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ABSTRACT 
  
 
 The voltage-gated potassium channel, Kv1.3, carries 60-80% outward current in the olfactory 
bulb (OB) primary output neuron, the mitral cell.  Gene-targeted deletion of the Kv1.3, produces lean mice 
that have supernumerary and heterogeneous glomeruli and an increased ability to detect and 
discriminate odors.  These skinny and “super-smeller” phenotypes exhibited by Kv1.3-null mice, suggest 
a role for Kv1.3 in both olfactory and metabolic sensitivity.  To understand how Kv1.3  gene-targeted 
deletion affect mitral cell electrical sensitivity, the current evoked properties of mitral cells from Kv1.3-null 
and wildtype (WT) mice were evaluated by current-clamp slice electrophysiology.  Gene-targeted deletion 
of Kv1.3 resulted in an increased action potential firing frequency, modified action potential kinetics, and a 
more depolarized resting membrane potential.  These results suggest that decreased expression or 
conductance of Kv1.3 will increase the sensitivity of mitral cells to stimulation.  

There are several natural modulators of Kv1.3 activity including brain derived neurotrophic factor 
(BDNF), insulin, adenosine triphosphate (ATP) and reactive oxygen species (ROS) that are also 
important metabolism related factors.  ATP and ROS are products of glucose metabolism.  
Heterologously expressed Kv1.3 channels were found to be sensitive to D- but not L-glucose via voltage-
clamp electrophyology.   Mitral cells have previously been shown to be sensitive to BDNF and insulin via 
modulation of Kv1.3 activity, glucose sensitivity has not been examined.  To understand how changing 
glucose concentrations affect mitral cell electrical sensitivity, the current evoked properties of mitral cells 
from Kv1.3-null and wildtype (WT) mice were evaluated in the presence of 0, 5, 10 and 20 mM D-glucose 
by current-clamp slice electrophysiology.   Like the hypothalamus, the OB contained two populations of 
glucose-sensitive mitral cells; glucose excited and glucose inhibited.  Mitral cells from Kv1.3-null mice 
were insensitive to changing glucose concentrations. 

    To explore the correlation between Kv1.3, metabolism, and olfaction, 11 week old mice were 
maintained on a moderately high-fat diet (MHF, 32% fat) for 26 weeks.  Following treatment, the systems 
physiological parameters of body weight, respiration, locomotion, and ingestive behaviors were quantified 
in a custom-designed, computer-interfaced, metabolic chamber.   Diet-induced obese (DIO) mice 
exhibited a 47% increase in body weight where as Kv1.3-null mice were resistant to DIO as a result of a 
significant increase in basal metabolic rate linked to the MHF challenge.  Bilateral olfactory bulbectomy 
(OBX) in a Kv1.3-null background yielded mice that were no longer resistant to DIO resulting in weight 
gain. OBX actually prevented the MHF-induced increase in basal metabolic rate in these Kv1.3-null mice.  
Selective, olfactory bulb specific blockade of Kv1.3 resulted in a selective upregulation of basal or light 
phase metabolic rate in MHF and, to a lesser extent, control fat-diet (CF) treated WT mice.  These results 
suggest that natural changes in the sensitivity of the OB by modulation of Kv1.3 via energetically 
important molecules such as insulin and glucose, could contribute to the body’s natural metabolic 
response to fat intake. 

Kv1.3 is also involved in weight and metabolic modulation in a genetic model of obesity.  Gene-

targeted deletion of Kv1.3 in a mouse model of genetic obesity, the melanocorton receptor 4-null (MC4R-

null) mouse, reduced body weight by decreasing fat deposition and subsequent fasting leptin levels, 

without changing overall growth, fasting blood glucose, or serum insulin.  Light-phase mass-specific 

metabolic rate and locomotor activity were not affected by genetic deletion of Kv1.3 in MC4R-null mice 

but dark-phase locomotor activity and mass-specific metabolism were significantly increased resulting in 

increased total energy expenditure.    

These results suggest that not only is the olfactory system modulated by energy availability, the 

olfactory system can also modulate energy balance.  One way for the system to accomplish this is to 

modulate the sensitivity of the olfactory system output, the mitral cells, via Kv1.3 regulation.  
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CHAPTER 1 

INTRODUCTION 
 
 

 Previous studies have shown that gene-targeted deletion of the voltage-gated potassium channel, 

Kv1.3, results in thin (Xu et al., 2003; Fadool et al., 2004), diet-induced obesity resistant (Xu et al., 

2003b), “Super-smeller” mice (Fadool et al., 2004). These intriguing phenotypes lead me to explore the 

interrelationship between three seemingly disparate realms of research: olfaction, Kv1.3 channel and 

energy balance (Figure 1.1).  Here in Chapter 1, olfaction, voltage-gated potassium channels and energy 

balance will be introduced.  In Chapter 2, the role of Kv1.3 gene-targeted deletion in olfactory bulb output 

neuron sensitivity is presented.  Sensitivity of olfactory bulb output neurons to an indicator of peripheral 

energy availability, glucose, is discussed in Chapter 3.  Chapter 4 is an investigation of the ability of Kv1.3 

gene-targeted deletion to modulate weight gain in a genetic model of obesity.   In Chapter 5, results are 

presented that indicate an olfactory bulb-dependent mechanism by which Kv1.3 gene-targeted deletion 

prevents diet-induced obesity.  The effects of body weight and diet on olfaction are addressed in Chapter 

6.  Upon reaching the end of this dissertation, I hope to have convinced you of the interdependence of 

these three seemingly different areas of physiology. 

 

1.1 The Olfactory System 

1.1.1 Odorant Binding and Olfactory Sensory Neurons 

The cell bodies of olfactory sensory neurons (OSN) cell are located in the olfactory epithelium 

(OE) inside the nasal cavity.  Each OSN has a single dendrite topped with a knob and several odor 

receptor expressing cilia protruding into the mucosa of the OE.  The OSN axons, cross the cribriform 

plate, into specialized synaptic compartments called glomeruli in the olfactory bulb (OB) (Figure 1.2).  

Volatile, generally hydrophobic compounds, or odors are drawn into the nasal cavity with each successive 

inhalation.  The odors reversibly bind to odor binding proteins (OBP), are absorbed into the nasal mucus, 

and shuttled to the OSN cilia (Tegoni et al., 2000).  The odorant then either binds directly, or in 

conjunction with the OBP, to the olfactory G-protein coupled receptors, trace amine-associated receptors 

(TAARs) or receptor guanylyl cyclase (GC), located on cilia of the OSN (Tegoni et al., 2000;Su et al., 

2009).   

Linda Buck and Richard Axel won the 2004 Nobel Prize in Physiology and Medicine for the 

discovery of the family of G-protein coupled receptors responsible for odor detection.  There are around 

1000 different G-protein coupled olfactory receptors types (Buck and Axel, 1991).  Each mature OSN only 

expresses one type of olfactory receptor (Mombaerts, 2004).  Every receptor type exhibits varying binding 

affinities for particular chemical features (Kajiya et al., 2001;Katada et al., 2005;Oka et al., 2006).  For  
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Figure 1.1:  Venn diagram of the interrelationship of Kv1.3, olfaction and metabolism.  The chapters (Ch) 
indicated in overlapping areas will present examples of these interrelationships.    
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Figure 1.2:  Diagram of a midline sagittal view of the murine olfactory system.  There are two major 
olfactory pathways, one for volatile compounds, the main olfactory system and one for non-volatile 
compounds, the accessory olfactory system. The main olfactory system consists of the olfactory 
epithelium the olfactory bulb.  The accessory olfactory system is composed of the vomeronasal organ and 
the accessory olfactory bulb (AOB).  Air containing volatile compounds is drawn in through the nares, into 
the nasal cavity and across the olfactory epithelium where the odors come into contact with the cilia of the 
olfactory sensory neurons (OSN).  The OSN project through the cribriform plate and synapse in the 
olfactory bulb.  Mucus or liquid containing non-volatile compounds is pumped into the vomeronasal organ 
where the compounds come into contact with the vomeronasal sensory neurons (VSN).  These VSN also 
project across the cribriform plate and along the outer nerve layer of the OB but synapse in the AOB.  
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example, a particular receptor may preferentially bind compounds containing an aldehyde group until the 

other functional groups become so bulky or sterically hindering, that specific functional group can no 

longer bind that particular receptor.  The same compound may activate several different receptors 

depending on the features or functional groups available.  TAARs bind volatile amines and are believed to 

mediate the role of the main olfactory epithelium in gender recognition and stress responses (Su et al., 

2009).  GC containing OSN respond to atmospheric CO2 and bicarbonate (Su et al., 2009).  All OSNs 

containing receptors of the same type project ipsilaterally to one or two glomeruli per olfactory bulb 

(Treloar et al., 2002) (Figure 1.3).  

