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Abstract

Title of Dissertation: The Kv2.2 voltage-gated potassium channel: From the gene to its 
                        potential physiological role in arousal

Dissertation Directed by: Hiroaki Misonou, Ph.D.
                    Jessica A. Mong, Ph.D.

Voltage-gated potassium (Kv) channels are involved in various physiological processes 

such as repolarization of neuronal and cardiac action potentials, calcium signaling, 

cellular proliferation, migration and behavioral rhythms. These channels exhibit distinct 

biophysical and biochemical characteristics primarily through the formation of 

heteromeric tetramers into a functional channel. Mammalian Kv2 delayed rectifier 

channels are, however, the unique exception in this subfamily because previous studies 

have shown these isotypes are localized in distinct domains of neuronal membranes and 

lack the capability to form heteromeric channels. In this dissertation, we report a novel 

form of rat Kv2.2, which has not been previously recognized. Our data indicate that this 

novel form of Kv2.2 is indeed the predominant form expressed in the brain and is co-

localized in the same neuronal membrane domains with Kv2.1. In addition, co-

immunoprecipitation and electrophysiology experiments showed that Kv2.1 and Kv2.2 

are capable of forming heteromeric channels. 

 However, through specific immunostaining, we found that Kv2.2 is expressed in a 

specific set of neurons, which have negligible levels of Kv2.1, suggesting a unique 

physiological role of Kv2.2. These neurons are located in the magnocellular peroptic area 

(MCPO) and the horizontal limb of diagonal band of Broca (HDB) of the basal forebrain 



(BF). It has been shown that the MCPO/HDB are implicated in the regulation of cortical 

activity and the sleep-wake cycle. Using specific immunolabeling and knock-in mice in 

which GFP is expressed in GABAergic neurons, we found that Kv2.2 is abundantly 

expressed in a sub-population of GABAergic neurons in this region which establishes 

Kv2.2 as a molecular target to study  the role of this specific sub-population of BF 

GABAergic neurons.

 In conclusion we hypothesize, that the Kv2.2-GABAergic neurons has a 

functional role in the regulation of the sleep-wake cycle. Using c-FOS immunolabeling 

and polysomnographic recordings of Kv2.2 knockout mice, we found that Kv2.2-

GABAergic neurons are preferentially active during the wake state and that the knockout 

mice exhibit an increase wakefulness phenotype, respectively. Taken all together, these 

results challenges the present dogma of Kv2 channels as well as reveal a significant 

aspect of BF GABAergic neurons in the promotion of wakefulness.
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Chapter 1: General Introduction

1.1 Voltage-gated Potassium channels (Kv)

Ion channels are membrane proteins that function as a passageway for ions to cross a 

biological membrane in response to changes in a chemical, mechanical or an electrical 

environment. Within the superfamily  of ion 

channels, potassium (K+) channels compose the 

largest and the most diverse group that are 

represented by approximately 70 loci in the 

mammalian genome. A major subset of this family 

is the voltage-gated potassium (Kv) channels, of 

which the molecular identity was first discovered 

in the fruit fly  genome (Papazian et al., 1987). The 

architecture of a functional Kv channel is composed of four alpha (α) or pore-forming 

subunits. They have six membrane spanning 

domains (S1-S6) where S4 is the positively 

charged segment that confers voltage 

sensitivity (Fig 1.1 and Fig 1.2). The P-loop of 

α subunits form aqueous pores in the cell’s 

plasma membrane through which preferentially 

K+ ions can flow through. To date, the 

International Union of Pharmacology 

( I U P H A R ) a s w e l l a s H U G O G e n e 
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+ 

+ 

 

Fig 1.1: General schematic of the 
structure of one alpha subunit for the 
voltage-gated K+ channel. This is a 
cartoon illustrates the six membrane-
spanning domains (S1-S6), where S4 is the 
voltage sensor and the pore is formed by the 
linker region between S5 and S6.

!Fig 1.2: Crystal structure of  a voltage-gated 
potassium (Kv) channel, Kv1.2. This is a 
representation of the extracellular side of four 
alpha subunits forming a functional Kv channel. 
Each subunit is represented in a different color. 
Image taken from Long S et al., 2005.



Nomenclature Committee (HGNC, http://

gene.ucl.ac.uk) recognizes 12 subfamilies 

(Kv1-Kv12) in the Kv channel family 

(Fig 1.3) (Gutman et al., 2005).

 Kv channels are important for 

regulating membrane excitability in 

different types of excitable cells such as 

cardiac myocytes, islet beta cells, and 

neurons. In neurons, Kv channels play 

pivotal roles in controlling neuronal 

exci tabi l i ty, es tabl ishing res t ing 

membrane potential, regulating the 

release of neurotransmitters, shaping 

action potentials and modulating spike 

patterns (Hille, 2001). The functional diversity of Kv channels allows them to participate 

in these various processes. Each Kv channel opens (activates) and closes (deactivates) at 

a specific range of membrane potentials and at a specific rate as well as with a specific 

degree to undergo inactivation (closing of a channel in the presence of a gating signal). 

Based on these characteristics, Kv channels have been divided into two major categories. 

The first category is the A-type (IA) channels, which are the fast-activating and fast-

inactivating channels. These channels (e.g. Kv1.4 or Kv3.3) produce a transient outward 

current, which is significant in the repolarization of membrane potentials during action 

2

!Fig 1.3: Nomenclature for the different subtypes of 
the Kv channel family given by IUPHAR and 
HGNC. Image taken from Gutman G et al., 2005.

http://gene.ucl.ac.uk
http://gene.ucl.ac.uk
http://gene.ucl.ac.uk
http://gene.ucl.ac.uk


potentials and synaptic potentials (Kim J et al., 2005, Watanabe S et  al., 2002 and Chow 

RB et al., 1999; Chow et al., 1999; Watanabe et al., 2002; Kim et al., 2005). The second 

category is the Delayed-rectifiers (IK), which in general exhibit a delayed onset of 

activation kinetics, play  a role in controlling action potential duration and the propensity 

to fire an action potential. Furthermore, the delayed-rectifying Kv channels (e.g. Kv1.1 or 

Kv2.1) do not display complete inactivation, which is mediated by no transient block of 

the conducting pore in the A-type channels (illustrated in Chapter 3, Fig 3.15). There are 

also β subunits and the Modifier α subunits, whose primary function is to regulate 

expression levels and gating properties of other Kv α subunits (Salinas et al., 1997a; 

Kramer et al., 1998). Together, these factors are important in promoting diversity  and 

broadening channel functionality of Kv channel family.

 The different types of Kv channels, which have unique gating characteristics, are 

expressed in different sub-populations of neurons that require specialized K+ 

conductances. For example, Kv3 channels are expressed in various sub-populations of 

neurons that fire action potentials at a very high rate. The high-voltage threshold of gating 

as well as the rapid gating kinetics of Kv3 channels helps these neurons to quickly 

repolarize the membrane potential after each action potential (Bean, 2007). Kv channels 

are also expressed in defined sites within individual neurons. For instance, Kv4 A-type 

channels are specifically expressed in the dendrites of hippocampal pyramidal neurons 

where the channel can regulate the amplitudes of synaptic potentials and backpropagating 

action potentials. Cellular and sub-cellular localizations of Kv channels therefore are 

critical for Kv channels to serve specific roles in neurophysiology.

3



 The factors affecting Kv channel functions mentioned above also apply  to other 

voltage-gated ion channels such as sodium (Nav) and calcium (Cav) channels. However, 

Kv channels exhibit another dimension in increasing the functional diversity due to their 

tetrameric nature. Each α subunit in a Kv subfamily  is capable of forming heteromeric 

channels. For example, a Kv1 channel can be comprised of four different  Kv1 α subunits 

such as Kv1.1, Kv1.2, Kv1.4, and Kv1.6. The heteromultimerization of Kv subunits 

dramatically increases the molecular and functional diversity  of the Kv channel family 

from a limited number of genes (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg et 

al., 1990; Sheng et al., 1993; Trimmer and Rhodes, 2001). 

 However, the Kv2 subfamily  has been an exception in this aspect. It  was initially 

thought that  the Kv2 isotypes (Kv2.1 and Kv2.2) are the only  group within the Kv family 

that does not exhibit the ability to form heteromeric channels with each other in 

mammalian cells (Hwang et al., 1993a; Lim et al., 2000; Malin and Nerbonne, 2002), 

even though they have the capability to form functional channels with the Modifier Kv 

channels such as Kv9 (Post et al., 1996; Kerschensteiner et al., 2005). Despite the general 

acceptance of this principle, we challenged it in this thesis on the basis of our data 

suggesting otherwise. 

1.2 KCNB (Kv2) Subfamily of Kv Channels

The Kv2 subfamily of channels, Kv2.1 and Kv2.2, are designated as delayed rectifiers. 

Joho and colleagues, using expression cloning of rat  brain cDNA in Xenopus ooctyes, 

identified the first member Kv2.1 (Frech et al., 1989). Subsequent studies showed that 
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Kv2.1 channels are ubiquitously expressed throughout the brain, have a unique sub-

cellular somatodendritic expression pattern (on the soma and proximal dendrites) and are 

expressed in discrete clusters on the surface (Trimmer, 1991; Scannevin and Trimmer, 

1997; Du et al., 1998). 

 Similarly, Kv2.2 was first identified, cloned and sequenced using a cDNA library 

prepared from circumvallate papillae of the rat tongue (Hwang et al., 1992). The initial 

comparison revealed that there is high homology (~90%) in the cytoplasmic N-terminal 

and transmembrane domains and moderate homology (50%) in the cytoplasmic C-termini 

between Kv2.1 and Kv2.2 (Fig 1.4).  However, earlier work provided some key evidence 

that rat Kv2.1 and Kv2.2 do not  assemble together to create a functional channel. Mutants 

of Kv2.1 and Kv2.2 were created by  introducing point  mutations in the pore region of the 

subunits. In patch-clamp recordings, these mutants would inhibit the channel conductance 

when incorporated into a tetramer. In fact, co-expression of the Kv2.1 pore-mutant with 

wild-type Kv2.1 in heterologous cells resulted in a significant reduction of K+ current as 

compared to cells expressing wild-type Kv2.1 alone (Fig 1.5A).  Likewise, the pore-

mutant of Kv2.2 inhibited wild-type Kv2.2 channels as well. However, when the pore 

mutants are expressed with the counterpart WT subunit (e.g. WT Kv2.1/DN-Kv2.2 or 

WT Kv2.2/DN-Kv2.1), no attenuation of the current was observed in those recordings, 

suggesting that the DN Kv2 subunits do not 

interact with WT Kv2 subunits to form 

heteromeric complexes (Malin and Nerbonne, 

2002) (Fig 1.5). This conclusion was further 

5
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Fig 1.4: Schematic diagram of comparing the 
two isotypes of Kv2 channels.



substantiated with other studies that revealed a 

differential expression pattern between Kv2.1 

and Kv2.2. 	  

 Initial analyses of Kv2 channels 

revealed that Kv2.1 and Kv2.2 exhibit distinct 

cellular and sub-cellular localization patterns 

in the brain (Hwang et al., 1993b). At the 

mRNA level, there were high expression 

levels of Kv2.2 in the olfactory  bulb with 

moderate to low expression in the cortex, hippocampus and cerebellum. Conversely, there 

was very little expression of Kv2.1 in the olfactory bulb but high to moderate expression 

in the cortex, hippocampus and cerebellum (Hwang et al., 1992). Furthermore at the 

protein level, immunohistochemical (IHC) studies confirmed a sub-cellular expression 

pattern of Kv2.1 in large clusters restricted to the soma and proximal dendrites while 

Kv2.2 had a more uniform and diffuse pattern (Hwang et al., 1993b; Lim et al., 2000; 

Guan et al., 2007). They concluded from these studies that Kv2.1 and Kv2.2 vastly differ 

in their expression pattern within the CNS. Furthermore, even in certain areas where 

there is overlap (e.g. cortex and hippocampus), the differences in their sub-cellular 

expression make it unlikely that the Kv2 isotypes are interacting with one another to form 

heteromeric channels. This notion is consistent with the electrophysiological evidence 

that they do not form heterometic channels. However, within a non-mammalian system 

(Xenopus laevis) Kv2 subunits can interact and form functional heteromeric channels 

6
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A. 

B. 

Fig 1.5: Current densities of mammalian cells 
expressing Kv2 subunits and dominant 
negative (DN) mutants. A, In HEK293 cells co-
expressing Kv2.1DN and Kv2.1, current 
densities are reduced markedly compared with 
those recorded from cells expressing Kv2.1 alone 
(compare left and right).  B, In contrast, co-
expression of Kv2.1DN with Kv2.2 reveals 
outward currents indistinguishable from those 
measured in cells expressing Kv2.2 alone. 
Courtesy from Malin S et al., 2002.



(Blaine and Ribera, 1998), even though their primary structures are highly homologous to 

those of mammalian channels. This was demonstrated in patch-clamp experiments that 

used non-conducting, pore-mutants Kv2 channels similar to what was previously  shown 

in Fig 1.5 but with Xenopus Kv2.1 and Kv2.2 homologues. These conflicting results 

along with the differences in sub-cellular expression created a conundrum that led our 

laboratory to re-investigate the Kv2 subfamily of channels.  

 Through this thesis research, we discovered that the original sequence of the rat 

Kv2.2 channel (Hwang et al., 1992) was different from the registered genomic sequence 

in the NCBI Database. Due to this revelation, a portion of this thesis (Chapters 3 and 4) 

is devoted to a more thorough re-characterization of Kv2.2 in the mammalian brain. Our 

studies demonstrate that Kv2.1 and Kv2.2 exhibit overlapping sub-cellular expression 

patterns in neurons expressing both subunits (e.g. in the cingulate cortex), and that  the 

two isotypes can indeed interact and form functional heteromeric Kv2 channels. The most 

intriguing observation was the intense expression of Kv2.2 in a sub-population of 

neurons within the basal forebrain, which is an area of the brain that has been implicated 

in regulating sleep-wake behaviors in rodents, cats, monkeys and in humans.

1.3 The Basal Forebrain and the Novel Expression of Kv2.2

Located on the ventral surface of the brain, the basal forebrain (BF) is comprised of 8 

nuclei (from roustal to caudal: medial septum, vertical diagonal limb of Broca, horizontal 

diagonal limb of Broca, ventral pallidum, magnocellular preoptic area, substantia 

innominata, and the nucleus basalis) and has various neuronal populations. The BF 
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provides input to a number of regions such as the olfactory  bulb (Woolf et al., 1984; 

Zaborszky  et al., 1986a), the hippocampus (Wainer et al., 1985; Springer et al., 1987), the 

thalamus (Asanuma and Porter, 1990), and the cortex (Saper, 1984; Fisher et al., 1988; 

Szymusiak, 1995) which implicates its involvement in learning and memory (Bartus et 

al., 1986; Sarter and Bruno, 2002), attention (Everitt and Robbins, 1997), motivation (Lin 

and Nicolelis, 2008) and most importantly, the control of the sleep-wake cycle 

(Szymusiak, 1995; Berntson et al., 2002; Jones, 2005) (Fig 1.6).	  

 The putative neuronal circuits that initiate both sleep  and wake exist in almost all 

species and are essential for maintaining normal mood, memory, cognition and overall 

survival. Studies show that the induction and maintenance of the sleep-wake cycle 

involves many regions of the brain.  In particular, wakefulness is linked to the ascending 

arousal system that originates from several nuclei in the brainstem (pedunculopontine and 

lateraldorsal tegmental, locus coeruleus and the dorsal/median raphe nuclei). Neurons 

within these nuclei send their projections to either the thalamus or the hypothalamus/BF 
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hypothalamus, LC- locus coeruleus, DR- dorsal raphe. Courtesy from Butcher LL and Woolf NJ et al., 
2003.



complex, which then send their projections to the cortex that supports asynchronous 

firing of cortical neurons, particularly in the gamma (>30 Hz) frequency  range (Fig 1.7). 

Likewise, the sleep-promoting circuit in the brain, which includes several ventral 

forebrain regions (such as the BF or hypothalamus), specifically sends inhibitory 

projections to many nuclei in the ascending arousal system as well as to the cortical 

mantle to support  synchronous, slow wave cortical activity in the slow (0.1-1Hz) and 

delta (1-4 Hz) frequency ranges (Fig 1.7). Although these two pathways modulate 

opposite aspects of the sleep-wake cycle, the BF is unique in that it participates in both of 

the neuronal pathways (McGinty  and Sterman, 1968; Stewart et al., 1984; Szymusiak and 

McGinty, 1986b; Szymusiak, 1995).	  

 As early  as the beginning of the 20th century, a clinical study lead by Baron 

Constantin von Economo, a neurologist, demonstrated that the BF is a critical region of 
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Fig 1.7: A schematic drawing of the ascending arousal and the sleep-promoting circuits. A, The 
ascending arousal pathway sends projections to the thalamus via two nuclei within the brainstem the 
pedunculopontine (PDT) and laterodorsal tegmental (LDT) or to the BF/hypothalamic regions via 
several other nuclei such as the locus coreuleus (LC) the dorsal raphe (DR) to facilitate cortical 
activation. B,  The sleep-promoting pathway includes ventral forebrain regions such as the BF and the 
ventral lateral preoptic area (VLPO) that send inhibitory projections (mainly GABAergic) to the 
nuclei with the ascending arousal pathway as well as the cortical mantel. TMN, tuberomammillary 
nucleus; LH, lateral hypothalamus. Courtesy from Saper C et al., 2005.



the brain that regulates the sleep-wake cycle. Von 

Economo treated patients with a rare encephalitis 

(now known as von Economo’s sleeping sickness) 

where majority of the patients slept for 20 or more 

hours a day.  In his work, he identified specific 

regions of the brain, where lesions produced 

somnolence. One of the areas identified was the BF  

(Fig 1.8) (von Economo, 1917). Due to this 

o b s e r v a t i o n , s u b s e q u e n t l e s i o n s t u d i e s , 

pharmacological manipulat ion of the BF 

neurotransmitter systems, and electrophysiological recordings in animal have confirmed 

the BF’s involvement in sleep physiology. More specifically, BF nuclei, such as the 

horizontal diagonal limb of Broca (HDB) and the magnocellular preoptic area (MCPO), 

were highlighted to be important in regulating the sleep-wake cycle (McGinty and 

Sterman, 1968; Shouse et al., 1984; Szymusiak and McGinty, 1986b). 

 The BF’s role in modulating both sleep  and wake is driven primarily by three 

major neuronal sub-populations, the cholinergic, GABAergic, and ‘putative’ 

glutamatergic neurons (Gritti et al., 1993; Gritti et al., 1997; Jones, 2005). Although the 

neuronal population in the BF is quite heterogeneous, with neurons immunoreactive for 

several neurotransmitters (Kohler et al., 1984; Melander et al., 1985; Vincent et al., 1985; 

Zahm and Heimer, 1988; Gritti et al., 2006), the cholinergic and GABAergic neurons 

make-up approximately two-thirds of the neuronal population forming a large subset  of 
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Lesions were in the junction of the 
brainstem and basal forebrain as well as 
the anterior hypothalamus. Courtesy from 
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cortical projecting neurons (Fig 1.6) (Woolf et al., 1983; Rye et  al., 1984; Saper, 1984; 

Fisher et al., 1988; Henny and Jones, 2008)

 The BF cholinergic neurons have been hypothesized to be the neuronal sub-

population that is responsible for the modulation of arousal and cortical activation. 

