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ABSTRACT

SUPER-RESOLUTION IMAGING REVEALS MECHANISMS OF GLUTAMATE

TRANSPORTER LOCALIZATION NEAR NEURON-ASTROCYTE CONTACTS

Astrocytes contact neurons at several locations, including somatic clusters of Kv2.1

potassium channels and synapses across the brain. A primary function of astrocytes

at these locations is to limit the action of extracellular glutamate. Astrocytic glutamate

transporters, such as Glt1, ensure the fidelity of glutamic neurotransmission by spatially

and temporally limiting glutamate signals. Additionally, they act to limit glutamate-

induced hyperexcitability by preventing the spread of glutamate to extrasynaptic recep-

tors. The role of Glt1 in limiting neuronal hyperactivity relies heavily on the localization

and diffusion of the transporter in the membrane, however, little is known about the

mechanisms governing these properties. The work presented in this dissertation exam-

ines the mechanisms of Glt1 localization near Kv2.1-mediated neuron-astrocyte contact

sites.

To that end, in Chapter 2, we used super-resolution imaging to analyze the localiza-

tion of two splice forms of Glt1, Glt1a and Glt1b. In cultures of primary astrocytes, we

find that Glt1a, but not Glt1b, is specifically localized over cortical actin filaments. We go

on to discover that this localization is dependent on the Glt1a C-terminus, where Glt1a

and Glt1b differ, as exogenous expression of the Glt1a C-terminus was able to prevent lo-

calization of Glt1a to cortical actin filaments. In the somatosensory cortex, astrocyte Glt1

forms net-like structures around neuronal Kv2.1 clusters, however the cause of this Glt1

localization pattern is unknown. In Chapter 3, using super-resolution imaging of mixed

cultures of astrocytes and neurons, we replicate findings of astrocyte Glt1 in a net-like

localization around neuronal Kv2.1 clusters. We discover that both astrocyte actin and
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ER were excluded from the region across from neuronal Kv2.1 clusters. The actin-Glt1a

relationship discussed in Chapter 2 is likely responsible for the net-like appearance of

Glt1, as astrocytic Glt1 and actin colocalize in nets around Kv2.1 clusters at points of

neuron-astrocyte contact. Neuronal control over the astrocyte cytoskeleton appears cen-

tral to this Glt1a localization, although the mechanism of this control is still unknown.

Together, these data describe a novel interaction between the Glt1a C-terminus and cor-

tical actin filaments, which localizes Glt1 near neuronal structures involved in detecting

ischemic insult.

Although the mechanism of neuronal control over the astrocyte cytoskeleton remains

a mystery, presumably cell-cell contact has a major influence. Contacts between neurons

and astrocytes at Kv2.1 clusters could be mediated by the Kv2.1 β-subunit, AMIGO,

which acts a cell adhesion molecule. Only one member of the AMIGO family of proteins

is known to be an auxiliary β-subunit for Kv2 channels and to modulate Kv2.1 electrical

activity. However, the AMIGO family has two additional members of ∼50% similarity

that have not yet been characterized as Kv2 β-subunits. In Chapter 4, we show that the

surface trafficking and localization of all three AMIGOs are controlled by their interac-

tion with both Kv2.1 and Kv2.2 channels. Additionally, assembly of each AMIGO with

either Kv2 alters important electrophysiological properties of these channels. The co-

regulatory effects of Kv2s and AMIGOs likely fine-tune both electrical and cell adhesion

properties of the neurons in which they are expressed.

Altogether, the work presented in this dissertation further defines the composition of

Kv2.1-induced neuron-astrocyte contact sites, representing the first significant addition

to this field in more than a decade.
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Chapter 1

Introduction

1.1 A historical perspective: initial observations of the nervous system

Perhaps the greatest advances in the understanding of brain structure can be at-

tributed to Nobel laureates, Camillo Golgi and Santiago Ramòn y Cajal. Golgi vastly

improved cellular staining by using methods to label random neurons and glial cells.

Golgi’s reazione nera (black reaction) stained whole cells, including small processes dis-

tant from the cell body, which allowed neurons and glia to be observed in greater detail

than ever before (Figure 1.1A). Using the silver-chromate technique, Golgi published

images of axons that traveled great distances, the entirety of a neuron’s dendritic tree,

and short protrusions along the dendritic fibers, which would later be identified as den-

dritic spines. In other publications, Golgi also described glial cells in the white and grey

matter, as well as the interaction of star-shaped cells with vasculature. Because of this

interaction, Golgi predicted that glia may carry nutrients from capillaries to neurons [1].

Two years after Golgi’s seminal publications using his silver-chromate technique

(1883-1886), Cajal published his first study of the cerebellar structure of birds (Fig-

ure 1.1B). In this work, he introduced improvements on Golgi’s stain and provided the

evidence to suggest neurons were discrete cells, and not joined in continuity to form a

reticulum as was the prevailing theory at the time [1]. Incredibly, in this work, he also

presented detailed drawings of dendritic spines, which he is credited for naming, and

suggested that these spines were locations where axons from adjacent cells made contact

for communication. Even though Cajal only observed static cells in fixed tissue, his bril-

liance was evident in his ability to envision these tissues as living and dynamic [2]. For

instance, he imagined that the connections between axons and dendrites of adjacent cells
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Figure 1.1: Neurons visualized with the Golgi technique. A) Golgi’s depiction of neurons in the
hippocampus which have been impregnated with silver chromate (Golgi 1885). B) A Purkinje
neuron of the cerebellum as drawn by Ramòn y Cajal (1888).

were dynamically regulated —that these contacts could be strengthened, weakened, and

created anew.

While Cajal’s contribution to our understanding of neurons is undeniable, he also

provided significant studies of glia, which particularly focused on the interactions of glia

with neurons. Cajal experimented with several staining methods, ultimately discovering

the best techniques to study various glial cells, which, even then, were understood to be

highly heterogeneous [3]. Using these methods, Cajal observed several novel qualities

of astrocytes. In the dentate gyrus, Cajal observed dividing astrocytes (Figure 1.2 "B"),

lending support to the idea that astrocytes remained capable of mitosis, unlike neurons.

In these preparations, Cajal also observed astrocytic endfeet in contact with blood vessels

(Figure 1.2 "F") and large pyramidal neurons surrounded by astrocytes (Figure 1.2 "C"

and "D"). Similar to his thoughts on neuronal dynamics, Cajal thought glial dynamics

could affect both blood flow via connections to blood vessels and synaptic communi-

cation via astrocytic processes that invaded and retreated from the synaptic cleft [2].

These hypotheses were far ahead of their time, as astrocytes have only recently been
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appreciated for their role in controlling blood flow to support metabolic demand and

modulating synaptic communication.

Figure 1.2: Neuron-astrocyte contacts were described early on by Ramon y Cajal. Pyramidal
neurons and astrocytes of the stratum pyrimidale in the hippocampus. (A) Mature astrocyte, (B)
dividing astrocytes, (C)(D) pyramidal neurons, (E) dying astrocyte, (F) blood vessel in contact
with astrocyte endfeet, (Cajal 1913).
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1.2 Astrocytes

Although studies of glia began well over a century ago, it was not until recently that

we understood that glia and neurons exist in roughly equal numbers across the nervous

system [4]. Glia encompass numerous cell types with specific functions, of which astro-

cytes, oligodendrocytes, and microglia seem to garner the majority of research attention.

Astrocytes account for approximately 10-20% of total cells in the rodent brain [5], while

actual percentages in individual brain regions vary. Astrocytes or astrocyte-like glia are

present in the nervous systems of species ranging from roundworms, like C. elegans,

to arthropods, such as D. melanogaster, through higher mammals [6]. An increase in

astrocyte density increases with nervous system complexity, such that the glia-neuron

ratio in invertebrates is ∼0.1 and ∼1.5 in humans [6]. Throughout species, astrocytes are

considered important for homeostatic functions, including ionic homeostasis, volume

regulation, neurotransmitter uptake, and metabolic support [6].

1.2.1 Morphology

Morphologically, astrocytes can be subdivided into two major populations: fibrous

astrocytes of the white matter and protoplasmic astrocytes of the grey matter. Fibrous as-

trocytes have long processes that orient parallel to axon bundles, making contact at nodes

of Ranvier and blood vessels with perivascular endfeet [7]. In contrast, protoplasmic as-

trocytes have a small soma that gives rise to approximately 5-10 primary processes, each

of which is highly branched to form a dense arbor [8]. These astrocytes cover a large

volume —approximately 20,000-80,000 µm3, of which small arborizations account for

around 85% of the total volume [8–11]. Adjacent protoplasmic astrocytes occupy entirely

separate domains (Figure 1.3A) with overlap as little as 5% at the boundaries [8, 12–14].

Essentially, protoplasmic astrocytes tile the brain (Figure 1.3B & C), occupying distinct

territories where they can individually respond to local neuronal demands.
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Figure 1.3: Adjacent protoplasmic astrocytes occupy distinct domains. A) Astrocytes filled with
different fluorescent dyes reveal complex arborizations, which do not overlap between adjacent
astrocytes. Adapted from [8]. Use of Brainbow to differentially express multiple fluorescent
proteins in each cell reveals astrocytes tile the cortex (B) and colliculus (C). Adapted from [13].

1.2.2 Astrocyte Functions

It is now known that astrocytes are a rather heterogeneous population. Protoplas-

mic astrocytes differ across the brain, with morphologically and functionally heteroge-

nous astrocytes capable of occupying the same anatomical region [15–17]. Astrocytes

in different regions of the brain may execute different functions tailored to the needs of

that area [18]. Also, the contacts formed by peripheral astrocyte processes directly in-

form their function. However, all astrocytes are essential in maintaining homeostasis and

providing crucial support to neurons to sustain neurotransmission [6]. By directly con-

tacting blood vessels throughout the brain, astrocytes form a part of the blood brain

barrier [19, 20], remove byproducts of metabolic processes [21], regulate local blood

flow based on neuronal activity [22–24], and supply neurons with energy substrates,

such as lactate [25–28]. Astrocytes also maintain homeostasis of the interstitial space

by regulating pH and water content, and crucially, transporting ions and neurotransmit-

ters [3,29–31]. Particularly, ionostasis and neurotransmitter uptake are vital in sustaining

neuronal function, as high extracellular concentrations of K+ and glutamate can lead to
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neuronal hyperexcitability [32, 33]. Importantly, adjacent astrocytes are connected via

gap junctions, allowing adequate buffering of K+ and glutamate [34, 35].

In addition to homeostatic functions, it has recently been accepted that astrocytes

are active contributors to synaptic communication [36, 37]. In response to neurotrans-

mission, astrocytes release internal stores of Ca2+, which can propagate throughout the

cell and even into adjacent astrocytes through gap junctions [38–41]. This Ca2+ wave can

cause the release of chemical transmitters, like glutamate and ATP, in response to neu-

ronal activity through a process called gliotransmission [10, 36, 42]. Because astrocytes

lack an active zone where vesicles accumulate, gliotransmission is thought to occur more

diffusely and over a longer time scale. Nonetheless, gliotransmission is postulated to in-

tegrate activity from local networks of neurons [6,36], synchronize local activity [43–47],

and modulate synaptic activity [43–46, 48–51, 51–53].

1.3 Glutamate Homeostasis

Arguably, the most important function of astrocytes is to restrain excitatory trans-

mission via the rapid uptake and buffering of synaptic glutamate signals. High ex-

tracellular glutamate concentrations are detrimental to neuronal health by inducing

excitotoxicity and subsequent cell death [54]. To achieve efficient glutamate clearance

from the extracellular space, astrocytes express high levels of Na+-dependent glutamate

transporters, which can maintain extracellular glutamate concentrations at or below 100

nM [55, 56].

1.3.1 Glutamate Transporters

In mammals, five genes encode Na+-dependent glutamate transporters, which

are part of the excitatory amino acid transporter (EAAT) family [57]. Each of these

transporters is a homomeric trimer, and are designated EAAT1/GLAST, EAAT2/Glt1,
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EAAT3/EAAC1, EAAT4, and EAAT5. To transport glutamate against a steep concentra-

tion gradient, EAATs co-transport 3 Na+, 1 H+, and 1 K+ [58–60], and thus, transport

is often coupled to the Na+/K+ ATPase to maintain ideal ionic concentration gradients

for glutamate uptake [61, 62]. Therefore, the transport of one molecule of glutamate ex-

pends one molecule of ATP [63]. Astrocytes are particularly suited for glutamate uptake

because they maintain a stable negative membrane potential (∼-80 mV [64]), Na+ and

K+ gradients, and ATP supply [65–68].

Of the five subtypes, EAAT1/GLAST, and EAAT2/Glt1 are primarily expressed

in astrocytes and are approximately 65% homologous at the amino acid level [69, 70].

GLAST is highly expressed in the cerebellum, while Glt1 is highly expressed throughout

the brain, but particularly abundant in the hippocampus [71–75]. The other glutamate

transporters are expressed in neurons in specific brain regions; EAAT3 is expressed

throughout the central nervous system (CNS) in both excitatory and inhibitory neurons

[71,76–79], EAAT4 is expressed in cerebellar Purkinje neurons [75,80–85], and EAAT5 is

expressed in retinal bipolar cells [86–89].

It appears astrocyte-expressed glutamate transporters are responsible for the ma-

jority of glutamate uptake. For GLAST, Glt1, and EAAC1, a single molecule of glu-

tamate is transported in 10-50 ms [90]. Interestingly, evidence suggests EAAT4 and

EAAT5 are very slow transporters (300+ ms per molecule) and have a large chloride

conductance, thus operating more as inhibitory glutamate receptors rather than trans-

porters [81, 88, 90–93]. However, all EAATs transport glutamate at a relatively slow rate

compared to the lifetime of glutamate in the synaptic cleft (1.2 ms), indicating that both

glutamate buffering and transport are important in the termination of glutamate sig-

nals [94].
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1.3.2 The metabolic fate of glutamate

The majority (85%) of glutamate transported by astrocytic EAATs is converted into

non-toxic glutamine [95]. Glutamate is converted into glutamine by glutamine syn-

thetase (GS), which is exclusively expressed in astrocytes [96,97] and requires glutamate,

ammonia, and ATP. Conversion to glutamine provides a stronger concentration gradient

for more efficient uptake [98–103]. Impairment of GS increases NMDA receptor currents

in cortical neurons, decreases glutamate uptake, and increases glutamate lifetime at the

synaptic cleft [104]. Notably, since only astrocytes can synthesize glutamate from glucose

de novo, neurons rely entirely on glutamine supplied by astrocytes to resupply glutamate

for neurotransmission [102, 105]. After astrocytes convert glutamate to glutamine, it is

shuttled to neurons via Na+-dependent glutamine transporters (SNATs), whose activity

is connected to the Na+ flux of glutamate transporters [106, 107]. This process of glu-

tamate uptake to glutamine synthesis and shuttling is called the glutamate-glutamine

cycle.

The remaining 15% of transported glutamate is oxidized for energy production by

the TCA cycle [95]. Theoretically, 24-27 ATP molecules can be produced from a sin-

gle molecule of glutamate [63]. Since the transport of glutamate and conversion into

glutamine require the expenditure of 1 ATP molecule each, this metabolic process is

extremely important to sustain the glutamate-glutamine cycle. Interestingly, previous

studies co-immunopurified mitochondrial proteins with Glt1 [108] and noted some colo-

calization between Glt1 and mitochondria in astrocyte processes [108, 109]. Transporters

localized near mitochondria may be particularly suited to provide glutamate for the TCA

cycle, although this hypothesis remains to be tested.
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1.4 Glt1 Transporters

Glt1 is the most highly expressed glutamate transporter in the brain (4-6 fold greater

than GLAST) and represents approximately 1% of total brain protein [110, 111]. Glt1

transporters are responsible for approximately 90% of total glutamate uptake [85], and

thus their proper function is imperative for normal glutamate signaling.

1.4.1 Importance of Glt1

Glt1 knockout (KO) mice experience early-onset spontaneous seizures within 2

weeks and premature death within 12 weeks after birth [85], indicating Glt1 is vital

for nervous system function. Unsurprisingly, Glt1 KO increases extracellular glutamate

concentrations [85, 112, 113] and neuronal excitotoxicity [114]. Deletion of Glt1 also im-

pairs the induction of long-term potentiation (LTP), suggesting synaptic strengthening

relies on an appropriate level of glutamate at the synapse [115]. Correspondingly, over-

expression of Glt1 impairs long-term depression (LTD; [116]). Mice with conditional Glt1

KO in astrocytes alone showed similar deficits to the global KOs and an 80% decrease

in total glutamate uptake [117]. Mice with conditional KOs in neurons alone did not

show behavioral deficits but did have lower glutamate content in synaptosomes [117].

Comparatively, GLAST KO mice develop normally and only show motor hyperactivity

and minor deficits in motor coordination tasks [118, 119]. Altogether, these data indi-

cate astrocytic Glt1 is the major contributor to glutamate uptake in the CNS, and the

expression of other glutamate transporters does not compensate for its absence.

1.4.2 Glt1 is expressed throughout the CNS

Glt1 exists in 3 different splice variants, Glt1a, Glt1b, and Glt1c, which account for

roughly 90%, 6%, and 1% of total hippocampal Glt1 protein, respectively [120]. Differ-

ences between each splice variant primarily occur at the distal C-terminus (Figure 1.4,
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purple), which does not preclude heteromeric assembly [121,122]. Currently, no particu-

lar differences in regional expression of the splice variants have been observed, suggest-

ing to some that their utility arises from differential regulation [120]. Interestingly, the

final 11 amino acids (AA) of Glt1b confer PDZ domain interaction, such as with PSD-95,

PICK1, and DLG1 [123–125]. The distal C-terminus AAs in Glt1a and Glt1c have not yet

been attributed to any particular function.

Glt1 is expressed throughout the CNS, with the highest density in the hippocam-

pus, and lowest in the cerebellum and retina, where GLAST predominates [111, 126].

In the hippocampus, most Glt1 is expressed in astrocytes, although approximately 5-

10% is expressed in axon terminals [127–129], where it is believed to provide an im-

mediate pool of glutamate to refill synaptic vesicles [117]. In general, Glt1 expression

positively correlates with neuronal activity in vitro [130–132], with glutamate transport

driving NfκB-mediated Glt1 gene upregulation [133]. Furthermore, neuronal input is

likely required for any Glt1 expression, as monocultures of cortical astrocytes express

little to no Glt1 [134]. Changes in Glt1 expression are present in many neurological

diseases, including amyotrophic lateral sclerosis (ALS), schizophrenia, and ischemia (for

Figure 1.4: Glt1 splice variants differ in their distal C-termini. A) Model of a single Glt1
subunit, with 8 transmembrane domains (green) passing the plasma membrane (yellow). The
distal C-terminus of each subunit differs between splice variants, Glt1a and Glt1b (purple). B)

Amino acid alignment of Glt1a and Glt1b from AA 361 to the end, with transmembrane domains
highlighted in green and non-conserved amino acids highlighted in purple.

10



review [135, 136]), which may in some cases be mediated by alterations in NfκB signal-

ing [137].

1.4.3 Glt1 forms nanoclusters in the plasma membrane

In the hippocampus, Glt1 density is extremely high at 8,500 transporters/µm2

[111]. The majority is localized to the plasma membrane, where transporters are of-

ten located in small (∼200 nm) diameter nanoclusters (Figure 1.5A) [130,138,139]. These

nanoclusters are frequently localized to the tips of fine astrocyte processes, although

they are found across the cell surface [130, 140]. Previous studies have determined these

nanocluster aggregates reside in cholesterol-rich lipid raft domains, as cholesterol re-

moval resulted in the dissolution of nanoclusters [138,141,142]. Interestingly, cholesterol

removal also decreased overall transporter activity by approximately 30%, implying the

formation of nanoclusters may be functionally relevant for glutamate transport [138].

One study by Butchbach et al. (2004) showed rapid internalization of Glt1 after choles-

terol disruption, which suggested that these nanoclusters might be in the early stages

of endocytosis [141]. However, freeze-fracture electron microscopy found these nan-

oclusters were not associated with membrane invaginations [138], and thus perhaps

localization to nanoclusters enhances the stability of Glt1 at the membrane.

Interestingly, neuronal activity seems to govern the localization of Glt1 nanoclus-

ters. Neuronal activity induced by the GABAA receptor antagonist, gabazine, increased

Glt1 nanocluster diameter by 49% and decreased Glt1 nanocluster distance to synapses

[130]. Conversely, blocking neuronal activity with tetrodotoxin (TTX) reduced nan-

ocluster size and increased synaptic distance [130]. Recent evidence suggests gluta-

mate increases the surface diffusion of Glt1 molecules on the astrocyte membrane (Fig-

ure 1.5C) [140, 143]. Interestingly, under resting conditions, Glt1 molecules also showed
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Figure 1.5: Glt1 nanoclusters localize to process tips and near synapses. A) Freeze-fracture
electron microscopy of exogenous Glt1 expressed in BHK cells reveals nanoclusters on the plasma
membrane of approximately 200 nm. [138] B) Nanoclusters of Glt1 localize to the tips of fine
processes. [130] C) Static Glt1 (red) localizes near synapses (green, left panel), while mobile Glt1
slows its movement near synapses (right panel). [140]

slower diffusion near synapses, suggesting the existence of some mechanism to selec-

tively trap Glt1 in the vicinity of synapses.

1.5 Astrocytes contact neurons at specialized locations

1.5.1 Astrocytes ensheath synapses

A single astrocyte contacts between 20,000 to 100,000 synapses in rodents and up

to two million synapses in humans [144]. Across the brain, synaptic clefts are often asso-

ciated with thin astrocyte protrusions called perisynaptic astrocyte processes (PAPs) in

a structure now referred to as a tripartite synapse (Figure 1.6). PAPs have an extremely

small diameter (∼50 nm; [145]) and a large surface-to-volume ratio. These qualities

render PAPs difficult to study using conventional light microscopy, to record electro-

physiogically, and to isolate biochemically. Thus, most of our knowledge comes from

electron microscopic (EM) studies of fixed tissue.

PAPs identified in EM studies seem to be remarkably devoid of mitochondria, mi-

crotubules, or ER membranes [146, 147]. However, these processes do contain glycogen
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granules, ribosomes for local translation, and actin cytoskeleton [146,148–151]. Immuno-

labeling shows localization of actin-binding proteins [149, 152], cell adhesion molecules

[153], and proteins involved in the glutamate-glutamine cycle, including Glt1 [73, 111,

148, 154]. These data suggest the primary functions of PAPs are to buffer glutamate at

synaptic adhesions.

The number of synapses associated with a PAP varies depending on the brain re-

gion. For instance, PAPs are localized adjacent to approximately 64-90% of synapses in

the hippocampus (Figure 1.6) [155, 156], 29-56% of synapses in the rat neocortex, and

90% of synapses in the mouse somatosensory cortex [146]. One PAP covers roughly 57%

of each CA1 hippocampal synapse [156], which mostly form contacts at post-synaptic

elements [157]. In contrast, PAPs almost entirely ensheath CA3 synapses [158], indicat-

ing there is large heterogeneity even within the same brain region. Interestingly, spines

associated with PAPs tend to be larger [155,159,160], and the size of the astrocyte contact

positively correlates with the surface area and complexity of the post-synaptic density

Figure 1.6: Astrocytes ensheath synapses. A) An EM micrograph depicting a synapse in the
CA1 region of the hippocampus of an adult rat. In this example, an astrocyte (blue) contacts the
axon-spine interface between an axon terminal (green) and a dendritic spine head (yellow). B)

3D reconstruction of serial EM data gathered from rat CA1 hippocampus. In this example, an
astrocyte (blue) contacts 50% of a dendritic spine head (yellow). Adapted from: [155]
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(PSD; [132, 155]). These data suggest the astrocyte contact area is dynamically regulated

in congruence with synaptic strength or activity.

In support of this notion, many recent studies have shown astrocytes undergo a

remarkable amount of morphological changes in response to stimuli that increase neu-

ronal activity. Environmental stimulation, including exercise and enrichment, increased

arborization of astrocytes in the hippocampus, outgrowth of PAPs, and increased synap-

tic coverage [161–164]. Induction of long-term potentiation (LTP) also increased astrocyte

coverage of both pre- and post-synaptic elements [160]. However, astrocyte contact with

synapses appeared to decrease with sustained hyperactivity, as evidenced by a decrease

in the number of synapses associated with astrocytes in cases of severe epilepsy [159].

In cultured astrocytes, glutamate exposure increased filopodia formation [165],

which bear resemblance to PAPs. Structural changes in PAPs appear to require mGluR-

activated Ca2+ signaling and actin cytoskeleton remodeling via the ERM protein, ezrin

[152]. Inhibition of astrocyte Ca2+ signaling reduced the number of synapses in contact

with astrocytes [166], suggesting a regular astrocyte Ca2+ response to synaptic activity

is necessary to maintain tripartite synapse integrity.

Limiting the lifetime of glutamate at the synaptic cleft is highly dependent on astro-

cyte coverage of the synapse. While astrocyte coverage of cerebellar synapses is nearly

complete, CA1 hippocampal synapses are believed to be incompletely covered [156].

Therefore, incomplete coverage allows for incomplete buffering of glutamate. This sug-

gests a role for glutamate spill-over in the hippocampus, which allows diffusion to and

activation of nearby synapses. Glutamate spill-over could be tightly controlled by the

expression, localization, and function of Glt1 transporters near synapses, as well as, as-

trocyte coverage of the synapse, which is highly dynamic [146,152,163,167]. Interestingly,

in the CA1 region of the hippocampus, astrocyte coverage of synapses seems to correlate
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with synaptic size, such that larger synapses are less completely contacted by astrocytes,

and thus more capable of contributing to and responding to glutamate spill-over [168].

Therefore, the amount of astrocyte contact with a synapse is capable of directly affecting

glutamatergic communication at its immediate location and nearby synapses.

1.5.2 Glt1 shapes synaptic transmission

Given its abundance and widespread expression [110, 111], Glt1 is thought to pro-

vide the major mechanism for glutamate uptake at synapses [3,169,170]. To affect synap-

tic transmission, Glt1 must be localized near synapses. Indeed, Glt1 nanoclusters have

been localized at the tips of fine processes and near synapses in PAPs (Figure 1.5B &

C) in vitro and in vivo [130, 134, 139, 171, 172]. Additionally, numerous studies suggest

glutamate transporter activity directly shapes glutamatergic transmission by limiting

the lifetime of glutamate in the synaptic cleft [140, 173–178]. This is accomplished via

several mechanisms, including glutamate transport, glutamate buffering via binding,

and concentrating transporters near synapses. Glt1 transporters are capable of handling

synaptic glutamate even in the case of high-frequency stimulation [179], indicating Glt1

transporters influence the lifetime of glutamate in the synaptic cleft regardless of activity

conditions. One study found Glt1 distance from synapses decreased following neuronal

stimulation, while distance increased following neuronal silencing [130], showing that

Glt1 localization, and thus, its ability to shape synaptic signaling, is dynamically regu-

lated by neuronal activity.

Although Glt1 is capable of handling large glutamate concentrations, it takes ap-

proximately 11-70 ms to complete the transport cycle of one molecule of glutamate

[180–182], which is relatively long compared to the lifetime of glutamate in the synap-

tic cleft (∼1.2 ms, [94]). To efficiently clear glutamate despite slow transport kinetics,

Glt1 transporters initially act to buffer glutamate. Upon glutamate release at synap-
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tic terminals, approximately 80% immediately diffuses out of the cleft, which is then

bound and buffered by glutamate transporters [182]. Inexplicably, when glutamate

binds to Glt1, lateral diffusion of Glt1 in the astrocyte plasma membrane increases (Fig-

ure 1.6C), effectively replacing bound transporters with unbound, naive transporters at

the synapse [140,143]. In addition to observations of Glt1 localized near synapses, recent

studies of Glt1 transporter dynamics in live cells show Glt1 lateral diffusion decreases in

the astrocyte membrane facing synapses [140, 143]. By cross-linking Glt1 transporters to

prevent their lateral diffusion out of the perisynaptic astrocyte membrane but retain their

transport function, Murphy-Royal et al. showed that glutamate buffering via lateral dif-

fusion actively shapes the timecourse of excitatory post-synaptic currents (EPSCs) [140].

