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Abstract  

Targeting Kv2.1/Syntaxin Binding for  Neuroprotection 

 

Chung-Yang Yeh, PhD 

 

University of Pittsburgh, 2019 

 

The regulation of cytosolic potassium is a convergent factor in cell death programs of many 

mammalian cell types including central nervous system neurons. Physiological levels of potassium 

concentrations can suppress the activation of critical caspases and nucleases necessary for cell 

death. Under physiological conditions, several ion channels and exchangers sustain intracellular 

potassium levels. Conversely, tightly regulated molecular pathways facilitate the depletion of 

intracellular potassium after injury to very low concentrations, enabling cell death mechanisms to 

proceed. Several research groups have shown that preventing the loss of intracellular potassium 

after injury through various approaches can increase the survivability of several cell types. In 

neurons, the main regulator of intracellular potassium after injury is the delayed rectifier potassium 

channel Kv2.1. Strategies aimed to ameliorate Kv2.1-dependent neuronal cell death have been 

investigated over the past several years. We have come to understand that lethal oxidative damage 

set forth unique, zinc-dependent phosphorylation of Kv2.1, leading to enhanced membrane 

channel insertion and elevated potassium efflux currents. Critical to this pathway is the protein-

protein interaction between Kv2.1 and the cell surface soluble NSF attachment protein receptor 

(SNARE) syntaxin 1A (syntaxin). Interrupting this interaction has been shown to improve 

neuronal survival in vitro. In this dissertation, I report several studies that further clarify the 

molecular interactions between Kv2.1 and syntaxin, and provide the first in vivo evidence that 

disrupting the Kv2.1-syntaxin binding is a viable neuroprotective strategy. We explored several 

approaches using both peptide-based and synthetic small molecules as the protective agent. To cap 

off these findings, I provide preliminary data that leverages the hepatitis virus protein NS5A to 
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suppress Kv2.1-dependent cell death in ischemic stroke. We intend for the work presented here to 

serve as the basis to further unravel the role of Kv2.1 in other neurodegenerative conditions and 

eventually make the translational leap to improve clinical treatments. 
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1.0 Introduction  

1.1 The increasing burden of neurodegenerative diseases 

Historical advances in medical practice have led to a very different quality of living from 

merely a century ago. Improved sanitation and disease counter measures have decreased mortality 

across all age groups. While the maximum human lifespan have not increased significantly in 

recent times (Dong et al., 2016), the proportion of the elderly in the population today is the highest 

it has ever been. In 1950, the worldôs 65 and over age group accounted for roughly 5% of the 

worldôs population, in 2015, this number steadily increased to 8.5% and is projected to reach 12% 

by 2030 and 16.7% by 2050 (He et al., 2016). More nations will begin to have a constriction of 

the population pyramid, and even inversions of the age structure will be observed. This 

demographic transition necessarily indicates a change in the prevalence of certain illnesses and 

contributes to a critical shift in the central focus of modern medicine. Currently in the United States 

and many similar developed nations, heart disease and cancer-related illnesses are the top leading 

causes of death by a large margin, as reported by the Center for Disease Control (CDC). Stroke 

and Alzheimerôs disease, two highly age-correlated neurodegenerative diseases (Murphy et al., 

2018), are also consistently ranked as leading causes of death, currently at 5 and 6, respectively. 

With increases in the average human life span and the population growth rate, neurodegenerative 

diseases are set to rapidly become towering medical and economic burdens in the coming decades. 

Age is, by far, the strongest predictor for most idiopathic neurodegenerative diseases. More 

than three quarters of stroke occurs in the population of ages 65 and up, and the risk for stroke 

doubles for each successive decade after the age of 55 (CDC). Projection of stroke patients in the 
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United States population suggests a rising trend from 3.22% in 2012 to 3.88% in 2030, an increase 

of 3.4 million individuals, accounting for a doubling in direct medical cost from 71.55 billion to 

157.30 billion US dollars (Ovbiagele et al., 2013). Individuals suffering from Alzheimerôs disease 

and related dementias in the United States numbered approximately 5 million in 2014 (1.6% of 

US population) and will expand to 13.9 million people in 2060 (3.3% of US population) (Matthews 

et al., 2019). Direct cost of care for Alzheimerôs disease and related dementias is projected to grow 

from 109 billion in 2010 to 259 billion US dollars by 2040 (Deb et al., 2017). This projected 

increase in the prevalence of ischemic stroke and Alzehimerôs disease represents a lost in the 

quality of life for a large afflicted population and their family members. Despite these growing 

needs, our current treatment options for all these neurodegenerative conditions are wholly 

unsatisfactory.  

The paucity in treatment options for neurodegenerative diseases is not for the lack of 

attempts in development. Preclinically, drug developmental research has had numerous successes. 

But translation of these findings to the clinic has been difficult. Between 1995 and 2005, 430 

potential stroke drugs were evaluated for efficacy in clinical trials globally. Nineteen (4%) have 

reached the market. The few treatments that are mechanistically neuroprotective are currently 

unavailable in the United States for clinical use (Citicoline, a naturally occurring intermediate to 

cell membrane lipids, has been discontinued due to the lack of effect across several clinical trials 

(Shi et al., 2016); Fasudil, a Rho kinase inhibitor and vasodilator, has not been approved in the 

United States after a lengthy legal battle and concerns over liver toxicity (Chen & Wang, 2016)). 

In fact, most currently accepted ischemic stroke treatments rely on the physical re-establishment 

of blood flow, the so-called clot buster drugs or variations of thrombectomy, rather than 

neuroprotective agents. Treatments for Alzheimerôs disease are in a similar state. From 1998 to 
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2017 there have been 146 failed attempts at developing Alzheimerôs drugs (PhRMA report 2018). 

Current treatments for Alzheimerôs disease include the use of cholinesterase inhibitors 

(galantamine, rivastigmine, and donepezil) and the NMDA antagonist memantine. Both groups of 

drugs are known cognitive enhancers (Repantis et al., 2010) and memantine also confer some 

neuroprotective activity by counteracting excitotoxicity (Danysz & Parsons, 2003). Treatments 

designed to target Alzheimerôs disease etiology directly have been the most disappointing 

(recently, see the abandoned projects CREAD 1 and 2, ɓ-amyloid antibodies by Roche, Jan 2019). 

These costly failed clinical trials highlight a rapidly growing need for more effective 

neuroprotective therapies, urgently calling for innovative approaches in combating 

neurodegenerative conditions. 

1.2 Apoptotic cell death in neurodegenerative diseases  

The complexity of the cell death process in neurodegeneration is central to the difficulties 

in developing effective treatments. Distinguished biological features allow us to place the event of 

cell death on a spectrum ranging from the highly precise and contained apoptosis to the 

uncontrolled process that is necrosis. The apoptotic cell death has the specific goal of minimizing 

secondary damage, such as the release of inflammatory factors, to surrounding cells upon cell lysis. 

This is achieved by the activation of a specific class of proteases known as caspases, and caspase-

activated endonucleases that cause DNA degradation (Elmore, 2007). Molecular signals such as 

phosphatidylserine are also presented on membrane surfaces as ñeat meò signals to encourage 

phagocytosis by macrophages (Segawa & Nagata, 2015). While apoptotic programs are a 

necessary part of the developmental process and in tissue turnover homeostasis in adults, excessive 
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activation of the cell death program can be observed in pathological states. On the other hand, 

necrotic cell death releases intracellular contents undeterred and can be detrimental to the whole 

organism. More recent experiments found programmed molecular pathways can also lead to 

inflammatory forms of cell death, called necroptosis, and it has been observed in 

neurodegenerative diseases such as Alzheimerôs disease (Caccamo et al., 2017). Realistically, each 

disease is considered to have unique fingerprints of cell death characteristics, including features of 

both apoptosis and necrosis, making a comprehensive neuroprotective treatment exceedingly 

difficult to develop (Chi et al., 2018).  