 

1.1.2 Laminar Organization of the Olfactory Bulb 

The olfactory bulb (OB) is the first relay station for olfactory information.  It is organized into 

multiple layers and functional columns across those layers (Willhite et al., 2006). The outer nerve layer 

contains the OSN axons as they approach their target glomeruli. The glomerular layer is the site of the 

first synapse in the olfactory system.  Mitral and tufted cells are the primary output neurons of the OB.  

Presynaptic OSN terminals and the postsynaptic terminals of mitral and tufted cells are encircled by 

periglomerular cell bodies that define the boundaries of a glomerulus (Figure 1.3).  The periglomerular 

cells project dendrites into the glomerulus and their axons reach out to other glomeruli (Kosaka and 

Kosaka, 2005). The glomerular layer also contains juxtaglomerular cells consisting of external tufted cells 

and short axon cells (Hayar et al., 2004a; 2004b; 2005;Kiyokage et al., 2010).  Periglomerular and 

juxtaglomerular cells participate in the first level of information modulation and integration in the olfactory 

bulb.  The second level of olfactory information modulation occurs in the external plexiform layer (EPL), 

where mitral and tufted cell secondary dendrites form dendro-dendritic synapses with inhibitory granule 

cell dendrites (Figure 1.3).  Vertical short axon, middle tufted and internal tufted cell bodies are also 

scattered through out the EPL (Eyre et al., 2008).  The mitral cell and granule cell layers contain the cell 

bodies of the mitral cells and the granule cell, respectively.  

 

1.1.3 Mitral Cells 

 Morphologically, mitral cells have one primary dendrite projecting through the EPL into a single 

glomerulus.  Mitral cell lateral dendrites project into the EPL parallel to the mitral cell layer where they 

contact granule cell dendrites.  Not only do the dendrites receive excitatory glutamatergic synaptic input 

via AMPA/kainate and NMDA receptors (Berkowicz et al., 1994;Ennis et al., 1996;Chen and Shepherd, 

1997) they are also capable of glutamatergic synaptic output to granule and periglomerular cells and by 

glutamatergic spill over to other mitral/tufted cells (Shepherd, 2004).  Within a glomerulus, mitral cell 

dendritic tufts are both electrically (Kosaka and Kosaka, 2004;Christie et al., 2005;Kosaka and Kosaka, 

2005;Christie and Westbrook, 2006) and chemically (Isaacson, 1999;Schoppa and Westbrook, 

2001;Schoppa and Westbrook, 2002) coupled.  This coupling helps average the input and synchronizes  
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Figure 1.3: Layers of the olfactory bulb.  All olfactory sensory neurons (OSN) that express the same odor 
receptor, represented by color, project axons from the olfactory epithelium, through the outer nerve layer, 
to one to two glomeruli per olfactory bulb.  Each glomerulus is defined by a ring of inhibitory 
periglomerular cell bodies that extend dendritic/axonal projections into the golmerulus and to other 
glomeruli.  Within a glomerulus, the OSN axon terminal makes excitatory synaptic connections with mitral, 
tufted, short axon (SA) and periglomerular cells.  For details of the glomerular synaptic connections see 
Figure 1.4.  Mitral and tufted cells are the primary output neurons of the olfactory bulb.  Tufted cells have 
cell bodies scattered throughout the external plexiform layer (EPL). Mitral cell bodies are located in the 
mitral cell layer.  Mitral and tufted cell secondary dendrites project laterally into the EPL, perpendicular to 
the mitral cell layer.  Granule cell bodies are located in the granule cell layer and send modified dendrites 
through the internal plexiform and mitral cell layers to the EPL where they form inhibitory synaptic 
connections with the lateral dendrites of the mitral and tufted cells.  For details of the granule-mitral cell 
dendrodendritic interactions see Figure 1.4.  Connected cells within an odor feature column are 
represented by color.  Superficial tufted cells send axonal projections across the olfactory bulb to the 
internal plexiform layer just adjacent to the mitral cells connected to the other glomerulus receiving input 
from OSNs expressing the same odor receptor, also known as a mirror glomerulus.  These intrabulbar 
connections link the odor feature columns of a medial and lateral pair of mirror glomeruli. 
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their firing within the glomerular unit reducing the signal to noise ratio of the message being sent to other 

centers of the brain.   

Unlike many other neuronal cells, mitral cells have three action potential (AP) trigger zones;  the 

apical dendritic tuft, the shaft of the primary dendrite and the soma/axon interface, the traditional axon 

hillock (Djurisic et al., 2004;Djurisic and Zecevic, 2005).  The amount of stimulation needed to initiate APs 

in these zones varies, with twice as much stimulation being necessary to trigger APs from the dendritic 

tuft than is needed at the axon hillock (Djurisic et al., 2004;Djurisic and Zecevic, 2005).   APs that start in 

the axon hillock, produce a back propagating AP to the distal dendrites (Djurisic et al., 2004) resulting in 

activation of connected granule cells.   GABAergic inhibition from mitral-granule cell dendrodendritic 

interactions has been found to hyperpolarize the lateral dendrites, thereby shifting the AP trigger zone 

away from the cell body and lateral dendrites to the primary dendritic tuft (Djurisic et al., 2004;Zhou et al., 

2006).  APs evoked at the dendritic tuft can result in release of glutamate within the glomerulus from the 

mitral cell, thereby changing the sensitivity of the glomerular circuit to incoming input from the olfactory 

epithelium.  By having multiple AP trigger zones, mitral cell axonal synaptic output can change through 

time even in the presence of constant input from the OSN, resulting in yet another layer of complexity and 

integration within and between odor feature columns.  

 

1.1.4 The Glomerulus  

An olfactory bulb glomerulus receives axon terminals of OSNs expressing receptors of only one 

type of receptor (Treloar et al., 2002;Oka et al., 2006).  Mitral and tufted cells with primary dendritic tufts 

within a glomerulus receive information about a particular chemical/odor feature (Davison and Katz, 

2007).  The OSN axon terminals and the primary dendritic tuft of the mitral and tufted cells within a 

glomerulus are surrounded by juxtaglomerular cell bodies that include periglomerular, external tufted, and 

short axon cells  (Figure 1.3 and 1.4).  Periglomerular cell dendrites project into one to three glomeruli 

(Kiyokage et al., 2010), receive glutamatergic, excitatory input from the OSN axon terminal (Berkowicz et 

al., 1994) and are generally, GABAergic (Kiyokage et al., 2010).  Periglomerular dendrites can release 

GABA onto mitral cell dendrites and interneurons or back onto OSN presynaptic terminals to suppress 

target cell activity (Berkowicz and Trombley, 2000;Toida et al., 2000; Ennis et al., 2001;Davila et al., 

2003;Panzanelli et al., 2007).  Glutamate release from OSN terminals into a glomerulus produces EPSPs 

in mitral/tufted cell dendritic tufts.  At the same time, EPSPs are also produced in periglomerular cells by 

both OSN and mitral/tufted cell dendritic glutamate release.  The periglomerular cells in turn release 

GABA onto the presynaptic terminals of the OSNs and mitral/tufted cell resulting in inhibitory postsynaptic 

potentials (IPSPs).  This intra glomerular circuit results in oscillating waves of mitral/tufted cell excitation 

and inhibition, synchronizing the mitral\tufted cell activity within a glomerular unit (Schoppa and 

Westbrook, 2001;Schoppa, 2006). 

Periglomerular cells are responsible for mitral\tufted cell synchronization within a glomerulus and 

short axon and external tufted cells are responsible for interglomerular connections (Wachowiak and 
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Shipley, 2006;Kiyokage et al., 2010).  External tufted cells have cell bodies in the extraglomerular spaces 

of the glomerular layer.  Their dendrites project into a single glomerulus and receive direct synaptic input 

from OSNs.  External tufted cells are glutamatergic and form excitatory dendrodendritic synapses with 

short axon cells.  There are now two recognized types of short axon cell; oligoglomerular and 

polyglomerular (Kiyokage et al., 2010).  Both are dopaminergic as well as GABAergic and run parallel 

with the glomerular layer in the extraglomerular space; however, polyglomerular short axon cells connect 

up to 50 glomeruli and oligoglomerular short axon cells connect five to 12 glomeruli (Kiyokage et al., 

2010).   Strong activation of a glomerulus by a particular odor feature would cause inhibition to weakly 

activated glomeruli in the surrounding area.   

 
1.1.5 Mitral Cell – Granule Cell Interactions 

A second level of lateral inhibition is found in the EPL and is mediated by mitral-granule cell 

dendrodendritic connections.   As reviewed by Egger and Urban (Egger and Urban, 2006), granule cells 

are GABAergic, spiny, and axonless.  They extend an apical dendrite through the mitral cell layer into the 

EPL where they make reciprocal synaptic contacts with mitral cell lateral dendrites (Shepherd et al., 

2007) as depicted in Figures 1.3 and 1.4.   Viral tracing studies have shown that mitral and tufted cells 

projecting to a single glomerulus make contact with surrounding granule cells identifying what seem to be 

a functional glomerular column similar to cortical ocular dominance columns of the visual cortex (Willhite 

et al., 2006).  Granule cell dendrites radiating from a functional column will inhibit other functional 

columns within a smaller radius than the glomerular lateral inhibitory circuit, increasing the contrast 

between immediately adjacent surrounding glomeruli, and the functional glomerular column (Shepherd et 

al., 2007).  Granule cell activity can also be activated or inhibited by centrifugal fibers and secreted 

peptides to further modulate efferent mitral/tufted cell activity. 