Altogether, these data indicate lateral transporter diffusion and transport itself are

crucial to spatially and temporally limit glutamatergic signaling, both of which are de-

pendent on the proper localization of Glt1 transporters. While we have known for some

time that Glt1 is important for synaptic function, we know very little about the mecha-

nisms of localizing Glt1 to PAPs, and thus synapses. Chapter 2 describes one possible

mechanism.

1.5.3 Astrocytes contact neurons at clusters of Kv2.1 channels

In addition to forming contacts at synapses, astrocytes also contact the neuronal

soma at surface clusters of the voltage-gated potassium channel, Kv2.1. Electron mi-

croscopy studies of rat brains show large diameter (∼0.5 µm) clusters of immunogold

labeled Kv2.1 channels on the plasma membrane of neuronal somas and proximal den-

drites (Figure 1.7) [183]. Kv2.1 clusters were frequently in direct contact with thin as-

trocyte processes (<200 nm, blue) and with a sub-surface cistern (SSC) of endoplasmic

reticulum (ER) membrane (red). Interestingly, Kv2.1 clusters facing astrocytes were more

than twice as dense as those not facing astrocytes. Additionally, the clusters associated
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with SSCs of ER membrane were nearly always in apposition to an astrocyte, perhaps

implying ER Ca2+ signaling is important at these contacts.

These researchers also noted that Kv2.1 immunograins could be observed directly

adjacent to post-synaptic densities. Kv2.1 immunograins were fairly common (∼53%) at

symmetric synapses, while they were more rarely observed at asymmetric synapses. In-

terestingly, at some of these synapses, astrocyte processes were in close contact with the

Kv2.1 immunograins, possibly implicating the Kv2.1-astrocyte contact in the formation

of tripartite synapses. In EM micrographs at the soma, the thin astrocyte processes ap-

posed to Kv2.1 clusters bear a resemblance to PAPs in that they seem to lack organelles

(Figure 1.7). Perhaps these two locations where astrocytes contact neurons are regulated

by similar mechanisms.

Although we have known of the existence of this neuron-astrocyte contact for some

time, very little is known about its function or structure. Perhaps the only known struc-

tural characteristic of these contacts is that astrocytic Glt1 localizes in nets around Kv2.1

clusters in the somatosensory cortex [184] (Figure 1.7B). Functionally, we know that

proper Glt1 transport is necessary to maintain Kv2.1 cluster integrity [184, 185], as inhi-

bition of Glt1 glutamate transport causes Kv2.1 cluster disintegration, the mechanism of

which will be discussed at length in Section 1.7.2. A major aim of this dissertation was

to further define the components at this neuron-astrocyte contact, which is presented in

Chapter 3.

Recently, Cserép et al. found that over 90% of microglia-neuron contacts also occur

at Kv2.1 clusters [186]. Immunofluorescence revealed that microglia membranes adja-

cent to Kv2.1 clusters were enriched in purinergic P2Y12 receptors, for which ATP is

the primary ligand. These authors found that microglial contacts occurred most often

near Kv2.1 clusters that were localized near active mitochondria, indicating purinergic
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Figure 1.7: Astrocytes contact neurons at clusters of Kv2.1 channels. A) An EM micrograph de-
picting immunogold labeling of a cluster of Kv2.1 potassium channels (black grains) in the CA1
region of the hippocampus. In this example, two astrocyte processes (blue) contact adjacent neu-
rons (green) at Kv2.1 clusters. A sub-surface cistern (SSC) of ER membrane lies directly beneath
the Kv2.1 cluster (red). Lack of continuous immunogold labeling is likely due to incomplete an-
tibody access. Adapted from: [183] B) Immunolabeled Glt1 (magenta) forms net-like structures
around neuronal Kv2.1 clusters (green) in the somatosensory cortex of rats. Adapted from: [184]

signaling at Kv2.1 clusters is important for microglial monitoring of neurons. Altogether

this work suggested Kv2.1 clusters may be specialized glia-neuron contact sites that are

capable of communicating neuronal health and activity to glia. Given the abundance of

astrocyte-neuron contacts at Kv2.1 clusters, it will be interesting to discover additional

methods of neuron-to-glia communication that occur at these specialized junctions.
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1.6 Kv2 Potassium Channels

The Kv2 family of voltage-gated potassium channels consists of two members, Kv2.1

and Kv2.2. Kv2.1 and Kv2.2 sequences are well conserved throughout the N-terminus

(86%) and the six transmembrane domains (95%), which compose the majority of the

channel structure [187]. Although both channels have large intracellular C-terminal do-

mains, this sequence is less conserved (63%) [187]. Kv2 channels are possibly the most

broadly expressed K+ channel in mammalian tissue, as they are expressed on the plasma

membrane in diverse excitable cell types, including in spinal α-motoneurons [188], cor-

tical neurons [183, 189], hippocampal neurons [183], Purkinje and granule cerebellar

neurons [190], olfactory granule neurons [191], retinal bipolar cells [192], cardiac my-

ocytes [193], vascular and gastrointestinal smooth muscle [194, 195], and pancreatic beta

cells [196–200]. Immunolocalization and mRNA expression studies revealed overlapping

but distinct patterns of Kv2.1 and Kv2.2 in the brain, with neurons primarily choosing

to express one isoform over the other [189, 190].

1.6.1 Kv2 Conductance

Classically, voltage-gated potassium channels are regulators of excitability in cells,

like neurons. Delayed-rectifier voltage-gated potassium channels are activated during

the later phase of the action potential, opening to conduct potassium current out of the

excitable cell to repolarize the membrane potential back to its resting state. Characteristic

of delayed-rectifiers, Kv2 channels are slow to inactivate and have a high activation

threshold [201]. Kv2 channels are the major delayed-rectifiers in the brain, comprising

approximately 80% of total delayed-rectifier current in hippocampal and cortical neurons

[202]. Importantly, Kv2.1 modifies the action potential waveform and duration to enable

high-frequency firing (1 Hz) in neurons [203–208]. When Kv2.1 is absent, neuronal action

potentials fail to repolarize, which prevents Nav channels from exiting the inactivation
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state, and subsequently, high-frequency firing terminates due to an inability to open Nav

channels.

Interestingly, our lab has found the majority of Kv2 channels are electrically non-

conducting. Cell-attached patch-clamp directly on a Kv2.1 cluster results in single-

channel current recordings [209]. In a follow-up study, individual fluorescent Kv2.1

channels were counted and used to calculate overall expression while simultaneously

recording currents from conducting channels. This study revealed that less than 30% of

endogenous Kv2.1 channels were conducting in neurons, while only 4% were conducting

when heterologously expressed in HEK cells at the highest expression density [210]. Re-

cently, this work was expanded to show that Kv2.2 also has a non-conducting state [see

Maverick, 2020 dissertation]. Due to the high levels of Kv2 expression, a non-conducting

state is necessary to prevent electrical silencing of excitable cells. Altogether, these data

suggest the majority of surface Kv2 channels are not conducting, and consequently, play

additional important structural roles.

1.6.2 Kv2 Clustering

Interestingly, on a subcellular level Kv2 channels display a clustered localization on

the plasma membrane of neurons in vivo, in neuronal culture, and HEK cells [211], where

a few hundred channels occupy patches of approximately 0.5-1 µm2 [212]. Early studies

suggested Kv2.1 and Kv2.2 occupied distinct subcellular compartments, however, Kv2.2

was mislocalized due to the initial cloning of a truncated version of Kv2.2 [213]. Many

early studies compared Kv2.1 to the truncated Kv2.2, and thus it was concluded that

these two channels did not heteromerize, as they occupied separate locations [205]. It

is now believed that, in neurons, both channels form clusters in the soma, proximal

dendrites and, axon initial segment (AIS), and at least some of these channels are het-

eromers [183, 211, 213, 214].

20



Figure 1.8: Kv2.1 channels form micron-sized clusters on the plasma membrane of neu-

rons. Immunofluorescence image of a cultured hippocampal neuron transfected with GFP-Kv2.1
(green) and labeled with an antibody directed against MAP2 (red). Clusters localize to the soma,
proximal dendrites, and the axon initial segment (yellow arrows). Scale bar is 10 µm. Adapted
from: [215]

Mechanism of cluster formation

Kv2 clustering is dependent upon the phosphorylation of amino acid residues in

the long C-terminus. Using truncation mutants, the Trimmer group discovered a re-

gion in the C-terminus of Kv2.1 which is required for clustering and which is heavily

phosphorylated [212, 216]. A mutant Kv2.1, missing the last 318 amino acids, presented

an entirely diffuse localization on the plasma membrane, while a mutant lacking the

last 187 amino acids still conferred clustering. Therefore, the domain responsible for the

clustered localization must exist in the C-terminus between amino acids 535-666. Further

truncation studies discovered only 26 amino acids (AA 573-609) within this domain were

necessary for clustering, denoted the proximal restriction and clustering domain (PRC),

and point mutations showed three serines and one phenylalanine were critical [217].
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Based on the fact that three serines are required for clustering, the post-translational

modification was postulated to be caused by phosphorylation.

Recent work undertaken by our lab found that the PRC represents a non-canonical

FFAT (two phenylalanines in an acidic tract) motif, which confers interaction with VAP

proteins of the endoplasmic reticulum [218]. Knockdown of VAP expression with siRNA

significantly reduced clustering of Kv2.1 channels on the surface of HEK-293 cells. In

addition, expression of a VAP mutant, which cannot bind FFAT motifs, significantly de-

creased interaction with Kv2.1, as measured by Förster resonance energy transfer (FRET)

[Appendix A]. Johnson et al. further narrowed the PRC domain to just 14 amino acids

which are necessary for VAP interaction. Appending these amino acids to the intracel-

lular domain of CD4, a single transmembrane domain protein, conferred clustering on

the plasma membrane surface and colocalization with ER-localized VAP proteins. In-

terestingly, these 14 amino acids contain five serine residues, which are among those

previously identified [217]. Indeed, these data explained published observations of colo-

calization between Kv2 clusters and ER membranes and proteins [183, 210, 219, 220].

1.6.3 Endoplasmic Reticulum/Plasma Membrane Junctions

Clusters of Kv2 channels represent endoplasmic reticulum (ER) plasma membrane

(PM) junctions, where the ER and PM come into very close contact (5-8 nm [183]). Re-

cent studies estimate ER/PM junctions make up approximately 12% of the neuronal

surface in vivo [221]. As such, this organelle may be critically involved in several cellular

processes, including regulating Ca2+ homeostasis, post-translational modification, lipid

exchange, and protein trafficking (for review [222, 223]).
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Kv2 clusters as trafficking hubs

Several studies have implicated Kv2 clusters in exocytosis. A Kv2.1 interaction

with syntaxin mediates dense-core vesicle release from neuroendocrine cells, which is

not reliant on K+ flux [224, 225]. Following this work, our lab found that approximately

85% of plasma membrane insertions of both Kv2.1 and Kv1.4 occurred at the perimeter

of Kv2.1 clusters [215]. In a subsequent study, we found that 82% of transferrin receptor

exocytosis also occurred at the perimeter of even small ER/PM junctions lacking Kv2.1

channels, indicating that this preference for exocytosis is not limited to Kv channels [210].

Recent studies in pancreatic β-cells show insulin granule exocytosis also occurs at the

perimeter of Kv2.1-induced ER/PM junctions [197, 198]. These are probably just a few

examples of the exocytosed molecules that occur at Kv2 clusters. Given the association

of Kv2 clusters with glia, perhaps some of these vesicles contain signaling molecules to

communicate with glia, as suggested with ATP and microglia [186]. Beyond normal sur-

face trafficking functions, the Kv2.1-syntaxin interaction is now understood to mediate

increased surface expression of newly synthesized and conducting Kv2.1 channels that

initiate apoptotic K+ efflux. This is discussed more in Section 1.7.

1.6.4 AMIGO1 as a Kv2 β-subunit

In addition to interacting with VAP, Kv2.1 interacts directly with AMIGO1 (ampho-

terin-induced gene and ORF), which possesses an extracellular domain that acts as a cell-

adhesion molecule (CAM) [226, 227]. AMIGO1 colocalizes with both Kv2.1 and Kv2.2

throughout the brain in many different mammalian species (Figure 1.9A [228]). Interac-

tion with AMIGO1 modifies the voltage-dependence of activation of Kv2.1 [226], such

that the midpoint of activation is ∼10 mV shifted in the hyperpolarizing direction.
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Figure 1.9: AMIGO1 colocalizes with Kv2.1 clusters in hippocampal neurons. A) Immunofluo-
rescence image of a cultured hippocampal neuron labeled with an anti-Kv2.1 antibody (magenta)
and an antibody directed against AMIGO1 (green), where white pixels indicate co-localization.
B) Model of AMIGO1 protein. AMIGO1 has a large extracellular N-terminus, containing leucine-
rich repeats and an immunoglobulin-like domain, which are responsible for adhesion. B Adapted
from: [227]

AMIGO1 is homogeneously distributed throughout the cell membrane when Kv2

subunits are absent [228]. However, when Kv2 channels are expressed as well, AMIGO1

redistributes to Kv2 surface clusters, which still form ER/PM junctions [228]. Due to

this redistribution, concentrations of cell-adhesion molecules exist at points across the

membrane, which could facilitate cell-cell interactions, such as the neuron-glia contacts

described above. Additionally, since ER/PM junctions exist at each of these surface

clusters of Kv2 and AMIGO1, this junction may be especially apt for ER Ca2+ signaling

and exocytic communication.

The AMIGO Family

The AMIGO family consists of 3 members (AMIGO1, 2, and 3), which are about 48%

similar at the amino acid level [226]. AMIGOs are single-pass transmembrane proteins,
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with short intracellular C-termini and extensive N-termini with 6 leucine-rich repeat

(LRR) domains and an immunoglobulin-like domain (Figure 1.9B, [227,229]). Each mem-

ber of the AMIGO family is capable of homophilic and heterophilic interactions within

the family [227], as evidenced by immunoprecipitations and bead aggregation assays.

AMIGOs are not known to participate in adhesion with any other type of CAM, how-

ever, many CAM families also contain leucine-rich repeat domains [230], and as such, it

remains possible that their interactions extend beyond the immediate family. AMIGO1

is the most highly expressed in the brain, while the other two are more widespread in

tissue distribution, although still enriched in the brain [227]. Although AMIGO2 and

AMIGO3 were discovered at the same time as AMIGO1, no published studies have yet

examined the relationship of these two proteins with Kv2 channels (see Chapter 4).

Known Functions of the AMIGO Family

The AMIGO family has been implicated in several cell biological processes, includ-

ing developmental neurite outgrowth and guidance, cell survival, and adult axon growth

inhibition [227,231–233]. AMIGO1 is involved in neurite outgrowth of neurons in culture

and axon tract development in Zebrafish [227,234]. Culture dishes coated with AMIGO1

ectodomain increased neurite outgrowth by greater than 12 fold after 24 hours of cul-

ture [227]. Interestingly, AMIGO2 has been implicated in enhanced growth and survival

in a variety of cell types, including cerebellar granule neurons [235], vascular endothelial

cells [236], gastric adenocarcinoma cells [237], and melanoma cells [238]. This increase

in cell viability may be due to an interaction between AMIGO2 and PDK1, a kinase that

activates Akt in cell survival pathways [239]. Emerging evidence suggests AMIGO2 is

particularly relevant for metastatic cancers, perhaps acting dually to enhance migration

via cell adhesion and increase cell viability via the Akt pathway [237,238,240,241]. Park

et al. uncovered the domain responsible for PDK1 interaction, and thus the effects on

cell survival, using a combination of protein domain identification databases and exoge-
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nous expression of C-terminal fragments [239]. Remarkably, the domain they identified

is quite well conserved (∼73%) within the AMIGO family, suggesting AMIGO1 and

AMIGO3 could have similar effects on cell survival, although this remains to be tested.

While AMIGO cell adhesion has not yet been implicated in any cell-cell contacts in vivo,

it is tempting to speculate that AMIGO adhesion is involved in the formation of glia-

neuron contacts at Kv2.1 clusters.

1.7 Ischemia and Glutamate Excitotoxicity

Both astrocytic Glt1 and neuronal Kv2.1 clusters are critical in the response to metabolic

insults that give rise to neuronal excitotoxicity. Pathophysiological levels of extracellu-

lar glutamate trigger cell death by over-activating neurons, leading to ionic rundown,

ATP depletion, and high intracellular Ca2+. These hallmarks of glutamate excitotox-

icity are a result of dysfunction of glutamate homeostasis in both neurons and astro-

cytes [54, 242–244], and ultimately this dysfunction culminates in cell death. Glutamate

excitotoxicity arises following several brain diseases, including traumatic brain injury,

as a part of neurodegenerative disease, or following an ischemic attack [54]. Since it is

easily modeled, most of the following discussion will be related to ischemic stroke.

Ischemic stroke occurs as a result of blood vessel occlusion, such that blood flow is

diminished or blocked to the brain, leading to a deficit of glucose and oxygen. Lack of

these energy substrates prevents the production of ATP via oxidative phosphorylation,

and thus eventually leads to dysfunction of cellular processes that rely on ATP [242].

In ischemic stroke, tissue can be categorized into two zones of severity. The cells near-

est the occlusion are part of the core, while cells surrounding the core are part of the

penumbra. Cells in the core experience the greatest deficit in energy supply and within

minutes suffer from irreversible cell death [245]. Cells in the penumbra also suffer from

reduced energy supply, although to a lesser extent. As such, these cells do not die im-
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mediately after stroke, but instead, experience spreading depolarizations and glutamate

dyshomeostasis.

1.7.1 Astrocyte Response to Insult

Glutamate Transporter Function

As described in detail above, astrocyte glutamate transporters are the primary

means by which glutamate is removed from the extracellular space to limit synaptic

glutamate signaling [110, 243]. Glutamate uptake relies on ionic gradients of Na+, K+,

and H+ to transport glutamate against a steep concentration gradient, with the driving

force of Na+ and the negative membrane potential providing most of the energy re-

quired for uptake [245]. These ionic gradients are primarily maintained by the Na+/K+

ATPase, which catalyzes ATP to import two K+ ions and export three Na+ ions. Dur-

ing metabolic stress when the ATP supply is diminished, the Na+/K+ ATPase becomes

non-functional, leading to depolarization of the membrane potential, the collapse of ionic

gradients, and subsequent increases in extracellular glutamate concentration [242]. Sim-

ilarly, glutamine synthetase (GS) relies on ATP, and therefore decreases in ATP supply

increase intracellular glutamate concentrations, resulting in decreased uptake by gluta-

mate transporters [104]. As such, this leads to an accumulation of extracellular gluta-

mate, which prolongs the activation of synaptic and extrasynaptic glutamate receptors.

Indeed, dysfunction of astrocytic glutamate transporters results in extracellular gluta-

mate concentrations up to 1 µM [246], compared to the physiological concentration of

20-60 nM [56,114,247]. Altogether, the literature suggests Glt1 function can be disrupted

at multiple levels during ischemic events.
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Glutamate Transporter Expression

In addition to changes in functionality, glutamate transporter expression is altered

following ischemic insult. Although a few studies have found contradictory results,

the main consensus is that transporter expression is upregulated in the early phase of

an ischemic event and decreased in the later phase [248–250]. Glutamate transporter

expression also appears to scale with insult severity, as ischemic preconditioning up-

regulated the expression of Glt1a in the hippocampus, while severe ischemia induced a

downregulation of Glt1a expression [249]. Several studies employing ischemic precon-

ditioning paradigms have observed an increase in Glt1 expression, which abrogated cell

death following an ischemic event [249, 251, 252]. Additionally, blocking the function

of Glt1 receptors using dihydrokainic acid (DHK) prevented the protection provided by

ischemic preconditioning [253], indicating that the upregulation of Glt1 expression is

majorly responsible for neuroprotection following ischemic preconditioning.

Astrocytic Glutamate Release

In addition to decreases in glutamate uptake, the collapse of transmembrane ionic

gradients, and depolarization of the membrane, increased intracellular glutamate con-

centrations can cause glutamate transporters to run in reverse [97,254]. The result of this

is an even larger accumulation of extracellular glutamate. Increased intracellular Na+

concentrations that occur due to Na+/K+ ATPase dysfunction lead to accumulation of

intracellular Ca2+ via reversal of the Na+/Ca2+ exchanger [255]. Recent evidence sug-

gests that glutamate-containing vesicles can be exocytosed via a Ca2+ dependent mech-

anism in astrocytes [256], ultimately leading to additional extracellular glutamate. Fur-

thermore, high extracellular K+ leads to depolarization of both astrocytes and neurons,

decreasing the driving force for glutamate uptake and exacerbating neuronal excitabil-
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ity [97]. Together these data suggest that astrocytes can actively contribute to the rise in

extracellular glutamate concentration, independent of impaired glutamate uptake.

1.7.2 Neuronal Response to Insult

Studies over the last 25 years implicate the localization and function of Kv2.1 in the

ischemic and excitotoxic response. The neuronal response to insult seems to be divided

into an early neuroprotective response, where the localization and activation of Kv2.1

are altered, and a secondary apoptotic response, where Kv2.1 surface expression and

K+ conductance are upregulated.

Kv2 clustering is sensitive to insult

Clustering of Kv2.1 is controlled by neuronal activity and pathophysiological events,

such as ischemia [184,257–259]. For instance, Kv2.1 clusters in α-motoneurons are sensi-

tive to extended stimulation, indicating clustering is regulated by neuronal activity [260].

Furthermore, under conditions of experimental ischemia and hyperexcitability, Kv2.1

Figure 1.10: Kv2.1 clusters disintegrate following ischemic insult. Immunolabeled Kv2.1 chan-
nels in neurons of the somatosensory cortex in control (left) and ischemic (right) brains. The right
image shows Kv2.1 channels are diffusely localized across the neuronal membrane after ischemic
insult. Adapted from: [184]
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channels disperse from their clustered state, and the voltage-dependence of activation

shifts leftward by 35 mV, thus activating the channels at lower voltages and dampening

neuronal excitability [257, 261, 262].

Kv2.1 cluster dispersion occurs rapidly after insult, on the order of minutes, and

recovers over 15 minutes following reperfusion or washout in studies using experimen-

tal hypoxia and ischemia [257]. Interfering with Kv2.1 clustering via competitive inter-

ference of VAP interaction by a membrane permeable TAT peptide fused to the Kv2.2

C-terminus is neuroprotective in vitro and in vivo [263]. Mice that underwent medial

cerebral artery occlusion (MCAo) and were subsequently treated with the TAT pep-

tide that disperses Kv2.1 clusters showed decreased infarct volume after 24 hours [263].

Given these data, Kv2.1 declustering is likely neuroprotective in the early phases of the

ischemic response.

The mechanism of declustering and the shift in voltage dependence both rely on

altering the phosphorylation of the channel. Under conditions of high extracellular glu-

tamate, extrasynaptic NMDA receptors are activated, leading to an influx of Ca2+. Kv2.1

clusters and ER/PM junctions disintegrate due to Ca2+ dependent dephosphorylation

of the channel’s C-terminus by calcineurin (Figure 1.10) [261]. In this study, Misonou

and colleagues also found the hyperpolarizing shift in Kv2.1 activation occurs as a re-

sult of graded dephosphorylation of multiple residues unrelated to the clustering motif.

In summary, the early neuroprotective response to insult is due to a combination of

dampening neuronal excitability and declustering of Kv2.1 channels.

Kv2.1 activity is essential for apoptosis

A characteristic of ischemia is delayed cell death in the penumbra surrounding the

core. While necrotic cell death is the primary mechanism in the core, apoptotic cell death

occurs in the penumbra in the days following insult. Increased K+ efflux is essential
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to the initiation of the apoptotic cascade, as it allows for the functioning of apoptotic

enzymes, such as caspase-3 [259]. Enhanced K+ efflux is thought to primarily occur

through voltage-gated potassium channels, as a widespread antagonist of the Kv family,

TEA, is neuroprotective in models of ischemia [264].

Subsequent studies found Kv2.1 is the primary contributor to apoptotic K+ ef-

flux. Pal and colleagues found that the expression of a dominant-negative Kv2.1 subunit

completely abolished the apoptotic potassium current, which was neuroprotective [265].

Exogenous expression of Kv2.1 in CHO cells rendered them more susceptible to an apop-

totic stimulus [265]. Follow-up studies by the Aizenman lab have found the increase in

Kv2.1 potassium current is due to the insertion of newly synthesized channels [266]. As

such, the syntaxin-binding domain in the C-terminus of Kv2.1 is required for increased

surface expression, and thus, the apoptotic K+ surge [267]. Insertion of new Kv2.1 chan-

nels primarily occurs at the edge of existing Kv2.1 clusters [215]. By dispersing clusters

with the TAT peptide described above, neurons were protected by preventing the apop-

totic K+ current [263]. This suggests that reformation of Kv2.1 clusters after the initial

neuroprotective dispersion is required for new insertion of Kv2.1 channels, and thus

apoptosis. Therefore, the response of Kv2.1 is both neuroprotective and neuro-damaging

depending on the time after insult.

1.7.3 Kv2.1-Astrocyte Contacts are at the Nexus of the Ischemic Response

The evidence outlined above provides a solid foundation for understanding Kv2.1-

astrocyte contacts in the context of ischemic insult. Altogether, the localization of Glt1 in

nets around neuronal Kv2.1 clusters [184] could be considered the first checkpoint in de-

tecting pathophysiological levels of extracellular glutamate, at concentrations above the

maximum capacity of astrocyte transporters. Indeed, in studies where Glt1 glutamate

transport was pharmacologically blocked by DHK, Kv2.1 channels were largely dephos-
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phorylated, suggesting Glt1 dysfunction can lead to dispersal of Kv2.1 clusters [184,185].

Additionally, impairment of astrocyte metabolism by fluorocitrate was sufficient to in-

duce Kv2.1 dephosphorylation, and presumable cluster disintegration [184], thus initi-

ating the neuronal ischemic response. The concentration of Glt1 transporters around

Kv2.1 clusters could act to locally limit levels of ambient glutamate, ensuring that Kv2.1

cluster dispersal events only occur in cases where a rapid neuroprotective response is

necessary.

1.8 Overview of this Dissertation

While the importance of Glt1 and Kv2.1 in the response to insult is, at this point,

undeniable, we still know very little about the structure and function of astrocyte-Kv2.1

Figure 1.11: Current model of neuron-astrocyte contact at Kv2.1 clusters. Kv2.1 channels (dark
blue) form micron-sized clusters on the plasma membrane surface of neurons. Kv2.1 clusters
are formed by an interaction with the ER membrane protein VAP (grey). Kv2.1 has an auxiliary
subunit, called AMIGO (light blue), which acts as a cell adhesion molecule. Astrocytes contact
neurons at these clusters of Kv2.1 and astrocyte glutamate transporter, Glt1 (dark green), forms
nets around these neuronal Kv2.1 clusters.
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contacts under physiological conditions (Figure 1.11). My dissertation aims to further

define the components that make up these remarkable cell junctions, so that future stud-

ies could unmask their physiological functions.

Chapter 2 describes a novel interaction between Glt1 and cortical actin filaments at

the astrocyte membrane. We found that this interaction alters the localization of Glt1a

on the membrane, which relies on the terminal amino acids of the Glt1a C-terminus.

Significantly, this protein interaction could position Glt1 transporters both near synapses

and somatic Kv2.1 clusters, which is the subject of Chapter 3.

Chapter 3 presents experiments designed to further define the relationship of Glt1 to

neuronal structures. The first part of the chapter details the localization and diffusion

of astrocytic Glt1 around neuronal Kv2.1 clusters on the soma, which appears to rely

on an interaction with actin. The second half of the chapter looks at the relationship of

Kv2.1 and AMIGO to synapses, and whether that relationship correlates with astrocyte

presence at synaptic structures.

Chapter 4 seeks to further characterize the interaction between Kv2 channels and

AMIGO family auxiliary subunits. In this chapter, we propose that all three members of

the AMIGO family act as auxiliary subunits for the Kv2 family, impacting the function of

Kv2 channels, as well as, the composition of neuronal ER/PM junctions. In the context

of neuron-astrocyte contacts, it is important to understand the cell adhesion molecule

components of these Kv2.1 clusters, as they could assign particular properties to the cell

junction.