Earlier studies reveal that the cholinergic component is one of the primary targets of the 

extra-thalamic relay  from the brainstem reticular arousal system and the hypothalamus to 

stimulate widespread, fast, cortical activity (Fig 1.6) (Stewart et al., 1984; Jones, 1993; 

Jones, 2004). The homogenous expression of the p75 nerve growth factor (NGF) 

receptors on BF cholinergic neurons led to the development of an immunotoxin, 192 IgG-

saporin (an antibody  against the NGF receptor conjugated to saporin, a ribosome 

inactivating protein), that specifically and selectively ablates the cholinergic population 

(Wiley et al., 1991; Bucci et  al., 1998; Potter et al., 1999). The removal of a significant 

proportion of the BF cholinergic neurons using 192 IgG-saporin reduced wakefulness, 

demonstrating the influence of the BF cholinergic neurons in promoting cortical 

activation and arousal (Berntson et al., 2002; Kaur et al., 2008).

 In contrast  to the BF cholinergic neurons, the GABAergic neurons in this region 

are thought to be the neuronal sub-population that underlies the hypnogenic (sleep-

promoting) component of the BF. Outnumbering the cholinergic population 2:1 (Gritti et 

al., 2006), BF GABAergic neurons are heterogeneous in their size (Gritti et al., 1993; 

Szymusiak, 1995), their molecular identity  (Gritti et al., 2003; Manns et  al., 2003) and 

their physiological behavior (Hassani et al., 2009). Earlier studies that utilized electrical 

stimulation of the BF showed both a BF-induced cortical activation (which is correlated 
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with acetylcholine release) as well as a BF-induced inhibition of cortical activity, which 

was suggested to be regulated by GABA release (Jimenez-Capdeville et  al., 1997). 

However, parallel studies employing single unit  recording and the juxtacellular labeling 

technique in anesthetized and freely-moving rats identified high and distinct discharge 

rates of BF GABAergic neurons in induced or spontaneous sleep and wake states (Manns 

et al., 2000; Hassani et al., 2009). Such heterogeneity  of the BF GABAergic neuronal 

population adds a level of complexity  in ascertaining the specific involvement of these 

neurons in sleep physiology. Currently, there is no available molecular tool or target that 

works similar to the immunotoxin 192 IgG-saporin that can selectively target the BF 

GABAerigc neurons to study their involvement.  

 As briefly mentioned before (and more explicitly in Chapters 4 and 5), we report 

a novel expression of the Kv2.2 channel in the MCPO and HDB, two nuclei of the BF. 

What makes this observation so exciting is that the expression of Kv2.2 in the MCPO/

HDB is detected exclusively on GABAergic neurons and can possibly be a viable 

molecular target to obtain a more in-depth understanding of a major sub-population of the 

BF GABAergic neurons. Furthermore, we observed that these Kv2.2-expressing 

GABAergic neurons are active during a period of consolidated wake. Collectively 

considered, we hypothesize that the BF Kv2.2-GABAergic neurons are involved in 

promoting wakefulness. To test the hypothesis, we used Kv2.2 knockout  (KO) mice as 

our animal model. It has recently been shown that  the removal of Kv2.2 expression can 

increase membrane excitability and neuronal activity (Steinert et al., 2011). Therefore, 

our hypothesis predicts that the removal of Kv2.2 on the BF GABAergic neurons will 

12



result in an increase in the neuronal activity and subsequently  cause an increase in 

wakefulness in the Kv2.2 KO animal. We believe that the experiments designed with the 

Kv2.2 KO mice have provided some insight into how the BF Kv2.2-GABAergic neurons 

participate in the sleep-wake cycle.

 The control of membrane excitability  by Kv channels can be a critical aspect for 

regulating the sleep-wake cycle. Observations from large-scale, unbiased genetic screens 

have provided convincing evidence of associating Kv channels, which can modulate 

membrane excitability, to extreme sleep phenotypic behaviors (Cirelli et al., 2005; Koh et 

al., 2008). Moreover, studies that use mammalian animal models have shown that the 

perturbance of Kv channel-mediated conductance has dramatic effects on the homeostatic 

control of the sleep-wake cycle (Vyazovskiy et al., 2002; Douglas et al., 2007; Espinosa 

et al., 2008). Results from this thesis identified Kv2.2 as a novel molecular target of the 

BF GABAergic neurons, which were found to be important in promoting wakefulness. 

Expectantly, our observations will begin to fill in the gaps in the current knowledge base 

of how the BF GABAergic neurons regulate the sleep-wake cycle and may lead to the 

improvement or development of novel therapeutic strategies to treat sleep disorders.
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Chapter 2: Materials and Methods

2.1 Animals

In this present study, both adult, wild-type (WT) Sprague-Dawley male rats (200 gm; 

Charles River) and adult, WT, male C57BL/6 mice (4-5 month old, 25gm; Charles River) 

were used. In addition to WT animals, genetically manipulated mice were also used. 

These are the GAD67 GFP knock-in mice (gift from Dr. Adam Puche; University  of 

Maryland, Baltimore) and the Kv2.2 knockout (KO) mice (Texas A&M  Institute for 

Genomic Medicine). All animals were housed in a temperature-controlled room under a 

12:12hr light-dark cycle (unless otherwise stated) with access to food and water ad 

libitum. The animal use procedures were in strict accordance with the Guide for the Care 

and Use of Laboratory Animals published by the National Institutes of Health and 

approved by the institutional animal use committee.

2.1.1 GAD67 GFP knock-in mice

The generation of GAD67-GFP knockin mice has been reported previously  

(Tamamaki et al., 2003). Briefly, a cDNA-encoding enhanced GFP (EGFP; Clontech, 

Palo Alto, CA) was targeted to the locus encoding GAD67 using homologous 

recombination. Recombinant embryonic stem (ES) cells were used to generate 

chimeric male mice. GAD67-GFP knockin mice were obtained by breeding the 

chimeric male mice with C57BL/6 or ICR females. Heterozygous progeny were 

backcrossed to C57BL/6 and referred to as GAD67-GFP mice. These GAD67-GFP 

mice retained the EGFP cDNA and the loxP-flanked PGK-neo cassette in the GAD67 

14



locus. The loxP-flanked PGK-neo cassette was used as a positive selection marker for 

screening recombinant ES cells and was removed by mating the GAD67-GFP mice 

with the CAG-cre transgenic mice. The GAD-GFP mice without the PKG-neo 

cassette are referred to as GAD67-GFP (∆neo) mice. These mice are referred to as 

GAD67-GFP knockin mice hereafter. Because the knockout of both GAD67 alleles is 

lethal at birth, mice heterozygous for the altered GAD67 allele were used for all the 

experiments. GFP is primarily expressed in GAD67-immunoreactive neurons in these 

mice particularly in the cortex, hippocampus and the olfactory bulb (Tamamaki et al., 

2003). 

2.1.2 Kv2.2 KO mice

The breeding of Kv2.2 KO mice occurred in our animal facility located in the Dental 

School from heterozygous mouse pairs (Kv2.2+/-) obtained from the Texas Institute 

for Genomic Medicine. In these mice, the second and last exon of the Kv2.2 gene is 

replaced with a targeted vector containing the ß-geo (LacZ/neomycin) cassette (Fig 

2.1).	   

2.2 Genotyping

To determine the genotype of the mice generated from the heterozygous breeding pairs, 

DNA extraction from tail biopsies were used in a qualitative PCR experiment. Briefly, 

small (0.5 cm) tail snips are individually placed in 750 µl SNET solution (20 mM  Tris-

HCl, pH 8, 1 mM EDTA, 1% SDS and 0.4 M  NaCl) with 300 µg of Proteinase K and 

incubated overnight at  55oC. On the following day, 650 µl of phenol-chloroform is added 

to each tube and manually incubate for 10 minutes. Then, the supernatant is removed and 
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100 µl of 3 M NaCl and 1 ml of chilled 100% Ethanol is added to each tube and then 

inverted several times. At this point, the appearance of white threads of genomic DNA 

should be apparent. Each tube is placed in the centrifuge for 10 min at  14,000 rpm. The 

supernatant is removed and the genomic DNA is left to dry. Next, the genomic DNA is 

re-suspended in Tris-EDTA buffer and brought to a final concentration of 100 ng for the 

PCR experiment (See Table 2-1 for Genotyping PCR strategies). Primer pairs specific 

against the mutated (black arrows) and WT (grey arrows) Kv2.2 genes were used (Fig 

2.1A). Finally, the qualitative PCR analysis reveals the signal patterns for heterozygous, 

WT and Kv2.2 KO mice respectively (Fig 2.1B).

Table 2-1. Genotyping PCR Strategies

Primer Sequences (5’ to 3’)
Mutant Primer Pairs: Neo3a and Primer #17; detects a 472bp 
product
Wild-type Primer Pairs: Primer #18 and #19; detects a 312bp 
product

Primer Neo3a: GCAGCGCATCGCCTTCTATC
Primer #17: GTGTCTCAGAAATGGCGTGTC
Primer #18: GGATACTGAAACTCGCCAGAC
Primer #19: GTATAGGAAGGGCAATAACCAG

Step Temp Time Note
1 94oC 4’
2 94oC 15’’
3 65oC 30’’ Decrease 1C/

cycle
4 72oC 40’’ Go to 2, 

10 cycles
5 94oC 15’’
6 55oC 30’’
7 72oC 40’’ Go to 5, 

30 cycles
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Fig 2.1: The targeting strategy and a partial mouse genomic map around the 
second exon of  the Kv2.2 gene. A, This exon was replaced with a β-geo cassette in 
the knockout allele. Light grey and black arrows represent the specific primer pairs 
against the WT and mutant genes, respectively. Inset: Schematic diagram of the 
Kv2.2 gene structure showing the two exons. B, Qualitative PCR analysis reveals 
the signal patterns for heterozygous (mouse #1), wild-type (#2) and Kv2.2 knockout 
mice (#3).



2.3 Immunohistochemistry (IHC)

2.3.1 Preparation of brain sections

Animals were anesthetized with pentobarbital (50 mg/kg, intraperitoneal [i.p.]) and 

briefly perfused with an ice cold saline solution followed by a slow perfusion of 4% 

paraformaldehyde in phosphate-buffered saline (PBS). Brains were equilibrated in 

30% sucrose for cyroprotection and sectioned into 40 µm thick coronal or sagittal 

sections using a cryomicrotome (Misonou et al., 2006a). Animals used for the c-Fos 

staining were anesthetized with isoflorane and were immediately decapitated in ice-

colded PBS solution either following a 6 hr sleep deprivation challenge or a 3 hr 

sleep  recovery period (see Chapter 5). The brains were removed, immerged in 4% 

paraformaldehyde for 2 days, placed in 30% sucrose solution for cryoprotection, and 

then cut into 40 µm thick coronal sections. Cut sections were stored in 30% sucrose 

solution until processing is initiated.

 

2.3.2 Immunofluorescence and nickel diaminobenzidine (DAB) staining

In immunofluorescence staining, free-floating sections were blocked and 

permeabilized with 10% normal goat serum (Chemicon, Billerica, MA) in a 

phosphate buffer containing 0.3% Triton X-100 for 1 hr, then incubated overnight at 

4°C with primary antibodies that were from different species or IgG isotypes in the 

blocking solution. Immunoreactivity  was detected using Alexa dye-conjugated 

secondary  antibodies (Invitrogen, Carlsbad, CA). For the detection of certain antigens 

(which will be illustrated with a ‘*’ in Table 2-2), antigen retrieval was necessary. 

17



Sections were incubated in 10 mM sodium citrate buffer (pH 8.5) for 30 minutes at 

80oC prior to the immunostaining procedure described above (Jiao et al., 1999). For 

DAB staining, where the sections were incubated with rabbit anti-Kv2.2 antibody 

(0.3µg/mL, Alomone Labs, Jerusalem, Israel), they were washed and probed with a 

biotinylated anti-rabbit secondary antibody (1:250, Vector Labs, Burlingame, CA). 

Nickel-enhanced DAB reaction was performed using ABC kit (Vector Labs) 

according to the manufacturer’s instruction. However, with DAB staining involving 

the anti-cFOS antibody, sections were first washed in 0.05M  potassium phosphate 

buffered saline (KPBS) and incubated for 2 days at 4oC with the primary antibody. 

Then sections were washed and probed with a biotinylated anti-rabbit secondary 

antibody (1:600, Vector Labs, Burlingame, CA). Nickel-enhanced DAB reaction was 

done by using the Vestastain ABC kit (45 µl of Reagent A and B, Vector Labs, 

Burlingame, CA) and then allowed to incubate for 20 min in a chromogen solution 

(nickel sulfate, Sigma-N4882; DAB, Flucka-32750; sodium acetate, Amresco-0530; 

3% hydrogen peroxide, Sigma-323381). After the nickel-DAB staining, the sections 

were washed again and then incubated for 2 days at 4oC with a second primary 

antibody. Immunoreactivity was determined with the use of Alexa dye-conjugated 

secondary  antibodies as previously  mentioned. Appropriate controls for antibody 

specificity can be found in Chapter 3. 

   

18



          Table 2-2. Antibodies Used

2.3.3 Imaging

Images were taken with a cooled CCD camera installed on an Axiovert-200M 

microscope, with 10x/0.5 NA, 20x/0.8 NA, 40x/1.3 NA, and 63x/1.4 NA lenses, 

using Axiovision software. Optically-sectioned images were obtained using the Zeiss 

Apotome structured-illumination apparatus. Images were collapsed into single 

maximum projection images that are presented in the figures. Only minor corrections 

of brightness and contrast were performed.
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Antigen Immunogen Conc. References Manufacturer Treatment

Kv2.1 Synthetic peptide, 
aa 837-853 0.5 µg/ml Misonou et al., 2006

NeuroMab
(Davis, CA)

K89

Kv2.2 Synthetic peptide, 
aa 859-873

0.1-0.3 µg/
ml

Blaine and Ribera et al., 
2001

Alomone (Israel),
APC-120, polyclonal

Kv2.2 Recombinant
N-terminus 1-61 1 µg/ml NeuroMab

K37, monoclonal *

NeuN Isolated nuclei 
from mouse brain 1 µg/ml Mullen et al., 1992

Chemicon
(Billerica, MA)

MAB377

Choline
Acetyltransferase

(ChAT)

Purified enzyme 
from human 

placenta
1:5000 Yeo TY et al., 1997 Chemicon

AB144 *

GFP Recombinant full 
length GFP 0.5 µg/ml Boersma MC et al., 2011 NeuroMab 

N86

c-FOS 1:500K Hoffman GE et al., 2005
Oncogene Sciences

(Boston, MA)

GAD67 Recombinant 
GAD67 protein 0.5 µg/ml Varea et al., 2005 Chemicon



2.3.4 Cell Count

Three consecutive coronal sections spanning 120 µm of the basal forebrain from 

three wild-type mice or GAD67-GFP knock-in mice were used for stereological 

analysis. These sections were immunostained with either the combination of anti-

Kv2.2, N86 anti-GFP, and anti-NeuN antibodies or anti-cFOS and anti-Kv2.2 

antibodies. Cells that  were positive for these antigens were identified using Image J 

(NIH) threshold analysis. Briefly, in one representative section we separated the blue, 

green and red channels that were associated with a particular antigen. Using this 

function, a threshold was determined for each slice and adjusted to accurately reflect 

the immuno-positive and negative neurons in the remainder of the sections examined. 

Cells that were included in the analysis were counted within a region of 1 mm 

starting at the indentation of the ventral surface of the basal forebrain. Within the 

GAD67-GFP knock-in mice sections, the percentage of Kv2.2- and GFP-positive 

cells in NeuN-positive cells was averaged among three animals. The number of 

NeuN-positive cells used in the analysis was 885. Within the wild-type sections, the 

percentage of Kv2.2-expressing neurons positive for cFOS immunoreactivity was 

averaged among four animals.

2.4 Western Blot 

2.4.1 Preparation of Rat Brain Membrane (RBM) and Mouse Brain Membrane 

(MBM) fractions

Animals were killed by rapid decapitation. The brains were removed and 

homogenized in ice-cold buffer (320mM  sucrose, 5mM sodium phosphate, 100 mM 
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NaF, and 1 mM phenylmethylsulfonyl fluoride, pH 7.4) containing protein inhibitor 

mixture (2 µg/ml aprotinin, 1 µg/ml leupeptin, 2 µg/ml antipain, and 10 µg/ml 

benzamidine). The homogenates were centrifuged at 800 x g for 10 min, and the 

resultant supernatants were centrifuged at 39,000 x g for 90 min. The pellets 

(membrane fraction) were resuspended in the same buffer to a final concentration of 

1 mg/ml (Misonou and Trimmer, 2005).

 

2.4.2 Preparation of Micropunch samples for western blots

Adult mouse brains were quickly frozen in chilled isopentane at -70°C and then 

equilibrated to -10°C. Brains were then sectioned into 360 µm thick coronal sections. 

The sections were placed on a metal block on dry ice, and tissues from the 

magnocellular preoptic area (MCPO) and the anterior cingulate cortex were punched 

out using 1 mm diameter calipers. These tissues were solubilized in a lysis buffer 

(150 mM NaCl, 1% Triton X-100, protease inhibitors, 20 mM Tris-HCl, pH7.5) for 

30 min on ice and then mixed with a SDS sample buffer.

 

2.4.3 Western blot analysis

Samples were prepared in SDS sample buffer (2% SDS, 5% 2-mercaptoethanol, 10% 

glycerol, and 62.5 mM Tris-HCl, pH 6.8). Proteins were separated on 6 or 7.5% SDS-

polyacrylamide gels and transferred to nitrocellulose membranes. The membranes 

were washed; blocked with 4% nonfat dry milk in 150 mM NaCl and 20 mM Tris-

HCl, pH 8.0, for 1 hr; and then incubated with primary antibodies overnight  in the 
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blocking buffer at 4 °C. On the following day, the membranes are incubated for 1hr 

with HRP-conjugated secondary antibodies (KPL, Gaithersburg, MD) followed by 

ECL detection (Perkin Elmer, Waltham, MA). Immunoreactive bands were visualized 

by exposing the membranes to X-ray  films and quantified using ImageJ software 

(NIH, Bethesda, MD).

 

2.5 Immunoprecipatation 

For the large-scale Kv2.1 affinity  purification, RBM  (50 mg of protein) was solubilized 

in lysis buffer containing 20 mM Tris-HCl, 0.15 M NaCl, 1 mM  phenylmethylsulfonyl 

fluoride, 1% Triton X-100, and protease inhibitor mixture (2 µg/ml aprotinin, 1 µg/ml 

leupeptin, 2 µg/ml antipain, and 10 µg/ml benzamidine). A Kv2.1 (K89) affinity column 

was prepared using a Seize primary immunoprecipitation kit (Thermo Scientific, 

Rockford, IL). The lysates were incubated with the column resin for 24 hr to remove 

nonspecific binders. The cleared lysates were then applied to either the Kv2.1 (K89) 

affinity column or a control column (with normal mouse IgG), followed by incubation for 

4 days at 4 °C. After extensive washes, bound proteins were eluted in boiling SDS sample 

buffer for 5 min. The eluents were subjected to SDS-PAGE, and the gels were stained 

with either silver or Coomassie Brilliant Blue G-255. 