Focal ischemic stroke is a prominent example of a neurodegenerative condition that 

contains heterogenous cell populations that are undergoing different modes of cell death. At the 

ischemic core, cells experience rapid necrotic cell death due to the severity of the insult and will 

die within a few hours. In contrast, cells in the ischemic penumbra, the perimeter of the ischemic 

site, go through apoptotic programs that can be observed for days (Radak et al., 2017). Elevated 

protein expression related to the activation of caspase activity, including signs of nuclease-

dependent DNA fragmentation, can be found in stroke patient post-mortem brain tissues (Mitsios 

et al., 2007). In Alzheimerôs disease, apoptotic mechanisms are thought to be a significant mode 

of cell death (McCord & Aizenman, 2014; Obulesu & Lakshmi, 2014). Elevated activation of 

executioner caspases can be found in post-mortem patient tissues (Rohn & Head, 2009). ɓ-

amyloid, the central protein underlying several proposed mechanisms of Alzheimerôs disease, 

induces caspase-dependent apoptosis in neurons (Allen et al., 2001). In all cases, the goal of 

neuroprotection is to either reduce the region afflicted by necrotic cell death by alleviating the 

insult or, in the many cases where this is not possible, improve the likelihood of survival in cells 

undergoing apoptotic cell death by limiting the excessive activation of cell death programs.  
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Classical features of cell death programs can be the result of convergent intrinsic and 

extrinsic caspase activation pathways. In the intrinsic pathway, lethal insults such as severe 

oxidative stress cause irreversible damage to mitochondria, leading to the loss of mitochondrial 

membrane potential and the release of cytochrome c into the cytosol. This internal cell death signal 

of cytosolic cytochrome c directly participates in the formation of the apoptotic protease activating 

factor 1 (Apaf-1) oligomeric apoptosome. The Apaf-1 apoptosome then binds and cleaves pro-

caspase-9, activating it and the subsequent executioner caspase cascades (Zou et al., 1999). The 

extrinsic pathway relies on extracellular ligands binding to death receptors of the tumor necrosis 

factor (TNF) receptor superfamily such as TNFR1 and Fas Receptor (FasR). While each of these 

death receptors have specific mechanisms, whether it be regulated gene expression through NF-

kb or extranuclear signal transduction to the mitochondria/apoptosome, they all converge to the 

activation of executioner caspases (Obulesu & Lakshmi, 2014). As cell death programs are 

underway, many stereotypical features of apoptosis can be observed, such as chromosome 

condensation, membrane blebbing, and, perhaps the most visually impressive, the dramatic loss of 

cell volume. While originally assumed to be a passive process, apoptotic cell volume decrease is 

now known as a robust and highly regulated active event during cell death. This dissertation 

focuses on a key contributor to apoptotic volume decrease, particularly in neurons. 

1.3 Apoptotic cell volume decreases and potassium regulation  

Apoptotic volume decrease is an isoelectric loss of cell volume that begins prior to caspase 

activation and is a characteristic observed in most physiological models of programmed cell death 

(Bortner & Cidlowski, 2007). The phenomenon of apoptotic volume decrease is distinct from that 
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of regulatory volume decrease, which only occurs in response to anisotonic conditions, albeit they 

can involve similar molecular pathways (Szabò et al., 1998; Maeno et al., 2000). Compared to the 

rapid adjustments in regulatory volume decrease (within seconds), apoptotic volume decrease 

occurs slowly, within 12-20 minutes of the insult depending on the cell type and death-inducing 

stimulus studied (Bossy-Wetzel et al., 2004; Hessler et al., 2005). While slower, apoptotic volume 

decrease is an active process that is necessary for the activation of caspases and the efficiency of 

apoptotic nucleases (Bortner & Cidlowski, 2002). In fact, typical regulatory elements are often 

overridden during cell death processes, such as the suppression of mechanisms that maintains cell 

volume in healthy conditions (Bortner et al., 2001; Mann et al., 2001).  

Early work evaluating the contributors of apoptotic volume decrease found intracellular 

potassium to be the key ionic component mediating this process, as it is the most abundant and 

osmotically important cation in the cell (Franco et al., 2006). This critical loss of intracellular 

potassium is coupled with the early inhibition of the cellôs ability to uptake potassium through the 

Na-K-ATPase (Nobel et al., 2000; Bortner et al., 2001). Because this loss of cell volume is 

electroneutral, outwardly rectifying chloride channels have been observed to accompany 

intracellular potassium efflux and apoptosis (Szabò et al., 1998). Although chloride blocker can 

prevent cell shrinkage, they do not suppress the activation of caspase and the subsequent DNA 

fragmentation, suggesting that potassium ions specifically are required for suppression of 

apoptotic mechanisms in healthy cells (Wei et al., 2004b). 

Blocking potassium efflux in various ways have been shown to suppress apoptosis and the 

many associated biomarkers. In a number of model systems, the presence of cytoplasmic levels of 

high extracellular potassium (100 mM+) has been shown to prevent the activation of apoptotic 

components, including the externalization of phosphatidylserine, mitochondrial depolarization, 
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and the release of cytochrome c from mitochondria (Thompson et al., 2001). Importantly, caspase-

3 activation is inhibited by physiological levels of intracellular potassium (Bortner & Cidlowski, 

2002). Apoptotic nuclease activity was also shown to be prevented by physiological concentrations 

of intracellularpotassium (100-150 mM) in cell-free assays (Hughes et al., 1997). Oligomerization 

of Apaf-1 and the assembly of the active apoptosome complex is suppressed by physiological 

intracellular concentrations of potassium as well, preventing activation of downstream caspase-9 

cell death cascades (Cain et al., 2001). Interestingly, once assembled, the apoptosome was shown 

to be relatively insensitive to the ionic effects surrounding this complex (Cain et al., 2001). 

The identification of a single potassium channel or mechanism that is universally 

responsible for the efflux of intracellular potassium in all apoptotic model systems has been 

elusive. Early studies showed that the N-type potassium channel Kv1.3 in jurkat T lymphocytes 

and prostate cancer cells appears to mediate cell death. Kv1.2 appears to play a role in the cell 

death of SH-SY5Y neuroblastoma cells following hypoxia and glucose deprivation and Kv1.5 

contributes to the cell death of COS-7 and pulmonary artery smooth muscle cells (Bortner & 

Cidlowski, 2007). Kv1.1 and Kv1.3 contribute to retinal ganglion neuron degeneration after injury 

through both neuronal and inflammatory microglia mechanisms (Koeberle & Schlichter, 2010). 

Potassium channels that are not voltage-gated have also been implicated, such as the calcium-

activated IKCa1 channels in T lymphocytes (Elliot & Higgins, 2003). These plethora of reports 

across various cell types indicate that ion channel-mediated loss of intracellular potassium is likely 

a redundant mechanism and one may compensate for another during prolonged inhibition of one 

channel during cell death. Furthermore, reports indicate that mechanisms of apoptotic volume 

decrease can occur independently from the cell nucleus and other organelles (Bratosin et al., 2001; 

Lang et al., 2003). Interestingly, in some model systems, the inhibition of potassium channels has 
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been shown to induce cell death (Choi et al., 1999; Kim et al., 2000). However, in the example of 

these studies, it is expected that the disruption of basal functions to be deleterious in healthy cells. 