Chapter 5 summarizes the results presented in Chapters 2-4 of this dissertation. It

places these results in the context of the current literature and supplies an updated

model of this cell junction. Finally, it proposes ideas for potential lines of research to

further interrogate neuron-astrocyte contacts.
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Appendix A presents Förster resonance energy transfer (FRET) results showing the

direct interaction of Kv2.1 channels and the ER-resident protein, VAP. These data were

originally published in [218], which marks the identification of VAP interaction as the

mechanism of Kv2.1 cluster formation and Kv2.1-induced ER/PM junctions.

Appendix B depicts maps of DNA plasmids that were generated to perform the exper-

iments in this dissertation.
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Chapter 2

Glt1a C-terminal interaction with actin cytoskeleton
determines size and location of Glt1a nanoclusters

2.1 Summary

Astrocytic glutamate transporters, such as Glt1, ensure the fidelity of glutamic neu-

rotransmission by spatially and temporally limiting glutamate signals. The role of Glt1

in limiting neuronal hyperactivity relies heavily on the localization and diffusion of the

transporter in the membrane, however, little is known about the mechanisms governing

these properties. Here, we used high-resolution imaging to show that two isoforms of

Glt1, Glt1a and Glt1b, form nanoclusters on the surface of HEK-293 cells and astrocytes.

Using super-resolution imaging, we found the concentration of Glt1a, but not Glt1b,

nanoclusters adjacent to cortical actin filaments, which was maintained even after the

addition of glutamate. Glt1a nanocluster concentration near actin filaments could be

prevented by the expression of a cytosolic Glt1a C-terminus, suggesting that the distal

C-terminus of Glt1a is likely responsible for interaction with a component of the cy-

toskeleton. Overall, these data describe a novel interaction between the Glt1a C-terminal

tail and cortical actin filaments, which localizes Glt1 in nanoclusters at the astrocyte

plasma membrane.

2.1.1 Hypotheses to be tested —

1. Glt1 nanoclusters exist on the plasma membrane surface of cultured astrocytes.

2. Surface Glt1 nanoclusters colocalize with cortical actin.

3. Glt1 collisions with cortical actin will alter the membrane diffusion of Glt1.

4. The C-terminus of Glt1a regulates actin-mediated localization and diffusion.
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2.2 Introduction

Glutamate is the most abundant excitatory neurotransmitter in the central nervous

system, and therefore, it is imperative to maintain a low extracellular glutamate con-

centration to enhance the spatial and temporal resolution of glutamatergic signaling.

Excessive extracellular glutamate results in neuronal hyperactivity and subsequent neu-

ronal death due to the rundown of ionic gradients and toxic levels of intracellular Ca2+

(for review, [54]). To achieve efficient glutamate clearance against a steep electrochemical

gradient, astrocytes couple glutamate uptake to the ionic movement of Na+, K+, and H+

using abundantly expressed glutamate transporters, such as Glt1 and GLAST [75].

It is estimated that Glt1 is responsible for approximately 90% of total glutamate

uptake [85, 268] and together, glutamate transporters represent ∼1% of total brain pro-

tein [111]. Glt1 is dense in the hippocampal astrocyte membrane, with an average of

approximately 8500 molecules/µm2 across the entire membrane [111], and localizes near

synapses in peri-synaptic astrocyte membranes [73, 110]. Perhaps one reason for their

abundance is the relatively slow transport cycle of 11 to 70 ms per molecule of gluta-

mate [180, 181, 269], which is long compared to the lifetime of glutamate in the synaptic

cleft (∼1.2 ms, [94]). The high abundance of Glt1 also limits glutamate spill-over into

other synaptic clefts, preventing excitation at inactive synapses [270].

In addition to localization, the mobility of active Glt1 transporters in the mem-

brane is important in shaping glutamate neurotransmission in the hippocampus [140].

Unbound transporters are relatively immobile, especially near synapses, but when gluta-

mate is bound, transporter diffusion increases, thus allowing transporters to diffuse away

from high concentrations of glutamate [140, 143]. This mobility change is effectively re-

sponsible for replacing glutamate-bound transporters with unbound transporters, con-

ceivably to overcome the slow transport. Given the importance of Glt1 in regulating
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synaptic glutamate signals, it is vital to understand the mechanisms governing the local-

ization and diffusion of these transporters.

Membrane protein localization and diffusion are governed by several factors, in-

cluding interactions with other proteins, corralling by or anchoring to the actin cytoskele-

ton, and interactions with organelles that come into close contact with the plasma mem-

brane [271–274]. Glt1 can be expressed as 3 different splice variants, Glt1a, Glt1b, and

Glt1c [275–277]. Averages calculated from multiple publications reveal that Glt1a ac-

counts for approximately 90% of the total Glt1 population in the hippocampus, while

Glt1b and Glt1c make up 6% and 1%, respectively [120]. Glt1a and Glt1b differ in the

last 11-22 amino acids of the distal C-terminus [120], which is known to give Glt1b the

ability to bind PDZ domain proteins, such as PSD-95 [123]. However, at this time, no

function has been attributed to the unique amino acids in Glt1a. A wide variety of

proteins have been identified as Glt1 interactors, including cytoskeleton-associated pro-

teins Ajuba [278] and Sept2-associated BORG4 [279], PDZ proteins PICK1 [124] and

MAGI1 [280], the Na+/K+ ATPase α-subunit [108], and various mitochondrial pro-

teins [108]. Any one of these interactors could reasonably contribute to the immobi-

lization of Glt1 molecules on the membrane.

The present study aimed to determine factors governing Glt1 localization and dif-

fusion. The results of this work show extensive colocalization of large Glt1a, but not

Glt1b, nanoclusters with actin in close contact with the plasma membrane (PM). Ex-

pression of a soluble Glt1a C-terminus interfered with localization on actin filaments,

suggesting a Glt1a specific C-terminus interaction is primarily responsible for actin lo-

calization. Single-particle tracking of Glt1a showed that diffusion was decreased near

actin, which was also eliminated by co-expression of the C-terminus. While glutamate

increased overall Glt1a diffusion, it did not alter the colocalization of nanoclusters with

actin, suggesting that glutamate primarily affects the diffusion of free transporters. To-
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gether, these data describe a novel interaction between Glt1a glutamate transporters and

the cortical actin cytoskeleton, which is unaffected by glutamate.

2.3 Materials and Methods

2.3.1 DNA Constructs

For specific expression of proteins in astrocytes or neurons, the gfaABC1D and SYN

promoters were used, respectively. GFP-Glt1a-V5 and GFP-Glt1b-V5 were generous gifts

from Josef Kittler (University College London). Ruby2-Glt1a-V5 was made by digestion

of mRuby2-C1 and GFP-Glt1a-V5 with NheI and XhoI, with Ruby2 then ligated in place

of GFP. GFP-Actin was obtained from Takara Bio. To create the gfaABC1D>Ruby2-Glt1a-

CT construct, expressing only the Glt1a C-terminal 81 amino acids, PCR was used to gen-

erate a fragment flanked by BspEI and BamHI restriction sites (Primers: 5 GCTTACTC-

CGGATATCACCTTTCCAAGTCC 3 and 5 AGTCCGGGATCCTTATTTTTCACGTTTC-

CAAGG 3). This fragment was then digested with BspEI and BamHI and ligated into

the gfaABC1D>Ruby2-Glt1a-V5 cut with the same enzymes to create a Ruby2-tagged

Glt1a C-terminus. Maps of DNA constructs generated for use in this body of work are

presented in Appendix B.

2.3.2 Cell Culture, Transfection, and Labeling

Hippocampal mixed cultures of neurons and astrocytes were isolated from E18 rat

brains. Pregnant rats were deeply anesthetized with isoflurane, as outlined in a pro-

tocol approved by the Institutional Animal Care and Use Committee of Colorado State

University (protocol ID: 15-6130A). Embryos of both sexes were used to generate cul-

tures, and thus the cells are a mixed population of male and female origins. Hip-

pocampi were dissociated and cultured as previously described for neurons [281, 282].

Cultures were plated on glass-bottom 35mm with No.1.5 coverslips (MatTek, Ashland,
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MA) dishes coated with poly-L lysine (Sigma-Aldrich, St. Louis, MO) in borate buffer,

and plated in a plating medium composed of 5% FBS, Neurobasal (Gibco/Thermo

Fisher Scientific, Waltham, MA), B27 Plus Supplement (Gibco/Thermo Fisher Scientific,

Waltham, MA), Penicillin/Streptomycin (Cellgro/Mediatech, Manassas, VA), and Gluta-

MAX (Gibco/Thermo Fisher Scientific). After 24 hours in the plating medium, the media

was replaced with a maintenance medium which was identical to the plating medium

without FBS.

At DIV7, cultures were transfected using DNA, Lipofectamine 2000 (Invitrogen,

Life Technologies, Grand Island, NY), and OptiMEM for experiments the following day.

The following amounts of DNA were transfected per dish: gfaABC1D>Ruby2-Glt1a-V5

(0.5 µg), gfaABC1D>Glt1a-V5 (0.5 µg), gfaABC1D>Glt1b-V5 (0.5 µg), gfaABC1D>Ruby2-

Glt1aCT (1 µg), GFP-Actin (0.2 µg). After 24 hours, the cultures were transferred to imag-

ing saline (126 mM NaCl, 4.7 mM KCl, 2.5 CaCl2, 0.6 mM MgSO4, 0.15 mM NaH2PO4,

0.1 mM ascorbic acid, 8 mM glucose, and 20 mM Hepes, pH 7.4, 300 mOsm) contain-

ing 1:1000 αV5-CF640 (Biotium, Hayward, CA) for 3 minutes at 37 C. The cultures were

washed 2 times with imaging saline and then transferred to the TIRF microscope (de-

scribed below) for experimentation.

HEK-293 cells were maintained in 10 cm dishes (CellTreat 229620, Pepperell, MA)

at 37 C under 5% CO2 in DMEM (Corning10-013-CV, Corning, NY) supplemented with

10% FBS. For transfections, cells were trypsinized and electroporated (BioRad GenePulse

Xcell, Berkeley, CA) with 1 µg Ruby2-Glt1a-V5 or Ruby2-Glt1b-V5. Following transfec-

tion, cells were plated on Matrigel-coated glass-bottom 35mm with No.1.5 coverslips

(MatTek, Ashland, MA) and imaged the following day.
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2.3.3 Microscopy

Total internal reflection fluorescence (TIRF) microscopy was performed on a Nikon

Eclipse Ti fluorescence microscope. Images were acquired with an Andor iXon (DU-897)

camera and 100X Plan Apo TIRF, NA 1.49 objective lens. Diode lasers (405, 488, 561, 647

nm, 100 mW) were controlled with an acousto-optic tunable filter (AOTF) and excitation

occurred with lasers at an incident angle of 63 degrees, allowing the evanescent wave to

penetrate approximately 144 nm at a wavelength of 488 nm. Emitted light was collected

through the proper bandpass filters. Movies were acquired at 20 Hz (50 ms exposure)

for 2000 total frames with a beam splitter, such that emitted green and far-red could be

imaged simultaneously. All imaging was performed at 37 C using a heated stage and

objective heater.

2.3.4 Photobleaching steps

HEK-293 cells or DIV8 primary astrocytes expressing Ruby2-Glt1a-V5 or Ruby2-

Glt1b-V5 were fixed using 4% paraformaldehyde and then washed using 1X PBS. Sub-

sequently, these cells were tagged with a rabbit antibody conjugated with CF640 and

directed against the V5 epitope (αV5-CF640 (Biotium)) at 1:1000 for 15 minutes. The

fixed cells were then imaged on the TIRF microscope for 30,000 frames at 20 Hz and

30% power of a 100 mW 640 nm laser. Using ImageJ, local maxima were identified in

the first frame of the movie and small circular ROIs were drawn around each point. The

ROIs were then used to measure the fluorescence of that spot over the entire course of

the movie. The results of these measurements were transferred to Microsoft Excel. Us-

ing a moving average of 50 frames, the smallest sustained drops in fluorescence, which

indicate a single bleached molecule, were used to determine the number of fluorescent

molecules in the initial nanocluster. According to specifications from Biotium, each αV5

antibody was conjugated with five CF640 molecules. Using this knowledge, we esti-
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mated the total number of antibodies per nanocluster. Due to the difficulty in assessing

antibody binding efficiency, we did not convert the number of antibodies to a number of

transporters in each nanocluster.

2.3.5 Labeling and image acquisition

DIV8 rat hippocampal mixed cultures expressing Glt1a-V5 or Glt1b-V5 were labeled

with 1:1000 αV5-CF640 in imaging saline for 3 minutes at 37 C. Due to the propensity

of Glt1 to form nanoclusters, the acquired movies contain both immobile nanoclusters

and mobile (presumably single) transporters. Astrocytes were identified by morphology

in fluorescence and DIC. Astrocytes co-expressing organelle markers, Glt1a, Glt1b, and

Glt1aCT (if necessary) were identified, and single frames were imaged. The beam split-

ter was then inserted, and 2000 frame movies were acquired before and after chemical

intervention (100 µM glutamate). One mL of 200 µM glutamic acid in imaging saline was

applied to the dish with 1 mL normal imaging saline on the microscope and allowed to

bind to Glt1 for 3 minutes before acquiring +Glu movies.

For the processing of TIRF movies, individual channels were aligned using DIC

images captured through the beam splitter. Due to the widespread coverage of astrocytes

across the glass surface of the dish, multi-colored beads, conventionally used for aligning

beam splitter images, could not be used. DIC images acquired through the beam splitter

were aligned using the AutoAlign plugin in ImageJ. These alignment settings were then

applied to the other channels.

2.3.6 Super-resolution radial fluctuations (SRRF)

To avoid limitations in lateral resolution due to Abbe’s diffraction limit, we applied

the super-resolution radial fluctuations (SRRF) approach to achieve less than 100 nm lat-

eral resolution [283]. Other popular super-resolution methods, like PALM and STORM,
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require repeated localizations of transiently emitting single fluorophores to reconstruct

precise maps of fluorophore positions. SRRF is advantageous in many ways, including

that data is acquired over a shorter time frame, on standard microscope setups, on live

or fixed samples, and with various emitting fluorophore densities. SRRF relies on the

principles of radiality and temporal correlation of a signal, where a fluorophore is most

likely localized at points where spatial gradients converge and where these spatial gra-

dients occur at multiple time points. SRRF was used for all images in this chapter with

the exceptions of Figure 2.1 & Figure 2.2.

For images acquired on the TIRF microscope, 2000 continuous frames were ac-

quired at 20 Hz on live culture samples. These videos were obtained through a beam

splitter, which allowed the simultaneous collection of emissions from two different flu-

orophores. Subsequently, these videos were background subtracted and analyzed using

the NanoJ-SRRF plugin for FIJI/ImageJ [284]. The SRRF algorithm was applied over 50

frames, and therefore final super-resolution frame rate was 1 frame every 2.5 s.

2.3.7 Single-particle tracking

Images containing Glt1 molecules were background subtracted and a gaussian filter

of 0.7 SD was applied to each frame in ImageJ. The channel images containing actin

underwent processing for SRRF analysis, such that 2000 frames were temporally corre-

lated and averaged to 40 frames [283]. This sequence of images was converted to binary

and was eventually used to determine nanocluster location. Individual Glt1 molecules

were tracked using the U-track algorithm in MATLAB [285]. Subsequently, tracks were

separated based on the spatial relationship to actin (on and off) using a custom MAT-

LAB code into ’on’ states when they are found to colocalize with actin and ’off’ states

otherwise. A 3-pixel barrier between the two regions was excluded, such that trajec-

tories were certainly within each region. Trajectory segments in each state (on or off)
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were discarded if they did not remain for at least 40 consecutive frames (2 seconds) in

the same state. The trajectories in each region were then used to calculate individual

time-averaged mean square displacements (MSD) using the equation,

r2(∆t) =
1

T − (∆t)

∫ T−∆t

0
[r(t + ∆t)− r(t)]2dt

where r(t) is the two-dimensional particle position at time t. The individual MSDs of

all molecules were then averaged for total MSD using a custom MATLAB code. The

diffusion coefficient (D) and localization error (σ) were calculated using the equation,

MSD(∆t) = 4D(∆t) + 4σ2

where ∆t is the lag time, for MSDs which displayed a linear relationship to time. For

non-linear MSDs, the anomalous diffusion coefficient (K) and anomalous exponent (α)

were calculated using the equation,

MSD(∆t) = K(∆t)α + 4σ2

K represents the area explored by a molecule in a unit time, while α describes the de-

viations from Brownian motion, which may be due to obstructions or transient confine-

ment [286]. α= 1 is indicative of Brownian motion, 1 < α < 2 is indicative of superdif-

fusivity, and 0 < α < 1 is indicative of subdiffusivity, which is commonly observed in

biological samples [287]. It should also be noted that due to the inability to only label

mobile transporters, MSDs presented in the results contain both mobile single trans-

porters and immobile nanoclusters.
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2.3.8 Nanocluster measurements

For nanocluster measurements, we used the same movies that were acquired for

single-particle tracking analysis. By temporally averaging frames and background sub-

tracting the fluorescence caused by diffusing transporters, we were able to isolate the

fluorescent signal from immobile nanoclusters. Nanoclusters are smaller than the diffrac-

tion limit of conventional microscopy, and thus, location was determined by identifying

the centroids of point-spread functions from 50 averaged frames of Glt1 movies. For

the random pixel control, an equal number of XY coordinates were randomly generated

in MATLAB. These XY coordinates were then compared to 50 averaged frames of actin

images and determined to be on or off actin. For calculating distance to actin, the 50

averaged frames of actin were converted to a Euclidean distance map (EDM) in MAT-

LAB [220]. Nanocluster centroids were then correlated to a distance from the nearest

actin filament using the EDM.

2.3.9 Image Processing and Analysis

Image processing was done in ImageJ (v. 1.52). Analysis was completed in MATLAB

(R2019A). Statistics and graphs were generated in GraphPad Prism 9. In cases where

multiple groups were compared, one-way ANOVAs were used followed by post-hoc

Sidak’s tests to compare specific groups to one another, unless otherwise noted.

2.4 Results

2.4.1 Glt1 forms nanoclusters on the surface of HEK cells and astrocytes

Previous work using freeze-fracture electron microscopy suggested that Glt1 forms

small clusters of approximately 200 nm in diameter when exogenously expressed in

baby hamster kidney (BHK) cells [138]. To determine whether we could observe surface-
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localized nanoclusters using fluorescence microscopy, we expressed GFP-Glt1a-V5 and

GFP-Glt1b-V5 in primary astrocytes and HEK-293 cells and labeled the extracellular

V5 epitope with an antibody conjugated to CF640 to specifically detect transporters on

the cell surface. Transfected GFP-Glt1a and GFP-Glt1b localized predominantly to the

astrocyte surface (Figure 2.1A-B) indicated by the ring of green fluorescence outlining

the cell when looking at a z-slice through the center of the cell. To estimate nanocluster

size, antibody labeling was performed after fixation to ensure that nanoclustering was

not enhanced by the bivalent nature of the antibody combined with multiple V5 epitopes

per transporter. However, even in unfixed, live cells the V5 antibody did not appear to

greatly alter the appearance of GFP-Glt1 on the surface, as seen by the similar size of

Glt1 puncta in unlabeled Figure 2.1C and V5 antibody labeled Figure 2.1D.

Each functional Glt1 transporter is a trimer composed of three subunits. Each of

these subunits has a single V5 epitope, which binds a single antibody, and therefore

one transporter could have up to three antibodies attached. To estimate the number

of antibodies bound to each nanocluster, we labeled the V5 epitope with an antibody

conjugated to a known number of CF640 molecules. Subsequently, we photobleached

the entire cell surface, such that we could resolve bleaching events of single CF640 fluo-

rophores (similar to the approaches used by [288,289]). Using the magnitude of a single

bleaching event and the number of CF640 molecules per antibody, the original number

of antibodies bound to a nanocluster was estimated.

Both isoforms, Glt1a and Glt1b, formed nanoclusters on the surface of astrocytes

(Figure 2.2A) and HEK cells (Figure 2.2C). A histogram detailing the incidence of anti-

bodies per nanocluster reveals Glt1a nanoclusters showed a bimodal distribution, with

peaks at 9-12 antibodies and 24-27 antibodies per nanocluster in astrocytes (Figure 2.2B,

magenta bars). In contrast, most Glt1b nanoclusters contained only 6 antibodies (Fig-

ure 2.2B, green bars), however, this might be an underestimation of the true density of
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Figure 2.1: Majority of transfected Glt1 localized to plasma membrane in cultured astrocytes.

Most transfected GFP-Glt1a (A) and GFP-Glt1b (B) are localized to the surface of a cultured
astrocyte, as seen in these slices through the center of each cell. C) The basal surface of an
astrocyte expressing GFP-Glt1a shows localization to filopodial process tips and in nanoclusters.
Zoom (right) scale bar = 5 µm. D) An astrocyte expressing GFP-Glt1a-V5, which has been
labeled with an antibody directed against V5 and conjugated to a CF640 molecule, also shows
localization to filopodia process tips and nanoclusters on the basal surface. Notably, there do not
appear to be more nanoclusters or larger nanoclusters in the cell labeled with the V5 antibody.
Zoom (bottom right) scale bar = 5 µm. Each image depicts a single z-plane. Scale bars are 10 µm,
unless otherwise noted. Yellow arrows point to filopodia.

Glt1 nanoclusters in astrocytes, due to high endogenous expression of Glt1. In HEK-

293 cells, which lack endogenous Glt1 expression, we observed a peak for Glt1a at 12

antibodies per nanocluster (Figure 2.2D, magenta bars). In contrast, Glt1b showed a bi-

modal distribution, with peaks at both 6 antibodies and 15 antibodies per nanocluster

(Figure 2.2D, green bars). Due to the lack of endogenous expression of Glt1 in HEK-293

cells, these measures may be a more accurate estimate of nanocluster size. Notably, the

population of Glt1a nanoclusters with more transporters was absent in the HEK-293 data

set, perhaps suggesting astrocyte-specific expression of a Glt1a binding partner.

While Glt1a and Glt1b subunits have been shown to colocalize in astrocytes [122],

these studies did not delineate between Glt1 transporters localized to the surface or in
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internal stores. To determine whether Glt1a and Glt1b could occupy the same nanoclus-

ters on the surface of astrocytes, GFP-Glt1a-V5 and Ruby2-Glt1b-V5 were expressed and

labeled with the CF640 conjugated V5 antibody described above. Using the V5 sig-

Figure 2.2: Glt1 forms nanoclusters on the surface of astrocytes and HEK cells. A) Represen-
tative images of nanoclusters of Glt1a (left, magenta) and Glt1b (right, green) in astrocytes. B)

Distribution of Glt1a (magenta) or Glt1b (green) transporters per nanocluster in hippocampal as-
trocytes. Glt1a showed a bimodal distribution, with peaks at 9-12 antibodies and 24-27 antibodies
per nanocluster. Glt1b favored smaller nanoclusters of 6 antibodies, however, this may be skewed
by endogenous expression of Glt1a. C) Representative images of nanoclusters of Glt1a (left, ma-
genta) and Glt1b (right, green) in HEK cells. D) Distribution of Glt1a (magenta) or Glt1b (green)
antibodies per nanocluster in HEK cells. Glt1a favored nanoclusters of 12 antibodies, while Glt1b
showed a bimodal distribution with peaks at both 6 and 15 antibodies per nanocluster. E) Astro-
cytes expressing GFP-Glt1a-V5 and Ruby2-Glt1b-V5 were labeled with a V5 antibody. The signal
from the V5 was used to determine the fluorescence contribution of Glt1a and Glt1b to surface
nanoclusters. These astrocytes displayed surface nanoclusters that contained both Glt1 isoforms
(cyan carets in the zoom, right). Scale bars represent 5 µm in all panels.
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nal, which should only represent transporters on the surface, we determined that GFP-

Glt1a-V5 and Ruby2-Glt1b-V5 signals resided in the same surface nanoclusters (Fig-

ure 2.2E). Consistent with previous studies, Glt1a and Glt1b could presumably create

heterotrimers and/or occupy the same nanoclusters, indicating that nanoclustering is

independent of the distal C-terminus, where Glt1a and Glt1b differ. To our knowl-

edge, this work is the first to attempt to quantify the number of Glt1 transporters

in surface nanoclusters. Many previous studies have observed Glt1 nanoclusters, al-

though, to our knowledge, only one group labeled Glt1 extracellularly [140], making

it difficult to discern whether clusters were located on the plasma membrane or inter-

nally [130, 134, 138, 139, 143, 172, 279, 290–292].

2.4.2 Glt1a nanoclusters localize near cortical actin filaments in astrocytes

Membrane protein clustering is driven by several factors, including lipid-protein

interactions [293, 294], protein-protein interactions between a membrane protein and or-

ganelle protein [218, 295], and cytoskeletal corralling [296–298]. Previous studies have

used pharmacology and biochemical approaches to propose the cytoskeleton is involved

in the regulation of glutamate transporters [139, 278, 279]. However, none of these stud-

ies have shown colocalization of Glt1 transporters with the actin cytoskeleton, although

some have noted Glt1 localization in actin-rich filopodia [130, 139, 299]. We wanted to

know whether the Glt1 nanoclusters shown in Figure 2.2 were associated with actin

structures in close contact with the astrocyte plasma membrane. Using a combination of

super-resolution radial fluctuations (SRRF) analysis and TIRF microscopy, we correlated

the location of Glt1 nanoclusters with actin within 100 nm of the membrane. By using

SRRF, we achieved less than 100 nm lateral resolution, which ensured a more precise lo-

calization of both nanoclusters and cortical actin filaments. Hippocampal astrocytes were

transfected with Ruby2-Glt1a-V5 or Ruby2-Glt1b-V5 and GFP-Actin, and subsequently,
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Figure 2.3: Glt1 transporters colocalize with actin near the surface of the astrocyte plasma

membrane. Astrocytes co-expressing GFP-actin and Ruby2-Glt1a-V5 were labeled with a V5 an-
tibody conjugated to CF640, imaged using TIRF microscopy, and subsequently, processed using
SRRF to improve spatial resolution. A) Glt1a nanoclusters (magenta) colocalize with cortical actin
filaments (green) in primary astrocyte cultures. B) Glt1b nanoclusters (magenta) rarely colocalize
with cortical actin filaments (green) in primary astrocytes. Scale bars are 5 µm.

labeled with a V5 antibody conjugated to CF640 to tag transporters extracellularly before

imaging.

Glt1a nanoclusters frequently colocalized with the actin cytoskeleton (Figure 2.3A),

shown by the magenta nanoclusters often on top of or directly adjacent to actin filaments

(green). In contrast, Glt1b nanoclusters were less likely to associate with actin filaments

(Figure 2.3B). To quantitatively measure nanocluster concentration on cortical actin fila-

ments, the fraction of Glt1 nanoclusters colocalized with actin filaments was compared

to the fraction of the surface area covered by actin. In this comparison, a ratio of 1 indi-

cates that nanoclusters are randomly distributed, while ratios greater than or less than 1

indicate concentration or exclusion from actin, respectively. Glt1a nanoclusters were sig-

nificantly concentrated on actin (mean ± SEM = 1.56 ± 0.081), compared to a matched

random pixel control (mean ± SEM = 0.98 ± 0.030, p < 0.0001, Figure 2.4A). Glt1b (mean
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Figure 2.4: Glt1 nanoclusters are concentrated on actin. A) The ratio of % of total nanoclusters
and % area covered by actin shows a concentration of Glt1a molecules on actin (green bar, N =
58 cells, mean ± SEM = 1.56 ± 0.081), compared to a matched random pixel control (dark grey
bar, N = 58 cells, mean ± SEM = 0.98 ± 0.030, ANOVA F = 13.65, p < 0.0001). Glt1b (N = 17
cells, mean ± SEM = 1.12 ± 0.042) was not significantly concentrated on actin compared to a
random pixel control (N = 17 cells, mean ± SEM = 1.02 ± 0.053, p = 0.998). Glt1a nanoclusters
were also significantly concentrated on actin compared to Glt1b (p < 0.001). B) Distance of both
Glt1a (green) and Glt1b (blue) nanoclusters from actin filaments. Glt1a nanoclusters (median =
0.308 µm, N = 622826 nanoclusters) were localized significantly closer to actin filaments than the
random pixel control (median = 0.499 µm, N = 622826 nanoclusters, p < 0.0001). Glt1b nanoclus-
ters (median = 0.544 µm, N = 158864 nanoclusters) were localized slightly closer to actin than the
random pixel control (median = 0.562 µm, N = 158864 nanoclusters, p < 0.0001). Notably, Glt1a
nanoclusters were localized significantly closer to actin filaments compared to Glt1b nanoclusters
(p < 0.0001). Box plots represent the median and interquartile range. Bars represent the 10th -
90th percentile. C) Glt1a nanoclusters had significantly greater fluorescence intensity on actin
(mean ± SEM = 7.66E5 ± 2.98E3 arbitrary units (AU), 57 cells, N = 34774 nanoclusters) than off
actin (mean ± SEM = 6.05E5 ± 9.36E2 AU, 57 cells, N = 219464 nanoclusters, p < 0.0001). Glt1b
nanoclusters were also significantly different in fluorescence intensity on actin (mean ± SEM =
5.81E5 ± 3.41E3 AU, 17 cells, N = 13365 nanoclusters) versus off actin (mean ± SEM = 4.40E5 ±

8.92E2 AU, 17 cells, N = 99045 nanoclusters, p < 0.0001). In addition, Glt1a nanoclusters also had
significantly larger fluorescence intensity than Glt1b nanoclusters (p < 0.0001).