 

1.1.2 Projections 

The olfactory bulb sends axonal projections to and receives centrifugal input from many brain 

regions as summarized in Figure 1.5.  The axons of the tufted cells project through the granule cell layer 

to the anterior olfactory nucleus and olfactory tubercle.  Axons of mitral cells project through the granule 

cell layer to the anterior olfactory nucleus, olfactory tubercle, taenia tecta, dorsal endopiriform nucleus, 

piriform and entorhinal cortices and lateral cortical amygdala (Kelly et al., 1997).  Centrifugal input comes 

in two varieties; focal delivery via asymmetrical synapses and diffuse, neuromodulatory delivery via 

varicosities (Mouret et al., 2009).  The OB receives glutamatergic centrifugal asymmetric synaptic input to 

the deep granule cell layer from the anterior olfactory nucleus (AON), taenia tecta, periamygdaloid, 

piriform and entorhinal cortices (Mouret et al., 2009)  The branched axons from the AON can reach both 

OBs, while axons from the pars externa AON project contralaterally and the pars medialis project 

ipsilaterally (Mouret et al., 2009). The piriform cortex projects to both ipsilateral and contralateral OBs 

(Mouret et al., 2009).  This excitatory feedback to the olfactory bulb is focused mainly  
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Figure 1.4. Glomerular circuit and mitral-granule-mitral dendrodendritic interactions of the olfactory bulb.  
Within a glomerulus, glutamatergic OSN axons make synaptic contacts with the dendrites of 
glutamatergic mitral cells (MC), GABAergic, periglomerular cells (PG) and glutamatergic, external tufted 
cells (ET).  PG and mitral cells make reciprocal dendrodendritic connections within a glomerulus.  
Activation of ET cells by OSN input, in turn activates superficial short axon cells (sSA).  sSA cells 
selectively project to other glomeruli to excite the inhibitory periglomerular cells of other glomeruli.  
Glutamatergic, mitral cell secondary dendrites extend laterally into the external plexiform layer to form 
reciprocal dendrodendritic synapses with GABAergic granule cells (GC).  Black triangles represent 
excitatory presynaptic terminals and open circles represent inhibitory presynaptic terminals. This figure 
was adapted from Linster and Cleland, 2009. 
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Figure 1.5:  Diagram of olfactory bulb centrifugal and efferent projections.  Black arrows indicate olfactory 
bulb efferent projections and double-headed black arrows indicate two-way communication.  Grey arrows 
indicate centrifugal input to the olfactory bulb.  AOB, accessory olfactory bulb; AON, anterior olfactory 
nucleus; BNST, bed nucleus of the stria terminalis; DEPN, dorsal endopiriform nucleus; GP, globus 
pallidus; Hab, habinula; HLDBB, horizontal limb of the diagonal band of Broca; LC, locus coeruleus; MB, 
mammillary bodies; Raphe, dorsal and medial raphe nuclei; ss Nigra, substantia nigra; SCN, 
suprachiasmatic nucleus; TT, taenia tecta. Modified from Kelly, Wrynn, and Leonard, 1997. 
  



10 

 

on the deep granule cells that preferentially contact mitral cells over tufted cells resulting in a selective 

inhibition of mitral cell activity.   

Neuromodulatory centrifugal input to the OB includes noradrenergic, serotonergic and cholinergic 

fibers.   The horizontal limb of the diagonal band of Broca (HLDBB) sends both GABAergic and 

cholinergic input to the olfactory bulb (Zaborszky et al., 1986;Linster and Hasselmo, 2000).   The  

cholinergic  projections target all layers of the OB but are heaviest in the glomerular layer.  Acetylcholine 

acting through nicotinic acetylcholine receptors has been found to enhance olfactory discrimination while 

short-term olfactory memory is mediated by muscarinic acetylcholine receptors (Mouret et al., 2009).  

Serotonin fibers from the dorsal and medial raphe nuclei project to all layers of the OB but predominately 

to the glomerular layer (McLean and Shipley, 1987).  Serotonin has been found to depolarize a subset of  

juxtaglomerular cells via activation of the 5HT2C receptor and mitral cells via the 5HT2A receptor (Hardy et 

al., 2005).  Serotonergic input has been shown to be important for maintenance of odor discriminatory 

ability and olfactory learning in developing rodents (Mouret et al., 2009).  Noradrenergic fibers project 

from the locus coeruleus to all layers of the OB but with the highest density in the external plexiform layer 

(McLean et al., 1989).  Norepinephrine has been shown to increase excitatory transmission in 

mitral/tufted cells by inhibition of granule cells (Jahr and Nicoll, 1982) mediated in part by a mitral cell 

alpha receptor dependant suppression of dendrodendritic activation of granule cells (Trombley, 

1992;Trombley and Shepherd, 1992), enhance mitral cell response to weak or perithreshold stimuli, 

directly excite mitral cells and enhance memory formation (Matsutani and Yamamoto, 2008).   

 

1.2 Energy Balance and Olfaction  

The drive to search for and consume food is normally triggered by internal metabolic needs, 

signaled by changing hormones and metabolites such as leptin, insulin and glucose.  The ability to find, 

make a qualitative judgment about, and attain food, is dependent on external sensory stimuli, such as 

olfactory and visual cues signaling availability of palatable nutrients in the environment.  Serum insulin 

and glucose levels vary acutely with feeding state, with low levels after periods of fasting indicating the 

need to find food.  Satiation decreases and fasting increases rodent odor detection ability (Aime et al., 

2007) and electrical activity of the primary olfactory output neuron, the mitral cell, to food odors (Pager et 

al., 1972). These observations imply energy status and feeding state can modulate olfactory sensitivity.  

Leptin, insulin, and glucose are all good candidates to mediate feeding-state dependent modulation.  

Figure 1.6 is a flow chart summarization of how energy balance, the balance between caloric intake and 

energy expenditure, can modulate olfaction, resulting in modified food finding ability.  There are many 

other feeding related peptides and receptors expressed in the OB and olfactory epithelium that will not be 

discussed in depth here but are summarized in Table 1.1 adding to the overwhelming evidence that the 

olfactory system is not just chemical detector of the external environment but a detector of the internal 

environment as well.   
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1.2.1 Insulin and Leptin Expression  

Circulating insulin has many central and peripheral effects.  Insulin is secreted from pancreatic 

beta cells located in the islets of Langerhans in response to rising serum glucose levels.   Basal levels of 

circulating insulin are proportional to visceral adiposity (Benoit et al., 2002).  The basal and dynamic 

levels of insulin are therefore signals of short and long-term energy status. In the periphery, insulin 

triggers glucose uptake from the blood into the tissues for immediate use or storage.  Centrally, insulin 

receptors are expressed in the highest quantities in the hypothalamus, the hippocampus and the olfactory 

bulb (Hill et al., 1986).  Insulin receptors are tyrosine kinases and upon binding of insulin to the alpha 

subunits, the catalytic or beta subunits are pulled close enough together to undergo transphosphorylation 

and auto phosphorylation as reviewed by Ottensmeyer and colleagues (Ottensmeyer et al., 2000).  The 

insulin receptor is then ready to phosphorylate other tyrosine containing proteins and participate in many 

protein-protein interactions and signaling cascades.  Peripheral insulin crosses the blood brain barrier by 

a saturable transport mechanism with the highest rate of transport in the brain at the level of the olfactory 

bulbs (Banks et al., 1999;Banks, 2004).  

Leptin secretion is constitutively active in proportion to adipocyte size (Skurk et al., 2007) and 

number by continuous vesicular exocytosis (Bradley et al., 2001).  Leptin secretion can be modulated by 

changes in insulin, glucose, amino acids, fatty acids, glucocorticoids, prostaglandins and sympathetic 

innervation (Barr et al., 1997;Bradley and Cheatham, 1999;Moreno-Aliaga et al., 2001;2003;Cammisotto 

et al., 2005;Mueller et al., 1998;Muller et al., 2006; Roh et al., 2000).  Leptin receptors are expressed both 

centrally and peripherally in an almost ubiquitous manner.  In the central nervous system, they are 

expressed in the hypothalamus, cerebellum, choroid plexus, piriform cortex, thalamus, hypothalamus, 

olfactory bulb, neocortex, dorsal raphe nucleus, inferior olive nucleus, nucleus of the solitary tract, and 

dorsal motor nucleus of the vagus nerve (Shioda et al., 1998;Guan et al., 1997).  In the periphery, leptin 

receptors have been shown to be expressed in kidney, pancreas, adrenal medulla, liver, testis, spleen, 

intestine, heart, lung, skeletal muscle, white and brown adipose tissue, tongue and olfactory epithelium 

(Hoggard et al., 1997;Emilsson et al., 1997;Shigemura et al., 2003;Baly et al., 2007;Getchell, et al., 

2006). 

