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Abstract: Brain-derived neurotrophic factor (BDNF) is a widespread neurotrophin 

implicated in cellular processes underlying memory, socialization, and emotion; 

however, little is known about how genetic modification of BDNF interacts with BDNF 

modulators (e.g., hormones) to regulate BDNF-TrkB signaling. BDNF binds to the TrkB 

receptor and triggers signaling cascades underlying neuroplasticity, learning, and 

memory. Inhibitory phosphorylation of one downstream target of the BDNF cascade - 

GSK3β – is also linked to memory improvements. The Val66Met allele – a single 

nucleotide polymorphism (SNP) in the Bdnf gene - produces impairments in regulated 

BDNF release from the cell, as well as deficits in spatial memory related to the 

hippocampus and increases in anxiety-like behavior associated with the striatum in 

rodent models. The Met allele causes deficits in regulated BDNF release by impairing 

the trafficking of this neurotrophin to the correct vesicles; however, prior literature has 

shown increased BDNF and TrkB levels in the hippocampi of Met/Met rodents, 

indicating a possible compensatory mechanism for said deficits. The goal of this 

investigation was to explore if the Met allele, when coupled with estrogen, a known 

promoter of BDNF signaling, suppresses or increases downstream phosphorylation of 

GSK3β in the striatum. Female middle-aged Val/Val and Met/Met rats were 

ovariectomized, treated with either vehicle (sesame oil) or 17β-estradiol (EB), and 

subjected to an object recognition paradigm, which assesses striatum-sensitive 

response memory. Semiquantitative western blotting was performed on striatal samples 

from these rats to detect phospho-GSK3β vs. total GSK3β protein signal (i.e., to 

measure inhibition of GSK3β). GSK3β phosphorylation trended towards being greater in 

the striata of Met/Met rats than those of the Val/Val rats. However, EB treatments did 
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not alter GSK3β phosphorylation in either Val/Val rats or Met/Met rats. The apparent 

trend of Met-related increase in GSK3β phosphorylation in the striatum supports the 

hypothesis that the Met allele may boost BDNF and TrkB levels in compensation for 

impairments in BDNF secretion. Furthermore, the lack of difference in GSK3β 

phosphorylation between EB- and vehicle-treated Met/Met rats and between EB- and 

vehicle-treated Val/Val rats suggests that both genotypes are insensitive to the BDNF-

enhancing effects of estrogens, possibly due to increases in regulated BDNF release in 

response to learning during the dOR task, resulting in saturated BDNF release that 

could not be enhanced by estradiol.  
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Introduction 

Rationale. In this project, I explored how a CRISPR-generated known variant of the 

gene encoding the neurotrophin BDNF – namely, the Met substitution - can interact with 

or alter the neuromodulatory effects of estradiol to shape signaling cascades 

downstream of BDNF and the receptor TrkB in the striatum. Ovariectomized Met carrier 

rats were compared to those of the predominant Val genotype after being treated with 

either estradiol or a vehicle control to examine the effects of the steroid on the activation 

status of GSK3β, a downstream enzyme in the BDNF-TrkB pathway. 

BDNF is a desirable target for study in this investigation, as it is a highly prevalent 

neurotrophin that underlies the neuroplastic changes involved in memory formation and 

maintenance, including long-term potentiation and long-term depression (Bramham & 

Messaoudi, 2005; Miranda et al., 2019). Augmented expression of BDNF in the 

hippocampus has been connected to improvements in hippocampus-sensitive learning 

and memory (Tyler et al., 2002; Yamada et al., 2002; Yamada & Nabeshima, 2003). 

Furthermore, BDNF has been implicated in social and emotional functions, as BDNF 

deficits in the striatum lead to social impairments, as well as higher anxiety- and 

depression-related phenotypes in rodent models, rescued only by BDNF treatment 

(Blechkarz-Klin et al., 2018; Marais et al., 2009). 

BDNF binds to the TrkB receptor, which activates PI3K, ILK, and/or p70 S6K, all of 

which phosphorylate and inhibit GSK3β downstream (Beurel et al., 2015; Fig. 1A). 

GSK3β is an important target for exploration in this pathway, as its activation state 

shapes synaptic and neural processes underlying cognition. For instance, experimental 

hyperactivity or overexpression of this enzyme in animal models and cell cultures has 
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resulted in various pathologies, including tau hyperphosphorylation, progression of 

neurofibrillary tangles (NFTs), neuronal apoptosis, synaptic loss, LTP deficits, 

neurogenesis deficits, and cell death (Bhat et al., 2004; Bhat et al., 2000; de Barreda et 

al., 2010; Hanger et al., 1998; Hooper et al., 2007; Liu et al., 2017; Kimura et al., 2007; 

Kimura et al., 2010; Pardo et al., 2016), as well as deficits in memory associated with 

the prefrontal cortex and hippocampus (Albeely et al., 2022; Barker & Warburton, 2011). 

These abnormalities are historically rescued when GSK3β is experimentally 

phosphorylated by treatment with inhibitors (Beurel et al., 2015; Choi et al., 2011; 

Chuang et al., 2011; Franklin et al., 2014; King et al., 2014; King & Jope, 2013; Leeds et 

al., 2014; Scheuing et al., 2014). The phosphorylation state of GSK3β is therefore not 

only a downstream indicator of the release and binding of BDNF to TrkB, but it also 

underlies a myriad molecular and cognitive processes. The activation state of GSK3β 

thus serves as crucial target for further exploration into BDNF-TrkB signaling and its 

implications in the neuroplastic underpinnings of cognitive function. 

The implication of BDNF signaling – and ultimately, the phosphorylation state of 

GSK3β – in cognition, socialization, and emotion necessitates my exploration into how 

modifications of BDNF – including those at the genetic level – can impair these 

functions. One such genetic alteration – the Met allele – involves the substitution of a 

methionine in the place of a valine at codon 66 in humans and 68 in rats due to a single 

nucleotide substitution in the Bdnf gene. This allele, which alters trafficking of BDNF 

(Chen et al., 2005; Szarowicz et al., 2022), is highly prevalent among humans (Mercado 

et al., 2021; Petryshen et al., 2009). The presence of the Met allele has been linked to 

performance deficits in verbal, working, and spatial memory tasks (Dempster et al., 
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2005; Hansell et al., 2007; Goldberg et al., 2008; Miranda et al., 2019), as well as 

alterations in experience-dependent plasticity changes (Kleim et al., 2006) and 

increased stress susceptibility (Yu et al., 2012). The high prevalence and significant 

implications of the Met allele in molecular and cognitive functions thus necessitates 

further investigation into 1) how these deficits are mediated at the biochemical level in 

the BDNF-TrkB signaling pathway by monitoring the activation state of GSK3β, and 2) if 

said deficits can be experimentally mitigated or even reversed. 

Sex steroids like estrogens are well-established enhancers that shape neural 

physiology and behavior via BDNF signaling mechanisms. Evidence suggests that 

estrogens transactivate the TrkB receptor (Arpino et al., 2008; Barletta et al., 2004; 

Cikla et al., 2016; Huang & McNamara, 2010; Spencer et al., 2008; Spender-Segal et 

al., 2011; Wang et al., 2016) and boost mature and pro-BDNF expression by increasing 

histone H3 acetylation at the Bdnf gene promoters pII and pIV (Kiss et al., 2012; Luine 

& Frankfurt, 2013; Pan et al., 2010). These steroids can also modulate various types of 

learning and memory in rats in a dose-, task-, and age-dependent manner (Korol & 

Kolo, 2002; Pisani et al., 2012; Wang et al., 2008; Zurkovsky et al., 2006; Zurkovsky et 

al., 2007; Zurkovsky et al., 2011). 

This evidence therefore raises the question of whether estrogens can rescue 

dampened regulated BDNF release in Met carriers, thereby providing a potential 

therapeutic avenue for treatment of Met-related memory and neuroplasticity 

dysfunctions, or if Met carriers are simply insensitive to the BDNF-boosting impacts of 

estrogens due to said deficits in regulated BDNF release. Therefore, the premise of my 

project is to test for BDNF-TrkB signaling – in the form of downstream GSK3β 
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phosphorylation – in the striata of Met vs. Val homozygote rats given either a control 

treatment or estradiol. 

BDNF and its downstream targets. The neurotrophin brain-derived 

neurotrophic factor (BDNF) is abundantly expressed and broadly distributed throughout 

the mammalian central nervous system (Aid et al., 2006; Barde et al., 1987; Schinder & 

Poo, 2000; Yamada & Nabeshima, 2003). The mature BDNF protein (mBDNF) is 

released on both a constitutive and activity-dependent basis (Balkowiec & Katz, 2002; 

Goodman et al., 1996; Guo et al., 2018). Regulated, activity-dependent secretion of 

BDNF results from high frequency neuronal stimulation and excitation (Guo et al., 2014; 

Goodman et al., 1996). In contrast, constitutive secretion occurs regardless of neuronal 

activity, generating a more gradual increase in released BDNF (Guo et al., 2018). This 

increase is thought to drive neuronal processes like dendritic spine growth and long-

term potentiation (LTP) (Guo et al., 2018). Both constitutive and regulated BDNF 

release mechanisms occur in cells (neurons and glia) in the hippocampus, cortex, 

amygdala, and striatum (Brigadski & Leßmann, 2020), as well as in endothelial and 

muscular cells (Cefis et al., 2020). 

BDNF undergoes several steps prior to being secreted and released in its mature 

form. When translated from the Bdnf gene in the nucleus, pre-pro-BDNF first moves to 

the endoplasmic reticulum, where it undergoes cleavage of the pre-sequence. This 

leaves pro-BDNF, which consists of two domains: the pro-domain and the mature BDNF 

(mBDNF) domain. Pro-BDNF passes through the trans-Golgi network and undergoes 

cleavage to release mBDNF from the cell (Aid et al., 2006; Fig. 3A). Mature BDNF then 

binds to and dimerizes tyrosine kinase receptor B (TrkB) (Haniu et al., 1997; Yamada & 
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Nabeshima, 2003) to activate phosphatidylinositol-3-kinase (PI3K), extracellular signal-

regulated kinase/mitogen-activated protein kinase (ERK/MAPK), or Ca2+, pathways 

known to be involved in learning and memory and underlying neural plasticity. 

 The PI3K-mediated pathway results in the phosphorylation and activation of one of 

three downstream effectors: Protein kinase B (Akt) (Yamada et al., 1997; Yamada et al., 

2001), integrin-linked kinase (ILK), and p70 ribosomal protein S6 kinase (p70 S6K) (Fig. 

1B). The ERK/MAPK and Ca2+ pathways activate cycle-AMP response element-binding 

protein (CREB), a transcriptional factor that in turn regulates BDNF expression (Rosa & 

Fahnestock, 2015). Activation of Akt by PI3K promotes glucose use (Burkhalter et al., 

2003) and angiogenesis (Shiojima & Walsh, 2002). ILK can also activate Akt via 

phosphorylation (Troussard et al., 1999). p70 S6K, which can also be phosphorylated 

by Akt (Fig. 1B), activates multiple different downstream effectors that regulate gene 

transcription, cell motility, synaptic strength, cell survival, and various other processes 

that are involved in memory acquisition and storage (Bahrami-B et al., 2014; 

Bekinschtein et al., 2014). Akt, ILK, and p70 S6K can all phosphorylate and inhibit 

glycogen-synthase-kinase-3β (GSK3β) (Fig. 1B) to promote neuronal survival and 

glycogen synthesis (Kim et al, 2000; Korol et al., 2013; Rosa & Fahnestock, 2015). 
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Its roles in the initiation of multiple downstream cascades underlying neuroplasticity 

(e.g., synaptic strength, cell survival, etc.) and memory acquisition and storage render 

BDNF a powerful, multifunctional neurotrophin. Moreover, the functions of BDNF are 

complex and region-specific, as BDNF inhibition in the hippocampus results in spatial 

memory impairments (Linnarsson et al., 1997; Yamada & Nabeshima, 2003), whereas 

BDNF inhibition in the striatum results in altered social and anxiety-like behaviors 

(Blechkarz-Klin et al., 2018; Marais et al., 2009). 

BDNF in the hippocampus and striatum. Increased expression of BDNF in the 

hippocampus has been linked to enhancements in hippocampus-sensitive learning and 

memory (Tyler et al., 2002; Yamada et al., 2002; Yamada & Nabeshima, 2003). 

Mutations altering BDNF expression and signaling or treatments with anti-BDNF 

antibodies impair performance on spatial memory tasks (Linnarsson et al., 1997; 

Fig 1. GSK3β is a key downstream target in the BDNF-TrkB-PI3K-Akt signaling 

pathway, as well as in other pathways, governing mechanisms like plasticity, cell 

survival, glycogen synthesis, and tau phosphorylation. (A) Downstream of BDNF 

binding to TrkB, the targets PI3K, ERK/MAPK, or Ca2+ can be activated. PI3K 

activate Akt, which phosphorylates and inhibits GSK3β. The mitogen-activated 

protein kinase (MAPK) and Ca2+ pathways activate transcriptional factor CREB to 

promote expression of mature BDNF. (B) P13K can also activate integrin-linked 

kinase (ILK) and/or p70 S6K, which can phosphorylate and inactivate GSK3β. 