1.4 Kv2.1 in neuronal cell death   

Kv2.1 is a delayed rectifier potassium channel with 6 transmembrane domains that can 

form both homomers and heterotetramers with other Kv, such as Kv2.2 (Kihira et al., 2010), the 

electrically silent voltage gated potassium channel subunits (KvS) (Kv5, Kv6, Kv8, and Kv9 

(Bocksteins, 2016), and the EAG family channels Kv10.1 and Kv11.1 (Ottschytsch et al., 2002)). 

Kv2.1 also contains large intracellular N- and C-terminal domains for non-conducting functions 

(Feinshreiber et al., 2010; Fox et al., 2015; Greitzer-Antes et al., 2018) and for phosphoregulation 

of its ion channel functions (Park et al., 2006). Kv2.1 is encoded by KCNB1, found on the long 

arm of the human chromosome 20q13.13, and it is widely expressed throughout the central nervous 

system, exclusively in neurons. Kv2.1 is also expressed in several other organs, including the lung, 

the pulmonary artery, the heart, the pancreas, and the liver. De novo mutations of the KCNB1 gene 

have been reported to cause frequent infantile epileptic seizures (~11 months) that subside later in 

age (~4-6 years) but evolve into encephalopathy with severe intellectual disabilities and autism 

(Calhoun et al., 2017; Marini et al., 2017). Experimental findings revealed that Kv2.1 is an 

important regulator of intrinsic excitability (Mohapatra et al., 2009), and that Kv2.1 knockout mice 

exhibit seizure propensity (Speca et al., 2014). Besides its functions in regulating neuronal 

excitability, Kv2.1 is important in many cell types for the depletion of intracellular potassium 

concentration during cell death. Various routes of blocking Kv2.1 efflux have been found to be 

protective. In neurons, lethal insults induce a Kv2.1-dependent pronounced increase in potassium 
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currents that can be blocked with the expression of a dominate negative Kv2.1 construct (Pal et 

al., 2003). These findings suggest that Kv2.1 is a key mediator for the apoptotic depletion of 

intracellular potassium in neurons. 

The upstream pathways leading up to the enhanced Kv2.1 current in neurons have been 

carefully dissected. After significant oxidative insults, oxidized metal-binding proteins release free 

zinc into the cytosol from various compartments of the cell, such as metallothionine, mitochondria, 

and other organelles (McCord & Aizenman, 2014; Maret, 2019). This rise in free zinc activates 

zinc-dependent signaling pathways that can generate an optimal environment for cell death. These 

pathways include the zinc-dependent dual phosphorylation of Kv2.1 specifically by Src and p38 

MAPK at Kv2.1 residues Y124 and S800, respectively and sequentially (McLaughlin et al., 2001; 

Pal et al., 2003; Redman et al., 2007; Redman et al., 2009; He et al., 2015). These modifications 

to the channel increase the interaction between Kv2.1ôs intracellular C-terminus domain and the 

SNARE protein syntaxin 1A (syntaxin). Subsequently, an upregulation of de novo channel 

insertion into the plasma membrane leads to the critical enhancement of K+ efflux in damaged 

neurons, generating the aforementioned necessary low potassium intracellular environment for 

caspase and nuclease activity. The topic of the Kv2.1-syntaxin interaction is the core interest of 

this dissertation and is further elaborated upon in section 1.7. 

As mentioned, many potassium channels may mediate the loss of intracellular potassium 

in dying cells. Kv2.1 is particularly important because it is responsible for mediating the majority 

of the delayed rectifier currents in Kv2.1-expressing neurons, such as those in the hippocampus 

(Murakoshi & Trimmer, 1999), which are especially sensitive in neurodegenerative conditions. 

The cell death mechanisms of Kv2.1 has also been shown to be ubiquitous, as transient 

introduction of Kv2.1 in Chinese Hamster Ovary (CHO) cells, which does not endogenously 
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express any voltage-gated ion channels, increases the susceptibility of the CHO cell to apoptotic 

agents (Pal et al., 2003). This is indicative of an intimate and highly refined relationship between 

the Kv2.1 cell death pathway and the endogenous cell death programs. Combined with the fact 

that Kv2.1 is widely expressed in many cell types and in CNS neurons, studying Kv2.1-mediated 

cell death represents an important facet of understanding and treating many diseases involving 

cellular degeneration. 

1.5 Oxidative stress and zinc dysregulation in neurodegenerative diseases 

The involvement of elevated zinc signaling in Kv2.1-dependent neuronal cell death is an 

important indication of the Kv2.1-dependent pathwayôs relevance in neurodegenerative diseases. 

Zinc is the second most abundant biological trace element after iron, and its homeostasis is 

regulated by large families of transporters (Kambe et al., 2015). It is known to serve indispensable 

roles in the function of over 2000 proteins, including more than 300 enzymes (Andreini et al., 

2006; Marreiro et al., 2017). Zinc has been recognized for its abilities to activate the metal-

transcription factor-1 (MTF-1), which governs the expression of metallothionine, a potent heavy 

metal chelator and free radical scavenger (Ruttkay-Nedecky et al., 2013). MTF-1 also activates 

the expression of the selenoprotein-1 (Sepw1) gene, which encodes an antioxidant glutathione-

binding protein that scavenges free radicals (Bonaventura et al., 2015). Zinc and copper are also 

core structural components of the Cu/Zn type superoxide dismutase (Cu-Zn-SOD), which is 

essential for antioxidant functions and its mutations has been found to be associated with 

neurodegenerative diseases such as amyotrophic lateral sclerosis (Valentine & Hart, 2003).  
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Oxidative stress is a ubiquitous component of almost all neurodegenerative diseases. While 

generally accepted as an important regulator of proper cellular response to oxidative stress, zinc, 

when in dyshomeostasis, has been shown to also play detrimental roles in brain diseases (Marreiro 

et al., 2017; Portbury & Adlard, 2017). Heightened activity in glutamatergic terminals in 

excitotoxic conditions can promote excess co-release of zinc, which enters through kainate and/or 

calcium-permeable AMPA receptor channels (Galasso & Dyck, 2007). This disruptive rise in 

cytosolic zinc can not only cause overactivation of certain zinc-dependent pathways, including 

those that promotes cell death (Portbury & Adlard, 2017), but also cause prolonged mitochondria 

dysfunction and reactive oxygen species generation (Galasso & Dyck, 2007). In Alzheimerôs 

disease, zinc appears to be a key structural component in the massive insoluble ɓ-amyloid 

aggregates (Craddock et al., 2012). Because of the zinc dyshomeostasis and the general increase 

in detrimental roles of zinc during many disease states, we believe that the zinc-dependent Kv2.1 

cell death pathway can be ubiquitously activated as well. Indeed, evidence of Kv2.1-dependent 

cell death have been found in many cellular injury models specific to several diseases in the past 

decades, some of these examples are discussed below. 