 Mass spectrometry analysis was done at the core facility of the University  of 

Maryland, Baltimore. Briefly, excised bands from Coomassie Blue-stained gels were 

destained and dried in a speed vacuum concentrator. Dried gel pieces were then 

trypsinized at 37 °C for 18 hr. Peptides were extracted into 50% acetonitrile in 5% formic 
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acid and dried in a speed vacuum concentrator. Peptides were desalted and concentrated 

using a reversed-phase trap column. They were separated in a reversed-phase C18 

column during a 90-min linear gradient of 5–90% acetonitrile/water containing 0.1% 

formic acid at a flow rate of 300 nl/ml. The eluted peptides were directly sprayed into a 

Finnigan LCQ ion trap mass spectrometer. Tandem mass spectra were acquired for the 

most intense peptide ion from the previous mass spectra. The acquired mass spectrometry 

scans were searched against  the IPI Protein Sequence Database using the Sorcerer/

Sequest search algorithm. The best hit  were selected based on probability/percent of 

coverage and number of peptides or based on Xcore. For immunoprecipitation, HEK293 

cells transiently expressing Kv2 or RBM were solubilized at 4 °C for 30 min in lysis 

buffer. Insoluble materials were removed by centrifugation at 15,000 x g for 15 min at 4 

°C. The supernatants were incubated with either mouse monoclonal antibody Kv2.1 

(K89) or the anti-Kv2.2 antibody at 1 µg/ml for 2 hr at 4 °C and then incubated with 

protein GorA immobilized on agarose beads for 2 hr at 4 °C with agitation. After 

extensive washes, bound proteins were eluted and subjected to Western blot analysis.

 

2.6 Electrophysiology

2.6.1 Construction of non-conducting pore mutants of Kv2.1 and Kv2.2

Rat Kv2.1 and Kv2.2 in the RBG4 vector were obtained from James Trimmer 

(University  of California, Davis). We found that  the clone encodes the genomic 

sequence of Kv2.2. Two pore mutations (W365C/Y380T) were introduced to Kv2.1 

by PCR. Codons TGG (Trp365) and TAC (Tyr380) were mutated to TGC (Cys) and 
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ACC (Thr), respectively. The mutant was cloned into the pIRES-mCherry vector 

(Clontech). The Kv2.1 W365C/Y380T construct was sequenced in its entirety to 

ensure that no additional mutations were introduced. Wild-type Kv2 sequences were 

also cloned into the pIRES-AcGFP vector for patch-clamp experiments.

  

2.6.2 HEK293 cell culture and transfection

A: HEK293 cell culturing and subcluturing

Briefly, HEK293 cells are cultured on a 10 cm dish with Dulbecco’s Modified 

Eagle Medium (DMEM) solution (50ml of fetal bovine serum, 5ml of penicillin-

streptomycin at 100 Units/ml, and 5ml of 10x glutamax) and maintained to a 

confluence between 70-80%. Once reaching confluence, the DMEM solution is 

aspirated and 3 ml of 0.25% trysin is added and the dish is returned to the 37oC 

incubator for 3 minutes. After the 3 min, the trysin activity is stopped with the 

addition of 4 ml of DMEM solution to the dish and all the contents of the dish is 

placed into a 50 ml conical tube and centrifuged for 5 min at 1000 rpms. 

Following centrifuging, the solution is aspirated leaving behind a pellet on the 

bottom of the tube. Fresh DMEM solution is added back to conical tube 

(depending on original confluence at  the beginning—7 or 8 ml) along with 

vortexing back and forth to break up the pellet. From this solution, the HEK293 

cells are re-plated on coverslips within 6-well plates at  either 5-10% confluence, 

which were prepared prior to HEK293 cell splitting.
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B: Six-well plate and coverslip preparation

Before HEK293 cell splitting, coverslips are placed in 6-well plates and placed in 

the hood under UV light for 10 minutes. Then in each well, 400 µl of poly L-

lysine is added and the plates are placed in a 37oC incubator for 1 hr. Following 

incubation, the poly L-lysine is aspirated and the coverslips are washed with 

autoclaved water twice and then washed once with DEPC-treated water. After the 

aspiration of water, 5 ml of DMEM  solution is added to each well and the plate (s) 

are put back into the incubator.

C: HEK293 cell transfection

HEK293 cells were transiently transfected with either wild-type Kv2.1 or wild-

type Kv2.2 (in the pIRES-AcGFP vector) with or without the pore mutants 

described previously. For each coverslip, 50 µl of MEM  solution with 2 µl of 

lipofectamine 2000 (Invitrogen) is incubated under the hood for 5 minutes. Next, 

plasmid DNA was added to 50 µl MEM  solution (final concentration for Kv2.1 is 

0.1 µg/ml and final concentration for Kv2.2 is 1 µg/ml) and then the MEM 

solution with the lipofectamine and the MEM  solution with the plasmid DNA are 

put together where they will incubate for 20 min in the hood. Following the 

incubation, 100 µl of the solution is added to each coverslip where there will be an 

additional 2 hr incubation period. If the coverslips are not used on the same day of 

transfection, following the 2 hr incubation the old solution is aspirated and 5 ml of 

fresh MEM solution is added and the coverslips are placed back in the incubator.
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2.6.3 Electrophysiological Recordings and Data Analysis

Transfected HEK293 cells that were chosen for whole-cell configuration patch clamp 

green fluorescent protein (GFP). Currents were recorded with an MultiClamp 700A 

amplifier (Molecular Devices, Sunnyvale, CA), sampled at  20 kHz, and filtered at 2 

kHz with a series resistance of  <5 megohms. Whole-cell patch pipettes were pulled 

from borosilicate glass tubing to give a resistance of 1-2 megohms when filled with 

the pipette solution (135 mM KCl, 2 mM  MgCl2, 10 mM  EGTA, 10 mM  glucose, and 

10 mM  HEPES, pH 7.3). The extracellular buffer contained 140 mM NaCl, 4 mM 

KCl, 2 mM CaCl2, 2 mM  MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4. All 

recordings were performed at room temperature (~25 °C). For the voltage-dependent 

current activation experiments, the resting membrane potential of the transfected 

HEK293 cells was held at  -80 mV and depolarized from the holding potential of -80 

mV to voltages between -80 and +80 mV in 10 mV increments for 200 ms. The peak 

outward sustained K+ currents were measured at each depolarizing potential, at 100 

ms into the pulse and were converted to conductance (G) using the following 

equation: G = I/(V – EK). The Nernst K+ equilibrium potential EK was calculated as –

84 mV. The normalized conductance was plotted against the test potential (mV) and 

fitted to a single Boltzmann equation G =Gmax/(1 + exp[–(V – G1/2)/k]), where Gmax is 

the maximum conductance, G1/2 is the test potential at which the IK channels have a 

half-maximal conductance, and k represents the slope of the activation curve. 

 For steady-state inactivation experiments, transfected HEK293 cells were 

held at  -80 mV and then given the first test pulse (TP1) to + 50 mV. Following TP1, 
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the cells were step  depolarized from -80 mV to +50 mV with 10 mV increments for 

10 seconds (steady pulse) and immediately after the steady pulse another test  pulse 

(TP2) to +50 mV is given. For the steady-state inactivation curve, the ratio of TP2/

TP1 was plotted against the test potential (mV). 

 For the deactivation experiments, transfected HEK293 cells were held at 

-50 mV, given the first stimulus pulse (to +40 mV), and then given a second stimulus 

pulse at varying time intervals ranging from 5 to 100 msec (with 5 msec intervals). In 

between each time interval, the cells were stepped to -80 mV to deactivate all of the 

channels before starting the next round. The instantaneous current expressed by non-

deactivated channels upon an increase of K+ driving force was measured (indicated 

by the arrow, Fig X). Normalizing the current from the second stimulus pulse to that 

of the first stimulus pulse allowed us to plot  the percentage of channels opened at the 

beginning of the second stimulus pulse against the time between pulses. The 

deactivation curve was fitted with a two-exponential function. Finally, we compared 

both the fast and slow time constants (τ1 and τ2) for Kv2.1 and Kv2.2long. Linear leak 

components were identified from the hyperpolarizing pulse and subtracted. 

2.7 Polysomnographic Recordings

2.7.1 Electrode and Transmitter Placement 

Kv2.2 KO mice and wild-type littermates were placed under continuous anesthesia 

with isoflorane. Two holes were made in the skull by using a Dremel handheld drill 

to expose the dura. Two stainless steel electrodes (Plastics One, Roanoke, VA) were 
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placed to make contact with the dura for electroencephalographic (EEG) recordings 

from the motor and the somatosensory cortex. Electrode coordinates were as 

followed: The first screw is placed 1.0 mm anterior from Bregma and 1.0 mm lateral 

from the central suture. The second screw is placed on the contralateral side 3.0 mm 

posterior from Bregma and 3.0 mm lateral from the central suture. The third electrode 

is placed in the nuchal muscles of the neck to measure electromyographic (EMG) 

recordings. These electrodes were connected to a telemetry transmitter (TL11M2-

F420-EET; DSI, Saint Paul, MN) located subcutaneously on the lateral side of the 

abdomen for the continuous recording of EEG and EMG in freely moving animals. 

Following surgery, the scalp was sutured and the body incision was closed with 

wound clips. Animals were treated postoperatively with antibiotic ointment, topical 

lidocaine and an intramuscular (I.M) injection of 0.05 cc buprenorphine, and allowed 

to recover for one week prior to the start of experiments.

 

2.7.2 Data Acquisition and Sleep Scoring

Data was acquired by using the Neuroscore program (DSI Analysis Software, Saint 

Paul, MN) at a sampling rate of 500Hz. Sleep (non-REM  and REM) and wake states 

were determined by visual inspection of EEG and EMG waveforms of 10-s epochs 

for 9 hr to determine scoring parameters. Wake was distinguished by low amplitude, 

high frequency  EEG and high amplitude EMG, non-REM sleep was distinguished by 

high amplitude, low frequency EEG and low amplitude EMG and REM sleep was 

distinguished by low amplitude, high frequency EEG and muscle atonia.
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2.7.3 Sleep Deprivation

On the fifth day of recording, animals were sleep deprived for 6 hr (starting at lights 

on, 07:00) by  gentle agitation (introduction of novel objects, tapping on the cage, and 

gently touching the animal with a paint brush).

 

2.7.4 EEG signal analysis

A fast fouier-transformed algorithm (FFT) was applied to 30 min of non-REM and 

wake EEG recordings to obtain frequency and amplitude values of the overall power 

spectrum. Then the integral of the power spectrum is calculated by using the 

trapezoidal rule (Scilab, Paris, France), which will provide the percentage of each 

distinct frequency  band within that power spectrum. The distinct frequency bands are 

as followed: slow band (0.1-1Hz), delta band (1-4Hz), theta band (4-7Hz), alpha 

band (8-12Hz), beta band (12-30Hz), and gamma band (30-90Hz).

2.8 Biological rhythms and analysis

Circadian behavior was measured by wheel running activity  in 12:12 hr light-dark (LD) 

cycle and in constant darkness (DD) (Meredith et  al., 2006). Periods were obtained from 

7 days in the LD cycle and 14 days in DD by using Chi-squared periodogram and 

periodogram power analysis. Activity  levels were measured only in DD. The 

quantification of the circadian behavior is achieved by utilizing ClockLab software 

(Actimetrics) running in Matlab v6.1 (Mathworks).
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2.9 Acute knockdown of Kv2.2 in the MCPO/HDB by siRNA application

Three siRNAs against Kv2.2 (siRNA±_Kv2.2) and one universal negative control 

siRNA (uncsiRNA) were obtained from Sigma-Aldrich. Each siRNA was diluted to a 

concentration of 10 µM and stored in -80 oC until the start of the experiment.

 During the implantation of recording electrodes for sleep behavior (previously 

described in section 2.7.1) in 8 WT mice, an additional two holes were drilled for 

placement of the bilateral cannullae. A bilateral cannullae for mice (Plastics One, 

Roanoke, VA) was placed at the following coordinates from Bregma: anterior = +0.14 

mm; lateral=   ±1.5 mm and ventral= -5.5 mm. The cannullae was held by dental cement 

and dummy caps were placed on them to prevent obstruction. At the end of the surgery, 

the scalp  was sutured and the animals received the post-operative regime as previously 

described.

 After a recovery  for one week, baseline recordings began for two days. On days 

3-5 (at 9:30am) an injection of i-FECT (a cationic lipid vehicle for efficient siRNA 

delivery; NEUROMICS, Edina, MN) containing either siRNA_Kv2.2 (125 nl of a 

mixture of all 3 siRNA_Kv2.2 at a concentration of 500 nM) or uncsiRNA (at a 

concentration of 500 nM) was done. On day 6, the animals were undisturbed and on day 

7 were sleep deprived for 6 hrs beginning at 7:00 am. In addition, injections of either 

siRNA_Kv2.2 or uncsiRNA were started at 9:30 am on days 7 and 8. On day 9, the 

animals were undisturbed and the brains were harvested on day 10 using the fresh frozen 

method described in section 2.4.2.
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2.10 Statistical Analysis

We include data only from experiments in which the sample size met the requirements of 

a power analysis with an alpha level of 0.05 and a power level of 0.90. Majority of the 

data was analyzed using the GraphPad Prism software version 4 and it was the 

determined that the data exhibited a gaussian distribution following the normality  test. 

The data that  was used to create the cumulative probability  plots was analyzed using the 

‘R’ statistical software. The Kolmogorov-Smirnov test was utilized to determine any 

differences between genotypic or treatment groups.
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Chapter 3: Novel Genetic, Biochemical, and Biophysical Characteristics of Kv2.2

3.1 INTRODUCTION

Mammalian neurons express a number of Kv channel alpha (α) subunits (>20), which are 

assembled into functional tetrameric channels (Trimmer and Rhodes, 2001). One 

remarkable aspect of the Kv channel family is that subunits within the same subfamily 

can form heteromeric channels, which dramatically  diversify  the properties of Kv 

channels (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg et al., 1990; Sheng et al., 

1993; Trimmer and Rhodes, 2001). Because of this, neurons can express Kv channels 

with a wide variety of K+ conductances and gating properties from the limited number of 

Kv subunit genes. However, the Kv2 subfamily is the unique exception within this family 

of ion channels. 

 The cDNA sequences of rat Kv2.1 (Frech et al., 1989) and rat Kv2.2 (Hwang et 

al., 1992) predict proteins that have high homology (~90%) particularly  within the N-

terminal and membrane-spanning domains, but they differ substantially across their large 

cytoplasmic C-terminal region (~50% homology). Although Kv2.1 and Kv2.2 can 

assemble with the Modifier Kv channel α–subunits, Kv5, Kv6, Kv8 and Kv9 (Post  et  al., 

1996; Salinas et al., 1997a; Salinas et al., 1997b; Kramer et al., 1998; Stocker and 

Kerschensteiner, 1998), earlier published reports shown that rat Kv2.1 and Kv2.2 do not 

form heteromeric channels. This notion was supported by the observation that Kv2.1 and 

Kv2.2 show very distinct sub-cellular distributions (Trimmer, 1991; Hwang et al., 1993b; 

Murakoshi and Trimmer, 1999; Lim et al., 2000; Guan et al., 2007). However, Xenopus 
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laevis Kv2 homologues have been shown to form functional heteromeric channels 

(Blaine and Ribera, 1998). This resulted in a contradiction on the Kv2 subunits’ 

capability to form heteromeric channels. One possibility is that mammalian channels 

cannot interact because they lack a subfamily-specific tetramerization domain (T1), 

which is found in other Kv channel subfamilies (Bixby et al., 1999). Another is that  they 

have very  different sub-cellular localizations as indicated in the previous studies (Lim et 

al., 2000; Guan et  al., 2007), which makes it highly unlikely  for them to interact and form 

channels.

 To address these issues, our laboratory began to re-characterize the mammalian 

Kv2 subfamily. In our investigation, we found that the originally  reported cDNA 

sequence of rat Kv2.2 (Hwang et al., 1992) differs from the rat genomic sequence of 

Kv2.2 (NCBI Database). This resulted in two different protein sequences, the original 

published form (802 amino acids) and a novel longer form (907 amino acids) of Kv2.2 

(called Kv2.2long hereafter). In this chapter, we provide evidence that, unlike the original 

published form of Kv2.2 (called Kv2.2short hereafter), Kv2.1 and Kv2.2long are co-

localized in large clusters in the somata and proximal dendrites of cortical pyramidal 

neurons, can physically associate, and form heteromeric delayed rectifier channels. We 

also evaluated the biophysical properties of Kv2.2long and found similarities between 

Kv2.2long and Kv2.1, suggesting their functional redundancy. Interestingly, however, 

Kv2.2long showed a novel and distinct cellular expression pattern as compared to the 

ubiquitous expression of Kv2.1, particularly  in two nuclei of the basal forebrain (BF), 

which are thought to be significant in the regulation of sleep behavior. Taken all together, 
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this thesis study has challenged the present view of Kv2.2 and has brought about its 

potential role in physiological behaviors related to the BF.

3.2 RESULTS

3.2.1 Two Different Sequences of rat Kv2.2

Kv2.2 mRNA was first cloned from a rat cDNA library  (Hwang et al., 1992) and 

identified to encode an 802-amino acid long protein. However, we recently  found that 

there are two mRNA sequences of rat  Kv2.2 registered in the NCBI Database. One 

originated from the cloned cDNA sequence (accession number M77482), and the other 

from the rat genomic sequence (accession number NM_054000). They differ after 

nucleotide 2288 (number based on the coding region) because of a single-nucleotide 

deletion (arrow; Fig 3.1A). The resultant two protein sequences have either 802 (from the 

original cDNA) or 907 (from the genomic sequence) amino acid residues. In the previous 

analyses of Kv2.2 localization in the brain, antibodies raised against the cytoplasmic C-

terminus of Kv2.2short were used because this region differs substantially  from that of 

Kv2.1 (Fig 3.1B). Studies using these antibodies reported that  Kv2.2short exhibits a sub-

cellular localization (more uniformed and diffused within the soma and the entire length 

of the dendrite) distinct from that of Kv2.1 (Fig 3.2) (Hwang et al., 1992; Hwang et al., 

1993a).

 However, the antibodies, of which epitope sequence is present only in Kv2.2short, 

would not detect  the novel Kv2.2long (Fig 3.1B). Therefore, we evaluated the sub-cellular 

localization of Kv2.2long in the cerebral cortex of rat using a rabbit antibody  whose 
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epitope is specific to Kv2.2long and is conserved in the mouse and human protein 

sequences (Johnston et al., 2008) (box; Fig 3.1B).
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Fig 3.1: Two sequences of rat Kv2.2. A,  Sequence alignment of rat Kv2.2 derived from the original 
cDNA (short) and the genomic DNA (long) sequences. The original cDNA lacks the cytosine indicated by 
the arrow. B, Sequence alignment of rat Kv2.2 proteins derived from the original cDNA (short) and the 
genomic DNA (long) sequences, as well as those from the mouse and human genomic sequences. The 
vertical lines indicate amino acid residues identical to the longer form of Kv2.2. The box indicates the 
epitope of the antibody used in this study.

!

Kv2.1 Kv2.2 

Fig 3.2: Distinct sub-cellular expression pattern of  Kv2.1 and Kv2.2.  Double-immunolabeling of 
Kv2.1 and Kv2.2 in the rat cortex using an antibody for Kv2.2 generated against an epitope specific for 
Kv2.2short. The image shows cortical pyramidal neurons.



