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ABSTRACT 

Tauopathies are neurodegenerative disorders characterized by the deposition of 

aggregates of the microtubule associated protein tau. Alzheimer’s disease (AD) is the most 

common type of tauopathy and dementia, with amyloid-beta pathology as an additional hallmark 

feature of the disease. Tau is localized at postsynaptic sites and can disrupt synaptic plasticity 

when knocked out or overexpressed. The activity-regulated cytoskeleton-associated protein 

(Arc), is an immediate early gene that plays a key role in synaptic plasticity, learning and 

memory. Arc has been implicated in AD pathogenesis, where it was found to regulate activity-

dependent release of amyloid-beta (A�E). Given that high levels of Arc have been detected in an 

A�E mouse model and post-mortum cortical tissue from AD patients, we hypothesized that 

disruption of Arc turnover can participate in AD pathogenesis. We investigated the role of Arc 

turnover mediated by ubiquitination at lysines 268/269 in a middle-aged ArcKR mouse model 

where these sites are mutated to Arginine. In this model, we did not find abnormal accumulation 

of tau, A�E or �E-amyloid plaques and no disruption in spatial learning. However, we did identify a 

relationship between tau overexpression and Arc stability, where overexpression of the 0N4R 

isoform of tau in primary hippocampal neurons led to Arc instability exclusively in neuronal 

dendrites. Tau-dependent reduction of Arc required proteasome activity yet was independent of 

Arc ubiquitination. Surprisingly, tau-induced Arc removal required the endophilin-binding 

domain of Arc, which is a domain that is essential for promoting the endocytosis of �.�(�D�P�L�Q�R�(���(

�K�\�G�U�R�[�\�(���(�P�H�W�K�\�O�(���(�L�V�R�[�D�]�R�O�H�S�U�R�S�L�R�Q�L�F���D�F�L�G�����$�0�3�$�����U�H�F�H�S�W�R�U�V. This was coupled to increases 

in the expression of dendritic and somatic surface GluA1-containing AMPA receptors. 

Interestingly, these effects on Arc stability and GluA1 localization were not observed in the 

commonly studied tau mutant, P301L. We also show that endogenous tau has a physiological 



role in regulating Arc, where Arc levels are upregulated in the hippocampus of tau knockout 

(Tau KO) mice and in dendrites of primary hippocampal neurons. Our findings implicate specific 

variants of tau in regulating Arc stability and AMPA receptor targeting, which may in part 

explain deficits in synaptic plasticity that are observed in select types of tauopathies. 
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1 INTRODUCTION  

1.1 Tauopathies 

Tauopathies are a diverse group of neurodegenerative disorders predominantly 

characterized by dementia or degeneration of the motor system (Williams, 2006). A hallmark of 

tauopathies is the accumulation of the microtubule-associated protein tau into insoluble 

aggregates and filaments which is a major component of neurofibrillary tangles (NFTs) in the 

brain (Kosik, Joachim, & Selkoe, 1986; Wood, Mirra, Pollock, & Binder, 1986). Tau is encoded 

by the MAPT gene on chromosome 17 (Andreadis, Brown, & Kosik, 1992). There are over 50 

mutants of the MAPT gene that have been identified in several tauopathies, mainly from familial 

cases of frontotemporal dementia (FTD) (Strang, Golde, & Giasson, 2019). In tauopathies, tau 

becomes hyperphosphorylated, which increases its propensity to form aggregates and reduce its 

affinity for microtubules (Y. Wang & Mandelkow, 2016). Tauopathies may present as primarily 

tau pathology (primary tauopathies), or involve other pathological changes such as amyloid 

deposition that is observed in Alzheimer’s disease (AD) and Down’s syndrome (secondary 

tauopathies) (Williams, 2006). 

1.2 Alzheimer’s Disease 

Alzheimer’s disease (AD), a secondary tauopathy, is the most common tauopathy and the 

most prevalent form of dementia (about 70% of the cases). It is characterized by progressive 

memory impairment and other cognitive functions become impaired later in the disease 

(McKhann et al., 1984). Individuals with AD show signs of disruption of semantic memory, 

attention, working memory and episodic memory, impaired smell (hyosmia) as well as 

deterioration of executive functions such as visuospatial processing difficulty performing tasks 

that require problem solving, goal-directed behavior and cognitive flexibility and higher 
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incidence of unprovoked seizures and sleep-wake disturbances (Jahn, 2013). The prevalence of 

the autosomal dominant early-onset form of the disease is less than 1%, with the majority of 

cases presenting as late-onset sporadic with no implicated causal genetic mutations known (Van 

Cauwenberghe, Van Broeckhoven, & Sleegers, 2016). In autosomal dominant AD, the disease is 

caused by mutations affecting the genes encoding presenlin1, presenilin 2 or Amyloid precursor 

protein (PSEN1, PSEN2, APP respectively) (Ballard et al., 2011). APP is a transmembrane 

protein that has been linked to cell signaling, neurite growth and synaptogenesis, cell adhesion 

and apoptosis, although the physiological function of APP remains somewhat unclear (Zheng & 

Koo, 2006). APP is processed by �E-secretase (��-APP-cleaving enzyme-1 (BACE1)) or �D-

secretase proteases. Cleavage by �D-secretase produces soluble APP�D (sAPP�D) and the 

membrane-tethered �D-carboxyl terminal fragment (�DCTF), while cleavage by �E- secretase 

produces sAPP�E and �ECTF (Sinha et al., 1999). �G-secretase further cleaves �DCTF and �ECTF into 

p83 and A�E respectively. PS1and PS2 are parts of a high molecular weight complex that is 

necessary for �G-secretase activity (Kimberly et al., 2003). �G-secretase cleavage produces both 

A�E40 (Roberts, Ripellino, Ingalls, Robakis, & Felsenstein, 1994) and the more amyloidogenic 

A�E42 (Zhao, Tan, Mao, Cui, & Xu, 2007). Studies have shown that elevated A�E42/A�E40 ratio is 

critical for AD pathogenesis, leading to neurotoxicity, synaptic loss and cognitive impairment 

(Jarrett, Berger, & Lansbury, 1993; J. Wang, Dickson, Trojanowski, & Lee, 1999). Monomeric 

A�E is soluble and can aggregate into insoluble oligomers and eventually form amyloid plaques.  

A�E accumulation progresses in a spatio-temporal manner from neocortex to allocortex to 

brain stem (Thal, Rub, Orantes, & Braak, 2002), but the progress of tau pathology, follows a 

stereotypical pattern that is highly correlated with the progress of cognitive impairment, which 
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led Braak and Braak to base the staging of AD on the pattern of NFT deposition in the brain 

(Braak & Braak, 1995).  

For several decades, the amyloid hypothesis has been leading the field with the idea that 

A�E triggers a cascade of events that lead eventually to cognitive impairment and dementia, based 

on the temporal order of pathological events and the effect of anti-A�E drugs on reducing tau 

pathology. However, disappointing outcomes of therapeutic approaches targeting A�E have led to 

re-evaluation of this hypothesis (Frisoni et al., 2022). Equally compelling evidence also supports 

the hypothesis that tau pathology occurs earlier than A�E pathology such as autopsy studies in 

young (20-40) individuals which show tau deposition in the absence of A�E pathology, reports of 

tau positive A�E negative variants of AD known as “primary age-related tauopathy” and the 

insignificant accumulation of NFTs in APP mouse models despite the heavy plaque load 

(Duyckaerts et al., 2015; Hsiao et al., 1996; Spires-Jones, Attems, & Thal, 2017).  

1.2.1 Disruptions in Synaptic plasticity in AD 

Synaptic plasticity is the ability of the nervous system to modulate the efficiency of 

transmission across synapses and is hypothesized to be the underlying mechanism for learning 

and memory (Hebb, 1949). It is dominantly mediated by glutamatergic postsynaptic receptors �.�(

�D�P�L�Q�R�(���(�K�\�G�U�R�[�\�(���(�P�H�W�K�\�O�(���(�L�V�R�[�D�]�R�O�H�S�U�R�S�L�R�Q�L�F���D�F�L�G�����$�0�3�$��, N-methyl-D-aspartate (NMDA) 

and metabotropic glutamate receptors (mGluRs) as well as other neurotransmitter receptors and 

several complex downstream signaling cascades. Long-lasting relative strengthening of synaptic 

connections is often termed long-term potentiation (LTP) while relative synaptic weakening is 

referred to as long-term depression (LTD) (Baltaci, Mogulkoc, & Baltaci, 2019). 

Alzheimer’s disease has been long viewed as “a disease of synaptic failure” (Selkoe, 

2002). Within the physiological range, A�E enhances synaptic plasticity and reduces apoptosis 
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(Morley, Farr, Nguyen, & Xu, 2019; Pearson & Peers, 2006). Additionally, more recent studies 

show that tau has a physiological postsynaptic role that may have effects on synaptic plasticity 

(Biundo et al., 2017; Biundo, Del Prete, Zhang, Arancio, & D'Adamio, 2018; Holth et al., 2013; 

L. M. Ittner et al., 2010; Prikas et al., 2022; Roberson et al., 2007). However, Pathological high 

levels of the soluble forms of A�E and tau cause more synaptic dysfunction relative to amyloid 

and tangles (Jackson et al., 2019; Mucke et al., 2000). Functional magnetic resonance imaging 

(fMRI) studies in older individuals without dementia show that amyloid deposition cause 

disruptions in network connectivity in a pattern suggestive of a potential mechanism for early 

AD stages (Sperling et al., 2009). Studies from in vitro models suggest that A�E oligomers 

generally cause a reduction in LTP and enhance LTD (Lambert et al., 1998; Li et al., 2009). 

Additionally, there is an interplay between A�E and tau where A�E augments the synaptotoxic 

effects of tau and an absence of tau reduces amyloid-beta induced toxicity and protects against 

excitotoxic seizures in Mapt -/- mice (Holth et al., 2013; L. M. Ittner et al., 2010; Roberson et al., 

2007; H. Y. Wu et al., 2018). A�E and tau can also cause synaptic dysfunction indirectly through 

inducing neuroinflammation or disrupting glucose metabolism (Heneka et al., 2015; Pearson-

Leary & McNay, 2012). 

1.3 Arc, a key regulator of synaptic plasticity 

The activity-regulated cytoskeleton-associated protein (Arc) is an immediate early gene 

that regulates diverse forms of synaptic plasticity, memory, and learning (Messaoudi et al., 2007; 

Okuno et al., 2012; Rial Verde, Lee-Osbourne, Worley, Malinow, & Cline, 2006; Shepherd et 

al., 2006; Waung, Pfeiffer, Nosyreva, Ronesi, & Huber, 2008). Postsynaptically, Arc promotes 

endocytosis of AMPA receptors through interactions with members of the endocytic machinery; 

endophilin-2/3, dynamin 2 and AP-2 that dominantly depends on its N-terminal region referred 
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to as the endophilin binding (EB) domain (Chowdhury et al., 2006; DaSilva et al., 2016; 

Shepherd et al., 2006), and plays an important role in regulating mGluR-LTD (Klein, Castillo, & 

Jordan, 2015). Arc knockout mice show attenuated LTP and impaired spatial learning (Plath et 

al., 2006), and reduced mGluR-LTD (Park et al., 2008). Knockdown of Arc mRNA and protein 

using short-hairpin RNA decreases mGluR-mediated AMPAR endocytosis or LTD (Waung, 

Pfeiffer, Nosyreva, Ronesi, & Huber, 2008).  

1.3.1 Arc in Alzheimer’s disease 

Several studies have shown a role for Arc in AD, mainly through links to A�E. For 

example, both increases and decreases in Arc in the hippocampus and cortex were reported in 

several APP mouse models (Dickey et al., 2004; Dickey et al., 2003; Palop et al., 2005; Parra-

Damas et al., 2014; Perez-Cruz et al., 2011; Wegenast-Braun et al., 2009; Xu et al., 2022) and it 

has been suggested that these changes occur in an age-dependent manner (Naert & Rivest, 2012; 

Privitera et al., 2022). Arc levels are also increased in the medial prefrontal cortex of patients 

with AD (J. Wu et al., 2011). Arc associates with PS1to regulate �J-secretase trafficking and Arc-

containing endosomes traffic APP and BACE1 (J. Wu et al., 2011). On the other hand, a 

mechanistic relationship between Arc and tau has been relatively understudied. While 

experience-driven Arc responses were found to be disrupted in the vicinity of plaques in the 

APP/PS1 model, where neurons in the vicinity of amyloid plaques were less likely to respond, no 

similar effect was observed in the vicinity of tau NFTs in the Tg4510 mouse overexpressing 

P301L tau, a tau mutant identified in familial frontotemporal dementia (FTD) (Rudinskiy et al., 

2012; Rudinskiy et al., 2014). A recent study showed that tau elevated Arc1 in a drosophila AD 

model overexpressing R406W tau, a mutant linked to frontotemporal dementia, demonstrating a 

role for Arc1 in neurodegeneration (Schulz et al., 2022).  
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1.3.2 Arc structure: 

To further understand Arc function and the role of Arc in AD, it is important to discuss 

recent findings regarding its genetic organization and protein structure (Yakout et al., 2021). The 

mouse Arc promotor has a major synaptic activity-responsive element (SARE) located >5 kb 

upstream of its transcription initiation site, which is necessary and sufficient to replicate 

endogenous Arc transcription. The promoter consists of a cluster of neuronal activity-dependent 

cis-regulatory elements of closely localized binding sites for cAMP-response element binding 

protein (CREB), myocyte enhancer factor 2 (MEF2) and serum response factor (SRF). This 

SARE falls within a region that is highly conserved in humans (Kawashima et al., 2009). Based 

on this discovery, an enhanced synthetic activity-regulated promotor was generated (E-SARE) 

with a more than 20-fold higher expression and 30-fold higher induction ratio than the c-fos 

promoter was used to map active neuronal ensembles (Kawashima et al., 2013). SRF, a 

transcription factor that is regulated by synaptic activity (Knoll & Nordheim, 2009), binds to the 

Arc SARE at two locations that are approximately 1.1 and 6.9 kb upstream from the translation 

start site. SRF binding at location 6.9 is required for the late phase of LTD in mouse cultured 

cerebellar Purkinje cells (Smith-Hicks et al., 2010). The rapid induction of Arc is due to the 

phenomenon of “promotor proximal Poll II stalling”, where RNA polymerase II (Pol II) is 

recruited to the transcription start site (TSS) and stalls in the proximity of the promotor until 

heightened neuronal activity releases the stalled Pol II that is mediated by negative elongation 

factor (NELF) (Saha et al., 2011). 

Arc mRNA is unique among other IEGs in that newly transcribed Arc is rapidly localized 

to dendrites, selectively in domains contacted by active synapses (Link et al., 1995; Lyford et al., 

1995). Constructs that contain the 3’ untranslated terminal region (UTR) of Arc localize with 
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high precision to a small domain at the base of the dendritic spine even when the transcript is 

tethered to a different protein product suggesting that the 3’ UTR of Arc is sufficient for its 

dendritic localization. Additionally, translation inhibitors do not interfere with Arc mRNA 

localization, indicating that targeting of Arc is a function of its mRNA rather than its protein 

(Dynes & Steward, 2007, 2012; Steward, Wallace, Lyford, & Worley, 1998). Similarly, Arc 

mRNA degradation is activity-dependent, where both localization and degradation appear to rely 

on NMDAR activation (Farris, Lewandowski, Cox, & Steward, 2014). Arc also accumulates at 

inactive synapses through an interaction with calmodulin-dependent kinase II (CaMKII) beta 

(Okuno et al., 2012). Both paired pulse and mGluR-dependent LTD rapidly induce Arc 

translation (Park et al., 2008). 

Structurally, Arc consists of two juxtaposed domains, a positively charged N-terminal 

domain (NTD) and a negatively charged C-terminal domain (CTD). The NTD has several 

peptide-binding sites and two long helices possibly forming a coiled-coil (Boratyn et al., 2012; 

Hallin et al., 2018). The CTD consists of two homologous subdomains; the N- and C-lobes, 

which show structural homology to the HIV Gag capsid domain (Hantak, Einstein, Kearns, & 

Shepherd, 2021; Zhang et al., 2015). The N-lobe mediates various interactions of Arc with 

synaptic proteins (Boldridge et al., 2020; Zhang et al., 2015). On the other hand, electrostatic 

interactions of the C-lobes in addition to a 28-amino acid stretch of the NTD, promotes the 

assembly of Arc into viral-like capsids that form extracellular vesicles that mediate the transfer 

of Arc and its mRNA into new target cells (Ashley et al., 2018; Eriksen et al., 2021; Pastuzyn et 

al., 2018). 
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1.3.3 Arc turnover and post-translational modifications 

Arc is upregulated during learning in the hippocampus (Guzowski, McNaughton, Barnes, 

& Worley, 1999) and is rapidly turned over, mainly through its ubiquitination and degradation by 

the ubiquitin proteasome system (UPS) (Greer et al., 2010; Y. Liu et al., 2021; Mabb & Ehlers, 

2018; Mabb et al., 2014; Rao et al., 2006). This type of posttranslational destabilization has been 

identified as a key mechanism for regulating mGluR-LTD and spatial reversal learning in a 

ArcKR mouse model where lysines 268/269 ubiquitination sites are mutated to Arginine (Wall et 

al., 2018). Arc is also removed by the autophagic lysosomal pathway (Yan, Porch, Court-

Vazquez, Bennett, & Zukin, 2018) and can be degraded by noncanonical neuronal membrane 

associated proteasomes (Ramachandran et al., 2018; Ramachandran & Margolis, 2017). 