1.6 Evidence of Kv2.1 in neurodegenerative diseases 

While the importance of zinc signaling in neurodegenerative diseases is a well-established 

fact, direct evidence for the involvement of Kv2.1 is just beginning to surface. Initial studies in 

vitro found that insults that simulate specific diseases can both raise intracellular zinc levels as 

well as elicit the death-permitting increase in potassium currents. In rat primary culture cortical 

neurons, treatments with a thiol-oxidant can induce cytosolic zinc release and enhance Kv2.1 



 12 

currents (Aizenman et al., 2000). Activated microglia, a strong indicator of neuroinflammation in 

several diseases (Perry et al., 2010), can also induce an increase in cytosolic zinc and in Kv2.1 

currents (Knoch et al., 2008). The neurotoxin 6-hydroxydopamine (6-OHDA) acts as an inhibitor 

to mitochondria complex I and IV and auto-oxidizes to generate damaging free-radicals (Glinka 

et al., 1997).  Because of its ability to cause massive degeneration of dopaminergic neurons, 6-

OHDA has been used in models of Parkinsonôs disease for decades (Simola et al., 2007). Not 

surprisingly, treatments of 6-OHDA can induce an increase in cytosolic zinc (Sheline et al., 2013) 

and elicit the increase in death-permitting Kv2.1 currents, which can be blocked to ameliorate 

neuronal cell death (Redman et al., 2006). Oxygen-glucose deprivation (OGD), an in vitro model 

of cerebral ischemia, also induces cytosolic zinc release and Kv2.1-dependent cell death that can 

be ameliorated by blocking Kv2.1 currents (Wei et al., 2004a; Yuan et al., 2011). In vivo evidences 

are beginning to surface. In rats, elevated delayed rectifier current can be observed after ischemic 

stroke in the hippocampus (Wu et al., 2015), where Kv2.1 is the major contributor of delayed 

rectifier currents (Murakoshi & Trimmer, 1999). This is consistent with the fact that broad 

spectrum potassium channel blockers are known to be protective in various stroke models (Wei et 

al., 2003). With relevance to Alzheimerôs disease, treatments of neurons with ɓ-amyloid also elicits 

neurotoxicity dependent on enhanced Kv2.1 current (Yu et al., 1998). 

An alternate model of Kv2.1-dependent neuronal cell death, focuses on the oligomerization 

of Kv2.1 after oxidative damage and has also found convincing evidence in several neurological 

diseases. Unlike the channels in the enhanced potassium currents pathway, oligomerized Kv2.1 do 

not conduct (Wu et al., 2013). Through the use of transgenic animals that express a Kv2.1 point 

mutation that cannot be oxidized (Kv2.1 Tg-C73A), experimental findings confirmed the 

involvement of Kv2.1 oligomerization in neuronal cell death in a mouse traumatic brain injury 
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model (Yu et al., 2016) and in aging-related cognitive impairments (Yu et al., 2019). Decreased 

Kv2.1 function was found in Alzheimerôs disease mouse model (3xTg-AD) and increases neuronal 

excitability in the hippocampus (Frazzini et al., 2016). The Kv2.1 Tg-C73A mice was later shown 

to resistant to the neurological deficits of the 3xTg-AD genotype and that increased oligomerized 

Kv2.1 was found in human patients of Alzheimerôs disease (Yu et al., 2018). Altogether, we 

believe these findings are strong indications that Kv2.1-dependent cell death mechanisms are 

present in several neurodegenerative diseases and is therefore an important topic of study. 

1.7 The Kv2.1-syntaxin interaction 

Kv2.1 has several binding partners through its large cytosolic domains. For example, the 

neuronal adhesion protein amphoterin-induced gene and ORF (AMIGO) acts as an auxiliary 

subunit to increase Kv2.1 conductance (Peltola et al., 2011). Non-conducting submicron Kv2.1 

clusters are formed by the interaction between Kv2.1 and the endoplasmic reticulum anchoring 

proteins VAPA and VAPB, which has been observed to act as a protein trafficking hub (Fox et al., 

2013; Fox et al., 2015; Johnson et al., 2018; Kirmiz et al., 2018). And perhaps most prominently 

studied are the direct interactions between Kv2.1 and members of the SNARE complex, including 

SNAP-25 (MacDonald et al., 2002), VAMP2 (Lvov et al., 2008), and, of interest to this 

dissertation, syntaxin 1A (Leung et al., 2003). These interactions, particularly the one with 

syntaxin, have been shown to be important for exocytosis and vesicle fusion in several cell types. 

In neuroendocrine cells, the Kv2.1-syntaxin interaction facilitates exocytosis of dense core vesicles 

independently of Kv2.1ôs ion channel role (Singer-Lahat et al., 2008). In pancreatic ɓ-cells, the 

Kv2.1-syntaxin interaction modulates the release of insulin. Specifically, clustered Kv2.1 domains 
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in secretory ɓ-cells are known to facilitate insulin granule release through the selective binding of 

specific Kv2.1 regions to syntaxin 1A or syntaxin 3 to elicit the secretion of selective granules 

populations (Zhu et al., 2013; Greitzer-Antes et al., 2018).  

In dying neurons, the interaction between Kv2.1 and syntaxin is essential for increasing 

Kv2.1 channel insertion and the expression of enhanced currents. Blocking the increase in 

interaction between Kv2.1 and syntaxin by mutating either Y124 or S800 to alanine prevents the 

currents from becoming large and halts the cell death functions of Kv2.1 (Redman et al., 2007; 

Redman et al., 2009). Pseudo-phosphorylated S800D or S800E Kv2.1 constitutively express 

enhanced potassium currents (Redman et al., 2007). The interaction between Kv2.1 and syntaxin 

is mediated by the proximal Kv2.1 C-terminus domain termed C1a (a.a. 411-522; as opposed to 

the more distal C1b (a.a. 523-621) and C2 (a.a. 634-853) regions or the N-terminus (a.a. 1-182)) 

(Leung et al., 2003). We demonstrated that the Kv2.1 C1a domain disrupts the Kv2.1-syntaxin 

interaction in co-immunoprecipitation and suppresses the enhanced death-permitting currents 

(McCord et al., 2014). The overexpression of C1a is neuroprotective in cortical culture neurons 

challenged with activated microglia (McCord et al., 2014). By evaluating the ability of smaller 

Kv2.1 C1a fragments to inhibit enhanced Kv2.1 currents, the binding region was further narrowed 

down to residues 441-522 (McCord et al., 2014). These results indicate that disrupting the Kv2.1-

syntaxin interaction may be a viable neuroprotective strategy. To realize this translational 

opportunity, we look to successful examples of targeting protein-protein interactions in 

neuropathies based on ion channel functions. 



 15 

1.8 Channel-targeted investigative approaches to neuroprotection 

Ion channel modulation has been a prominent focus in the treatment of many diseases, 

including those neuronal in origin. For example, in the treatment of epileptic seizure through anti-

epileptic drugs (AED), the AEDs includes those that targets sodium channels, calcium channels, 

and both GABA and glutamate receptors (Waszkielewicz et al., 2013). Traditionally, drug 

treatments for these conditions focused on the direct blockade or opening of the channel in 

question. However, this approach can detrimentally affect typical channel activity and cause 

debilitating side effects, such as arrhythmia and respiratory failure, as has been found in the case 

of blocking potassium channels systemically (Graham, 1950; Iwaki et al., 1987; Nattel, 2008). 

More recently, a new peptide-based approach has emerged for targeting the interactions of the 

channel with a regulatory protein as a non-direct approach to modulate channel function. To do 

this, it is sometimes necessary to further understand the specific interactions between the binding 

partners. In 1990, Frank and colleagues presented the SPOT synthesis method that greatly 

improved the feasibility of these studies (Frank et al., 1990; Frank, 2002). SPOT synthesis allows 

the rapid and cost-effective synthesis of peptide arrays that transverse a known region of a protein, 

the array can then be probed using a protein of interest. The results of these experiments provide 

insights to the amino acid sequences that can interact with the protein used in the probing, which 

can be further leveraged to design a peptide-based molecule capable of competitive binding to the 

target protein, thus blocking a specific interaction with the channel. 