Moreover, in the Wnt signaling pathway, frizzled (Frz) and disheveled (Dsh) proteins 

block the activity of Axin/Axil. When Frz and Dsh are inhibited by Wnt antagonists like 

secreted Frizzled-related proteins (sFRPs), Axin forms a domain with GSK3β, 

preventing its phosphorylation of β-catenin and thus promoting β-catenin 

accumulation, which, when overexpressed, can induce apoptosis by targeting tumor-

suppressor genes. When left uninhibited, GSK3β blocks mechanisms underlying 

neuronal survival, glycogen synthesis, migration, angiogenesis, and CREB activation. 

It also hyperphosphorylates tau (Damalas et al, 1999; Kim et al, 2000; Kim et al, 

2002; Korol et al., 2013; Rosa & Fahnestock, 2015) 
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Yamada & Nabeshima, 2003). When compared to young wildtype mice, aged mice 

heterozygous for a BDNF deletion demonstrated decreased BDNF expression and 

impaired learning in the Morris water maze, a hippocampus-sensitive task for spatial 

memory. Swim speed did not differ between groups (Linnarsson et al., 1997). Rats that 

were housed in cognitively enriching environments demonstrated improved spatial 

memory and increased BDNF mRNA expression when compared to those housed in 

cognitively non-stimulating environments when tested in the Morris water maze 

(Falkenberg et al., 1992; Tyler et al., 2002). This evidence suggests a connection 

between increased hippocampal BDNF levels and enhanced hippocampus-sensitive 

memory, while impairments in BDNF signaling in the hippocampus are linked to poorer 

performance of hippocampus-related tasks.  

Decreased BDNF levels in other regions, such as the striatum, impaired social 

behaviors and produced depressed or anxious phenotypes. For instance, male rats 

born to mothers treated with paracetamol (acetaminophen) during gestation 

demonstrated significantly decreased BDNF levels in the striatum as well as altered 

social behavior, namely, reduced frequency in non-aggressive behaviors such as 

sniffing a conspecific and increased pinning down of conspecifics, indicating aggression 

and higher anxiety (Blechkarz-Klin et al., 2018). In addition, voluntary exercise (i.e., six 

weeks of access to running wheels) enhanced striatal BDNF levels and reduced 

behavioral despair phenotypes (immobility) during the forced swim test in rats with a 

history of stress induced by maternal separation (Marais et al., 2009). The BDNF-TrkB 

signaling cascade and its downstream components including GSK3β serve as key 
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targets for further exploration into the molecular basis of memory (Damalas et al, 1999; 

Kim et al, 2000; Kim et al, 2002). 

GSK3β and its activation state. GSK3β is a widely expressed, cytosolic enzyme 

that is a key downstream target in the BDNF-TrkB signaling pathway. This enzyme is 

highly concentrated in the brain, both in glia and neurons (Ferrer et al., 2002; 

Kaidanovich-Beilin & Woodgett, 2011; Perez-Costas et al., 2010; Woodgett, 1990; Yao 

et al., 2002).  Northern blot and in situ hybridization analyses demonstrate abundant 

expression of GSK3β mRNA in various brain regions, such as the hippocampus, the 

cerebral cortex (Yao et al., 2002), and the striatum (Jorge-Torres et al., 2018).  

Moreover, western blots confirmed the presence of the GSK3β protein in the brain (Yao 

et al., 2002). Immunohistochemistry combined with light and electron microscopy 

confirmed the presence of this protein in rough endoplasmic reticulum, free ribosomes, 

and mitochondria of neurons and astrocytes, as well as in the dendrites and dendritic 

spines (Perez-Costas et al., 2010). Phosphorylation of GSK3β at the serine-9 (ser-9) 

site inhibits its activity (Perez-Costas et al., 2010), and its phosphorylation state is 

mediated by one of the BDNF signaling pathways. 

BDNF binding to the TrkB receptor induces downstream phosphorylation of 

GSK3β at the ser-9 site mediated by PI3K/Akt (Beurel et al., 2015). PI3K can also 

activate integrin-linked kinase (ILK) and/or p70 S6K, all of which phosphorylate and 

inhibit GSK3β downstream (Fig. 1A & B; Kim et al., 2002). Phosphorylation of GSK3β 

causes its N-terminal tail to act as a pre-phosphorylated substrate, or a 

pseudosubstrate (Beurel et al., 2015; Frame et al., 2001). The pseudosubstrate then 

self-associates with the primed-substrate binding pocket, which is the domain that 
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recruits substrates to GSK3β, thereby preventing the binding of primed substrates and 

hindering the phosphorylation of substrates by GSK3β (Beurel et al., 2015). 

Phosphorylation thereby inhibits GSK3β from binding to and acting upon substrates, 

preventing it from downregulating CREB or glycogen synthesis and from 

phosphorylating tau protein (Korol et al., 2013; Fig. 1A). 

Lack of GSK3β inhibition produces synaptic loss and inhibition of neural activity, 

often resulting in learning and memory impairments. GSK3β disinhibition has been 

modeled in animals and has produced tau-related pathology and learning deficits. 

Experimentally-induced hyperactivity and overexpression of GSK3β in rodent models 

results in Alzheimer’s-like pathology, including tau hyperphosphorylation, progression of 

neurofibrillary tangles (NFTs), neuronal apoptosis, synaptic loss, and cell death (Bhat et 

al., 2004; Bhat et al., 2000; de Barreda et al., 2010; Hanger et al., 1998; Liu et al., 2017; 

Kimura et al., 2007; Kimura et al., 2010). Transgenic mice that overexpress GSK3β 

exhibited LTP deficits that could be reversed by persistent treatment with lithium, which 

inhibits GSK3β via activation of Akt (Hooper et al., 2007). Overexpression of GSK3β 

produced neuroplasticity defects in this investigation that were only reversible by 

GSK3β inhibition, indicating the role of this kinase in neuroplasticity mechanisms like 

LTP. Moreover, GSK3β knock-in mice displayed impairments in novel object recognition 

and coordinate spatial processing, as well as deficits in hippocampal neural progenitor 

cell (NPC) proliferation (Pardo et al., 2016). In this experiment, genetically defective 

GSK3β (resistant to inhibitory phosphorylation and thus overactive) produced memory 

impairments and proliferation deficits, indicating the role of appropriate GSK3β inhibition 

in proper memory function and cell proliferation. In another experiment, MRI displayed 
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hyperphosphorylated tau and synapse loss preceding NFT formation in the 

parahippocampal areas in aged mice, resultant from GSK3β disinhibition (Kimura et al., 

2007). In addition, in transgenic mice, insoluble tau aggregates led to the formation of 

fibrillar tau, resulting in the generation of NFTs (Kimura et al., 2010), decreased nuclear 

β-catenin, neuronal death, and reactive gliosis (Hernández et al., 2002). Transgenic 

mice that overexpressed GSK3β showed impairments in spatial memory as measured 

in the Morris water maze (Hernández et al., 2002). GSK3β inhibitors suppress tau 

phosphorylation and amyloid depositions in Alzheimer’s-like transgenic mice with 

human mutant amyloid precursor protein (APP) and tau (Serenó et al., 2009), 

suggesting that tau hyperphosphorylation may serve as one avenue by which 

uninhibited GSK3β produces cognitive deficits. Furthermore, an adeno-associated viral 

vector containing a persistently active form of GSK3β in the prefrontal cortex and 

hippocampus of rats produced deficits in novel object recognition, spatial memory 

(object location), reversal learning, and associative object recognition memory (object in 

place); the last of those tasks requires coordination of the prefrontal cortex and ventral 

hippocampus (Albeely et al., 2022; Barker & Warburton, 2011). Pathogenic tau 

phosphorylation was heightened in these regions when GSK3β activity was elevated 

(Albeely et al., 2022), further suggesting a connection between GSK3β-mediated tau 

hyperphosphorylation and memory deficits.  

Another avenue by which uninhibited GSK3β may produce neuroplastic and 

cognitive deficits is via inhibition of the substrate β-catenin, which has also been 

implicated in Alzheimer’s disease (Wan et al., 2014). GSK3β is a well-known regulator 

of Wnt signaling, in which it prevents phosphorylation of β-catenin, promotes β-catenin 
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accumulation, and induces apoptosis (Fig. 1B; Damalas et al, 1999; Kim et al, 2000; 

Kim et al, 2002). For example, GSK3β-mediated tau hyperphosphorylation in the brains 

of tau-transgenic rodents was accompanied by β-catenin phosphorylation and, thus, 

increased apoptosis (Li et al., 2007). The interruption in this signaling is proposed to 

contribute to impaired neurogenesis in AD, as an amyloid β peptide treatment impaired 

the ability of glial progenitor cells (GPCs) to generate new cells (He & Shen, 2009). 

Another experiment involved using a neuroprotective acetylcholinesterase inhibitor, 

HupA, on transgenic mice to determine if it could trigger Wnt signaling and reduce AD-

related amyloidosis. This treatment inhibited GSK3β and increased the levels of 

unphosphorylated β-catenin (Wang et al., 2011). β-catenin is a demonstrably important 

substrate by which GSK3β can influence neuroplasticity and cognition, as GSK3β 

disinhibition has previously altered neuroplastic mechanisms (namely, impaired 

neurogenesis and promoted apoptosis) via prevention of β-catenin phosphorylation. 

While disinhibition of GSK3β activity impairs learning and memory, experimental 

inhibition of GSK3β can reverse impairments in learning and memory, thus indicating 

that the modulation of its activation state can shape cognition. For example, rodent 

models of neurological disorders like Fragile X syndrome, Huntington’s disease, and 

stroke experience an amelioration of abnormalities in learning, memory, and 

neuroplasticity processes, such as LTP and LTD, when treated with GSK3β inhibitors 

(Beurel et al., 2015; Choi et al., 2011; Chuang et al., 2011; Franklin et al., 2014; King et 

al., 2014; King & Jope, 2013; Leeds et al., 2014; Scheuing et al., 2014). Fragile-X (FX) 

mice possess hyperactive hippocampal GSK3, which may produce locomotor 

hyperactivity and cognitive deficits. GSK3 inhibitors rescued LTP in the dentate gyrus 
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and ameliorated performance in hippocampus-sensitive cognitive tasks (Franklin et al., 

2014; King & Jope, 2013), suggesting the involvement of GSK3β in the molecular 

underpinnings of these cognitive processes. GSK3β inhibitors rescued neuronal cell 

lines by reducing polyglutamine (poly(Q)) toxicity caused by the Huntington’s disease 

genetic mutation (Carmichael et al., 2002; Scheuing et al., 2014). Inhibitors also 

reduced neuronal apoptosis and autophagy, measured in terms of decreased infarct 

volume and total tissue loss, as well as the stroke-induced dephosphorylation of 

GSK3β, in rats and mice with hypoxically-induced ischemia in the cortex, hippocampus, 

thalamus, and striatum (Li et al., 2010; Roh et al., 2005). The use of GSK3β inhibitors to 

ameliorate neurodegenerative disease by treating aberrant neuroplastic processes and 

disease symptoms demonstrates that the inhibition state of GSK3β determines its effect 

on neuroplastic mechanisms and cognition. GSK3β inhibition also produces enhancing 

effects in normal cells, which can be reversed by disinhibition. GSK3β mediates the 

balance of dendritic formation and degradation in an activity-dependent fashion. 

Namely, increased ser-9 phosphorylation occurred in hippocampal neurons, leading to 

increased dendritic growth and arborization; likewise, uninhibited GSK3β activity results 

in neuronal hyperexcitability and dendrite shrinkage (Beurel et al., 2015; Rui et al., 

2013). 

Experimental knockdowns or knockouts of GSK3β produce detrimental effects at the 

cellular and behavioral levels, indicating that the existence of GSK3β alone – regardless 

of its activation state – plays a role in neuroplasticity and memory. For example, GSK3β 

must be present and active for NMDA-receptor-mediated LTD to occur in rat 

hippocampal slices (Peineau et al., 2007); this form of LTD has been implicated in 
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memory formation in the hippocampus (Bear & Abraham, 1996). In addition, GSK3α- 

and GSK3β-knockdown mice exhibited significantly reduced axonal growth and 

branching in dissociated cultures and cortical slice preparations (Beurel et al., 2015; 

Kim et al., 2006). Heterozygous GSK3β knockout mice show deficits in memory, as 

tested by the Morris water maze and the contextual fear-conditioning test (Kimura et al., 

2008; Kaidanovich-Beilin & Woodgett, 2011). Lentiviral knockdown of GSK3β in the 

dentate gyrus (DG) of the hippocampus impairs contextual fear memory retrieval (Chew 

et al., 2015) and synaptic transmission (Liu et al., 2017) in mice. GSK3β itself must 

therefore be present to serve crucial functions in the nervous system regarding 

neuroplasticity (i.e., LTD and axonal growth and branching), as well as memory. 

However, it is the activation (i.e., phosphorylation) state of GSK3β, not its presence 

alone, that seems to shape specific cognitive functions and neuroplastic processes like 

LTP and LTD (Beurel et al., 2015; Choi et al., 2011; Chuang et al., 2011; Franklin et al., 

2014; King et al., 2014; King & Jope, 2013; Leeds et al., 2014; Scheuing et al., 2014). 