± SEM = 1.12 ± 0.042) was not significantly concentrated on actin compared to a ran-

dom pixel control (mean ± SEM = 1.02 ± 0.053, p = 0.998). These data suggest that

Glt1a nanoclusters are specifically concentrated along actin filaments, perhaps due to

the amino acids in the distal C-terminus, which are different in Glt1a and Glt1b.
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To further assess the spatial relationship between each Glt1 nanocluster and actin,

we measured the distance of each nanocluster to the nearest actin filament. Glt1a nan-

oclusters were localized close to actin, with a median distance of 0.308 µm, compared to

0.499 µm for randomly generated pixels (Figure 2.4D, p<0.0001). Glt1b was also localized

slightly closer to actin (median=0.544 µm) than the random pixel control (median=0.562

µm, p<0.0001, Figure 2.4D), which may be explained by the formation of heteromeric

complexes with the endogenously expressed Glt1a.

To determine whether nanocluster size was correlated with localization, we mea-

sured the fluorescence intensity of Glt1 nanoclusters on actin filaments versus those off

actin filaments. The fluorescence intensity in each nanocluster should scale with the

number of transporters within each nanocluster, as was the case in Figure 2.2. Glt1a

nanoclusters had significantly higher fluorescence intensity on actin than off actin (Fig-

ure 2.4B, p < 0.0001), and Glt1b nanoclusters had significantly lower fluorescence inten-

sity than Glt1a nanoclusters (p < 0.0001). Although Glt1b nanoclusters were not con-

centrated on actin filaments, those nanoclusters that did colocalize with actin also had

significantly higher fluorescence intensity than those off actin (p < 0.0001). These data

suggest the two populations of Glt1a nanoclusters identified in Figure 2.2B represent

nanoclusters localized to different compartments of the plasma membrane. Notably, the

population of Glt1a nanoclusters with more transporters was absent in the HEK-293 data

set, perhaps suggesting astrocyte-specific expression of the Glt1a actin-binding partner.

Altogether, these data support a specific preference of the Glt1a isoform for localization

near actin filaments.

2.4.3 Glt1a-Actin interaction is disrupted by cytosolic Glt1a C-terminus expression

Thus far, the observed colocalization between actin and Glt1 nanoclusters appears

to be specific to the Glt1a isoform. Since Glt1a and Glt1b differ only in the distal
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amino acids of the C-terminus, we wanted to know whether the expression of a cy-

tosolic Glt1a C-terminus could interfere with Glt1a nanocluster localization on actin. A

Ruby2-tagged Glt1a C-terminus (CT) was expressed in astrocytes, and the association

of Glt1a nanoclusters with actin was assessed as described above. When co-expressed

with the CT, Glt1a nanoclusters (magenta) appeared to colocalize less often with actin

Figure 2.5: Glt1a-Actin interaction disrupted by cytosolic Glt1a C-terminus expression. Astro-
cytes co-expressing GFP-actin, Glt1a-V5, and Ruby2-Glt1a-CT were labeled with a V5 antibody
conjugated to CF640, imaged using TIRF microscopy and subsequently, processed using SRRF to
improve spatial resolution. A) Representative images of Glt1a-V5 nanoclusters (magenta) over-
lying Actin-GFP filaments (green) with a co-expressed cytosolic Glt1a C-terminus (+CT). B) A
measure of concentration on actin shows a significant decrease in concentration on actin with
co-expression of a competing Glt1a C-terminus (mean ± SEM = 1.14 ± 0.034, N = 28 cells, p <
0.0001). Glt1a +CT was not significantly concentrated on actin relative to a random pixel con-
trol (mean ± SEM = 0.94 ± 0.039, p = 0.38). C) Glt1a nanoclusters (median = 0.308 µm, N =
622826 nanoclusters) were localized further from actin filaments when co-expressed with the CT
(median = 0.366 µm, N = 315362 nanoclusters, p < 0.0001). Box plots represent the median and
interquartile range. Bars represent the 10th - 90th percentile. D) Co-expression of the cytoso-
lic Glt1a CT significantly decreased nanocluster fluorescence intensity on actin (mean ± SEM =
5.71E5 ± 2.56E3 AU, 28 cells, N = 26307 nanoclusters, p < 0.0001) and off actin (mean ± SEM =
4.71E5 ± 7.49E2 AU, 28 cells, N = 193666 nanoclusters, p < 0.0001
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filaments (green) compared to cells without the CT expressed (Figure 2.5A). Indeed,

expression of the CT significantly reduced Glt1a nanocluster concentration on actin (Fig-

ure 2.5B, p < 0.0001), suggesting that the distal C-terminus of Glt1a is vital in localizing

nanoclusters to actin filaments. In addition, distribution analysis showed that Glt1a nan-

ocluster distance to actin filaments significantly increased with co-expression of the CT

(median=0.366 µm, p<0.0001, Figure 2.5C).

Furthermore, Glt1a nanocluster fluorescence intensity on actin filaments was also

significantly decreased by co-expression of the CT (Figure 2.5C, p < 0.0001). Interestingly,

nanocluster fluorescence intensity off actin was also decreased by expression of the CT

(p < 0.0001), suggesting that the C-terminus is important in regulating the number of

transporters per nanocluster, regardless of actin localization. Together these data suggest

that the Glt1a C-terminus is important in localizing nanoclusters near actin filaments and

regulating the number of transporters per nanocluster.

2.4.4 Glt1a diffusion is altered by cytosolic Glt1a C-terminus expression

We next wanted to know whether the CT could alter Glt1a diffusion dynamics

since Glt1 mobility is important for buffering glutamate [140, 143]. Since nanoclusters

are largely immobile, a disruption of nanocluster integrity could increase the number

of mobile transporters in the membrane. Our collected trajectories of Glt1a molecules

included both freely diffusing single transporters and nanoclusters of multiple trans-

porters. To determine whether actin localized molecules showed diffusion differences

after CT expression, we separated trajectories according to their location relative to actin.

Mean square displacements under normal conditions show that diffusion on and off

actin (green and grey lines, respectively) are different, with Glt1a molecules off actin dif-

fusing more than those on actin (Figure 2.6A and C, p < 0.0005). This result is consistent

with the observation that immobile nanoclusters prefer to localize on actin. Expression
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Figure 2.6: Glt1a diffusion increased by expression of cytosolic Glt1a-CT. Mean square dis-
placements of diffusing Glt1a molecules on actin (green) and off actin (grey), in normal condi-
tions (A) and with co-expression of cytosolic C-terminus (B). Lines shown are fits of the data to
Eqn 3 (A: On K = 0.133, α = 0.898, R2 = 0.998; A: Off K = 0.159, α = 0.790, R2 = 0.998; B: On K =
0.434, α = 0.909, R2 = 0.999; B: Off K = 0.319, α = 0.904, R2 = 0.999). C) Anomalous diffusion co-
efficients (K) of Glt1a molecules on actin (median = 0.0375, N = 3022 trajectories) is significantly
slower than Glt1a molecules off actin (median = 0.0839, N = 18539 trajectories, p < 0.0001). Diffu-
sion on actin significantly increases with co-expression of the Glt1a CT (median = 0.18, N = 1677
trajectories, p < 0.0001). Expression of the Glt1a CT also significantly increased the diffusion of
Glt1a off actin (median = 0.196, N = 11443, p < 0.0001). D) The anomalous exponent (α) is similar
in trajectories on and off actin (On: median = 0.482, N = 3022 trajectories; Off: median = 0.537,
N = 18539 trajectories; p = 0.9877). The anomalous exponent increases with co-expression of the
cytosolic C-terminus in both trajectories localized on actin (median = 0.787, N = 1677 trajectories,
p < 0.0001) and off actin (median = 0.749, N = 11443, p < 0.0001). Box plots in C and D represent
the median and interquartile range. Bars represent the 10th - 90th percentile.

of the CT increased the diffusion both on and off actin (Figure 2.6B). In the presence of

the CT, the generalized diffusion coefficient (K) of Glt1a molecules on actin increased by

a factor of 4.8 (p<0.0001), and off actin by a factor of 2.3 (Figure 2.6A-C). In addition,

analysis of the anomalous exponent (α), which describes deviations from free diffusion,
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revealed trajectories of Glt1a on actin filaments (mean ± SEM = 0.523 ± 0.00887) showed

more subdiffusive motion compared to those measured in the presence of the CT (mean

± SEM = 0.694 ± 0.0112, p<0.0001, Figure 2.6D). Likewise, trajectories of Glt1a off actin

filaments (mean ± SEM = 0.527 ± 0.00323) showed more confinement compared to

those measured in the presence of the CT (mean ± SEM = 0.664 ± 0.00398, p<0.0001,

Figure 2.6D). These data imply the C-terminus of Glt1a is important for limiting Glt1a

diffusion both on actin and off actin, further suggesting the C-terminus is involved in

more than just mediating the Glt1a-actin interaction. Furthermore, these data suggest

that perturbations of immobile nanoclusters could increase the glutamate buffering ca-

pacity of Glt1 transporters.

2.4.5 Glutamate does not affect Glt1a nanoclustering

Previous studies of Glt1 diffusion found that 100 µM glutamate increased the aver-

age diffusion coefficient by ∼36% [140,143]. One possible explanation for this increase in

the rate of diffusion is by releasing a pool of previously immobile transporters, such as

by perturbing the nanoclusters described above. To ensure we could observe the increase

in diffusion after adding glutamate, we used single-particle tracking and averaged the

mean square displacements (MSDs) of the total population of Glt1 transporters. The av-

erage MSDs of the total population of Glt1a or Glt1b molecules changed after glutamate

addition, such that each transporter explored a larger area of the membrane in a given

amount of time (Figure 2.7A and B). This effectively increased the generalized diffusion

coefficient (K) by 13% and 49% for Glt1a and Glt1b, respectively, (Figure 2.7C) and the

anomalous exponent (α) by 7% and 19%, for Glt1a and Glt1b, respectively (Figure 2.7D),

indicating a significant increase in mobility caused by glutamate and supporting previ-

ous observations [140, 143].
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Figure 2.7: Glt1 diffusion increased by application of 100 µM glutamate. Mean square dis-
placement (MSD) as a function of lag time (s) shows an increase in diffusion of Glt1a (A) and
Glt1b (B) with 100 µM glutamate application. Lines shown are fits of the data to Eqn 3 (A: K =
0.150, α = 0.752, R2 = 0.998; A: +Glu K = 0.170, α = 0.800, R2 = 0.998; B: K = 0.0939, α = 0.645, R2

= 0.999; B: +Glu K = 0.146 α = 0.714, R2 = 0.999). C) The anomalous diffusion coefficient (K) of
Glt1a (green, median = 0.093, N = 32432 trajectories) or Glt1b (blue, median = 0.025, N = 2821
trajectories) significantly increases with glutamate application (Glt1a +Glu: median = 0.103, N =
34540 trajectories, p < 0.0001; Glt1b +Glu: median = 0.035, N = 3133 trajectories, p < 0.0001). The
anomalous diffusion coefficient for Glt1a was significantly higher than Glt1b (p < 0.0001). D) The
anomalous exponent (α) of Glt1a (green, median = 0.528, N = 32432 trajectories) or Glt1b (blue,
median = 0.121, N = 2821 trajectories) significantly increases with glutamate application (Glt1a
+Glu: median = 0.596, N = 34540 trajectories, p < 0.0001; Glt1b +Glu: median = 0.171, N = 3133
trajectories, p < 0.0001). The anomalous exponent for Glt1a was significantly higher than Glt1b
(p < 0.0001). Box plots represent the median and interquartile range. Bars in box plots represent
the 10th - 90th percentile.

To test the possibility that Glt1 nanoclusters localized on actin release mobile trans-

porters after glutamate addition, we measured nanocluster localization and intensity be-

fore and after applying 100 µM glutamate. Representative images of Glt1a nanoclusters

in the same cell before and more than 3 minutes after 100 µM glutamate application are
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shown in Figure 2.8A. Notably, Glt1a nanocluster localization on actin filaments does

not appear to change after glutamate addition. Indeed, when nanocluster concentration

on actin was quantified, adding glutamate did not significantly increase or decrease the

density of Glt1a nanoclusters localized to actin regions (Figure 2.8B), indicating that nan-

Figure 2.8: Glutamate does not affect Glt1a nanoclustering. A) Representative images of Glt1a
nanoclusters (magenta) overlying actin (green) before and after the addition of 100 µM gluta-
mate. B) Glt1a nanoclusters are concentrated to actin filaments even after the addition of 100 µM
glutamate (mean ± SEM = 1.52 ± 0.079, N = 58 cells) versus a random pixel control (mean ±

SEM = 0.97 ± 0.034, N = 58 cells, p < 0.0001). C) Glt1a nanocluster sum intensity on actin fila-
ments (mean ± SEM = 9.61E5 ± 1.04E4, N = 43 cells, 34774 nanoclusters) does not change after
addition of 100 µM glutamate (mean ± SEM = 9.91E5 ± 5.76E3, N = 27 cells, 34615 nanoclus-
ters, p = 0.239). Glt1a nanoclusters localized off actin (mean ± SEM = 8.42E5 ± 8.43E3, N = 43
cells, 219464 nanoclusters) also do not change in size after glutamate application (mean ± SEM =
8.73E5 ± 4.58E3, N = 43 cells, 204549 nanoclusters, p = 0.218) D) Representative images of Glt1b
nanoclusters (magenta) overlying actin (green) before and after addition of 100 µM glutamate.E)

Glt1b nanoclusters are not concentrated to actin filaments even after addition of 100 µM gluta-
mate (mean ± SEM = 1.13 ± 0.045, N = 17 cells) versus a random pixel control (mean ± SEM
= 0.82 ± 0.046, N = 17 cells, p < 0.0001).F) Glt1b nanocluster sum intensity on actin filaments
increases after addition of 100 µM glutamate (mean ± SEM = 8.14E5 ± 9.73E3, 17 cells, N =
13589 nanoclusters, p < 0.0001). However, Glt1b nanoclusters localized off of actin mean ± SEM
= 6.13E5 ± 3.66E3, N = 17 cells, 99045 nanoclusters) do not change in density after glutamate
application (mean ± SEM = 6.18E5 ± 4.09E3, N = 17 cells, 105676 nanoclusters, p = 0.986). Scale
bars are 5 µm.
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oclusters on actin do not disintegrate after glutamate addition to increase total diffusion.

In addition, Glt1a nanocluster fluorescence intensity did not change following gluta-

mate treatment, including nanoclusters located away from actin, suggesting that few,

if any, individual transporters leave nanoclusters (Figure 2.8C). Similar to Glt1a, Glt1b

nanocluster localization relative to actin did not appear to change after glutamate treat-

ment (Figure 2.8D and E). However, Glt1b nanoclusters localized on actin significantly

increased in fluorescence intensity after glutamate treatment (Figure 2.8F), suggesting

glutamate binding might free additional Glt1b that subsequently become trapped in ex-

isting nanoclusters near actin.

Altogether, these data suggest that glutamate does not alter the localization or

morphology of Glt1a nanoclusters, and thus Glt1a nanocluster disintegration is not likely

linked to the increase in diffusion seen after glutamate treatment. Since nanoclusters

off actin were also unaffected, it appears the effect of glutamate on diffusion primarily

affects free transporters, although the underlying mechanism remains elusive.

2.5 Discussion

2.5.1 Summary

To maintain the fidelity of glutamate neurotransmission, astrocytes use highly ex-

pressed glutamate transporters, such as Glt1, to limit glutamate signals spatially and

temporally [300,301]. Here, we described the localization of Glt1a nanoclusters on corti-

cal actin filaments using a combination of high-resolution microscopy, bleach step analy-

sis, and single-particle tracking. Our results indicate that Glt1a and Glt1b can both form

nanoclusters in multiple cell types and both isoforms can occupy the same nanoclus-

ters. However, these isoforms differed in their localization, with Glt1a nanoclusters co-

localizing strongly with cortical actin filaments, while Glt1b nanoclusters did not. Both
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Figure 2.9: Model of astrocyte Glt1 nanoclusters. Astrocyte Glt1 transporters (green) are lo-
calized in nanoclusters at the surface of astrocytes, perhaps due to the interaction of the Glt1a
C-terminus with a component of the actin cytoskeleton (magenta).

Glt1a and Glt1b nanoclusters had higher fluorescence intensity when localized on actin

filaments, analogous to an increased number of transporters per nanocluster. Expres-

sion of a cytosolic Glt1a C-terminus protein disrupted the localization and fluorescence

of Glt1a nanoclusters on actin filaments, indicating the C-terminus plays an important

role in this interaction. Expression of the C-terminus also increased the overall diffu-

sion of Glt1a transporters both on and off of actin filaments, suggesting the C-terminus

plays a larger role in governing transporter diffusion. We also found that Glt1a nan-

ocluster localization and fluorescence intensity on actin was undisturbed by glutamate

application, indicating that glutamate binding or transport does not strongly affect the

localization of Glt1a nanoclusters. However, Glt1b nanoclusters localized on actin dis-

played a significant increase in fluorescence intensity, indicating an increased number of

transporters per nanocluster after glutamate application. Altogether, these data strongly

suggest that the actin cytoskeleton plays a role in organizing Glt1 nanoclusters in the

astrocyte plasma membrane. A model summarizing the results presented in this chapter

is shown in Figure 2.9.
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2.5.2 Nanoclustering is a conserved feature of both Glt1 splice forms

The data presented here suggest that 2 isoforms of Glt1, Glt1a and Glt1b, are ca-

pable of forming nanoclusters (Figure 2.2), which implies a shared mechanism initiates

nanocluster formation, possibly via interaction with membrane cholesterol, as suggested

previously [138, 141, 142]. Here, we used the number of antibodies per nanocluster as a

proxy for the number of transporters localized in a nanocluster (Figure 2.2B & D). It is

difficult to estimate the number of antibodies that could bind to individual transporters,

which could be anywhere from 1-3 depending on steric hindrance. However, because

Glt1a and Glt1b are similar in most of their sequence, we do not believe a different

number of antibodies would bind to transporters containing either splice variant. There-

fore, differences between Glt1a and Glt1b should remain, regardless of the number of

antibodies bound to each transporter. We also found that only Glt1a nanoclusters are

localized near actin, indicating cytoskeleton interaction both localizes Glt1a nanoclus-

ters (Figure 2.3A & C) and increases the number of Glt1a transporters per nanocluster

(Figure 2.3D). Together with Figure 1, these results indicate multiple mechanisms can

regulate Glt1 nanocluster formation and stability.

2.5.3 Cortical actin is central to Glt1a nanocluster location

Our understanding of plasma membrane organization and architecture has evolved

from the Singer-Nicholson fluid mosaic model, which postulated a homogeneous lipid

bilayer embedded with freely diffusing proteins [302]. The current prevailing model is

far more complex, with the plasma membrane consisting of heterogeneous patches of

lipids and proteins, which are dynamically regulated [297,303–306]. Compartmentaliza-

tion of the plasma membrane is thought to improve regulatory efficiency and provide

specialized signaling domains [297]. Protein constituents of these domains are manipu-
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lated by lipid composition and turnover, extracellular matrix contacts, and cytoskeletal

encounters [298].

A fine mesh of cortical cytoskeleton filaments that lie just beneath the plasma mem-

brane act as diffusion barriers [274, 307] and nanocluster nucleators [308, 309]. Cortical

cytoskeleton filaments, composed of actin and septins, can simultaneously limit the lat-

eral diffusion of membrane proteins and facilitate interactions between membrane pro-

teins or lipids and cytoskeletal components to generate nanoclusters [298]. The work in

this paper suggests this mechanism is relevant to glutamate transporters as well. How-

ever, Glt1a nanoclusters clearly do not directly bind cortical actin, for nanoclusters were

often found adjacent to actin, as opposed to being entirely colocalized when using the

SRRF super-resolution approach. Therefore, the Glt1a C-terminus may interact with an

unknown protein that in turn associates with actin.

2.5.4 Looking towards the Glt1 interactome

Membrane protein localization and diffusion are governed by several factors, in-

cluding interactions with other proteins, corralling by or anchoring to the actin cytoskele-

ton, and interactions with organelles that come into close contact with the plasma mem-

brane [271–274]. Biochemical approaches have identified several proteins that could act

as Glt1 interactors, including cytoskeleton-associated proteins Ajuba [278] and Sept2-

associated BORG4 [279], PDZ proteins PICK1 [124] and MAGI1 [280], the Na+/K+

ATPase α-subunit [108], and various mitochondrial proteins [108]. Any one of these

interactors could reasonably contribute to the immobilization of Glt1 molecules on the

astrocytic surface, both near neuronal synapses and somatic Kv2.1 clusters. The present

work suggests the primary mechanism of Glt1 immobilization is via an interaction with

a cytoskeleton-associated protein (Figure 2.3). An Ajuba interaction is unlikely to explain

the observations presented here because the N-terminus of Glt1 is thought to regulate
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the interaction, which is identical between Glt1a and Glt1b. Also, our results in Fig-

ure 2.5 and Figure 2.6 implicate the Glt1a C-terminus in regulating the localization of

nanoclusters to cortical actin filaments. The specific amino acid residues involved in the

BORG4/Sept2 interaction with Glt1 have not yet been identified, and this partnership

should be the focus of future investigations.

Interestingly, GLAST, another highly expressed glutamate transporter, interacts

with Sept2 in Bergmann glia via the GLAST C-terminus [310]. More recent evidence sug-

gests that this interaction is dependent on the septin effector, BORG4, and is crucial in

localizing GLAST to perisynaptic astrocyte membranes [311]. Mislocalization of GLAST

caused impairment in the time course of glutamate clearance, suggesting the perisynap-

tic localization of GLAST is imperative for proper glutamate signaling dynamics in the

cerebellum. Together with the data presented in this work, this suggests cytoskeletal

interaction may be a ubiquitous method of localizing glutamate transporters.

While the data presented here focus on localization near the actin cytoskeleton, the

septin cytoskeleton is intimately connected and dependent upon the actin cytoskeleton

(for review: [312]). We found Glt1a was localized on and adjacent to actin filaments

(Figure 2.3), perhaps implicating the septin cytoskeleton in Glt1a localization. Septins

colocalize prominently with certain features of actin filaments [312], most notably stress

fibers and focal adhesions, which are necessary to maintain peripheral astrocyte pro-

cesses and stabilize cell adhesions [313]. Multiple glutamate transporters, including Glt1,

are localized to the tips of such processes [299], which might rely on a septin interaction.

2.5.5 Nanoclustering may impact transporter function

Nanoclustering is thought to be important in regulating several features of mem-

brane protein function, such as concentrating ligand binding sites, improving signal

transduction, and allowing allosteric cooperation [297]. Certainly, the concentration of
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Glt1 transporters near synapses is vital in limiting glutamate neurotransmission. In-

terestingly, neuronal activity induced by gabazine increased Glt1 nanocluster diameter

by 49% and decreased Glt1 nanocluster distance to synapses [130]. Although we did

not observe increases in Glt1a nanocluster fluorescence intensity after glutamate addi-

tion, which should be comparable to nanocluster diameter, it is difficult to equate the

neuronal activity elicited by gabazine and the concentration of glutamate used in this

study. Furthermore, Glt1 transporters are rapidly internalized under conditions of high

extracellular glutamate, such as in ischemia and traumatic brain injury [314]. Given

the importance of actin in endocytosis [315], localizing Glt1 nanoclusters near actin fila-

ments could be a mechanism to swiftly internalize glutamate-bound transporters unable

to function due to ionic gradient perturbations in pathophysiological conditions [316].

Additionally, nanocluster disruption via cholesterol depletion decreased transport effi-

ciency by ∼30%, suggesting that nanoclustering of Glt1 may be important for transporter

function or membrane stability [138]. In another study, cholesterol disruption resulted

in rapid internalization of Glt1 transporters, supporting the idea that nanoclustering en-

hances Glt1 surface stability [141]. Whether nanoclustering affects transport efficiency

directly or by increasing Glt1 transporter stability in the membrane awaits future inves-

tigation.

Overall, these data indicate that the Glt1a C-terminus is important in determining

the localization of Glt1a in the plasma membrane. Due to the slow transport cycle of

Glt1, transporters must be localized at the right place at the right time. Understanding

the mechanisms regulating Glt1a C-terminal interaction with the actin cytoskeleton, and

thus transporter localization will be essential to identify new targets for mitigation of

neuronal insults which lead to high ambient glutamate, such as ischemic stroke, trau-

matic brain injury, and epilepsy. Whether the Glt1a-actin interaction is necessary for

localization near neuronal structures involved in sensing glutamate is explored in the

next chapter.
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Chapter 3

Astrocytic Glt1-actin interaction localizes glutamate
transporters near neuronal structures involved in glutamate
sensation

3.1 Summary

Astrocytes contact neurons at somatic clusters of Kv2.1 potassium channels and

approximately 2/3 of synapses in the hippocampus. In the somatosensory cortex, astro-

cyte Glt1 forms net-like structures around neuronal Kv2.1 clusters, and pharmacological

inhibition of Glt1 glutamate uptake causes Kv2.1 cluster disintegration. Therefore, we

wanted to determine the cause of the Glt1 localization pattern surrounding neuronal

Kv2.1 clusters. Using super-resolution imaging of mixed cultures of astrocytes and neu-

rons, we replicate findings of astrocyte Glt1 in a net-like localization pattern around

neuronal Kv2.1 clusters. By expressing organelle markers for actin, ER, and mitochon-

dria specifically in astrocytes, we found that both actin and ER were excluded from

the region across from neuronal Kv2.1 clusters. The actin-Glt1 relationship discussed

in Chapter 2 is likely responsible for the net-like appearance of Glt1, as astrocytic Glt1

and actin colocalize in nets around Kv2.1 clusters at points of neuron-astrocyte contact.

Neuronal control over the astrocyte cytoskeleton appears central to this Glt1a localiza-

tion. Together with Chapter 2, these data describe a novel interaction between the Glt1a

C-terminus and cortical actin filaments, which localizes Glt1 near neuronal structures in-

volved in detecting ischemic insult. Since Glt1 is also localized near synapses, we go on

to describe the localization of Kv2.1 and its auxiliary β-subunit AMIGO1 at mature post-

synaptic compartments, where Glt1 was also commonly associated. These data suggest

these two glutamate-sensing neuronal structures where Glt1 is localized may be formed

and regulated by similar mechanisms.
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3.1.1 Hypotheses to be tested —

1. Astrocyte Glt1 and actin will colocalize in nets surrounding neuronal Kv2.1 clus-

ters.

2. Glt1 diffusion will be altered across from neuronal Kv2.1 clusters, similar to that

seen at synapses.

3. Synapses will colocalize with Kv2.1, AMIGO1, and Glt1.

3.2 Introduction

The astrocyte-expressed glutamate transporter, Glt1, provides the major mecha-

nism for glutamate uptake at synapses [3,169,170]. Glt1 concentration is especially high

in peri-synaptic astrocyte processes (PAPs) [73, 110], where it limits the time-course of

glutamate transmission and limits spill over into other synaptic clefts, thereby prevent-

ing excitation at inactive synapses [270]. The distance of Glt1 to synapses is dynamically

regulated by synaptic activity, such that Glt1 is localized closer to active synapses [130].