Additionally, Arc undergoes several posttranslational modifications including, but not limited to, 

phosphorylation (Gozdz et al., 2017), sumoylation (Bramham et al., 2010; Craig et al., 2012; 

Nair et al., 2017), palmitoylation (Barylko et al., 2018), and acetylation (Lalonde et al., 2017). 

1.4 Specific Aims 

In this study, we attempt to decipher the role of Arc in AD, and whether the dysregulation 

of Arc observed in AD patients and mouse models is a cause or a downstream effect of AD 

pathogenesis.  

In Chapter 2, I test the hypothesis that the dysregulation of Arc turnover can cause AD 

pathology using an ArcKR mouse model, where ubiquitination at lysines 268/269 is disrupted. I 

show that ArcKR mice do not exhibit elevated levels of tau and A�E in the brain and that 

accumulation of amyloid plaque in ArcKR mice is not significantly different from WT mice. I 

show that middle-aged ArcKR mice do not exhibit impaired spatial learning in a Barnes maze 

task. Finally, I show that Arc does not enhance tau propagation in HEK293 cells. 
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In chapter 3, I examine the opposite relationship, and test the effect of AD pathology, 

specifically tau overexpression, on Arc. I show that tau overexpression decreases the stability of 

Arc selectively in dendrites of primary hippocampal neurons in a proteasome-dependent manner. 

I explore the detailed mechanism of tau-induced Arc instability by inhibiting the major pathways 

for Arc degradation and interfering with Arc removal through mutations at mapped sites of Arc 

post-translational modifications. I move on next to test how the decrease in Arc stability affects 

synaptic functions of Arc and find an increase in the expression of somatic and dendritic AMPA 

receptors. Additionally, I examine the effect of commonly tested tau mutants on Arc and show a 

differential effect of tau mutants in regulating Arc stability. 
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2 DISRUPTING ARC UBIQUITINATION ON LYSINES  268/269 DOES NOT CAUSE 

AD PATHOLOGY IN MICE 

Fernanda Tallard performed the experiment for thioflavin staining, Nitheyaa Shree 

assisted with Barnes maze data analysis, Sarah Daley from Dr. Weiming Xia lab ran the ELISA 

2.1 Introduction 

As discussed in the previous chapter, Arc is upregulated during learning in the 

hippocampus (Guzowski et al., 1999) and is rapidly turned over, mainly through its 

ubiquitination and degradation by the ubiquitin proteasome system (UPS) (Greer et al., 2010; Y. 

Liu et al., 2021; Mabb & Ehlers, 2018; Mabb et al., 2014; Rao et al., 2006). Wall et al (Wall et 

al., 2018) generated an ArcKR mouse, where ubiquitination sites Lysines 268/269 are mutated to 

Arginine to study the role of Arc turnover in mechanisms underlying learning and memory. 

Neurons from ArcKR mice show blunted turnover of Arc, increased GluA1 endocytosis, an 

increase in surface GluA2 and enhanced mGluR-LTD. ArcKR mice have normal levels of Arc 

protein as well as Arc mRNA in the hippocampus and normal expression levels of AMPA 

receptor subunits while cultured ArcKR neurons showed 20% more Arc compared to WT. 

Interestingly, male mice aged 3 weeks displayed cognitive inflexibility in a spatial learning assay 

called the Barnes Maze assay. The mice had a high number of errors and high perseverance bias 

during the reversal phase of the task compared to WT (Wall et al., 2018). Similarly in AD, 

studies have shown that A�E enhances internalization of AMPA receptors reducing GluA1 in 

synapses (Almeida et al., 2005; Qu et al., 2021). The APP/PS1 model shows reductions in 

synaptic AMPA receptors in CA1 hippocampal region and cognitive inflexibility (Hulshof et al., 

2022; Martin-Belmonte et al., 2020). High levels of Arc and Arc mRNA are reported in the same 

model with association to enhanced mGluR-LTD, with deletion of Arc preventing activity-
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dependent generation of A�E40 (Privitera et al., 2022; J. Wu et al., 2011). AD patients also show 

impairments in object reversal and spatial reversal tasks (Freedman & Oscar-Berman, 1989) 

This, together with the findings in the ArcKR model, prompted us to test the hypothesis that the 

ArcKR mouse model exhibits features of AD pathology. We analyzed ArcKR mouse brains for 

A�E40, A�E42 and tau as well as �E-amyloid plaque load. We also tested 9-10 month-old middle 

aged ArcKR mice for memory deficits in a Barnes maze assay and observed no significant 

differences between WT and ArcKR mice, suggesting that disruptions in Arc ubiquitination at 

K268/269 does not induce AD pathology. 

In AD, NFTs appear in the brain in a stereotypical pattern where it appears first in the 

transentorhinal cortex, then the anterior hippocampus, the limbic and temporal cortex, the 

association cortex and the primary sensory cortex (Braak & Del Tredici, 2015b; Cho et al., 

2018). The NFTs spread pattern is highly correlated with the clinical presentation, which led to 

staging of AD based on this pattern into early transentorhinal cortex stages I-II, followed by the 

limbic stages III-IV and eventually the late isocortical stages V-VI (Braak & Braak, 1991, 1995). 

More recent studies in post mortem brains have shown that the dorsal raphe nucleus, locus 

coeruleus and magnocellular nuclei of forebrain shows accumulation of NFTs before the 

entorhinal cortex suggesting that the brain stem is one of the earliest brain areas to be affected in 

AD (Braak & Del Tredici, 2015a, 2015b; Grinberg et al., 2009; Mesulam, Shaw, Mash, & 

Weintraub, 2004). Furthermore, magnetic resonance imaging in individuals with early AD 

revealed signs of brain stem atrophy (Ji et al., 2021). The pattern of NFT spread has led to the 

hypothesis that tau has prion-like properties and can propagate between neurons (Sanders et al., 

2014). Studies have shown that “abnormal” misfolded and aggregated strains of tau from lysates 

of human tauopathy brains or purified proteins introduced into cells can propagate indefinitely 
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and recruit naïve tau to form amyloid conformations in a manner similar to true prions, 

implicating the repeats domain of tau in this phenomenon (Clavaguera et al., 2013; Sanders et 

al., 2014). Several mechanisms have been proposed for tau propagation, including transsynaptic 

spread (de Calignon et al., 2012; L. Liu et al., 2012). Over the recent years, new compelling 

properties of Arc have come to light. It was shown that Arc protein and mRNA are released from 

neurons in extracellular vesicles (EVs) that can be taken up by other neurons to be translated in 

an activity-dependent manner. Additionally, Arc oligomerizes to form retroviral-like capsids that 

encapsulates abundant mRNAs and is released from the cell. This finding opens up the 

possibility of various functions for Arc in inter-neuronal communication and in regulating 

synaptic plasticity across networks (Ashley et al., 2018; Eriksen et al., 2021; Pastuzyn et al., 

2018). The ability of Arc to transport mRNAs in EVs and Arc capsids also suggests that Arc 

might play a role in propagating other proteins across neurons. We investigate the hypothesis 

that Arc propagates tau. The phenomenon of tau propagation in tauopathies has been the focus of 

many studies. We tested the hypothesis that Arc can mediate the spread of tau, and the 

pathogenic P301L-tau mutant from fronto-temporal dementia (FTD) in HEK293 cells. However, 

we did not observe a significant difference in tau spread between the presence and the absence of 

Arc, suggesting that Arc does not participate in propagation of tau. Overall, our findings from 

this chapter suggest that Arc ubiquitination does not play a role in inducing AD pathology and 

that Arc does not propagate tau.  
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2.2 Materials and Methods 

2.2.1 Animals 

All animal care and use were carried out in accordance with the National Institutes of 

Health Guidelines for the Use of Animals using approved protocols by the Georgia State 

University Institutional Animal Care and Use Committee. 

2.2.2 Quantification of total tau, A�E40 and A�E42 

Frozen brain tissue of 3-month old mice was broken into smaller pieces on dry ice by a 

pestal and homogenized in 5 volumes of guanidine hydrochloride (GHCl) (5M CHcl in 50 mM 

Tris, pH 8). Samples were rotated for 2 hr at room temperature then centrifuged at 16,000 Xg for 

20 minutes at 4ºC and the supernatant was collected. Protein concentrations were measured using 

the Pierce 660 assay (ThermoFisher). 50 ��l of each sample was placed into a 96-well plate and 

levels of total tau, A�E40 and A�E42 were assayed using enzyme-linked immunoassay (ELISA) as 

described in (Chen et al., 2018) for tau and using commercially available kits from MSD for 

A�E40 and A�E42. 

2.2.3 Thioflavin S Staining 

Brains sections were dried overnight on glass slides. Slides were washed with 70% ethanal for 1 

minute followed by 80% ethanol for 1 minute. Slides were incubated in filtered 0.1% filtered 

thioflavin S in 80% ethanol for 15 minutes while protected from light. Slides were washed again 

in 80% ethanol for 1 min followed by 70% ethanol for 1 minute then twice in distilled water. 

Slides were mounted in vectashield and allowed to dry in the dark for at least 2 hr then sealed 

with coverslips and stored at 4°C. Slides were imaged on a Zeiss LSM 780 confocal microscope 

under 10X. 
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2.2.4 Tau transfer assay 

The assay was modified from (Pastuzyn et al., 2018). HEK293 cells were generously 

provided by Dr. Jun Yin (Georgia State University). Cells were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Corning # 10013CV) with 10% FBS and 1% penicillin-

streptomycin (ThermoFisher). Donor plates were transfected at 60-70% confluency with 

Lipofectamine 3000 (ThermoFisher) according to the manufacturer instructions. To maintain the 

same transfection efficiency between conditions, the amount of cDNA transfected was kept 

equal between all conditions using pcDNA3.1 filler DNA. The cultured cells were washed 3 

times with cell culture media 4 hr post-transfection to remove transfection material followed by 

incubation in fresh media for 24-48 hr. Media from the donor plate was then harvested and 

centrifuged at 500 g to remove cell debris and cells from donor plate were harvested on ice for 

western blot analysis to confirm protein expression. Culture media was removed from recipient 

plates of HEK293 cells plated at 60-70% confluency and replaced with the supernatant from the 

donor plates media and incubated for 24 h before harvesting the cells on ice for western blot 

analysis. Plasmids used for transfection include the following: pcDNA 3.1, pEGFP-C3 

(Clontech), pRK5-myc-Arc (generously provided by Dr. Paul Worley, Johns Hopkins 

University), pEGFP-WT tau (Addgene), pEGFP-P301L tau (Addgene). 

2.2.5 Western blotting 

HEK293 Cells were harvested and then cell pellets were lysed on ice in 

radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl, 1% v/v 

Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) with 1 mM DTT and protease inhibitors 

�����������P�0���3�0�6�)�����������0���O�H�X�S�H�S�W�L�Q�����������������0���D�S�U�R�W�L�Q�L�Q�������/�\�V�D�W�H�V���Z�H�U�H���F�H�Q�W�U�L�I�X�J�H�G at 13,000 rpm for 

20 min at 4°C to precipitate insoluble extracts. Protein concentrations were measured using the 
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Pierce 660 assay (ThermoFisher). Proteins were separated by SDS-PAGE then transferred to 

nitrocellulose membrane at 4°�&�����������������P���S�R�U�H���V�L�]�H�����%�L�R-Rad). Membranes were blocked 

overnight at 4°C in Intercept tris-buffered saline (TBS) blocking buffer (LI-COR) then incubated 

in primary antibodies in 1:1 blocking buffer to 1% Tween-20 in TBS (TBST) with 0.02% NaN3 

overnight at 4°C. Membranes were washed 3 times with double distilled water for 5 min, and 

secondary antibodies in 1:1 blocking buffer to TBST 0.1% SDS were added to the membranes 

for 1 hr at room temperature, then washed 2 times with TBST and 1 time with double distilled 

water for 5 min. 

Primary antibodies used: mouse anti-myc (Santa Cruz #sc-40) at 1:1000, rabbit anti-GFP 

(Novus Biologicals # NB600-308) at 1:1000, mouse anti-�E Actin (Genetex #GTX629630) at 

1:3000. 

Secondary antibodies used: IRDye goat anti-mouse 680RD (LI-COR #926-68070) at 

1:20,000, IRDye donkey anti-rabbit 680RD (LI-COR # 925-68073) at 1:20,000, IRDye 

donkey anti-mouse 800CW (LI-COR #926-32212) at 1:15,000, IRDye goat anti-rabbit 

800CW (LI-COR # 926-32211) at 1:15,000. 

Western blot membranes were scanned using the LI-COR Odyssey CLx scanner (low 

scan quali�W�\���������������P���V�F�D�Q���U�H�V�R�O�X�W�L�R�Q�����D�X�W�R���F�K�D�Q�Q�H�O���L�Q�W�H�Q�V�L�W�L�H�V�������,�P�D�J�H�V���Z�H�U�H���D�Q�D�O�\�]�H�G 

using ImageJ software (NIH) with the Gel Analysis tool or Image studio Lite software (Li- 

COR Biosciences). To adjust high background, the Subtract Background tool in FIJI 

was used on the whole channel with a rolling ball radius of 20-50 pixels. 

2.2.6 Barnes Maze 

The Barnes maze protocol was modified from (Wall et al., 2018). 31 mice (8 male WT, 7 

male ArcKR, 8 female WT, 8 male ArcKR) aged 9-10 months were trained for 15 days (learning 
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phase) on finding the exit hole in a Barnes maze apparatus (1 m diameter, 1 m height, 20 5 cm 

holes around the perimeter spaced 5 cm apart) with spatial cues placed around the apparatus and 

an aversive strong light source shining on the surface of the maze. Mice from both genotypes 

were randomly assigned an exit hole location that was kept the same throughout the learning 

phase. A food reward was placed in the exit hole on days 1-5 (Bio-Serv #F054721) to incentivize 

hole entry. On day 16, the maze was rotated 180° without changing the location of the spatial 

cues and the mice were trained on the new exit location through days 16-21 (reversal phase). The 

mice were habituated to the food reward in their home-cage 2 days before testing started and 

habituated to the maze and the exit box one day before testing started. On each day, the mice 

were released from a plastic cylinder wrapped in cardboard at the center of the maze and allowed 

a maximum of 15 min to find the exit. The test ended when the mouse found the exit as 

demonstrated by putting the forepaws in the hole or entering the hole. Mice that failed to enter 

the exit for the first five days were excluded from testing. The apparatus was wiped with 70% 

ethanol between subjects. The experimenter was blind to the genotype of the tested mice. All 

tests were recorded on Any-MAZE (Stoelting) software and scored blindly. 5 WT and 5 KO 

male mice were randomly selected for search strategy analysis. Spatial Strategy was scored as 

the mouse directly entering the exit quadrant and finding the exit without leaving the quadrant. 

Serial strategy was scored as the mouse searching at least 3 consecutive holes. Random strategy 

was scored as the mouse crossing at least 2 quadrants and searching a hole in each of the 

quadrants visited.  

2.2.7 Experimental design and statistical analysis 

All experiments follow a between-subjects design except for the Barnes Maze experiment 

which follows a within-subjects design. Statistical analysis was conducted using GraphPad prism 
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as described in the text for each experiment. Non-parametric tests are used when the criteria for 

using parametric tests are not met. Data is represented as mean ± SEM with statistical 

significance set at 95%. 

2.2.8 Image analysis 

Western blots were analyzed using ImageJ software (NIH) gel analysis tool. For analysis 

of plaque load in confocal images, Regions of interest were manually outlined, and number and 

area of outlined plaques quantified using Image J free selection tool. 