BDNF-TrkB-GSK3β signaling, DHF, and physical and cognitive stimulation. 

Our lab has been exploring the relationship between BDNF-TrkB-GSK3β signaling and 

learning that engages different neural systems, such as the hippocampus and striatum, 

using a place learning task and response learning task, respectively. The place learning 

task is hippocampus-sensitive (McDonald & White, 1995) and requires rats to locate a 

food reward based on visual cue configurations around the room, whereas the response 

learning task, which engages the striatum (Chang & Gold, 2004), requires rats to locate 

the reward using an egocentric body turn. We previously demonstrated that intra-striatal 

infusions of 7,8-dihydroxyflavone (DHF), a potent BDNF mimic (Andero et al., 2011; 
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Jang et al., 2010), improved response learning. Moreover, striatal DHF infusions in rats 

that were untrained also increased GSK3β phosphorylation in the striatum. Together, 

the results suggest that the BDNF-TrkB-GSK3β signaling pathway may be connected to 

enhancements in striatum-sensitive learning (Ambalavanar et al., 2019); however, this 

is contradicted by other evidence from our lab showing that morphine treatment 

enhances response (striatum-sensitive) learning but has no effect on BDNF or GSK3β 

in rats (Gardner et al., 2022), indicating that there are perhaps other pathways besides 

BDNF-TrkB-GSK3β that could impact learning. 

In addition to enhancing learning, 7,8-DHF has been found to protect the striatum 

from neurodegeneration, suggesting a both protective and enhancing role of BDNF in 

this region. Specifically, 7,8-DHF has previously reduced dopaminergic neuron loss in 

the striatum and improved motor ability in an open field test in a rotenone-induced 

toxicity rat model of Parkinson’s disease (Nie et al., 2019). This flavone also blocked 

further loss of dopaminergic terminals in the dorsolateral striatum and restored motor 

deficits in a progressive mouse model of Parkinson’s disease (Sconce et al., 2015). 7,8-

DHF delayed motor deficits, reversed learning impairments on the Novel Object 

Recognition Task (NORT), and prevented striatal loss in mouse models for Huntington’s 

disease (García-Díaz Barriga et al., 2017). Our lab’s results therefore contribute to the 

growing findings that BDNF signaling, including the downstream phosphorylation of 

GSK3β, enhances memory and motor functions associated with the striatum.  

Other work in our lab showed that regular physical activity and acute cognitive 

stimulation prior to testing on striatum-sensitive response tasks enhance learning via 

the BDNF-TrkB signaling cascade (Scavuzzo, 2014). Rats were given either three 
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weeks of access to a running wheel or 20 minutes of working memory testing on a 

spontaneous alternation task one hour prior to training on place and response mazes. 

Extracellular BDNF levels were measured in real time in the hippocampus or striatum 

during maze testing using microdialysis, in which a cannula is inserted into the brain 

regions of interest to sample soluble molecules via a semipermeable membrane 

(Ketharanathan et al., 2022). Rats with prior cognitive stimulation in the form of a 

spontaneous alternation maze demonstrated a significantly lower trials to criterion 

(TTC), and thus faster learning, than did controls in both response and place learning 

tasks (Scavuzzo, 2014). Rats with prior physical exercise demonstrated similar 

enhancements. Treating rats with the TrkB inhibitor K252a attenuated the 

enhancements from prior cognitive and physical activity on response and place 

learning, (Scavuzzo, 2014). Therefore, prior cognitive and physical stimulation 

enhanced cognition in young adult male rats via the BDNF-TrkB signaling cascade, as 

this enhancing effect was attenuated when TrkB was inhibited by K252a (Scavuzzo, 

2014). This conclusion is supported by prior evidence in which exercise-induced 

enhancements in memory (Lin et al., 2012) have been attenuated by injection of K252a 

into the dorsal hippocampus or basolateral amygdala (Lin et al., 2012). 

The Met allele and BDNF. Since our lab has speculated that activity-dependent 

boosts in BDNF levels are linked to improvements in learning and memory, then our 

next step is to directly modify BDNF release and observe memory changes. Our lab is 

therefore investigating CRISPR-mediated alterations in the pro-domain of the Bdnf 

gene. A single-nucleotide polymorphism (SNP) in the BDNF gene in humans (rs6265) 

has been found to modify risks for certain neural disorders, including anxiety, 
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depression, and neurocognitive disorders such as Alzheimer’s disease. The SNP 

occurs at codon 66 in humans (Val66Met) and produces a substitution of methionine 

(Met) in the place of valine (Val) in the pro-domain of the Bdnf gene (Fig. 2C). 

Approximately 15-20% of the worldwide human population possesses either one or two 

Met alleles (Mercado et al., 2021; Petryshen et al., 2009). Those who are homozygous 

for the allele comprise only about 4% of the US population, and little information exists 

about them due to their rarity (Bath & Lee, 2006; Shimizu et al., 2004). The high 

prevalence of this allele and its presumptive role in dampening activity-dependent 

BDNF release (Fig. 3B) necessitates further investigation into how BDNF signaling 

deficits contribute to neural function and dysfunction related to various Met-related 

psychiatric and neurocognitive disorders.  

 



 
 

17 
 

  

 

 

 

 

Fig. 2. BDNF structure and splice variants in humans and rodents, and location of 

Met SNP. (A) Genomic structure and splicing of BDNF in humans, in which blue 

boxes denote exons, green lines denote introns, purple arrows point to the 

translation start codon (ATG), dashed black lines show alternative splice sites, and 

bent arrows show the transcription start sites. The lengths of exons and introns are 

provided. In human BDNF, there 10 non-coding exons and one 3’ coding exon for a 

total of 11 exons. Exons are labeled from I and IX, with ‘h’-suffixed exons being 

unique to humans (You & Lu, 2023). (B) The homologous visual for genomic 

structure and splicing of BDNF in rodents (You & Lu, 2023). (C) The location of the 

Met variant in BDNF. The Met SNP occurs in codon 66 in humans and 68 in rats 

(Jaehne et al., 2022), in the pro-domain in exon IX, resultant from a guanine to 

adenine substitution (McGregor & English, 2019). Rats have two additional 

threonines at positions 57 and 58, thus rendering the rat Val68Met SNP equivalent 

to the human Val66Met SNP (Jaehne et al., 2022). 
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This allele has implications in cognitive health, particularly in the context of disease 

risk and decline. For instance, carrying this allele is associated with a steeper cognitive 

decline – particularly in episodic memory, verbal memory, and executive functioning – in 

individuals with increased Alzheimer’s disease risk (Boots et al., 2017). The Met allele 

(in both heterozygotes and homozygotes) interacts with age to predict changes in 

cortical thickness in the entorhinal cortices and temporal gyri, white matter tract 

connectivity to the medial temporal lobe, and in episodic memory performance 

(Voineskos et al., 2011). This allele is also associated with reduced hippocampal 

volume and activity in homozygotes and heterozygotes (Andero et al., 2014; Banner et 

al., 2011; Bueller et al., 2006; Chen et al., 2008; Frodl et al., 2007; Pezawas et al., 

2004; Szezko et al., 2005) and poorer performance on hippocampus-sensitive tasks 

(Chen et al., 2008; Egan et al., 2003; Hariri et al., 2003). Proposed reasons for these 

differences include decreased dendritic complexity, fewer overall neurons and glia, 

increased neuronal death, decreased neurogenesis (Bath & Lee, 2006), and impaired 

dendritic arborization (Andero et al., 2014; Cao et al., 2007; Chen et al., 2005; Chen et 

al., 2006; Spencer et al., 2010; Yu et al., 2009), as BDNF-TrkB signaling pathways are 

known to underlie these processes.  
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Fig. 3. Processing, packaging, and constitutive and regulated release of BDNF in Val 

versus Met carrier individuals. (A) In Val carriers, BDNF is translated as a pre-pro-

BDNF protein. It moves to the endoplasmic reticulum (ER), wherein its pre-sequence 

is cleaved off, leaving pro-BDNF. This 32-kDa protein then passes through the trans-

Golgi network via the Golgi apparatus, where it is secreted in either a regulated or 

constitutive fashion, depending on the kind of secretory vesicle generated. Pro-

BDNF in either type of vesicle can be either cleaved to be secreted as mature BDNF 

(mBDNF), or more predominately released as pro-BDNF to be cleaved in the 

extracellular space. Both pro-BDNF and mBDNF can be packaged into vesicles to be 

released via the regulated pathway. Once in the extracellular space, pro-BDNF binds 

to pan-neurotrophin receptor p75NTR to promote LTD and apoptosis, whereas 

mBDNF binds preferentially to TrkB, triggering signaling cascades that promote LTP 

and cell survival (Cunha et al., 2010). (B) In Met carriers, the process is similar, but 

regulated release is stunted by the inability of the altered pro-domain of BDNF to 

bind with sortilin, a protein that drives the sorting of BDNF into the larger, denser 

vesicles to be specifically released via the regulated pathway; thus activity-

dependent release of BDNF is dampened in Met carriers (Chen et al., 2005; 

Szarowicz et al., 2022) 

A B 
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The Met allele alters the structure of the BDNF pro-domain, thereby affecting its 

trafficking to the regulated release pathway (Fig. 3). Specifically, it has been proposed 

that the Met SNP results in cell trafficking deficits because the substitution of valine with 

methionine in the BDNF pro-domain interferes with interaction between BDNF and 

sortilin, a protein that sorts BDNF into its regulated secretory pathway (Chen et al, 2008; 

Chen et al, 2005; Fig. 3B). The presence of the Met allele in mouse models (BDNFMet) 

produces a similar phenotype to that observed in humans (Chen et al., 2008; Chen et 

al., 2006; Dincheva et al., 2012), including decreased hippocampal volume (Chen et al., 

2006) and decreased dendritic complexity in dentate gyrus in homozygotes and 

heterozygotes. Said model also shows deficient regulated release of BDNFMet protein in 

homozygotes (Chen et al., 2006; Dincheva et al., 2012). Met/Met rats demonstrated 

significant impairments in fear memory when compared to Val/Met rats and Val/Val 

controls (Jaehne et al., 2022). Many behavioral functions are impaired in Met carriers, 

including fear extinction, declarative memory, spatial learning, working memory, and 

verbal recall (Andero et al., 2014; Bueller et al., 2006; Cerasa et al., 2010; Gasic et al., 

2009; Hariri et al., 2003; Molendijk et al., 2012; Soliman et al., 2010; Schofield et al., 

2009). Interestingly, increased expression of TrkB and BDNF mRNA has been observed 

in the hippocampi of Met rodents, possibly to compensate for the reduced regulated 

BDNF signaling (Spencer et al., 2010). Furthermore, enhanced glutamatergic 

neurotransmission was observed in the dorsolateral striata of homozygous BDNFMet/Met 

mice, even though both LTP and LTD were impaired in this region (Jing et al., 2017). As 

previously mentioned, prior physical activity spiked extracellular BDNF levels in the 

hippocampi during the place learning task and increased basal extracellular BDNF 
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levels in the striata of rats (Scavuzzo, 2014), indicating that physical exercise enhances 

BDNF synthesis, release, or both. However, it remains unclear whether physical 

exercise, or any other BDNF regulator, would produce the same enhancing effect on 

extracellular BDNF levels in a Met carrier in either region. Other BDNF regulators, 

including steroids like estrogen, have increased BDNF-TrkB signaling and enhanced 

learning and memory (Bimonte-Nelson et al., 2004; Fortress et al., 2014; Frick, 2015; 

Luine & Frankfurt, 2013; Pan et al., 2010; Scharfman et al., 2007), though it is not yet 

clear if steroids show the same effects in Met carriers. 

Estrogens and BDNF. Estrogens can modulate various types of learning and 

memory in rats in a dose-, task-, and age-dependent manner, generally enhancing 

hippocampus-sensitive cognition while impairing striatum-sensitive cognition (Korol & 

Kolo, 2002; Pisani et al., 2012; Wang et al., 2008; Zurkovsky et al., 2006; Zurkovsky et 

al., 2007; Zurkovsky et al., 2011). Estradiol (E2), the predominant estrogen in 

reproductive female humans and rodents, can interact with the BDNF-TrkB-GSK3β 

signaling pathway to promote various forms of learning and memory (Luine & Frankfurt, 

2013). The estrogen receptor alpha (ER⍺) is coupled with the Src family kinases, which 

increase phosphorylation and activation of TrkB (Arpino et al., 2008; Barletta et al., 

2004; Cikla et al., 2016; Huang & McNamara, 2010). In gonadally intact female mice, 

TrkB phosphorylation peaks at proestrus, when circulating estrogen levels are highest 

(Spencer et al., 2008; Spender-Segal et al., 2011). Treatment of hippocampal slices 

with exogenous estradiol also increased TrkB activation (Wang et al., 2016), indicating 

that estrogens transactivate TrkB. Moreover, 17βE2 increases histone H3 acetylation at 

the Bdnf gene promoters pII and pIV in the dorsal hippocampus and decreases histone 
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deacetylase 1 and 2 (HDAC 1 and 2) activity, thereby boosting mature and pro-BDNF 

expression (Kiss et al., 2012; Luine & Frankfurt, 2013; Pan et al., 2010) in the 

hippocampus. It is proposed that E2 enhances object recognition and spatial memory in 

female mice through its regulation of TrkB signaling (Fortress et al., 2014; Frick, 2015; 

Luine & Frankfurt, 2013; Pan et al., 2010).  