In addition to localization, the mobility of active Glt1 transporters in the mem-

brane is important in shaping glutamate neurotransmission in the hippocampus [140].

Unbound transporters are relatively immobile, especially near synapses, but when glu-

tamate is bound, transporter diffusion increases, thus allowing transporters to diffuse

away from high concentrations of glutamate [140,143]. This mobility change is effectively

responsible for replacing glutamate-bound transporters with unbound transporters, con-

ceivably to overcome slow transport. Given the importance of Glt1 in regulating synap-

tic glutamate signals, it is vital to understand the mechanisms governing the localization

and diffusion of these transporters.
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The majority of published work on Glt1 localization has focused on localization

adjacent to synapses [73, 110, 156], however, a smaller literature describes a functional

and spatial relationship of astrocytic Glt1 transporters and clusters of Kv2.1 channels on

the neuronal soma [184, 185]. Kv2.1 is a voltage-gated potassium channel that resides

in micron-sized clusters on the soma, dendrites, and AIS of pyramidal neurons [191,

211, 214, 317, 318]. Clusters represent areas of the plasma membrane where hundreds

of Kv2.1 channels interact with endoplasmic reticulum (ER) resident VAP proteins to

bring the ER into close apposition with the plasma membrane (PM) [210, 218, 220, 295].

While not all functions of Kv2.1-induced ER/PM junctions are fully elucidated, these

junctions are thought to be crucially involved in Ca2+ homeostasis, lipid transfer, and

exocytosis [196,198,215,221,224,225,319–321]. ER/PM junctions make up approximately

12% of the total neuronal surface in vivo [221], indicating this organelle may be critically

involved in several cellular processes.

In addition, Kv2.1 interacts directly with AMIGO1, which modifies the voltage-

dependence of activation of Kv2.1 and possesses an extracellular domain that acts as

a cell-adhesion molecule [226–228]. AMIGOs are single-pass transmembrane proteins,

with short intracellular C-termini and extensive N-termini with 6 leucine-rich repeat

(LRR) domains and an immunoglobulin-like domain [227, 229]. The AMIGO family

consists of 3 members (AMIGO1, 2, and 3), which are about 48% similar at the amino

acid level, and all are now known to capably interact with Kv2.1 to modify its function

[226, 228] (see Chapter 4). AMIGO1 is the most highly expressed in the brain, while

the other two are more widespread in tissue distribution, although still enriched in the

brain [227].

Previous EM studies of Kv2.1 in the murine brain show Kv2.1 clusters are of-

ten apposed to astrocyte processes [183], although the mechanism of cell adhesion re-

mains to be discovered. Subsequent investigations of this Kv2.1-astrocyte contact have
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been limited to primarily functional studies, focusing on the relationship of Kv2.1 and

the astrocyte-expressed glutamate transporter, Glt1. Pharmacological blockade of the

astrocyte expressed Glt1 results in glutamate-induced declustering of Kv2.1 [184, 185],

due to the dephosphorylation of the VAP interacting FFAT motif in the C-terminus of

Kv2.1 [184, 218, 257, 261, 262, 322, 323]. Interestingly, Glt1 resides in net-like structures

around Kv2.1 clusters in the somatosensory cortex, although the cause of localization is

unknown [184].

This work aimed to determine the mechanism of astrocyte Glt1 exclusion from

membrane across from neuronal Kv2.1 clusters. The work presented here shows as-

trocytic Glt1 localizes in net-like structures around neuronal Kv2.1/AMIGO clusters.

In hippocampal mixed cultures of astrocytes and neurons, we find that both astrocytic

actin and ER are excluded from the region directly across from Kv2.1/AMIGO1 clus-

ters in neurons. Subsequently, we demonstrate that in hippocampal mixed cultures of

astrocytes and neurons, astrocytic Glt1 and actin colocalize in net-like structures around

neuronal clusters of Kv2.1. In contrast to published work on the diffusion of Glt1 near

synapses [140], we show that astrocytic Glt1 mobility does not decrease across from neu-

ronal Kv2.1 clusters, suggesting that the exclusion of actin, not Glt1, is responsible for

the net-like localization. Because Glt1 is localized near both Kv2.1 and synapses, we also

performed studies of Kv2.1 and AMIGO1 localization at synapses in mature hippocam-

pal cultures. We discover Kv2.1 and AMIGO1 both localize to synaptic structures, which

were often associated with astrocytic Glt1. To our knowledge, these studies are the first

to describe Kv2.1 and AMIGO at synapses in culture. Altogether, these data further elu-

cidate the mechanisms governing Glt1 localization, particularly near glutamate-sensitive

neuronal structures [184, 185, 210, 322].

67



3.3 Materials and Methods

3.3.1 DNA Constructs

For specific expression of proteins in astrocytes or neurons, the gfaABC1D and SYN

promoters were used, respectively. The gfaABC1D promoter was inserted via PCR-

mediated addition of restriction sites, AseI and NheI, to the ends of the gfaABC1D pro-

moter from pAAV.GfaABC1D.GluSnFr.SV40 (a gift from Baljit Khakh, Addgene plasmid

100889). gfaABC1D>Glt1a-V5 was generated by restriction digest of gfaABC1D>Ruby2-

Glt1a-V5 with AgeI and BspEI to remove the Ruby2, followed by ligation. This con-

struct was then sent to VectorBuilder (Chicago, IL), where it was cloned into an AAV

vector and packaged into an AAV5 virus. gfaABC1D>Ruby2-Actin was generated by re-

striction digest of gfaABC1D>Ruby2-Glt1a-V5 and GFP-Actin with NheI and XhoI and

subsequent ligation of the NheI-GFP-Actin-XhoI into the XhoI-gfaABC1D-NheI vector.

AAV9: SYN>AMIGO-GFP was used to label the endogenous Kv2.1 clusters in neu-

rons. This virus was also packaged by VectorBuilder. GFP-TOMM20-N-10 was a gift

from Michael Davidson (Addgene plasmid 57158). For full maps of gfaABC1D>Ruby2-

Actin, gfaABC1D>Ruby2-Tomm20, and gfaABC1D>dsRed-ER, and other plasmids, see

Appendix B.

3.3.2 Cell Culture, Transfection, Infection and Labeling

See Section 2.3.2.

DIV7 cultures were infected with AAV for immunocytochemistry or live mixed

cultures, which were performed on DIV14 or later. For live co-culture experiments,

DIV7 cells were infected with AAV9:SYN>AMIGO-GFP (1×1010 genocopies) and AAV5:

gfaABC1D> Glt1a-V5 (5×109 genocopies). Subsequently, these cultures were trans-

fected with gfa-ABC1D> Ruby2-Actin (0.5 µg), gfaABC1D> Ruby2-Tomm20 (0.5 µg),
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gfaABC1D> dsRed-ER (0.5 µg), CMV> GFP-PSD-95 (0.5 µg), or CMV> vGluT1-mCherry

(0.5 µg). On the day of imaging, cultures were washed 2 times with imaging saline and

then either prepared for immunocytochemistry or were immediately transferred to the

spinning disk confocal microscope (described below) for live experimentation.

3.3.3 Immunocytochemistry

DIV14 cells were washed once with imaging saline and then fixed in 4% paraformalde-

hyde in imaging saline for 10 minutes at 37 C. After washing, cells were incubated in

10% goat serum, 0.1% TritonX-100 in imaging saline for 15 minutes at room temperature.

The solution was removed and replaced with 10% goat serum containing a combination

of the following antibodies: 1:200 mouse αAMIGO1 (NeuroMab), 1:200 mouse αKv2.1

(NeuroMab), 1:1000 rabbit αEAAT2/Glt1 (Abcam), 1:1000 rabbit αSynapsin (Synaptic

Systems). Cells were incubated in primary antibody solutions overnight at 4 C with-

out agitation. The following day, cultures were washed 4 times with 1X PB2 + 0.2%

Tween-20. Cultures were then incubated in secondary antibody solutions containing

10% goat serum and a combination of the following antibodies: 1:1000 goat α-mouse

AlexaFluor488 (Thermo Fisher Scientific), 1:1000 goat α-mouse AlexaFluor647 (Thermo

Fisher Scientific), 1:1000 goat α-rabbit AlexaFluor488 (Thermo Fisher Scientific), 1:1000

goat α-rabbit AlexaFluor647 (Thermo Fisher Scientific). After 45 minutes of incubation,

the dishes were washed 4 times with 1X PB2 + 0.2% Tween-20, and then coverslips were

mounted on top of cells with AquaPoly Mount and sealed with clear nail polish. Dishes

were stored in the dark at 4 C until use.

3.3.4 Microscopy

Spinning disk confocal microscopy was performed on a Yokogawa (Musa-shino, JP)

based CSUX1 system with an Olympus (Tokyo, JP) IX83 inverted stand, and coupled to

an Andor (Abingdon, GB) laser launch containing 405, 488, 568, and 637 nm diode lasers,
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100-150 mW each. Images were collected using two Andor iXon EMCCD cameras (DU-

897), oriented perpendicularly, and 100X Plan Apo, 1.4 NA objective. To split the emitted

fluorescence when imaging concurrently for single-particle tracking and fluorescence

recovery after photobleaching, a dichroic mirror was used. This system is equipped with

the ZDC constant focus system and a Tokai Hit chamber and objective heater. Images

were collected using MetaMorph software (version 7.8.13.0).

3.3.5 Super-resolution radial fluctuations (SRRF)

See Section 2.3.6.

For images acquired on the spinning disk confocal microscope, 200 frames for each

wavelength were acquired sequentially at each focal plane in fixed co-culture samples.

Subsequently, these videos were background subtracted and analyzed using the NanoJ-

SRRF plugin for FIJI/ImageJ [284]. The SRRF algorithm was applied over 200 frames,

and therefore one super-resolution image represented each focal plane.

3.3.6 Single-particle tracking

DIV14 rat hippocampal mixed cultures infected with AAV9:SYN-AMIGO-GFP and

AAV5:gfaABC1D-Glt1a-V5 were labeled with αV5-CF640 for 3 minutes in imaging saline

and subsequently transferred to the spinning disk confocal microscope for imaging. The

chamber was kept at 37 C for the entirety of imaging. Using a dual-camera system and

a dichroic mirror, AMIGO and Glt1a were imaged simultaneously at 20 Hz for 2000

frames. Before imaging, a dish covered in TetraSpeck beads (Invitrogen) was imaged

through both cameras to use for alignment purposes.

Images containing Glt1 molecules were background subtracted and a Gaussian fil-

ter with a standard deviation of 0.7 pixels was applied to each frame in ImageJ. The
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channel images containing actin or AMIGO underwent processing for SRRF analysis,

such that 2000 frames were temporally correlated and averaged to 40 frames [283]. This

sequence of images was converted to binary. Individual Glt1 molecules were tracked

using the U-track algorithm in MATLAB [285], as previously described [324, 325]. Sub-

sequently, tracks were separated based on the spatial relationship to AMIGO (on and

off) using a custom MATLAB code into on states when they are found to colocalize

with AMIGO and off states otherwise. A 3-pixel barrier between the two regions was

excluded, such that trajectories were identified within each region with a high degree

of certainty. Trajectory segments in each state (on or off) were discarded if they did

not remain for at least 20 consecutive frames (1 second) in the same state. The trajec-

tories in each region were then used to calculate individual time-averaged mean square

displacements (MSD) (see Section 2.3.7 for equations).

3.3.7 Fluorescence recovery after photobleaching (FRAP)

Astrocytes expressing gfaABC1D >Ruby2-Glt1a-V5 in contact with neurons express-

ing AAV9:SYN>AMIGO-GFP were imaged simultaneously using spinning disk confocal

microscopy. Movies were acquired at 1 Hz for 500 seconds at the plane where the two

cells came into the most contact. The first ten frames were collected to measure initial

fluorescence. We then bleached the astrocyte surface with a high-intensity 561 nm laser,

which ensured only the Glt1a was photobleached. Photobleaching resulted in approxi-

mately 80% loss of fluorescence after background subtraction and bleaching correction.

A mask was created from the AMIGO-GFP signal and subsequently used to measure the

recovery of Glt1a diffusion inside and outside of this region. Fluorescence measurements

in each region were normalized to the average of the first 10 frames.
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3.3.8 Image Processing and Analysis

Image processing was done in ImageJ (v. 1.52). Analysis was completed in MATLAB

(R2019A). Statistics and graphs were generated in GraphPad Prism 9. In cases where

multiple groups were compared, one-way ANOVAs were used followed by post-hoc

Sidak’s tests to compare specific groups to one another, unless otherwise noted.

3.4 Results

3.4.1 Glt1 localizes around astrocyte membrane across from neuronal Kv2.1 clusters

Previous work suggests that Glt1 transporters reside in net-like structures around

neuronal Kv2.1 clusters in the somatosensory cortex [184]. To determine whether we

could replicate these data in vitro, hippocampal mixed cultures of neurons and astro-

cytes were cultured for 14 days, and subsequently fixed and immunostained for Kv2.1

and Glt1. Because the original work utilized an enhanced resolution technique called

structured illumination microscopy (SIM), we applied another super-resolution tech-

nique, SRRF, to observe the localization of Glt1 and Kv2.1. Focusing on the z-plane

where neurons and astrocytes came into contact (Figure 3.1A), SRRF also revealed net-

like localization of Glt1 around Kv2.1 clusters (Figure 3.1B). To determine the average

relationship of astrocytic Glt1 and Kv2.1, every Kv2.1 cluster and the surrounding area

were averaged (Figure 3.1C). Using this analysis, we found that Glt1 rarely colocalized

with neuronal Kv2.1 (Figure 3.1C, third panel). A line-scan through the center of the av-

eraged image shows lower Glt1 fluorescence (magenta) in the region across from Kv2.1

cluster peak fluorescence (green, line-scan, right). These data indicate the net-like lo-

calization, previously observed in the somatosensory cortex [184], can be replicated in

DIV14 culture.
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Figure 3.1: Astrocytic Glt1 forms nets around neuronal Kv2.1 clusters. A) Schematic diagram
of the hippocampal co-culture system. Neurons sit directly on top of a sheet of astrocytes.
For imaging, 200 frames were acquired at every z-plane for SRRF analysis. B) Representative
images of the localization pattern of astrocytic Glt1 (magenta) around Kv2.1 in neurons (green)
in DIV14 hippocampal mixed cultures. This image represents a single z-plane between a neuron
and astrocyte. Scale bars = 5 µm. C) Every Kv2.1 cluster from every cell (N = 9 cells) was
averaged to create the image on the right, showing Glt1 surrounds Kv2.1 clusters, with occasional
colocalization. Scale bar = 0.5 µm.

3.4.2 Astrocytic actin and ER are excluded from the region across from Kv2.1 clusters

in neighboring neurons

The experiments illustrated in Chapter 2 suggest actin plays a significant role in

governing the localization of astrocyte Glt1. Therefore, we wanted to know whether
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astrocyte actin would display a similar localization to Glt1 concerning neuronal Kv2.1

clusters. To this end, we expressed a Ruby2-Actin specifically in astrocytes using the

gfaABC1D promoter. Simultaneously, we expressed a GFP-tagged AMIGO1 specifically

in neurons using the SYN promoter. AMIGO1 is an auxiliary subunit of Kv2.1, which

resides in the same clusters but does not increase their size [226]. The use of cell-specific

promoters was essential to ensure the imaged actin was located in astrocytes. Using

SRRF and focusing on the plane where the two cell types had the most contact, we

found that astrocytic actin also displayed a net-like localization pattern around neuronal

Kv2.1 clusters (Figure 3.2). Indeed, when every cluster was averaged, astrocytic actin

mostly occupied the region directly around Kv2.1 clusters (Figure 3.2, right panel).

To determine whether this exclusion was unique to astrocyte actin, we performed

similar experiments where dsRed-ER and Ruby2-TOMM20 were expressed specifically

in astrocytes to mark the endoplasmic reticulum and mitochondria, respectively. Inter-

Figure 3.2: Astrocytic actin is localized in nets around neuronal Kv2.1 clusters. Representative
images of astrocyte expressed Ruby2-actin (magenta) localizing in nets around neuronal AMIGO
(green), which resides in Kv2.1 clusters. Every Kv2.1 cluster from every cell (N = 15 cell pairs)
was averaged to create the image on the right, showing astrocytic actin surrounds Kv2.1 clusters,
with rare colocalization. The scale bar in this image is 0.5 µm. A line-scan illustrates an actin
(magenta) hole at the edge of the average cluster (green). Scale bars are 5 µm.
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estingly, we found that astrocyte ER was also excluded from the region directly across

from neuronal Kv2.1/AMIGO clusters (Figure 3.3). Averaging every cluster from every

neuron revealed little to no colocalization between the ER and neuronal Kv2.1/AMIGO

clusters. In contrast, astrocyte mitochondria displayed no particular localization pattern

relative to neuronal Kv2.1/AMIGO clusters (Figure 3.4). Mitochondria were capable

of overlapping with Kv2.1 clusters, but did not seem specifically localized across from

clusters. When every cluster was averaged from every cell, mitochondria fluorescence

overlaps quite well with the Kv2.1/AMIGO cluster signal, indicating mitochondria are

not organized relative to neuronal Kv2.1 clusters. Altogether, these data suggest exclu-

sion is not specific to actin, but that the localizations of other astrocyte organelles are

also regulated by this neuron-astrocyte contact site.

Figure 3.3: Astrocytic ER is excluded from the region across from neuronal Kv2.1 clusters. Rep-
resentative images of astrocyte expressed Ruby2-ER (magenta) localizing in nets around neuronal
AMIGO (green), which resides in Kv2.1 clusters. Every Kv2.1 cluster from every cell (N = 9 cell
pairs) was averaged to create the image on the right, showing astrocytic ER surrounds Kv2.1
clusters, with rare colocalization. Scale bar in this image is 0.5 µm. A line-scan illustrates an ER
(magenta) hole at the edge of the average cluster (green). Scale bars are 5 µm.
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Figure 3.4: Astrocytic mitochondria show no distinct localization relative to neuronal Kv2.1

clusters. Representative images of astrocyte expressed Ruby2-mitochondria (magenta) relative to
neuronal AMIGO (green), which resides in Kv2.1 clusters. Every Kv2.1 cluster from every cell (N
= 24 cell pairs) was averaged to create the image on the right, showing astrocytic mitochondria
can colocalize with Kv2.1 clusters. Scale bar in this image is 0.5 µm. A line-scan illustrates
mitochondria (magenta) fluorescence overlaps with the average cluster (green). Scale bars are 5
µm.

3.4.3 Astrocytic actin colocalizes with Glt1 around neuronal Kv2.1 clusters

Since previous experiments in Chapter 2 and Figure 3.2 suggested actin might

cause the localization of astrocyte Glt1 around neuronal Kv2.1 clusters, we wanted to

know whether astrocyte actin would colocalize with Glt1 in nets around Kv2.1/AMIGO

clusters. Using a combination of the above approaches, we discovered that astrocytic

actin (yellow) and Glt1 (magenta) colocalize in the net surrounding neuronal Kv2.1/

AMIGO clusters (cyan, Figure 3.5). These results strongly suggest the Glt1a-actin inter-

action is responsible for the localization pattern observed previously [184], and necessary

for localization near neuronal structures involved in glutamate sensing.

76



Figure 3.5: Astrocytic actin colocalizes with Glt1 in nets around neuronal Kv2.1 clusters. A)

Representative images of astrocyte expressed Ruby2-actin (magenta) localizing in nets around
neuronal AMIGO (green), which resides in Kv2.1 clusters. Every Kv2.1 cluster from every cell (N
= 15 cell pairs) was averaged to create the image on the right, showing astrocytic actin surrounds
Kv2.1 clusters, with rare colocalization. Scale bar in this image is 0.5 µm. A line-scan illustrates
an actin (magenta) hole at the edge of the average cluster (green). B) Representative images
showing astrocytic Ruby2-actin (yellow) and Glt1 (magenta) colocalize and together form nets
around neuronal Kv2.1/AMIGO clusters (cyan). Zooms on the bottom row show overlapping
Glt1 and actin, which rarely colocalize with Kv2.1/AMIGO clusters. Scale bars are 5 µm.

3.4.4 Astrocytic Glt1 displays unrestricted diffusion across from neuronal Kv2.1 clus-

ters

Considering previous data suggesting Glt1 diffusion decreases in peri-synaptic as-

trocyte processes [140], we measured the diffusion of Glt1 in astrocytes near neuronal

Kv2.1 clusters (Figure 3.6A-D). Using single-particle tracking of astrocyte expressed

Glt1a-V5 while simultaneously imaging neuronal expressed GFP-AMIGO to mark Kv2.1

clusters, we found that Glt1a-V5 mean square displacement (MSD) decreased in the re-
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gion of astrocyte membrane across from Kv2.1 clusters (On, blue line, Figure 3.6B). In-

deed, the generalized diffusion coefficient (K) and anomalous exponent (α) significantly

decreased across Kv2.1 clusters compared to Glt1a elsewhere in the astrocyte membrane

(Figure 3.6C-D, p<0.05), indicating decreased mobility.

A sharp decrease in diffusion, and thus a concentration of molecules, within a

specific region may indicate interaction with an underlying scaffold [324, 326]. How-

ever, we did not observe increased localization of Glt1 in the region across from Kv2.1

clusters in Figure 3.1. In addition, the possibility existed that the mass of the bound

anti-V5 antibody could sterically hinder diffusion at the narrow junction between the

neuronal Kv2.1 clusters and astrocyte membrane. Therefore, we used a complementary

approach, fluorescence recovery after photobleaching (FRAP), to measure bulk diffusion

in a region of the bleached membrane as illustrated in Figure 3.6E-F. Here we avoided

the anti-V5 antibody labeling and relied on the Ruby2 fluorescence to detect Glt1a. We

also avoided the SRRF analysis since time-dependent fluorescence recovery was being

quantified. In contrast to the single-particle tracking approach, our FRAP data showed

no differences in bulk diffusion between the astrocyte membrane either directly across

from, or removed from, the neuronal Kv2.1 clusters (Figure 3.6F). These results suggest

the decrease in diffusion observed with single-particle tracking is an artifact due to ex-

tracellular labeling. However, these contrasting data reveal that Glt1 transporters are not

restricted from diffusing in the region across Kv2.1 clusters, suggesting that the concen-

tration of Glt1 in nets around Kv2.1, as observed in the super-resolution images, is likely

due to an effect of the neuronal-glial adhesion on astrocytic actin, not Glt1 itself. Overall,

these data suggest Glt1 is localized in nets around neuronal Kv2.1 clusters, most likely

due to exclusion of astrocytic actin in the region directly across from neuronal Kv2.1

clusters.
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Figure 3.6: In contrast to single-particle tracking, FRAP shows no differences in astrocytic

Glt1a diffusion on or off neuronal Kv2.1 clusters. A) Glt1a trajectories from an astrocyte over-
layed on top of Kv2.1 clusters from the overlying neuron. Red and blue trajectories are off and
on cluster areas, respectively. The green trajectories were thrown out from analysis as they were
localized in the 3-pixel region between on and off. Grey trajectories represent Glt1 on the astro-
cyte surface, but not underneath a neuron, and as such these were not included in the analysis.
B) Mean square displacement (MSD) of single astrocytic Glt1a transporters show decreased dif-
fusion in membrane across from neuronal Kv2.1 clusters. Lines shown are fits of the data to
Eqn 3 (On K = 0.112, α = 0.476, R2 = 0.975; Off K = 0.235, α = 0.682, R2 = 0.999). C) General
diffusion coefficient (K) of astrocyte Glt1a is significantly different across from neuronal Kv2.1
clusters (On: N = 92 trajectories, mean ± SEM = 0.181 ± 0.0388; Off: N = 2362 trajectories, mean
± SEM = 0.161 ± 0.0100, p < 0.05). D) The anomalous exponent (α) of astrocyte Glt1a is signif-
icantly different across from neuronal Kv2.1 clusters (On: N = 92 trajectories, mean ± SEM =
0.217 ± 0.0326; Off: N = 2362 trajectories, mean ± SEM = 0.316 ± 0.00709, p < 0.05).E) Represen-
tative images of Ruby2-Glt1a (magenta) fluorescence recovery after photobleaching (FRAP). The
Ruby2-Glt1a signal is underneath a population of neuronal Kv2.1 clusters (green), labeled with
the auxiliary subunit GFP-AMIGO. Images show Glt1a fluorescence at different time points in a
single 500-second movie. Scale bars = 5 µm. F) Normalized fluorescence shows no differences
in fluorescence recovery of Glt1a molecules at Kv2.1 clusters versus off Kv2.1 clusters in average
recoveries from 10 cell pairs. Time constants (t1/2) were not noticeably different (On: t1/2 = 239
± 3.57 seconds, Off: t1/2 = 242 ± 7.39 seconds).
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3.4.5 Kv2.1 colocalizes with synaptic elements in culture

Astrocytes contact neurons at both somatic Kv2.1 clusters and synapses. At synap-

tic contacts, peri-synaptic astrocyte processes display a high concentration of Glt1 trans-

porters and show activity-dependent structural plasticity, which is most likely depen-

dent on actin regulation [152]. Given these similarities between the two neuron-astrocyte

contact sites, we wanted to know whether astrocyte-synapse contacts may also be regu-

lated by Kv2.1 clusters. Although most previous research has focused on the presence

of Kv2.1 clusters on the somatic surface of neurons, a few reports in the literature sug-

gest these clusters are also present at synapses [183,221], and in α-motoneurons, somatic

Kv2.1 clusters represent sites of somatic cholinergic input [188]. Due to the high signal

of clusters at the soma in fluorescence studies, and the fact that many studies have been

performed in younger neuronal cultures, the signal of Kv2.1 clusters in neurites and

synaptic elements may have gone unnoticed.

To determine whether we could observe Kv2.1 localization at synapses, mixed

cultures of astrocytes and neurons were maintained for 3 weeks (DIV21), a time when

synapses in culture have reached maturity [327]. At DIV7, cultures were transfected with

GFP-PSD-95 to mark dendritic spines. Two weeks after transfection, these cultures were

fixed and immunostained for Kv2.1. In mature cultures, we found that Kv2.1 clusters ex-

isted along neurites and colocalized with transfected PSD-95 (Figure 3.7A). Interestingly,

we found some Kv2.1 appears to localize to spine heads where the PSD-95 signal was

most prominent (Figure 3.7B), suggesting some role for Kv2.1 in post-synaptic function.

When we fixed and immunostained cultures for both Kv2.1 and synapsin to mark pre-

synaptic boutons, we found Kv2.1 and synapsin highly colocalize in neurites throughout

the culture dish (Figure 3.7C). The synapsin antibody used in these studies recognizes

synapsins IA, IB, IIA, and IIB, which exist at both excitatory and inhibitory synapses,

and therefore, we cannot say at which type of synapses Kv2.1 localizes. Since we did
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Figure 3.7: Kv2.1 colocalizes with PSD-95 in dendritic spine heads and synapsin in axonal

varicosities in DIV21 neurons. A) Kv2.1 (magenta) colocalizes with transfected PSD-95 (green)
in dendritic spine heads. Scale bars are 2 µm. B) Representative image of a single dendritic spine
showing Kv2.1 puncta colocalized with PSD-95. Scale bars are 1 µm. C) Representative image of
neurites immunolabeled for synapsin (green) and Kv2.1 (magenta). Synapsin highly colocalizes
with Kv2.1. The bottom three images are zooms of the boxed area. Scale bars are 5 µm.
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not employ super-resolution techniques, we cannot know whether Kv2.1 actually local-

izes to pre-synaptic compartments, post-synaptic compartments, or both, as all would

appear similar in diffraction-limited images. However, together these data strongly sug-

gest a role of Kv2.1 at synapses, and future studies will determine whether that role is

structural (i.e. ER/PM junctions, glial adhesion) or functional.

