five E2 dosages investigated: 10 nM, 25 nM, 50 nM, 75 nM, and 

100 nM E2 in aCSF.  

Table A1: Western blot densitometry for p-ERK2, p-rpS6, and p-cofilin expression post-17-     
                 estradiol  

P-ERK2 15 minutes:  

Condition t-value Degrees of Freedom p-value 

10 nM E2 1.755 2 .221 

25 nM E2 .147 2 .897 

50 nM E2 1.100 2 .386 

75 nM E2 .563 2 .630 

100 nM E2 1.561 2 .259 

P-ERK2 40 minutes:  

Condition t-value Degrees of Freedom p-value 

10 nM E2 1.263 2 .334 

25 nM E2 1.513 2 .270 

50 nM E2 1.066 2 .398 

75 nM E2 .612 2 .603 

100 nM E2 1.047 2 .405 

P-rpS6 15 minutes: 

Condition t-value Degrees of Freedom p-value 

10 nM E2 .120 2 .916 

25 nM E2 .788 2 .513 

50 nM E2 1.688 2 .233 

75 nM E2 .527 2 .651 

100 nM E2 2.390 2 .139 
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P-rpS6 40 minutes: 

Condition t-value Degrees of Freedom p-value 

10 nM E2 .754 2 .529 

25 nM E2 .645 2 .585 

50 nM E2 1.377 2 .302 

75 nM E2 .452 2 .695 

100 nM E2 .549 2 .638 

P-cofilin 15 minutes: 

Condition t-value Degrees of Freedom p-value 

10 nM E2 .847 2 .486 

25 nM E2 2.627 2 .120 

50 nM E2 1.802 2 .213 

75 nM E2 .604 2 .607 

100 nM E2 .681 2 .566 

 
P-cofilin 40 minutes: 

Condition t-value Degrees of Freedom p-value 

10 nM E2 .523 2 .653 

25 nM E2 .013 2 .991 

50 nM E2 1.314 2 .319 

75 nM E2 .766 2 .524 

100 nM E2 .342 2 .765 
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Figure A1: 17-estradiol-induced effects on p-ERK2, p-rpS6, and p-cofilin expression on 
mouse primary cortical cells 15- and 40-minutes post-treatment. Western blot densitometry 
analysis showed no statistically significant changes in expression for any of the three 
proteins at either 15 minutes or 40 minutes following E2 treatment at 10 nM, 25 nM, 50 nM, 
75 nM, or 100 nM diluted in aCSF. The sample size is represented by n, for three biological 
replicates.  
 