Estrogens can promote BDNF-TrkB signaling by enhancing activity-dependent 

BDNF release, independent of BDNF synthesis. Estrogen treatments for 16 days 

increased BDNF levels in the entorhinal and perirhinal cortices in ovariectomized 

middle-aged rats (Bimonte-Nelson et al., 2004). Estrogen treatments also significantly 

increased BDNF levels in the hippocampi of ovariectomized middle-aged rats and 

improved object recognition and spatial memory (Scharfman et al., 2007). The evidence 

suggests that estrogens enhanced these forms of learning and memory by enhancing 

BDNF-TrkB signaling. Estrogen induced synaptogenesis in cultured hippocampal 

neurons by boosting BDNF release, which was determined when treatment with K252a 

– a TrkB inhibitor – suppressed this mechanism. The mechanism was not, however, 

prevented by ICI182,780 (ICI), a potent nuclear estrogen receptor (nER) antagonist 

(Sato et al., 2007), indicating that estrogen induces synaptogenesis by enhancing 

BDNF in a nER-independent fashion. Blocking BDNF-TrkB signaling, but not estrogen 

signaling, attenuates estrogen-mediated boosts in BDNF and resultant synaptogenesis, 

thus indicating that estrogens promote BDNF signaling and enhance synaptogenesis 

via the BDNF-TrkB signaling cascade. Removal of endogenous estrogens through 

ovariectomy can impair BDNF-TrkB signaling (Luine & Frankfurt, 2013), indicating the 

role of estrogen as a positive regulator on this cascade. Estrogen deprivation reduced 
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BDNF mRNA expression throughout the rat hippocampus (Singh et al., 1995); this 

deficit can be reversed with estrogen treatment (Singh et al., 1995; Sohrabji & Lewis, 

2006). When estrogens are experimentally deprived, BDNF is suppressed in the 

hippocampus, thus providing further evidence for the modulatory role of estrogen on 

BDNF-TrkB signaling in this region. In contrast, in a Parkinson’s disease mouse model, 

E2 treatment suppressed BDNF upregulation triggered by MPTP in the striatum, though 

dopaminergic cell density was unaffected (Tripanichkul et al., 2010). 

Subcutaneous estrogen injections impaired striatum-sensitive memory in a 

response learning task but enhanced hippocampus-sensitive memory in a place 

learning task in ovariectomized rats (Korol & Kolo, 2002). E2 treatment improved 

performance in the Morris water maze (a hippocampus-sensitive task), reduced 

immobility in the forced swim test, and increased hippocampal BDNF levels in female 

rats (Kiss et al., 2012), suggesting a link between estrogen-mediated BDNF boosts in 

the hippocampus and improvement of memory associated with that region. Bilateral 

intra-striatal infusions of estradiol also impaired response learning (Zurkovsky et al., 

2011), indicating that estrogens can produce striatum-sensitive learning impairments. 

However, it is not yet clear how estrogen-mediated regulation of learning and memory 

would be affected by a BDNF-related mutation. Thus, our lab seeks to understand how 

estrogens interact with BDNF-TrkB signaling when there are disruptions in this cascade, 

like those observed with the Met substitution.  

The Met allele, estrogen, and BDNF-TrkB-GSK3β signaling. We have been 

fortunate to obtain rats with CRISPR-cas9 modifications of the Bdnf gene from our 

colleagues at Michigan State University, who created Val/Val (dominant variant, 
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modeling the wildtype variant) and Met/Met (nondominant variant, with the SNP) 

homozygote rats to reduce breeding costs, though strain differences were possible as 

siblings were not compared due to the two lines being separate. Because the 

homozygous Met/Met genotype rarely occurs naturally in humans (Bath & Lee, 2006), 

animal models in which any genotype can be produced are useful tools to understand 

the impact of the Met allele on learning, memory, and the underlying mechanisms. 

These rats were involved in three studies, including 1) the interaction of estrous cycle 

status and genotype in ovary-intact young adult Val/Val and Met/Met rats on exploratory 

behaviors; 2) the interaction of estradiol status and genotype in young adult 

ovariectomized Val/Val and Met/Met rats on recognition learning and stress phenotypes; 

and 3) the interaction of estradiol status and genotype in middle-aged ovariectomized 

Val/Val and Met/Met rats on cognition and stress phenotypes. The latter study was the 

focus of my project, in which I evaluated how estradiol treatment and genotype could 

specifically impact phosphorylation (i.e., activation status) of GSK3β as a measure of 

BDNF-TrkB signaling. If BDNF release is impaired in rats with the Met allele, and 

estrogens modulate learning and memory through BDNF signaling, then the Met/Met 

rats should not respond to the modulatory effects of estrogens. However, if rats with the 

Met allele have upregulated TrkB receptors, then they may respond strongly to estrogen 

treatment, and we may observe normal, or even heightened, estradiol-induced 

modulation of learning and memory (Spencer et al., 2010). 

To understand how the Met substitution interacts with E2 to modulate object 

recognition memory, our lab ovariectomized middle-aged female Val/Val and Met/Met 

rats to control for endogenous hormones and treated both groups with either sesame oil 
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(vehicle) or 17β-estradiol benzoate (EB) prior to testing them on a striatum-sensitive 

double object recognition (dOR) task (Gardner et al., 2020; Korol et al., 2019; Kundu et 

al., 2018). dOR entails placing a rat in an open, high-walled arena with two distinct 

objects in fixed locations. For three training trials, called study sessions, the rat is 

permitted to explore the arena space and the objects. Typically, exploration of the 

objects decreases throughout the training trials, as the rat becomes more familiar with 

them. This is a measure of learning referred to as habituation (Coelho et al., 2011; 

Vianna et al., 2000). In the testing phase, both objects are replaced with new objects in 

the same fixed location in the arena. Because rodents typically prefer novelty (Berlyne, 

1950), it is expected that wild-type rats will exhibit an increase in object recognition 

index, meaning that they will explore the novel objects in the testing phase more than 

the familiar ones in the third study session (Korol et al., 2019; Kundu et al., 2018). We 

hypothesized that EB treatment would impair object recognition index in Val/Val rats, 

based on prior evidence of striatal memory being inhibited by estradiol. Based on the 

proposed Met-related dampening in BDNF-TrkB secretion, we also predicted that the 

Met/Met rats would not be sensitive to the striatum-impairing effects of the EB 

treatment. Furthermore, if activity-dependent BDNF signaling is necessary for optimal 

performance on the dOR task, we hypothesized that compared to Val/Val rats, Met/Met 

rats would show poorer recognition memory. However, if compensatory increases in 

BDNF signaling through the TrkB receptor or activity-dependent BDNF signaling is not 

necessary for dOR, we would expect recognition memory in Met/Met rats to match or 

perhaps exceed that seen in Val/Val rats. There were no consistent group differences in 

object recognition index based on genotype or treatment in the dOR experiment; 
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however, Met/Met rats did demonstrate statistically different behaviors, such as reduced 

exploration of the arena, indicating higher stress susceptibility (Bath et al., 2012). 

Given these behavioral findings, my project aimed to investigate whether Met 

carriers have up- or down-regulated BDNF signaling. One approach to this is to 

examine the impact of the CRISPR-mediated Met substitution on striatal GSK3β levels 

and phosphorylation status. Based on the notion that Met/Met rats may compensate 

for loss of regulated BDNF secretion by upregulating BDNF and TrkB levels, I 

propose that Met/Met rats will demonstrate enhanced downstream GSK3β 

phosphorylation when compared to Val/Val rats. In contrast, if GSK3β 

phosphorylation is decreased in Met/Met rats, then compensatory boosts in 

BDNF and TrkB are not occurring. Furthermore, since estrogens promote 

activated BDNF release, Met/Met rats should be insensitive to EB treatment in 

terms of downstream GSK3β phosphorylation, given their deficits in regulated 

BDNF release. Of note, a considerable confound exists in the fact that all the rats 

whose samples underwent biochemical analysis also were previously trained on the 

dOR task; therefore, GSK3β phosphorylation may indeed reflect behavioral experiences 

in training (e.g., arousal, locomotion, stress, learning, exploration, etc.) or their 

interactions with genotype and hormone status, making it impossible to isolate the main 

effects. This confound cannot be fully controlled for in semiquantitative measurements 

of GSK3β phosphorylation without using samples from untrained counterparts to EB vs. 

vehicle-treated Met/Met or Val/Val rats.  
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Methods 

Animals. Twenty-four ovariectomized female middle-aged (12-14 months old) 

CRISPR-cas9 rats (11 Val/Val rats and 13 Met/Met rats) were obtained from Michigan 

State University and housed separately in a 12-hour light-dark cycle, where they were 

given food and water ad libitum. After being quarantined for six weeks, the rats were 

staged for estrous cycle for 15 days prior to being ovariectomized to determine their 

reproductive status by Prakapenka et al. (2021). Five Val/Val rats and six Met/Met rats 

were treated with vehicle (sesame oil), and six Val/Val rats and seven Met/Met rats 

were treated with a standard 45 μg/kg dose of 17β-estradiol benzoate (EB) prior to 

behavior testing, in a two-by-two experimental design with two different genotypes, each 

receiving one of two different treatments, creating four groups:  Val/Val-veh, Val/Val-EB, 

Met/Met-veh, and Met/Met-EB. Immediately after behavioral testing, rats were 

euthanized with Fatal-Plus (0.22 μL/g; Medvet International; Mettawa, IL) and 

decapitated. Brains were dissected, and striata were extracted and flash-frozen on dry 

ice. All treatments and dissections were performed by Prakapenka et al. (2021). Of 

note, some rats lacked information regarding extraction procedures, as the samples 

were taken by Alesia Prakapenka’s (2021) novice mentees and therefore lacked 

standard notes typical of experiments: MOR47 and MOR58 (vehicle-treated Val/Val); 

MOR09 (vehicle-treated Met/Met); MOR65 (EB-treated Val/Val); and MOR10 and 

MOR12 (EB-treated Met/Met). Extraction information missing for these samples 

included time of Fatal-Plus injection relative to end of behavioral (dOR) testing, time of 

decapitation, time from decapitation to flash-freezing, or notes on any unusual brain 

features (i.e., lesions). The samples were then stored at -80 ˚C until semiquantitative 
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western blotting for total GSK3β and phosphorylated GSK3β was performed about a 

year later. 

Double object recognition (dOR) behavioral testing. All rats underwent 

double object recognition (dOR) testing by Prakapenka et al. (2021) prior to euthanasia 

and, subsequently, my performing the western blotting. Rats were placed in an opaque, 

high-walled, plexiglass arena with two distinct objects in fixed locations. For three study 

sessions (S1, S2, and S3), the rats were allowed to explore the arena space and the 

objects. Between each session, the arena and objects were cleaned with an ethanol 

solution to eliminate residual odor cues. In the testing phase, the objects were replaced 

with entirely new objects, in the same fixed location as the previous objects in the 

arena.  

The behavioral experiments were videotaped and analyzed. Object exploration – 

defined as sniffing, whisking, or looking at the object (Kundu et al., 2018; Prakapenka et 

al., 2021) was digitally timed and recorded. When a rat explored a novel object 

significantly more than a familiar one, it is described as having a higher recognition 

index (Prakapenka et al., 2021). Object recognition index (ORI) was calculated as the 

time (seconds) spent exploring novel objects in the testing (T) phase minus the time 

(seconds) exploring familiar objects in the third study session (S3) (Prakapenka et al., 

2021). Other behaviors were also recorded: Number of object approaches, time spent 

rearing on hind legs, time spent idle (not moving), time spent exploring the arena, and 

time spent self-grooming (Prakapenka et al., 2021). 

Semiquantitative western blotting for total (pan) GSK3β and phospho-

GSK3β. After Prakapenka et al. (2021) performed the dOR task and brain dissections, I 
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conducted the western blot assay based on an adaptation of the protocol as described 

by Gardner et al. (2022). Frozen striatal samples (~20 mg) were pulverized on dry ice 

using a pestle and mortar and suspended in 80 μL 1X Lysis buffer (1 mM EGTA, 1 mM 

EDTA, 20 mM Tris [pH 7.4], 1 mM sodium pyrophosphate tetrabasic decahydrate, 

protease cocktail inhibitor, and phosphatase cocktail inhibitor), and homogenized on ice 

using the Polytron PT 1600 E at maximum speed for approximately 10 seconds. 

Samples were then centrifuged at 5700 G for five minutes at 4˚C. Protein concentration 

of the supernatant was quantified using the Pierce BCA assay. The supernatant was 

diluted using 1X Lysis buffer and then mixed in a 3:1 ratio with protein loading buffer (LI-

COR Biosciences; Lincoln, NE) containing 10% β-mercaptoethanol. The final protein 

concentration of each sample was 3 μg/μL. The samples were heated to 95 ˚C for 10 

minutes in preparation for gel electrophoresis. 