2.3 Results 

To test the hypothesis that disruption of Arc turnover by interfering with Arc ubiquitination at 

lysines 268/269 can precipitate AD pathology, we sought to examine ArcKR mice brain for 

hallmarks of AD pathology by quantifying plaque load, tau, A�E40 and A�E42 levels (Fig.1). Since 

the disruption in spatial flexibility in the ArcKR mice was detected as early as 3 weeks of age 

and amyloid plaques are detected in most AD mouse models by the age of 9 months, we 

investigated 3- month old ArcKR mice brains for pre-plaque AD pathology and 9-month old 

mice for amyloid plaque load (Wall et al., 2018; Yokoyama, Kobayashi, Tatsumi, & Tomita, 

2022).To quantify amyloid plaque load in the hippocampus, we stained coronal brain sections 

with Thioflavin S stain that detects �E-pleated sheet conformation of amyloid (Rajamohamedsait 

& Sigurdsson, 2012). No significant difference was found between the percentage area of 

plaques or the number of plaques between ArcKR mice and age- and sex- matched WT controls 

(Fig. 1A; Mann-Whitney test for the percentage area of plaques, p = 0.784; Unpaired t-test for 

the number of plaques, t = 1.341, df = 53, p = 0.1858). Additionally, no significant differences 

were found between pTau 181, A�E40 and A�E42 levels measured with ELISA in WT and ArcKR 

mice in the cortex. (Fig. 2B; Cortex: unpaired t-test for ptau, t = 0.3285, df = 12, p = 0.7482; 
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unpaired t-test for A�E40, t = 0.2758, df = 12, p = 0.7872; unpaired t- test for A�E42, t = 0.2668, df 

= 12, p = 0.7942) and hippocampus (Fig. 2C; Hippocampus: unpaired t-test for ptau, t = 0.07, df 

= 11, p = 0.9454; Mann-Whitney test for A�E40, p=0.4452; unpaired t-test for A�E42, t = 0.6932, 

df = 11, p = 0.5025). 

To test for disruptions in spatial learning in middle-aged ArcKR mice (9-10 months), we 

tested WT and ArcKR mice in a Barnes maze behavior assay (Wall et al., 2018). The location of 

the exit hole remained fixed, and the mice were trained to find the exit for the first 15 days of 

testing (learning phase). On day 16, the maze was rotated to shift the location of the exit 180º 

and the mice were trained on the new location until day 21 (reversal phase). Various parameters 

were measured to assess the performance of the mice in the maze. No difference in the distance 

covered on the maze during testing was detected between genotypes, however, both genotypes 

covered significantly less distance over time which indicates successful learning (Fig. 2A; 

Males: Two-way ANOVA, time F (2.372, 30.72) = 20.79, p < 0.0001; genotype F(1,13) = 

0.00236, p = 0.96; time X genotype, F (20, 256) = 0.67, p = 0.85; Females: Two-way ANOVA, 

time F (20,147) = 17.04, p <0.0001; genotype F (1,147) = 3.58, p = 0.0602; time X genotype F  
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Figure 2-1 ArcKR mouse brain does not exhibit AD pathology 
 

 

 

 

 

 

(20,147) = 0.5397, p = 0.9451; Fig. 3A; distance collapsed across sex, Two-way ANOVA, time 

F (4.704, 136.2) = 39.59, p <0.0001; genotype F (1,29) = 0.3049, p = 0.585; time X genotype F 

(20, 579) = 0.7267, p = 0.8).  

Errors were scored as the mouse searching holes other than the exit hole, no significant 

differences were found between genotypes in errors during both learning and reversal phases. 

(Fig. 2B Learning, Males: unpaired t-test, t = 0.2319, df = 13, p = 0.82; Females: Learning, 

unpaired t-test, t = 1.034, df = 14, p = 0.3189; Figure 2C, Reversal, Males: unpaired t-test, t = 

1.119, df = 13, p = 0.28; Females: unpaired t-test t = 1.034, df = 14, p = 0.3189; Figure 3B, 

errors collapsed across sex; learning, unpaired t-test t = 0.5017, df = 29; reversal, unpaired t-test t 

= 1.576, df = 29).  

Quadrant bias was measured in the learning phase to indicate learning the exit location 

and is scored as “one” if the mouse visits the exit quadrant directly after it is released from the 

cylinder or “zero” if it visits any other quadrant, and the sum scored over 15 days was divided by 

the total number of days. Perseverance was measured during the reversal phase to indicate 

perseverance towards old exit location and scored as “one” if the mouse visits the old exit 

quadrant from the learning phase and “zero” if it visits any other quadrant, and the sum was 

divided by the total number of days. No significant differences were found in quadrant bias and 

A) Coronal sections of the hippocampus of WT (top) and ArcKR (bottom) stained with 
thioflavin S. Mann-Whitney test for the percentage area of plaques, p = 0.784; 
Unpaired t-test for the number of plaques, t = 1.341, df = 53, p = 0.1858. scale bar = 50 

B) Quantification for pTau 181, A�E40 and A�E42 levels measured with ELISA in WT and 
ArcKR mice in cortex. Cortex: unpaired t-test for ptau, t = 0.3285, df = 12, p = 0.7482; 
unpaired t-test for A�E40, t = 0.2758, df = 12, p = 0.7872; unpaired t-test for A�E42, t = 
0.2668, df = 12, p = 0.7942. 

C) Quantification for pTau 181, A�E40 and A�E42 levels measured with ELISA in WT and 
ArcKR mice in hippocampus. Hippocampus: unpaired t-test for tau, t = 0.07, df = 11, p 
= 0.9454; Mann-Whitney test for A�E40, p=0.4452; unpaired t-test for A�E42, t = 0.6932, 
df = 11, p = 0.5025. 
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perseverance between both genotypes (Fig. 2D, Quadrant bias; Males, unpaired t-test, t = 0.3461, 

df = 13, p = 0.7348, Females, unpaired t-test t= 0.398, df = 14, p = 0.6966; Fig. 2E, 

Perseverance; Males, unpaired t-test, t = 0.3656, df = 13, p = 0.7206; Females, unpaired t-test, t = 

0.3038, df = 14, p = 0.7657; Figure 3C, collapsed across sex; Quadrant bias, unpaired t-test t = 

0.5039, df = 29, p = 0.6181; Perseverance, unpaired t-test t = 0.4377, df = 29, p = 0.6648). 

Together, these data suggest that there are no differences between the performance of WT and 

ArcKR mice in the Branes maze, not differences between the performance of male and female 

ArcKR mice, indicating that the ArcKR mice have no impairment in spatial learning at the age of 

9-10 months. 

To assess the mice for cognitive impairment, the search strategy employed by 5 randomly 

selected male mice to locate the exit hole was analyzed similar to the analysis done in (Wall et 

al., 2018) for the juvenile mice. Use of random search strategy instead of spatial search strategy 

after a few trials is indicative of cognitive impairment, while the use of serial search strategy 

indicates that the mice are not relying on spatial cues to locate the exit hole (Gawel, Gibula, 

Marszalek-Grabska, Filarowska, & Kotlinska, 2019). For both genotypes, we detected an 

increased use of spatial search strategy over time during the learning phase (Figure 4A, WT, 

Two-way ANOVA, Time F (5.015, 60.18) = 3.768 X10-16, p>0.999; Strategy F(2,12)=12.05, 

p=0.0013, Time X Strategy F (40.240) = 4.663, p < 0.0001; Fig. 4B, ArcKR, Two-way ANOVA, 

Time F (4.248, 50.98) = 9.335 X10-16, p > 0.999; Strategy F (2,12) = 91.82, p <0.0001; Time X 

Strategy, F (40, 240) = 3.661, p <0.0001). During reversal phase, there were no significant 

differences between both genotypes in the use of random and serial search strategies. However, 

both genotypes used the spatial search significantly more over time, but the ArcKR mice used 

the spatial search strategy significantly more than the WT suggesting that the ArcKR mice utilize  
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Figure 2-2 Performance of male and female ArcKR mice in Barnes maze 
 

 

 

 

 

 

 

the spatial cues more in their search (Fig. 4C, spatial strategy, Two-way ANOVA, Time F 

(3.620, 28.96) = 4.328, p = 0.0088; Genotype F (1,8) = 5.565, p = 0.046, Time X Genotype F 

(5,40) = 0.57, p = 0.7208; Fig. 4D, serial strategy, Two-way ANOVA, Time F (2.864, 22.91) = 

0.099, p = 0.09, Genotype F (1,8) = 4.424, p = 0.0686, Time X Genotype F (5,40) = 0.611, p = 

0.692; Fig. 4E, random strategy, Two-way ANOVA, Time F (2.977, 23.82) = 3.762, p = 0.0244; 

Genotype F(1,8) = 0.23, Time X Genotype F(5,40) = 1.848, p = 0.125). 

While we did not observe deficits in spatial learning or alterations in pTau 181, A�E40 and A�E42 

levels in the ArcKR mice, we next sought to test if Arc can promote the propagation of tau. We 

studied both WT and P301L-tau propagation. P301L-tau is a mutant from FTD that is commonly 

used to study tau pathology because of its high propensity for aggregation and has been shown to 

propagate across layers of the hippocampus of transgenic mice in vivo (de Calignon et al., 2012; 

L. Liu et al., 2012). GFP- WT tau and GFP- P301L tau were expressed alone or with myc-Arc in 

donor plates of HEK293 cells and incubated for 24 or 48 h before the media from each condition 

was harvested separately and added to recipient HEK293 plates (Fig.5A). Cells from the donor 

plates were harvested to confirm protein expression (Fig. 5B). Cells from recipient plates were 

harvested after 24 hr of incubation with media from the donor plates 

A) Distance covered in meters over 21 test days. Males: Two-way ANOVA, time F (2.372, 
30.72) = 20.79, p < 0.0001; genotype F(1,13) = 0.00236, p = 0.96; time X genotype, F (20, 
256) = 0.67, p = 0.85; Females: Two-way ANOVA, time F (20,147) = 17.04, p <0.0001; 
genotype F (1,147) = 3.58, p = 0.0602; time X genotype F (20,147) = 0.5397, p = 0.9451. n 
= 31 mice (8 male WT, 7 male ArcKR, 8 female WT, 8 male ArcKR) aged 9-10 months 

B) Errors during the learning phase (days 1-15). Males: unpaired t-test, t = 0.2319, df = 13, p 
= 0.82. Females: unpaired t-test, t = 1.034, df = 14, p = 0.3189. 

C) Errors during reversal phase (days 16-21). Males: unpaired t-test, t = 1.119, df = 13, p = 
0.28. Females: unpaired t-test t = 1.034, df = 14, p = 0.3189. 

D) Quadrant Bias ratio. Males, unpaired t-test, t = 0.3461, df = 13, p = 0.7348, Females, 
unpaired t-test t= 0.398, df = 14, p = 0.6966. 

E) Perseverance Ratio. Males, unpaired t-test, t = 0.3656, df = 13, p = 0.7206; Females, 
unpaired t-test, t = 0.3038, df = 14, p = 0.7657. 
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Figure 2-3 Performance of ArcKR mice in the Barnes maze (Collapsed across sex) 
 

 

 

 

 

A) Distance covered in meters over 21 test days.  Two-way ANOVA, time F (4.704, 136.2) = 39.59, 
p <0.0001; genotype F (1,29) = 0.3049, p = 0.585; time X genotype F (20, 579) = 0.7267, p = 
0.8). 

B) Errors during the learning phase (days 1-15), unpaired t-test t = 0.5017, df = 29, and during 
reversal phase (days 16-21), unpaired t-test t = 1.576, df = 29. 

C) Quadrant Bias ratio; unpaired t-test t = 0.5039, df = 29, p = 0.6181 and perseverance ratios; 
unpaired t-test t = 0.4377, df = 29, p = 0.6648. 
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Figure 2-4 Analysis of strategy employed by the mice in the Barnes maze 
 

 

 

 

 

 

 

 

and cells were lysed and probed for myc-Arc, GFP-WT tau and GFP-P301L tau (Fig. 5C). GFP 

and myc-Arc only conditions were used as controls. Although no significant differences were 

found between the transfer of GFP-tau or GFP- P301L tau from donor to recipient plate in the 

presence or absence of myc-Arc, there was a trend towards a decrease in the transfer of GFP-WT 

tau in the presence of myc-Arc (Fig. 5D, 24 hr donor incubation, One-way ANOVA, F (3,12) = 

1, p = 0.4261; Fig. 5E, 48 hr donor incubation, One-way ANOVA F (3,12) = 1.422, p = 0.2848). 

 

 

A) Strategy employed by WT mice to locate the exit, calculated as a percentage of the total 
time the mice spent searching for the exit on each day. Two-way ANOVA, Time p > 
0.999; Strategy p=0.0013, Time X Strategy p < 0.0001, n = 5. 

B) Strategy employed by WT mice to locate the exit, calculated as a percentage of the total 
time the mice spent searching for the exit on each day. Time p > 0.999; Strategy p < 
0.0001; Time X Strategy p < 0.0001, n = 5. 

C) Comparison of the use of spatial strategy by WT and ArcKR mice during reversal, 
showing that the ArcKR mice used the spatial search strategy significantly more than the 
WT mice. Two-way ANOVA, Time p = 0.0088; Genotype p = 0.046, Time X Genotype p 
= 0.7208;  

D) Comparison of the use of serial strategy by WT and ArcKR mice during reversal, Two-
way ANOVA, Time F (2.864, 22.91) = 0.099, p = 0.09, Genotype F (1,8) = 4.424, p = 
0.0686, Time X Genotype F (5,40) = 0.611, p = 0.692. 

E) Comparison of the use of random strategy by WT and ArcKR mice during reversal Two-
way ANOVA, Time F (2.977, 23.82) = 3.762, p = 0.0244; Genotype F(1,8) = 0.23, Time 
X Genotype F(5,40) = 1.848, p = 0.125 
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Figure 2-5 myc-Arc does not significantly increase the propagation of GFP-WT tau nor GFP-
P301L tau in HEK293 cells 

 

 

 

 

 

 

 

 

2.4 Discussion 

In this study, we attempted to decipher the role of Arc in Alzheimer’s disease in two 

different ways. First, we tested the hypothesis that disruption of Arc turnover can precipitate A�E 

and tau pathology and found no significant differences in A�E and tau levels or �E amyloid plaque 

load in ArcKR mouse brains. Additionally, we did not detect cognitive impairment in middle -

aged ArcKR mice suggesting that disruption of Arc turnover does not cause early cognitive 

impairment. Second, given the ability of Arc to propagate proteins between cells, we tested the 

hypothesis that Arc propagates tau. However, we did not observe significant differences in tau 

spread between the presence and absence of Arc. 

What causes AD? Several competing theories in the field of AD research attempt to 

explain the events that initiate AD pathogenesis. The “amyloid cascade theory” has been the 

leading one for a long time, with evidence towards toxic A�E causing synaptic and mitochondrial 

dysfunction, hyperphosphorylation of tau and oxidative stress and thus activating an 

inflammatory reaction that induces apoptosis, neuronal damage and loss (Selkoe, 1991). Another 

A) Schematic describing the assay used to test tau propagation in the presence of Arc. 
GFP- WT tau and GFP- P301L tau were expressed alone or with myc-Arc in donor 
plates of HEK293 cells and incubated for 24 or 48 h before the media from each 
condition was harvested separately and added to replace the media in the recipient 
HEK293 plates. Cells from recipient plates were then harvested 24 hrs later to be 
analyzed. 

B) Representative western blots showing the proteins expressed in the donor plates for 
both 24 h and 48 h time-points.  

C) Representative western blots showing the proteins detected in the recipient plates. 
D) Quantification of western blots of recipient plates that received media from the donor 

plate incubated for 24 h, One-way ANOVA, F (3,12) = 1, p = 0.4261. 
E) Quantification of western blots of recipient plates that received media from the donor 

plate incubated for 48 h, One-way ANOVA F (3,12) = 1.422, p = 0.2848. 
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major competing theory is “tau hyperphosphorylation” which gained traction because of the high 

correlation of tau pathology with cognitive decline and failure of A�E-targeting therapeutic 

approaches, with evidence showing that tau hyperphosphorylation causes microtubule instability, 

mitochondrial and synaptic dysfunction (Frost, Jacks, & Diamond, 2009; Mirbaha et al., 2022). 

However, the mechanisms through which A�E and tau initially become dysregulated remain 

largely elusive. With memory loss as the key sign of AD, as well as evidence of Arc dysfunction, 

it is tempting to draw connections between Arc and AD pathogenesis  (Kerrigan & Randall, 

2013). Arc is implicated in the formation of memory traces, with levels of Arc and other 

immediate early genes being elevated during behavioral tasks in the associated brain area 

(Minatohara, Akiyoshi, & Okuno, 2015). Arc mRNA appears in the nucleus of the activated 

neurons within minutes of neuronal activity and accumulates in activated dendrites, where it 

interacts with other proteins at synapses such as endophilin, dynamin, AMPA receptors, TARP 2 

(stargazing), AP-2 and others to regulate various forms of synaptic plasticity (Chowdhury et al., 

2006; DaSilva et al., 2016; Moga et al., 2004; Zhang et al., 2015). Arc is required for the 

formation of long-term memories (Plath et al., 2006) and is induced in the hippocampus during 

spatial memory tasks such as novel environment exploration and contextual fear conditioning 

(Guzowski et al., 1999; Mamiya et al., 2009; Ramirez-Amaya et al., 2005).  Moreover, it is 

induced in specific neuronal ensembles during learning and re-induced in the same ensembles 

upon exposure to the same environment  (Guzowski et al., 1999). Suppression of Arc-positive 

neurons labelled during contextual fear conditioning impairs memory retrieval in that specific 

context (Denny et al., 2014). Infusion of Arc antisense oligodeoxynucleotides in the 

hippocampus immediately following memory acquisition interferes with consolidation and 

impairs long-term potentiation (Guzowski et al., 2000). In the frontal cortex, Arc is increased 
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with motor training in an experience-related manner (Ren, Cao, Ye, Manji, & Wang, 2014). 