3.2.2 Co-localization of Kv2.1 and Kv2.2long in Rat Brain Neurons

First, the specificity of the anti-Kv2.2long polyclonal antibody was verified as described 

previously  (Saper and Sawchenko, 2003; Rhodes and Trimmer, 2006). Rat brain 

membrane (RBM) fractions were prepared and subjected to Western blotting using the 

anti-Kv2.2long antibody. As shown in Fig. 3.3, a major band was observed at ~140 kDa, 

which is larger than the size expected (102 kDa) from the primary amino acid sequence, 

indicating post-translational modifications of Kv2.2. Indeed, alkaline phosphatase (AP) 

treatment of RBM in other experiments have resulted in a downward shift of the 

immunoreactive band from 140 to 110 kDa, (Fig 3.3, Inset) indicating constitutive 

phosphorylation of Kv2.2 in the brain, like Kv2.1 (Misonou et al., 2006b; Park et al., 

2006). Pre-incubation with the antigen peptide completely blocked the binding of the 

antibody, verifying the specificity of the antibody (Fig 3.3A). To examine whether the 

anti-Kv2.2long antibody  cross-reacts with 

Kv2.1, lysates of HEK293 cells solely 

expressing Kv2.1 or Kv2.2long were 

probed with either the mouse anti-Kv2.1 

(K89) or anti-Kv2.2long antibody (Fig 

3.3B). Rat Kv2.1 and Kv2.2long exhibit 

48% identity  in the C termini, but the 

epitope sequence of the anti-Kv2.2long 

antibody is missing in Kv2.1. Likewise, 

the K89 and anti-Kv2.2long antibodies 
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Inset: 

Fig 3.3: Specificity of the anti-Kv2.2long antibody. A, 
RBM fractions were solubilized in lysis buffer and 
subjected toWestern blotting with (right lane) or without 
(left lane) preincubation of the antibody solution with 
the antigen peptide. B, HEK293 (HEK) cell lysates 
expressing either Kv2.1 or Kv2.2long were subjected to 
Western blotting using the K89 (upper panel) or anti-
Kv2.2long (lower panel) antibody. Molecular mass 
markers (in kilodaltons) are indicated.	   	  Inset: HEK293 
cells lysates expressing Kv2.2long that were treated 
with alkaline phosphatase or vehicle were subjected to 
western blot analysis using an anti-Kv2.2long antibody.



detected Kv2.1 and Kv2.2, respectively, 

expressed in HEK293 cells, but there 

was no detectable cross-reactivity. 

Finally, to further validate the Kv2.2long 

antibody, we tested it in an additional 

western blot analysis using RBM and 

brain lysates from WT, Kv2.1 KO mice 

and Kv2.2 KO mice. As shown in Fig 

3.4A, the anti-Kv2.2 long antibody 

exhibited immunoreactivity only  in WT 

and Kv2.1 KO mice samples but not  in Kv2.2 KO samples. In contrast, the K89 

monoclonal anti-Kv2.1 antibody  exhibited immunoreactivity in WT and Kv2.2 KO mice 

samples but not in Kv2.1 KO samples, again establishing the antibodies’ selectivity  and 

specificity.	   Furthermore,	   the lack of cross-reactivity was also verified in 

immunofluorescence staining of HEK293 cells expressing Kv2.1 and Kv2.2. Figure 3.4B 

shows that antibodies against each Kv2 subtype has high specificity for their respective 

antigens expressed in HEK293 cells.

	   With the specificity of the antibodies verified, the sub-cellular localization of 

Kv2.2long in neurons was investigated. We chose the cerebral cortex, where both Kv2.1 

and Kv2.2 mRNAs are reportedly expressed (Guan et al., 2007). Rat brain sagittal 

sections were doubly immunostained with the anti-Kv2.1 (K89) and anti-Kv2.2long 

antibodies. Kv2.1 was widely expressed throughout the cerebral cortex as reported 
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A. B. 

Fig 3.4: Specificity of Kv2.2long antibody brain 
samples or HEK293 cells. A, Brain lysates from wild-
type, Kv2.1 KO, and Kv2.2 KO mice were subjected to 
Western blotting using K89, anti-Kv2.1 (top) or anti-
Kv2.2 antibody (bottom). B,  Immunostaining of 
HEK293 cells doubly transfected with Kv2.1 and 
Kv2.2. The arrows indicate cells solely stained either by 
K89 (anti-Kv2.1) or Kv2.2 antibodies, and the 
arrowhead indicates a double-labeled cell.  Non-
transfected cells in the field were not labeled.



previously  (Trimmer, 1991), whereas Kv2.2 expression was detected in a subset of 

cortical pyramidal neurons (~50% of Kv2.1- positive neurons) at low levels. The 

expression of Kv2.2 was especially apparent in the layer V pyramidal neurons. This is 

consistent with previous findings by others, using single-cell reverse transcription-PCR, 

that ~60% of cortical neurons express detectable levels of Kv2.2 (Guan et al., 2007). In 

the pyramidal neurons, Kv2.1 formed large clusters in the somata and proximal dendrites 

(Fig 3.5A) as reported previously (Scannevin et  al., 1996; Murakoshi and Trimmer, 

1999). Our immunostaining results showed that Kv2.2long is also localized in large 

clusters in the somata and proximal dendrites, in contrast to the previously reported 

localization of Kv2.2short. In neurons positive for both Kv2.1 and Kv2.2long, we found a 

substantial overlap of Kv2.1 and Kv2.2long in discrete clusters (Fig 3.5B). Quantitative 

image analyses revealed that Kv2.1 and Kv2.2long exhibit a high degree of co-localization 

with the following co-localization coefficients: a Pearson’s coefficient (the correlation of 

the intensity distributions between two channels) of 0.66 ± 0.03 and an intensity 

correlation quotient (the degree of synchronous changes in signal intensity between two 

channels) (Li et al., 2004) of 0.29± 0.01 in a co-localization analysis (p< 0.01, when the 

intensity correlation quotient was compared with that obtained from random noise 

images; n = 5). Line scanning analysis also clearly indicated their co-localization in 

clusters (Fig 3.5C). These results indicate that Kv2.1 and Kv2.2long coexist in these 

microstructures in the same membrane domains of cortical neurons.

 It has been previously reported that Kv2.1 can form large neuron-like clusters in 

HEK293 cells (O'Connell and Tamkun, 2005). Using this model system, we further 

38



confirmed the clustered localization of Kv2.2long and its co-localization with Kv2.1. As 

shown in Fig. 3.6A, Kv2.2long was capable of forming large clusters reminiscent of those 

formed by Kv2.1. Furthermore, Kv2.1 and Kv2.2long were nearly completely co-localized 

in clusters in cells expressing both of the subunits (Fig 3.6B& C). Together, these results 

strongly indicate that Kv2.2long exhibits a sub-cellular localization similar to that of Kv2.1 

and that they  may form heteromeric delayed rectifier channels, in contrast to the current 

view of Kv2 channels.	  

 Finally, we evaluated the relative expression levels of Kv2.2short and Kv2.2long in 

neurons. We employed a mouse monoclonal antibody K37 raised against the N-terminal 

61 residues of Kv2.2, which are identical between Kv2.2short and Kv2.2long. Therefore, 
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Fig 3.5: Colocalization of Kv2.1 and Kv2.2long in discrete clusters. A,  Rat brain sections doubly 
immunostained with the anti-Kv2.1 (K89) and anti-Kv2.2long antibodies. The images show pyramidal 
neurons in cortical layer V. Scale bar, 20 µm. B, High power image of a cortical pyramidal neuron stained 
with the K89 (red) and anti-Kv2.2long (green) antibodies. The white line indicates the 40-µm segment 
used for the line scan analysis in C.  C, Line scan analysis of the distribution of Kv2.1 and Kv2.2long. 
Fluorescence intensity is shown as a percentage of the maximum signal.  Courtesy from Kihira Y et al., 
2010.



this antibody was expected to label both Kv2.2short and Kv2.2long. As shown in Fig. 3.7A, 

the K37 antibody labeling showed clustered localization of Kv2.2 in the somata and 

proximal dendrites of cortical pyramidal neurons, similar to that observed with the rabbit 

anti-Kv2.2long antibody. We did not detect Kv2.2 labeling in distal dendrites, which was 

observed in previous studies using different antibodies. Double labeling with the K37 and 

anti-Kv2.2long antibodies showed virtually identical staining patterns in cortical neurons 

(Fig 3.7B). These results indicate that Kv2.2long is the predominant form of Kv2.2 

expressed in rat cortical pyramidal neurons. 
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!Fig 3.6: Clustering of Kv2.2long in HEK293 cells.  A, Clustered localization of Kv2.1 and Kv2.2long in 
HEK293 cells expressing individual subunits. Cells were fixed and immunostained with either the K89 or 
anti-Kv2.2long antibody. B,  Co-clustering of Kv2.1 and Kv2.2long in doubly transfected HEK293 cells 
stained with the K89 (green) and anti-Kv2.2long (red) antibodies.  The line indicates the 40 µm segment 
used in C. Scale bars =20 µm. C, Line scanning analysis of the distribution of Kv2.1 and Kv2.2long in 
the cell shown in B. The arrow indicates the segment that covers the cell expressing only Kv2.1. The anti-
Kv2.2long antibody showed only background level immunoreactivity within this segment. Courtesy from 
Kihira Y et al., 2010.



3.2.3 Molecular Interaction of Kv2.1 and Kv2.2long

Considering the high degree of co-localization, we hypothesized that Kv2.1 and 

Kv2.2long, of the rat, form functional heteromeric channels. To test  this, we examined 

whether they can physically interact in HEK293 cells using co-immunoprecipitation (IP) 

analysis. We first confirmed the specificity of the antibodies in the IP application. Lysates 

from HEK293 cells expressing either Kv2.1 or Kv2.2long were subjected to IP with either 

the anti-Kv2.1 (K89) or anti-Kv2.2long antibody. There was no detectable cross-reactivity 

in this type of application (Fig 3.8 A&B). We then performed co-IP assays (described in 

Chapter 2) using HEK293 cells transiently co-expressing both Kv2.1 and Kv2.2. As 

shown in Fig. 3.8C, the anti-Kv2.1 antibody  (K89) co-immunoprecipitated Kv2.2long 
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Fig 3.7: Immunolocalization of Kv2.2 using an antibody against the N-terminal domain. A, Sagittal 
brain sections were stained with the anti-Kv2.1 antibody (K89) and antibody K37 raised against the N-
terminus of Kv2.2. The epitope of antibody K37 is conserved in Kv2.2short and Kv2.2long. Scale bar = 
10  µm. B, Brain sections were stained with the rabbit anti-Kv2.2long and K37 antibodies. The images 
were taken in the cerebral cortex. Scale bar =50 µm. Courtesy from Kihira Y et al., 2010.



along with Kv2.1. Conversely, the anti-Kv2.2long antibody also co-immunoprecipitated 

Kv2.1 together with Kv2.2long. These results were replicated in three independent 

experiments.	  

 To exclude the possibility that the interaction between Kv2.1 and Kv2.2 randomly 

occurs following cell lysis instead of in situ, we separately prepared lysates from cells 

expressing either Kv2.1 or Kv2.2long, mixed both lysates together, and performed the co-

IP assay. There was no detectable co-IP, which indicates that the binding of Kv2.1 and 

Kv2.2long can occur in physiological conditions rather than being an artifact following cell 

lysis (Fig 3.9).

 We next asked the question; do Kv2.1 and Kv2.2long channels associate in vivo? 

To address this question, Kv2.1 was purified from rat brain lysates using an affinity 

column conjugated with the antibody K89. Bound proteins were eluted and separated by 

SDS-PAGE, and proteins were then stained with Coomassie Brilliant Blue. Multiple 

bands appeared at ~100 kDa but  not in the eluent from the control column (Fig 3.10A). 

These bands were excised, trypsinized, and subjected to mass spectrometry analysis for 
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Fig 3.8:	   Co-IP of Kv2.1 and Kv2.2long in 
HEK293 cells.  A and B: Specificity of the 
antibodies in the IP application. Lysates from 
HEK293 cells expressing either Kv2.1 (A) or 
Kv2.2long (B) were subjected to IP with either 
the anti-Kv2.1 (K89) or anti-Kv2.2long antibody. 
Bound proteins were detected by Western 
blotting (WB) using the subtype-specific 
antibodies as indicated. C: HEK293 cells 
expressing both Kv2.1 and Kv2.2long subunits 
were solubilized in lysis buffer. Either the K89 or 
anti-Kv2.2long antibody (along with protein A 
and G beads) was added to the lysates and 
incubate for 2 h at 4 °C. Proteins precipitated 
with beads were eluted and detected by Western 
blotting using the K89 and anti-Kv2.2long 
antibodies. Courtesy from Kihira Y et al., 2010.



protein identification (Table 3-1, Fig 3.10C).

 The analysis revealed that the 

120 kDa major band contained Kv2.1, 

showing the high efficiency  of Kv2.1 

affinity  purification.  Intriguingly, 

peptides of the Kv2.2 subunit were 

recovered from the band above the 

Kv2.1 band (~140 kDa). This was 

consistent in two independent  affinity-

purified samples. We also confirmed 

their interaction using co-IP assays. The 

K89 and anti-Kv2.2long antibodies 

reciprocally immunoprecipitated Kv2.1 

and Kv2.2long from rat brain lysates as 

shown in Fig 3.10B. These results demonstrate that Kv2.1 and Kv2.2long interact in brain 

neurons.	  	  
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Fig 3.9: No detectable post hoc binding of 
Kv2.1 and Kv2.2. HEK293 cells were 
transfected with either Kv2.1 or Kv2.2long, and 
cell lysates were prepared separately. Kv 
channels were IP with either K89 or anti-
Kv2.2long antibodies from Kv2.1 cell lysate, 
Kv2.2 cell lysate, or the mixture of two 
(Kv2.1+Kv2.2). Samples were subjected to 
Western blotting with either K89 or anti-
Kv2.2long antibody. Courtesy from Kihira Y et 
al., 2010.
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Table 3-1 C 

Fig 3.10: Co-purification of  Kv2.2 with Kv2.1 from 
rat brain tissues.  A, A silver-stained gel image of 
affinity-purified samples for mass spectrometry analysis 
is presented. For the mass spectrometry analysis, a 
Coomassie Blue-stained gel was used.  B, Reciprocal co-
immunoprecipitation of Kv2.1 and Kv2.2long from rat 
brain lysates. C, The analysis of peptide identification 
by mass spectrometry. Courtesy from Kihira Y et al., 
2010.



3.2.4 Kv2.1 and Kv2.2long Form Heteromeric Delayed Rectifier K+Channels

The IP experiments, metioned in the previous section, suggested the interaction of the 

two Kv2 subunits in the mammalian system. However, it was not conclusive whether or 

not the Kv2.1 and Kv2.2 subunits form functional heteromeric channels. To test this, we 

took advantage of the non-conducting pore mutant of Kv2.1 (W365C/Y380T) where two 

point mutations within the pore were introduced into Kv2.1 by PCR and cloned into a 

pIRES-mCherry  vector (Blaine and Ribera, 1998; Malin and Nerbonne, 2002). We 

predicted that if they truly form heteromeric channels, the non-conducting mutant of 

Kv2.1 should be able to suppress the conductance of the WT Kv2.2long channels. We 

therefore expressed either WT Kv2.1 or Kv2.2long with Kv2.1 W365C/Y380T in HEK293 

cells and recorded ionic currents in voltage-clamp recordings. Kv2.2long expressed in 

HEK293 cells exhibited delayed recifier currents (Fig 3.11A), which were similar to those 

of homomeric Kv2.1 channels in the current-voltage relationship (Fig 3.11B). Kv2.1 

W365C/Y380T itself did not conduct detectable currents as reported (Malin and 

Nerbonne, 2002). However, co-expression of Kv2.1 W365C/Y380T significanlty 

inhibited the current amplitude of WT Kv2.1 channels (p<0.01, unpaired t-test, n=6; Fig 

3.11B). This result demonstrates the inhibitory efficacy of the mutant.	  	  

 This non-conducting mutant also significantly and dramatically suppressed the 

conductance of the WT Kv2.2long channels (Fig 3.11B and 3.12A) by nearly 70% (p< 

0.001, unpaired t-test, n=6). Western blot analysis confirmed that this inhibition was not 

due to a reduction in the expression level of wild-type Kv2.2long, as the level of wild-type 
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Kv2.2long was not affected by the co-expression of the Kv2.1 pore mutant (Fig 3.12B). 

These results strongly suggest that Kv2.1 and Kv2.2long, which are co-localized in large 

surface clusters in a subset of cortical pyramidal neurons, can form heteromeric delayed 

rectifier channels.
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!!Fig 3.11: Formation of heteromeric Kv2 channels in HEK293 cells. A, Delayed rectifier currents 
encoded by either Kv2.1 (upper panel) or Kv2.2long (lower panel) homomeric channels in HEK293 cells. 
B, Inhibition of the wild-type Kv2 channels by the Kv2.1 non-conducting pore mutant.  HEK293 cells were 
transfected with either wild-type Kv2.1 or Kv2.2long together with either the non-conducting mutant of 
Kv2.1 (Mut) or an empty vector at a DNA ratio of 1:10. Steady-state current amplitudes were measured at 
different membrane potentials.
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Fig 3.12: Grouped data of the maximum inhibition by the Kv2.1 non-conducting mutant at +60 mV. 
A, Inhibition of Kv2 channel currents at +60 mV by the non-conducting mutant of Kv2.1. Values are 
mean ± S.E. (n=6).  *, p =0.0022 (versus Kv2.1); **, p=0.0002 (versus Kv2.2) and p=0.033 (versus 
Kv2.1+ mutant). B, The levels of Kv2.2long are unchanged by the co-expression of the Kv2.1 mutant. 
Cells were transfected with Kv2.2long and either an empty vector or the Kv2.1 mutant. Kv2.2long was 
detected by Western blotting using the anti-Kv2.2long antibody. The levels of Kv2.2long were measured 
and are expressed as a percentage of the vector control.



3.2.5  Kv2.1 and Kv2.2long have Similar Biophysical Properties

Due to the re-characterization of Kv2.2, we have shown that Kv2.1 and Kv2.2long have 

similar localization patterns in neurons and can form heteromeric channels. We then next 

asked the question; Does Kv2.1 and Kv2.2long channels have different biophysical 

properties? They may be quite different in gating characteristics, such that their 

heteromultimerization increases the diversity  of the Kv2 channels. To address this issue, 

we recorded and analyzed macroscopic outward currents from HEK293 cells that were 

transiently  transfected with either Kv2.1 or Kv2.2long channels. We first looked at the 

voltage-dependent current  activation of both of these channels. In order to examine the 

activation properties, we employed a standard protocol where transfected HEK293 cells 

were patched (whole-cell, patch-clamp configuration) and held at -80 mV and 

depolarized from the holding potential to voltages between -80 and +80 mV in 10 mV 

increments for 200 ms (Fig 3.13, see Fig 3.11A for representative current traces). The 

peak outward sustained K+ currents were measured at  each depolarizing potential (at 100 

ms into the pulse which is illustrated by the arrow in Fig 3.13). The current amplitude (I) 

was converted into conductance (G) using the equation G = I/(V-Ek) (see Section 2.6.3) 

and we plotted the normalized conductance (G/Gmax) against the test potential (mV) to 

observe the conductance-voltage (G-V) relationships for Kv2.1 and Kv2.2long.

 As mentioned in Section 3.2.4, HEK293 cells that either expressed Kv2.1 and 

Kv2.2long both exhibited similar delayed-rectifying outward ionic current (Fig 3.11A). 

When we examined the conductance-voltage relationship between the Kv2 subunits, we 

observed no differences in their voltage-dependent activation curves (Fig 3.14). We fitted 
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the curves with single Boltzmann 

functions and calculated the half-

maximal activation membrane potential 

(G1/2) for Kv2.1 to be +10 ± mV and for 

Kv2.2long to be +12 ± mV  (p=0.93; 

unpaired t-test).