 Samples (20 μg total protein, 6.67 μL), along with Precision Plus Protein™ All 

Blue Standards (4 μL; Bio-Rad Laboratories, Hercules, CA), were loaded into 10% Mini-

PROTEAN® TGX™ precast gels (Bio-Rad Laboratories; Hercules, CA), and 

electrophoresis was run at 200 V for one hour. Each gel included six experimental 

samples plus three pooled striatal samples containing 10, 20, and 30 μg total protein for 

interblot normalization and intrablot determination of linearity of immunoblotting. For 

each of the three technical replicates performed, biological replicates were distributed 

across four different gels (to eventually be transferred to blots, named “Blot 1”, “Blot 2”, 

“Blot 3”, and “Blot 4”) with each experimental group represented in at least one sample / 

gel to control for interblot differences in electrophoresis or immunoblotting.  
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Proteins were then transferred via wet transfer (100 V, 2 hours, 4˚C) to 

polyvinylidene difluoride (PVDF) membranes (Immobilon-Fl, Millipore, Billerica, MA) and 

dried overnight to ensure proper retention and immobilization of transferred proteins. 

Membranes were rehydrated in methanol for 30 seconds and then rinsed in TBS for five 

minutes with gentle shaking. After a brief rinse in deionized water, membranes were 

incubated in REVERT 700 Total Protein Stain (LI-COR Biosciences) for five minutes. 

The membranes were then rinsed twice for 30 seconds in REVERT 700 Wash Solution. 

After another quick rinse in deionized water, the membranes were then imaged at 700 

nm on an Odyssey near-infrared imaging system (LI-COR Biosciences) as an internal 

loading control to normalize for protein loading differences between lanes, as well as for 

confirmation of protein transfer. Membranes were then rinsed again with deionized 

water and de-stained for 9-10 minutes using REVERT Destaining Solution. A final rinse 

with deionized water was performed. Membranes were immediately incubated in LI-

COR TBS Odyssey blocking buffer for one hour at room temperature and then placed in 

primary antibody cocktail overnight at 4 ˚C, consisting of anti-GSK3β mouse monoclonal 

antibody (1:1,500; #9832, Cell Signaling, Rockford, IL) and anti-phospho-GSK3β (ser-9) 

rabbit monoclonal antibody (1:1,000; #9323, Cell Signaling). The next morning, 

membranes were washed four times (eight minutes each) in TBS-T and then incubated 

in a secondary antibody cocktail for one hour at room temperature: IRDye 800 CW goat 

anti-rabbit (1:10,000; LI-COR Biosciences) and IRDye 680 RD goat anti-mouse 

(1:10,000; LI-COR 129 Biosciences), both diluted in blocking buffer (Li-Cor TBS 

Odyssey blocking buffer, with 0.1% Tween 20 and 0.1% sodium dodecyl sulfate, or 
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SDS). The membranes were washed four times (eight minutes each) using TBS-T, 

followed by a two-minute rinse in deionized water. 

 The membranes were dried under cover overnight and imaged dry the next 

morning on an Odyssey near-infrared imaging system at a scanning intensity of 3 (LI-

COR Biosciences).  Target bands were identified by comparison to All Blue protein 

ladder and fitted to measure integrated signal intensity using Studio software. 

Specifically, a box was placed around bands that were straight and uniform to measure 

the protein signal intensity. However, bands that were crooked or slanted could not be 

easily or accurately measured using the method of drawing a uniform box around them 

without excessive background that could skew the signal measurement. Therefore, 

measurement shapes were hand-drawn around these bands to determine the signal 

intensity (Fig. 2B & C). Background was determined via the average local background 

method, which computes the average intensity of pixels in a border around the shape 

and subtracts the background from the shape (LI-COR Biosciences, 2015).  Relative 

levels of total GSK3β and phospho-GSK3β were determined via Image Studio software 

(LI-COR Biosciences) and were represented by integrated signal intensity, which is the 

sum of the pixel intensity over all pixels in an object being measured (MetaXpress® and 

MetaMorph®: Relationship between Average Intensity and Integrated Intensity, 2020). 

Equal-sized boxes were drawn around each lane from 20 to 100 kDa (according to the 

All Blue protein ladder) using Studio software to measure REVERT total protein signal 

at 700 nm using the Li-Cor Odyssey (Fig. 2A). 

The REVERT 700 Total Protein was employed as an internal loading control to 

account for differences in protein loading amounts or potentially different protein 
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concentrations between lanes. To account for between-blot variability due two between-

blot immunoblotting differences, standard curves of REVERT 700 total protein signals, 

GSK3β protein signals, and phospho-GSK3β protein signals were created based on 

signals of pooled samples for each of the four blots in a technical replicate. After 

normalization to their respective REVERT-loaded lane signals, GSK3β sample signals 

were normalized to GSK3β signals of the 20-μg-loaded pooled samples for each blot. 

The same pooled normalization process was performed for the phospho-GSK3β protein 

signals. This step was employed to control for variability between blots within and 

across technical replicates, which can occur due to blot-specific differences in 

immunoblotting conditions (i.e., one blot may not have been fully submerged in antibody 

cocktail during the incubation process, or one technical replicate may involve issues in 

terms of antibody preparation resulting in a concentration too low or too high, etc.). 
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Statistical analysis. Even though three technical replicates were run, only the 

first and second replicates yielded blots containing bands that were visibly bright 

enough to be accurately measured. Standard curve graphs for target bands and for 

REVERT 700 total protein were produced based on the integrated intensities of the 

pooled samples (P1, P2, P3) and were used to gauge between-blot variability based on 

linearity according to the correlation coefficient. The integrated intensities of total 

GSK3β and phospho-GSK3β were normalized to the REVERT 700 total protein signals 

(loading control) in Microsoft Excel. Averages per group for normalized GSK3β protein 

signals, normalized phospho-GSK3β protein signals, and the phospho/pan-GSK3β 

ratios were computed in Microsoft Excel. The correlation between phospho-GSK3β-to-

Fig 4. Example of measurement method used for REVERT 700 Total Protein Signal 

and pan-GSK3β on the Li-Cor Odyssey system. (A) A subset of samples measured 

for REVERT 700 Total Protein Signal, measured at 700 nm. Equal-sized boxes were 

placed on each lane from 20-100 kDa (according to the molecular weight ladder) to 

measure total protein signal. (B) A subset of samples measured for pan-GSK3β, 

measured at 700 nm. (C) Inset of bands as described in Panel B.  

A B 

C 

A B
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total-GSK3β ratios and arena exploration was evaluated with Pearson correlation 

coefficients. Two-way analyses of variance (ANOVAs) and Tukey-Kramer’s post hoc 

analyses were performed in IBM SPSS Statistics 27 software and RStudio to determine 

main effects of genotype, main effects of treatment, and their interaction on normalized 

GSK3β and phospho-GSK3β integrated intensity signals, and on phospho-GSK3β-to-

total-GSK3β integrated intensity ratios. Statistical significance for between-groups 

differences in ANOVAs and pairwise comparisons was set at α = 0.05. Grubbs tests for 

outliers were conducted based on the assumption of normality, which was determined 

using Shapiro-Wilk tests. Both the Grubbs and Shapiro-Wilk tests were performed using 

the XLSTAT add-on in Microsoft Excel. 
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Results 

To determine if the BDNF Met allele and estradiol treatment interact to alter the 

inhibition (i.e., phosphorylation) state of GSK3β in the striatum, phospho-GSK3β and 

total GSK3β protein signals were measured using semiquantitative western blotting on 

striatal homogenates from ovariectomized female Met/Met and Val/Val rats treated with 

either vehicle or EB. Phospho-GSK3β protein signals were divided by total GSK3β 

signals to calculate the phosphorylation ratios for each sample. Phosphorylation ratios 

were compared between groups via two-way ANOVAs and Tukey-Kramer’s post hoc 

analyses to determine the effects of genotype and treatment on GSK3β 

phosphorylation. Phospho-GSK3β and total GSK3β protein signals were both 

normalized to REVERT 700 total protein (loading control) measurements for each lane 

and compared between groups. 

Three technical replicates were run, but due to apparent protein degradation over 

time, only the first two replicates yielded protein signal bands that were bright enough to 

be accurately measured in the imaging process. The first two replicates are analyzed 

separately and compared in this section, as their results differ slightly. The replicates 

are then averaged, and the combination of this data is also analyzed here.  

First Technical Replicate (Run 1) 

Genotype alone alters phosphorylation status of GSK3β. For the phospho-

GSK3β-to-total-GSK3β signal ratios, there was a significant main effect of genotype 

(Fig. 5) - supported by post hoc analysis (adjusted p = 0.030) - but not treatment (Fig. 

5). The interaction between treatment and genotype did not significantly alter 
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phosphorylation ratios (Fig. 5). These effects were driven ostensibly by low levels of 

GSK3β phosphorylation in the vehicle-treated Val/Val rats. Specifically, post hoc 

analyses revealed that vehicle-treated Met/Met rats showed remarkably greater 

phospho-GSK3β-to-total-GSK3β signal ratios than did vehicle-treated Val/Val rats (Fig. 

5). Furthermore, EB-treated Met/Met rats demonstrated significantly higher 

phosphorylation ratios than did vehicle-treated Val/Val rats (Fig. 5). However, there 

were no differences in phosphorylation ratios between vehicle- and EB-treated Met/Met 

groups (Fig. 5) or between vehicle- and EB-treated Val/Val groups (Fig. 5). No outliers 

were found or excluded. 
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Fig. 5. Ratio of phospho-GSK3β to total GSK3β signals in the striata of CRISPR 

Val/Val and Met/Met female rats treated with either vehicle or EB. The ratio of 

phospho-GSK3β signals to pan-GSK3β signals in the striatum was altered by 

CRISPR genotype alone (F1,23 = 6.169; p = 0.022; p-adj = 0.030). Vehicle-treated 

Val/Val rats demonstrated lower phosphorylation ratios than vehicle-treated Met/Met 

rats and EB-treated Met/Met rats (df = 1, * indicates p < 0.05). Striatum: Vehicle-

treated Val/Val (Veh-Val/Val) n = 5, vehicle-treated Met/Met (Veh-Met/Met) n = 6, EB-

treated Val/Val (EB-Val/Val) n = 6, EB-treated Met/Met (EB-Met/Met) n = 7. 
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Two-way ANOVAs and post hoc analyses revealed that treatment (Fig. 6A) and 

genotype (Fig. 6A) both produced significant differences between experimental groups 

in normalized phospho-GSK3β signals (normalized to REVERT 700 total protein 

signals). Interactions between genotype and treatment, however, did not significantly 

alter phospho-GSK3β signals (Fig. 6A). Post hoc analyses revealed that vehicle-treated 

Met/Met rats showed higher normalized phospho-GSK3β signals than did vehicle-

treated Val/Val rats (Fig. 6A). Moreover, EB-treated Met/Met rats demonstrated higher 

normalized phospho-GSK3β signals than did vehicle-treated Val/Val rats (Fig. 6A). 

Example bands from technical replicate 1, blot 3 are provided for each experimental 

group, and vehicle-treated Met/Met, EB-treated Val/Val, and EB-treated Met/Met bands 

are all visually brighter than vehicle-treated Val/Val (Fig. 6B). Blot 3 from technical 

replicate 1 scanned at 800 nm for phospho-GSK3β (46 kDa) is also shown (Fig. 6C). No 

outliers were found or excluded. 
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Fig. 6. Levels of phospho-GSK3β in the striata of CRISPR Val/Val and Met/Met 

female rats treated with either vehicle or EB. (A) Phospho-GSK3β normalized signals 

were significantly affected by EB treatment (F1,23 = 5.487; p = 0.030; p-adj = 0.036) 

and by CRISPR genotype (F1,23 = 9.726; p = 0.005; p-adj = 0.0063). Vehicle-treated 

Val/Val rats demonstrated lower phospho-GSK3β normalized signals than EB-

treated Met/Met rats; trends indicate that vehicle-treated Met/Met rats showed 

stronger phospho-GSK3β normalized signals than did vehicle-treated Val/Val rats (df 

= 1, ** indicates p < 0.01, . indicates p > 0.05). (B) Representative western blot 

bands for phospho-GSK3β are provided for each treatment group. (C) A subset of 

lanes scanned at 800 nm for phospho-GSK3β (46 kDa). MOR40 is EB-treated 

Val/Val, MOR04 and 10 are EB-treated Met/Met, MOR39 is vehicle-treated Val/Val, 

and MOR13 and 44 vehicle-treated Met/Met. Striatum: Vehicle-treated Val/Val (Veh-

Val/Val) n = 5, vehicle-treated Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val (EB-

Val/Val) n = 6, EB-treated Met/Met (EB-Met/Met) n = 7. 
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Genotype and estradiol status do not change total GSK3β protein signal. 

Pan-GSK3β signals were not significantly different between experimental groups based 

on genotype (Fig. 7A) and treatment independently (Fig. 7A). There was also no 

significant interaction between genotype and treatment on GSK3β signal intensity (Fig. 