Taken together, it is not surprising that investigating the role of Arc in aging-related cognitive 

decline is the focus of many studies as I will discuss in the next section. It is important to note 

that this study examined only one aspect that regulates Arc function and that ArcKR mice have 

normal Arc basal levels, so these findings do not completely exclude a role for Arc in initiating 

AD pathogenesis. 

We tested if Arc can propagate tau in EVs or in Arc capsids in HEK293 cells, which do 

not endogenously express Arc, in the same assay that was used to show that Arc can propagate 

other proteins from donor to recipient cells in (Pastuzyn et al., 2018). Several mechanisms have 

been proposed for tau spread, with evidence that tau propagates trans-synaptically within 

anatomically connected areas (Hu, Liu, Gong, & Iqbal, 2022). In a study that utilized neurons 

derived from P301L-tau transgenic mice as donor cells and neurons from Tau knock-out mice as 

recipients, it was shown that tau propagation is activity dependent with increased neuronal 

activity promoting propagation of tau (J. W. Wu et al., 2016). Reminiscent of this finding, 

mRNAs associated with Arc capsids undergo activity-dependent translation in the recipient cells 

(Pastuzyn et al., 2018). Taken together, this led us to hypothesize that Arc can play a role in tau 

propagation. We observed that tau was able to independently propagate from donor to recipient 

cells, and that the presence of Arc did not increase the amount of tau detected in the recipient 

cells suggesting that Arc does not facilitate tau propagation. Various sources of tau have been 

used as seeds, such as tau fibrils, lysates or conditioned media from cells expressing pathological 

tau, or brain homogenates from tauopathy brains. It’s been shown that monomeric soluble tau is 

incapable of seeding and that tau has to be at least a trimer to be a competent seed (Falcon et al., 

2015; Mirbaha, Holmes, Sanders, Bieschke, & Diamond, 2015). Tau mutants, such as P301L and 
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P301S-tau have also been commonly used as seeds due to their ability to induce tau pathology 

(Clavaguera et al., 2013; Sanders et al., 2014). Interestingly, we observed that both WT and 

P301L-tau were capable of propagating, but we cannot exclude the possibility that overexpressed 

WT-tau aggregated into oligomers in our cultures. 

We investigated the role of Arc turnover in spatial learning in the ArcKR mouse model in 

middle-age and found that interfering with Arc turnover through disrupting its ubiquitination at 

Lysines 268/269 does not impair performance in a Barnes maze task. This finding was 

particularly striking because previous work has shown that juvenile (3-week-old) ArcKR mice 

have impaired cognitive flexibility in the Barnes maze. The middle-aged ArcKR mice even 

utilized spatial search more effectively than WT mice. Unpublished work from our lab shows 

that the phenotype persists at the age of 3 months. This suggests that the role of Arc turnover in 

regulating cognitive flexibility varies through different stages of life. This could potentially be 

explained by examining the physiological changes in basal Arc levels as well as dynamics of Arc 

induction and turnover throughout development and aging. Arc was first linked to aging through 

a microarray screen which showed that Arc expression in the hippocampus of rats declines with 

age (Blalock et al., 2003). This finding was corroborated by other follow-up studies, while others 

found no change in Arc or detected an increase. These discrepancies can be attributed to 

differences in the strains of the rats and the specific areas examined in the hippocampus (Fletcher 

et al., 2014; Hernandez et al., 2018; Myrum, Rossi, Perez, & Rapp, 2019; Penner et al., 2011). 

Dynamics of Arc induction and decay in aging were also studied, showing that aged rats fail to 

induce Arc levels following spatial learning along with an age-related decline in coordinated Arc 

expression during rest in the same cells that transcribed Arc during learning indicating a deficit 

in hippocampal replay (Gheidi, Damphousse, & Marrone, 2020; Myrum et al., 2020). 
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Additionally, the activity of the proteasome declines with aging due to various factors such as 

decline in the expression of proteasome subunits, while on the other hand, evidence shows that 

activity of the 20S ubiquitin-independent proteasome remains unchanged (Saez & Vilchez, 2014; 

Tonoki et al., 2009). In light of these studies, we hypothesize that the blunted turnover of Arc in 

the older ArcKR mice balances out the reduction in Arc induction that occurs as the mice age, 

resolving the disruptions that result from the persistence of Arc in the juvenile mice. It would be 

of interest to compare the ArcKR to WT mice during later stages of aging to test if blunted Arc 

turnover could rescue some of the cognitive decline that occurs as the mice age. Another 

possibility is that the involvement of Arc turnover in regulating cognitive flexibility is limited to 

earlier stages of life, while over time other mechanisms like ubiquitin-independent degradation 

of Arc can take over. 

 In the next chapter, we explore the opposite relationship between Arc and AD, and test 

the hypothesis that AD pathology disrupts Arc function. 
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3 TAU REGULATES ARC IN A PROTEASOME DEPENDENT MANNER  

The following chapter is adopted from a manuscript in preparation. Zachary Allen prepared 

primary hippocampal neuronal cultures, Vishrut Thaker analyzed dendritic spine density, Dr. 

Ankit Shroff from Dr. Taras Nazarko lab confirmed inhibition of the lysosome 

3.1 Introduction 

Tauopathies are a diverse group of neurodegenerative disorders predominantly 

characterized by dementia or degeneration of the motor system (Williams, 2006). A hallmark of 

tauopathies is the accumulation of tau into insoluble aggregates and filaments which is a major 

component of neurofibrillary tangles (NFTs) in the brain (Kosik et al., 1986; Wood et al., 1986). 

Besides tau pathology, tauopathies may also involve other pathological changes such as amyloid 

deposition that is observed in Alzheimer’s disease (AD) and Down’s syndrome (Williams, 

2006). In AD, the most common tauopathy, the progress of tau pathology, follows a stereotypical 

pattern in the brain that is highly correlated with the progress of cognitive impairment, which led 

Braak and Braak to base the staging of AD on the pattern of NFT deposition in the brain (Braak 

& Braak, 1995).  

Tau is encoded by the MAPT gene on chromosome 17 (Andreadis et al., 1992). Its C-

terminal region contains 18-residue repeats, which together form the microtubule binding 

domain (MTBD), which is linked to the N-terminal region through a proline-rich region (Wolfe, 

2009). The MAPT gene consists of 16 exons, 11 of which are expressed in the central nervous 

system (Goedert, Wischik, Crowther, Walker, & Klug, 1988). In humans, six different isoforms 

of tau have been reported with differences in alternative mRNA splicing of exons 2, 3 and 10. 

Alternative splicing of exons 2 and 3 yields 0,1 or 2 N-terminal repeats (0N, 1N and 2N 

isoforms) while alternative splicing of exon 10 leads to the presence or absence of the R2 
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domain, which is one of the 4 repeats that bind to microtubules (3R and 4R isoforms) (Goedert, 

Spillantini, Jakes, Rutherford, & Crowther, 1989). Tau also undergoes several posttranslational 

modifications including, but not limited to, phosphorylation (Reynolds, Betts, Blackstock, 

Nebreda, & Anderton, 2000), acetylation (Cohen et al., 2011; Min et al., 2010) and 

ubiquitination (Shimura, Schwartz, Gygi, & Kosik, 2004). During early stages of development, 

tau is highly phosphorylated compared to the adult brain (Tuerde et al., 2018). In tauopathies, tau 

becomes hyperphosphorylated, which is thought to increase its propensity to form aggregates 

and reduce its affinity for microtubules (Y. Wang & Mandelkow, 2016). Additionally, it has 

been shown that some degree of tau accumulation and hyperphosphorylation occurs in normal 

aging (Harrison et al., 2019; Torres, Rivera, Polanco, Jara, & Tapia-Rojas, 2022) 

There are over 50 mutants of the MAPT gene that have been identified in several 

tauopathies (Strang et al., 2019). Some of these mutations can affect the alternative splicing of 

tau mRNA leading to overproduction of 3R or 4R isoforms and thus pathologically increasing 

tau and facilitating its aggregation (D'Souza & Schellenberg, 2005). Other mutations, like the 

missense P301L mutation found within the 2R region, increase tau phosphorylation and decrease 

its binding to microtubules resulting in increased levels of free tau, which is thought to promote 

its aggregation (Hutton et al., 1998). While tau has been well established in its role in stabilizing 

microtubules (Drechsel, Hyman, Cobb, & Kirschner, 1992), more recent studies show that tau 

has a postsynaptic role that may have effects on synaptic plasticity (Biundo et al., 2017; Biundo 

et al., 2018; Holth et al., 2013; L. M. Ittner et al., 2010; Prikas et al., 2022; Roberson et al., 

2007). 

The activity-regulated cytoskeleton-associated protein (Arc) is an immediate early gene 

that regulates diverse forms of synaptic plasticity, memory, and learning (Messaoudi et al., 2007; 
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Okuno et al., 2012; Rial Verde et al., 2006; Shepherd et al., 2006; Waung et al., 2008). One 

�P�H�F�K�D�Q�L�V�P���W�K�U�R�X�J�K���Z�K�L�F�K���$�U�F���U�H�J�X�O�D�W�H�V���V�\�Q�D�S�W�L�F���S�O�D�V�W�L�F�L�W�\���L�V���E�\���S�U�R�P�R�W�L�Q�J���W�K�H���H�Q�G�R�F�\�W�R�V�L�V���R�I���.�(

�D�P�L�Q�R�(���(�K�\�G�U�R�[�\�(���(�P�H�W�K�\�O�(���(�L�V�R�[�D�]�R�O�H�S�U�R�S�L�R�Q�L�F���D�F�L�G�����$�0�3�$�����U�H�F�H�S�W�R�U�V���W�K�U�R�X�J�K���L�Q�W�H�U�D�F�W�L�R�Q�V��

with members of the endocytic machinery; endophilin-2/3, dynamin 2 and AP-2 that dominantly 

depends on its N-terminal region referred to as the endophilin binding (EB) domain (Chowdhury 

et al., 2006; DaSilva et al., 2016; Shepherd et al., 2006).  

Arc is upregulated during learning in the hippocampus (Guzowski et al., 1999) and is 

rapidly turned over, mainly through its ubiquitination and degradation by the ubiquitin 

proteasome system (UPS) (Greer et al., 2010; Y. Liu et al., 2021; Mabb & Ehlers, 2018; Mabb et 

al., 2014; Rao et al., 2006). This type of posttranslational destabilization has been identified as a 

key mechanism for regulating group 1 metabotropic glutamate receptor-mediated long-term 

depression (mGluR-LTD) and spatial reversal learning (Wall et al., 2018). Arc is also removed 

by the autophagic lysosomal pathway (Yan et al., 2018) and can be degraded by noncanonical 

neuronal membrane associated proteasomes (Ramachandran et al., 2018; Ramachandran & 

Margolis, 2017). Additionally, Arc undergoes several posttranslational modifications including, 

but not limited to, phosphorylation (Gozdz et al., 2017), sumoylation (Bramham et al., 2010; 

Craig et al., 2012; Nair et al., 2017), palmitoylation (Barylko et al., 2018), and acetylation 

(Lalonde et al., 2017).  

Several studies have examined a role for Arc in AD pathology, mainly through 

examining the relationship between Arc and �E amyloid (Dickey et al., 2004; Dickey et al., 2003; 

Perez-Cruz et al., 2011; Wegenast-Braun et al., 2009; J. Wu et al., 2011). However, there is a gap 

in understanding the relationship between Arc and tau. Given the role of Arc as a key regulator 

of synaptic plasticity and the recent implications of tau in regulating synaptic plasticity (Holth et 



ROLE OF ARC TURNOVER IN TAUOPATHIES                                                                   36 

al., 2013; L. M. Ittner et al., 2010; Roberson et al., 2007), we set out to determine if Arc might be 

affected by tau pathology. Overexpression of tau led to reduced Arc stability. Based on this 

finding, we tested the role of tau in posttranslational regulation of Arc. We found that 

overexpression of WT-tau but not P301L-tau decreased Arc protein. This reduction was found to 

be proteasome-dependent. Surprisingly, tau-dependent Arc degradation was not associated with 

lysosomal degradation or known Arc posttranslational modifications that included ubiquitination, 

phosphorylation, acetylation, or sumoylation. However, tau-dependent degradation did require 

the EB domain of Arc. Tau-induced degradation of Arc was found to selectively occur in 

primary hippocampal dendrites. This selective degradation was associated with increased surface 

GluA1-containg AMPA receptors in dendrites and abnormal targeting of surface GluA1 to the 

soma. We also show that endogenous tau has a physiological role in regulating Arc, where Arc 

levels are upregulated in the hippocampus of tau knockout (Tau KO) mice and in dendrites of 

primary hippocampal neurons. Our findings highlight a unique physiological role of tau in 

spatially and noncanonically regulating Arc removal, with hints of Arc endocytic targeting in 

regulating synaptic function. 

3.2 Materials and Methods 

3.2.1 Animals 

All animal care and use were carried out in accordance with the National Institutes of 

Health Guidelines for the Use of Animals using approved protocols by the Georgia State 

University Institutional Animal Care and Use Committee. Tau KO mice and control WT 

C57BL/6J were obtained from The Jackson Laboratories (# 007251 and # 000664) (Dawson et 

al., 2001). The following primers were used to validate the genotype of Tau KO and C57BL/6J  

mice: mutant forward: 5'-GCC AGAGGCCACTTGTGTAG-3’, WT forward: 5'-
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AATGGAAGACCATGCTGG AG-3’ and Common: 5'- ATTCAACCCCCTCGAATT TT-3’ 

according to the protocol recommended by the Jackson Labroratory, with the Tau KO band at 

~170 bp, Heterozygote ~170 bp and 269 bp and Wild type at 269 bp. Animals used in 

fractionation experiments and primary hippocampal cultures are littermates from heterozygous 

pairings. 

3.2.2 HEK293 cell line cultures and transfections  

HEK293 cells were generously provided by Dr. Jun Yin (Georgia State University). Cells 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Corning # 10013CV) with 

10% FBS and 1% penicillin-streptomycin (ThermoFisher). Cells were transfected at 60-70% 

confluency with Lipofectamine 3000 (ThermoFisher) according to the manufacturer instructions. 

Culture media was exchanged 4 hr post-transfection to remove transfection material and cells 

were harvested 48 h later. For proteasome inhibition experiments, cells were treated with 10 �PM 

MG-132 (sigma # 474790) for 4 hr before harvesting. For lysosome inhibition experiments, cells 

were treated with 50 �PM leupeptin (Sigma # L2884) and 10 mM NH4Cl (Sigma # A9434) as 

described in (Yan et al., 2018) for 6 hr before harvesting. For GSK3�D/�E inhibition, cultures were 

treated with 1-2 �PM CHIR 98014 (Tocris #6695) as described in (Gozdz et al., 2017) for 4 hr 

before harvesting. 

Plasmids used for transfection include the following: pcDNA 3.1, pEGFP-C3 (Clontech), 

pCMV-Td tomato, pRK5-myc-Arc (generously provided by Dr. Paul Worley, Johns Hopkins 

University), pRK5-myc-Arc5KR, pRK5-myc-Arc S170A/T175A, pRK5-myc-Arc T368A, 

pRK5-myc-Arc T380A, pRK5-myc-Arc K92Q, pRK5-myc-Arc �'  C-terminal, pRK5-myc-Arc �'  

CC, pRK5-myc-Arc �'  EB (Mabb et al., 2014), pEGFP-WT Tau (Addgene), pEGFP-P301L tau 

(Addgene).  
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3.2.3 Cloning 

QuickChange�¥ Site-directed mutagenesis (SDM) was used to generate the mutants 

pRK5-myc-Arc S170A/T175A, pRK5-myc-Arc T368A, pRK5-myc-Arc T380A, pRK5-myc-Arc 

K92Q from the pRK5-myc-Arc backbone. pEGFP-P301S Tau was generated from the pEGFP- 

WT Tau backbone. Primers used were as follows:  

S170A/T175A For.: 5’-

GGCTACGACTACACTGTTGCCCCCTATGCCATCGCCCCGCCACCTGCCGCAGGA-3’, 

S170A/T175A Rev.: 5’-

TCCTGCGGCAGGTGGCGGGGCGATGGCATAGGGGGCAACAGTGTAGTCGTAGC-3’; 

T368A For.: 5’-GGCAGCTGAGCCTTCTGTCGCCCCTCTGCCCACAGAGGATG-3’, 

T368A Rev.: 5’-CATCCTCTGTGGGCAGAGGGGCGACAGAAGGCTCAGCTGCC-3’, 

K92Q For.: 5’-GGAAGAAGTCCATCCAGGCCTGTCTCTGC-3’,  

K92Q Rev.: 5’-GCAGAGACAGGCCTGGATGGACTTCTTCC-3’.  