 Next, we looked at  the steady-state inactivation of the Kv2 channels, which 

converts the channels to the non-conducting state as a function of membrane potentials. 

This process would determine the number of available Kv2 channels at physiological 

resting membrane potentials of neurons. Using the protocol described in Chapter 2 (and 

below), we quantified the levels of Kv2 channels inactivated after a long voltage step 

signal. Briefly, transfected HEK293 cells were held at  -80 mV, given a test  pulse (TP1) to 

+50 mV for 200 ms, then step  depolarized from -80 to +50 mV (in 10 mV increments) for 

10 seconds, which was immediately 

followed with another 200 ms test pulse 

(TP2) to +50 mV (Fig 3.15A). We plotted 

the ratio of TP2/TP1 as a function of test 

membrane potential (mV) and found no 

differences between Kv2.1 and Kv2.2long 

steady-state inactivation curves (Fig 

3.15B). The half-maximal inactivation 
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!Fig 3.13: The voltage-dependent current activation 
protocol. Transfected HEK293 cells were held at -80 
mV and depolarized to voltages between -80 to +80 mV 
in 10 mV increments for 200 ms and returned to resting 
potential between each voltage step. The peak outward 
K+ current was measured at 100 ms into the pulse 
(illustrated by the red arrow). 
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Fig 3.14: Voltage-dependent activation curves of 
Kv2.1 and Kv2.2long homomeric channel currents 
from transfected HEK293 cells (n=22 in both groups).



membrane potential (VI1/2) for Kv2.1 (n=22) is -27 mV and for Kv2.2long (n=26) is  -23 

mV (p= 0.93; unpaired t-test).	  

 The last voltage-dependent channel gating property that we analyzed was the 

deactivation kinetics between Kv2.1 and Kv2.2long. In order to assess differences in 

deactivation (or closing) of the channel, we utilized a two-pulse protocol with a varying 

time interval. Briefly, transfected HEK293 cells were held at -50 mV, given the first 

stimulus pulse (to +40 mV), and then given the second stimulus pulse at  varying time 

intervals ranging from 5 to 100 ms (with 5 ms intervals, Fig 3.16). By using this protocol, 

we measured the instantaneous current mediated by non-deactivated channels upon an 

increase of K+ driving force (indicated by the arrow, Fig 3.16). This gives us what the 

portion of channels that remain opened during the first  pulse. The current from the second 

stimulus pulse is normalized to the current from the first stimulus pulse. The data is 
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Fig 3.15: The voltage-dependent, steady-state 
inactivation curves for Kv2.1 and Kv2.2long. 
A,  The inactivation current protocol and 
representative current traces when transfected 
HEK293 cells are given two test pulses (TP1 and 
TP2) between a long (10 secs) depolarizing step 
from -80 to +50 mV (in 10 mV increments).   B, 
Inactivation curves for Kv2.1 and Kv2.2long 
homomeric channel currents from transfected 
HEK293 cells.



arranged as percentage of channels opened 

at the beginning of the second stimulus 

pulse and the deactivation curve was fitted 

with a two-exponential function (Fig 3.17). 

The fast  time constants (τ1) for Kv2.1 and 

Kv2.2long are 9.17 ± 0.40 ms and 8.99 ± 0.46 

ms (p= 0.40; t-test), respectively. The slow 

time constants (τ2) were calculated to be 

33.35 ± 3.97 ms for Kv2.1 and 51.95 ± 

12.38 ms for Kv2.2long (p=0.21; t-test). There was no statistically significant differences 

in their deactivation parameters between the Kv2 subunits, suggesting that both Kv2.1 

and Kv2.2 do share similar biophysical properties.

3.2.5 Novel Expression of Kv2.2long in the Basal Forebrain

The results from the electrophysiological experiments suggest that Kv2.1 and Kv2.2 may 

provide highly redundant delayed-rectifying K+ conductance in neuronal cells, as both of 
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–50 mV

–80 mV

+40 mV

Fig 3.16: Deactivation current protocol for Kv2.1 
and Kv2.2long.  The deactivation curves of Kv2.1 
and Kv2.2long were obtained from the normalized 
current amplitude from each stimulus pulse at 
varying time intervals (ranging from 5ms-100ms 
with 5ms increments) following the test pulse. The 
instantaneous current expressed by non-deactivated 
channels upon an increase of K+ driving force 
(indicated by the arrow) was measured.

!

Fig 3.17: Deactivation curves for Kv2.1 
and Kv2.2long. Data is arranged as 
percentage of channels opened at the 
beginning of the stimulus pulse. The 
deactivation curve was fitted with a two-
exponential function. The fast and slow time 
constants (τ1 and τ2) were determined for 
each Kv2 subunit. Kv2.1 time constants are 
τ1 = 9.17 ± 0.40 msec and τ2= 33.35 ± 3.97 
msec.  Kv2.2long time constants are τ1 = 8.99 
± 0.46 msec and τ2= 51.95 ± 12.38 msec 
(Kv2.1; n=13 and Kv2.2; n=17).



these channels are reportedly expressed widely in the mammalian brain. However, our re-

evaluation of Kv2.2 localization revealed that  there is a specific region of the brain where 

Kv2.2long expression is particularly  high in a subset of neurons and the expression 

intensity of Kv2.1 in those neurons is 

below the range of detection (Fig 3.18). 

This novel expression of Kv2.2long was 

found in the basal forebrain (BF). This 

observation may provide some insight 

into the specific roles of each Kv2.2 in 

r e g u l a t i n g n e u r o n a l m e m b r a n e 

excitability of the specific sub-population 

of neurons and associated behaviors. 

This will be described and discussed 

further in Chapter 4.

3.3 DISSCUSSION 

In previous studies, it has been shown that Kv2.2 is uniformly localized in the cell body 

and dendrites of mammalian neurons (Hwang et al., 1993a; Hwang et al., 1993b; Guan et 

al., 2007), whereas Kv2.1 is highly concentrated in the somata and proximal dendrites in 

discrete surface clusters (Trimmer, 1991). Together with the evidence that the non-

conducting mutant of rat Kv2.1 does not inhibit rat  Kv2.2 channels in HEK293 cells 

(Malin and Nerbonne, 2002), it  has been suggested that Kv2.1 and Kv2.2 do not form 

heteromeric channels. It  was puzzling, however, because Kv2 subunits of the Xenopus 
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Kv2.2
Kv2.1

LOT Tu
Fig 3.18: Rat sagittal sections (containing the basal 
forebrain) are stained with anti-Kv2.1 (K89) and 
anti-Kv2.2 antibodies. In the ventral surface of the 
brain,  Kv2.2 staining is shown between the nucleus of 
lateral olfactory tract (LOT) and the olfactory tubercle 
(Tu). Scale bar, 1 mm.



laevis do form functional heteromeric channels (Blaine and Ribera, 1998). We believe 

that our work solved this problem and also shed a new light  on the expression (cellular 

and sub-cellular localization) pattern and biophysical properties of Kv2.2. In this chapter, 

we have shown that there are two different mRNA sequences of rat Kv2.2 in the 

database: the original cDNA sequence (Hwang et al., 1992) and one derived from the 

genomic sequence. We found that the original sequence has a single-nucleotide deletion 

compared with the genomic sequence. The cDNA sequence with the deletion results in a 

frameshift in the protein sequence after amino acid residue 764, providing a 105-amino 

acid shorter Kv2.2 polypeptide (Kv2.2short) than that deduced from the genomic sequence 

(Kv2.2long). We currently  do not know whether the deletion is due to a cloning artifact or 

is the result of endogenous RNA editing. However, immunolabeling with the antibody 

K37 (which would recognize both Kv2.2short and Kv2.2long) revealed that Kv2.2long is the 

predominant form expressed in the rat brain, although we cannot exclude the possibility 

that K37 preferentially reacts with Kv2.2long. 

 Using specific immunoreagents, we found that Kv2.2long is highly  co-localized in 

discrete surface clusters with Kv2.1 in the somata and proximal dendrites of rat cortical 

neurons. Clustering might be an intrinsic characteristic of Kv2.2long, like Kv2.1, because 

it can form clusters in HEK293 cells in the absence of Kv2.1. It  has been previously 

shown that the clustering of Kv2.1 requires the internal sequence in the cytoplasmic C-

terminal tail, the proximal restriction and clustering signal (Lim et al., 2000). The critical 

residues in the proximal restriction and clustering signal are well conserved in the C-

terminal tail of Kv2.2 in both the shorter and longer forms. However, it has been shown 
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that Kv2.2short does not form clusters in HEK293 cells (Mohapatra and Trimmer, 2006). 

We speculate that the altered protein sequence in the C terminus of Kv2.2short results in a 

large structural rearrangement, which prevents Kv2.2short from forming clusters.

 The substantial co-localization of Kv2.1 and Kv2.2long brought about the 

possibility that they are indeed expressed as heteromeric channels. Our co-IP assays and 

the experiments using the non-conducting mutant clearly  demonstrated that Kv2.1 and 

Kv2.2long are physically associated in brain neurons in situ and form heteromeric channels 

when co-expressed. This is highly  consistent with the findings of Blaine and Ribera 

(Blaine and Ribera, 1998) that a Xenopus Kv2.1 non-conducting mutant significantly 

inhibits the channel current of Xenopus Kv2.2. The tetramerization (T1) domain of Kv1 

channel subunits has been located in the cytoplasmic N-terminal tail (Bixby  et al., 1999). 

It has been recently reported that  the N-terminal domain of Kv2.1 is also critical in 

forming a heterotetramer with Kv6.3, a modulatory subunit (Mederos et  al., 2009). In 

addition to the differences in the C-terminal tail, two amino acid residues at positions 161 

and 162 in the N-terminal domain also differ between Kv2.2short (Asp  and Gly) and 

Kv2.2long (Gln and Arg). This may account for the lack of heteromerization of Kv2.1 and 

Kv2.2short, although these residues are not close to the conserved histidine residue (at 

amino acid 109 in Kv2.2) that is critical for the binding of Kv6.3 to Kv2.1. However, it 

should be noted that Schnitzler and co-workers (Mederos et al., 2009) also reported that 

the N-terminal tail of Kv2.2short could in fact interact with that of Kv2.1 in the yeast two-

hybrid assay. There is also accumulating evidence that the N- and C-terminal tails of 

Kv2.1 subunits interact to change the biophysical and biochemical properties of the 
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channel (Ju et al., 2003; Wray, 2003; Mohapatra et al., 2008). Therefore, it is possible that 

the C termini of Kv2 subunits facilitate the formation of channel tetramers and that this 

may be disrupted in Kv2.2short. 

 One interesting aspect of the Kv2.1-Kv2.2 interaction is that the non-conducting 

mutant of Kv2.1 showed a greater inhibition on wild-type Kv2.2long than on Kv2.1 (Fig. 

3.12A). Because it has been elegantly shown that Kv2.1 and Kv9.3, another modulatory 

subunit, have a fixed stoichiometry of 3:1 (Kerschensteiner and Stocker, 1999), we 

speculate that Kv2.1 and Kv2.2long also have a similar stoichiometry, in which Kv2.1 is 

dominant in a tetramer. With wild-type Kv2.1 and its non-conducting mutant, their 

stoichiometry follows a binomial distribution, and thus, the degree of inhibition would 

depend on how many mutants are present in tetramers. However, if Kv2.1 and Kv2.2long 

preferably have a fixed stoichiometry  of 3:1, the Kv2.1 non-conducting mutant becomes 

dominant in Kv2.2long/Kv2.1 mutant tetramers. 

 Finally, the comparison of the biophysical properties between Kv2.1 and Kv2.2long 

has been determined to be very similar. These channels have similar activation properties 

as well as have comparable inactivation and deactivation rates (Fig 3.14, 3.15B, 3.17). 

These results suggest functional redundancy. As delayed rectifiers, together, both Kv2.1 

and Kv2.2long are important in regulating somatodendritic excitability  especially in the 

cortex and hippocampus (Martina et al., 1998; Du et al., 2000; Malin and Nerbonne, 

2002). However, the observation of high expression levels of Kv2.2long (and non-

detectable levels of Kv2.1) in a sub-population of neurons within the BF suggests 

potential differential roles for each channel in the brain. In Chapter 4, we further 
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substantiate the selective expression of Kv2.2long in a specific population of neurons in 

the BF, of which the physiological role is investigated in Chapter 5.
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Chapter 4:Novel and Selective Localization of Kv2.2 in GABAergic Neurons in the 
Basal Forebrain

4.1 INTRODUCTION

The Kv2 delayed-rectifying channels are known to be major contributors in regulating 

neuronal excitability (Martina et al., 1998; Du et al., 2000; Malin and Nerbonne, 2002; 

Guan et  al., 2007). As described in Chapter 3, we recently re-characterized the cellular 

and sub-cellular expression patterns of Kv2.2 (which previously referred as Kv2.2long) in 

the mammalian brain and found that Kv2.2 has a selective cellular expression pattern in a 

sub-population of neurons in the basal forebrain (BF).

 The BF complex, which is comprised of several nuclei, are implicated in the 

regulation of the sleep-wake cycle (Szymusiak, 1995; Everitt and Robbins, 1997; Bartus, 

2000; Berntson et al., 2002; Sarter and Bruno, 2002; Jones, 2005; Lin and Nicolelis, 

2008). This area contains a heterogeneous population of neurons (Szymusiak and 

McGinty, 1986a; Harkany et al., 2003; Lin et al., 2003; Nickerson Poulin et  al., 2006), 

with cholinergic, gamma-aminobutyric acid (GABAergic) and phosphate-activated 

glutaminase/ VGLUT expressing neurons (putative glutamatergic neurons) as their major 

components (Gritti et al., 1993; Gritti et al., 1997; Gritti et al., 2006). These neurons also 

constitute a major subset of projecting afferents to the cerebral cortex (Divac, 1975; 

Kievit and Kuypers, 1975; Saper, 1984; Henny and Jones, 2008), where they are thought 

to regulate the activity of cortical neurons (Buzsaki et  al., 1988). Although more than half 

of the BF cortical projecting neurons are GABAergic (Gritti et  al., 1993), very little is 
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known regarding the characteristics and the physiological function of these GABAergic 

neurons (Sarter and Bruno, 2002; Lau and Salzman, 2008). This is mainly  due to the lack 

of tools to target and study these specific neurons, as compared to those available for 

cholinergic neurons, such as IgG192-saporin (Wiley  et  al., 1991). Therefore, definitive 

molecular markers for BF GABAergic neurons have been desirable for better 

understanding of the physiological roles of these GABAergic neurons.

 In this chapter, we demonstrate that Kv2.2 is highly  and selectively  expressed in a 

specific subset of neurons in the BF. Using highly specific antibodies, which were 

validated in Chapter 3, we found that Kv2.2 is abundantly expressed in neurons within 

the magnocellular preoptic nucleus (MCPO) and the horizontal limb of the diagonal band 

of Broca (HDB). More importantly, the protein expression levels of Kv2.2 in these nuclei 

were significantly greater than the expression levels in the cerebral cortex, suggesting 

specific enrichment of Kv2.2 in the BF neurons. Furthermore, using knock-in mice 

expressing green fluorescent protein (GFP) in GABAergic neurons, we found the 

selective expression of Kv2.2 in a large subset of GABAergic neurons in the MCPO and 

HDB, thereby identifying a novel sub-population of GABAergic neurons in the BF. 

Based on these findings, we propose Kv2.2 as a molecular tool to target these specific 

neurons in studying their functions in animal behaviors.

4.2 RESULTS

4.2.1 Abundant Expression of Kv2.2 in the BF

In this chapter, we primarily used the rabbit polyclonal antibody against the C-terminus 

of Kv2.2, (Johnston et al., 2008), which has extensively been validated in the previous 
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chapter. Using this immunoreagent, we further evaluated more carefully the cellular 

expression pattern of Kv2.2 in the rat brain. Unlike the ubiquitous expression of Kv2.1 

(Trimmer, 1991; Du et al., 1998), the expression of Kv2.2 was relatively limited in 

certain brain areas. Detectable levels of Kv2.2 were observed in a fraction of cells in the 

cerebral cortex, the superior colliculus, and the pons. However, we found that there was a 

cluster of cells expressing Kv2.2 at very high levels near the ventral surface of the 

forebrain (Fig 4.1). We had identified the area to be the BF based on anatomical 

landmarks around that area. Interestingly, we did not observe any  detectable levels of 

Kv2.1 on these Kv2.2-expressing neurons, which suggests that Kv2.2 is the major 

somatic delayed-rectifier in these neurons. 

 We were able to completely  abolish the immunostaining of Kv2.2 when we pre-

incubated the antibody with the antigen peptide (Fig 4.2). Similar to what  we have done 

in validating Kv2.2 expression in the cortex (Chapter 3), the expression of Kv2.2 within 

the BF was further confirmed by utilizing the K37 monoclonal antibody, which was 
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!!Fig 4.1: Rat sagittal sections (containing the basal forebrain) are stained with anti-Kv2.1 (K89) and 
anti-Kv2.2 antibodies. In the ventral surface of the brain, Kv2.2 staining is shown between the nucleus 
of lateral olfactory tract (LOT) and the olfactory tubercle (Tu). AC, anterior commissure. Scale bar, 1 
mm.



raised against the N-terminus of Kv2.2 (Maletic-Savatic et  al., 1995). Double-staining of 

the rat  brain sections with both the monoclonal (mouse) and polyclonal (rabbit) Kv2.2 

antibodies showed virtually complete co-localization of each signal in the BF (Fig 4.3A-

C), which is also represented by a substantial overlap of fluorescent signals in the line 

scanning analysis (Fig 4.3D). We also observed a similar localization of Kv2.2 in the BF 

of the mouse brain (described later in more detail). Importantly, the staining of Kv2.2 was 

completely absent in brain sections from Kv2.2-deficient mice, while detectable signals 
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Control Peptide-absorbed Fig	   4.2:	   Elimination of Kv2.2 
e x p r e s s i o n w i t h a n t i g e n 
absorption. Rat sagittal section 
stained with anti-Kv2.2 antibody 
that was pre-incubated with a 
peptide antigen specific for Kv2.2. 
Scale bar, 100 µm

!Fig 4.3: Abundant expression of  Kv2.2 in the BF of  the rat. A – C, Overlapping patterns of 
immunolabeling with rabbit anti-Kv2.2 (C-terminus) and K37 mouse anti-Kv2.2 (N-terminus) antibodies. 
Scale bar,  100 µm. D, Line scanning analysis of a 450 µm segment in the fluorescence image in C. Green, 
rabbit Kv2.2 antibody; magenta, mouse Kv2.2 antibody. Overlap of signals is indicated in yellow. E – F, 
Kv2.2 immunostaining of heterozygous and homozygous Kv2.2-deficient mice (Kv2.2+/– and Kv2.2–/–, 
respectively. Brain sections were stained using rabbit Kv2.2 antibody.



were observed in the heterozygous mouse. This is consistent with the Western blot 

analysis for validating the anti-Kv2.2 antibodies in Chapter 3 (Fig 4.3F).

 Kv2.2 expressing cells are also immunoreactive for neuronal nuclei (NeuN) a 

marker for post-mitotic neurons (Fig 4.4A-C), which indicates specific expression of 

Kv2.2 in neurons but not glial cells. To determine the specific nucleus in the BF where 

Kv2.2 is expressed, we immunostained serial brain sections using nickel-enhanced 

diaminobenzidine (DAB) staining, which provided us with better visualization of 

anatomical landmarks. We found that Kv2.2-positive neurons are located within the 

magnocellular preoptic area (MCPO) and the horizonatal limb of the diagonal band of 

Broca (HDB) of the BF (Fig 4.4D-E).