7A). Example bands from technical replicate 1, blot 3 are provided for each 

experimental group, showing visually similar brightness (Fig. 7B). Replicate 1, blot 3 

scanned at 700 nm for total GSK3β (46 kDa) is shown (Fig. 7C). No outliers were found 

or excluded. 
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Fig. 7. Levels of total GSK3β in the striata of CRISPR Val/Val and Met/Met female 

rats treated with either vehicle or EB. (A) Total GSK3β signal intensity was not 

significantly affected by CRISPR genotype (F1,23 = 0.048; p = 0.828), treatment (F1,23 

= 0.000; p = 0.985), or the interaction between them (F1,23 = 0.724; p = 0.405). (B) 

Representative western blot bands for pan-GSK3β are provided for each treatment 

group. (C) A subset of lanes scanned at 700 nm for pan-GSK3β (46 kDa). MOR40 is 

EB-treated Val/Val, MOR04 and 10 are EB-treated Met/Met, MOR39 is vehicle-

treated Val/Val, and MOR13 and 44 vehicle-treated Met/Met. Striatum: Vehicle-

treated Val/Val (Veh-Val/Val) n = 5, vehicle-treated Met/Met (Veh-Met/Met) n = 6, EB-

treated Val/Val (EB-Val/Val) n = 6, EB-treated Met/Met (EB-Met/Met) n = 7. 
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Second Technical Replicate (Run 2) 

 Genotype alone alters phosphorylation status of GSK3β. ANOVAs revealed 

significant between-groups differences in phospho-GSK3β-to-total-GSK3β ratio based 

on genotype (Fig. 8), but not treatment (Fig. 8) or the interaction between genotype and 

treatment (Fig. 8). Tukey’s post hoc analyses revealed no specific pairwise differences 

(Fig. 8). 

 MOR47 (vehicle-treated Val/Val) and MOR12 (EB-treated Met/Met) were 

excluded as outliers based on the Grubbs test. 

Fig. 8. Ratio of phospho-GSK3β to total GSK3β signals in the striata of CRISPR 
Val/Val and Met/Met female rats treated with either vehicle or EB. GSK3β 
phosphorylation ratios in the striatum were altered by CRISPR genotype (F1,21 = 
6.661; p = 0.0188; p-adj = 0.019), but not treatment (F1,21 = 0.002; p = 0.963) or the 
interaction between them (F1,21 = 0.004; p = 0.5322). Striatum: Vehicle-treated 
Val/Val (Veh-Val/Val) n = 4 (MOR47 excluded, Grubbs p = 0.015), vehicle-treated 
Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, EB-treated 
Met/Met (EB-Met/Met) n = 6 (MOR12 excluded, Grubbs p = 0.004). 
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 Normalized phospho-GSK3β protein signal intensity did not differ significantly 

between groups based on genotype (Fig. 9A), treatment (Fig. 9A), or the interaction 

between genotype and treatment (Fig. 9A). Due to lack of significant group differences 

found in the two-way ANOVAs, post hoc analyses were not performed. 

 Example bands from technical replicate 2, blot 3 are provided for each 

experimental group, showing little difference in visual brightness (Fig.  9B). Replicate 2, 

blot 3 scanned at 700 nm for total GSK3β (46 kDa) is shown (Fig. 9C).  
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Fig. 9. Levels of phospho-GSK3β in the striata of CRISPR Val/Val and Met/Met 

female rats treated with either vehicle or EB. (A) Phospho-GSK3β normalized 

signals were not significantly affected by treatment (F1,21 = 0.011; p = 0.919), 

CRISPR genotype (F1,21 = 1.19; p = 0.290), or the interaction between them (F1,21 = 

0.861; p = 0.366). (B) Representative western blot bands for phospho-GSK3β are 

provided for each treatment group. (C) A subset of lanes scanned at 700 nm for 

phospho-GSK3β (46 kDa). MOR40 is EB-treated Val/Val, MOR04 and 10 are EB-

treated Met/Met, MOR39 is vehicle-treated Val/Val, and MOR13 and 44 vehicle-

treated Met/Met. Striatum: Vehicle-treated Val/Val (Veh-Val/Val) n = 4 (MOR47 

excluded, Grubbs p = 0.015), vehicle-treated Met/Met (Veh-Met/Met) n = 6, EB-

treated Val/Val (EB-Val/Val) n = 6, EB-treated Met/Met (EB-Met/Met) n = 6 (MOR12 

excluded, Grubbs p = 0.004). 
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Genotype and estradiol status do not change total GSK3β protein signal.  

Pan-GSK3β signals were not significantly different between experimental groups based 

on genotype (Fig. 10A) and treatment independently (Fig. 10A). There was also no 

significant interaction between genotype and treatment on GSK3β signal intensity (Fig. 

10A). Example bands from technical replicate 2, blot 3 are provided for each 

experimental group, showing visually similar brightness (Fig. 10B). Replicate 2, blot 3 

scanned at 700 nm for total GSK3β (46 kDa) is shown (Fig. 10C).  
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Fig. 10. Levels of pan-GSK3β in the striata of CRISPR Val/Val and Met/Met female 

rats treated with either vehicle or EB. (A) Total GSK3β signal intensity was not 

significantly affected by CRISPR genotype (F1,21 = 0.253; p = 0.621), treatment (F1,21 

= 0.135; p = 0.717), or the interaction between them (F1,21 = 0.206; p = 0.655). (B) 

Representative western blot bands for pan-GSK3β are provided for each treatment 

group. (C) A subset of lanes scanned at 700 nm for pan-GSK3β (46 kDa). MOR40 is 

EB-treated Val/Val, MOR04 and 10 are EB-treated Met/Met, MOR39 is vehicle-

treated Val/Val, and MOR13 and 44 vehicle-treated Met/Met. Striatum: Vehicle-

treated Val/Val (Veh-Val/Val) n = 4 (MOR47 excluded, Grubbs p = 0.015), vehicle-

treated Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, EB-

treated Met/Met (EB-Met/Met) n = 6 (MOR12 excluded, Grubbs p = 0.004). 
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Averaging and Combining Replicates 1 and 2 

Genotype alone alters phosphorylation status of GSK3β. For the GSK3β 

phosphorylation ratios, wherein phospho-GSK3β signal intensities were divided by 

those of total-GSK3β, there was a significant main effect of genotype (Fig. 11A) - 

supported by post hoc analysis (adjusted p = 0.044) - but not treatment (Fig. 11A). The 

interaction between treatment and genotype did not significantly alter phosphorylation 

ratio (Fig. 11A). Post hoc analysis revealed no significant pairwise differences between 

groups. The analysis also demonstrated that both genotypes are insensitive to EB in 

terms of GSK3β phosphorylation, evidenced by no significant differences when 

comparing vehicle-treated versus EB-treated Met/Met rats (Fig. 11A) or vehicle-treated 

versus EB-treated Val/Val rats (Fig. 11A). MOR51 (vehicle-treated Val/Val) was 

excluded as an outlier based on the Grubbs test. 

 Differences between groups in terms of phospho-GSK3β protein signals alone 

(not divided by total GSK3β protein signals) were also explored. Two-way ANOVAs and 

post hoc analyses revealed that genotype significantly impacts normalized phospho-

GSK3β protein signals (Fig. 11B). There are no significant between-groups differences 

based on treatment (Fig. 11B) or the interaction between genotype and treatment (Fig. 

11B). Post hoc analysis revealed that EB-treated Met/Met rats show significantly higher 

phospho-GSK3β signal intensities than do vehicle-treated Val/Val rats (Fig. 11B). There 

were no other significant differences in pairwise comparisons. 

Genotype and estradiol status do not change total GSK3β protein signal. 

Pan-GSK3β signals did not differ between experimental groups based on genotype (Fig. 
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11C) and treatment independently (Fig. 11C). There was also no significant interaction 

between genotype and treatment on GSK3β signal intensity (Fig. 11C).  
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A Fig. 11. Phosphorylation ratios, phospho-

GSK3β signals, and pan-GSK3β from the 

striata of CRISPR Val/Val and Met/Met 

female rats treated with either vehicle or 

EB. (A) Met rats demonstrated 

significantly higher phosphorylation ratios 

overall than did Val rats (F1,22 = 4.679; p = 

0.0435). There were no pairwise group 

differences, and both genotypes seemed 

insensitive to EB treatment. (B) Met rats 

also overall exhibited stronger phospho-

GSK3β signal intensities than did Val rats 

(F1,22 = 6.39; p = 0.0205). EB-treated 

Met/Met rats had higher phospho-GSK3β 

signal intensities than vehicle-treated 

Val/Val rats (* indicates p < 0.05). (C) 

Neither genotype (F1,22 = 0.601; p = 

0.448) nor treatment (F1,22 = 0.749; p = 

0.398) nor the interaction between them 

(F1,22 = 0.881; p = 0.360) affected GSK3β 

signal intensities. Striatum: Vehicle-

treated Val/Val (Veh-Val/Val) n = 4 

(MOR51 excluded, Grubbs p = 0.015), 

vehicle-treated Met/Met (Veh-Met/Met) n 

= 6, EB-treated Val/Val (EB-Val/Val) n = 6, 

EB-treated Met/Met (EB-Met/Met) n = 7. 
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Rat ID Genotype Treatment 

MOR19 Val/Val Veh 

MOR58 Val/Val Veh 

MOR47 Val/Val Veh 

MOR39 Val/Val Veh 

MOR51 Val/Val Veh 

MOR09 Met/Met Veh 

MOR01 Met/Met Veh 

MOR05 Met/Met Veh 

MOR13 Met/Met Veh 

MOR44 Met/Met Veh 

MOR55 Met/Met Veh 

MOR20 Val/Val High EB 

MOR65 Val/Val High EB 

MOR38 Val/Val High EB 

MOR40 Val/Val High EB 

MOR48 Val/Val High EB 

MOR27 Val/Val High EB 

MOR41 Met/Met High EB 

MOR21 Met/Met High EB 

MOR02 Met/Met High EB 

MOR04 Met/Met High EB 

MOR10 Met/Met High EB 

MOR56 Met/Met High EB 

MOR12 Met/Met High EB 

Table 1. All 24 striatal samples by genotype (Val/Val and Met/Met) and treatment 

type (Vehicle or High EB).   
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Comparison of Technical Replicates in Addressing Both Hypotheses 

Hypothesis 1: Met carriers will experience augmented BDNF release – and thus, 

increased GSK3β phosphorylation – in compensation for altered regulated BDNF 

signaling when compared to Val carriers. 

Do the technical replicates support the hypothesis? Replicate 1 supports the 

hypothesis that Met rats demonstrate compensatory increases in BDNF levels, resulting 

in increased downstream GSKβ phosphorylation. In this technical replicate, ANOVAs 

revealed that Met rats overall demonstrate significantly higher GSKβ phosphorylation 

ratios than do Val rats (Fig. 5). Post hoc comparisons showed that both vehicle- and 

EB-treated Met/Met rats had higher GSKβ phosphorylation levels than did vehicle-

treated Val/Val rats (Fig. 5), further supporting the hypothesis of Met-related 

compensation. 

Similarly, replicate 2 also supports the Met compensation hypothesis, as ANOVAS 

revealed a main effect of genotype on GSKβ phosphorylation (Fig. 8). However, there 

were no pairwise differences determined post hoc (Fig. 8). 

Furthermore, both runs, when averaged and combined, support the Met-related 

compensatory hypothesis. In this case, ANOVAs show a main effect a genotype in 

which Met rats show overall greater GSKβ phosphorylation ratios than Val rats (Fig. 

11A), suggesting that Met rats demonstrate Met-related BDNF compensation. 

How do the replicates address the biological question being tested? The 

biological question being tested in this hypothesis is as follows: Do Met carriers 

experience a compensatory BDNF boost in the striatum due to altered regulated BDNF 
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signaling? The technical replicates test this question by analyzing phospho-GSKβ to 

total-GSKβ signal ratios (i.e., how much of the protein is inhibited versus how much total 

exists in the sample) in Val/Val and Met/Met homozygotes. Protein signals are 

determined using western blotting and fluorescent imaging. The objective is to compare 

phosphorylation ratios between the two genotypes to determine if Met rats show greater 

GSKβ phosphorylation ratios than Val rats, which would indicate boosts in BDNF levels 

upstream. 

What results would I expect if the data supported this hypothesis? For this 

hypothesis, I would at least expect to find a main effect of genotype in the ANOVAs, 

with Met rats showing higher GSK3β phosphorylation levels, as measured by the 

phospho-GSK3β-to-pan-GSK3β ratios. Ideally, some post hoc pairwise comparisons 

should support these results. For instance, vehicle-treated Met/Mets should show 

greater phosphorylation than the vehicle-treated Val/Val rats, thus further corroborating 

that Mets show compensatory BDNF enhancements resulting in elevated downstream 

GSK3β inhibition independent from EB treatment. 

In any case, I would expect the total GSK3β protein signal intensities to be the same 

regardless of genotype, as the amount of said protein (pan protein) should not differ 

significantly between lanes loaded with the same volume. Both runs showed no 

differences in total GSK3β signal intensities between groups (Figs. 7 & 10). In addition, 

no between-groups differences could be determined when the runs were combined (Fig. 