The T380A mutant was generated using the overlap extension method as previously described in 

(Ho, Hunt, Horton, Pullen, & Pease, 1989) with the flanking primers 5’-

GAAGTCGACCCCGGGAATGGAGCTGGA-3’, 5’ 

GAAGGATCCTTACTTACTTAGCGGCCG 3’ and Fwd.: 5’- 

GATGAGACTGGGGCACTCGCCCCTGCTCTTACCAGCGAG-3’, Rev.: 5’- 

CTCGCTGGTAAGAGCAGGGGCGAGTGCCCCAGTCTCATC-3’ at the site of the mutation. 

BamHI and SalI restriction enzymes (New England Biolabs) were used to subclone the mutated 

fragment into the pRK5-myc-Arc backbone. 
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3.2.4 Western Blotting 

HEK293 Cells were harvested and then cell pellets were lysed on ice in 

radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl, 1% v/v 

Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) with 1 mM DTT and protease inhibitors 

�����������P�0���3�0�6�)�����������0���O�H�X�S�H�S�W�L�Q����������������M aprotinin). Lysates were centrifuged at 13,000 rpm for 

20 min at 4�qC to precipitate insoluble extracts. Protein concentrations were measured using the 

Pierce 660 assay (ThermoFisher). To extract insoluble proteins, the precipitated pellet was 

resuspended in RIPA buffer then centrifuged at 13,000 rpm for 20 min at 4�qC then resuspended 

in 70% formic acid and vortexed for 2 min. The samples were centrifuged at 13,000 rpm for 20 

min at 4�qC, the pellet discarded and 20 volumes of neutralization buffer (1M Tris Base, 0.5 M 

Na2PO4 with protease and phosphatase inhibitors) were added to the supernatant. 

Proteins were separated by SDS-PAGE then transferred to nitrocellulose membrane at 

4�q�&�����������������P���S�R�U�H���V�L�]�H�����%�L�R-Rad). Membranes were blocked overnight at 4�q in Intercept tris-

buffered saline (TBS) blocking buffer (LI-COR) then incubated in primary antibodies in 1:1 

blocking buffer to 1% Tween-20 in TBS (TBST) with 0.02% NaN3 overnight at 4�qC. 

Membranes were washed 3 times with double distilled water for 5 min, and secondary antibodies 

in 1:1 blocking buffer to TBST 0.1% SDS were added to the membranes for 1 hr at room 

temperature, then washed 2 times with TBST and 1 time with double distilled water for 5 min. 

Primary antibodies used: mouse anti-myc (Santa Cruz #sc-40) at 1:1000, rabbit anti-GFP 

(Novus Biologicals # NB600-308) at 1:1000, mouse anti-�E Actin (Genetex #GTX629630) at 

1:3000, mouse anti-Tau-1 (Fisher #MAB3420MI) at 1:1000, mouse anti-Tubulin (Genetex # 

GT114) at 1:1000, mouse anti-Ubiquitin (Sigma # U5379) at 1:500, rabbit anti-LC3 (Novus 
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biologicals #NB100-2220) at 1:500, rabbit anti-p62 (Proteintech #18420-1-AP) at 1:1000, rabbit 

anti-PSD-95 (Fisher #519600) at 1:1000, mouse anti-GluA1 (Millipore MAB2263) at 1:1000. 

Secondary antibodies used: IRDye goat anti-mouse 680RD (LI-COR #926-68070) at 

1:20,000, IRDye donkey anti-rabbit 680RD (LI-COR # 925-68073) at 1:20,000, IRDye donkey 

anti-mouse 800CW (LI-COR #926-32212) at 1:15,000, IRDye goat anti-rabbit 800CW (LI-COR 

# 926-32211) at 1:15,000. 

Western blot membranes were scanned using the LI-COR Odyssey CLx scanner (low 

�V�F�D�Q���T�X�D�O�L�W�\���������������P���V�F�D�Q���U�H�V�R�O�X�W�L�R�Q�����D�X�W�R���F�K�D�Q�Q�H�O���L�Q�W�H�Q�V�L�W�L�H�V�������,�P�D�J�H�V���Z�H�U�H���D�Q�D�O�\�]�H�G���X�V�L�Q�J��

ImageJ software (NIH) with the Gel Analysis tool or Image studio Lite software (Li-COR  

Biosciences). To adjust high background, the Subtract Background tool in FIJI was used on the 

whole channel with a rolling ball radius of 20-50 pixels. 

3.2.5 Co-Immunoprecipitation 

Transfected cells were lysed in IP buffer (20 mM Tris-HCl, 3 mM EDTA, 3 mM EGTA, 

150 mM NaCl, 1% Triton X-100, pH 7.4) with 1 mM DTT, protease and phosphatase inhibitors 

�����������P�0���3�0�6�)�����������0���O�H�X�S�H�S�W�L�Q�����������������0���D�S�U�R�W�L�Q�L�Q�����D�Q�G�����������������+�D�O�W���S�K�R�V�S�K�D�W�D�V�H���L�Q�K�L�E�L�W�R�U��

cocktail; ThermoFisher #78420). Lysates were centrifuged at 13,000 rpm for 20 min at 4�qC to 

precipitate insoluble extracts. Protein concentration was determined using the Pierce assay 660 

assay (ThermoFisher). 1 mg of protein was used for each condition and brought up to a total 

volume of 1 ml in IP buffer. Beads (Protein A/G PLUS-Agarose; Santa Cruz #sc-2003) were pre-

�H�T�X�L�O�L�E�U�D�W�H�G���L�Q���,�3���E�X�I�I�H�U���Z�L�W�K���L�Q�K�L�E�L�W�R�U�V�����3�U�R�W�H�L�Q���V�D�P�S�O�H�V���Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K�������������J���V�D�P�S�O�H���R�I��

the primary antibody (Goat anti-myc (bethyl #A190-104A) or mouse anti-myc (Santa Cruz #SC-

40)) and left to tumble for 1 hr at 4�qC, then equal volume of beads suspension was added per 

sample and left to tumble overnight. Samples were centrifuged for 45 seconds at 13,000 rpm to 
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pellet the beads. The supernatant was discarded, and beads were washed 3 times for 5 min with 

IP buffer before adding 2X SDS sample buffer (4% SDS, 20% glycerol, 0.2% bromophenol blue, 

3% DTT, 0.1 M Tris-HCl, 1:1000 �E-mercaptoethanol, pH 6.8) and heating to 45�qC for 5 min. 

Proteins were then separated using SDS-PAGE as described above. 

For the ubiquitination assay, the same protocol was followed except that RIPA buffer was 

used instead of IP buffer. 

3.2.6 Tissue Fractionation 

Dissected hippocampus from male and female 3-month old WT and Tau KO mice were 

homogenized in 10 volumes of HEPES-buffered sucrose (0.32 M sucrose, 4mM HEPES, pH7.4) 

�Z�L�W�K�������P�0���'�7�7���D�Q�G���S�U�R�W�H�D�V�H���L�Q�K�L�E�L�W�R�U�V�������������P�0���3�0�6�)�����������0���O�H�X�S�H�S�W�L�Q�����������������0���D�S�U�R�W�L�Q�L�Q��. 

Tissue homogenate was spun at 800 xg for 15 min at 4°C to precipitate the nuclear fraction (P1). 

The resulting supernatant (S1) was spun at 10,000 xg for 15 min to yield the crude synaptosomal 

pellet (P2). P2 was washed by resuspending in 10 volumes of HEPES-buffered sucrose and re-

spinning at 10,000 xg for 15 min. P2 was lysed by hypoosmotic shock in 9 volumes or ice cold 

water with inhibitors and then rapidly adjusting to 4 mM HEPES using 1 M HEPES, pH 7.4, 

then left to tumble at 4°C for 30 min. Samples were then centrifuged at 25,000 xg for 20 min to 

yield the supernatant S3 (synaptosomal vesicle fraction) and the pellet P3 (synaptosomal 

membrane fraction). P3 was resuspended in HEPES-buffered sucrose. Quantification of protein 

concentrations was done with the pierce assay and 7 �Pg of protein/ fraction was used in western 

blot analysis.  

3.2.7 Primary Hippocampal Neuronal Cultures 

Primary hippocampal neurons of mixed sex were isolated from P0-1 mice as previously 

described (Wall et al., 2018) and cultured on poly-d-lysine-coated coverslips (0.1 mg/ml) in 24-
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well plates at a density of 75,000 cells/well. For Tau KO cultures, litters from heterozygous 

mating pairs were genotyped before culture and WT pups were cultured separately from Tau KO 

pups. Cultures were maintained in neuronal feeding media: Neurobasal media (ThermoFisher) 

containing 1% GlutaMAX (ThermoFisher), 2% B-���������7�K�H�U�P�R�)�L�V�K�H�U�����������������J���P�/����-Fluoro-2’-

deoxyuridine (Sigma), and 0.2 �Pg/mL Gentamicin (Sigma). On day in vitro (DIV) 6, half the 

media was replaced with prewarmed fresh neuronal feeding media. Cultures were transfected 

with Lipofectamine 2000 (ThermoFisher) on DIV 9-12 as described in (Mabb et al., 2014) with 

equal amount of cDNA transfected into all conditions. For proteasome inhibition experiments, 

cultures were treated with 0.5 �PM tetrodotoxin citrate (TTX; Tocris #1069) and 10 �PM MG132 

for 4 hr before they were fixed. 

3.2.8 Immunocytochemistry 

48 h after transfection, cultures were treated with 2 �PM TTX for 4 h then fixed for 20 min 

at 4�qC with 4% Sucrose/4% paraformaldehyde. Neurons were permeabilized with 0.2 % Saponin 

for 15 min then blocked in 10 % normal horse serum (NHS) in PBS for 1 hr at 37�qC. 

Permeabilization was skipped for surface labelling. Neurons were then incubated overnight in 

primary antibody in 3% NHS, then washed and incubated in secondary antibody at 1:1,000 and 

DAPI (ThermoFisher #62248) at 1:2,000 in 3% NHS for 1 h in the dark at room temperature. 

Coverslips were washed with phosphate buffer saline (PBS) then mounted onto slides with 

Fluorogel (GeneTex).  

Primary Antibodies used: rabbit anti-Arc (synaptic systems #156003) at 1:500, mouse 

anti-GluA1 (Millipore MAB2263) at 1:150.  

Secondary Antibodies used: Donkey anti-rabbit AlexaFluor 647 (ThermoFisher 

#A31573), Goat anti-mouse AlexaFluor 647 (ThermoFisher #A21240) 



ROLE OF ARC TURNOVER IN TAUOPATHIES                                                                   43 

3.2.9 Image Acquisition and Analysis 

For primary hippocampal neurons, coverslips were imaged on a Zeiss LSM 700 confocal 

microscope under 40X (Arc experiments NA 1.4, Zeiss #420762-9900) or 63X (NA 1.4, Zeiss 

#420782-9900-000, GluA1 experiments, dendritic spine analysis) immersion lens. 12-step raw z-

stack images were acquired with step size 0.42 �Pm. Acquisition parameters were kept constant 

between different conditions within the same experiment and samples were interleaved during 

imaging. Images were analyzed using ImageJ software (NIH). Regions of interest were manually 

outlined guided by the neuron morphology visualized by the Td-tomato cell fill, and integrated 

density values were quantified for Arc and GluA1 in the initial 20 �Pm of apical dendrites. 

Dendritic spines were quantified manually on the z-stacks guided by neuron morphology 

visualized by Td-tomato cell fill in ImageJ. 

3.2.10 Experimental design and statistical analysis 

All experiments follow a between-subjects design. Statistical analysis was conducted 

using GraphPad prism as described in the text for each experiment. Non-parametric tests are 

used when the criteria for using parametric tests are not met. Data is represented as mean �r SEM 

with statistical significance set at 95%. 

3.3 Results 

Arc is levels are dysregulated in post-mortem brains from AD patients and in Amyloid-

beta mouse models (J. Wu et al., 2011). We sought to investigate the effect of tau, a hallmark of 

AD pathology, on Arc. To determine if tau altered Arc stability in neurons, GFP-tau was 

overexpressed with increasing concentrations in primary hippocampal neurons and endogenous 

Arc levels were quantified. Td-tomato was used as a cell fill to outline neuronal morphology 

(Fig. 1A). We found that Arc protein was selectively decreased in dendrites upon GFP-tau 
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overexpression as this decrease was not observed in the soma. P301L is a missense single-point 

mutation located on the R2 MTBD of tau that substitutes Proline for Leucine, and  

Figure 3-1 GFP-tau but not GFP-P301L tau decreases endogenous Arc in primary hippocampal 
neurons 

 

has been commonly used to model AD pathology (Strang et al., 2019). Unlike GFP-tau,  

 

 

A) Primary hippocampal neurons transfected with GFP, GFP-tau or GFP-P301L tau. Tdtomato was 
�X�V�H�G���W�R���R�X�W�O�L�Q�H���Q�H�X�U�R�Q���P�R�U�S�K�R�O�R�J�\�����6�F�D�O�H���E�D�U���U�H�S�U�H�V�H�Q�W�V�����������P�� 

B)  Quantification of Arc protein (magenta) in soma and dendrites showing a decrease in Arc 
selectively in dendrites with GFP-tau concentrations but not with GFP-P301L. One-way ANOVA 
in dendrites F(2,55) = 5.885, p = 0.0048, Tukey’s post-hoc GFP vs. GFP-Tau p = 0.0023; one-
way ANOVA in soma F (2,62) = 0.62, p = 0.54. 
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has been commonly used to model AD pathology (Strang et al., 2019). Unlike GFP-tau, 

overexpression of GFP-P301L tau had no effect on Arc in soma or dendrites (Fig. 1B; One-way 

ANOVA in dendrites F(2,55) = 5.885, p = 0.0048, Tukey’s post-hoc GFP vs. GFP-Tau p = 

0.0023; one-way ANOVA in soma F (2,62) = 0.62, p = 0.54.).  

Arc ubiquitination targets Arc to the proteasome for degradation and is a major pathway 

for Arc removal (Greer et al., 2010; Mabb et al., 2014; Rao et al., 2006). We asked whether the 

reduction of Arc by tau was dependent on proteasome activity. To determine if tau modulation of 

Arc is proteasome-dependent, primary hippocampal neurons overexpressing GFP-tau were 

treated with the proteasome inhibitor MG-132 and Arc levels were quantified (Fig. 2A). In 

Vehicle treated neurons, Arc was significantly decreased with GFP-tau overexpression but not in 

MG-132-treated neurons (Fig. 2B; Unpaired t-test DMSO Control in dendrites t = 2.72, df = 27, 

p = 0.011; Unpaired t-test MG-132 in dendrites t = 0.3814, df = 27 p = 0.706; Unpaired t-test 

DMSO in soma t = 1.044, df = 27, p = 0.306; Unpaired t-test MG-132 in soma t = 0.16, df = 27, 

p = 0.874). Our findings support the notion that tau modulation of Arc is selective for dendrites 

and is proteasome dependent.  

Arc interacts with endophilin and dynamin to promote endocytosis of AMPA receptors 

(Chowdhury et al., 2006; Rial Verde et al., 2006). We hypothesized that the tau-mediated 

decrease of Arc in dendrites would decrease AMPA receptor endocytosis and consequently lead 

to an increase in surface AMPA receptor levels. To test this, we overexpressed GFP-tau and 

GFP-P301L tau in primary hippocampal neurons and quantified surface GluA1-containing 

AMPA receptors (Fig. 3A). GluA1 staining in neurons overexpressing GFP-tau had a smoother 

appearance, unlike the punctate distribution in neurons overexpressing GFP and GFP-P301L tau. 