 

1.2.2 Insulin and Leptin Signaling in the Hypothalamus 

 At the level of the arcuate nucleus of the hypothalamus, leptin and insulin act on two sets of 

neurons; the anorexigenic peptide precursor, proopiomelanocortin (POMC) expressing neurons, and the 

orexigenic peptides, neuropeptide Y/agouti related peptide (NPY/AGRP) expressing neurons.  POMC is 

cleaved into seven different peptides including α, β, and  melanocyte stimulating hormone (MSH).  

αMSH is the ligand for the melanocortin receptors 3 and 4 (MC3R and MC4R). Disruption of any part of 

the POMC/MC4R pathway leads to hyperphagia, severe obesity, hyperinsulinemia, hyperleptinemia 

(Butler, 2006).  POMC expressing neurons in the arcuate nucleus of the hypothalamus project to the 

paraventricular (PVN), dorsomedial (DMH) and ventromedial (VMH) nuclei of the hypothalamus, the 
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lateral hypothalamus (LH), medial preoptic area (MPOA), the central nucleus of the amygdala (CeA) and 

the nucleus of the solitary tract (NTS) (Ramos et al., 2005;Yeo et al., 2000;Cone, 2006).  Insulin and 

leptin increase POMC mRNA expression and reduces AGRP and NPY mRNA expression resulting in a 

catabolic reaction or decrease in food intake, body weight and hepatic release of glucose (Mizuno and 

Mobbs, 1999;Benoit, et al., 2002;Brown, et al., 2006;Thornton, et al., 1997).  When circulating insulin and 

leptin levels are low due to fasting or low body weight, AGRP and NPY mRNA expression increases and 

POMC mRNA expression decreases, resulting in an anabolic reaction or increased caloric intake, 

increased body weight and decreased energy expenditure.  Changing levels of circulating leptin and 

insulin not only serve as indicators of peripheral energy availability for the hypothalamus, they also serve 

as indicators of peripheral energy availability for the olfactory system as well.   

 

1.2.3 Insulin and Olfaction 

 Insulin can act at the level of the OB as well as the olfactory epithelium to modulate olfactory 

function.  Insulin has been found to block the activity of an OB voltage-gated K channel, Kv1.3, via the 

insulin receptor in a phosphotyrosine dependent manner (Fadool et al., 2000;Colley et al., 2004;Das et 

al., 2005).  As a result of Kv1.3 current suppression, insulin increases the electrical excitability or 

sensitivity of mitral cells in mouse OB slice recordings (Tucker et al., 2010, Appendix D, Section D.3.2).  

Insulin administration in anesthetized and awake rats has also been found to modify the electrical activity 

of isolated single units in the OB (Pager et al., 1972;Cain, 1975).   The olfactory epithelium expresses 

both insulin and the insulin receptor (Lacroix et al., 2008).  Application of insulin to rat OSN increases 

spontaneous activity and decreases odor-evoked activity as well as electroolfactogram (EOG) odor 

evoked responses (Lacroix et al., 2008;Savigner et al., 2009).   Seven day application of insulin directly to 

the olfactory epithelium and OB of awake mice via intranasal delivery (IND), enhances olfactory 

discrimination behaviors (Marks et al., 2009, Appendix E, Figure E.8).  The discrepancy between the odor 

evoked EOG and OSN spontaneous activity results of acute  insulin application in rat and the increased 

discriminatory ability mice with chronic insulin delivery to both the OB and epithelium could be due to 

species or application time differences.   

 

1.2.4 Leptin and Olfaction 

 Leptin receptors have been found in the olfactory epithelium (Getchell et al., 2006;Baly et al., 

2007) and the OB (Shioda et al., 1998).  Leptin (ob/ob) and leptin receptor (db/db) mutant mice are able 

to find food items 10 times faster than wild-type animals and leptin administration can reverse this effect 

in ob/ob mice but not db/db mice (Getchell et al., 2006), suggesting a role for leptin in modulation of 

olfactory detection.  Intra-cerebral ventricular injection of leptin decreases olfactory sensitivity, food-odor 

evoked locomotor activity, sniffing behavior and cFos expression in all levels of the olfactory bulb (Julliard 

et al., 2007;Prud'homme et al., 2009).   Leptin application to OSNs increases spontaneous activity and  
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Figure 1.6:  Relationship between energy balance and olfaction.  As blood glucose concentration 
increases, insulin is released from the pancreas into the blood stream.  Circulating insulin has many 
central and peripheral effects including modulation of food intake, energy expenditure, and hepatic 
glucose secretion.  Depending upon whether caloric intake is more or less than energy expenditure, the 
calories will either be stored as fat or the fat will be broken down for energy.  Changes in fat storage or 
adiposity result in modified insulin and leptin secretion.  Insulin and leptin can also modulate memory and 
olfaction at the level of the hippocampus and olfactory system to increase or decrease food finding ability 
as dictated by metabolic need. Adapted from Woods et al., 2006.  
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Table 1.1:  Feeding-related peptide and receptor expression in the olfactory epithelium and bulb. 
 

Peptide or Receptor Olfactory Bulb 
Olfactory 
Epithelium 

Reference 

 Protein mRNA Protein mRNA  

Cholecystokinin (CCK) PGC    
Gutierrez-Mecinas et al., 

2005 

CCK a,b Receptor IPL    Carlberg et al., 1992 

Glucagon-Like Peptide-1 Receptor 
(GLP1-R) 

 MCL   
Merchenthaler et al., 

1999 

Pre-Pro-Glucagon  PGC   
Merchenthaler et al., 

1999 

Gastric inhibitory polypeptide 
receptor (GIP-R) 

 +   Usdin et al., 1993 

GIP MCL    Nyberg et al., 2007 

Glucose Transporter 
1(GluT1)/Slc1a1 

 
MC,GC
PGC 

  
Allen Brain Atlas; 

Hichami et al., 2007 

GluT3/Slc2a3  
MC,TCP
GC,GC 

  Allen Brain Atlas 

GluT4/Slc2a4 
 MC, 
GC 

MC, 
PGC, 
GC 

  

Vannucci et al., 1998; 

Choeiri et al., 2002; 

Allen Brain Atlas 

GluT6/Slc2a6  MC   Allen Brain Atlas 

GluT8/Slc2a8  MC   Allen Brain Atlas 

Insulin +  +  

Banks et al., 1999; 

Banks, 2004; Lacroix et 

al., 2008; Savigner et al., 

2009 

Insulin Receptor EPL  
OSN, 
SC, BC 

 

Havrankova et al., 1981; 

Hill et al., 1986; Banks et 

al., 1999; Lacroix et al., 

2008; Savigner et al., 

2009 

Insulin-regulated aminopeptidase 
GCL, 
MCL, 
GL 

   Fernando et al., 2005 

KATP  
MC, GC 
PGC 

  
Allen Brain Atlas; Zhou 

et al., 2002 

Leptin   + + 

Getchell et al., 2006; 

Baly et al., 2007; 

Badonnel et al., 2009 

Leptin Receptor + MC 
SC 
OSN 

 

Shioda et al., 1998; 

Getchell et al., 2006; 

Baly et al., 2007; 

Badonnel et al., 2009; 

Allen Brain Atlas 
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Table 1.1:  Continued. 

Peptide or Receptor Olfactory Bulb  
Olfactory 

Epithelium 
Reference 

 Protein mRNA Protein mRNA  

Neuropeptide Y (NPY) + +   

Ohm et al., 1988; 

Ohkubo et al., 1990; 

Blakemore et al., 2006 

NPY Receptor + +   

Martel et al., 1986; 

Ohkubo et al., 1990; 

Larsen et al., 1993; 

Larsen et al., 1995 

Orexin 
All 

layers 
 OSN  

Caillol et al., 2003; 

Shibata et al., 2008 

Orexin Receptors 

PGC, 

MC, 

GC 

 OSN  Caillol et al., 2003 

Sodium-Glucose Transporter 1 
(SGLT1) Slc5a1 

 
PGC, 

MC 
  Allen Brain Atlas 

SGLT2/Slc5a2  GC   Allen Brain Atlas 

SGLT4/Slc5a9  MC   Allen Brain Atlas 

Taste 1 Receptor 3 (T1R3)   
VSN, 

OSN 

VSN,

OSN 
Ohmoto et al., 2008 

Gustducin   
VSN, 

OSN 

VSN, 

OSN 
Ohmoto et al., 2008 

 
BC, basal cell; GC, granule cell; GCL, granule cell layer; GL, glomerular layer; MC, mitral cell; MCL, mitral 
cell layer; OSN, olfactory sensory neurons; PGC, periglomerular cells, TC, tufted cells; SC, sustentacular 
cells; VSN, vomeronasal sensory neurons; + indicates presence but cell type or layer were not specified.   
  