There are a few highly successful examples of using this research approach to target ion 

channels in neuronal disorders. In the expression of neuropathic pain, the interaction between 

CaV2.2 and collapsing response mediator protein-2 (CRMP2) was found to increase calcium 

influx and enhance excitability in small-diameter sensory neurons in the spinal cord. It is known 
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that CRMP2 binds CaV2.2 via a region within its three CaV-binding domain (CBD1-3) (Brittain 

et al., 2009). Using the peptide SPOT array, the essential binding sequence between CRMP2 and 

CaV2.2 was found to be a 15-amino acids sequence within CBD3. By conjugating this sequence 

(CBD3) to the cell- and blood brain barrier-permeant domain HIV TAT (TAT), the resulting 

peptide (TAT-CBD3) can competitively bind CaV2.2, effectively preventing its interactions with 

CRMP2 and reduce pain sensitivity after injury (Brittain et al., 2011b). TAT-CBD3 was later found 

to also have neuroprotective properties in rodent models of traumatic brain injury and ischemic 

stroke (Brittain et al., 2011a; Brittain et al., 2012a). 

In a clinical example, the discovery of NA-1 (TAT-NR2B9c) is a breakthrough evidence 

that TAT-linked peptides can be translationally successful for neurodegenerative diseases 

(Ballarin & Tymianski, 2018). TAT-NR2B9c is made up of the TAT domain and the last 9 C-

terminal residues of NMDAR GluN2B, allowing the peptide to disrupt the binding between 

GluN2B and the N-terminus of nNOS, which is known to confer NMDA receptor-mediated 

excitotoxicity. Tymianski and colleagues proceeded to evaluate TAT-NR2B9c in various models 

of ischemic stroke, in which excitotoxicity is a prominent player (Sattler & Tymianski, 2001). 

Rigorous evaluation of TAT-NR2B9c found effectiveness in ameliorating stroke damage in 

several rodent models as well as in rhesus macaques (Cook et al., 2012). TAT-NR2B9c then 

demonstrated clinical effectiveness in phase II clinical trials (ENACT, NCT00728182) completed 

in 2012, which found TAT-NR2B9c to significantly reduce embolic stroke infarct size in patients 

that undertook an endovascular procedure against brain aneurysm. Current phase III clinical trials 

are being carried out in cities around the world for use in neuroprotection after ischemic stroke 

(USA, Australia, Canada, Germany, Ireland, Korea, Sweden, and the UK; ESCAPE-NA1 

NCT02930018, FRONTIER NCT02315443). This rare, potentially successful story of TAT-
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NR2B9côs translation demonstrated that TAT-linked peptides based on the disruption of an ion 

channelôs interaction with another protein is a proven therapeutic strategy for clinical applications.  

1.9 Thesis Goals 

The goal of this dissertation is to explore the neuroprotective potentials of interrupting the 

Kv2.1-syntaxin interaction. While it has been known for decades that the modulation of potassium 

movement can improve survivability in several cell types, a translatable molecular target has not 

been identified. Finding a treatment that does not directly interfere with the channelôs 

physiological roles is an important aspect of a well-tolerated treatment, as side effects themselves 

can be as debilitating as the symptoms, by way of which many clinical trials may have failed. 

Furthermore, while the Kv2.1 cell death pathway has been extensively studied in rodent primary 

neuronal cultures, it has, heretofore, not been shown as a viable therapeutic method in vivo. To 

begin, we utilized the SPOT peptide synthesis method to identify the interacting entity between 

Kv2.1 and syntaxin. From this, we generate a channel-derived TAT-linked peptide to disrupt 

Kv2.1-syntaxin binding, as with the strategy described above (Chapter 2). Using details observed 

in the peptide SPOT array, we further carried out molecular simulations of Kv2.1 and syntaxin, 

uncovering precise molecular mechanisms in the binding of these two proteins (Chapter 3). Lastly, 

we explored an alternative solution for neurodegenerative diseases in the form of adeno-associated 

virus treatment with a cargo that inhibits the Kv2.1-syntaxin interaction upstream (Chapter 4). 

These are important studies in the scope of a world where neuroprotective treatments are sparse, 

and the burden of neurodegenerative diseases is continuing to climb at an alarming rate. 
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2.0 Targeting a Potassium Channel/Syntaxin Interaction Ameliorates Cell Death in 

Ischemic Stroke 

2.1 Section Summary 

The voltage-gated K+ channel Kv2.1 has been intimately linked with neuronal apoptosis. 

After ischemic, oxidative, or inflammatory insults, Kv2.1 mediates a pronounced, delayed 

enhancement of K+ efflux, generating an optimal intracellular environment for caspase and 

nuclease activity, key components of programmed cell death. This apoptosis-enabling mechanism 

is initiated via Zn2+-dependent dual phosphorylation of Kv2.1, increasing the interaction between 

the channelôs intracellular C-terminus domain and the SNARE (soluble N-ethylmaleimide-

sensitive factor activating protein receptor) protein syntaxin 1A. Subsequently, an upregulation of 

de novo channel insertion into the plasma membrane leads to the critical enhancement of K_ efflux 

in damaged neurons. Here, we investigated whether a strategy designed to interfere with the cell 

death-facilitating properties of Kv2.1, specifically its interaction with syntaxin 1A, could lead to 

neuroprotection following ischemic injury in vivo. The minimal syntaxin 1A-binding sequence of 

Kv2.1 C terminus (C1aB) was first identified via a far-Western peptide screen and used to create 

a protherapeutic product by conjugating C1aB to a cell-penetrating domain. The resulting peptide 

(TAT-C1aB) suppressed enhanced whole-cell potassium currents produced by a mutated form of 

Kv2.1 mimicking apoptosis in a mammalian expression system, and protected cortical neurons 

from slow excitotoxic injury in vitro, without influencing NMDA-induced intracellular calcium 

responses. Importantly, intraperitoneal administration of TAT-C1aB in mice following transient 

middle cerebral artery occlusion significantly reduced ischemic stroke damage and improved 
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neurological outcome. These results provide strong evidence that targeting the proapoptotic 

function of Kv2.1 is an effective and highly promising neuroprotective strategy. 

2.2 Introduction  

Voltage-gated potassium channels (Kv), key regulators of cellular excitability, play an 

important role in cell death processes underlying several neurodegenerative conditions, including 

stroke (Shah & Aizenman, 2014). At physiological concentrations, intracellular K+ suppresses 

caspase function, inhibits active nuclease activity, as well as limits apoptosome formation (Hughes 

& Cidlowski, 1999; Yu, 2003). Thus, in order for cell death cascades to proceed, intracellular K+ 

concentrations must decrease. In the central nervous system, the delayed rectifier K+ channel 

Kv2.1 plays a prominent role in this process, particularly in cortical, hippocampal, and nigral 

neurons (Pal et al., 2003; Redman et al., 2006; Shen et al., 2009; Shepherd et al., 2012). This cell 

death-enabling mechanism is initiated by intracellular free Zn2+ released from oxidized metal-

binding proteins and compromised organelles (Aizenman et al., 2000; Sensi et al., 2003; Knoch et 

al., 2008; Aras et al., 2009a; McCord & Aizenman, 2013; Granzotto & Sensi, 2015; Medvedeva 

et al., 2017).  Zn2+, in turn, activates a dual kinase-mediated process, resulting in the sequential 

phosphorylation of the intracellular Kv2.1 residues Y124 and S800 by Src and p38 MAPK, 

respectively (Redman et al., 2007; Redman et al., 2009; Shepherd et al., 2012; He et al., 2015). 