As expected, GFP-tau overexpression led to an increase in surface GluA1; however, this effect 
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was not selective to dendrites, as overexpression also led to an increase of surface GluA1 in the 

soma (Fig. 3A, Kruskal-Wallis test for dendrites, p = 0.0458, Dunn’s multiple comparisons test, 

GFP vs GFP-tau p = 0.0415; Kruskal-Wallis test for soma, p = 0.0034, Dunn’s multiple 

comparisons test, GFP vs GFP-tau p = 0.0023). We also quantified the number of dendritic 

spines in each of the conditions but found no significant differences compared to GFP alone 

(Fig.3B, Ordinary one-way ANOVA F (2, 50) = 0.1543, p = 0.8574). These findings suggest that 

WT but not GFP-P301L tau overexpression disrupts dendritic targeting of GluA1-containing 

AMPA receptors. 

 

Figure 3-2 Tau modulation of dendritic Arc in primary hippocampal neurons is proteasome 
dependent 

  

 

 

A) Primary hippocampal neurons overexpressing GFP or GFP-tau. Td-tomato was used to outline 
neuron morphology. Cells treated with either Vehicle (DMSO) or MG-�������������������0�����I�R�U�������K�����6�F�D�O�H��
�E�D�U���U�H�S�U�H�V�H�Q�W�V�����������P���� 

B) Quantification of Arc protein (magenta) in soma and apical dendrites showing a decrease in Arc 
selectively in dendrites with increasing tau concentrations in cultures treated with Vehicle but not in 
cultures treated with MG-132. Unpaired t-test DMSO Control in dendrites t=2.72, df = 27, p = 
0.011; Unpaired t-test MG-132 in dendrites t = 0.3814, df = 27 p = 0.706; Unpaired t-test DMSO in 
soma t = 1.044, df = 27, p = 0.306; Unpaired t-test MG-132 in soma t = 0.16, df = 27, p = 0.874. 
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Figure 3-3 Tau overexpression increases surface GluA1 in dendrites and in the soma 
 

 

 

 

To test whether tau has a physiological role in regulating Arc or if this regulation only 

occurs with abnormally high levels of tau, we studied Arc levels in Tau KO mice which lack the 

A) Left, Primary hippocampal neurons overexpressing GFP, GFP-tau and GFP-P301L tau. Td-tomato 
�Z�D�V���X�V�H�G���W�R���R�X�W�O�L�Q�H���Q�H�X�U�R�Q���P�R�U�S�K�R�O�R�J�\�����6�F�D�O�H���E�D�U���U�H�S�U�H�V�H�Q�W�V�����������P�����6�F�D�O�H���E�D�U���I�R�U���V�H�O�H�F�W�H�G��dendrites 
�U�H�S�U�H�V�H�Q�W�V�����������P�� 
Right, Quantification of surface GluA1 (magenta) in soma and apical dendrites. Kruskal-Wallis test 
for dendrites, p = 0.0458; Kruskal-Wallis test for soma, p = 0.0034. 

B) Quantification of dendritic spines on apical dendrites per 1 ���P. One-way ANOVA, p=0.857. Scale 
bar = 5 ���P 
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MAPT gene (Fig. 4). Hippocampi of WT and Tau KO littermates were cultured and labelled for 

Arc. Arc levels were selectively upregulated in dendrites, consistent with the selective 

downregulation of Arc in dendrites with GFP-tau overexpression (Fig.5; unpaired t-test for Arc 

in dendrites, t = 2.517, df = 29, p = 0.0176; unpaired t-test for Arc in soma, t = 0.677, df = 29, p 

= 0.504).  

Since the dysregulation in Arc was selective to a specific cellular compartment, the 

dendrites, we sought to confirm our finding by studying levels of Arc in subcellular fractions of 

hippocampi harvested from 3-month-old WT and Tau KO littermates (Fig. 6). To demonstrate 

the effectiveness of our fractionation method, we analyzed GluA1 and postsynaptic density 

protein (PSD-95) levels in the isolated fractions. We observed an increase in GluA1 and PSD-95 

in the crude synaptosomal fraction (P2) and the lysed synaptosomal membrane fraction (P3) 

compared to the cytosolic fraction (S2) (Fig. 7B), demonstrating successful fractionation. Arc 

levels were significantly higher in total hippocampal lysates of Tau KO mice compared to WT 

(Fig. 7C; Arc, unpaired t-test t = 2.42, df = 12, p = 0.032). Consistent with our findings from 

hippocampal neurons, Arc levels were significantly upregulated in the P2 but not the S2 fraction, 

although there was a strong trend towards an upregulation of Arc in the S2 fraction (Fig. 7D, S2 t 

= 2.061, df = 11, p = 0.0638; Fig. 7E; Arc in P2, unpaired t-test t = 2.217, df = 12, p = 0.0467). 

No significant differences in Arc levels were found in the P3 and the synaptic vesicles (S3) 

fractions (Fig. 7F; Arc in S3, unpaired t-test t = 0.9787, df = 12, p = 0.347; Fig. 6G; Arc in P3, 

unpaired t-test t = 1.005, df = 12, p = 0.3349).  

Arc promotes endocytosis of AMPARs. Since we observed higher levels of surface 

GluA1 concomitantly with down regulation of Arc when tau is overexpressed, we hypothesized 

that GluA1 would be downregulated when Arc in upregulated. We evaluated changes in GluA1 
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in our subcellular fractions to determine if the upregulation of Arc alters GluA1. However, we 

did not observe differences in GluA1 levels in any of the fractions between WT and Tau KO 

mice. (Fig. 7C; GluA1 in total hippocampus lysates, Mann Whitney test, p>0.999; Fig. 7D 

GluA1 in S2, t = 0.1498, df = 11, p = 0.883; Fig. 7E; GluA1 in P2, unpaired t-test t = 0.3563, df 

= 12, p = 0.7278; Fig. 7F; GluA1 in S3, unpaired t-test t = 0.6809, df = 12; Fig. 7G; GluA1 in 

P3, t = 0.7242, df = 12, p = 0.4828). 

We next turned to HEK293 cells to further elucidate the mechanisms through which WT-

tau regulates Arc. Cells overexpressing myc-Arc and increasing concentrations of GFP-tau were 

treated with the proteasome inhibitor MG-132 (Fig. 8A). Similar to the observations with 

endogenous Arc in primary hippocampal neurons, myc-Arc levels were reduced upon increasing 

concentrations of GFP-tau but this effect was not observed in cells treated with MG-132 (Fig. 

8B; one-way ANOVA for DMSO control, F (5,12) = 4.03, p = 0.022, Tukey’s post-hoc test 0 vs. 

1 �Pg: p= 0.046; one-way ANOVA for MG-132, F (5,12) = 1.9, p = 0.15). 

Studies have shown that Arc can be ubiquitinated by the E3 ligases RNF216, UBE3A and 

CHIP, which induces its rapid degradation by the proteasome (Greer et al., 2010; Y. Liu et al., 

2021; Mabb et al., 2014). Since protein ubiquitination dominantly occurs on lysine residues, we 

tested reported Arc ubiquitination sites for RNF216 and UBE3A on lysines which were mutated 

to arginine to prevent ubiquitination (K55R/K136R/K268R/K269R/K293R, myc-Arc5KR) 

(Greer et al., 2010; Mabb et al., 2014) (Fig. 8C). Surprisingly, co-transfection of myc-Arc5KR 
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Figure 3-4 Genotype validation for Tau KO mice  
 

 

 

 

 

Figure 3-5 Arc levels are selectively upregulated in dendrites of Tau KO mice 
 

 

 

 

 

 

Figure 3-6 Fractionation of hippocampal tissue from WT and Tau KO mice 
 

 

Left, Primary hippocampal neurons from WT and Tau KO littermates transfected at DIV 9 with 
td-tomato to outline neuron morphology and fixed at DIV 10. Cells are transfected. Scale bar = 20 ���P 

Right, quantification of Arc in dendrites and soma, showing significantly higher Arc levels in 
dendrites but not the soma. Unpaired t-test for Arc in dendrites, t = 2.517, df = 29, p = 0.0176; unpaired t-
test for Arc in soma, t = 0.677, df = 29, p = 0.504 

A) Example of successful genotyping of Tau KO mice. 
B) Representative western blot showing the absence of tau protein in Tau KO 

mice. Unpaired t-test t = 12.22, df = 12, p < 0.0001 
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Figure 3-7 Arc is increased in the hippocampus of Tau KO mice 

 

with increasing amounts of GFP-tau still led to a reduction in Arc that was similar in magnitude 

to myc-Arc WT (Fig. 8D; one-way ANOVA F = (5,18) = 6.4, p = 0.0014, Tukey’s post-hoc 0 vs. 

0.5 �Pg = 0.02, 0 vs 0.75 �Pg p = 0.0175, 0 vs. 1 �Pg p = 0.0015, 0 vs. 1.5 �Pg p = 0.0016). These 

findings suggested that preventing Arc ubiquitination at these sites does not interfere with tau-

mediated Arc reduction. To determine if the tau-mediated decreases in Arc involved 

ubiquitination, we measured myc-Arc ubiquitination in the presence of GFP-tau or GFP-P301L 

tau after treatment with MG-132 to trap Arc ubiquitinated products. While RNF216 robustly 

increased myc-Arc ubiquitination, this was not observed upon GFP-tau or GFP-P301L tau 

overexpression (Fig. 8E). To test if Arc could interact with WT-tau, we performed co-

immunoprecipitation assays with WT or P301L-tau. While RNF216 efficiently co-

immunoprecipitated with Arc, interaction with WT or P301L-tau was not different compared to 

background control (Fig. 8F). Taken together, these experiments suggest that even though tau 

modulation of Arc is proteasome dependent, it does not appear to be through a direct interaction 

with Arc or through enhancing Arc ubiquitination by RNF216 or UBE3A, which indicates that 

tau might be utilizing noncanonical methods of Arc removal by the proteasome. 

 

A) Representative western blots showing Arc, GluA1, PSD-95 and actin in total hippocampal (Hp) 
lysates, cytosol and light membranes (S2), crude synaptosomal fraction (P2), synaptic vesicles (S3) 
and lysed synaptosomal membrane (P3) subcellular fractions. Hippocampi were harvested from 3 
month-old WT and Tau KO littermates from both sexes. 

B) Quantification of PSD-95 and GluA1 across all probed subcellular fractions. 
C-D) Quantification of Arc and GluA1across subcellular fractions. Arc levels were significantly higher in 

total Hp lysates and in P2 fractions in Tau KO compared to WT mice. No differences were found in 
GluA1 levels within any of the fractions. Unpaired t-test for Arc in Hp, t = 2.42, df = 12, p = 0.032. 
Unpaired t-test for Arc in P2, unpaired t-test t = 2.217, df = 12, p = 0.0467. N = 6 
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Figure 3-8 Tau modulation of Arc in HEK 293 cells requires proteasome activity but does not 
increase Arc ubiquitination. 

 

 

 

 

 

 

 

 

 

 

 

One alternative possibility to our MG-132 results could be related to the ability of MG-

132 to block late phases of lysosomal degradation (van Kerkhof et al., 2001). Given that Arc is 

also removed by the autophagy lysosome system in neurons (Yan et al., 2018), we asked if tau 

decreases Arc by lysosome-dependent degradation. We treated cells overexpressing myc-Arc 

and GFP-tau with the lysosome inhibitors Leupeptin and Ammonium Chloride for 6 h before 

harvest (Fig. 9A) yet still, Arc levels decreased with GFP-tau overexpression in both vehicle and 

inhibitor-treated conditions (Fig. 9B; Unpaired t-test for vehicle control, t = 10.6, df = 10, p < 

0.0001; Unpaired t-test for inhibitors, t = 5.585, df = 10, p = 0.0002). We confirmed inhibition of 

the lysosomal activity by blotting for markers of autophagic flux – MAP1LC3B (hereafter LC3) 

and p62/SQSTM1(Shroff & Nazarko, 2022). There was a significant increase in the levels of the 

autophagosome bound form of LC3 – LC3-II (Figure 9C; unpaired t-test, t = 12.52, df = 22, p < 

A) Following transfection, cells were treated with either Vehicle (DMSO) or MG-132 (10 
mM) for 4 hours. Left, representative western blots showing myc-Arc with increasing 
concentrations of GFP-tau in DMSO treated HEK293 cells (0, 0.25, 0.5, 0.75, 1 and 1.5 
���J). Actin was used as a loading control. Right, representative western blots showing 
myc-Arc with increasing concentrations of GFP-tau in DMSO treated HEK293 cells (0, 
���������������������������������������D�Q�G�������������J�������$�F�W�L�Q���Z�D�V���X�V�H�G���D�V���D���O�R�D�G�L�Q�J���F�R�Q�W�U�R�O���� 

B) Quantification of myc-Arc levels normalized to actin showing a significant decrease in 
Arc with increasing Tau in vehicle-treated cells (left), but not in the MG-132-treated 
cells (right). One-way ANOVA for DMSO control, F (5,12) = 4.03, p = 0.022; one-way 
ANOVA for MG-132, F (5,12) = 1.9, p = 0.15. 

C) Schematic showing the structure of Arc, highlighting the coiled-coil (CC) domain and 
the endophilin-binding (EB) domain on the N-terminus, and the N- and C-lobe on the 
C-terminus. The locations of the lysines (K55,136, 268, 269 and 293) targeted for 
ubiquitination by RNF216 and UBE3A are shown. 

D) Left, Representative western blots showing myc-Arc5KR (K55,136, 268, 269 and 293 
mutated to Arginine) with increasing concentrations of GFP-tau in HEK293 cells (0, 
0.25, 0.5, 0.75, 1 and 1.5 ���J�������$�F�W�L�Q���Z�D�V���X�V�H�G���D�V���D���O�R�D�G�L�Q�J���F�R�Q�W�U�R�O����Right, Quantification 
of myc-Arc5KR levels normalized to actin showing a significant decrease in Arc with 
increasing tau. One-way ANOVA F = (5,18) = 6.4, p = 0.0014. 
Top, Ubiquitin assay showing no enhancement in Arc ubiquitination when co-expressed 
with Tau or P301L tau. RNF216 was used as a positive control. Bottom, Input showing 
expression of myc-Arc, GFP-RNF216, GFP-tau and GFP-P301L tau. 

E) Coimmunoprecipitation assay showing pulldown of myc-Arc with anti-myc antibody 
and immunoblotting with an anti-GFP antibody. GFP-RNF216 was used as a positive 
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0.0001) and the autophagosome substrate p62/SQSTM1 (Figure 9C; unpaired t-test, t = 10.54, df 

= 22, p < 0.0001) in cells treated with lysosome inhibitors as compared to vehicle treated cells. 

Surprisingly, we did not observe the expected increase in Arc levels (data not shown, Unpaired t-

test, t = 0.7087, df = 10, p = 0.4947). These findings suggest that tau modulation of Arc is not 

lysosome dependent.  
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Figure 3-9 Tau does not enhance lysosomal degradation of Arc 

 

Given the ability of overexpressed tau to form insoluble aggregates (Ackmann, Wiech, & 

Mandelkow, 2000; Lippens et al., 2007), we next asked if tau may be precipitating Arc into 

insoluble aggregates that could not be extracted in the RIPA-soluble fraction. We extracted 

proteins in the RIPA-insoluble fraction using formic acid, which has been successfully used to 

extract tau aggregates (Dou et al., 2003; Ishihara et al., 2001). While GFP-tau was detected in the 

insoluble fraction, Arc was not (Fig. 9D), suggesting that tau-dependent decreases in Arc are not 

due to its precipitation into insoluble aggregates. 

One recent study suggested that Arc phosphorylation by GSK3�D/�E can enhance Arc 

removal by the proteasome (Gozdz et al., 2017). We treated cells co-expressing myc-Arc and 

GFP-tau with the GSK3�D/�E inhibitor CHIR 98014 (CH98) for 4 h prior to harvest (Fig. 10A). 

myc-Arc levels decreased with GFP-tau overexpression in both vehicle and the CH98-treated 

condition (Fig. 10B; Unpaired t-test for vehicle control, t = 3.450, df = 18, p = 0.0029; unpaired 

t-test for CH98, t = 3.417, df = 18, p = 0.0031). It was also reported that Arc is phosphorylated 

on S170, T175, T368, and T380 by GSK3�D/�E (Gozdz et al., 2017) (Fig. 10B). We mutated these 

A) Representative western blots showing myc-Arc expressed alone or with GFP-tau. 
�&�H�O�O�V���Z�H�U�H���W�U�H�D�W�H�G���Z�L�W�K���9�H�K�L�F�O�H�����Z�D�W�H�U�����R�U���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���O�H�X�S�H�S�W�L�Q�������������0�����D�Q�G��
ammonium (10 mM) chloride for 6 hr to block lysosome degradation. Actin was 
used as a loading control. Blots showing markers for lysosome inhibition, LC3 and 
p62/SQSTM1 with total protein stain used as a loading control. 

B) Quantification of myc-Arc showing a significant decrease with co-expression of 
GFP-tau in Vehicle and following lysosome inhibition. t-test for vehicle control, t = 
10.6, df = 10, ****p < 0.0001; unpaired t-test for inhibitors, t = 5.585, df = 10, p = 
0.0002. 