 When surveying the rat brain, the expression level of Kv2.2 on the MCPO/HDB 

neurons seem higher than those in other brain areas. In low-magnification images of rat 

saggital sections, Kv2.2 immunoreactivity  was readily detected in the BF but hardly 

detectable in the cortex and the striatum (Fig 4.5A). In contrast, Kv2.1 exhibited high 

levels of expression in the cortex and the striatum but decreased levels in the BF 

particularly near the MCPO (Fig 4.5B). The enrichment of Kv2.2 immunostaining in the 

BF is consistent with the published results of the in situ hybridization in the mouse brain 

from the Allen Brain Institute (Image obtained from their website in Fig 4.5C). 

Normalized immunofluorescence staining revealed that Kv2.2 is highly enriched in the 

MCPO/HDB not only in the number of positive neurons but also in individual neurons 

(Fig 4.5D-G). 
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 To quantitatively  demonstrate the enrichment of Kv2.2 in these nuclei, we 

employed a quantitative Western blot  analysis. Figure 4.6A, shows the quantifiability of 

our method in determining relative levels of Kv2.1 and Kv2.2 in brain tissues. Standard 

curves show the semi-linear relationship between the amount of protein loaded and 

immunoreactivity for each of the antibodies. Next, small tissue samples were collected 

from the MCPO/HDB and from the cingulate cortex using a micropunch apparatus. We 

chose this region because Kv2.2 expression in the cortex is more selective to that area 
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Fig 4.4:  Expression of Kv2.2 in the neurons of the magnocellular preoptic nucleus (MCPO) and the 
horizontal band of Broca (HDB). A – C,  Expression of Kv2.2 in the NeuN-positive neuronal population 
in the basal forebrain. Scale bar, 50 µm. D – E,  Nickel enhanced 3-3`diaminobenzidine (DAB) 
immunostaining was used to determine specific localization of Kv2.2-expressing neurons. Rat coronal 
sections (8.9 and 9.2mm anterior to the interaural line) were immunostained with the anti-Kv2.2 antibody. 
Anatomical landmarks such as the anterior commissure (indicated by asterisk) were used to locate the 
expression of Kv2.2 in the MCPO/HDB nuclei.



(Chapter 3; Fig 3.5). The samples were subjected to Western blot analysis, and the 

relative levels of Kv2.1 and Kv2.2 in the MCPO/HDB were compared to that of the 

cortex by measuring the optical densities of Kv2.1 and Kv2.2 immunoreactive bands. We 

also used NeuN to estimate the difference in the number of neurons between these two 

areas, as the MCPO/HDB contained much less neurons than the cortex (about 10% of the 

number in the cingulate cortex). Consistent with the results of immunostaining, Kv2.1 

protein is expressed at high levels in the cortex and at decreased levels in the MCPO/

HDB (Fig 4.6B). The relative abundance of Kv2.1 in the MCPO/HDB was 13.4 ± 3.2% 
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!Fig 4.5:  Reciprocal expression of Kv2.1 and Kv2.2 in the rat brain. A – C,  Expression pattern of 
Kv2.1 (A) and Kv2.2 (B) in the rat brain. Dorsal to ventral view of rat sagittal brain sections 
immunostained with anti-Kv2.2 and K89 anti-Kv2.1 antibodies. The cortex (CTX), the striatum (STR) 
and the basal forebrain (BF) are shown. Mouse Kv2.2 in situ hybridiztion results from the Allen Brain 
Institute confirms Kv2.2 immunohistochemical data (C). Scale bar, 1 mm. D – G,  Differential expression 
pattern of Kv2.1 and Kv2.2 in the cortex and the BF. Kv2.1 is highly expressed in neurons in the cortex 
and shows decreased expression levels in the BF. Kv2.2 is highly expressed in the BF and is only 
expressed in a subset of pyramidal neurons mainly in layers I/II and V at low expression levels. Scale bar, 
50 µm.



(n = 6) of that in the cortex (Fig 4.6C). In contrast, despite the low neuronal density in the 

MCPO/HDB, evident by decreased level of NeuN immunoreactivity (Fig 4.6B; 28.5 ± 

4.7% of the cortical level), Kv2.2 protein was highly enriched in the MCPO/HDB tissues 

(55.3 ± 9.6% of the cortical level).

4.2.3 Selective Expression of Kv2.2 in GABAergic Neurons of the MCPO/HDB

The BF contains multiple types of neurons that differ in their neurochemicals 

(Szymusiak, 1995; Henny and Jones, 2008). Therefore, we next investigated whether 

Kv2.2 is expressed in a specific population of neurons in the MCPO/HDB. Since Kv2.2-

expressing neurons exhibited a multipolar morphology similar to that of cholinergic BF 

neurons, we tested whether Kv2.2 is expressed in them. We immunostained rat coronal 

sections with antibodies against Kv2.2 and choline acetyltransferase (ChAT), a specific 

marker for cholinergic neurons, and identified a subset of neurons in the MCPO/HDB 

positive for ChAT immunoreactivity. However, there was no overlap between Kv2.2- and 
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!Fig 4.6: Reciprocal expression of Kv2.1 and Kv2.2 revealed by quantitative Western blotting. A, 
Micropunch tissue samples (0.5-1 mm) from the cortex and the MCPO were prepared and processed for 
western blot analysis using K89 anti-Kv2.1 and rabbit anti-Kv2.2 antibodies. Semi-linear relationships 
were obtained between immunoreactivity and the amount of samples for each of the antibodies. B, 
Micropunch tissues from the MCPO and the cortex was prepared for western blot analysis using K89 
anti-Kv2.1, anti-Kv2.2 and anti-NeuN antibodies as probes. Numbers on the both ends denote the sizes of 
molecular weight markers in kDa. C, The relative levels of each Kv2 isotypes in the MCPO. Optical 
densities of immunoreactive bands in the MCPO samples were normalized to those of the cortex samples. 
Values are expressed as means ± SEM. *P< 0.05 (n= 7) by Student t-test.



ChAT-positive neurons in the MCPO/HDB of the BF. This suggests that Kv2.2-

expressing neurons are a distinct population from the cholinergic neurons (Fig 4.7A-C). 
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!Fig 4.7:  The expression of Kv2.2 in non-cholinergic neurons in the BF. A-C, Kv2.2-expressing 
neurons and the cholinergic neurons of the BF are distinct sub-populations.  Rat coronal sections were 
double immunostained with anti-Kv2.2 and anti-ChAT antibodies. Scale bar, 50 µm.
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Fig 4.8: Enriched expression of Kv2.2 in noncholinergic neurons in the MCPO/HDB of  the mouse 
brain. A, Nickel-enhanced DAB immunostaining of Kv2.2-immunoreactive neurons in the mouse brain. 
A coronal section (3.94 mm anterior to the interaural line) was immunostained with the anti-Kv2.2 
antibody. B,  Corresponding mouse brain atlas to A. VLPO, ventrolateral preoptic nucleus; LPO, lateral 
preoptic nucleus; VP, ventral pallidum; AC, anterior commissure; SIB, substantia innominata basal; Tu, 
olfactory tubercle. C–E, Confirmation of the enrichment of Kv2.2 in the MCPO in immunofluorescence 
staining. Mouse coronal sections were double-immunostained with K89 anti-Kv2.1 and anti-Kv2.2 
antibodies. F–H, Reciprocal expression of Kv2.2 and ChAT in the MCPO of mouse. Mouse coronal 
sections were double-immunostained with anti-Kv2.2 and anti-ChAT antibodies. Scale bars 100 µm.



 Therefore, we next tested whether GABAergic neurons express Kv2.2. We 

initially attempted double immunostaining for Kv2.2 and glutamate decarboxylase 67 

(GAD67), an enzyme used as a marker for GABAergic neurons, as well as staining for 

GABA itself. However, due to the dense distribution of GABAergic fibers and terminals 

within the BF, we were unable to identify  GAD67- and GABA-positive cell bodies in this 

area. This led us to the use of transgenic mouse models in identifying the neuronal 

phenotype of Kv2.2-expressing neurons. First, we surveyed the mouse brain and 

observed a similar expression pattern of Kv2.2 in the MCPO/HDB as shown in the rat 

brain. In fig 4.8A-E, the enrichment of Kv2.2 and its reciprocal expression to Kv2.1 in the 

MCPO/HDB of the BF are illustrated. We also confirmed the lack of detectable Kv2.2 in 

the ChAT-positive neurons in the mouse as well (Fig 4.8F-H). 

 We utilized the GAD67-GFP knockin mice, of which one allele of GAD67 is 

replaced with GFP, rendering GFP as a reliable marker of GAD67-positive GABAergic 

neurons (Tamamaki et al., 2003; Acuna-Goycolea et al., 2005; Ono et  al., 2005; Brown et 

al., 2008; Kaneko et al., 2008). We first validated that the expression of GFP overlaps 

with and is restricted to GABAergic neurons. Double immunostaining for GABA and 

GFP in the cortex, where GABA immunostaining provides reliable detection of the 

somata of GABAergic neurons, showed a substantial overlap between GABA-

immunopositive neurons and GFP-positive neurons (Fig 4.9A-C). We also confirmed 

non-overlapping distribution of ChAT- and GFP-positive neurons in the BF as well (Fig 

4.9D-F). 
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 Using this genetic tool, we tested whether or not Kv2.2 is expressed in 

GABAergic neurons in the MCPO/HDB. As shown in Fig 4.10A-C, the immunostaining 

revealed that Kv2.2 is highly and selectively expressed in GFP-positive GABAergic 

neurons in the MCPO/HDB of the GAD67-GFP knockin mice. The neuronal cell count 

showed that  about 60% of GABAergic neurons in the MCPO/HDB express Kv2.2 (Fig 
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Fig 4.9: Selective expression of Kv2.2 in GABAergic neurons in the BF of mouse. A–C, Selective 
expression of GFP in GABAergic neurons in the cortex of the GAD67-GFP knockin mice. Coronal 
sections from GAD67-GFP knockin mice were double-immunostained with N86 anti-GFP and anti-
GABA antibodies. D–F, GFP-expressing neurons and ChAT positive neurons of the BF are distinct 
populations in the BF of the GAD67-GFP knockin mice. Coronal sections from GAD67-GFP knockin 
mice were double-immunostained with N86 anti-GFP and anti-ChAT antibodies. Scale bars; 50 µm in A - 
C, and 100 µm in D - F.

Fig 4.10: Co-expression of Kv2.2 and GFP in the BF neurons of GAD67-GFP knock-in mice. A-C, 
Coronal sections from GAD67-GFP knock-in mice were double immunostained with anti-Kv2.2 and N86 
anti-GFP antibodies. Scale bar, 20 µm.

Kv2.2 GAD67-GFPA B C



4.11B). Because GABAergic neurons make-up  56% of the total NeuN-positive neuronal 

population in the MCPO/HDB (Fig 4.11A), Kv2.2-expressing neurons represent 

approximately 44% of the total population within the MCPO/HDB of the BF (Fig 4.11B).

4.2.4 Kv2.2-GABAergic Neurons are not Part of the Known GABAergic Populations 

Expressing Calcium Binding Proteins (CBPs) 

Previous studies have described the GABAergic neuronal population within the BF to be 

very heterogeneous. Within this population there are different subgroups that can project 

to different targets and can subsequently  play  different roles in the modulation of cortical 

activity and behavior (Gritti et al., 2003). These GABAergic neurons have been classified 

by morphology/size, projection targets and their expression of calcium binding proteins 

(CBPs) such as parvalbumin (Parv), calbindin (Calb) and calretinin (Calr). The 

expression of CBPs has shown to be quite useful in identifying various subgroups of 

GABAergic neurons in the brain (Zaborszky  et al., 1986a; Zaborszky et al., 1986b; Kiss 
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Fig 4.11 A and B: Kv2.2 expression defines a novel subpopulation of GABAergic neurons in the 
basal forebrain. Stereological analysis of three consecutive coronal brain sections spanning 120 µm of 
the MCPO/HDB (each 40µm thick) from GAD67-GFP knock-in mice (n=3). Mouse coronal sections, 
from GAD67-GFP knock-in mice, were immunostained with anti-Kv2.2, anti-GFP, and anti-NeuN 
antibodies. Labeled neurons were counted per section/per animal and averaged among animals.



et al., 1990; Kiss et  al., 1990; Freund and Meskenaite, 1992; Kiss et al., 1997; Zaborszky 

et al., 1997; Gritti et al., 2003; Zaborszky  et al., 2005). In the BF, there is evidence to 

suggest that a proportion of the large diameter, multipolar GABAergic neurons positive 

for Parv or Calb in the BF are cortically  projecting neurons. The Kv2.2-GABAergic 

neurons do exhibit similar morphology to that of cortical projecting neurons in the BF 

(Fig 4.7) (Saper et al., 1986; Szymusiak, 1995; Gritti et  al., 1997) and have an average 

diameter of 28.0 ± 1.8 µm that suggests to us that they may be a part of the cortically 

projecting neuronal population. To test this, we performed double immunolabeling with 

antibodies against Kv2.2 and Parv, Kv2.2 and Calr, or Kv2.2 and Calb. Surprisingly, 

neurons positive for these markers were minor in the MCPO and HDB, while they are 

present in abundance in other nuclei of the BF. Likewise, less than four percent (3.76 ± 

0.41%) of Kv2.2-expressing neurons were positive for Parv immunoreactivity, and none 

was positive for Calb. As shown in Fig 4.12, the Kv2.2-expressing neurons that expressed 

Parv were mainly  small neurons (yellow arrows) in the MCPO/HDB. Due to the low 

levels of CBPs in the MCPO/HDB, we have not been able to conclude whether Kv2.2-

GABAergic neurons are cortically  projecting neurons and will need additional 

experiments such as immuno-tracing. 
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Fig 4.12: Kv2.2-expressing neurons do not overlap with CBPs immunoreactive neurons.  Mouse 
coronal sections were double immunostained with anti-Kv2.2 and anti-Parv antibodies. The yellow 
arrows indicate one of the few neurons expressing both proteins.



4.3 DISCUSSION

Here we present novel findings that the Kv2.2 delayed rectifier channels are abundantly 

expressed in the BF, particularly  in the MCPO/HDB. Our findings are supported by 

immunofluorescence staining using two independent antibodies for Kv2.2 (with distinct 

epitopes in the N- and C-termini), by quantitative Western blotting analysis and the 

analysis of Kv2.2 knockout brain samples. We also found that the expression of Kv2.2 in 

the BF is not ubiquitous but rather restricted in a specific population of neurons. Using 

the GAD67-GFP knockin mice (Tamamaki et al., 2003), we demonstrated that Kv2.2 is 

selectively expressed in GABAergic neurons in this area. Further analysis has shown that 

~60% of GABAergic neurons in the MCPO/HDB express Kv2.2 at very high levels, 

whereas it was not detectable in the other ~40% of GABAergic neurons. This is 

consistent with the previous findings that the GABAergic population in the BF, like those 

in the hippocampus and cerebral cortex, is heterogeneous in gene expression (Gritti et al., 

2003; Manns et al., 2003; Furuta et al., 2004). Our study has identified a novel and major 

subpopulation of GABAergic neurons in the MCPO/HDB, which differs in the 

expression of the somatic delayer rectifier Kv2.2 channels.

 Although GABAergic neurons are the major neuronal component of the MCPO/

HDB, this phenotypic heterogeneity  has somewhat hampered the investigation of the 

physiological roles of these GABAergic neurons in sleep and in the regulation of cortical 

activity. In contrast, the significance of the BF cholinergic neurons in arousal, as well as 

in attention, has been well studied, due to the availability of IgG192-saporin (Wiley et al., 

1991). This toxin-conjugated antibody targets the p75 NGF receptor, which is expressed 
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specifically in these neurons, enabling specific lesion of the cholinergic population in the 

BF. Therefore, identification of a genetic marker that is specific to GABAergic neurons in 

the BF could also facilitate the investigation of their physiological roles in animal 

behaviors. Kv2.2 could be a particularly  good marker because it  is expressed in a specific 

subset of GABAergic neurons in the BF. Likewise, the Kv2.2 knockout mouse can also 

serve as a model to study the effects of this sub-population of BF GABAergic neurons 

due to the high and selective expression levels of Kv2.2 in this region.

 We currently do not know whether these Kv2.2/GABAergic neurons constitute 

the corticopetal GABAergic projection. It has been previously shown by  others that many 

GABAergic neurons in the BF, including those in the MCPO and HDB, send their 

projections to the cerebral cortex widely  (Saper, 1984; Freund and Meskenaite, 1992; 

Gritti et al., 1997). Because Kv2.2 neurons represent a major subset of GABAergic 

neurons (about 60%) in the MCPO/HDB, it is likely that they also project to the cortical 

areas. 

 The MCPO and HDB are two nuclei in the BF that are involved in the regulation 

of the sleep-wake cycle. Therefore, we predict that the Kv2.2-GABAergic neurons can 

possibly play  a role in modulating sleep-wake behavior. In Chapter 5, we examined the 

role of this novel sub-population of BF GABAergic neurons in the regulation of the 

sleep-wake cycle by down-regulating the expression of Kv2.2 (globally and BF-specific). 
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Chapter 5: Potential Role of Kv2.2 in the Regulation of the Sleep-wake Cycle in 
Mice

5.1 INTRODUCTION

Sleep  is essential for proper functioning of the brain. Studies have shown that the 

maintenance of the sleep-wake cycle requires multiple brain regions and neuronal 

populations (Saper et al., 2005). Based on these studies, it is currently hypothesized that 

the sleep-wake cycle is regulated in the balance between the sleep circuit and the arousal 

circuit. The basal forebrain (BF) is one of the brain regions implicated in both circuits 

(Szymusiak, 1995; Jones, 2005). Cholinergic and GABAergic neurons are the major 

neuronal populations in the BF that provides robust projections to the cerebral cortex. 

Specific lesioning of the BF cholinergic neurons using the immunotoxin (Wiley et al., 

1991) revealed decreased wakefulness (Berntson et al., 2002), indicating that  BF 

cholinergic neurons promote wakefulness. These results led to the idea that  the BF is 

involved in the arousal circuit. However, the GABAergic neurons are the predominant 

population in the BF and outnumber the cholinergic neurons by  2:1. Therefore, without 

elucidating the role of these GABAergic neurons, it would be difficult to make a 

conclusion regarding the roles of the BF in the regulation of the sleep-wake cycle. 

Immunohistochemical and electrophysiological analyses have revealed that  GABAergic 

neurons in the BF are heterogeneous in molecular identities (Gritti et  al., 2003; Manns et 

al., 2003) as well as in their firing behaviors (Hassani et al., 2009), unlike cholinergic 

neurons that are thought to be more homogeneous (Manns et al., 2000). Therefore, 
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specific markers and molecular tools are required to distinguish and study  multiple sub-

populations of GABAergic neurons within the BF.

 In Chapter 4, we have reported that a large sub-population of GABAergic neurons 

within the magnocellular preoptic area (MCPO) and the horizontal limb of the diagonal 

band of Broca (HDB) of the BF express the Kv2.2 channel. Kv2 channels (Kv2.1 and 

Kv2.2) are the major constituents of the somatic delayed rectifier potassium current 

(Yuan et al., 2005; Guan et al., 2007), with Kv2.1 as the dominant isotype. These somatic 

potassium channels are thought to be important in determining the overall excitability of 

neurons (Lai and Jan, 2006; Misonou, 2010). In contrast to the widespread expression of 

Kv2.1, the expression of Kv2.2 is restricted to a few brain nuclei including the BF and 

the medial nucleus of the trapezoid body  (Johnston et al., 2008; Hermanstyne et al., 

2010). Particularly, we found that  Kv2.2 is expressed in approximately 60% of 

GABAergic neurons in the MCPO and HDB of the BF at very high levels, defining them 

as a novel and major sub-population in these sleep/wake-related areas (Chapter 4). 