 

decreases odor-evoked EOG and OSN single cell responses (Savigner et al., 2009).  Paradoxically in 

humans, high levels of leptin are correlated with higher olfactory identification scores in men and lower 

olfactory identification scores in women, independent of body mass index (BMI) (Karlsson et al., 2002) 

suggesting that, at least in humans, gonadal hormones play a significant role in leptins ability to modulate 

olfaction.   

 

1.3 Voltage-Gated Potassium Channels 

1.3.1 Nomenclature 

There are four families of classical voltage-gated potassium channels originally cloned from 

Drosophila – Shaker, Shab, Shaw, and Shal (Hille, 2001).  Their mammalian homologs are known as Kv1 

(Shaker-like), Kv2 (Shab-like), Kv3 (Shaw-like) and Kv4 (Shal-like) and each family has many members 
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(Gutman et al., 2005).  In Drosophila, Shaker, Shab, Shaw and Shal families all have only one member 

each that display a distinct set of kinetics.  These kinetic distinctions do not hold true to the mammalian 

homolog families because they are grouped by structural similarities and not functional distinctions (Hille, 

2001) making it difficult to generalize kinetics or functions.  In 1993, another set of Kv channels were 

cloned from Drosophila now known as ether a go-go (eag) and eag-related gene (erg) (Camacho, 2006).  

The mammalian channel homologs have been designated Kv10 and Kv11 but are still referred to as EAG 

and ERG (Gutman et al., 2005).   

 

1.3.2 Structure 

The one unifying characteristic of all potassium channels is the signature sequence in the pore 

lining P-loop comprised of a conserved amino acid sequence, thr-X-X-thr-X-gly-tyr-gly-glu (Heginbotham 

et al., 1992) and mutations of this sequence disrupt the potassium selectivity.  Within a family, the 

tetramers that make up the complete channel are found as homotetramers and heterotetramers made up 

of -subunits, with the exception of the modifier and silencer -subunits - Kv5, Kv6, Kv8 and Kv9 

(Ottschytsch et al., 2002).  As depicted in by the secondary and crystal structures in Figure 1.5 A and B, 

Kv -subunits have six transmembrane spanning domains (S1-S6) with both N and C terminals 

protruding into the cytoplasm. The N- terminus contains the tetramerization domain (T1) that allows 

members within a family to interact to form tetramers (Rudy and McBain, 2001;Birnbaum et al., 

2004;Misonou et al., 2005;Robinson and Deutsch, 2005). The pore or P-loop that contains the selectivity 

filter is located between S5 and S6 (MacKinnon, 1995).  Kv1-Kv4, Kv7, Kv10 and Kv11 channels have an 

increased open probability or conductance with increased membrane potential due to the movement of 

the S4 voltage sensor (Hille, 2001;Misonou et al., 2005;Rudy and McBain, 2001;Birnbaum et al., 2004).  

The S4 region contains many positively charged arginine residues that cause S4 to move in the 

membrane with changes in membrane potential (Aggarwal and MacKinnon, 1996).  Movement of S4 is 

thought to be conveyed by movement of the S4-S5 linker putting force on S6 to close or open the turret or 

gate of the channel based on the crystal structure of Kv1.2 (Long et al., 2005b).  In addition to the -

subunits, many potassium channels have auxiliary subunits known as -subunits that modify the kinetic 

characteristics of the -subunits.   

 

1.3.3 Shaker-like Kv1 Family  

There are eight members of the Shaker-like (Kv1) family, Kv1.1-Kv1.8 (Gutman et al., 2005).  All 

eight family members exhibit a range of rates of activation such as Kv1.4 and Kv1.3, that activate within a 

few ms, to much slower activation rates, on the order of 20 ms, as those observed in the delayed rectifier, 

Kv1.2 (Grissmer et al., 1994).  Shakers-like channels even have different types of inactivation: N-type, C-

Type, and some do not inactivate at all.  N-type inactivation is the result of a time dependent 

conformational change that results in the N-terminal cytoplasmic tail physically blocking the pore to 

rapidly reduce potassium ion conductance (Prince-Carter and Pfaffinger, 2009).  C-type inactivation is 
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due to a slower conformational change at the selectivity filter decreasing the efficiency of ion conduction 

(Cuello et al., 2010).  Cumulative inactivation can be observed in channels that undergo C-type 

inactivation such as Kv1.3.  A channel requires time to recover from C-type inactivation even after the 

channel becomes deactivated.  If the channel is stimulated before the it has recovered from C-type 

inactivation, the conductance will be lower than a fully recovered channel and the macroscopic current is 

said to have accumulated inactivated channels or is undergoing cumulative inactivation.  Kv1 channels 

form heteromultimers (Coleman et al., 1999), associate with -subunits (Martens et al., 1999), undergo 

posttranscriptional modification such as glycosylation, phosphorylation and dephosphorylation (Jonas and 

Kaczmarek, 1996;Zhu et al., 2001), and participate in many protein-protein interactions, all of which affect 

current kinetics.    

 

1.4 Kv1.3 

The Shaker-like family member, Kv1.3, is a delayed-rectifying, voltage-gated potassium channel 

with a fast activation, intermediate c-type inactivation kinetic (Spencer et al., 1997) and prominent 

cumulative inactivation (Marom and Levitan, 1994), examples of which are presented in Figure 1.7 C and 

D.  Due to these kinetic properties, Kv1.3 contributes to the resting membrane potential (Defarias et al., 

1995), latency to first spike and firing frequency (Turrigiano et al., 1996). In accordance with the 

traditional role of potassium channels, Kv1.3 acts as a dampener of excitability (Bean, 2007).  The 

channel activity and kinetic properties can be modulated in many ways to change the electrical excitability 

of a particular cell. Table 1.2 contains a list of known modulators of Kv1.3, mechanisms of action, and 

effects.  Kv1.3 is expressed in the plasma membrane of many cell types both peripherally and centrally, 

and in the mitochondria of at least two cell types.  Table 1.3 provides a list of the known tissues that 

express Kv1.3. 

 
1.4.1 Role in Olfaction 

The voltage–gated K channel, Kv1.3, is responsible for 60-80% of the outward current of mitral cells 

(Fadool and Levitan, 1998; Chapter 2, Figure 4.1A).  It contributes to the latency to first spike (Chen and 

Shepherd, 1997) and bursting properties of mitral cells (Balu et al., 2004).  Both receptor and cellular 

tyrosine kinases expressed in mitral cells have been shown to acutely suppress Kv1.3 current by direct 

tyrosine phosphorylation (Bowlby et al., 1997;Fadool et al., 1997;Fadool and Levitan, 1998;Cayabyab et 

al., 2000;Fadool et al., 2000;Tucker and Fadool, 2002).  Gene-targeted deletion of Kv1.3 results in mice 

that are “Super-smellers”, having the ability to detect odors 1000-10,000 fold more dilute than wild-type 

mice and an enhanced ability to discriminate between very similar odors (Fadool et al., 2004).  OSNs of 

Kv1.3-null mice project to small, heterogeneous, supernumerary glomeruli (Biju et al., 2008).  Mitral cells 

from Kv1.3-null mice exhibit non-inactivating K currents more typical of traditional delayed rectifiers with 

little or no cumulative inactivation (Fadool et al., 2004).  These changes in the outward current, due to 

gene-targeted deletion of Kv1.3, result in increased mitral cell firing frequency and decreased interspike  
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Figure 1.7:  Structure and kinetic properties of a Shaker potassium channel.  (A) Secondary structure of 
one alpha subunit of a voltage-gated potassium channel. The cylinders represent the six transmembrane 
segments S1-6.  S4 is the voltage sensor with the positively charged amino acid residues.  P represents 
the pore lining region of the channel.  (B) Ribbon diagram of the crystal structure of the full length Kv1.2 
tetramer as determined by Chen et al. 2010.  (C) Family of Kv1.3 current traces evoked by stepping from 
-80 mV to +60 mV in 20 mV steps with an interpulse interval of 60s.   The characteristic fast activation, c-
type inactivation and deactivation are indicated with arrows.  (D) Line graph of representative Kv1.3  
cumulative inactivation.    

  



19 

 

interval (Fadool et al., 2004).  When insulin is chronically delivered to the OB by intranasal delivery, Kv1.3 

becomes robustly phosphorylated on tyrosine residues (predicted to induce Kv1.3 suppression (Fadool et 

al., 2000)), and the mice display enhanced olfactory discriminatory ability but not changes in detection 

threshold (Marks et al., 2009).  In fact, humans with single nucleotide polymorphisms (SNPs) in the 

promoter region of the Kv1.3 gene that result in increased expression or enhanced activity of Kv1.3, the 

opposite of the Kv1.3-null mice, exhibit olfactory deficits (Guthoff et al., 2009). 