3.4.6 AMIGO1 colocalizes with mature post-synaptic compartments in culture

AMIGO1 promotes neurite outgrowth and axonal fasciculation in neurons, pre-

sumably via homophilic cell adhesion activity [227,231,234]. To have this effect, AMIGO1

must be localized in neurites during development. Interestingly, each member of the

AMIGO family was detected in both glial cells and neurons [231, 328], indicating that

AMIGO family adhesions might mediate glia-neuron contact sites. Given that Kv2.1

clusters at the soma also contain AMIGO1 and our observations that Kv2.1 exists at

synaptic structures, we next wanted to know whether AMIGO1 also colocalized with

synaptic elements, where it could mediate tripartite synapse adhesion. Similar to the

experiments conducted with Kv2.1, we fixed and immunostained DIV21 cultures for

AMIGO1 and synapsin. Synapsin (green) and AMIGO1 (magenta) frequently colocal-

ized in DIV21 hippocampal cultures (Figure 3.8A). Quantifying the nearest neighbor

distances between synapsin and AMIGO1 fluorescence revealed that approximately 2/3

of synapsin puncta had AMIGO1 fluorescence within 100 nm of the synapsin centroid

(Figure 3.8B). This suggests, at least in culture, that AMIGO1 is often associated with

pre-synaptic axonal varicosities. Interestingly, AMIGO1 associated synapsin puncta were

significantly more voluminous (3×) than those more distant to AMIGO1 (Figure 3.8C).

However, because this data was acquired using immunolocalization and without super-

resolution, we cannot be sure that AMIGO1 and synapsin are localized to the same

compartment of the tripartite synapse.
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Figure 3.8: AMIGO1 colocalizes with high volume synapsin puncta in DIV21 hippocampal

cultures. A) Three representative images of the colocalization of synapsin (green) with AMIGO1
(magenta). Large synapsin puncta co-localizing with AMIGO1 are indicated by the yellow ar-
rows, while small synapsin puncta that do not colocalize with AMIGO1 are indicated by the cyan
arrows. Scale bars are 5 µm. Each image represents a single z-plane. B) Approximately 2/3 of
synapsin puncta were localized within 100 nm of AMIGO1. Histogram showing the percent of
synapses at a certain distance from AMIGO1. Nearest neighbor distances were measured from
synapsin puncta centers to the nearest edge of AMIGO1. C) Synapsin puncta closer to AMIGO1
are larger in volume. Synapsin volumes were binned and averaged according to their distance
from AMIGO1, with bin widths of 0.25 µm. Synapsin puncta that were greater than 1.5 µm away
from AMIGO1 had significantly lower volumes than synapsin nearest AMIGO1 (p<0.05). N =
6005 synapsin puncta.
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While Kv2.1 is not expressed in neuronal culture until about DIV10-12, we have

observed AMIGO1 expression as early as DIV4 (data not shown). The involvement

of AMIGO1 in neurite outgrowth [227, 231] and our observations of early expression

suggested that AMIGO1 may be an early resident of nascent synapses. To this end, we

performed the above immunolocalization experiments at two early time points, DIV8

and DIV12, where Kv2.1 is just beginning to express and synapses are just beginning

to form. At both of these time points, AMIGO1 did not appear to colocalize at all with

synapsin puncta (Figure 3.9). These data suggest AMIGO1 is not localized to synapses

during development but appears later on in synaptic maturity.

Figure 3.9: AMIGO1 is not localized to nascent synapses in DIV8 or DIV12. Representative
images of synapsin (green) and AMIGO1 (magenta) immunolocalization in DIV8 (A) and DIV12
(B) hippocampal cultures. Cyan carets point to synapsin puncta, none of which colocalize well
with AMIGO1. Scale bars are 5 µm. Each image represents a single z-plane.
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Figure 3.10: Glt1 is localized near AMIGO1 in DIV21 neurites. A-C) Representative images of
Glt1 (green) and AMIGO1 (magenta) immunolocalization in DIV21 hippocampal mixed cultures.
Yellow carets point to points of colocalization between AMIGO1 and Glt1. Scale bars are 5 µm.
D) Histogram depicting the distance of the nearest Glt1 neighbor to AMIGO1 puncta in neurites.
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3.4.7 Astrocyte Glt1 localizes near AMIGO in neurites

Approximately 2/3 of synapses in the hippocampus are associated with a peri-

synaptic astrocyte process [155, 156], and on average, these synapses are larger [155,

159]. Considering the observations that Kv2.1 and AMIGO1 colocalized with synapsin,

AMIGO1-associated synapses were larger and that most, if not all, Kv2.1 clusters were

associated with astrocyte processes [183], we next wanted to know whether Glt1 local-

izes near AMIGO1 in neurites. Therefore, we fixed and immunostained DIV21 mixed

cultures of neurons and astrocytes for Glt1 and AMIGO1. Across the dish, we found

AMIGO1 (magenta) puncta in neurites which often colocalized or localized near puncta

of Glt1 (green) (Figure 3.10A-C, yellow carets). Indeed, when the shortest distance was

measured from each AMIGO1 spot to the nearest Glt1 spot, we found approximately

1/3 of AMIGO1 in neurites had Glt1 within 100 nm (Figure 3.10D). In addition, more

than half of AMIGO puncta showed Glt1 within 0.5 µm. Although most of the larger

AMIGO puncta appeared to localize to neurites, we cannot discount that at least some

of this AMIGO1 is localized to astrocytes, as western blots revealed expression in hip-

pocampal astrocyte monocultures (data not shown). These data suggest at least some of

AMIGO1 is localized to glutamatergic synapses, where glutamate transporters would be

required. Altogether, these synaptic data are quite preliminary but provide additional

evidence to support a role for Kv2.1 and AMIGO1 at synaptic structures, which may

mediate astrocyte adhesion.

3.5 Discussion

Neuron-astrocyte adhesions occur at both tripartite synapses [329] and clusters of

Kv2.1 channels [183]. The mechanism of Glt1 localization near these neuronal structures

is unknown. However, considering the localization of Glt1 and the heavy involvement of

actin in cell-cell contact [330,331], the Glt1a-actin interaction is likely crucial for this pat-
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tern of localization near neuronal Kv2.1 clusters. Indeed, using astrocyte-neuron mixed

cultures, we showed that astrocytic actin and endogenously expressed Glt1 colocalized

in nets around neuronal Kv2.1 clusters (Figure 3.1, Figure 3.2, and Figure 3.5), which are

themselves regulated by high extracellular glutamate. In addition, we found Kv2.1 and

its β-subunit, AMIGO1, localize to both pre-synaptic and post-synaptic structures (Fig-

ure 3.7 & Figure 3.8). This observation could have important implications for synaptic

structure and function, which without a doubt, will be the subject of future investiga-

tions. We also found that Glt1 and AMIGO1 frequently colocalize in neurites, perhaps

suggesting Kv2.1/AMIGO1 clusters also mediate neuron-astrocyte contacts at synapses.

3.5.1 Kv2.1 clusters as points of neuron-astrocyte adhesion

Kv2.1 channels form micron-sized clusters on the membrane of central neurons,

which represent sites of endoplasmic reticulum/plasma membrane junctions [183, 210,

218, 295]. These Kv2.1 clusters are localized adjacent to both astrocyte and microglia

processes in the murine brain [183, 186], adhesion sites which might be regulated by the

Kv2.1 auxiliary subunit, AMIGO1, a cell adhesion molecule [226, 227]. In the present

study, we found that both astrocytic Glt1 and actin filaments were localized in nets

around Kv2.1/AMIGO clusters in neurons (Figure 3.1, Figure 3.2, and Figure 3.5). Given

the decreased diffusion of the extracellularly labeled Glt1a at Kv2.1/astrocyte contacts

(see Figure 3.6A-D), it is likely this space is crowded with adhesion molecules. Although

the adhesion molecules involved in Kv2.1-astrocyte contact are currently unknown, it

seems that, like junctions in endothelial cells, this adhesion site is capable of regulating

actin filaments. A working model of this adhesion site is depicted in Figure 3.11; how-

ever, the mechanism by which somatic Kv2.1 clusters regulate astrocytic actin is an open

question.
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Figure 3.11: Model of neuron-astrocyte contact site at Kv2.1 clusters. Clusters of Kv2.1 channels
(dark blue) in the neuronal plasma membrane (yellow) are sites where neurons and glia come
together. Kv2.1 channels have an auxiliary subunit, AMIGO (light blue), which is a cell adhe-
sion molecule (CAM). Presumably, an astrocyte cell adhesion molecule (orange) interacts with
AMIGO to bring neurons and astrocytes together at this junction. Astrocyte Glt1 transporters
(green) are localized in nets around neuronal Kv2.1 clusters, perhaps due to the interaction of
Glt1a with actin (magenta). Kv2.1 clusters also form ER/PM junctions by interacting with the
ER protein, VAP (grey).

3.5.2 The neuron/astrocyte junction and the response to ischemic insult

The localization of Glt1 in nets around neuronal Kv2.1 clusters ( [184] and Fig-

ure 3.1) likely has a homeostatic role that can be overwhelmed under pathophysiological

conditions. Ischemia, excitotoxicity, or pharmacological inhibition of Glt1 function cause

a rapid dispersal of clustered Kv2.1 channels, leading to cortical ER retraction within the

neuron [184, 185, 210] and increases in glial contact with the neuronal soma [186, 263].

Following ischemic insult, reduced astrocytic glutamate uptake activates extrasynaptic

NMDA receptors, where the resulting Ca2+ influx induces calcineurin-dependent de-

phosphorylation within the Kv2.1 C-terminus [257]. Channel dephosphorylation breaks

contact with the ER and results in declustering of Kv2.1. Perhaps actin-based concentra-
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tion of astrocytic Glt1a nanoclusters adjacent to the neuronal Kv2.1 microclusters exists

to ensure Kv2.1-mediated ER/PM junctions remain under normal levels of extracellular

glutamate. Only when these transporters are dysfunctional following ischemic insult

are the Kv2.1-induced ER/PM junctions lost. Whether astrocytic Glt1a localization is

altered following declustering of the Kv2.1/AMIGO adhesion molecule complex is an

area for future study. Altogether, these studies suggest the Kv2.1-astrocyte contact is an

important sensor for neuronal insult.

3.5.3 Kv2.1 and AMIGO1 at synapses

While most studies of Kv2.1 have focused on the large (0.5-1 µm2) clusters located

on the somatic surface, a few studies have described Kv2.1 localization to synaptic ele-

ments. In a study of somatic Kv2.1 clusters on α-motoneurons, Muennich et al. found

strong colocalization of somatic clusters with immunolabeled synaptophysin (axon ter-

minals), vesicular acetylcholine transporter (vAChT, pre-synaptic), and m2 muscarinic

acetylcholine receptors (post-synaptic) [188, 208]. Additionally, observations of Kv2.1

in the intact hippocampus revealed non-somatic localization of Kv2.1 immunograins to

both symmetric and asymmetric synapses [183]. Kv2.1 immunogold labeling was ob-

served flanking the post-synaptic density (PSD) in approximately half of all symmetric

(inhibitory) synapses. Kv2.1 immunoreactivity was also seen surrounding the PSD of

asymmetric (excitatory) synapses at a higher density, although, at a smaller percentage

of total excitatory synapses. To our knowledge, the results presented in Figure 3.7 repre-

sent the first observations of Kv2.1 localization to synapses in vitro and by fluorescence

in central neurons.

The ramifications of Kv2.1 synaptic localization could be structural or functional

in nature. Recently, the inactivation of pre-synaptic Kv1 channels by Kvβ1 auxiliary

subunits was found to be essential for synaptic facilitation induced by high-frequency
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stimulation [332]. Perhaps synaptic Kv2.1 could also play a functional role, particularly

given the effects of some AMIGO subunits on inactivation (see Chapter 4). Structurally,

more than 90% of ER/PM junctions were associated with Kv2.1 [183]. One recent study,

which performed electron microscopic 3D reconstruction of organelles in neurons, found

54% of dendritic spines had ER/PM junctions [221]. ER/PM junctions are critically

involved in lipid homeostasis and Ca2+ signaling [333]. Given that Kv2.1 is present

at more than 90% of ER/PM junctions and the fact that ER/PM junctions are present

in more than half of dendritic spines, Kv2.1 localization to dendritic spines may have

important implications for signaling processes that involve lipid metabolism and ER

Ca2+ release, as is the case for several types of synaptic plasticity [334–336].

It has been previously suggested that AMIGOs might be involved in adhesion

at synapses [329]. Several studies have implicated AMIGO adhesion in both axon and

dendrite outgrowth [227,231,232,234], indicating AMIGO adhesion is important for neu-

ronal development. However, the studies presented in Figure 3.9 suggest AMIGO1 is not

present at synapses in vitro until a later time point. AMIGO1 is expressed in both as-

trocytes and neurons of the central nervous system [231], and patterning the AMIGO1

extracellular domain on culture dishes increases neurite outgrowth [227], suggesting

that transcellular adhesion is critical for neurite development. To our knowledge, this

is the first published observation of AMIGO1 synaptic localization (Figure 3.8). Given

the likely involvement of AMIGO in neuron-glia adhesion, the role of AMIGO1 in me-

diating tripartite synapse adhesion should be investigated. In Figure 3.10, we noted that

approximately 1/3 of AMIGO puncta in presumed neurites was associated with astro-

cytic Glt1. How does disrupting AMIGO adhesion affect Glt1 localization near synapses?

Is the actin-Glt1 interaction important for localization to tripartite synapses? These and

other questions await future investigation.
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3.5.4 Conclusions

Overall, these data indicate that the Glt1-actin interaction is important in determin-

ing the localization of Glt1 near somatic Kv2.1 clusters involved in glutamate sensing.

Disruption of Glt1 localization to somatic Kv2.1 clusters could exacerbate neuronal hy-

perexcitability, and diminish positive outcomes for severe insults. Understanding the

mechanisms regulating transporter localization, particularly to actin filaments, will be

essential to identify new targets for mitigation of neuronal insults which lead to high

ambient glutamate, such as ischemic stroke, traumatic brain injury, and epilepsy. Fur-

thermore, we provide additional evidence to suggest a role of Kv2.1 and AMIGO1 at

synapses, which may mediate astrocyte adhesion at tripartite synapses, although this

awaits further investigation.

In the next chapter, we further characterize the ability of the AMIGO family to act as

β-subunits for Kv2 channels.
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Chapter 4

Kv2 channel/AMIGO β-subunit interaction modulates both
channel function and cell adhesion molecule surface
trafficking

4.1 Summary

The Kv2 channels encode delayed rectifier currents in excitable cells that maintain

membrane polarization under conditions of high excitability. They also form stable junc-

tions between the endoplasmic reticulum and plasma membranes in many different cell

types, creating membrane contact sites that mediate functions distinct from membrane

excitability. Therefore, proteins that interact with Kv2 channels can alter conducting

and/or non-conducting channel properties. One member of the AMIGO family of pro-

teins is an auxiliary β-subunit for Kv2 channels and modulates Kv2.1 electrical activity.

However, the AMIGO family has two additional members of ∼50% similarity that have

not yet been fully characterized as Kv2 β-subunits. Previous data out of our lab showed

that each of the three AMIGOs functionally modifies the voltage-dependence of acti-

vation, and AMIGO2 in particular decreases inactivation. In this work, we show that

all three AMIGOs are redistributed to surface clusters of Kv2 channels upon coexpres-

sion in both HEK-293 cells and primary cultures of hippocampal neurons. Addition-

ally, the surface trafficking of all three AMIGOs was improved by coassembly with Kv2

subunits, while the surface trafficking of Kv2 channels was unaffected. These data fur-

ther support the idea that all three AMIGOs are β-subunits for Kv2 channels, and that

coassembly of these two proteins increases the surface expression and concentration of

cell adhesion molecules on the surface of cells in which they are expressed. Together

with previously published data, this work suggests that each of the three AMIGOs act

as function-modifying β-subunits of Kv2 channels.
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4.1.1 Hypotheses to be tested —

1. Each of the three members of the AMIGO family will colocalize with Kv2.1 and

Kv2.2 in clusters on the surface of transfected HEK cells and primary hippocampal

neurons.

2. Co-expression of members of the AMIGO family with Kv2.1 or Kv2.2 will AMIGO

trafficking to the cell surface.

4.2 Introduction

β-subunits of the voltage-gated potassium channel (Kv) superfamily are impor-

tant regulators of nervous system function. Indeed, this diverse class of proteins can

modulate almost every aspect of Kv channel physiology including subunit assembly,

trafficking, protein stability, conduction, localization, and pharmacology [337–339]. For

example, the classical Kv auxiliary subunits, Kvβ1, 2, and 3, are soluble proteins that

interact with the cytoplasmic domains of Kv1 channels. They confer dramatic effects on

channel gating, in some cases inducing fast inactivation in otherwise non-inactivating

channels [340, 341]. Recently, AMIGO1 (amphotericin-induced gene and ORF 1) was

identified as a β-subunit of Kv2.1 and Kv2.2 channels [226, 228]. This work showed

that AMIGO1 assembles with both Kv2 isoforms in neurons and when co-expressed in

HEK-293 cells and induces a hyperpolarizing shift in the voltage-dependence of Kv2.1.

Furthermore, while trafficking and localization of Kv2.1 and Kv2.2 were unchanged by

assembly with AMIGO1, both Kv2s increased the surface expression of AMIGO1 and

redistributed it to large clusters which are characteristic of Kv2 channel localization.

The clustered pattern of Kv2s is due to a phosphorylation-regulated interaction

with endoplasmic reticulum (ER) protein, VAP [218, 295]. Interaction between Kv2s and

VAP brings the ER into close apposition with the PM, forming an increasingly appre-
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ciated organelle, called the ER/PM junction [210, 218, 342]. In an electron microscopy

(EM) study of rat brains, 90% of sub-surface cisterns of ER membrane were positive

for Kv2.1 channels [183]. Another EM study that heterologously expressed Kv2.1 in

HEK-293 cells found these Kv2.1 clusters were localized to the plasma membrane sur-

face [210], which has also been observed via fluorescent labeling of surface channels in

live cells [218,220]. ER/PM junctions represent ∼12% of the total neuronal surface [221]

and regulate many cellular processes, including endo- and exocytosis [196,210,215,343],

Ca2+ signaling and store refilling [195, 210, 320], and neuron-glia and neuron-neuron

interactions [183, 186, 221]. The consequences of AMIGO localization to Kv2-induced

ER/PM junctions for each of these functions are not well understood.

In addition to regulating cell function via ER/PM junction formation, Kv2 chan-

nels are important regulators of neuronal excitability. They underlie most of the delayed

rectifier current in central neurons [202] and control neuronal excitability under condi-

tions of high-frequency firing [204, 257, 262]. In the mouse hippocampus, Kv2 channel

expression is higher in CA1 than CA2 and confers differences in the firing patterns of

pyramidal neurons between these two areas [344]. Indeed, the entire complement of

ion channel and auxiliary subunit expression in an individual neuron will determine its

unique firing patterns.

While the assembly of Kv2 channels and AMIGO1 is well-documented [226, 228],

little is known about the assembly of Kv2s with other members of the AMIGO family.

The AMIGO family consists of 3 members (AMIGO1, AMIGO2, and AMIGO3), all of

which are type-I single-pass transmembrane proteins [227]. All three AMIGOs have an

extracellular domain, which contains six leucine-rich repeats and an immunoglobulin-

like domain, that allows them to act as homophilic and heterophilic cell adhesion mole-

cules [227, 229]. AMIGO1 is almost exclusively expressed in the brain, while AMIGO2

and AMIGO3 are more widespread, but also enriched in the brain [227]. Likewise,
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AMIGOs 2 and 3 show widespread expression in tissues where AMIGO1 is low or absent

[227]. Interestingly, Kv2 channels have perhaps the widest tissue distribution of any Kv

channel, being expressed in cells as diverse as cortical, hippocampal, and spinal motor

neurons [183, 188, 190, 211, 228], vascular smooth muscle cells [194, 195], retinal ganglion

cells [192], and pancreatic beta cells [196–200]. Therefore, the consequences of AMIGO

family interactions with Kv2 channels have implications for cell function far beyond the

nervous system.

Functionally, AMIGOs have been implicated in early axon guidance, growth, sur-

vival, and adult axon growth inhibition [227, 231–233]. Interestingly, AMIGO2 has also

been implicated in enhanced growth and survival in a variety of cells [235–238]. This

increase in cell viability may be due to an interaction between AMIGO2 and PDK1,

a kinase that activates Akt in cell survival pathways [239]. While the residues involved

in Kv2.1-AMIGO1 interaction are unknown, electrophysiology studies with chimeras be-

tween AMIGO1 and NCAM (neuronal cell adhesion molecule) suggest that the AMIGO1

transmembrane domain is required for interaction with Kv2.1 [226]. The transmembrane

domain of the AMIGO family is ∼48% conserved, supporting the possibility that the

other AMIGO family members could also act as β-subunits for the Kv2 family.

In further support of this notion, other recent studies out of our lab show that both

AMIGO2 and AMIGO3 can functionally modify the voltage-dependence of activation of

Kv2 channels, and AMIGO2 in particular slows Kv2 inactivation [345]. Although the

majority of Kv2 channels expressed in heterologous cells are non-conducting and do not

contribute to whole-cell ionic currents, there is a large population of conducting chan-

nels that reside mostly outside of clusters [288]. Therefore, these electrophysiological

results only describe the effect of the AMIGOs on conducting channels, but not the non-

conducting channels that form the characteristic micron-sized clusters on the surface
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of cells. Thus, the major aim of this chapter was to determine whether AMIGO2 and

AMIGO3 co-localize and interact with Kv2 channels in surface clusters.

Given the lack of detailed information regarding the structural basis of the Kv2-

AMIGO1 interaction, it is difficult to predict whether AMIGO2 and AMIGO3 will inter-

act with Kv2 channels. Although study of the AMIGO family is still in infancy, several

studies support the activity of AMIGO adhesion in regulating neurite outgrowth, axonal

regeneration, and cell survival. Existence of AMIGOs in surface clusters of Kv2 chan-

nels could create specialized microdomains for cell-cell adhesion driving outgrowth and

communication hubs for cell survival. Therefore, the present study aimed to investigate

whether AMIGO2 and AMIGO3 also act as auxiliary β-subunits for Kv2.1 and Kv2.2

and to further characterize the effects of interaction on AMIGO localization. The results

of this work suggest that all three AMIGOs assemble with both Kv2 channels. The as-

sembly of Kv2 channels with the AMIGOs appears to have isoform-specific effects on

AMIGO trafficking but minimal effects on Kv2 trafficking and localization. Together

with previous results showing all three AMIGOs modulate Kv2 channel conductance,

this work indicates that the three AMIGOs interact with both Kv2.1 and Kv2.2 in and

out of Kv2 clusters to alter both channel-conducting functions and the composition of

Kv2 surface clusters.

4.3 Materials and Methods

4.3.1 DNA constructs

The original AMIGO1, AMIGO2, and AMIGO3 constructs were obtained from the

DNASU plasmid repository (plasmid IDs HsCD0029615, HsCD00513136, and HsCD00512989,

respectively). Fluorescent protein fusion constructs were generated by PCR-based addi-

tion of restriction sites to the ends of each AMIGO family insert (Appendix B). Fluores-
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cent protein vectors were cut with the same enzymes and each insert was ligated into the

recipient vector, such that the fluorescent protein (GFP-N1 or Ruby2-N1) was fused to

the C-terminus of AMIGO. Full length, codon-optimized Kv2.2 (accession number NM-

054000) was synthesized by GeneWiz and inserted into a pEGFP-C1 expression vector

(Clontech) via EcoRI and SalI restriction sites. GFP-Kv2.1 and Kv2.1-loopBAD (Kv2.1-

LB) have been described previously [346, 347]. hBirA was a gift from Alice Ting [348].

For additional details, see Appendix B.

4.3.2 Cell culture and Transfection

HEK-293 cells (ATCC CRL-1573, Manassas, VA) were maintained in 10 cm dishes

(CellTreat 229620, Pepperell, MA) at 37 C under 5% CO2 in DMEM (Corning 10-013-CV,

Corning, NY) supplemented with 10% FBS. For transfections, cells were trypsinized and

electroporated (BioRad GenePulse Xcell, Berkeley, CA) with either Kv2 α-subunits (500

ng per dish), AMIGO subunits (300 ng per dish), or a combination of both. In some

experiments, a GFP-tagged pleckstrin-homology (PH) domain construct was used as a

marker to facilitate measurements of fluorescence associated with the PM.

For details about neuronal cultures, see Section 2.3.2.

At DIV5, neurons were transfected using DNA, Lipofectamine 2000 (Invitrogen,

Life Technologies, Grand Island, NY), and OptiMEM for experiments in 48 hours. Neu-

rons were transfected with either GFP-Kv2 α-subunits (500 ng per dish) and one of the

three Ruby2-AMIGO subunits (300 ng per dish). After 48 hours, neurons were trans-

ferred to an imaging saline composed of 126 mM NaCl, 4.7 mM KCl, 2.5 CaCl2, 0.6 mM

MgSO4, 0.15 mM NaH2PO4, 0.1 mM ascorbic acid, 8 mM glucose, and 20 mM Hepes,

pH 7.4, 300 mOsm.
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4.3.3 Microscopy

Spinning disk confocal microscopy was used for all imaging experiments where elec-

trophysiology was not conducted. HEK-293 cells were electroporated as described above

and plated at a low density on glass-bottom dishes (MatTek P35G-1.5-14-C, Boston,

MA) coated with Matrigel (BD Biosciences 354230, Franklin Lakes, NJ) in a maintenance

medium for 18-24 hours. Cells were briefly removed from incubation for medium ex-

change to HEK-293 Imaging Saline (HIS), which contains the following: 146 mM NaCl,

4.7 mM KCl, 2.5 mM CaCl2, 0.6 mM MgSO4, 1.6 mM NaHCO3, 0.15 mM NaH2PO4, 0.1

mM ascorbic acid, 8 mM glucose, and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (Hepes), pH 7.4. After the medium exchange, cells were immediately placed on the

heated microscope stage and allowed to equilibrate for 10 minutes before imaging.

For information about the spinning-disk confocal microscope, see Section 3.3.4.

4.3.4 Co-Immunoprecipitation

HEK-293 cells were transfected with either Kv2.1LB or Kv2.2 alone, or one of the

Kv2 α-subunits along with either AMIGO1-GFP, AMIGO2-GFP, or AMIGO3-GFP. After

16-24 hours, cells were washed 1x with cold PBS then scraped in 1 mL Lysis buffer (50

mM Tris Base, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100, pH 7.2) + Pierce Pro-

tease Inhibitor Cocktail (A32955, ThermoFisher; Waltham, MA). After 20 minutes, the

lysate was spun at 2000 g for 10 minutes to remove membranes and the supernatant

was pre-cleared with Protein G Sepharose Beads (6511, BioVision; Milpitas, CA) for 1 hr.

Beads were removed by centrifugation and the pre-cleared lysate split into two aliquots

for positive and negative IP. The positive IP samples were incubated with 1 µL of IP an-

tibody (Neuromab mouse anti-Kv2.1 or mouse anti-Kv2.2, clones K89/34 and K37/89,

respectively; Davis, CA) for 16 hours at 4◦C before adding 50 µL Protein G Sepharose
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Beads. An equivalent volume of beads was added to the negative IP samples at the same

time and all samples were incubated for 4 hours at 4◦C. The beads were pelleted by cen-

trifugation at 1000g for 3 minutes and the supernatant was collected. The beads were

washed 3x with 100 µL Lysis Buffer + Protease Inhibitor before resuspending directly

in 2X sample buffer (1610737, BioRad; Hercules, CA) + β-Mercaptoethanol and boiling

for 10 minutes. Starting material and supernatant fractions were diluted in Lysis buffer

and Sample Buffer + β-Mercaptoethanol and boiled for 10 minutes, after which proteins

from all samples were separated on SDS-polyacrylamide gels (5671034, Biorad; Her-

cules, CA) and transferred to nitrocellulose. Membranes were stained briefly with Pon-

ceau S-Stain (P7170-1L, MilliporeSigma; Burlington, MA) before blocking in PBS-Tween

+ 5% w/v powdered milk, followed by incubation in primary antibodies (1:1000) for 1

hour. The following primary antibodies were used for detection on nitrocellulose mem-

branes: mouse anti-Kv2.1 (K89/34, Neuromab; Davis, CA), mouse anti-Kv2.2 (K37/89,

Neuromab; Davis, CA), mouse anti-AMIGO1 (L86A/37, Neuromab; Davis, CA), and

rabbit anti-GFP (TP-401, Torrey-Pines; Secaucus, NJ). Blots were washed 3x with PBS-

Tween then incubated in appropriate mouse or rabbit secondary antibodies conjugated

to horseradish peroxidase at 1:10,000 in PBS-Tween+5% Goat Serum for 45 minutes. Af-

ter washing, secondary antibodies were visualized with SuperSignal Substrate (34095,

ThermoFisher; Waltham, MA) for up to 5 minutes.