Interestingly, in these neurons, Kv2.2 is the predominant Kv2-subfamily isotype, as the 

expression of Kv2.1 was negligible. Taken together, we proposed that Kv2.2 is a viable 

molecular target to study the functional role of these GABAergic neurons in sleep 

behavior. In this chapter, we used the Kv2.2 knockout (KO) mice as a model system and 

sought to test the hypothesis that the Kv2.2-GABAergic neurons within the BF 

regulate the sleep-wake cycle of the mouse.
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5.2 RESULTS

5.2.1 Kv2.2-expressing GABAergic neurons are wake-active neurons

The cholinergic neurons in the BF have been shown to be active during the wake state 

(Manns et al., 2000; Hassani et  al., 2009; McKenna et al., 2009), which is consistent with 

their putative role in promoting wakefulness. In studying the role of the Kv2.2-

GABAergic neurons in the sleep-wake cycle, we first investigated whether these neurons 

are wake- or sleep-active neurons. To address this, we used c-FOS expression as a marker 

of neuronal activity. The expression of this immediate early  gene has widely been used to 

assess neuronal activity and also to correlate changes in neuronal activity  in different 

brain regions with changes in vigilant states (Sagar et al., 1988; Sherin et al., 1996; Greco 

et al., 2000; Modirrousta et al., 2004). We adapted a method from Saper and colleagues 

(Sherin et al., 1996), where wild-type (WT) mice are sleep-deprived (SD) for 6 h by 

gentle agitation. During this consolidated wake period, ‘wake-active neurons’ are 

expected to express and accumulate c-FOS in the nuclei. Conversely, in animals that are 

allowed to obtain 3 h of recovery	  sleep (mice were undisturbed and left alone to obtain 

spontaneous sleep) following the SD challenge, we should be able to detect ‘sleep-active 

neurons’ that  accumulate c-FOS during the consolidated sleep  period.	  It should be noted 

that c-FOS expression has a half-life of 120 minutes (Curran et al., 1984) and due to the 6 

hr SD challenge, it’s possible that residual 'wake-active neurons' that retain un-degraded 

c-FOS could also be detected in this group. 

 The ventral lateral preoptic area (VLPO) is a well-established sleep center that 

expresses c-FOS in sleep-active neurons (Sherin et al., 1996; Szymusiak et  al., 1998; 
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Saper et al., 2001). To validate the method, we used this area as a positive control. 

Coronal brain sections of mice subjected to SD or recovery sleep were immunolabeled 

for c-FOS, and we counted the number of c-FOS positive neurons in the VLPO. Our 

analysis revealed significantly more c-FOS positive neurons in animals with recovery 

sleep  than those from SD animals (unpaired t-test; p= 0.021, Fig. 5.1A), a result 

consistent with previous reports (Sherin et al., 1996; Szymusiak et al., 1998; Saper et  al., 

2001). We then applied this method to the BF to determine whether Kv2.2-GABAergic 

neurons express more c-FOS in the consolidated wake or sleep state. Cell counting 

showed that more Kv2.2 neurons were positive with c-FOS in the MCPO/HDB of SD 

mice than those of sleep recovered animals (unpaired t-test, p= 0.0001, Fig. 5.1B and 

5.1C). These results strongly suggest  that Kv2.2-GABAergic neurons are primarily 

‘wake-active neurons’.
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Fig 5.1: Activity of  Kv2.2-GABAergic 
neurons in the BF. A, Quantitative analysis of 
three consecutive coronal brain sections 
containing the ventral lateral preoptic area 
(VLPO) from sleep-deprived and sleep-
recovered mice. The averaged numbers of cFOS 
positive neurons ± SEM per µm2 of the VLPO 
are plotted. (unpaired t-test; p= 0.021; n= 4). B, 
A sleep deprivation-recovery paradigm is 
utilized to analyze the activity of Kv2.2-
GABAergic neurons. Quantitative analysis of 
three consecutive coronal brain sections 
(spanning 120 µm) containing the MCPO/HDB. 
The mean number of Kv2.2-neurons expressing 
cFOS ± SEM are plotted. (unpaired t-test; p= 
0.0001; n= 4). C, The differential expression 
pattern of cFOS positive neurons in coronal 
sections that include the MCPO/HDB of the 
basal forebrain from sleep deprived and sleep 
r e c o v e r e d W T  m i c e . I n s e t : D o u b l e 
immunolabeling with anti-Kv2.2 (green) and 
anti-cFOS (red) antibodies.



5.2.2 Kv2.2 KO mice exhibit changes in their sleep-wake architecture

The result  of the c-FOS experiment led us to the hypothesis that Kv2.2-GABAergic 

neurons promote arousal. To test this, we used Kv2.2 knockout (KO) mice (Hermanstyne 

et al., 2010; Steinert et al., 2011) to examine whether these mutant mice exhibit altered 

sleep-wake cycles. The removal or down-regulation of Kv2.2 would alter the membrane 

excitability and activity  of Kv2.2-GABAergic neurons, as observed in neurons in the 

auditory system of Kv2.2 knockout mice (Steinert et al., 2011). We therefore predict that 

the sleep physiology is altered in Kv2.2 KO mice. Homozygous KO and WT littermates 

were obtained from heterozygous intercrosses. The Kv2.2 KO mice developed normally, 

where there were no apparent changes in general morphology, fertility, and locomotive 

behaviors.

 To assess the sleep-wake cycles of these animals, telemetric electro-

enphalographic (EEG) and electromyographic (EMG) recordings were performed in 

freely-moving mice. Kv2.2 KO mice exhibited apparently  normal EEG and EMG 
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Fig 5.2: Sleep-wake patterns of Kv2.2 knockout and wild-type mice.   Representative 
electroenphalographic (EEG) and electromyographic (EMG) recordings from wild-type and Kv2.2 
knockout mice showing each vigilant state.  Wake (low amplitude, high frequency EEG and high 
amplitude EMG; left inset), Non-REM sleep (high amplitude, low frequency EEG and low amplitude 
EMG; right inset),  and REM sleep (low amplitude, high frequency EEG and muscle atonia,  brackets). 
Scales in the insets: 1 s and 100 µV.



waveforms (Fig 5.2), where the three vigilance states were readily identified, similar to 

WT mice. The recordings showed characteristic patterns of EEG/EMG for wake (low 

amplitude, high frequency EEG and high amplitude EMG), non-REM sleep  (high 

amplitude, low frequency EEG and low amplitude EMG) and REM sleep (low amplitude, 

high frequency EEG and muscle atonia, which is indicated by the brackets) (Fig 5.2). 

Baseline recordings of Kv2.2 KO and WT mice were carried out during a 48 hr time 

period (Days 1 and 2) to assess the overall pattern of sleep-wake cycle. Both the Kv2.2 

KO and WT mice exhibited a normal nocturnal sleep pattern (Fig 5.3). During the 12 hr 

dark period the time spent in wake increased with a concomitant decrease in the time 

spent in sleep, particularly  non-REM sleep. Conversely, during the 12 hr light period, the 

time spent in non-REM  sleep increased with a concomitant decrease in time spent awake. 

REM sleep  was negligible but also exhibited a slight increase during the light period in 

both WT and Kv2.2 KO mice. These results indicate that the overall sleep-wake cycle is 

not affected by the deletion of Kv2.2. 
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Fig 5.3: The sleep-wake rhythms 
of the Kv2.2 KO and wild-type 
mice. During the 12 h dark periods 
(illustrated by black bars on the x-
axis) both groups have an increase 
in wakefulness (blue line) and a 
subsequent decrease in non-REM 
sleep (green line). Conversely, 
during the 12 h light period, both 
groups have an increase in non-
REM sleep and a decline in 
wakefulness. There was a slight 
increase in REM sleep (red line) 
during the light period as well.



 To investigate whether the architecture of the sleep-wake cycle is altered in Kv2.2 

KO mice, we developed hypnograms from the baseline recordings (Fig 5.4A). Based on 

visual inspection of hypnograms from the baseline recordings, the Kv2.2 KO mice 

appeared to exhibit longer wake bouts as compared to WT mice (Fig 5.4A). To quantify 

the difference, we first assessed whether Kv2.2 KO mice spend more time in the wake 

state as compared to WT mice. The duration of every wake bout episode from all animals 

were plotted and analyzed in a cumulative probability  plot (Fig 5.4B). The results showed 

that Kv2.2 KO mice have an increased number of longer wake bouts than WT, as 

evidenced by the rightward shift of the curve (P<0.05, Kolmogorov-Smirnov test). We 

also compared the number of transitions from the wake state to any of the sleep states 

(REM and non-REM) and found that Kv2.2 KO mice transitioned less frequently than 

their WT counterparts (Fig 5.4C), indicating that they tend to stay longer in the wake 

state. The difference was significant in the dark period (p= 0.02, unpaired t-test) with a 
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Fig 5.4: Quantitative analysis of the 
hypnograms. A, Representative 12 h 
hypnograms (19:00 to 07:00) 
revealing the architectural parameters 
of the sleep-wake cycle. The height of 
the horizontal line depicts the vigilant 
state the mouse is in at the time. 
Green line, wake state; Red line, REM 
sleep; Blue line, non-REM sleep. B, 
Cumulative probability distribution of 
the duration of wake bout episodes 
during the dark periods during the 
baseline recordings. Kv2.2 knockout 
mice exhibited a rightward shift 
indica t ing longer wake bouts 
(Kolmogorov-Smirnov test; p< 0.05; 
n= 7). C, The average number of 
transitions from the wake state to any 
of the sleep states (non-REM and 
REM) during the dark period reveals 
that the Kv2.2 knockout mice 
transition less frequently from the 
wake state (unpaired t-test; p= 0.02; 
n= 7).



positive trend in the light period (p= 0.05). Taken together, these results suggest  that 

Kv2.2 KO mice exhibit an increased wakefulness phenotype. 

 To test whether the removal of the Kv2.2 gene causes abnormal development and 

survival of Kv2.2-GABAergic neurons, thereby causing the aforementioned phenotype, 

we quantified the levels of NeuN, as a marker for the total neuronal population, and the 

glutamic acid decarboxylase 67 (GAD67) which is an enzyme used as a marker for the 

GABAergic populations in our micropunch Western blot analysis. As shown in Fig. 5.5, 

we did not find any significant differences in the levels of these marker proteins in the 

MCPO as well as in the cingulate cortex (not shown). Therefore, we conclude that the 

increase in wakefulness in Kv2.2 KO mice is not due to changes in the neuronal 

population.

5.2.3 Changes in the homeostatic drive but not the circadian drive may underlie the 

increased wakefulness phenotype of Kv2.2 KO mice

The sleep-wake cycle is under the control of two regulatory  processes, the homeostatic 

drive (the drive/need for sleep) and the circadian drive (biological clock) (Daan et al., 

1984; Saper et al., 2010). Therefore, it is possible that the phenotype of Kv2.2 KO mice 
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Fig 5.5: Expression levels of NeuN and GAD67 
by quantitative micropunch western blot 
revealed no changes in neuronal population of 
the Kv2.2 knockout mice. Micropunch tissue 
samples (1 mm) from the MCPO of wild-type or 
Kv2.2 knockout mice were subjected to Western 
blot analysis using anti-NeuN and anti-GAD67 
antibodies. The relative levels of each protein from 
the MCPO are shown. The group data of the 
opt ica l densi t ies of NeuN and GAD67 
immunoreactive bands in the MCPO samples. 
Values are expressed as means ±SEM. (unpaired t-
test; p> 0.05; n= 4).
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is derived from changes in either one or 

both of these factors. To test whether the 

homeostatic drive is affected in the 

Kv2.2 KO animals, we assessed how 

they respond to changes in sleep 

homeostasis by a mild sleep-deprivation 

(SD) challenge. Following the baseline 

recording in Days 1 and 2, a 6 hr SD was 

given to the Kv2.2 KO and WT animals 

on the beginning of Day 3 (at 7:00am 

when lights were turned on). Although both WT and Kv2.2 KO mice did not exhibit a 

robust recovery sleep response immediately  after SD (Table 5-1), presumably due to the 

mildness of SD, we did observe that the increased wakefulness phenotype of Kv2.2 KO 

mice was further enhanced following SD in the next two full days (Days 4 and 5). As 

shown in Fig 5.6, Kv2.2 KO mice showed a substantial increase in the percentage of 

wake occurrence in the dark 

periods. Consistently, the average 

duration of wake bouts in the 

K v 2 . 2 K O m i c e b e c a m e 

significantly greater than WT mice 

following SD (p=0.01; unpaired t-

test; Fig 5.7A). This also caused a 
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Table 5-1 

 
Sleep Parameters 

 
Wild-type 

 
Kv2.2 KO 

 
1st 6 hrs after SD 

1:00-6:59pm 
 

(NonREM only) 

 
 

149.8 ± 20.31min 
 

 
 

145.4 ± 27.87 min 

 
1st 6 hrs after SD 

1:00-6:59pm 
 

            (REM only, minutes) 

 
 

15.44 ± 3.39 min 

 
 

20.31 ± 8.45 min 

Total Sleep  
(NonREM and REM)  

during the  
1st dark period after SD 

(7:00pm-6:59am) 

 
 

239 ± 29.89 min 

 
 

190 ± 32.39 min 

# of accumulated bouts for 
1hr of sleep 

 
1:00-6:59pm 

(Baseline/After SD) 

 
 

23.71 ± 3.03 / 22.29 ± 3.06 
bouts 

 
 

31.14 ± 11.34 / 39.86 ± 5.45 
bouts 

!
Table 5-1: Quantitative analysis of sleep parameters. 
Data are represented as mean ± SEM. Unpaired t-test 
was used as the statistical analysis; P>0.05 for each 
sleep parameter except for the last parameter. The last 
parameter (# of accumulated bouts) was analyzed using 
the repeated measures two-way ANOVA statistical test; 
p>0.05. 
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Fig 5.6: Exacerbated wakefulness phenotype following mild 
sleep deprivation challenge in the Kv2.2 knockout mice. 
During the next two full days following sleep-deprivation, the 
sleep-wake patterns of the Kv2.2 knockout mice changed 
particularly with increased occurrence of wakefulness (the blue 
line) during the dark periods (illustrated by black bars on the x-
axis).



further rightward shift in the 

cumulative probability plot in 

which we plotted the duration of 

each wake bout episodes from the 

Kv2.2 KO mice before and after 

SD (p<0.05, Kolmogorov-Smirnov 

test; Fig 5.7B). These results 

demonstrate that  disturbance in the 

homeostatic drive augments the 

increased wakefulness phenotype, 

indicating that the homeostatic 

regulation of the sleep-wake cycle is altered in Kv2.2 KO mice. 

 To test whether the circadian drive is also affected in Kv2.2 KO mice, we 

monitored wheel-running activity to assess possible changes in the circadian rhythms. 

Wild-type and Kv2.2 KO mice were subjected to a 12:12 h light-dark (LD) cycle for 7 
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Fig 5.7: Quantification of the exacerbated wakefulness 
phenotype. A,  The average duration of wake bouts was 
increased from baseline in the Kv2.2 knockout mice during the 
dark period (paired t-test; p= 0.03; n= 7). Following sleep 
deprivation,  the average wake bout duration of Kv2.2 knockout 
mice was significantly longer than that of wild-type littermates 
during the dark period (unpaired t-test; p= 0.01; n= 7). Average 
bout duration of wake episodes was calculated across 2 h 
interval for each dark period for 48 h before and after the sleep-
deprivation challenge. B, Cumulative probability distribution of 
the duration of all the wake bout episodes during the dark 
period before and following sleep-deprivation revealed a more 
dramatic rightward shift in the Kv2.2 knockout mice. 
(Kolmogorov-Smirnov test; p< 0.05; n= 7).
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actograms from wild-type and Kv2.2 knockout mice for 7 days in light-dark (LD) conditions and 14 days 
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days and released into constant darkness (DD) for 14 days, during which their activity 

was recorded in actograms (Fig 5.8). Both genotypic groups exhibited similar behavioral 

patterns of consolidated locomotive activity during the active period of the LD cycle. 

During DD where intrinsic circadian pacemaker is assessed, free-running circadian 

rhythms were observed in both WT and Kv2.2 KO mice. A chi-squared periodogram 

analysis revealed no statistical differences in the overall circadian amplitude during LD 

and DD conditions as well as other circadian parameters such as tau or average bout 

length (Table 5-2). Taken together, these results suggest that the increased wakefulness 

phenotype of Kv2.2 KO mice results from changes in the homeostatic drive but not the 

circadian regulation.

5.2.4 Kv2.2 KO mice exhibit altered sleep EEG

The increased wakefulness phenotype of Kv2.2 KO mice indicates that either sleep states 

may be disrupted or that the wake state overrides the sleep state and attenuate it 
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Behavioral Parameters Wild-type (n=8) Kv2.2-/-  (n=9)
 

 

Chi Square Amplitude (LD) 

 
 

745.5 ± 47.17  

 
 

667.8 ± 48.68  

 
 

Chi Square Amplitude (DD) 

 
 

1228 ± 88.46  

 
 

1181 ± 114.8  

 
Tau (LD) 

 
 23.87 ± 0.02782  

 
24.02 ± 0.05174  

 
Tau (DD) 

 
23.81 ± 0.05824  

 
23.76 ± 0.04846  

 
FFT power (DD) 

 
0.1701 ± 0.02192  

 
0.1640 ± 0.02079  

 
Bout Length (DD) 

 
280.1 ± 16.20  

 
226.5 ± 32.28  

 
Avg. Counts/Bout (DD) 

 
11130 ± 2052  

 
8532 ± 1420  

!

Table 5-2 

Table 5-2: Quantitative analysis of 
the wheel running activity. Data 
are presented as mean ± SEM. 
Unpaired t-test was used for 
statistical analysis; P>0.05 for each 
behavioral parameter. LD: light-dark 
cycle; DD: constant darkness.



frequently in these animals. To obtain insight into how the behavioral phenotype of Kv2.2 

KO arises, we analyzed cortical EEG signals in detail. First, EEG signals were separated 

into wake EEG and sleep EEG solely based on the amplitudes of EEG and EMG but not 

on the frequencies of EEG (see Fig 5.2). As this procedure would ignore low amplitude 

REM-sleep  EEG, sleep EEG is likely to be represented by non-REM sleep. Both WT and 

Kv2.2 KO mice exhibited similarities in the overall power spectra (Fig 5.9A). There was 

a peak in the Delta frequency range in the non-REM sleep EEG. In contrast, in the wake 

EEG, there was a dramatic decrease in the power of the Delta frequency  signals with a 

concomitant increase in the power of the Gamma frequency signals. 

 However, we noticed that the difference in the power spectra between non-REM 

and wake EEGs was much smaller in the Kv2.2 KO mice as compared to WT littermates 
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Fig 5.9: Altered delta oscillations observed in Kv2.2 knockout mice. A, The averaged power spectra 
for both wake (gray curve) and non-REM (black curve) EEGs were plotted. The overall difference 
between the wake and non-REM curves for the Kv2.2 knockout mice was much smaller than wild-type 
littermates. B, Kv2.2 knockout mice showed a significant reduction in the delta frequency band during 
non-REM sleep.  The integral of the power spectra was taken for both wake and non-REM states and the 
percentage for each frequency band was plotted in a histogram.  (Repeated measures two-way ANOVA; 
bonferroni post hoc test; p< 0.05; n= 7).