C) Quantification of LC3 and p62/SQSTM1 showing a significant increase of LC3 
(unpaired t-test, t = 12.52, df = 22, ****p < 0.0001) and p62/SQSTM1 (unpaired t-
test, t = 10.54, df = 22, ****p < 0.0001) in cells treated with inhibitors.  

D) Representative western blots showing RIPA-soluble and insoluble fractions of myc-
Arc expressed alone or with GFP-tau. 
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phosphorylation sites to generate myc-Arc S170A/T175A, myc-Arc T368, and myc-Arc T380A. 

However, upon overexpression with GFP-tau (Fig. 10, C-E), all 3 of these myc-Arc 

phosphorylation mutants were still decreased (Fig. 10, C-E; Unpaired t-test for Arc 

S170A/T175A, t = 4.913, df = 16, p = 0.0002; Unpaired t-test for Arc T368A, t = 8.714, df = 4, p 

= 0.001; Unpaired t-test for Arc T380A, t = 11.59, df = 4, p = 0.0003). Together, these 

experiments demonstrate that tau modulation of Arc is not mediated through GSK3�D/�E activity 

or GSK3�D/�E-dependent Arc phosphorylation. 

Given the lack of effects of ubiquitin and phosphorylation modifying sites to mediate Arc 

removal by tau, we next evaluated regions of Arc that might be necessary for tau-dependent 

reductions. We used myc-Arc constructs that lack specific domains of Arc; myc-Arc �' C-

terminal (lacking the C-terminal domain), myc-Arc �' CC (lacking the coiled-coil motif on the N-

terminal domain), and myc-Arc �' EB (lacking the EB domain on the N-terminus) (Mabb et al., 

2014) (Fig. 11 A). We found that all the tested myc-Arc constructs were significantly decreased 

with tau except for the myc-Arc �' EB (Fig. 11, B; Unpaired t-test for WT Arc t = 8.857, df = 10, 

p < 0.0001; Unpaired t-test for Arc �' C-terminal t=6.471, df = 10, p < 0.0001; Unpaired t-test for 

Arc �' CC t = 7.076, df = 10, p < 0.0001; Unpaired t-test Arc �' EB t = 0.2956, df =1 0, p = 0.774). 

It is worth noting that removal of the coiled-coil domain (myc-Arc �' CC) reduced the magnitude 

of tau-induced Arc loss which could indicate a partial role for this domain (Fig. 11 C). 

Cumulatively, these findings show that the EB domain of Arc is essential for its reduction by tau.  

The Arc EB domain is an 11 amino acid sequence that is important for targeting Arc to 

endosomes (Chowdhury et al., 2006). Recently, Arc was found to be acetylated at K24, K33, 

K55 and K92 which increases its stability (Lalonde et al., 2017). Of these sites, K92 falls within 

the EB domain (89-100) (Fig. 11A). We hypothesized that tau could be decreasing Arc stability 
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by interfering with its acetylation at K92. To test this hypothesis, we created the acetyl-mimetic 

myc-Arc K92Q, which increases the stability of Arc (Lalonde et al., 2017). However, the myc-

Arc K29Q mutant was still reduced with GFP-tau overexpression suggesting that tau does not 

modulate Arc through interfering with its acetylation at K92 (Fig. 11 D; Unpaired t-test t = 5.54, 

df = 10, p = 0.0002). Cumulatively, these findings suggest that tau regulation of Arc is not 

through canonical pathways for proteasome-mediated removal of Arc. 

3.4 Discussion 

Here we show that overexpression of the 0N4R isoform of tau, but not P301L tau, 

decreases Arc in the dendrites of primary hippocampal neurons. WT tau, but not P301L tau, 

increased surface GluA1 in both the dendrites and soma in hippocampal neurons, suggesting 

mistargeting of GluA1 to the soma. Changes in GluA1 targeting by WT tau did not appear to 

alter dendritic spine density. We also show that tau regulation of Arc is physiological. Arc is 

upregulated in the hippocampus and in synaptosomal fractions from Tau KO mice, as well as 

dendrites of primary hippocampal neurons. Tau modulation of Arc was proteasome-dependent 

yet occurred independently of Arc ubiquitination and the numerous known Arc posttranslational 

modifications. However, the EB domain of Arc was necessary for tau-induced Arc degradation.  

Several studies have shown a role for Arc in AD, mainly through links to amyloid-beta 

(A�E). For example, both increases and decreases in Arc in the hippocampus and cortex were  

 



ROLE OF ARC TURNOVER IN TAUOPATHIES                                                                   59 

 



ROLE OF ARC TURNOVER IN TAUOPATHIES                                                                   60 

Figure 3-10 Tau-induced Arc removal does not depend on GSK3�D/�E Arc phosphorylation 
 

 

 

 

 

 

 

reported in several amyloid precursor protein (APP) mouse models (Dickey et al., 2004; Dickey 

et al., 2003; Palop et al., 2005; Parra-Damas et al., 2014; Perez-Cruz et al., 2011; Wegenast-

Braun et al., 2009; Xu et al., 2022) and it has been suggested that these changes occur in an age- 

dependent manner (Naert & Rivest, 2012; Privitera et al., 2022). Arc levels are also increased in 

the medial prefrontal cortex of patients with AD (J. Wu et al., 2011). On the other hand, a 

mechanistic relationship between Arc and tau has been relatively understudied. While 

experience-driven Arc responses were found to be disrupted in the vicinity of plaques in the 

APP/PS1 model, where neurons in the vicinity of amyloid plaques were less likely to respond, no 

similar effect was observed in the vicinity of tau NFTs in the Tg4510 mouse overexpressing 

P301L tau (Rudinskiy et al., 2012; Rudinskiy et al., 2014). A recent study showed that tau 

elevated Arc1 in a drosophila AD model overexpressing R406W tau, a mutant linked to 

Frontotemporal dementia, demonstrating a role for Arc1 in neurodegeneration (Schulz et al., 

2022). While the conflicting results make it difficult to define a clear role for Arc in AD 

pathology, this can be attributed to differences in species, the disease models used, the stage of 

A) Left, Representative western blots showing myc-Arc expressed alone or with GFP-tau. Cells were 
treated with Vehicle (Water) or CH98 (1-�������0�����I�R�U�������K�����$ctin was used as a loading control. Right, 
Quantification of myc-Arc showing a significant decrease with co-expression of GFP-tau after 
treatment with Vehicle (unpaired t-test, t = 3.450, df = 18, p = 0.0029) or CH98 (unpaired t-test, t = 
3.417, df = 18, p = 0.0031).  

B) Schematic showing the structure of Arc with the location of mapped GSK3�D/�E phosphorylation sites 
S170, T175, T368 and T380. 

C-E) Left, Representative western blots showing myc-Arc S170A/T175A, myc-Arc T368A, or myc-Arc 
T380A with Arc phosphorylation sites mutated to Alanine expressed alone or with GFP-tau. Actin 
was used as a loading control. Right, Quantification of myc-Arc S170A/T175A, myc-Arc T368A, or 
myc-Arc T380A showing a significant decrease when co-expressed with Tau. Unpaired t-test for Arc 
S170A/T175A, t = 4.913, df = 16, p = 0.0002; Unpaired t-test for Arc T368A, t = 8.714, df = 4, p = 
0.001; Unpaired t-test for Arc T380A, t = 11.59, df = 4, p = 0.0003. 
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Figure 3-11 The Endophilin-binding domain of Arc is essential for Arc modulation by tau 
 

 

 

 

 

 

 

 

 

 

disease development, and the tissue type. Differences in levels of excitability between networks 

and brain areas can also explain some of the contradictions as Arc levels increase rapidly in 

excited synapses and upon exposure to learning experiences followed by its removal to return to 

its basal levels (Mabb et al., 2014; Moga et al., 2004; Privitera et al., 2022; Ramirez-Amaya et 

al., 2005; Steward et al., 1998).  

We show that tau modulation of Arc is proteasome dependent. MG-132 is an aldehyde 

peptide and a potent proteasome inhibitor that blocks the proteasome by forming a hemiacetal 

with the hydroxyl of the 20S active site threonines, thus blocking both 26S and 20S proteasomes 

(Kisselev, van der Linden, & Overkleeft, 2012). A major pathway for removal of Arc is through 

the UPS (Greer et al., 2010; Y. Liu et al., 2021; Mabb & Ehlers, 2018; Mabb et al., 2014; Rao et 

al., 2006). However, creating mutations of characterized Arc ubiquitination sites targeted by the 

E3 ligases RNF216 and UBE3A (Arc5KR) did not block Arc degradation(Greer et al., 2010; 

Mabb et al., 2014). Although we did not test for a role of CHIP, an E3 ligase that regulates the 

A) Schematic showing the structure of Arc, highlighting the coiled-coil (CC) domain and the 
endophilin-binding (EB) domain on the N-terminus, and the N- and C-lobe on the C-terminus. 
The location of the K92 acetylation site is shown. 

B)  Left, Representative western blots showing WT myc-Arc, myc-Arc �' C-terminal (lacking the C-

terminal domain), myc-Arc �' CC (lacking the coiled-coil motif on the N-terminal domain), and 

myc-Arc �' EB (lacking the endophilin-binding domain on the N-terminus). expressed alone or 
with GFP-tau. Actin and tubulin were used as loading controls. Right, Quantification of WT myc-
Arc, myc-Arc �' C-terminal, myc-Arc �' CC, and myc-Arc �' EB. Only Arc �' EB does not show a 
decrease with Tau overexpression (Unpaired t-test for WT Arc t = 8.857, df = 10, ****p < 0.0001; 
Unpaired t-test for Arc �' C-terminal t = 6.471, df =1 0, ****p < 0.0001; Unpaired t-test for Arc 

�' CC t = 7.076, df = 10, ****p < 0.0001; Unpaired t-test Arc �' EB t = 0.2956, df = 10, p = 0.774).  
C) Left, Representative western blots showing all myc-Arc constructs expressed with or without 

GFP-tau. Right, Quantification of myc-Arc constructs tested with GFP-tau in B. One-way 
ANOVA, , df =  3, F(3,20) = 27.03, p < 0.0001 

D)  Left, Representative western blots showing myc-Arc K92Q with the acetylation site K92 mutated 
to glutamine expressed alone or with GFP-tau. Actin was used as a loading control. Right, 
Quantification of myc- Arc K92Q showing a significant decrease when co-expressed with Tau. 
Unpaired t-test t = 5.54, df = 10, p = 0.0002 
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ubiquitination of both Arc and tau (Y. Liu et al., 2021; Petrucelli et al., 2004), the possibility 

remains unlikely as we could not detect an enhancement of Arc ubiquitination upon tau 

overexpression. MG-132 also inhibits calpains and cathepsins (Tsubuki, Saito, Tomioka, Ito, & 

Kawashima, 1996). However, tau modulation of Arc was not dependent on lysosomal 

degradation. In light of these findings, two alternative mechanisms can still be hypothesized. 

First, recent studies have found that Arc can be assembled into viral-like capsids and released 

into the extracellular space (Ashley et al., 2018; Eriksen et al., 2021; Pastuzyn et al., 2018). It is 

possible that tau overexpression may result in the extracellular release of Arc capsids. Second, 

Arc is a substrate of the 20S neuronal membrane proteasome (NMP), which is proteasome 

inhibitor sensitive and utilizes a ubiquitin-independent mechanism for degradation of ribosome-

associated nascent Arc (Ramachandran et al., 2018; Ramachandran & Margolis, 2017). Thus, it 

is possible that tau could be targeting newly synthesized Arc for removal by the NMP.  

We show that the EB domain mutant of Arc is not modulated by tau. Structurally, Arc 

consists of two juxtaposed domains, a positively charged N-terminal domain (NTD) and a 

negatively charged C-terminal domain (CTD). The NTD has several peptide-binding sites, 

including the EB and two long helices possibly forming a coiled-coil (Boratyn et al., 2012; 

Hallin et al., 2018). Arc mediates endocytosis of AMPARs through its interaction with 

Endophilin at the EB domain (Chowdhury et al., 2006). Given our findings requiring the EB of 

Arc, we investigated the possibility that tau overexpression could be interfering with Arc 

stability by disrupting the acetylation of Arc at K92 located within this domain (Lalonde et al., 

2017), but an acetyl mimetic Arc mutant at this site (K92Q) did not prevent the decrease in Arc. 

Moreover, Arc did not co-immunoprecipitate with tau even when blocking its degradation with 

the proteasome inhibitor MG-132, suggesting an indirect or transient interaction between these 
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two proteins. Arc binds endophilin, dynamin, and AP-2 to mediate endocytosis of AMPA 

receptors (Chowdhury et al., 2006; DaSilva et al., 2016). Recent findings show that tau (2N4R) 

has an extensive network of interactions with proteins that regulate endocytosis, including 

endophilin, AP-2 and dynamin (C. Liu, Song, Nisbet, & Gotz, 2016; Prikas et al., 2022). 

Interestingly, expression of human tau (0N4R) induces de novo assembly of microtubules which 

interferes with endocytosis through sequestration of dynamin (Hori et al., 2022). Although we 

are unable to define a detailed mechanism for the modulation of Arc by tau, our results suggest 

the involvement of the endocytotic machinery, engaged by both Arc (via EB domain) and tau, in 

this process. However, it is important to be careful with interpretation of data from a 

heterologous expression system such as HEK293 cells. While we show that the decrease in Arc 

by tau is proteasome-dependent in both neurons and HEK293 cells, the upstream mechanisms 

involved in targeting of endogenous Arc to the proteasome in primary hippocampal neurons 

could potentially be different from mechanisms of removal of artificially expressed myc-Arc in 

HEK 293 cells. This becomes particularly important in studies such as ours that evaluate 

alterations in levels of artificially expressed proteins. We controlled for the efficiency of 

transfection by keeping the amount of DNA transfected into the cell the same in all conditions by 

adding pcDNA3. We still observed non-specific alterations in myc-Arc expression in HEK293 

cells when other proteins such as GFP are co-expressed. This may be a potential confound in 

some of our conclusions from experiments conducted solely in HEK293 cells. 

Consistent with the observed decrease in Arc specifically in hippocampal dendrites upon 

tau overexpression, we found that WT tau overexpression also increases surface levels of GluA1 

in the soma of primary hippocampal neurons and in dendrites. Since surface GluA1 was also 

increased in the soma despite no detected change in Arc in that region, we propose that tau 
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overexpression mistargets GluA1-containing AMPA receptors to the soma due to altered 

trafficking. The physiological interactions of dendritic tau with synaptic proteins that regulate 

postsynaptic receptor trafficking and synaptic plasticity have been described (A. Ittner & Ittner, 

2018; L. M. Ittner et al., 2010; Kimura et al., 2014; Prikas et al., 2022; Regan et al., 2015). 

Consistent with our finding of high levels of Arc in Tau KO mice, tau knockout cortical and 

hippocampal neurons show significantly lower surface GluA1 compared to wildtype cells (Prikas 

et al., 2022). Tau interacts with several proteins that regulate AMPA receptor trafficking profiles 

such as NSF and PICK1 (Prikas et al., 2022; Regan et al., 2015), and tau knockout neurons show 

a rapid reduction in the number of GluA2 puncta after NMDA treatment (Suzuki & Kimura, 

2017). Additionally, tau plays a role in the postsynaptic targeting of the Src kinase Fyn, which 

regulates the activation of NMDA receptors (L. M. Ittner et al., 2010), and consequently affects 

AMPA receptor trafficking (Franchini et al., 2019). Thus, the observed results could be a net 

effect of the interaction of tau with several proteins. The sequestration of these proteins could 

lead to Arc instability. In contrast, we did not observe a change in surface GluA1 with P301L tau 

overexpression in the soma or dendrites of hippocampal neurons. Hoover et al. reported higher 

levels of P301L tau in postsynaptic density proteins isolated from rTg4510 mice overexpressing 

P301L tau compared to those isolated from rTg21221 mice overexpressing WT tau (0N4R). 

rTgP301L neurons showed lower spine GluA1 levels compared to neurons from rTgWT mice at 

DIV 21-35 (Hoover et al., 2010). In our study, WT and P301L tau are acutely overexpressed, and 

neurons were fixed at DIV 12-14 and thus our findings may model an earlier stage of tau 

pathology. Additionally, the insertion of the transgene MAPT P301L in the Tg4510 model 

disrupts the fibroblast growth factor 14 (Fgf14) gene, which has been shown to contribute to the 
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neurodegeneration observed in the mouse model, which may have inadvertently resulted in off 

target effects on surface GluA1 (J. Gamache et al., 2019; Goodwin et al., 2019).  