4.3.5 Analysis and Statistics

Images were processed and analyzed using ImageJ (v1.52p). All images are single

z-planes unless otherwise noted.

Images in Fig 1 which assess subunit assembly were from the basal cell surface.

line-scans were drawn such that multiple clusters would be included. Fluorescent values

from the line-scans were standardized to the maximum measured fluorescence, in order
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to be comparable between image channels. To measure colocalization between Kv2s and

AMIGOs, a z-plane at the basal surface of HEK cells or neurons was assessed using the

Coloc 2 plugin for Image J. Spearman’s ranked correlation coefficients were measured

for each cell and were then compiled for one-sample t-tests against a test mean of zero.

Surface trafficking (Figure 2) was measured from single z-planes at the center of

each cell. A region of interest (ROI) was hand-drawn around each cell and total fluo-

rescence was measured for each channel. Using cells expressing PH-GFP to mark the

membrane, the average width of the membrane was measured to be seven pixels. Seven

pixels were then subtracted from the perimeter of the cell ROI to measure total fluores-

cence which was not on the PM. By subtracting the internal fluorescence from the total

fluorescence, the fluorescence on the surface was determined. In the case of AMIGO3,

where little fluorescence was on the surface, PH-GFP was co-expressed to determine the

location of the plasma membrane. These measurements were performed in ImageJ.

Fluorescence density in arbitrary units per square micron (AU/µm2) was calcu-

lated by dividing the sum of fluorescence in each ROI by the area of that ROI in square

microns. By using a ratio of densities, we eliminate the bias of differences in protein

expression between cells. A surface trafficking index was determined by dividing the

surface fluorescence density by total fluorescence density. This measure indicates the

preference of a protein for surface expression (if greater than one) or intracellular ex-

pression (if less than one). The surface trafficking index was compared to a test mean of

1 using a one-sample t-test (t) to determine whether the protein significantly preferred

to localize to the surface or intracellularly. To determine if co-expression significantly

increased surface trafficking index, one-way ANOVAs with post-hoc Tukey tests were

used.
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4.4 Results

4.4.1 The three AMIGOs colocalize with Kv2 channels in surface clusters

While previous work demonstrated that AMIGO1 is a β-subunit for Kv2s [226,228],

it is unknown whether other members of the AMIGO family can act as β-subunits. To de-

termine whether AMIGO2 and AMIGO3 might also interact with Kv2s, we co-expressed

GFP-Kv2.1 or GFP-Kv2.2 and one of the three Ruby2-tagged AMIGOs in HEK-293 cells

to assess colocalization between the proteins. When AMIGOs were expressed alone,

surface localization was uniform across the plasma membrane surface, as shown by

the images and line-scans of the basal cell surface in Figure 4.1A. However, when AMI-

GOs were co-expressed with Kv2.1, surface localization of all 3 AMIGOs redistributed to

micron-sized clusters formed by Kv2.1 (Figure 4.1B). Line-scans below the images show a

nearly perfect overlap of fluorescence peaks between each AMIGO (magenta) and Kv2.1

(green), which is vastly different from the uniform distribution seen in Figure 4.1A.

Likewise, when AMIGOs were co-expressed with Kv2.2, all 3 AMIGOs redistributed

to micron-sized clusters on the surface (Figure 4.1C). When line-scans across clusters

were plotted, peaks of AMIGO and Kv2.2 fluorescence also overlapped. When Kv2.1 or

Kv2.2 were expressed alone (Figure 4.1B or 1C, bottom right), the surface localization

was not qualitatively different from co-expression with AMIGOs. These data indicate

that the surface localization of all 3 AMIGOs was altered by the presence of both Kv2s.

Co-expression with the Kv2s caused the three AMIGOs to redistribute to clusters that

overlapped with Kv2 clusters, suggesting an interaction with Kv2 channels causes the

redistribution. To determine whether AMIGOs were colocalized in surface clusters, we

measured the Spearman’s rank correlation coefficient for each cell. This coefficient scales

from negative one to one, which indicates negative correlation and positive correlation,

respectively. Indeed, as suggested by the images, all three AMIGOs were significantly

positively correlated with both Kv2.1 and Kv2.2 (p < 0.0001; Figure 4.1D).
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Figure 4.1: AMIGOs colocalize with Kv2.1 and Kv2.2 in clusters. (A) Representative images
of the basal surface of HEK cells expressing AMIGO1 (left, blue box), AMIGO2 (right, green
box), or AMIGO3 (bottom, orange box). line-scans through the center of the basal surface are
indicated by the white line on the image and plotted below. Representative images of the basal
surface of HEK cells expressing Kv2.1 (B) or Kv2.2 (C) (green in images and line-scans) and each
of the 3 AMIGOs (magenta in images and line-scans) show redistribution of AMIGOs to Kv2
clusters when co-expressed, while the localization of Kv2s remains unchanged (right images).
Overlapping fluorescence between the 2 proteins is indicated by white pixels. D) Spearman’s
ranked correlation coefficient was calculated from basal surface clusters of HEK cells. Box plots
depict median, interquartile range, and the minimum and maximum values for each dataset. All
datasets were significantly higher than 0, indicating that AMIGOs are positively correlated with
Kv2s (p < 0.0001). Medians are 0.7916, 0.6489, 0.7853, 0.5194, 0.8148, and 0.6070, respectively.
Datasets containing 29, 23, 24, 29, 35, and 18 cells respectively. Scale bars are 5 µm.
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Figure 4.2: AMIGOs colocalize with Kv2 channels on the surface of rat hippocampal neurons.

(A) Representative images of center z-planes of DIV7 neurons expressing AMIGO1 (left, blue
box), AMIGO2 (middle, green box) or AMIGO3 (right, orange box). These data show all 3
AMIGOs have large intracellular expression in the ER and vesicles. AMIGO2 shows the most
expression on the plasma membrane, indicated by the ring of fluorescence on the edge of the
cell. Representative images of a center z-plane of neurons expressing Kv2.1 (B) or Kv2.2 (C)

(green) and AMIGO1 (magenta) show colocalization of AMIGO1 and Kv2 clusters on the plasma
membrane when co-expressed. Notably, AMIGO1 surface trafficking does not appear to improve
as much as observed in HEK cells (Figure 2). Co-expression of AMIGO2 and Kv2.1 (D) or Kv2.2
(E) also shows colocalization in surface clusters. AMIGO2 surface expression seemed to improve
with both Kv2s. Co-expression of AMIGO3 and Kv2.1 (F) or Kv2.2 (G) also shows colocalization
in surface clusters. AMIGO3 surface expression seemed to improve with Kv2.1, but not Kv2.2.
Overlapping fluorescence between the 2 proteins is indicated by white pixels. H) Spearman’s
ranked correlation coefficient was calculated from basal surface clusters of neurons. Box plots
depict median, interquartile range, and the min and max values for each dataset. All datasets
were significantly higher than 0, indicating that AMIGOs are positively correlated with Kv2s (p
< 0.0001). Medians are 0.7891, 0.7931, 0.7439, 0.7142, 0.8126,and 0.7221, respectively. Medians
and t-tests were performed on datasets containing 20, 17, 22, 16, 8, and 8 cells respectively. Scale
bars are 5 µm.
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Since Kv2 channels are important regulators of neuron excitability, we assessed

whether we could observe similar colocalization patterns between Kv2s and AMIGOs

in rat hippocampal neurons. As expected, we observed similar colocalization in clusters

on the plasma membrane of neurons (Figure 4.2). Altogether, these data indicate that

the surface localization of all 3 AMIGOs was altered by the presence of both Kv2s in

both HEK cells and rat hippocampal neurons. Co-expression with the Kv2s caused the

three AMIGOs to redistribute to clusters that overlapped with Kv2 clusters, suggesting

an interaction with Kv2 channels causes the redistribution. Previous studies showed that

Kv2 clusters are always associated with the ER [183, 210, 218, 295, 349], which is retained

even with co-expression of AMIGO1 [228]. Therefore, we believe each of the clusters

presented in Figure 4.1 and Figure 4.2 likely represent an ER/PM junction.

4.4.2 Kv2s increase the surface expression of AMIGO isoforms

While Kv2s altered the surface localization of AMIGOs, we also wanted to ad-

dress the influence of co-expression on the surface trafficking of each AMIGO. When

AMIGO1 and AMIGO2 were expressed alone, some surface localization was observed

as seen in the optical slices in Figure 4.3 A and B (left images). However, internal vesi-

cles containing each AMIGO were prominent, as indicated by the punctate fluorescence

in the middle of these cells and the large peaks in the corresponding line-scans. In

contrast, when expressed alone, very little AMIGO3 was expressed on the cell surface.

As seen in the left image of Figure 4.3C and its corresponding line-scan, the majority

of AMIGO3 fluorescence is internal and little fluorescence overlaps with the membrane

marker, PH-GFP. Intracellular AMIGO3 was widespread, with very few bright puncta,

likely indicating that the majority of intracellular AMIGO3 was localized within the ER

membrane (Figure 4.3C, left image).
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Figure 4.3: Kv2s improve surface trafficking of AMIGOs. Representative images of AMIGO1
(A), AMIGO2 (B), or AMIGO3 (C) alone (left image), with Kv2.1 (middle image), and with Kv2.2
(right image). line-scans through the center of the cells are indicated by the white lines on the
images and plotted below. AMIGOs more efficiently traffic to the surface when co-expressed
with Kv2s. Images are single z-planes at the middle of the cell. Scale bars are 5 µm.
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Figure 4.4: Kv2s significantly increase AMIGO surface trafficking. AMIGO surface traffick-
ing was quantified using surface density/total density, where a ratio greater than 1 indicates a
preference for surface trafficking, shown with the t-tests below. AMIGO1 surface trafficking was
significantly increased with co-expression of Kv2.1 (mean = 1.63 ± 0.05, N = 29, t = 12.56, p <
0.0005) and Kv2.2 (mean = 1.29 ± 0.05, N = 21, t = 5.82, p < 0.0005) compared to AMIGO1 alone
(mean = 1.12 ± 0.04, N = 65 cells, t = 3.54, p < 0.0005, One-way ANOVA F = 34.37, p < 0.0005,
Kv2.1 q = 11.72 p < 0.0005, Kv2.2 q = 3.38 p < 0.05). AMIGO2 surface trafficking was significantly
increased with co-expression of Kv2.1 (mean = 1.69 ± 0.05, N = 33 cells, t = 15.07, p < 0.0005) and
Kv2.2 (mean = 1.51 ± 0.05, N = 18 cells, t = 10.08, p < 0.0005) compared to AMIGO2 alone (mean
= 1.10 ± 0.06, N = 30 cells, t = 1.71, p = 0.096, One-way ANOVA F = 35.99, p < 0.0005, Kv2.1 t
= 15.07, p < 0.0005, Kv2.2 t = 10.08, p < 0.0005). AMIGO3 surface trafficking was significantly
increased with co-expression of Kv2.1 (mean = 1.29 ± 0.05, N = 30 cells, t = 5.32, p < 0.0005) and
Kv2.2 (mean = 1.41 ± 0.05, N = 16 cells, t = 3.53, p < 0.005) compared to AMIGO3 alone (mean =
0.66 ± 0.03, N = 27 cells, t = -10.92, p < 0.0005, One-way ANOVA F = 35.99, p < 0.0005, Kv2.1 q =
10.97, p < 0.0005, Kv2.2 q = 11.09, p < 0.005), which was largely internal. Error bars are mean ±

S.D. Boxes represent 25-75% of the data. Lines through the center of boxes represent the mean.
Scale bars are 5 µm.

Co-expression with Kv2.1 increased the surface trafficking of all 3 AMIGOs (Fig-

ure 4.3, middle images) as indicated by overlapping peaks in fluorescence at the edge

of the line-scans. While the effect on surface trafficking of AMIGO1 and AMIGO2 was

robust, quite a lot of AMIGO3 was still retained within the cell, suggesting the affinity

of Kv2.1 for AMIGO3 may be lower. Likewise, co-expression with Kv2.2 appeared to
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increase the surface trafficking of all 3 AMIGOs (Figure 4.3A-C, right images), although

to perhaps a lesser degree than Kv2.1 in the case of AMIGO1 and AMIGO2.

By taking a ratio of surface density over total density for each AMIGO, we quan-

tified the observed changes in AMIGO localization, while controlling for differences in

protein expression between cells. In this measurement, ratios greater than one indicate

preferential surface expression, and ratios less than one indicate preferential internal

expression (Figure 4.4). Using t-tests against a test mean of one, we determined the

preference of each AMIGO for surface or internal localization. When expressed alone,

AMIGO1 showed a significant preference for surface localization (Figure 4.4, blue box,

p<0.0005). This preference was maintained when AMIGO1 was co-expressed with either

Kv2.1 (p<0.0005) or Kv2.2 (p<0.0005), and represented a significant increase in surface

trafficking from AMIGO1 expression alone (Kv2.1 p<0.0005, Kv2.2 p<0.05). Expressed

alone, AMIGO2 showed a slight, but not significant preference for surface localization

(Figure 4.4, green box, p=0.096). However, AMIGO2 showed a significant preference for

surface localization when co-expressed with either Kv2.1 (p<0.0005) or Kv2.2 (p<0.0005),

which was a significant improvement from expression alone (p<0.0005). In contrast,

AMIGO3 alone showed a significant preference for internal localization (Figure 4.4, or-

ange box, p<0.0005). With Kv2 co-expression, AMIGO3 surface localization was pre-

ferred with Kv2.1 (p<0.0005) and Kv2.2 (p<0.005), which was significantly different from

AMIGO3 alone (p<0.0005). These data further indicate that all 3 AMIGOs are capable

of interaction with Kv2s since the surface trafficking of each AMIGO was increased by

co-expression with a Kv2.

Although Kv2 co-expression significantly increased the surface trafficking of AMI-

GOs, the AMIGO family did not appear to alter the surface trafficking of Kv2s (Fig-

ure 4.5). Kv2.1 alone strongly preferred to be localized on the cell surface, as seen by

the two large peaks in the line-scan corresponding to the plasma membrane and a traf-
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Figure 4.5: AMIGOs do not affect Kv2 surface trafficking. A) Representative image of a cell
expressing Kv2.1 alone (left). Representative images of cells expressing both Kv2.1 and AMIGOs
are shown in panels A, B, and C of Figure 4.3, center images. Co-expression with AMIGOs did
not alter Kv2.1 preference for surface expression (right). Kv2.1 alone (N = 34 cells, mean ± SD
= 1.92 ± 0.05, t = 16.9, p < 0.0005), Kv2.1+AMIGO1 (N = 29 cells, mean ± SD = 1.87 ± 0.05, t =
16.5, p < 0.0005), Kv2.1+AMIGO2 (N = 33, mean ± SD = 1.90 ± 0.05, t = 17.2, p < 0.0005) and
Kv2.1+AMIGO3 (N = 30 cells, mean ± SD = 1.84 ± 0.05, t = 17.6, p < 0.0005). B) Representative
image of a cell expressing Kv2.2 alone (left). Representative images of cells expressing both Kv2.2
and AMIGOs are shown in panels A, B and C of Figure 4.3, right images. Co-expression with
AMIGO1 and AMIGO2 did not alter Kv2.2 preference for surface expression, however, AMIGO3
did significantly decrease Kv2.2 preference for surface trafficking (F = 2.72, p = 0.05, q = 3.88, p
< 0.05). Kv2.2 alone (N = 19 cells, mean ± SD = 2.02 ± 0.1, t = 9.13, p < 0.0005), Kv2.2+AMIGO1
(N = 21 cells, mean ± SD = 1.91 ± 0.07, t = 13.7, p < 0.0005), Kv2.2+AMIGO2 (N = 18, mean ±

SD = 1.81 ± 0.04, t = 11.2, p < 0.0005) and Kv2.2+AMIGO3 (N = 15 cells, mean ± SD = 1.65 ±

0.12, t = 5.29, p < 0.0005). Error bars are mean ± S.D. Boxes represent 25-75% of the data. Lines
through the center of boxes represent the mean. Scale bars are 5 µm.
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ficking index near 2 (Figure 4.5A, p < 0.0005). Co-expression with AMIGO1, AMIGO2,

or AMIGO3 did not significantly change Kv2.1 surface expression compared to Kv2.1

alone (p = 0.66, Figure 4.5A graph). Similarly, Kv2.2 showed a strong preference for sur-

face expression (Figure 4.5B, p < 0.0005), which was unchanged by co-expression with

either AMIGO1 or AMIGO2. However, co-expression with AMIGO3 did significantly

decrease the preference of Kv2.2 for surface expression (p < 0.05, Figure 4.5B graph),

perhaps indicating that at least some Kv2.2 could be prevented from forward trafficking

by interaction with AMIGO3. Overall, Kv2s increased the trafficking of AMIGOs to the

surface, while AMIGOs had little effect on Kv2 surface trafficking.

4.4.3 All three AMIGOs co-immunoprecipitate with both Kv2 isoforms

The colocalization and trafficking effects we observed above are consistent with

the hypothesis that all three AMIGO isoforms act as auxiliary subunits for the Kv2

channels. To confirm an interaction between the AMIGOs and Kv2s, we performed

co-immunoprecipitation experiments on HEK-293 cells transfected with Kv2 α-subunits

alone or in the presence of AMIGO1-GFP, AMIGO2-GFP, or AMIGO3-GFP. In each of the

co-expression conditions, an antibody against the Kv2 α-subunit co-immunoprecipitated

an ∼80 kDa protein that was detected by a GFP antibody via western blot (Figure 4.6A

and B, asterisks). Importantly, no bands were detected by the same GFP antibody when

Kv2.1 or Kv2.2 was expressed alone (Figure 4.6C and D). The AMIGO1-GFP bands

detected by the GFP antibody were also detected by a monoclonal antibody against

AMIGO1 itself, supporting the idea that the GFP antibody successfully detected our

transfected AMIGO constructs (data not shown).
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Figure 4.6: All three AMIGOs interact directly with both Kv2.1 and Kv2.2. A) Kv2.1 antibody
co-immunoprecipitated AMIGO1-GFP (top), AMIGO2-GFP (middle) and AMIGO3-GFP (bottom)
when co-expressed in HEK-293 cells (asterisks). +IP Beads = material pulled down by Kv2.1
antibody; -IP Beads = material pulled down in absence of IP antibody; +IP Sup. = material
remaining in supernatant after pull-down with IP antibody; -IP Sup. = material remaining in
supernatant after pull-down in absence of IP antibody; Start. Mat. = material in pre-cleared lysate
before IP. B) Kv2.2 antibody co-immunoprecipitated the same AMIGO1-GFP (top), AMIGO2-GFP
(middle), and AMIGO3-GFP (bottom) bands from co-transfected HEK-293 cells (asterisks). Lane
titles are the same as in A, except the IP antibody was specific for Kv2.2. C-D) The anti-GFP
antibody detected nothing in cells transfected with either Kv2.1 (C) or Kv2.2 (D) alone. These
experiments were performed by Emily Maverick, PhD.
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4.5 Discussion

Kv β-subunits are well-known for their modulatory effects on channel function

and localization. While the effects of assembly on auxiliary subunit trafficking is often

overlooked, we demonstrate that both Kv2s confer increased trafficking and a clustered

localization to all three AMIGOs. Given the AMIGO family’s widespread physiological

functions, such as neurite growth and cell survival [227, 231, 235], assembly with Kv2

channels likely modulates some of these functions as well. Therefore, the interaction

between Kv2 channels and each AMIGO represents a co-regulatory mechanism for both

electrical and non-electrical cell properties.

In addition to AMIGO-dependent changes in Kv2 electrical function [350], we iden-

tified Kv2-dependent changes in AMIGO localization and trafficking. Expressed alone in

HEK-293 cells, surface AMIGO proteins were distributed evenly across the cell surface.

When co-expressed with Kv2 channels, each of the three AMIGOs was trafficked more

efficiently to the plasma membrane and underwent re-localization to ER/PM junctions,

as was previously observed with AMIGO1 and Kv2 channels [228]. Redistribution of

AMIGOs to Kv2 clusters on the cell surface likely demonstrates a direct interaction be-

tween the two proteins as has been previously shown for AMIGO1 and Kv2.1 [226]. This

interaction was proposed to occur via the transmembrane (TM) domain of AMIGO1 and

an unidentified TM domain of Kv2.1. Since the TM domains of the 3 AMIGOs are fairly

homologous (48% identical, 81% similar, Uniprot), the interaction between each AMIGO

and Kv2 likely occurs via a similar mechanism, although the specific residues involved

in interaction have yet to be determined.

In our co-IP experiments, both the GFP-tagged and endogenous AMIGO1 ap-

peared as doublets (Figure 4.6). The lower of the two GFP-AMIGO1 bands was pref-

erentially co-purified with both Kv2.1 and Kv2.2 antibodies, suggesting that the chan-
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nels interact more favorably with one AMIGO1 form over the other. Early work with

AMIGO1 suggests the two molecular weights represent different glycosylation states

of the protein, as AMIGO1 has five predicted N-linked glycosylation sites [229]. Per-

haps the lower molecular weight version that assembles with Kv2 channels is not fully

glycosylated. Whether assembly with Kv2.1 alters AMIGO1 glycosylation or once as-

sembled the complex no longer traffics through the classic Golgi pathway, as has been

suggested [317], remains an open question.

Each of the AMIGO isoforms showed variable levels of surface expression and of

the AMIGOs, AMIGO3 showed the lowest surface expression, with much of the internal

AMIGO3 appearing to reside in the ER. Although an ER-retention motif has not yet

been identified in any of the AMIGOs, interestingly, AMIGO3 has an additional 6 amino

acids in the proximal C-terminus. These 6 amino acids (RCRRWP) contain a di-arginine

motif, which is a sequence involved in general ER retention [351]. Internal AMIGO1 and

AMIGO2 appeared to be localized in trafficking vesicles, which may represent a forward

trafficking or recycling pool. Future studies may wish to determine in which pool these

vesicles belong, and whether assembly with Kv2 channels prolongs their lifetime at the

plasma membrane.

The effect of Kv2 channels on AMIGO surface expression represents a gain-of-

function phenotype that likely has downstream effects due to AMIGO functions at

the cell surface. For example, AMIGO2 localization to the PM may upregulate lipid-

dependent phosphorylation of Akt, leading to increased growth and survivability [239].

Likewise, since all 3 AMIGOs are thought to act as cell adhesion molecules [227], the

increased surface expression could increase the size, number, or location of cell-cell

adhesions. Indeed, EM micrographs of Kv2.1 clusters in the rat hippocampus have

been identified as sites of astrocyte adhesion [183], and more recently, it was reported

that microglia often contact neurons at Kv2.1 clusters [186]. Although neither of these
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neuron-glia adhesions has been attributed to AMIGO family interactions, it is tempting

to speculate that AMIGOs residing in Kv2 clusters play a role in adhesion.

The effects of the AMIGOs on voltage-dependent activation observed in our lab

agree with previously published data with AMIGO1 [226]. Namely, each AMIGO con-

ferred a hyperpolarizing shift to the Kv2 channel activation midpoint [350]. The effects

of the AMIGOs on Kv2 function are particularly interesting in terms of the brain. As

mentioned in the introduction, Kv2 channels are not recruited for single AP repolar-

ization but are thought to be important for maintaining polarized membrane potentials

during high-frequency firing. Faster Kv2 activation and slower inactivation, as seen

in [350], would result in more outward K+ current at a given firing frequency. This hy-

perpolarizing current could enhance the recovery of sodium channels from inactivation

during the interspike interval, leading to an overall increase in firing frequency. Indeed,

this hypothesis is in line with the observed requirement for Kv2 in preventing depolar-

ization block during high-frequency firing in cervical ganglion neurons, CA1 pyramidal

neurons, and cortical neurons [206, 207]. Alternatively, the increased hyperpolarizing

current contributed by Kv2s associated with AMIGOs could halt firing by preventing

sufficient depolarization for AP initiation. The overall result of AMIGO assembly with

Kv2s on neuronal firing properties will likely vary on a cell-by-cell basis and will be

determined by the cell’s full complement of ion channels and the neuronal inputs it

receives.

Of the three isoforms, AMIGO2 had the most dramatic effects on Kv2.1 and Kv2.2

channel function [350]. In the hippocampus, Kv2 channels and AMIGO2 have somewhat

reciprocal expression patterns, with Kv2.1 and Kv2.2 more highly expressed in CA1 and

CA3 [344], and AMIGO2 highly expressed in CA2 [352,353]. These observations suggest

that AMIGO2 may not regulate Kv2 channel electrical function extensively in the hip-

pocampus. An AMIGO2 knockout mouse has been characterized as having perturbed
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neuronal morphology in the retina and associated vision impairments (Jackson Labs

Amigo2emDke/Amigo2emDke). Whether these effects can be attributed to AMIGO2’s reg-

ulatory effects on Kv2 currents is unknown, but Kv2.1 is also highly expressed in the

retina [354]. According to the Human Protein Atlas, AMIGO2 is also found in periph-

eral tissues that express Kv2 channels, such as endocrine and muscle cells. Whether

AMIGO2’s dramatic effects on Kv2 electrical properties regulate the functions of Kv2-

containing cells in these tissues will be interesting to investigate.

Until recently, the Kv2 literature and AMIGO literature have been largely distinct

bodies of work. The 2011 finding that AMIGO1 is a Kv2.1 auxiliary subunit marks the

merging of the two fields. In combination with other work out of our lab, we further

intertwine the AMIGO and Kv2 fields by showing functional interactions between all

members of both families [350]. This result will inevitably lead to new and renewed

interest in various aspects of each family’s physiological function. For example, could

AMIGOs reduce or exacerbate the effects of the known pathogenic de novo Kv2.1 mu-

tations [355–357]? Are Kv2 channels somehow involved in the activity-dependence of

AMIGO expression [235]? What are the consequences of concentrating each of the three

AMIGOs at the extracellular surface of Kv2-induced ER/PM junctions? These and other

questions await future investigation.
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Chapter 5

Conclusions

The work presented in this dissertation further identifies the molecular players at

Kv2.1-induced neuron-astrocyte contact sites. In Chapter 2, we found Glt1 glutamate

transporters are statically localized in nanoclusters overlying the cortical actin cytoskele-

ton. In Chapter 3, we found that the Glt1-actin interaction is likely responsible for the

net-like localization of Glt1 around neuronal Kv2.1/AMIGO clusters in neurons. Finally,

in Chapter 4, we delved into the relationship of Kv2 channels and AMIGO family β-

subunits, finding that all three members of the AMIGO family of cell adhesion molecules

can interact with and alter the function of Kv2 channels.

5.1 Positioning Glt1 for optimal control over glutamate concentration

To adequately buffer extracellular glutamate and terminate synaptic communication,

astrocytic glutamate transporters, like Glt1, must be located near areas where glutamate

concentrations are high. Despite a vast literature exploring the function of Glt1 and other

glutamate transporters, few have focused on the mechanisms regulating Glt1 localization

until recently [108, 140, 143, 279, 358]. The work presented in Chapter 2 demonstrates a

novel interaction between Glt1a transporters and cortical actin filaments. To our knowl-

edge, these are the first data to suggest surface Glt1a localization relies on an interaction

with a component of the actin cytoskeleton. We found that this interaction can be dis-

rupted by over-expression of a cytosolic Glt1a C-terminal fragment, thus implying the

C-terminus is an important mediator of localization to actin filaments. Since the Glt1

isoforms, Glt1a and Glt1b, differ only in the final 11-22 amino acids of the C-terminus,

and we did not observe similar localization of Glt1b with the actin cytoskeleton, we con-

cluded the last 22 amino acids in Glt1a must bear some responsibility in actin interaction.
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These data are the first to ascribe a particular function to the different amino acids in

Glt1a.