 

1.4.2 Role in Body Weight and Glucose Uptake 

Kv1.3 is expressed in many peripheral as well as central tissues that play important roles in 

energy balance (Table 1.3), therefore, it should be no surprise that gene-targeted deletion of Kv1.3 

results in interesting body weight and metabolic phenotypes.  Kv1.3-null mice weigh 8-12% less than that 

of their wild-type littermates (Xu et al., 2003b;Fadool et al., 2004) and are resistant to moderately high-fat 

diet-induced weight gain (Xu et al., 2003b).  Kv1.3-null mice are have the same caloric intake as their 

wild-type counterparts, but take smaller more numerous meals (Xu et al., 2003b;Fadool et al., 2004).  

Acute blockade of Kv1.3 current by margatoxin or genetic deletion of Kv1.3 protein increases peripheral 

insulin sensitivity by increasing translocation of the glucose transporter 4 (GLUT4) to the membrane in 

skeletal muscle and white adipose tissue (WAT) in a Ca
2+

 dependent manner via the calcium-sensitive 

synaptotagmin VII (Xu et al., 2004;Li et al., 2006;Li et al., 2007).  The role of Kv1.3 in insulin sensitivity is 

observed in humans as well as rodents.  Humans with increased expression or activity of Kv1.3 due to 

SNPs in the promoter region of the Kv1.3 gene exhibit decreased insulin sensitivity and higher resting 

glucose levels (Tschritter et al., 2006).     
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Table 1.2:  Modulators of Kv1.3 channel activity. 
 

Modulator Mechanism Effect Reference 

Adenosine Triphosphate (ATP) Indirectly via PKC ↑ I Chung and Schlichter, 1997a 

Copper Direct binding ↓I Teisseyre and Mozrzymas, 

2006b 

Diacylglycerol (DAG)  ↓I, speeds Inact Bowlby and Levitan, 1995 

Epidermal Growth Factor 
Receptor (EGFR) 

Tyrosine 

Phosphorylation 
↓I, speeds Inact Bowlby et al., 1997 

Growth Factor Receptor-
Binding Protein 10 (GRB10) 

Prevents protein-

protein interactions 

with some tyrosine 

kinases 

Blocks effects 

of TrkB and Src 

Cook and Fadool, 2002; Colley 

et al., 2009 

Insulin–like Growth Factor 
Receptor (IGFR) 

↑protein expression ↑I Gamper et al., 2002 

Insulin Receptor 
Tyrosine 

Phosphorylation 
↓I, ↓ PO 

Bowlby et al., 1997; Fadool, 

1998; Fadool and Levitan, 

1998; Fadool et al., 2000; 

Colley et al., 2004; Marks and 

Fadool, 2007 

Metabotropic  Glutamate 
Receptor mGluR 

 

Low levels of 

Glutamate ↑I, 
↓V1/2 Max        

High levels of 

Glutamate ↓I, 
Speeds Inact 

Poulopoulou et al., 2008; 

Poulopoulou et al., 2010 

Melatonin  Direct binding ↓I, speeds Inact Varga et al., 2001 

Minimum potassium ion 
channel-related peptide 3 
(MiRP3, KCNE4) 

Protein-protein 

binding, ↓trafficking 

↓I, ↓ ct, 

↑Cumulative 

Inactivation 

Grunnet et al., 2003b; Sole et 

al., 2009 

Nedd4-2 Internalization ↓I Henke et al., 2004 

Oxygen 

Src/Lck dependent 

tyrosine 

phosphorylation 

Hypoxia ↓I Cayabyab et al., 2000; 

Szigligeti et al., 2006 

3-phosphoinositide-dependent 
protein kinase-1 (PDK1) 

↑protein expression ↑I Gamper et al., 2002 

phosphatidylinositol 3-kinase 
(PI3-K) 

↑protein expression ↑I Gamper et al., 2002 

pH and Zinc  Pore Histadine 399 

Shift the V1/2max 

of inactivation 

and activation 

to more 

depolarized 

potentials  

Somodi et al., 2004; Teisseyre 

and Mozrzymas, 2006a; 

2006b; 2007; Somodi et al., 

2008 

Protein Kinase A 
Serine/Threonin 

Phosphorylation 
↑I Chung and Schlichter, 1997b 
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Table 1.2:  Continued 

Modulator Mechanism Effect Reference 

Protein Kinase C 
Serine/Threonine 

Phosphorylation 
↑I Chung and Schlichter, 1997a 

Post Synaptic Density 95  

Activity-

dependent ↓I,  
prevents IR 

dependent  ↓I 

Marks and Fadool, 2007 

Reactive Oxygen Species 
(ROS) 

Src-Dependent 

Tyrosine 

Phosphorylation  

↓I Duprat et al., 1995; Cayabyab 

et al., 2000 

Src Kinase/Lck Kinase 
Tyrosine 

Phosphorylation 
↓I 

Fadool et al., 1997; Holmes et 

al., 1997; Cayabyab et al., 

2000; Cook and Fadool, 2002; 

Szigligeti et al., 2006 

Neuronal Src Homology and 
Collagen Protein (nShc) 

Protein-protein 

binding 

Prevents TrkB 

dependent ↓I, 
prevents Src 

dependent 

↓ Inact and V 1/2 

shift 

Cook and Fadool, 2002; Colley 

et al., 2009 

Serotonin Receptor (5HT1C R) 
Ca

2+
 and           G-

protein Dependent 
↓I Aiyar et al., 1993 

Serum- and Glucocorticoid-
Dependent  Kinase 1 (SGK1) 

↑protein expression ↑I Gamper et al., 2002; Henke et 

al., 2004 

Tyrosine Receptor Kinase B 
(TrkB) 

Tyrosine 

Phosphorylation   

Acutely ↓I  
 

Tucker and Fadool, 2002; 

Colley et al., 2004; Colley et 

al., 2009 

 

Increased Surface 

Expression and 

Membrane Half-life 

Chronically ↑I Tucker and Fadool, 2002; 

Colley et al., 2007 

↓ , decrease; ↑, increase;  Inact, inactivation time constant, ct, activation time constant; V1/2, voltage at ½ 
maximal activation; PO, channel open probability. 
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Table 1.3:  Kv1.3 expression. 
 

Tissue Reference 

Adipose Tissue Xu et al., 2003b 

Cerebellum Veh et al., 1995 

Dendritic Cells Zsiros et al., 2009 

Epithelia of Kidney, Colon, and Prostate Grunnet et al., 2003a; Liang et al., 2006 

Hippocampus Veh et al., 1995 

Hypothalamus Mourre et al., 1999 

Kidney Grunnet et al., 2003a 

T-Lymphocyte Decoursey et al., 1985 

Medial Nucleus of the Trapezoid Body Gazula et al., 2010 

Mitochondria, Lymphocyte and Hippocampus Szabo et al., 2005; Bednarczyk, 2009 

Olfactory Bulb Veh et al., 1995 

Platelets and Megakaryocytes McCloskey et al., 2010 

Postganglionic Sympathetic Neurons  Doczi et al., 2008 

Retina Klumpp et al., 1995a; 1995b 

Skeletal Muscle Xu et al., 2003b 

Smooth Muscle Xu et al., 2000; Davies et al., 2002 

Testis Jacob et al., 2000 
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CHAPTER 2 

 

ELECTROPHYSIOLOGICAL CHARACTERIZATION OF MITRAL CELLS FROM 

ADULT Kv1.3-NULL OLFACTORY BULB SLICES  

 

2.1 Introduction 

The Shaker-like family member, Kv1.3, is a delayed-rectifying, voltage-gated potassium channel 

with a fast activation, intermediate C-type kinetics of inactivation (Spencer et al., 1997), and a prominent 

cumulative inactivation (Marom and Levitan, 1994).  Due to these kinetic properties, Kv1.3 contributes to 

the resting membrane potential (Defarias et al., 1995), latency to first spike and firing frequency 

(Turrigiano et al., 1996). In accordance with the traditional role of potassium channels, Kv1.3 acts as a 

dampener of excitability (Bean, 2007).  Kv1.3 is expressed in the olfactory bulb (OB) (Kues and Wunder, 

1992;Veh et al., 1995) and has previously been shown to carry between 60-80% of the outward 

potassium current in cultured olfactory bulb mitral-tufted neurons prepared from postnatal day one (P1) 

rat and mouse OB (Fadool and Levitan, 1998;Colley et al., 2004).  In mitral cells, Kv1.3 is responsible for 

the fast activating, slowly inactivating ID current that is responsible for the delay to first spike (Chen and 

Shepherd, 1997) and bursting properties of mitral cells (Balu et al., 2004).  Blockade of ID currents 

decrease the time to first spike as well as decreases the interburst interval while increasing the burst 

duration (Balu et al., 2004).   

Gene-targeted deletion of Kv1.3 (Kv1.3-null) results in mice that are “Super-smellers”, with the 

enhanced olfactory detection and discrimination ability when compared to wild-type (WT) mice (Fadool et 

al., 2004).  Mitral-tufted cells from neonatal Kv1.3-null OB cultures produce outward potassium currents 

that have a fast activation, very little inactivation and blunted cumulative inactivation (Fadool et al., 2004).  