These channel phosphorylation events increase a Ca2+/CaMKII-dependent interaction between 

the proximal C-terminus of Kv2.1, termed C1a (Singer-Lahat et al., 2007; Singer-Lahat et al., 

2008), and the SNARE protein syntaxin 1A (STX1A), promoting de novo channel incorporation 

into the plasma membrane and the associated apoptosis-permitting K+ efflux in dying cells (Pal et 
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al., 2006; McCord & Aizenman, 2013; McCord et al., 2014).  Notably, the increased surface 

expression of functional Kv2.1 channels in vitro generally occurs after a delay of approximately 

three hours following the initiation of the injurious event (McLaughlin et al., 2001). 

Experimental manipulation of this pathway at several checkpoints has strongly suggested 

that inhibition of the pro-apoptotic function of Kv2.1 has therapeutic potential. Non-

phosphorylatable point mutations of either Y124 or S800 Kv2.1 residues, inhibition of upstream 

kinases, or interfering with STX1A function have all led to a blockade of pro-apoptotic channel 

trafficking and are protective in in vitro models of neurodegeneration (McLaughlin et al., 2001; 

Aras & Aizenman, 2005; Redman et al., 2007; Redman et al., 2009; McCord & Aizenman, 2014). 

Not surprisingly, suppressing delayed rectifier currents directly is sufficient for improving 

neuronal survival both in vitro (Pal et al., 2003; Yuan et al., 2011) and in vivo (Wei et al., 2003). 

However, blockers of delayed rectifier currents can have significant effects on cardiomyocyte 

repolarization, and are associated with potentially serious side effects, such as ventricular 

tachycardia and respiratory failure (Graham, 1950; Iwaki et al., 1987; Nattel, 2008), making them 

less than ideal candidates for central nervous system pharmacotherapy. As such, the identification 

of an approach to target the cell death-specific elements of Kv2.1 is an essential step towards 

realizing the neuroprotective potential of targeting this channel. With this in mind, we report the 

generation of a cell-permeant, highly neuroprotective peptide construct (TAT-C1aB), derived from 

a heretofore unidentified minimal, 9 amino acid (a.a.), STX1A-binding Kv2.1 sequence coupled 

to the cell-permeable transactivator of transcription (TAT) domain from the human 

immunodeficiency virus. 
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2.3 Results 

2.3.1  Establishing the sequence of TAT-C1aB 

To identify the minimal Kv2.1 C-terminal sequence that can bind syntaxin 1A (STX1A), a 

far-western assay (Brittain et al., 2011b) was performed on a peptide spot array of seventy-six 15 

a.a. sequences derived from Kv2.1, spanning residues 451 to 540 (Rattus norvegicus; Accession # 

NP_037318.1; (McCord & Aizenman, 2014)) in 1 a.a. overlapping steps (Fig. 1A). STX1A-

enriched lysates derived from Chinese Hamster ovary (CHO) cells overexpressing the SNARE 

protein were used to probe against the bait Kv2.1 peptides. Subsequent immunofluorescence 

revealed two strongly interacting fragments flanking a region of high STX1A binding, highlighted 

in red and blue in Figs. 1A and 1B. These two fragments contain an overlapping 9 a.a. sequence, 

HLSPNKWKW from N- to C-terminus, corresponding to rat Kv2.1 a.a. residues 478-486. Of note, 

this exact sequence is present in mouse Kv2.1, corresponding to a.a. 482-490 (Mus musculus; 

Accession # NP_032446.2). This sequence likely represents the minimal Kv2.1 C-terminus (C1a) 

STX1A-binding sequence (C1aB).  Addition of the HIV TAT cell-permeable domain to the N-

terminus of C1aB yielded TAT-C1aB: YGRKKRRQRRRHLSPNKWKW (Fig. 1C). A second set 

of membranes were used to confirm a displacement of the spotted peptides to STX1A by TAT-

C1aB (100 uM, n=4; Figs 1A, 1B). A BLAST search of C1aB revealed no identical sequence in 

any other mammalian protein, with only an analogously similar (77%), but not identical, sequence 

in the Kv2.1 cognate Kv2.2 (HLSPSRWKW, Rattus norvegicus and Mus musculus; Accession #ôs 

NP_446452.2 and NP_001091998.1, respectively), a channel that has not yet been implicated in 

apoptotic processes, possibly as it lacks a p38 target site analogous to Kv2.1 S800 and flanking 

sequences. Randomizing the C1aB domain of the Kv2.1-derived, STX1A-binding peptide yielded 



 22 

a scrambled control (TAT-SC; YGRKKRRQRRRNLKWSHPKW). BLAST search of the 

scrambled C1aB sequence resulted in no identifiable mammalian proteins. A diagram 

summarizing our overall experimental approach is illustrated in Figure 2, where we hypothesize 

that the isolated STX1A-binding sequence in TAT-C1aB competes for and prevents the increase 

of functional Kv2.1 channels on the plasma membrane during apoptosis and is thus 

neuroprotective. 

2.3.2  TAT -C1aB suppresses apoptotic Kv2.1-mediated K+ currents and provides 

neuroprotection from ñslowò excitotoxicity in vitro without influencing NMDA-evoked Ca2+ 

responses 

Previously, we demonstrated that p38 MAPK phosphorylates Kv2.1 at serine residue S800 

to induce the pro-apoptotic increase in K+ currents (Redman et al., 2007). A point mutation of the 

serine to a negatively charged a.a. (E or D) at this position results in apoptotic-like enhanced 

currents in the CHO cell expression system, provided that tyrosine residue Y124 remains intact 

(Redman et al., 2007; Redman et al., 2009; He et al., 2015). It is noteworthy that CHO cells do not 

express any endogenous voltage-gated K+ channels (Yu & Kerchner, 1998), but contain all 

relevant signaling components that lead to pro-apoptotic trafficking of Kv2.1 (Pal et al., 2003; 

Aras & Aizenman, 2005). This offers an advantageous preparation to evaluate the effects of the 

peptide, as it focuses on the STX1A binding-mediated insertion process itself, in the absence of 

potentially confounding signaling events and other apoptosis-related processes.  We observed that 

overnight exposure to 10 µM TAT-C1aB beginning immediately following the transfection 

protocol significantly prevented Kv2.1(S800E)-mediated enhanced currents. In fact, current 

densities in TAT-C1aB treated, Kv2.1(S800E)-expressing CHO cells were not different from those 
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observed in CHO cells expressing wildtype (WT) Kv2.1 (Fig. 3A). Importantly, the identical TAT-

C1aB treatment did not reduce the current density of WT Kv2.1 channels, indicating that normal 

channel trafficking was not affected by the peptide. Moreover, the control, scrambled peptide 

TAT-SC (10 µM) had no measurable effects on the current density of either Kv2.1 construct (Fig. 

3A).  Although these results strongly suggest that TAT-C1aB prevents apoptotic trafficking of 

Kv2.1, a non-equivocal demonstration of this process will require single particle tracking of 

fluorescently labeled channels with techniques such as total internal reflection microscopy (TIRF). 

As TAT-C1aB could effectively prevent enhanced, pro-apoptotic Kv2.1 current, we next 

evaluated whether the peptide would be neuroprotective in an in vitro neuronal system. 