11C). 
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Hypothesis 2: Met carriers will show no sensitivity to the BDNF-enhancing effects 

of estradiol when compared to Val carriers. 

Do the technical replicates support the hypothesis? Neither replicate supports 

the hypothesis that Met rats are more insensitive to the historically BDNF-enhancing 

effects of estradiol when compared to their Val counterparts. In replicate 1, pairwise 

comparisons show there were no differences in GSKβ phosphorylation between EB- 

and vehicle-treated Met/Met rats or between EB- and vehicle-treated Val/Val rats; this 

evidence that both genotypes are insensitive to estrogen thus refutes the Met-related 

estrogen insensitivity hypothesis (Fig. 5). Similar results are shown in replicate 2 (Fig. 

8). 

When the runs are combined and averaged, they still do not corroborate this 

hypothesis. Post hoc analyses show no pairwise differences in GSKβ phosphorylation 

ratios between any two groups. In particular, no differences could be determined 

between vehicle- and EB-treated Val/Val rats or between vehicle- and EB-treated 

Met/Met rats, indicating that both genotypes are insensitive to estrogens (Fig. 11A). 

Thus, the replicates – combined or separate - provide no evidence supporting the Met-

related estrogen insensitivity hypothesis. 

How do the replicates address the biological question being tested? The 

biological question being tested here is, are Met carriers insensitive to the BDNF-

enhancing qualities of estrogens? This question is addressed by treating both 

genotypes with either vehicle or EB (an estrogen variant) and then making pairwise 

comparisons between EB- versus vehicle-treated Met/Met rats and EB- versus vehicle-

treated Val/Val rats in terms of GSKβ phosphorylation ratios in their striata to find 
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differences between EB- versus vehicle-treated animals of each genotype and to 

thereby determine the sensitivity of each genotype to estrogen treatment. 

What results would I expect if the data supported this hypothesis? For the Met-

related estrogen insensitivity hypothesis, I would examine the post hoc pairwise 

comparisons and expect to observe that EB-treated Met/Met rats would not show any 

significant differences in GSK3β phosphorylation from vehicle-treated Met/Mets. In 

contrast, I would expect to observe increased phosphorylation in EB-treated Val/Val rats 

when compared to vehicle-treated Val/Val rats, as estrogens have historically 

augmented BDNF release in wildtype/control individuals. I have predicted, due to 

altered or perhaps even saturated release in Met allele carriers, that the Met rats would 

therefore not show enhanced GSK3β phosphorylation when treated with EB. While Met 

carriers indeed did not show EB-associated enhancements, neither did the Val carriers, 

so both genotypes were insensitive. Perhaps, since the rats were previously 

behaviorally trained, rats of both genotypes likely already experienced increases in 

regulated BDNF in response to the striatum-based learning. This regulated release may 

have reached the “saturation” point wherein it could not be notably enhanced by 

estrogen treatment. 
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Technical issues with the replicates and how to fix them 

In replicate 1, the standard curve for pan-GSK3β is not strongly or significantly linear 

for blot 2. All other blots show significantly linear standard curves for both signals (Data 

not shown). Standard curves for protein signals are used to examine between-blot 

variability. All blots have small, insignificant artifacts for both red and green images that 

do not seem to interfere with band measurements (Appendix A & B). This is indicative of 

some minor contamination that would may mitigated in the future by cleaning equipment 

properly and washing the membranes sufficiently. 

The standard curves and appearances of blots in replicate 2, however, indicated far 

greater problems than for replicate 1. For example, standard curves for both GSK3β 

and phospho-GSK3β signals are not as strongly linear and are not significant in blots 2 

and 4 of replicate 2 (Data not shown). There is also some background for pan-GSK3β 

(red) images (Appendix E), but somewhat less than with Replicate 1. Background is 

significantly worse in Replicate 2 than in Replicate 1 for phospho-GSK3β, and there are 

significant artifacts – most notably in blots 1 and 2 - that overlap with the bands and 

may therefore interfere with the measurement of the protein signals (Appendix D). Blot 2 

shows the worst artifacts out of all blots. Artifacts could be caused by contaminants on 

blots from the blocking reagent or even nonspecific binding of the antibodies to the 

blocking reagent (Mahmood & Yang, 2012). Contaminants should be filtered out of the 

blocking reagent, and special care should be taken in future experiments when handling 

the membrane to ensure that no contaminants interfere with the signal. Equipment (e.g. 

forceps, incubation containers, etc.) should be cleaned thoroughly and gloves should be 

replaced often to reduce the risk of contaminated blots and disrupting the signals. 
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The phospho-GSK3β band signals are also weak for blots 1 and 2 in replicate 2 

(Appendix D). It is possible that the antigen levels were insufficient and not as much 

protein was loaded into these gels. Upon observing the REVERT total protein stains at 

700 nm, it appears that blots 1 and 2 have slightly weaker total protein signals than 

blots 3 and 4 (Appendix F), suggesting a possible loading inconsistency. Care will have 

to be taken in the future to ensure more consistent loading across wells. Measures to 

prevent protein degradation must also be taken, including keep samples consistently 

cold and distributing them into single-use aliquots. In addition, since the phospho-

GSK3β signal on only two out of the four blots in this replicate was weak for this 

replicate, it is also possible that antibody incubation may have been inconsistent 

between blots, with some membranes not being fully submerged in antibody cocktails or 

getting stuck to the sides of containers during incubation. Care will be taken in the future 

to ensure that blots remain at the bottom of the container and properly submerged in 

cocktail during the incubation process. Shaking during incubation should also ensure 

even distribution of the antibody across each membrane.  
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Discussion  

 Hypothesis 1: Met carriers will experience augmented BDNF release – and 

thus, increased GSK3β phosphorylation – in compensation for altered regulated 

BDNF signaling. The results are somewhat similar between technical replicates, with 

some differences. In the first technical replicate alone, there was a significant main 

effect of genotype on GSK3β phosphorylation status, with Met carriers exhibiting higher 

phosphorylation ratios than Val carriers. Specifically, vehicle-treated Met/Met rats in this 

experiment demonstrated significantly greater GSK3β phosphorylation than did vehicle-

treated Val/Val rats. Similar results were found for the second replicate and for the 

combined replicates, except that there were no pairwise differences between groups. 

Prior evidence suggests that the Met substitution can trigger a compensatory 

increased expression of BDNF and TrkB mRNA in the rodent brain (Spencer et al., 

2010), which may be reflected in the trends indicating increased downstream GSK3β 

phosphorylation in Met/Met rats. It has been proposed that this phenomenon occurs in 

compensation for the Met-allele-induced deficit in activity-dependent BDNF release and 

that it may either mitigate or contribute to the behavior phenotype of BDNFMet mice, 

which includes impaired object recognition (Spencer et al., 2010). This proposed 

compensatory molecular mechanism may thus explain the trend indicating higher levels 

GSK3β phosphorylation in the Met/Met ovariectomized female rats here when 

compared to Val/Val rats. Moreover, in human participants with generalized anxiety 

disorder, the Met allele was significantly associated with higher serum levels of BDNF 

(Bus et al., 2012; Lang et al., 2009; Moreira et al., 2015), indicating greater BDNF 

synthesis in these individuals. Activity-dependent secretion – not constitutive expression 
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– is attenuated in Met individuals (Chen et al., 2004), but the constitutive upregulation of 

peripheral BDNF concentrations in Met allele carriers may occur in compensation for 

defective intracellular protein signaling (Bus et al., 2012; Egan et al., 2003; Lang et al., 

2009; Moreira et al., 2015).  Furthermore, human Met-allele carriers with probable post-

traumatic stress disorder (PTSD) showed significantly higher plasma BDNF levels than 

Val carriers with probable PTSD, as well as control Val and Met carriers (Zhang et al., 

2014). Thus, Met carriers can indeed overexpress BDNF, especially in response to 

stress.  

It therefore follows that this compensatory phenomenon would be reflected in my 

results, in which I note a main effect of genotype in which Met/Met rats show 

significantly greater phosphorylation of GSK3β, a downstream target of BDNF. 

Hypothesis 2: Met carriers will show no sensitivity to the BDNF-enhancing 

effects of estradiol. The results presented here do not corroborate this hypothesis, 

regardless of the replicate being analyzed. Neither replicate showed pairwise 

differences in GSKβ phosphorylation between EB- and vehicle-treated Met/Met rats or 

between EB- and vehicle-treated Val/Val rats. The results were similar even when the 

replicates were averaged and combined. Thus, it appears that both genotypes in this 

experiment were insensitive to estradiol enhancement of the BDNF-TrkB-GSK3β 

signaling pathway. 

These results conflict with prior evidence, which has established that estrogens can 

promote TrkB-BDNF signaling – and thus, likely boost downstream GSK3β 

phosphorylation – via transactivational and epigenetic means (Kiss et al., 2012; Luine & 

Frankfurt, 2013; Pan et al., 2010) in the hippocampus. Based on this concept, EB 
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treatments should have boosted available BDNF levels, regulated BDNF release, or 

kinetics of TrkB signaling in Val/Val rats, leading to higher levels of phosphorylated 

GSK3β. There was no difference, however, in GSK3β activation between vehicle-

treated rats and EB-treated rats in either the Met/Met or Val/Val genotype, suggesting 

that both genotypes in my experiment were insensitive to estrogen-mediated BDNF 

enhancements. 

Of note, Met/Met rats showed significant endocrine dysregulation, evidenced by their 

abnormal estrous cycles – namely, they become either acyclic or experience irregular 

cycles, meaning they have at least one proestrus or proestrus-to-estrus day, with less 

than three 4-5 day cycles – prior to ovariectomy and reduced ovarian weight and 

increased uterine horn weight post-euthanasia (Prakapenka et al., 2021). 

Because Met carriers demonstrate deficits in regulated BDNF secretion, it follows 

that they would not be sensitive to estrogen-enhancing effects on TrkB-BDNF signaling 

when compared to Val carriers, but my findings – in which Met and Val carriers both 

show insensitivity to estrogen - do not support this idea and seem to conflict with prior 

literature. For instance, Met mice have shown better performance even than Val mice in 

object placement tasks during proestrus, when estrogen levels are rising (Spencer et 

al., 2010), indicating that Met rodents demonstrate considerable sensitivity to the 

enhancing effects of estrogen during hippocampus-sensitive tasks. In my experiment, it 

was the striatum, not the hippocampus, that was assessed for GSK3β phosphorylation 

in Val versus Met carriers treated with estrogen. Perhaps, estrogen sensitivity can thus 

be altered in a region-specific manner, with some regions (like the hippocampus) 

showing Met-related alterations in estrogen sensitivity and others demonstrating no 
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effects in this regard. If estrogen sensitivity is region-specific, I propose that I would 

have noted differences in GSK3β phosphorylation between vehicle- and EB-treated 

Met/Met rats, had I conducted by western blots instead on the hippocampus. However, I 

opted to study the striatum, as the dOR task performed on the rats by Prakapenka et al. 

(2021) was striatum-sensitive, and I therefore intended to explore connections between 

behavior and BDNF-TrkB-GSK3β signaling pertaining to that region. 

In addition, when ovariectomized and given estradiol in their drinking water, mice 

heterozygous for the Met allele exhibited significantly greater anxiety-like phenotypes in 

the splash test and open-field tests when compared to wildtype mice given the same 

treatment (Marrocco et al., 2020), indicating that the Met allele carriers exhibit increased 

sensitivity to estrogens, which, in turn, ostensibly increased their susceptibility to stress. 

Limitations. The results of this investigation show trends consistent with the 

hypothesis that Met rats show compensatory increases in BDNF and TrkB. However, 

this study is held back by some limitations. For example, I had intended to produce 

three technical replicates in the semiquantitative western blotting, thereby increasing 

statistical power and better accounting for some experimental variability for each given 

sample on a given day. Had I obtained more successful technical replicates, I could 

have had more blots containing more biological replicates, resulting in a higher 

confidence level. Unfortunately, upon imaging for GSK3β and phospho-GSK3β on the 

Li-Cor Odyssey, the third replicate showed faintness and inconsistency in the bands 

that rendered it far too difficult to accurately measure signal intensity (Appendix G & H), 

despite REVERT 700 signals for this replicate being strong (Appendix I). Because of 

this, I attempted a fourth replicate, in which the REVERT 700 signal revealed no protein 
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staining, indicating protein degradation (not shown). I therefore only ended up with two 

technical replicates, each consisting of four blots for a total of eight. 