Expression of the sodium-activated potassium channel, Slack B, is increased by two-fold in the olfactory 

bulb of Kv1.3-null mice and is responsible for 75% of the outward current (Lu et al., 2010).  In WT mice, 

Slack B is only responsible for 25% of the outward potassium current in mitral cells (Budelli et al., 2009;Lu 

et al., 2010).  The deletion of Kv1.3 and upregulation of Slack B result in an increased resting membrane 

potential, a decrease in action potential height, increased total firing frequency and decreased interspike 

interval in neonatal OB cultures (Fadool et al., 2004). 

 

 
Chapter 2 will be integrated with the results of other laboratory members towards a planned submission 
to Nature Neuroscience.  
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Neurons in neonatal culture are very different in morphology, connectivity and protein expression 

than those in slices from adult tissue; therefore, it is important to investigate the electrical properties of the 

Kv1.3-null mice in OB slice preparations from adult mice (P21-35).  Here, whole-cell current- and voltage-

clamp slice electrophysiology were used to compare outward potassium current inactivation and peak 

current, current-evoked spiking frequency and clustering properties, and action potential characteristic 

differences between Kv1.3-null and WT mitral cells.   

 

2.2 Materials and Methods 

2.2.1 Solutions and Reagents   

Olfactory bulb (OB) pipette solution contained (in mM): 135 potassium gluconate, 10 KCl, 10 N-2-

hydroxyethylpipera-zine-N9-2-ethanesulfonic acid (HEPES), 1 MgCl2, 0.4 sodium guanosine 5’-

triphosphate (NaGTP), and 2 sodium adenosine 5’-triphosphate (NaATP) (pH 7.3; 300 mOSM).  Artificial 

cerebral spinal fluid (ACSF) contained (in mM):  119 NaCl, 26.2 NaHCO3, 1 NaH2PO4, 2.5 KCl, 1.3 MgCl2, 

2.5 CaCl2 and 22 D-glucose (pH 7.3; 315 mOSM).  Sucrose-modified ACSF for sectioning contained in 

mM: 83 NaCl, 26.2 NaHCO3, 1 NaH2PO4, 3.3 MgCl2,
 
0.5 CaCl2, 72 sucrose, and 22 D-glucose (pH 7.3) 

(Saint Jan and Westbrook, 2007).  All salts and sugars were purchased from Sigma Chemical Co. or 

Fisher Scientific. The Kv1.3 selective pore blocker, ShK-186 was a generous gift from Dr. Michael 

Pennington (Bachem, King of Prussia, PA).   

 

2.2.2 Animal Care and Mouse Lines  

All mice were housed at the Florida State University vivarium in accordance with the institutional 

requirements for animal care.   The Kv1.3-null mice were a generous gift from Drs. Leonard Kaczmarek 

and Richard Flavell (Yale University, New Haven, CT) and were generated as described previously (Koni 

et al., 2003;Xu et al., 2003b).  In brief, Kv1.3-null mice were produced by excision of the Kv1.3 promoter 

region and one third of the 5’ coding region as generated in a C57BL6/J background (Koni et al., 2003;Xu 

et al., 2003b).   C57BL6/J (WT) and Kv1.3-null mice were maintained on a standard 12/12h light/dark 

cycle with ad libitum access to 5001 Purina Rodent chow and water. 

 

2.2.3 Olfactory Bulb Slice Electrophysiology  

Postnatal day 21-35 (P21-35) WT and Kv1.3-null mice of both sexes, were anesthetized with 

isoflurane (Aerrane; Baxter, Deerfield , IL) using the Animal Care and Use Committee (ACUC)-approved 

drop method followed by decapitation (AVMA Guidelines on Euthanasia, June 2007).  The olfactory bulbs 

were exposed by removing the dorsal and lateral portions of the cranium between the cribriform plate and 

the lambda suture as described by Nickell and colleagues (Nickell et al., 1996).  After removing the dura, 

the olfactory bulbs (OB), while still attached to the forebrain, were quickly removed, glued to a sectioning 

block with Superglue and submerged in oxygenated, ice-cold, sucrose-modified ACSF to prepare the 

tissue for sectioning (Saint Jan and Westbrook, 2007).  Horizontal sections (325 µm) were cut in 
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oxygenated, ice-cold, sucrose-modified ACSF using a Series 1000 Vibratome.  The sections were 

allowed to recover in an interface chamber containing oxygenated, sucrose-modified ACSF at 33
o
C for 30 

minutes and then maintained at room temperature in normal ACSF until needed.   

Neuronal slices were visualized at 10X and 40X using an Axioskop 2FS Plus microscope (Carl 

Zeiss Microimaging, Inc., Thornwood, NY) equipped with infrared detection capabilities.  The patch 

pipettes were fabricated from borosilicate glass electrode tubes from Jencons Limited, fire-polished to a 

tip diameter of approximately 2 µm with a final tip resistance of 3-5 MΩ.  Membrane voltage and current 

properties were measured and elicited by pClamp 9 software (Axon CNS, Molecular Devices, Sunnyvale, 

CA) using an Axopatch 200B amplifier (Axon CNS, Molecular Devices, Sunnyvale, CA) in the whole-cell 

configuration.  Mitral cell bodies were visualized by infrared, differential interference contrast and 

confirmed by soma location, soma size (15-30 µm), resting membrane potential (approximately -65 mV 

ranging from -50 mV to -87 mV) (Chen and Shepherd, 1997;Balu et al., 2004) and spiking properties 

upon current injection such as delay to first spike and intermittent spiking clusters (Chen and Shepherd, 

1997;Balu et al., 2004).   

After giga-ohm seal formation and break through to the whole-cell configuration, the health of the 

cell was determined by monitoring the resting membrane potential, input and series resistance over time. 

The cell membrane was then voltage-clamped at -80 mV (holding potential; Vh) and was stepped to a 

command potential (Vc) of +40 mV for 400 ms every 60 seconds to prevent characteristic cumulative 

inactivation of the channel (Marom and Levitan, 1994).  Peak current was defined as the greatest current 

evoked after activation and sustained current was defined as the steady-state current.  As the sodium 

activated potassium channel, Slack B, has been reported to be upregulated in the mitral cells of Kv1.3-

null mice, the voltage-gated sodium channel blocker, tetrodotoxin (TTX) was not included in the bath or 

pipette.  In a subset of cells, after stability was achieved under control conditions, families of current–

voltage traces were generated by holding the cell at -80 mV and stepping from -80 to 60 mV in 20 mV 

increments for 400 ms before returning to Vh with an interpulse interval of 45 s before perfusing the slice 

with 100 pM ShK-186 (Kv1.3 selective pore blocker).  Current stability was monitored as before until the 

current was stable for four consecutive sweeps (approximately10 minutes) and the current-voltage 

relationship was reevaluated.   

If ShK-186 was not applied to the slice, after three to five sweeps in the voltage-clamp 

configuration, the resting membrane potential of the same cell was then was recorded in the current-

clamp configuration.  The membrane potential was then adjusted to –65 mV for consistency between 

cells for current-clamp recordings.  Perithreshold current levels were determined by injecting 2 s long 25 

pA steps beginning at –50pA every 20 s.  The current level that first elicited action potentials was 

considered perithreshold.  Perithreshold currents were injected for 4 s every 20 s and latency to first 

spike, total spiking frequency (spikes/current injection time), within cluster spiking frequency, interspike 

interval (ISI; within a cluster) and cluster length (Balu et al., 2004) were measured.  A cluster was defined 

as three or more consecutive spikes with an ISI of 100 ms or less as previously established (Balu et al., 
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2004).   Cells that failed to have a resting membrane potential of at least -50 mV or an input resistance of 

at least 150 MΩ were discarded from analysis due to biophysical indicators of poor health.    

   

2.2.4 Data Analysis and Statistics 

All electrophysiological data were analyzed using pClamp 9 (Axon CNS, Molecular Devices, 

Sunnyvale, CA), Prism 5 (GraphPad Software, Inc., La Jolla, CA) and Igor Pro 6.12A (WaveMetrics Inc., 

Portland, OR) with the NeuroMatic version 2 plug-in (written by Jason Rothman). The pipette capacitance, 

was electrically compensated through the capacitance neutralization circuit of the Axopatch 200B 

amplifier.  Likewise, series resistance compensation was used to electrically reduce the effect of pipette 

resistance.  Voltage-clamp traces were subtracted linearly for leakage conductance.  Resting membrane 

potentials were corrected for junction potential offset off-line. 

Statistical significance was determined across genotype by Student’s t-test.  A Welch’s correction 

was performed prior to the Student’s t-test if the variances differed significantly.  For percentage data, an 

Arc-Sin transformation was employed prior to Student’s t-test.  For current-spiking property relationships, 

significant difference between genotypes at a particular current injection was determined by a two-way 

analysis of variance (ANOVA; genotype vs. current injection) followed by a Bonferroni posthoc test.   The 

total spiking frequency, spikes per cluster, within cluster spiking frequency, interspike interval, and the 

cluster length were plotted against the current injection step and fit by linear regression. The slopes and 

elevation or y-intercepts between genotypes were then subjected to an analysis of covariance 

(ANCOVA), to detect significant differences in the slopes and the y-intercepts across genotype.  An effect 

was considered significant if it fell within the 95% confidence interval. 