Embryonically-derived rat cortical cultures were treated with 100 µM DL-threo-beta-

benzyloxyaspartate (TBOA) at 25-29 days in vitro (DIV), in the absence or the presence of 0.3, or 

1 µM of either TAT-C1aB or TAT-SC. TBOA, like other glutamate transporter blockers, elicits 

slow NMDA receptor-mediated excitotoxicity in neuronal cultures (Blitzblau et al., 1996; Wang 

et al., 1998). We opted for this cell toxicity model as it has long been established that relatively 

mild exposure to NMDA receptor agonists, over long periods of time, can induce apoptotic injury 

(Bonfoco et al., 1995; Leist & Nicotera, 1998). Moreover, apoptotic excitotoxic stimuli can elicit 

K+ current increases (Yao et al., 2009), and NMDA receptor activation has been closely associated 

with ischemic stroke injury (Meldrum et al., 1987; Aarts et al., 2002).  Within 24 h, TBOA 

incubation led to the appearance of dendritic and membrane blebs. Critically, the presence of 1 

µM TAT-C1aB seemed to be sufficient to ameliorate the TBOA-mediated toxicity, as visualized 

via prior transfection of the neurons with eGFP (Fig. 3B). To quantify the degree of cellular 

damage induced by TBOA and neuroprotection via TAT-C1aB, a lactate dehydrogenase (LDH) 

viability assay was performed 24 h after TBOA treatment. The release of long-lived cytosolic 
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proteins, such as LDH, is indicative of compromised cellular integrity (Koh & Choi, 1987; Aras 

et al., 2001). In corroboration with our qualitative assessment, we found that TAT-C1aB treatment 

significantly decreased TBOA-induced injury in cortical cultures. In contrast, TAT-SC afforded 

no neuroprotection (Fig. 3C). 

Finally, we evaluated whether TAT-C1aB could directly influence NMDA-evoked Ca2+ 

responses. Intracellular Ca2+ recordings were performed as described earlier (Aizenman et al., 

1990; Reynolds et al., 1990) in neurons that had been exposed to 1 µM of either TAT-C1aB or 

TAT-SC overnight (~18 h), until just immediately prior to recordings.  Fura-2 measurements 

revealed that initial Ca2+ responses to 30 µM NMDA + 10 µM glycine, as well as delayed calcium 

dysregulation profiles (Brittain et al., 2012b) were not significantly different between both groups 

of cells (50 cells per coverslip; n=3 coverslips per group. Total 150 cells per condition; Fig. 4).  

These data strongly suggest that the neuroprotective actions of the peptide occur well downstream 

from NMDA receptor activation, as predicted by our model (Shah & Aizenman, 2014) and by the 

observed delayed enhancement of apoptotic potassium currents following injury (~3 h) described 

in prior work (McLaughlin et al., 2001). 

2.3.3  TAT -C1aB provides neuroprotection in vivo 

Once we established that TAT-C1aB was effective in both inhibiting pro-apoptotic Kv2.1-

mediated currents and providing neuroprotection in vitro, we evaluated the in vivo efficacy of 

TAT-C1aB using a transient ischemic stroke model. First however, we investigated whether 

intraperitoneal (i.p.) administration of TAT-C1aB in mice reached the CNS vasculature within a 

therapeutically relevant timeframe. For this purpose, a fluorescein (FitC) fluorophore was 

conjugated to the C-terminus of TAT-C1aB for live in vivo 2-photon imaging in young adult 
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C57BL/6J male mice (24-29g; n=3). A single i.p. injection of TAT-C1aB-FitC (6 nmol/g) was 

administered after a stable imaging position had been reached at 100-200 µm depth from the 

cortical surface through a craniotomy window over the temporal cortex. A rapid rise in FitC 

fluorescence throughout cerebral vessel structures was observed within 10 minutes of the i.p. 

injection (Fig. 5A). Vessel fluorescence intensity continued to increase and peaked at 30 minutes 

after the injection (Fig. 5B).  

Further, we confirmed CNS penetration by the TAT peptide using low power fluorescence 

microscopy. After complete saline transcardial perfusion, animals previously injected with TAT-

C1aB-FitC (6 nmol/g) were found to present increased fluorescent signal throughout the brain, 

when compared to animals injected with the non-fluorescent TAT-C1aB (Fig. 5C). These findings 

are in line with previous characterization of the CNS penetrance of other TAT-linked peptides 

(Schwarze et al., 1999; Stalmans et al., 2015). Because other TAT-linked peptides have been 

shown to positively influence CNS neurons in various animal models of ischemic stroke (Kilic et 

al., 2006; Brittain et al., 2011a; Cook et al., 2012; Zou et al., 2013), and based on our own 

observations here, we concluded that TAT-C1aB can reach its intended target in a therapeutically 

realistic fashion following an i.p. injection. Our observations, in fact, directly confirm that a TAT-

linked peptide can rapidly be detected within the brain vasculature and brain parenchyma 

following a peripherally i.p.-administered injection.  

In addendum to the original publication, lower panels of Fig. 5C shows that without the 

conjugation of the TAT domain, FitC cannot by itself enter the brain parenchyma. 

The Longa method of transient middle-cerebral artery occlusion (MCAO) (Longa et al., 

1989) was used in young adult C57BL/6J mice (Jackson, ages 8-10 wks, male, 24-29g; n=67 for 

entire study) to evaluate TAT-C1aBôs neuroprotective efficacy. Successful induction of the 
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MCAO procedure was first validated in a small cohort of animals (n=3) by monitoring changes of 

cerebral blood perfusion using a Laser Doppler Camera before, during, and after 50 min of MCAO. 

We found that compared with the pre-MCAO baseline (Fig. 6A), the procedure reliably reduced 

ipsilateral Doppler signal intensity by 50%, as compared to the contralateral, non-infarcted side 

(Fig. 6B). Removal of the suture for blood reperfusion achieved partial recovery of the cerebral 

blood flow after 15 min (Figs. 6C, 6D). 

The half-life for TAT-conjugated peptides is cargo-dependent and has been found to range 

from 1 h to as high as 18 h (Krosl et al., 2003; Bach et al., 2012; Wang et al., 2016). Our 2-photon 

data indicated that the FitC-tagged TAT-C1aB remained detectable above baseline in the CNS 

vasculature for at least 2 h after i.p. injection (Fig. 5B), suggesting a turnover rate within the range 

of comparable compounds. In vitro, the pro-apoptotic channel insertion process is known to take 

place by 3 h following an acute injury (Pal et al., 2006), while neuronal delayed rectifier currents 

have been observed to remain elevated 24 h after MCAO (Wu et al., 2015). Based on all of this 

information, we designed our experimental protocol to consist of two separate i.p. peptide 

injections, 1 and 6 h following the initiation of reperfusion (6 nmol/g per injection; Fig. 7A). 

Remarkably, in TAT-C1aB treated animals (n=7), 2,3,5-triphenyltetrazolium chloride (TTC) 

staining at 24 h after reperfusion revealed a 40% decrease in total brain infarct ratio compared to 

that of the TAT-SC (n=8) or saline-treated (n=10) animals (Figs. 7B, 7C). Analysis of individual 

2 mm coronal sections revealed that the reduction in infarct ratio provided by TAT-C1aB treatment 

was most prominent in the central infarct area (Fig. 7D). Of note, a ~13% increase in MCAO-

induced ipsilateral swelling was observed in all animal groups, regardless of the presence or 

absence of the peptide treatments.  That is, ipsilateral swelling was nearly identical in all three 
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treatment groups (saline: 112.9 ± 1.7%, n=10; TAT-SC: 114.0 ± 3.5%, n=8; TAT-C1aB: 115.2 ± 

2.2%, n=7; One-way ANOVA p=0.7811). 