While different tau isoforms and mutants are used interchangeably to model AD and 

other tauopathies, our study adds to the growing body of literature that emphasizes the 

differences in protein interactions between tau mutants, which would suggest that they have 

different roles in the cell as well as different contributions to disease pathogenesis (Alonso et al., 

2001; Bachmann, Bell, Klimek, & Zempel, 2021; Cherry et al., 2021; C. Liu & Gotz, 2013; C. 

Liu et al., 2016). The six isoforms of tau are differentially expressed throughout development, 

with the ratio of 3R to 4R tau in the adult human brain roughly equal to one (Goedert et al., 

1989). Tau isoforms further have distinct biochemical properties such as different propensities 

for aggregation, with those containing 4R assembling 2.5 to 3 times faster compared to 3R 

isoforms (Goedert & Jakes, 1990). In AD, NFTs contain all six isoforms, while in other 

tauopathies, tangles may predominantly have 3R or 4R tau (Lee, Goedert, & Trojanowski, 2001). 

On the other hand, the majority of MAPT mutations, including P301L, are associated with FTD. 

However, P301L as well as other MAPT mutations have been commonly used to model AD in 

vivo and in vitro despite their distinct physical properties (Hall & Roberson, 2012). The 

genetically matched rT1 model overexpressing WT 0N4R human tau and rT2 model 

overexpressing P301L-tau also show differences in tau phosphorylation and stability at different 

developmental stages (J. E. Gamache et al., 2020).  

Our study demonstrates a posttranslational role for tau in regulating Arc, a key mediator 

of synaptic plasticity and opens up possibilities of identifying new pathways for removing Arc. 

Our findings also show that the endocytic targeting of Arc is important for tau-induced 

instability. The inability of P301L-tau to modulate Arc highlights the importance of distinctions 
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in downstream signaling mechanisms activated by different tau mutants involved in 

neurodegenerative disease. 
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4 CONCLUSION 

In this study, we investigated the role of Arc turnover in tauopathies. In chapter 2, we tested 

the hypothesis that disruption of Arc turnover can cause AD pathology. We examined ArcKR 

mice for AD pathology. We did not observe abnormal levels of �E-amyloid plaques, A�E40, A�E42 

or ptau181 in 3-month-old ArcKR mice, suggesting that disruption of Arc turnover does not lead 

to AD-associated pathologies. Moreover, we show that middle-aged 9–10-month-old ArcKR 

mice do not show the deficit in cognitive flexibility in the reversal phase of the Barnes maze 

shown in the juvenile ArcKR mice, suggesting a developmentally-timed role for Arc turnover in 

cognitive flexibility. In AD, tau pathology propagates in the brain in a stereotypical manner that 

is relevant to the clinical progression of the disease. We tested if Arc can promote propagation of 

WT-tau or P301L-tau, a mutant from familial FTD, in HEK293 cells in Arc capsids or vesicles. 

While both WT-tau and P301L-tau propagated from donor to recipient cultures, we did not 

observe an increase in their propagation when Arc was co-expressed, suggesting that Arc does 

not promote propagation of tau. 

In AD and other tauopathies, high levels of tau are detected in the brain and CSFt (Blennow, 

2017). In chapter 3, we tested if tau overexpression dysregulates Arc turnover. We found that 

Arc is selectively downregulated in dendrites of primary hippocampal neurons in a proteasome-

dependent manner. Arc promotes endocytosis of AMPA receptors. The decrease of Arc with tau 

overexpression was associated with an increase in GluA1 in both soma and dendrites, suggesting 

that tau overexpression leads to mistargeting of GluA1. We show that the regulation of Arc by 

tau is physiological, and not limited to conditions of tau overexpression that mimic pathology, 

where Arc is selectively upregulated in dendrites of Tau KO primary hippocampal cultures. Arc 

is also upregulated in hippocampal lysates and in the crude synaptosomal subcellular fraction of 
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Tau KO mice. We attempted to decipher the mechanism through which tau regulates Arc. We 

tested the role of various known post-translational modifications of Arc in HEK293 cells that 

regulate Arc turnover. Despite dependence on the proteasome, tau regulation of Arc was 

independent of Arc ubiquitination, phosphorylation and lysosomal degradation, suggesting that 

tau regulation of Arc occurs through non-canonical pathways for Arc proteasomal removal. 

However, we show that the endophilin-binding domain of Arc is necessary for Arc modulation 

by tau, suggesting a role for Arc engagements with the endocytotic machinery in tau-induced 

instability. 

4.1 A novel physiological mechanism for tau in regulating synaptic plasticity: 

implications for tau and Arc 

With tau as a key molecular player in AD and tauopathies, understanding the physiological 

role of tau is crucial for understanding its role in pathological conditions and the downstream 

effects of the loss- or gain-of-tau function. Tau has been regarded solely as a microtubule-

stabilizing protein (Barbier et al., 2019). Over the past decade, multiple studies have focused on 

physiological and pathological roles for tau beyond those related to microtubule stabilization 

(Sotiropoulos et al., 2017). Tau is enriched in neuronal axons, with lower levels detected in the 

plasma membrane, dendrites and dendritic spines with a differential distribution for tau isoforms 

(C. Liu & Gotz, 2013). Studies from Tau KO mice have shown that loss of tau does not lead to 

gross behavioral or neuronal changes in young mice. However, it affects synaptic plasticity, 

where Tau KO mice have deficits in LTP and LTD (Ahmed et al., 2014; Kimura et al., 2014). An 

interactome of tau in the mouse brain links tau to various proteins involved in synaptic vesicle 

cycling and postsynaptic receptor trafficking (Prikas et al., 2022). Yet, a mechanism for the 

physiological role of tau in regulating synaptic plasticity has not been clearly elucidated, 
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although some interactions for tau in dendrites and at the synapse have been studied in more 

detail. Tau regulates NMDAR function by targeting Fyn Tyrosine Kinase to the post-synaptic 

density, where it phosphorylates NMDA receptors (Trepanier, Jackson, & MacDonald, 2012). 

Tau also contributes to stabilizing AMPA receptors through its interaction with the ATPase NSF 

(Prikas et al., 2022). Our study identifies a new physiological role for tau in regulating Arc, a 

master regulator of synaptic plasticity (Nikolaienko, Patil, Eriksen, & Bramham, 2018). These 

findings carry implications for both tau and Arc. For tau, it suggests a new potential mechanism 

through which tau can regulate synaptic plasticity. While the role of Arc in regulating LTP has 

been brought into question, the role of Arc in regulating LTD is well-established, and the 

dysregulation in Arc could potentially be an underlying mechanism for the observed disruptions 

in LTD in Tau KO mice (Kyrke-Smith et al., 2021; Wilkerson, Albanesi, & Huber, 2018). For 

Arc, our findings further our understanding of Arc turnover, and establishes tau as a new 

regulator of Arc. We show that tau overexpression is associated with an increase in surface 

GluA1. While we do not show evidence that this is a direct result of an upstream dysregulation 

of Arc that is disrupting GluA1 endocytosis, evidence of downregulation of surface GluA1 

shown in (Prikas et al., 2022) in Tau KO mice, coupled with the high Arc levels in Tau KOs 

suggest that this might be the case, although data from our subcellular fractionation of Tau KO 

hippocampi did not show a similar dysregulation in GluA1. 

Although we were not able to define a clear pathway for this interaction, we provide 

evidence that enables us to form potential hypotheses. Our data suggests that tau does not 

directly bind Arc nor enhance its ubiquitination, yet inhibition of the proteasome disrupts tau 

modulation of Arc. The ubiquitin-proteasome pathway is a major pathway for Arc removal. 

Other post-translational modifications regulate the stability of Arc, such as phosphorylation, 
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which enhances Arc ubiquitination and thus its removal by the proteasome, and acetylation 

which increases Arc stability (Bramham et al., 2010; Craig & Henley, 2012; Greer et al., 2010; 

Y. Liu et al., 2021; Mabb & Ehlers, 2018; Mabb et al., 2014; Nair et al., 2017; Rao et al., 2006). 

Arc is also removed by lysosomal degradation and is released from the cell in vesicles and Arc 

capsids (Yan et al., 2018). We show that phosphorylation does not play a role in tau modulation 

of Arc, which is consistent with the lack of enhancement in Arc ubiquitination. Additionally, we 

show that inhibiting the lysosome does not interfere with tau modulation of Arc. However, we 

find that the EB domain of Arc, a 10 amino acid stretch, is necessary for this modulation. This 

suggests several possibilities; first, a post-translational modification (PTM) that occurs at the EB 

domain (91-100) could be responsible for this modulation. We tested one of the known PTMs of 

Arc within the EB domain, acetylation at K92, and found that an acetyl mimic mutation at this 

site did not interfere with the decrease of Arc. It is possible that tau facilitates another PTM at 

this domain that ultimately leads to proteasomal degradation of Arc. Second, given that the 

modulation of Arc by tau is most likely indirect, based on data from our co-IP that showed that 

Arc does not bind tau, it is possible that tau interacts with a binding-partner of Arc that binds at 

the EB domain. On the other hand, the lack of enhancement of Arc ubiquitination by tau hints at 

ubiquitin independent removal of Arc by the nervous-system specific plasma membrane 

proteasome complex, where both Arc and tau are substrates of the 20S uncapped proteasome 

(Ramachandran et al., 2018; Ramachandran & Margolis, 2017). Finally, tau could be enhancing 

the release of Arc from neurons leading to a decrease in Arc. 

4.2 Arc in Alzheimer’s disease and other tauopathies, where does it fit? 

Our study suggests that the dysregulation of Arc observed in AD might be a downstream 

effect of AD pathology rather than a causative factor. However, such statement requires closer 
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examination. In chapter 2, we provide evidence that Arc does not promote propagation of tau. 

We also show that the ArcKR mice do not show the hallmarks of AD pathology. However, it is 

worth noting that the ArcKR mutation does not lead to changes in basal levels of Arc similar to 

those observed in AD, but rather prolongs the half-life of Arc following its induction and thus 

interferes with normal Arc function (Wall et al., 2018). Other studies have shown different ways 

through which Arc promotes AD pathogenesis, such as regulating activity-dependent A�E 

production through interactions with PS1 and regulating trafficking of APP and BACE1 in 

endosomes (J. Wu et al., 2011). This, together with our study, suggests that the interactions of 

Arc with the endocytotic machinery play a critical role in AD. 

It is also important to consider that AD pathology is complex and multifactorial. Most 

studies focus on examining these factors in isolation from each other (Jankowsky & Zheng, 

2017). While our study focused on tau overexpression to model the high levels of tau observed in 

tauopathies, the absence of A�E pathology in our model makes our study a closer model to 

primary tauopathies that predominantly show tau pathology. Moreover, our finding that the 

P301L-tau, unlike WT tau, does not alter Arc, suggests that the ability of tau to alter Arc might 

be dependent on several properties of tau that are different between the WT and the P301L, such 

as the propensity for aggregation and hyperphosphorylation. All of these aspects of tau pathology 

should be carefully considered when modeling tauopthies and care should be taken when 

interpreting how data from simpler models might translate within the more complex disease.  

4.3 Arc as a potential clinical target 

Evidence of involvement of Arc in AD pathology, and the role of Arc in regulating 

learning and memory which are severely disrupted in AD, raises the question to the potential of 

targeting Arc therapeutically to ameliorate some of these disruptions. Several drugs are known to 
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alter Arc levels and function, including psychotropic drugs as well as other drugs that manipulate 

the proteasome and the autophagy-lysosome systems, most of which are well-studied and are 

already in use to treat other disorders (Fig. 4.1) (Yakout et al., 2021). However, given the 

complexity of the role of Arc in AD, the desired effect of pharmacologically altering Arc 

remains unclear. More studies are needed to evaluate a well-defined role for Arc in AD that takes 

into consideration the role of Arc in regulating AD pathology such as A�E, and the effect of tau 

pathology on downregulating Arc. Notably, Arc is robustly induced with experiences that 

stimulate plasticity and is specifically targeted to stimulated synapses (Plath et al., 2006), and 

holistic approaches that are already in practice for AD management such as cognitive therapy, 

have shown evidence of substantial benefits for AD patients, and many of them can induce Arc 

in a non-pharmacological manner (Buschert, Bokde, & Hampel, 2010). 

 

Figure 4-1 Drugs that alter Arc in various rat brain regions 
 

(Yakout, Shree, & Mabb, 2021) 
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4.4 Future Directions  

4.4.1 A detailed mechanism for tau regulation of Arc 

While our study introduces a novel physiological relationship between tau and Arc that is 

dependent on the proteasome with the EB domain of Arc necessary for this modulation. A clear 

mechanism that identifies the intermediate players or PTMs required for tau modulation of Arc 

remains to be studied. 

4.4.2 Evaluating the role of tau in regulating functions of Arc  

We show that the decrease of Arc with tau overexpression is associated with an increase 

in surface GluA1, consistent with the role of Arc in promoting AMPAR endocytosis. However, 

our evidence is circumstantial, and direct evidence that shows that tau-mediated increase in 

surface GluA1 is through decreasing Arc remains to be studied. Other disruptions in neuronal 

function due to loss or gain of function for tau that intersect with functions of Arc, such as 

disruptions in LTP and LTD also remain to be evaluated. 

4.4.3 Investigating a differential role for tau mutants and isoforms in regulating Arc 

We show that P301L-tau, unlike WT-tau, does not regulate Arc. Identifying the 

properties of P301L-tau that make it unable to regulate Arc, such as its higher propensity for 

hyperphosphorylation and aggregation, lower affinity for microtubule binding and differences in 

subcellular localization. This can help shed light on the mechanism of tau regulation of Arc and 

will further our understanding and interpretation of data from AD models that utilize this tau 

mutant. We used the 0N4R tau isoform in our study. It is known that tau isoforms show 

differences in their subcellular targeting and interactions. It is of interest to study different tau 

isoforms and how they might differentially interact with Arc. 
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4.4.4 Studying the role of Arc in AD in models that consider various aspects of AD 

pathology 

Given that Arc is implicated in both tau and A�E pathology, evaluating the role of Arc in 

AD in a model that accounts for both tau and A�E will provide a more faithful modelling of the 

disease and better understanding of the role that Arc plays in AD. This can enable future 

investigations of Arc as a therapeutic target. 

4.4.5 Investigating a developmentally timed role for Arc in regulating cognitive 

flexibility  

We show that middle aged ArcKR mice do not show signs of cognitive inflexibility in the 

reversal phase of the Barnes maze unlike that exhibited by the juvenile mice suggesting that Arc 

ubiquitination might have a developmentally timed role in regulating Arc in regulating cognitive 

flexibility or that the prolonged turnover of Arc compensates for a decrease in Arc with aging. It 

is of interest to evaluate the performance of the aged ArcKR mice in the Barnes maze to test if 

disruption of Arc turnover can compensate for some of the cognitive deficits of aging. 
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APPENDICES 

Appendix A 

 

CaMKII and CaMKII-dependent Arc phosphorylation does not alter Arc ubiquitination status 
 

 

 

 

 

 

Lysates from HEK293 cells expressing myc-Arc and myc-Arc S260A and S260D mutants with GFP-
CaMKIIa (IIa) or GFP-CaMKIIb (IIb). Samples were immunoprecipitated (IP) with an anti-myc 
antibody followed by immunoblot (IB) analysis using an anti-ubiquitin (Ub) antibody to detect 
ubiquitinated Arc. The E3 ubiquitin ligase, GFP-RNF216 was used as a positive control for myc-Arc 
ubiquitination. 
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Appendix B 

 

 

Triad 3A LDD domain alters Triad3A self-ubiquitination 
 

 

 

 

 

 

 

 

 

 

 

A) Self-ubiquitination assay of Triad3A RBR+LDD domain GST-tagged Triad3A 
RBR-LDD or GST-tagged Triad3A RBR only were incubated with E1 (Uba1), E2 
(UbcH7) and ubiquitin for 30 min (Top panel) or 1h (Bottom Panel). Reaction 
products were run on a SDS-PAGE gel and immunoblotted with an anti-GST 
antibody.  

B) Top Panel: HEK cells expressing FLAG-tagged Triad3A and mutant constructs 
were immunoprecipitated using anti-FLAG antibody followed by immunoblotting 
using anti-Ubiquitin antibody showing that LDL decreases global ubiquitin. Bottom 
Panel: Input membrane immunoblotted using anti-FLAG antibody to detect the 
expression of the constructs.  

C) Top Panel: HEK cells expressing FLAG-tagged Triad3A and mutant constructs 
were immunoprecipitated using anti-FLAG antibody followed by immunoblotting 
using anti-linear Ubiquitin antibody showing that both RBR and LDL domains alone 
form linear ubiquitin chains. Bottom Panel: Input membrane immunoblotted using 
anti-FLAG antibody to detect the expression of the constructs. 
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Appendix C 

 

Homeostatic upscaling decreases tau in primary hippocampal neurons 
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