I examined the linearity of raw measure (i.e., GSK3β and phospho-GSK3β signals) 

standard curves (indicated by high correlation coefficient, ideally R2 equal to or greater 

than 0.96) of these blots, as this measure indicates lower between-blot variability. Run 

1, blot 2 showed a lower correlation coefficient (R2 = 0.9541, data not shown) and 

significance value of the raw GSK3β standard curve (p = 0.1375, data not shown). This 

statistical evidence indicates a potential issue that may have occurred in the 

immunoblotting process for this blot, such as perhaps this blot not being fully 

submerged in cocktail during the incubation process or receiving lower antibody 

concentration due to antibody preparation error. Run 2, blots 2 and 4 showed poorer 

linearity of raw GSK3β standard curves (R2 = 0.9262 and 0.9532, respectively, data not 

shown) and linear insignificance of raw phospho-GSK3β standard curves (p = 0.1752 

and p = 0.1388, respectively, data not shown). Examination of run 2, blot 2 shows 

salient immunoblotting problems, with artifacts and bright signal speckling that may 

have interfered with the signal measurements of the target bands, particularly of 

phospho-GSK3β (Appendix D). Of note, two samples were excluded as outliers from 

replicate 2 (MOR47 from the Veh-Val/Val group and MOR12 from the EB-Met/Met), and 

one sample was excluded as an outlier when the runs were combined (MOR51 from the 

Veh-Val/Val group). Fixing the aforementioned experimental immunoblotting issues 

(most prominent in replicate 2) in future runs may mitigate signal interference and 

variability, thus hopefully obviating the potential need for outlier exclusions and resultant 

reductions in sample size. 
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Another experimental limitation is that the rats were behaviorally trained prior to 

brain dissection and use of their striata for western blotting. Behavioral training presents 

a confound to biochemical testing in that it produces changes in BDNF-TrkB signaling. 

BDNF mRNA expression is typically augmented after training in learning tasks (Cunha 

et al., 2010), so training in the dOR task may therefore have boosted BDNF expression 

and signaling in the striata of the rats, regardless of their genotype or treatment. The 

prior behavioral training of the rats could also explain the unexpected lack of estrogen 

sensitivity observed in both genotypes (as opposed to just the Met carriers). All rats 

have likely experienced previous increases in regulated striatal BDNF release in 

response to the striatum-based learning. These increases may have caused “saturation” 

of BDNF release, wherein the release could not be noticeably be augmented by 

estrogen treatment. This confound would have been eliminated if a separate group of 

CRISPR rats subjected to the same treatments had been dissected and used for 

western blotting analysis without first undergoing behavioral testing. 

The complex regulation of GSK3β via other pathways besides BDNF-TrkB signaling 

constitutes another important confound in this experiment. For instance, GSK3β activity 

is also inhibited by the insulin/IGF1 and Wnt signaling pathways. When insulin or 

insulin-like growth factor 1 (IGF1) binds to the IGF1 receptor, Akt becomes active and 

phosphorylates GSK3β to suppress its activity, which entails suppression of glycogen 

synthesis and of eukaryotic translation initiation factor 2B (eIF2B), which regulates 

overall protein translation (Fogli & Boespflug-Tanguy, 2006; Souder & Anderson, 2019; 

Fig. 12). In addition, GSK3β activity is also regulated by the Wnt signaling pathway. A 

Wnt ligand binds to frizzled (Frz), and Axin forms a domain with GSK3β and 
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adenomatous polyposis coli (APC) (Souder & Anderson, 2019; Fig. 12). When Wnt 

signaling is absent, GSK3β is active, inhibiting mammalian target of rapamycin complex 

1 (mTORC1, or Rheb-mTOR-Raptor) and cell growth (Souder & Anderson, 2019; Fig. 

12). Likewise, GSK3β is suppressed by active mTORC1 in a negative feedback loop 

facilitated by ribosomal S6 kinase (S6K) (Souder & Anderson, 2019; Fig. 12). Because 

GSK3β activity is regulated by various other signaling pathways besides BDNF-TrkB, I 

therefore cannot necessarily rule out the possibility of these other pathways being 

activated to phosphorylate GSK3β by either the behavioral training by Prakapenka et al. 

(2021) or the genotype and treatment in my experiment. 

 

  

 

 

 

 

 

 

 

Fig. 12. GSK3β activity is also regulated by the IGF1 and Wnt signaling pathways. 

When the IGF1 receptor is activated, Akt phosphorylates and inhibits GSK3β, which 

would otherwise suppress glycogen synthesis and the protein eIF2B, a regulator of 

overall protein translation (Fogli & Boespflug-Tanguy, 2006; Souder & Anderson, 

2019). Furthermore, when a Wnt ligand binds to frizzled (Frz), and Axin forms a 

domain with GSK3β and the protein APC. GSK3β is active in the absence of Wnt 

signaling, suppressing mammalian target of mTORC1 and cell growth. mTORC1 can 

likewise inhibit GSK3β via S6K (Souder & Anderson, 2019). 
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Future directions. The results from the individual and combined replicates – in 

which the Met carriers showed enhanced downstream GSK3β inactivation – could be 

attributed to the compensatory increases in BDNF and TrkB to counteract reduced 

BDNF bioavailability, a characteristic of this genotype. However, GSK3β 

phosphorylation in Met/Met rats was insensitive to the BDNF-boosting properties of 

estrogens, a result that did not contrast with that of the Val/Val rats in either or both 

replicates. I would therefore like to repeat this experiment, taking special care to avoid 

the various technical issues detailed in the Results section. If the results are reproduced 

– again showing that the striata of both Val and Met carriers are insensitive to BDNF 

enhancements by estradiol – then future investigations are crucial to comprehend why 

exactly the BDNF-TrkB signaling mechanisms denoted by downstream GSK3β 

activation state in the striatum are insensitive to estrogens in Met and Val carriers. I 

propose an experiment which, like the current experiment, involves a two-by-two design 

with Val/Val and Met/Met rats being treated with either vehicle or EB. I would euthanize 

the animals and extract the striata for semiquantitative western blot analysis for BDNF 

protein, as well as for TrkB and phospho-TrkB (the activated form of the receptor after 

BDNF binding), to determine the effects of genotype and treatment on these protein 

levels. Specifically, if the Met-related BDNF compensation hypothesis holds true (as 

previously supported by the results of the individual and combined replicates in the 

current investigation), then I would expect to see higher BDNF signals and phospho-to-

pan-TrkB ratios (i.e., higher TrkB activation rates) in all Met carriers when compared to 

those of Val carriers. Furthermore, if phospho-TrkB to pan-TrkB ratios (i.e., TrkB 

activation levels) do not differ between vehicle- and EB-treated Met/Met rats or between 
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vehicle- and EB-treated Val/Val rats, then this evidence would corroborate my previous 

result that the striata of both Met and Val carriers are insensitive to the BDNF-

enhancing effects of estrogen, indicated by lack of BDNF binding to and activating the 

TrkB receptor to initiate the BDNF-TrkB signaling cascade. In contrast, if EB-treated rats 

show higher or lower TrkB phosphorylation ratios than do vehicle-treated rats in either 

genotype, then I would conclude that BDNF signaling in that genotype is indeed 

sensitive to estrogens. I could also perform this same investigation on the hippocampus 

to determine if estrogen sensitivity is region-specific in either genotype, namely, if Met 

or Val carriers demonstrate changes in GSK3β phosphorylation when treated with EB 

versus with vehicle. 

In any case, the Met allele poses as a risk factor for various illnesses in humans, 

including Alzheimer’s disease, anxiety, and depression (Marrocco et al., 2020). 

Therefore, further exploration into the intricacies of the proposed Met-related 

compensatory phenomenon and estrogen sensitivity may foster a deeper understanding 

of the exact regulation of BDNF production and secretion in individuals carrying the Met 

allele, thus paving way for refinement of therapeutics and personalization of treatments 

based on genotype. 
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Appendices 

Data from the three completed runs 

Run 1 (First technical replicate) 
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Appendix A. Run 1 phospho-GSK3β protein signals and phosphorylation ratios. (1) 

Normalized phospho-GSK3β signal is significantly affected by EB treatment (F1,23 = 

5.487; p < 0.05) and by CRISPR genotype (F1,23 = 9.726; p < 0.01). (2) Ratio of 

phospho-GSK3β signals to pan-GSK3β signals in the striatum differs based on 

CRISPR genotype (F1,23 = 6.169; p < 0.05). (3) and (4) Immunoblotting in Li-Cor 

Odyssey System at 800 nm wavelength for phospho-GSK3β protein signals across 

all four blots (membranes). Striatum: Vehicle-treated Val/Val (Veh-Val/Val) n = 5, 

vehicle-treated Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, 

EB-treated Met/Met (EB-Met/Met) n = 7. 
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Appendix B. Run 1 pan-GSK3β protein signals. (1) Total GSK3β signal intensity is 

not significantly affected by CRISPR genotype (F1,23 = 0.048; p > 0.05), treatment 

(i.e., vehicle or EB) (F1,23 = 0.00; p > 0.05), or the interaction between them (F1,23 = 

0.724; p > 0.05). (2) and (3) Immunoblotting in Li-Cor Odyssey System at 700 nm 

wavelength for pan-GSK3β protein signals across all four blots (membranes). 

Striatum: Vehicle-treated Val/Val (Veh-Val/Val) n = 5, vehicle-treated Met/Met (Veh-

Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, EB-treated Met/Met (EB-

Met/Met) n = 7 
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Appendix C. Run 1 REVERT 700 total protein signals and normalized standard 

curves. (1) Membrane/Blot 1 REVERT 700 total protein signals measured via Li-Cor 

Odyssey System at 700 nm with standard curves of pooled pan-GSK3β and 

phospho-GSK3β signals, each normalized to pooled REVERT total protein signals 

and plotted against protein loading amount (μg). (2) The same for Membrane/Blot 2, 

(3) Membrane/Blot 3, and (4) Membrane/Blot 4. Striatum: Vehicle-treated Val/Val 

(Veh-Val/Val) n = 5, vehicle-treated Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val 

(EB-Val/Val) n = 6, EB-treated Met/Met (EB-Met/Met) n = 7 
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Run 2 (second technical replicate) 
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Appendix D. Run 2 phospho-GSK3β protein signals and phosphorylation ratios. (1) 

Normalized phospho-GSK3β signal is not significantly affected by genotype (F1,21 = 

1.19; p > 0.05) or treatment (F1,21 = 0.011; p > 0.05). (2) Ratio of phospho-GSK3β 

signals to pan-GSK3β signals in the striatum differs between groups based on 

genotype (F1,21 = 6.661; p < 0.05) but not treatment (F1,21 = 0.002; p > 0.05). (3) and 

(4) Immunoblotting in Li-Cor Odyssey System at 800 nm wavelength for phospho-

GSK3β protein signals across all four blots (membranes). Striatum: Vehicle-treated 

Val/Val (Veh-Val/Val) n = 4 (MOR47 excluded, Grubbs p = 0.015), vehicle-treated 

Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, EB-treated 

Met/Met (EB-Met/Met) n = 6 (MOR12 excluded, Grubbs p = 0.004). 
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Appendix E. Run 2 pan-GSK3β protein signals. (1) Total GSK3β signal intensity is 

not significantly affected by CRISPR genotype (F1,21 = 0.253; p > 0.05), treatment 

(F1,21 = 0.135; p > 0.05), or the interaction between them (F1,21 = 0.206; p > 0.05). (2) 

and (3) Immunoblotting in Li-Cor Odyssey System at 700 nm wavelength for pan-

GSK3β protein signals across all four blots (membranes). Striatum: Vehicle-treated 

Val/Val (Veh-Val/Val) n = 4 (MOR47 excluded, Grubbs p = 0.015), vehicle-treated 

Met/Met (Veh-Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, EB-treated 

Met/Met (EB-Met/Met) n = 6 (MOR12 excluded, Grubbs p = 0.004). 
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Appendix F. Run 2 REVERT 700 Total protein signals and normalized standard 

curves. 1) Membrane/Blot 1 REVERT 700 total protein signals measured via Li-Cor 

Odyssey System at 700 nm with standard curves of pooled pan-GSK3β and 

phospho-GSK3β signals, each normalized to pooled REVERT total protein signals 

and plotted against protein loading amount (μg). 2) The same for Membrane/Blot 2 

and 3) Membrane/Blot 3 and 4) Membrane/Blot 4. Striatum: Vehicle-treated Val/Val 

(Veh-Val/Val) n = 4 (MOR47 excluded, Grubbs p = 0.015), vehicle-treated Met/Met 

(Veh-Met/Met) n = 6, EB-treated Val/Val (EB-Val/Val) n = 6, EB-treated Met/Met (EB-

Met/Met) n = 6 (MOR12 excluded, Grubbs p = 0.004). 
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Run 3 (third technical replicate) 

 

 

 

 

 

Appendix G. Run 3 phospho-GSK3β protein signals. Phospho-GSK3β protein 

signals were too weak and inconsistent across all four blots/membranes to 

adequately measure protein integrated signal intensity via the Li-Cor Odyssey 

System. Artifacts can be seen across Membranes 1 and 2, further interfering with 

signal measurement. 
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Appendix H. Run 3 pan-GSK3β protein signals. Pan-GSK3β protein signals were 

too weak and inconsistent across all four blots/membranes to adequately measure 

protein integrated signal intensity via the Li-Cor Odyssey System. Artifacts can be 

seen across Membrane 1, further interfering with signal measurement. 
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Appendix I. Run 3 REVERT 700 Total protein signals. REVERT 700 total protein 

signals were visually consistent and strong across Membranes/Blots 1-4, despite 

some dark spots and interference observed across Membrane 4. 
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