We next evaluated the extent of neurological deficit amelioration provided by TAT-C1aBôs 

in vivo neuroprotection. In preliminary studies, animals treated with 50 min MCAO had an overall 

survival rate of 38.5% by 2 weeks (TAT-C1aB 42.9% n=3/7; TAT-SC 33.3%, n=2/6; Fisherôs 

exact test, NS), making it difficult to adequately assess behavioral deficits over time. By reducing 

the ischemia time to 40 min, the survival rate at 2 weeks was improved (TAT-C1aB 92.3%, 

n=12/13; TAT-SC 76.9%, n=10/13; Fisherôs exact test, NS). We thus evaluated the neurological 

score of animals exposed to 40 min MCAO and treated with either TAT-C1aB or TAT-SC, as 

described above (6 nmol/g, at 1 and 6 h following reperfusion), on an 8-points neurological deficit 

scale over 14 days (see Methods) (Xia et al., 2006). Consistent with the neuroprotection profile 

afforded by TAT-C1aB, a significant treatment group effect was observed in TAT-C1aB treated 

animals, which had an overall improved (lower) neurological deficits score when compared to 

TAT-SC treated mice (Fig. 7E). Notably, relatively similar numbers of animals (4/13 for TAT-

C1aB; 3/12 for TAT-SC) exhibited seizure-like behavior following MCAO. These in vivo results 

suggest that the degree of neuroprotection provided by TAT-C1aB is functionally significant.  

In addendum to the results of the original publication, we evaluated delayed injection times 

of TAT-C1aB at 3 and 6 hr. The results found that the treatment remained effective in reducing 

infarct stroke volume (Fig. 8). 
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Figure 1. Generation of a Kv2.1-derived, STX1A-binding peptide sequence. 

A. Far-western assay of the proximal Kv2.1 C-terminus (C1a) region using 15 a.a. segments 

spanning residues Kv2.1 451-540, in overlapping one a.a. steps. Two peptides, highlighted in blue 

and red, flanked a region of high STX1A-binding. Error bars indicate mean ± SEM of signal 

intensity in 4 independent assays in the absence and presence (black bars) of 100 µM of the TAT-

containing derived STX1A-binding peptide described in (C) below. B. Representative peptide 

spot-array of the far-western experiment. C. Final sequences of the peptides used in the this study 

are shown. Orange sequence represents the cell-permeable HIV trans-activator of transcription 
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domain (TAT). Red sequence represents the STX1A-binding domain derived from Kv2.1. Green 

sequence represents a scrambled control based on the C1aB sequence. 

  



 30 

 
Figure 2. An illustration of the enhancement of Kv2.1 surface expression during neuronal apoptosis model 

and the protective mechanism of TAT-C1aB. 

A. In an untreated neuron facing lethal injury, the increased interaction between Kv2.1 and the 

SNARE protein STX1A through the Kv2.1 C1aB domain promotes channel incorporation into the 

plasma membrane (Pal et al., 2006). This enhances K+ efflux and enables apoptosis. B. A cell-

permeable peptide (TAT-C1aB) is created to contain the Kv2.1-derived STX1A-binding domain 
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C1aB. By competitively binding the Kv2.1-binding site on STX1A, TAT-C1aB provides 

neuroprotection by attenuating the enhancement of pro-apoptotic K+ efflux. 
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Figure 3. TAT-C1aB prevents enhanced currents mediated by Kv2.1(S800E) and ameliorates TBOA-induced 

neuronal damage in vitro. 

A. Representative whole-cell K+ current traces and pooled means ± SEM of current densities 

recorded from CHO cells expressing WT Kv2.1 treated with vehicle (n = 11), 10 µM TAT-C1aB 

(n = 12), or 10 µM TAT-SC (n = 11) and CHO cells expressing Kv2.1(S800E) treated with vehicle 

(n = 11), 10 µM TAT-C1aB (n = 11), or 10 µM TAT-SC (n = 11). Overnight TAT-C1aB incubation 

significantly blocked the enhanced currents present in Kv2.1(S800E)-expressing cells (current 

density at +30 mV, vehicle vs TAT-C1aB: 267.2 ± 22.0 pA/pF vs 189.5 ± 19.6 Mean ± SEM; 

ANOVA/Dunnett, *p<0.05). Scale bar denotes 4nA/25ms. B. 100 µM TBOA treatment induces 

toxicity in GFP-expressing rat cortical neurons in vitro (28-32 DIV), but not in the presence of 1 
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µM TAT-C1aB. Scale bar denotes 10 µm. C. Lactate dehydrogenase (LDH) release, as an index 

of cell toxicity, was measured 24 h following TBOA treatment in 28-32 DIV rat cortical neuronal 

cultures. Co-incubation of 1 µM TAT-C1aB mitigated cellular damage of TBOA-treated neurons 

as indicated by decreased LDH release (1.31 ± 0.077 vs 2.45 ± 0.24 Mean ± SEM normalized 

colorimetric ratio; ANOVA/Dunnett, **p<0.01; n = 4 independent experiments, each performed 

in quadruplicate). Co-incubation with TAT-SC had no protective effects (n = 6 independent 

experiments, each performed in quadruplicate).  
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Figure 4.  TAT-C1aB does not influence NMDA-evoked Ca2+ responses in cortical neurons in vitro. 

A. Representative Ca2+ transient traces illustrating the average response of 50 rat cortical neurons 

from a single coverslip previously exposed to either (1 µM; 18 h) TAT-SC (black) or TAT-C1aB 

(gray). NMDA (30ɛM + 10ɛM glycine) was applied for 20 min following a 2 min baseline 

recording, and later washed for 5 min. B. Pooled means ± SEM (n=50 cells/coverslip; 3 coverslips 

per condition) show there is no significant difference in ȹF/Fo (0.69 ± 0.14 vs 0.58 ± 0.06; t-test, 

p>0.05) or area under the curve for the first 15 min of NMDA application (350.2 ± 59.6 vs 292.1 

± 41.1; t-test, p>0.05) between both peptide treatments.  
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Figure 5. Intraperitoneal TAT -C1aB administration reaches the brain vasculature. 

 

A. A representative montage of the in vivo two-photon imaging of FitC-tagged TAT-C1aB (TAT-

C1aB-FitC) fluorescent signals through a cranial window. TAT-C1aB-FitC was injected i.p. at 0 

min (6 nmol/g). An example region of interest (ROI; blood vessel) evaluated for fluorescence 

intensity over time is denoted by white square. Scale bar indicates 50 ɛm. B. Quantification of the 

2-photon imaging data. FitC fluorescence intensity was normalized to the pre-injection baseline. 

Error bars indicate SEM of mean signal intensity at the ROIs such as that shown in prior panels (n 

= 3). C. Injection of TAT-C1aB-FitC (6 nmol/g; i.p.), but not TAT-C1aB, increased fluorescence 

intensity throughout the brain nervous tissue at 1 h after injection. Animals were thoroughly, 

transcardially perfused before brain sections (2 mm) were obtained. Shown are, from left to right, 
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bright field images, fluorescence images, and heat maps generated from the fluorescent images. 

Note the higher signals present in section obtained from TAT-C1aB-FitC-labelled brains (n = 3).  

Scale bar indicates 2 mm. In addition, lower section is unpublished data showing that without the 

conjugation of the TAT domain, FitC by itself cannot enter the brain parenchyma. 
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Figure 6.  In vivo validation of MCAO model. 

 

A-C. Laser sparkle Doppler images through the skull of an anesthetized mouse undergoing MCAO 

treatment. Images were taken at roughly 40 min pre (A), 15 min into MCAO (B), and 15 min post 

MCAO (C). Scale bar indicates relative signal intensity. D. Quantification of the mean Doppler 

signal intensity at each time point. A 50% decrease in Doppler signal intensity was observed during 

MCAO. Perfusion was partially recovered after suture was withdrawn. Bar graph indicates mean 

± SEM of % perfusion vs contralateral of each time point (n = 3; Two-way ANOVA, Sidakôs 

multiple comparison, *** p<0.001, *p<0.05). 

  
















































































































































