(Fig 5.9A). In fact, when we compared the relative power of the discrete frequency bands 

within the power spectra between the genotypic groups, there was a significant reduction 

in the Delta power of the non-REM sleep EEG in Kv2.2 KO mice (p<0.05; repeated 

measures two-way ANOVA; Fig 5.9B). In contrast, there was no significant difference in 

the wake EEGs. These results indicate that the behavioral phenotype of Kv2.2 KO mice 

may be due to deficits in the maintenance of the non-REM sleep.

5.2.5 Local and Acute knockdown of Kv2.2 in the MCPO/HDB

Given the phenotype of increased wakefulness in the Kv2.2 global knockout mouse, we 

cannot discredit the involvement of other Kv2.2-expressing neurons outside of the 

MCPO/HDB (such as the cingulate cortex) to the behavioral phenotype. To address this 

issue, we proposed to locally  and acutely  knockdown expression of Kv2.2 in the MCPO/

HDB of adult mice via siRNA application, and we predicted that we would observe a 

similar increased wakefulness phenotype in those animals due to the high expression 

levels of Kv2.2 (Chapter 4). 

 Similar to what we have done, one week following the electrode and cannullae 

placement surgery, baseline recordings were done for two days. At the beginning of the 

third day, injections of either a mixture of three siRNAs against Kv2.2 (siRNA_Kv2.2) or 

a universal negative control (uncsiRNA) was given once a day for a total of 5 times in the 

10 day experiment (described in Chapter 2). At the end of the experiment, we assessed 

the level of knockdown by  quantifying the expression levels of Kv2.2 through 

micropunch western blot analysis. We determined that there were no significant 
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differences in immunoreactivity of Kv2.2 in the siRNA_Kv2.2 group and the uncsiRNA 

group (Fig 5.10; unpaired t-test; p=0.33). In fact, when we compared expression levels 

from the two groups (siRNA_Kv2.2 and uncsiRNA group) to naive mice there was a 

decrease in the expression levels of Kv2.2, especially  in the uncsiRNA group, which 

suggests that we did not achieve Kv2.2-specific knockdown in the siRNA_Kv2.2 group.

 Next we compared the averaged percentage of wake during the active 

(7pm-6:59am) and quiescent (7am-6:59pm, data not shown) periods and found no 

differences during the baseline conditions between both genotypic groups (Fig 5.11). In a 

more detailed analysis, we next compared the averaged percentage of wake during 

baseline conditions to days1-2, days 3-4, days 6-7 following injection of either 

siRNA_Kv2.2 or uncsiRNA in the two groups. Using the repeated measures, two-way 
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Fig 5.10: Expression levels of  Kv2.2 by quantitative 
micropunch western blot revealed no Kv2.2-specific 
knockdown. Micropunch tissue samples (1 mm) from 
the MCPO of siRNA_Kv2.2, uncsiRNA (control) and 
naïve mice were subjected to Western blot analysis using 
anti-Kv2.2 antibody. The OD levels of Kv2.2 relative to 
total protein (ug) are shown. The group data of the 
optical densities of Kv2.2 immunoreactive bands in the 
MCPO samples. Values are expressed in box and 
whisker plots.  (unpaired t-test; for siRNA and control 
groups; p= 0.33)
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Fig 5.11: Percentage of  time spent 
in wake during the active period. 
Average percentage of wake was 
calculated across each active period 
in siRNA_Kv2.2 and uncsiRNA 
(control) mice groups. In the control 
group, there is a significant increase 
on Days 3-4 and Days 6-7 as 
compared to baseline recording. In 
t he s iRNA_Kv2 .2 g roup , no 
significant differences are observed. 



ANOVA statistical test we found no differences (in time spent awake) between baseline 

and the three time points following siRNA_Kv2.2 injection during the active and 

quiescent periods. In the ucsiRNA group, we did not find any differences during the 

quiescent period (data not shown), however we did observe a significant increase in time 

spent awake as compared to baseline during time points days 3-4 and days 6-7 in the dark 

period (Fig 5.11). We interpret this significant finding in the control group to potential 

neuronal death caused by the implantation and prolonged insertion of the cannallae.

 Taken together, we conclude that  we were not successful in acutely knocking 

down Kv2.2 expression in the MCPO/HDB GABAergic neurons to study the effect it 

may  have on the sleep-wake cycle. However, potential results from this experiment can 

further establish the participation of Kv2.2-GABAergic neurons in the wake-promoting 

pathway.

5.3 DISCUSSION

In this chapter, we demonstrated that  Kv2.2-expressing GABAergic neurons in the BF 

express c-FOS specifically  during the wake state, indicating that they are ‘wake-active 

neurons’ like cholinergic neurons (McKenna et al., 2009). Based on this finding, we 

hypothesized that Kv2.2-GABAergic neurons promote wakefulness. To test the 

hypothesis, we investigated the sleep-wake cycle of Kv2.2 KO mice through the analyses 

of EEG/EMG signals. These animals exhibited somewhat normal sleep-wake cycles, such 

that Kv2.2 KO mice have comparable amount of sleep to WT mice and a normal daily 

sleep-wake cycle. However, we found that the architecture of the sleep-wake cycle is 

profoundly altered in Kv2.2 KO mice. Particularly, these mice had significantly longer 

84



consolidated wake bouts than WT littermates. This increased wakefulness phenotype was 

not attributable to changes in the circadian rhythm per se, as we did not detect any 

significant differences in the circadian activity of Kv2.2 KO mice. This may explain why 

we observed the increased wakefulness mainly  during the dark period, as the sleep-wake 

cycle is still under the strong regulation by the circadian clock.

 Then, what is affected in these animals? To address this question, we took 

advantage of the classical SD paradigm and observed a marked difference in the response 

to a mild SD challenge in Kv2.2 KO mice. The SD paradigm has been widely used to 

assess the homeostatic aspect in the regulation of the sleep-wake cycle (Huber et al., 

2000). If an animal (during normal conditions) were deprived of sleep for some period of 

time, we would expect to observe a subsequent increase in the amount of sleep  due to an 

increase in the homeostatic drive. Therefore, analyzing the response to SD would provide 

insight into whether and how the homeostatic regulation is altered. Although the SD 

challenge we used was too mild to elicit an increase in recovery  sleep as compared to 

baseline, it was sufficient to cause a robust increase in the average length of wake bouts 

and the duration of the wake state during the dark period in Kv2.2 KO mice. These 

results indicate that the homeostatic regulation of sleep is altered in the Kv2.2 KO mice. 

 To obtain further insight into how the increased wakefulness phenotype occurs, 

we performed in-depth analysis of cortical EEG signals from non-REM sleep and wake 

states. The analysis revealed that EEG of non-REM sleep  is degraded in Kv2.2 KO mice. 

Although it  still exhibited the increased power in the Delta frequency range, a 

characteristic of non-REM sleep EEG, the amplitude of the Delta power was significantly 
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decreased as compared to the non-REM sleep EEG of WT mice. Interestingly, the wake 

EEG was not significantly  altered in the KO mice. Considering that Kv2.2-expressing 

neurons are almost strictly active in the wake state in WT, we speculate that the neurons 

lacking this somatic delayed rectifier become active even during periods of non-REM 

sleep  in Kv2.2 KO mice. This might then affect the non-REM sleep-EEG signals and 

interrupt the sleep state in Kv2.2 KO mice. We hope that we can address this in the near 

future, as we obtain a tool such as Kv2.2-GFP mice or an alternative marker for these 

GABAergic neurons for electrophysiology and c-FOS analysis.

 The EEG signals we obtained should originate mainly from the ensemble activity 

of cortical neurons. As Kv2.2 is expressed in a subset of cortical pyramidal neurons at 

very low levels (Chapters 3 and 4), it is possible that the changes in cortical EEG arise 

from the absence of Kv2.2 in these neurons. However, considering the extremely low 

expression of Kv2.2 in the cortical neurons as compared to that in the BF GABAerigc 

neurons (Chapter 4) and that  changes were observed only  in the Delta frequency in the 

non-REM sleep EEG rather than in the overall EEG signal in any vigilance state, it may 

be more reasonable to attribute the changes of EEG to a specific regulatory circuit  to the 

cerebral cortex. Studies have shown that the generation of Delta oscillations in cortical 

EEG can occur within the cortex via a local circuit in the interplay between interneurons 

and pyramidal cells, or through the thalamocortical circuit (Steriade, 2003). The BF 

provides robust cholinergic and GABAergic projections to the cortex but also send 

innervations to the thalamus (McCarley et al., 1983; Steriade et al., 1987). It should be 

noted that  Kv2.2-GABAergic neurons exhibit similar morphological characteristics to the 
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cortical projecting GABArgic neurons, that are large and multipolar (Saper, 1984; Fisher 

et al., 1988; Freund and Meskenaite, 1992; Gritti et al., 1997; Hermanstyne et al., 2010). 

Previous studies have shown that the cortically projecting GABAergic neurons target 

GABAergic interneurons in the cortex. Therefore, changes in the activity pattern of these 

BF GABAergic neurons would cause changes in the Delta EEG activity  in the cortex, as 

we observed in Kv2.2 KO mice.

 Taken together, we have conceived a model of how Kv2.2-GABAergic neurons 

may regulate the sleep-wake cycle (Fig 5.12). We propose that these neurons are a part of 

the arousal circuit together with BF cholinergic neurons, and that they project to cortical 

interneurons. When these neurons are turned on, they inhibit the firing of target 

interneurons, thereby  disinhibiting cortical pyramidal neurons. This would allow them to 

fire asynchronously, as observed in wake animals. However, in Kv2.2 KO mice, the BF 

GABAergic neurons become more active even during non-REM sleep  and cause a 

subsequent increase in the inhibitory  tone on cortical interneurons. This may then cause 

an increase in asynchronous firing during non-REM sleep and disrupt it. 

 In summary, we provide evidence that Kv2.2-GABArgic neurons in the BF are 

involved in the regulation of sleep-wake cycle in mice. Further studies aiming at the 

firing properties, innervation, and hormonal regulation of these unique neurons would 

provide opportunities for the development of novel therapeutic treatments for sleep 

disorder.
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Fig 5.12: The Proposed Model.  Kv2.2-GABAergic neurons are “wake” active neurons and are involved 
in the arousal circuit. Based on their morphological similarities to cortically projecting GABAergic 
neurons of the BF, we speculate that they project onto cortical interneurons as reported. When these 
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sleep.  This then results in the decrease of delta activity and possibly more disruptions during nonREM 
sleep (dash lines), as we observed in Kv2.2 KO mice.
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Chapter 6: General Discussion

6.1 Potential Roles of Kv2.2

This dissertation has put forth novel observations and new perspectives about the voltage-

gated, delayed-rectifier potassium channel Kv2.2. With the identification of the 

predominant form of Kv2.2 in the rat and mouse, we have performed an in-depth 

characterization of Kv2.2 in the molecular and biophysical properties (Chapter 3). 

Through these studies, we found that, in contrary to the current view of Kv2 channels, 

Kv2.2 is capable of forming heteromeric channels with Kv2.1. This then led us to 

evaluate the biophysical characteristics of Kv2.2 because the heteromer formation may 

impact the functioning of the Kv2 channels profoundly. In fact, the properties of Kv1 

channels are variable, as each subunit of the Kv1 subfamily  differs in their gating 

(Gutman et al., 2005). Therefore, if Kv2.2 possesses distinct properties from Kv2.1, 

heteromeric channels between these two subunits may also be quite diverse in function. 

Surprisingly, we found that Kv2.1 and Kv2.2 are nearly  identical in their gating 

properties, suggesting their functional redundancy. However, these channels may exhibit 

differences in how they are regulated.

 It has been shown that in both cortical and hippocampal neurons, Kv2.1 channels 

are highly regulated by glutamatergic receptor signaling through changes in the 

phosphorylation states (Misonou et al., 2004; Misonou et al., 2006b; Misonou et al., 

2008; Mulholland et al., 2008). This change in phosphorylation state has been shown to 
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change the gating properties of this somatic potassium channel, thereby modulating the 

excitability of neurons (Misonou, 2010). As shown in Chapter 3, the subunits of Kv2.2 

are also highly phosphorylated similar to Kv2.1. We also identified that several of the 

phosphorylation sites, which are regulated in Kv2.1, are conserved in Kv2.2 (data not 

shown). Therefore, it is possible that Kv2.2 is also regulated by  phosphorylation perhaps 

at different sensitivity and competency levels. This would make heteromeric Kv2 

channels quite variable in response to receptor signaling and the resultant modulation. 

Although this would be the case in neurons expressing both subtypes, like in cortical 

neurons, our results suggest that the site of action is different for each Kv2 subtype. 

Immunohistochemical analyses showed the very abundant expression of Kv2.2 in the BF 

with substantially low levels in other brain areas (Chapter 4). We identified the neurons 

expressing Kv2.2 to be GABAergic neurons in the MCPO and HDB of the BF. 

Interestingly, Kv2.1 is virtually absent from these neurons. For that  reason, Kv2.1 and 

Kv2.2 would serve very different physiological roles as being expressed in different 

neurons, even though they share similar basic channel properties and are capable of 

forming heteromeric channels.

 The selective expression of Kv2.2 in the BF suggests that it is involved in the 

regulation of the membrane excitability in this specific population of GABAergic 

neurons. Using c-FOS as a marker of neuronal activity, we found that Kv2.2-GABAergic 

neurons are preferentially active during the wake state (Chapter 5). This indicates that the 

arousal circuit, along with associated neurotransmitters, can regulate these neurons. It has 

been known that the neuronal population of the BF receives various neuromodulators 
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such as the orexin (Arrigoni et al., 2010) and noradrenaline (Losier and Semba, 1993) 

systems. Given that Kv2.1 phosphorylation can be regulated through G-protein coupled 

receptor pathways (Mohapatra and Trimmer, 2006), it is attractive to speculate that the 

neuromodulators also dynamically  change the phosphorylation state of Kv2.2 and 

regulate the membrane excitability of the GABAergic neurons during the sleep-wake 

cycle.

 As Kv2.2 shows the high threshold and slow kinetics for activation (Chapter 3), 

not many Kv2.2 channels would be activated during a normal level of neuronal activity. 

Previous studies suggest  that more Kv2.1 channels become available when neurons are 

activated at a high magnitude by glutamate signaling (Misonou et al., 2004), thereby 

stabilizing the membrane potential and suppressing neuronal excitability (Mohapatra et 

al., 2009). This is considered to be a homeostatic mechanism to regulate the firing 

behavior of neurons (Misonou, 2010). Kv2.2 may also act in a similar way on the BF 

GABAergic neurons. As these neurons are active during the wake state, consolidated 

wake can over-activate them through, for example, orexin signaling. This would change 

the phosphorylation state of Kv2.2 and recruit more Kv2.2 channels to open, thereby 

suppressing the increased activity of these neurons.

 The results obtained from the Kv2.2 KO mice (Chapter 5) are consistent with this 

idea. We found that these animals exhibited increased wakefulness, more so after a short 

sleep  deprivation challenge. This suggests that Kv2.2 and GABAergic neurons 

expressing Kv2.2 are involved in the homeostatic regulation of the sleep-wake cycle. We 

speculate that in wild-type neurons the functioning of Kv2.2 is potentiated during 
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prolonged-wake, which feeds back to suppress the increased activity of these neurons. 

However, in the absence of Kv2.2, this feedback suppression is lacking, thereby making 

the GABAergic neurons hyperactive. This may be the underlying mechanism, which 

brought about the increased wakefulness phenotype in the Kv2.2 KO mice.

 Our findings may  implicate Kv2.2 and the BF-GABAergic neurons to be novel 

therapeutic targets in addressing sleep-wake cycle disorders. Orexin neurons and the 

GABAergic neurons of the VLPO are thought to be attractive targets for the treatment of 

narcoleptic symptoms (Aldrich, 1998) such as excessive daytime sleepiness (EDS). 

However, manipulations in these neurons have caused changes in sleep  behavior during 

both the active and quiescent phases (Chemelli et al., 1999; Lu et al., 2000). In contrast, 

targeting the Kv2.2/GABAergic neurons in the BF may augment arousal without 

affecting the quiescent phase, as the effects of Kv2.2 removal was observed mainly 

during the active phase. There is still a need for additional experiments to begin the 

understanding on how the manipulation of Kv2.2 can be effective in therapeutic remedies 

for sleep disorders.

6.2 Future Directions

We observed a major sub-population of BF GABAergic neurons that express high levels 

of Kv2.2 but very little or negligible levels of Kv2.1. This observation was the key 

because we were able to use Kv2.2 as a molecular tool to extensively  study  a subset of 

BF GABAergic neurons. We first accomplished this by  utilizing the global Kv2.2 KO 
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mice where we observed changes in sleep architecture, which culminated as an increase 

in wakefulness. However, because Kv2.2 is globally knocked out, we could not 

determine how much the BF Kv2.2-GABAergic neurons contributed to the increased 

wakefulness phenotype. To address this concern, we designed an experiment where we 

acutely  knock down expression of Kv2.2 in the MCPO/HDB by  the application of 

siRNA via a bilateral cannullae. In this experiment we were unsuccessful in achieving 

Kv2.2-specific knockdown in the MCPO/HDB, which we believe was due to neuronal 

damage caused by the implantation of the cannullae. Nonetheless, this experiment still 

remains important in determining the involvement of this subset of BF GABAergic 

neurons in the arousal circuit. Such an experiment instead, should include a one-time 

delivery of a shRNA against Kv2.2 through a lentivirus infection. This modification from 

the original experiment can allow for a more efficient  delivery of the shRNA where the 

potential damages can be decreased. 

 In addition to the increase of wakefulness phenotype, a specific decrease in the 

delta power of non-REM cortical EEG signals was also observed in the Kv2.2 KO mice. 

This observation suggests that the Kv2.2-GABAergic neurons can modulate cortical delta 

activity. However we don’t know if the modulation is occurring directly  (via BF 

GABAergic afferents innervating the local cortical circuit) or indirectly  (via the 

thalamocortical circuit). Our evaluation of the Kv2.2-GABAergic neurons have shown 

that these neurons do exhibit  a similar morphology to cortical projecting neurons 

(Chapter 4) but an extensive tracing study is needed to shed some light on how these 

neurons regulate cortical activity by determining their projection targets. This experiment 
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will include the use of a retrograde tracer (e.g. Fluoro-Gold) injected into cortical areas 

and the thalamus and a thorough stereological analysis could reveal the pertinent pathway 

in which these Kv2.2-GABAergic neurons affect cortical delta oscillations. 

 Finally, to determine how these Kv2.2-GABAergic neurons behave in a more 

physiological environment, the generation of a new mouse model will be significant. 

Since we have not succeeded in determining an alternative marker for this subset of BF 

GABAergic neurons, the generation of a Kv2.2-GFP knock-in mouse will potentially be 

very useful. Electrophysiological studies can assess their firing properties throughout the 

sleep-wake cycle and also determine how these neurons are modulated by other 

molecules that are known to be key players in sleep behavior.

 In conclusion, this dissertation has validated the use of Kv2.2 to help study  a 

subset of BF GABAergic neurons in animal behavior, particularly  in sleep physiology. 

The combination of results from the dissertation along with that  from the future 

experiments stated above allows for Kv2.2 to be a viable target in treating sleep disorders 

or alternatively used in a clinical setting to promote arousal when needed. 
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