Although we may have identified the amino acids necessary for interaction in

Glt1a, we have not identified any potential candidates that mediate the Glt1a-actin in-

teraction. Since we observed nanoclusters adjacent to actin filaments, we believe this

interaction is not direct. However, now that we know the motif required in Glt1a and

that expression of this motif can interrupt Glt1a-actin interaction, the final 22 amino

acids of the C-terminus could be used as bait to discover this intermediary protein.

Studies of protein localization tend to view location as static, rather than dynamic.

This view is likely due in part to fixation and immunodetection being widely available

methods. However, by failing to consider the dynamic nature of protein localization, we

possibly miss out on important regulated functions. For instance, recent studies discov-

ered that lateral diffusion of Glt1 in the astrocyte membrane was crucial to adequately

buffer glutamate at the synaptic cleft [140]. Intriguingly, they found glutamate binding

increased the rate of lateral diffusion, a finding we replicated and presented in Chapter

2. We postulated that Glt1 release from static nanoclusters may cause the observed in-

crease in total diffusion. However, we did not detect any differences in the intensity or

location of Glt1 nanoclusters following glutamate application, and thus, the mechanism

of increased diffusion by glutamate remains a mystery.

5.2 AMIGO and Kv2.1 at the nexus of neuron-astrocyte contacts

Perhaps more importantly, we present evidence in Chapter 3 that shows this Glt1a-

actin interaction is likely involved in positioning astrocyte Glt1 near insult-sensitive

Kv2.1 clusters in neurons. A previous publication reported astrocyte processes lie di-

rectly apposed to more than 90% of Kv2.1 clusters in the intact hippocampus [183]. Other
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published data suggests Glt1 membrane localization is regulated by neuronal Kv2.1 clus-

ters [184], a finding we replicated in vitro and presented in Chapter 3. Significantly, we

found Glt1 and astrocyte actin filaments colocalized around neuronal Kv2.1 clusters.

Combined with data showing Glt1 diffusion is not decreased directly across from neu-

ronal Kv2.1 clusters, we propose this neuron-astrocyte adhesion is capable of regulating

astrocyte actin filaments, although we do not yet know the mechanism. Is this adhesion

mediated by AMIGO family interactions? If so, how do AMIGO family proteins alter

the position of the astrocyte actin cytoskeleton?

Astrocyte Glt1 transporters are also localized adjacent to synapses [156]. While we

were not able to see if actin and Glt1 colocalize near synapses, one study has shown

actin cytoskeleton interacting proteins are localized to peri-synaptic astrocyte processes

(PAPs) and that cytoskeletal rearrangement was induced by glutamate [152]. These data

suggest the Glt1a-actin interaction may also be important in PAPs, although this awaits

future investigation. If so, modifying the actin cytoskeleton would be an elegant way to

simultaneously stimulate PAP structural plasticity and modify the localization and/or

concentration of Glt1 at the synapse.

Since somatic Kv2.1 clusters and synapses are the only known locations that as-

trocyte Glt1 shows a specific localization pattern, we wanted to know whether these

two neuron-astrocyte contacts may display similarities in composition. To this end,

we performed studies of Kv2.1 and AMIGO1 localization near synapses. Interestingly,

we found Kv2.1 and AMIGO1 localized to pre- and post-synaptic elements of mature

synapses. These data presented in the latter half of Chapter 3 suggest Kv2.1 and

AMIGO1 play some sort of role at synapses, which could be functional and/or struc-

tural. Unpublished evidence out of the Hoppa lab at Dartmouth suggests that Kv2.1

is important for pre-synaptic function, as knockdown of Kv2.1 by shRNA substantially

decreased evoked vesicle fusion by ∼50% [communication with Mike Hoppa]. Addi-
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tionally, given that EM studies showed Kv2.1 clusters are nearly always associated with

an astrocyte process [183], it may be that Kv2.1/AMIGO clusters also mediate astro-

cyte adhesion at synapses via AMIGO CAM activity. Do Kv2.1 and AMIGO localize to

synapses in vivo? If so, how does knockdown of Kv2.1 or AMIGO1 affect in vivo synaptic

communication? Do regional differences in astrocyte synaptic coverage correlate with

the presence of Kv2.1 and AMIGO at synapses?

5.3 Different AMIGOs confer different functions

In Chapter 4, we presented data to support the idea that all three members of the

AMIGO family act as β-subunits of Kv2 channels. In addition to each of the AMIGOs

altering voltage-dependent properties of Kv2s [350], we found that Kv2s both increased

the surface trafficking of AMIGOs and redistributed surface AMIGOs to micron-sized

clusters. This gain-of-function phenotype is likely to have downstream effects due to

AMIGO localization to the surface. Since all three AMIGOs are thought to act as cell

adhesion molecules [227], the increased surface expression could increase the size, num-

ber, or alter the location of cell-cell adhesions, and could contribute to the formation of

neuron-astrocyte contacts in the brain.

All three AMIGOs are expressed throughout the body, with AMIGO1 having the

highest expression in the brain, while AMIGO2 and AMIGO3 are more widespread

in tissue distribution [227]. The literature describing functions of AMIGO2 is perhaps

the most interesting of the three. AMIGO2 has been implicated in enhanced growth

and survival in a variety of cells including cerebellar granule neurons [235], vascular

endothelial cells [236], gastric adenocarcinoma cells [237], melanoma cells [238], liver

endothelial cells [240], and ovarian metastatic cancer cells [241]. The combination of

enhanced cell survival and adhesion effects makes AMIGO2 a particularly dangerous

molecule for metastatic cancer cells, which has made it a proposed cancer target in re-
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cent years. This increase in cell viability may be due to an interaction between AMIGO2

and PDK1, a kinase that activates Akt in cell survival pathways [239]. While AMIGO1

and AMIGO3 have not yet been implicated in cell survival, the AMIGO family shares

∼73% similarity in the region of the C-terminus in AMIGO2 identified in PDK1 inter-

action. Intriguingly, cerebellar granule neuron activity correlated with AMIGO2 gene

expression, such that higher activity resulted in more AMIGO2 protein [235]. Could this

be a mechanism to simultaneously increase cell survival via the Akt pathway and limit

neuronal hyper-excitability by prolonging the open state of Kv2 channels?

In the central nervous system, AMIGO2 expression has been observed in fairly spe-

cific locations, among them the CA2 region of the hippocampus [352], cerebellar granule

neurons [235], starburst amacrine cells, and rod bipolar cells of the retina [233]. In con-

trast, AMIGO1 expression is abundant throughout the brain [228]. Perhaps tighter con-

trol over AMIGO2 expression is required to prevent under-excitation of neurons, which

would occur due to decreased inactivation of abundant delayed-rectifier Kv2 channels.

Now that we know all three AMIGOs can act as Kv2 β-subunits, it will be interesting

to discover which AMIGOs associate with Kv2s in different tissues across development

and how this interaction might regulate regional differences in neuronal firing properties

and neuron-glia adhesion.

5.4 Implications for disease

Since the original description of neuron-astrocyte contacts at Kv2.1 clusters, only

two other groups have examined communication at these neuron-astrocyte contacts.

Both groups described the need for functional uptake of glutamate by transporters, as

inhibition of transport increased extracellular glutamate, activated extrasynaptic NMDA

receptors, led to an influx of Ca2+, and led to subsequent dephosphorylation of Kv2.1

by calcineurin [184, 185]. Dephosphorylation of the Kv2.1 C-terminus FFAT motif disal-
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lows interaction with ER VAP proteins, and thus, leads to a dispersal of Kv2.1 clusters.

Positioning Glt1 near Kv2.1 clusters may decrease the local extracellular concentration

of glutamate, thereby decreasing the probability of Kv2.1-induced ER/PM junction dis-

integration, except in the direst situations.

As discussed at length in Section 1.7.2, Kv2.1 channels are involved in both the

early neuroprotective response and the late apoptotic response to ischemic insult. In the

early phase, both channel conductance and cluster dispersal are thought to contribute

to neuroprotection. Dephosphorylation of serine residues in Kv2.1 shifts the voltage-

dependence of activation, such that the channels activate earlier, thus decreasing neu-

ronal excitability. While the contribution of channel conductance to dampen neuronal

excitability is rather straightforward, we do not yet know why cluster dispersal is neuro-

protective. Microglia also contact neurons at Kv2.1 clusters [186]. Interestingly, following

ischemic stroke by artery occlusion, the microglia contact area increased. Blocking the in-

crease in contact area following stroke resulted in increased infarct volume and neuronal

Ca2+ load. Together this suggests that glial contact increases following insult, which is

neuroprotective. Could the same be true for the neuron-astrocyte contact area? Does this

rely on AMIGO adhesion? If so, perhaps the neuroprotection provided by Kv2.1 cluster

dispersal is due to spreading of AMIGO cell-adhesion molecules, and thus an increase

in the glial contact area.

Unsurprisingly, several de novo mutations in the coding sequence of Kv2.1 are as-

sociated with developmental and epileptic encephalopathy (for review: [359]). Many of

these mutations are located in the voltage-sensor, pore-forming domain, or K+ selectiv-

ity filter. These mutations most likely directly affect channel function by altering the

coupling of the S4 domain [360] or changing the K+ selectivity of the channel [357, 361].

Since the first identification of a disease-causing Kv2.1 variant, 64 patients have been

described to date [359]. Of these patients, three have mutations in the S1 transmem-
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brane domain of Kv2.1. In a study of one of these variants, Calhoun and colleagues

found a I199F mutation caused a depolarizing shift in the voltage-dependence of acti-

vation of Kv2.1 expressed in CHO cells [362]. Given the effect of AMIGOs on Kv2.1

activation [350], and the hypothesis that AMIGOs interact with Kv2s via transmem-

brane domains [226], could this mutation disrupt the assembly of Kv2.1 with AMIGO

β-subunits?

While the AMIGO family is a relatively new field of study, AMIGO family muta-

tions are implicated in the development of autism spectrum disorder and schizophre-

nia [363–366]. A single nucleotide variation (SNV) in the gene encoding AMIGO1 leads

to a missense mutation in the C-terminus [367], and this patient displays seizure activity,

autism, and developmental delay. This is the only known SNV for AMIGO1, however,

other patients who are missing the AMIGO1, AMIGO2, or AMIGO3 genes display simi-

lar intellectual disabilities and developmental delays [367]. Given the striking similarities

in phenotypes of patients having Kv2.1 or AMIGO family mutations or deletions, it is

tempting to speculate that at least some of these genetic variants affect Kv2/AMIGO

assembly.

5.5 More to learn

The work presented in this dissertation adds to the under-developed field of neuron-

astrocyte contacts at Kv2.1 clusters. An updated working model of this contact is pre-

sented in Figure 5.1. While we have now identified actin filaments (magenta, Chapters

2 & 3), AMIGO2 & AMIGO3 (cyan, Chapter 4), and VAP (dark green, Appendix A) as

probable constituents of this neuron-astrocyte contact, there is still much to learn. What

is the identity of the astrocyte-expressed cell adhesion molecule (CAM, orange)? How

does this CAM modify the location of the astrocyte actin cytoskeleton? What is the

mechanism of Glt1a localization to actin filaments? How does the presence of different
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Figure 5.1: A Current working model of the neuron-astrocyte contact at somatic Kv2.1 clusters.

AMIGO family members at the Kv2.1-induced ER/PM junction change the function of

this cell-cell contact? How is this cell-cell contact altered under conditions of excitotoxi-

city and disease? Time will tell.

5.6 Looking backward and forward

Over a century ago, Cajal could only imagine cells as living and dynamic, but we

can see it now. We can watch in real-time as cells react to our interventions. Using tools

Cajal could scarcely conceive of, we can watch the path of a single-particle, approximate

the true location of proteins in intricate detail, and delve deeper into the ever-growing

list of things our cells can do.

Cell biology is endlessly fascinating. I feel lucky to have studied and contributed to

this field for so many years. The journey of discovery is never over —answers only beget

more questions, more unknowns, and more experiments. Truly, the more we know, the

more we know what we don’t know, and if you’re a scientist, the more you want to

know. I look forward to following the journeys of the next students who take up this
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mantle. Hopefully, it will not take another few decades, as I truly believe this contact

between neurons and astrocytes will prove its significance time and time again.
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Appendix A

Kv2 potassium channels form endoplasmic reticulum/
plasma membrane junctions via interaction with VAPA and
VAPB

This appendix is excerpted from the published paper entitled "Kv2 potassium

channels form endoplasmic reticulum/ plasma membrane junctions via interaction with

VAPA and VAPB" in the journal Proceedings of the National Academy of Sciences

(PNAS) [218]. In accordance with PNAS copyright, I am including this in my disser-

tation as an author on the manuscript. In this appendix, I only present the experiment

that I performed. Interested readers are directed to the original manuscript for addi-

tional information.

Introduction. Kv2.1 and Kv2.2 are abundant voltage-gated K+ channels in the mam-

malian brain. Kv2.1 is the predominant channel in the hippocampus while both channels

are differentially expressed in the cortex [189]. Both channels localize to micrometer-

sized clusters on the neuronal surface of the soma, proximal dendrites, and axon initial

segment (AIS) in vivo and in vitro [214]. Clustered Kv2.1 channels disperse in response

to ischemic or hypoxic conditions, neuronal activity, and glutamate-induced excitotoxi-

city via calcineurin-dependent dephosphorylation of the channel C terminus [260, 261].

While Kv2.1 clustering was first proposed to regulate channel voltage dependence [368],

several studies indicate little connection between channel clustering and regulation of

conductance [209,288,369]. Our evidence suggests that the freely diffusive channel pop-

ulation provides the voltage-dependent K+ conductance that regulates neuronal electri-

cal activity while clustered channels are nonconducting and have other functions. We

previously reported that the clusters represent trafficking hubs where membrane protein

insertion and retrieval at the cell surface are localized [215]. These findings agree with re-
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sults from Lotan and coworkers [225] that indicate one nonconducting function of Kv2.1

is to enhance dense-core vesicle release from neuroendocrine cells. Recent studies also

indicate Kv2.1 clusters regulate insulin exocytosis from pancreatic beta cells [196, 198].

Taken together these studies strongly suggest that Kv2.1 clustering plays a structural

role related to the cell biology of the neuronal surface. Indeed, we recently determined

that the clustered localization pattern is due to Kv2.1 interacting with the cortical en-

doplasmic reticulum (ER) and inducing stable ER/plasma membrane (ER/ PM) contact

sites [210]. In rat hippocampal neurons this cortical ER remodeling is regulated by activ-

ity, for glutamate treatment induces Kv2.1 declustering that is shortly followed by corti-

cal ER retraction from the cell surface [210]. While ER/PM contacts are best understood

for their role in store-operated calcium entry and nonvesicular lipid transfer from the

ER to the cell surface [223], additional research indicates these microdomains regulate

neuronal burst firing [370] and plasma membrane PIP2 levels [371]. In addition, a recent

study from Hess and coworkers [221] reveals that neuronal ER/PM contact sites repre-

sent 12% of the somatic surface in vivo. Given the abundance and functional significance

of neuronal ER/PM contacts, and that Kv2.1-ER interaction likely influences processes

within these domains, it is paramount to understand the mechanisms underlying the

activity-dependent interaction between Kv2 channels and the cortical ER.

Significance of published work. This work demonstrates that Kv2 channels interact

with VAMP-associated proteins (VAPs) embedded in the ER membrane. VAPs were first

discovered in Aplysia where they are required for fast neurotransmitter release [372].

VAPs are now known to be ubiquitous ER scaffolding proteins with a large and grow-

ing list of interactors, including AKAPs, protein kinases, Rabs, and lipid transfer pro-

teins [373, 374]. Interestingly, single amino acid substitutions in VAP-B cause late-

onset spinal muscular atrophy and amyotrophic lateral sclerosis (ALS)-type 8 [375, 376],

which is intriguing given that Kv2.1 clustering over the cortical ER also exists in α-

motoneurons [188]. Both the clustering of the Kv2 channels and induction of ER/PM
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junctions occur via a noncanonical VAP-binding motif contained within the Kv2 channel

C terminus. This binding motif contains phosphorylation sites that are known to reg-

ulate Kv2 clustering and cortical ER remodeling. The balance of phosphorylation and

dephosphorylation at these sites likely governs affinity for VAPs, thus explaining the

phosphorylation dependence of the Kv2-ER interaction. Since Kv2 channels concentrate

VAPs at the ER/PM contact site, the Kv2-VAP interaction summarized in the present

work is likely to have a major influence on neuronal physiology.

The remainder of this appendix will focus on the Förster resonance energy transfer

(FRET) experiment, originally presented in Figure 3. Although this experiment only

represents one figure in the published manuscript, a lot of effort was expended in the

acquisition and analysis of this data.

FRET Concept. To determine whether Kv2.1 interacts directly with VAP proteins in the

ER, we used sensitized-emission Förster resonance energy transfer (FRET) to measure

direct contact. Fluorescence relies upon the absorption of photons by a fluorophore at

a wavelength that causes a transition of an electron to an excited state. As this electron

relaxes, a photon is emitted at lower energy. The difference between the energy required

for excitation and the energy released in emission is called the Stokes shift, usually in the

range of tens to hundreds of nanometers. The most useful fluorophores for fluorescent

microscopy have large Stokes shifts, as this allows for separation of the excitation light

and the fluorophore emitted light. Due to diffraction limits in resolution, colocalization

of two different fluorophores is not enough to determine whether they are in direct

contact. Therefore, we use FRET to determine whether two proteins are in direct contact.

In principle, FRET relies on the electronic relaxation energy transferred from one

fluorescent molecule (donor) to excite an adjacent fluorescent molecule (acceptor) in ex-

tremely close contact (<10 nm). Therefore, FRET experiments require pairs of fluorescent
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proteins. Because the relaxation energy from the donor fluorophore is lower than the ex-

citation energy, the acceptor fluorophore must be excited at a lower energy wavelength.

With well-suited FRET pairs, the donor will not emit light upon electronic relaxation, but

instead, that relaxation energy will be directly transferred to the acceptor fluorophore.

Experimentally, we can measure protein interaction by exciting with the optimal donor

wavelength, while collecting emitted fluorescence from the acceptor fluorophore. In our

case, we decided to use the FRET pair, Clover (donor) and mRuby2 (acceptor), which

have the excitation and emission spectra shown in Figure A.1.

Figure A.1: Excitation and emission spectra of the FRET pair, Clover and Ruby2. Representa-
tive images of donor, acceptor, and FRET efficiency between the indicated constructs. FRET is
illustrated by the representative heat maps. Scale bars are 5 µm.
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Materials and Methods. Sensitized-emission FRET imaged in living cells employed

Clover-Ruby2 pairs analyzed as previously described [377]. HEK-293 cells were trans-

fected using Lipofectamine 2000 (2µL; Invitrogen) and 100µL OptiMEM (LifeTechnolo-

gies) per dish, using the following DNAs: 1µg Clover-Kv2.1, 1µg Ruby2-Kv2.1, 200

ng pcDNA3.1-Clover-Ruby2 (tandem), 200 ng mClover-C1,200 ng mRuby2-C1, 600 ng

Ruby2-VAPA, 600 ng Ruby2-VAPAmut, and 600 ng Ruby2-VAPB. FRET images were ob-

tained on the Olympus/Andor spinning-disk confocal microscope. For each cell, four

images were collected: (i) excitation with 488 nm paired with a 500/25 bandpass filter

(Donor image), (ii) excitation with 488 nm paired with a 600/50 bandpass filter (FRET

image), (iii) excitation with 561 nm paired with a 600/50 bandpass filter (Acceptor im-

age), and (iv) a DIC image. Using ImageJ, 15 3-pixel by 3-pixel regions of interest (ROIs)

were placed on Kv2.1 clusters (or randomly in the case of tandem and soluble condi-

tions) and the fluorescence intensity of each channel was measured. Cells expressing

only the donor (Clover) or acceptor (Ruby2) constructs alone were imaged to calculate

bleed-through coefficients for the FRET efficiency calculations. Bleed-through coeffi-

cients (BTClover or BTRuby2) were calculated as the average intensity of the FRET channel

(IFRET) divided by the average intensity of the donor or acceptor (IClover or IRuby2). For

our experimental conditions, BTClover=11% and BTRuby2=4.3%. Although there are many

options for the calculation of FRET, we decided to use NFRET, due to its correction for

expression levels of donor and acceptor and its utility in the study of intermolecular pro-

tein interactions [378]. To calculate FRET (NFRET), the following relationship was used

as previously described [377]:

NFRET =
IFRET − BTClover × IClover − BTRuby2 × IRuby2

√

IClover × IRuby2
(A.1)

FRET efficiency images were created using the image calculator in ImageJ and ap-

plying mathematical transformations to FRET, donor and acceptor images as described

in the equation above.
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Figure A.2: FRET between Kv2.1 and both VAPs in transfected HEK cells. Representative im-
ages of donor, acceptor, and FRET efficiency between the indicated constructs. FRET is illustrated
by the representative heat maps. Scale bars are 5 µm.

Results. We attached the FRET acceptor (mRuby2) and donor (Clover) to the VAP cy-

toplasmic domains and the N termini of Kv2.1, respectively. A Clover-mRuby2 linked

tandem construct was used as a positive control while co-expression of soluble un-

linked mRuby2 and Clover served as a negative control. The FRET signals obtained

from these two controls, and the FRET observed between Kv2.1 and VAPA, are shown

in Figure A.2, cyan images. The FRET signals observed in all experiments are summa-

rized in Figure A.3. We observed significant FRET efficiency between Kv2.1 and both

VAPA and VAPB (75% of linked control and 63% of linked control, P ≤ 0.000001 and P

≤ 0.000001 compared with unlinked control, respectively), indicative of protein-protein

interaction. By contrast, unlinked Clover and mRuby2 displayed FRET efficiency val-

186



Figure A.3: Quantified FRET efficiency between Kv2.1 and both VAPs in transfected HEK

cells. Here the FRET signals were standardized to that obtained with the linked Clover-Ruby2
positive control. Positive controls are indicated by the black bars, negative controls are in light
gray, and the Kv2.1/VAP interactions are in darker gray. A one-way ANOVA was performed, F(5,
481) = 195.7, p = 1.81x10133 with post hoc Tukey’s tests to examine significance. *p < 0.000001,
significant difference relative to the unlinked negative control. Error bars represent SEM. n = 109
linked, 104 VAPA, 76 VAPA (mutant), 48 VAPB, 75 Kv2.1, and 58 unlinked cells. Each cell had 15
ROIs examined. Scale bars are 5 µm.

ues that were only 3% of the linked control. An additional positive control examined

the FRET efficiency existing between Kv2.1 subunits within a heteromeric channel, i.e.,

mRuby2- and Clover-Kv2.1 subunits (68% of linked control). The decreased FRET be-

tween Kv2.1 subunits, relative to the linked Clover-mRuby2 positive control, is likely due

to the random assembly of the channel tetramer. Interestingly, a second negative con-

trol, the VAPA(K87D/M89D) mutant, which is incapable of binding FFAT motifs [379],

displayed a diminished, but still significant (16% of linked control, P ≤ 0.000001 com-

pared with unlinked control) FRET efficiency. This signal could be due to oligomer-
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ization with endogenous VAPs via the transmembrane domain as has been previously

described [380]. In essence, the VAPA(K87D/M89D) mutant which is incapable of bind-

ing Kv2.1 is oligomerizing with endogenous VAPs that are bound to the channel. Such

a mechanism would allow for the of VAPs with available FFAT motif-binding domains

within the Kv2.1-induced ER/PM contacts.

Summary of published data. Our data demonstrate that a Kv2 channel-VAP interac-

tion links the PM to cortical ER. The formation of this membrane contact site gives rise

to Kv2 channel clusters on the neuronal surface. VAPA and VAPB are abundantly ex-

pressed in hippocampal, cortical, and motor neurons based on both Western blot and

immunostaining approaches and these neuronal types display prominent Kv2.1 clusters

on the somatic surface [381]. However, no concentration of VAPs into plasma membrane-

associated clusters has been previously reported, perhaps because the available antibod-

ies target VAP domains associated with FFAT motif binding, thus preventing immune

labeling of VAPs within an assembled complex. While we previously proposed that indi-

vidual Kv2 channels within these microdomains must be corralled behind a cytoskeletal

fence due to their high lateral mobility within the PM [347], both the mobility and clus-

tering are now best explained by the binding to freely diffusing VAPs within the ER.

The FRET experiments presented here indicate Kv2.1 and VAPs reside within 1-10 nm

of each other [382], suggesting they are in direct contact.

Discussion. The data presented in Figure A.3 also suggest the VAPA(K87D/M89D)

mutant, which is unable to bind FFAT motifs, still localizes to Kv2 channel-induced

ER/PM junctions, although to a reduced extent relative to WT VAPA. Since VAPs can

form homomeric and heteromeric oligomers, possibly through a transmembrane GxxxG

motif [380], the mutant GFP-tagged VAPA may be assembling into oligomers with en-

dogenous WT VAPs that are bound to Kv2 channels at junctions. Such a mechanism

would allow for the localization of VAPs to these microdomains which possess FFAT-
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binding motifs available to interact with additional partners apart from Kv2 channels.

VAPs have a growing list of interactors, including AKAPs, protein kinases, kinase reg-

ulators, transcription factors, Rabs, and lipid transfer proteins [373, 374, 383], and any

concentration of these proteins to ER/PM contact sites should be physiologically signifi-

cant. Given that the Kv2-VAP interaction is likely directly regulated by phosphorylation

within, and adjacent to, the Kv2 C-terminal FFAT motif, it is possible that the kinases

and phosphatases involved are VAP tethered. However, to the best of our knowledge,

known Kv2.1-modifying kinases (CDK5, p38 MAPK, src) [384–386] and phosphatases

(calcineurin) [257,261] have not been confirmed to be part of the VAP interactome [373].

However, FFAT motif-containing proteins are involved in the nonvesicular transfer of

ceramide, cholesterol, and phosphotidylinositols between the ER and late secretory or-

ganelles, including TGN and PM. Kv2 channels may establish an ER/PM junction where

the concentrated VAPs function as a scaffolding hub, making these membrane contact

sites not only functionally distinct from ER/ PM contacts such as those induced by

STIM1 or the extended synaptotagmins [223], but also regulated by neuronal activity

and sensitive to insult. In addition, it is possible that the converse is true, where the

VAP-mediated concentration of Kv2 channels imparts specific functions onto the ER/PM

junction due to domains contained within the channel itself. Kv2.1 contains a syntax-

inbinding region [225, 387], an ion pore, and a voltage-sensing domain that, even in the

nonconducting channel, responds to membrane potential [209]. In addition to local-

ized SNARE protein binding or K+ conductance, perhaps Kv2.1 communicates neuronal

electrical activity to functions occurring at the ER/ PM contacts.

As with many ion channels, mutations in Kv2.1 that alter conductance are linked

to human disease, with mutations that alter ion selectivity and voltage sensing being

associated with epilepsy and developmental delay [357, 361]. However, three recently

described Kv2.1 mutations result in premature stop codons that are predicted to not

alter Kv2.1 conductance [356]. These mutations occur downstream of the conserved
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channel domains, falling between the last transmembrane domain and the noncanonical

FFAT motif identified in the present work. One of these mutations truncates Kv2.1 at

the arginine residue immediately upstream from the FFAT motif flanker region (R571).

All three mutations result in developmental delay and all three are expected to abolish

the ER/PM junctions formed by Kv2.1. Thus, mutations that specifically interfere with

Kv2.1- VAP binding are likely to be involved in human disease.
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Appendix B

DNA plasmids created for use in this dissertation

(a) Map of CMV>mRuby2-Glt1a-V5. (b) Map of gfaABC1D>mRuby2-Glt1a-V5.

(c) Map of gfaABC1D>mRuby2-Glt1a-CT. (d) Map of pAAV-gfaABC1D-Glt1a-V5.
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(e) Map of SYN1>AMIGO-GFP. (f) Map of CMV>AMIGO1-mRuby2.

(g) Map of CMV>AMIGO2-mRuby2. (h) Map of CMV>AMIGO3-mRuby2.

192



(i) Map of AAV:SYN>AMIGO-GFP. (j) Map of gfaABC1D>mRuby2-Actin.

(k) Map of GFAP>dsRed-ER. (l) Map of gfaABC1D>TOMM20-mRuby2.
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(m) Map of CMV>Clover-Ruby2 Tandem. (n) Map of CMV>Clover-Kv2.1.

(o) Map of CMV>mRuby2-VAPA.
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