 

2.3 Results 

2.3.1 Kv1.3 Carries a Large Portion of Outward Potassium Current in Mitral Cells from Adult WT 

Mice in the Slice Configuration  

 To determine the amount of outward current for which Kv1.3 is responsible, mitral cells were 

voltage-clamped in the whole-cell configuration in the presence and absence of the potent, highly 

selective Kv1.3 pore blocker, ShK-186 (Beeton et al., 2005).   Figure 2.1 A shows representative 

recordings from the same mitral cell under control and ShK186 perfusion conditions.  By subtracting the 

residual current after ShK-186 application from the control traces, the total outward potassium current that 

results from Kv channels containing at least one Kv1.3 alpha subunit in the pore-forming tetramer was 

determined.  From these calculations, Kv1.3 contributes to 70-80% of the outward potassium current of 

mitral cells in OB slices from adult WT mice (Figure 2.1 A; Kv1.3 Current), very similar to the values 

previously found in neonatal rat and mouse OB cultures. 

 

2.3.2 Characterization of the Outward Current of Mitral Cells from Kv1.3-null Mice  
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To understand how Kv1.3 gene-targeted deletion affects peak current magnitude and inact of 

outward potassium currents of mitral cells from adult (P21-35) OB slices, without TTX application and in 

patch solutions conducive to measuring current evoked properties as well, mitral cells from 325 µm thick 

horizontal OB sections from both WT and Kv1.3-null mice were voltage-clamped in the whole-cell 

configuration.  Mitral cells were held at a Vh of -80 mV and stepped to a Vc of +40 mV for 400 ms with an 

interpulse interval of 45 s.  Due to the exclusion of TTX from the perfusion bath, a direct measurement of 

inact kinetics was not possible.  Instead, the ratio of the steady-state current to the peak current 

magnitude was calculated, for an indirect measure of inactivation (Figure 2.1 E).  Mitral cell peak current 

was lower but not significantly different from WT (WT = 3581 ± 316 pA, n = 20, Kv1.3-null = 3156 ± 250 

pA, n = 27) as determined by a Student’s t test (P=0.29).  Inactivation of the outward current in mitral cells 

from Kv1.3-null mice resulted in a 4% smaller reduction in current from peak to sustained, indicating a 

slower rate of inactivation in the Kv1.3-null mice than WT mice (Figure 2.1 C-F).  

 

2.3.3 Mitral Cell Resting Membrane Potential and Spike Threshold in Kv1.3-null Mice 

To determine the difference in the resting membrane potential (VR) of mitral cells from WT and 

Kv1.3-null mice, VR was recorded and corrected for junction potential offset.  Mitral cells from Kv1.3-null 

mice had significantly higher VR those of WT mitral cells (Figure 2.2 C; WT = -62.1 ± 2.78 mV, n = 12, 

Kv1.3-null = -56.4 ± 1.31 mV, n = 9) as determined by Student’s t-test with a Welch’s correction for 

unequal variances (P<0.05).  Current-evoked activity was evaluated by injecting 2 s long 25 pA steps 

from -50 pA to 200 pA every 20s.  The current level that first elicited action potentials was considered 

perithreshold.  Perithreshold current was injected for 4 s every 20 s.   

The representative current-clamp traces in Figure 2.2 A, are from mitral cells of WT (left) and 

Kv1.3-null (right) mice, in response to 4 s long 50 pA current injections.  The raster plots in Figure 2.2 B 

depict 10 consecutive sweeps from the cells represented in Figure 2.2 A as individual action potentials or 

spikes.  The consistency in spiking frequency and the inconsistency in spike clustering within a cell 

across various sweeps are noticeable.  Spiking frequency increased with current injection in both WT and 

Kv.13-mitral cells without the predicted spike adaptation predicted by increased KNa expression observed 

in previous studies (Lu et al., 2010) (Figure 2.3). By plotting the spiking frequency, spikes per cluster,  

cluster spiking frequency, interspike interval (ISI), and the cluster length with the current injection step, as 

per Figure 2.4 A-E respectively (n = 9 for WT and n = 8 for Kv1.3 null), fitting the relationships with a 

linear regression and statistically comparing the slopes and elevation or y-intercepts between genotypes, 

analogous to an analysis of covariance (ANCOVA), no significant differences were detected between the 

slopes, however, the y-intercepts or magnitude are significantly different for each feature.  The regression 

lines are distinct but virtually parallel; therefore, Kv1.3 gene-targeted deletion results in increased total 

spiking frequency, increased spikes per cluster, increased cluster spiking frequency, decreased interspike 

interval, and increased cluster length.  A two-way analysis of variance comparing genotype versus current  
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Figure 2.1:  Voltage-clamp comparison of mitral cell outward current after acute blockade and gene-
targeted deletion of Kv1.3.  Mitral cells from WT or Kv1.3-null OB slices were voltage-clamped in the 
whole-cell configuration.  (A) Representative family of current responses from WT OB slices where the 
mitral cell was held (Vh) at −90 mV and stepped from −80 to +60 mV (Vc) in 20 mV increments for a 
duration of 400 msec using 60 second interpulse intervals between voltage stimulations before (control) 
and after 5 minutes of 100 pM ShK-186 (Kv1.3 specific blocker) treatment. Subtraction of the residual 
outward currents (ShK-186) from the control demonstrates the Kv1.3 component in mitral cells.  (B) 
Representative current trace from mitral cells of WT (left) and Kv1.3-null (right) mice elicited by stepping 
from -90 mV (Vh) to +40 mV for 400 ms.  Bar graph of mean ± SEM (C) peak current magnitude, (D) 
sustained current magnitude and (E) the ratio of sustained to peak current magnitude (a measure of 
inactivation) comparing values from WT (black bars; n=20) versus Kv1.3-null mice (white bars; n=27) 
elicited by the same protocol in B.  (F) Current traces from the same set of recordings as in B, but 
normalized to peak current amplitude to allow better visualization of changes in the kinetics of 
inactivation.  No significant differences were found using a Student’s t-test for C and D.  Arc-Sin 
transformation of percentage data in E followed by a Student’s t-test revealed no significant differences. 
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Figure 2.2:  Kv1.3 gene-targeted deletion changes mitral cell current-evoked firing patterns and resting 
membrane potential.  (A) Representative OB slice current-clamp recordings in the whole-cell configuration 
from mitral cells of wild-type (left) or Kv1.3-null mice (right) in which a 4 s long, 50 pA current injection 
was used to evoke a train of action potentials. (B)  Raster plots of ten consecutive traces from cells 
represented in A for easier visualization of the consistency of latency to the first spike, bursting and firing 
frequency within a cell for each genotype.  (C)  Vertical scatter plot of the resting membrane potentials of 
mitral cells from wild-type (closed circles) and Kv1.3-null mice (open circles).  The thin line represents the 
mean and the error bars represent the SEM.  * Denotes significant difference determined by Student’s t-
test with Welch’s correction due to unequal variances, P < 0.05.  
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injection step, followed by a Bonferroni posthoc test, revealed a significant increase of mitral cell spikes 

per cluster with current injections of 125-200 pA and cluster spiking frequency at 200 pA in Kv1.3-null 

over that of WT mice.  ISI was significantly decreased in mitral cells from Kv1.3-null mice with current 

injection from 150-200 pA.  Latency to first spike was found to vary significantly with current injection but 

not genotype. 

 

2.3.4  Action Potential Kinetics from Mitral Cells of Kv1.3-null Mice 

  To evaluate kinetic differences, the action potentials (AP) elicited by a single, 2 s long 50 pA 

current injection were compared for seven mitral cells each from WT and Kv1.3-null mice (374 total APs).    

AP height, width at ½ maximum amplitude, 10-90% rise time and slope, 10-90% decay time and slope, 

and hyperpolarization were measured for each AP in a sweep. The values of the leading action potential 

for each cell were averaged together. The remaining APs  within a sweep were averaged within a cell to 

provide a mean value per cell.  The within-cell mean was then averaged across cells, allowing 

comparison of leading AP (1
st
) to the mean AP (Avg) within a cell, within genotype and across genotype 

(Figure 2.5 and 2.6).  As depicted in Figure 2.5 A, the AP height was measured from the threshold to the 

peak of the AP.  Width at ½ maximum was measured at the half way point from the threshold to the peak.   

Hyperpolarization was measured from threshold to the lowest point of the hyperpolarization phase of the 

AP.   The depolarization phase of the AP was evaluated by calculating the slope and rise time from 10-

90% of the threshold to peak.  The repolarization phase of the AP was evaluated by calculating the slope 

and decay time from 10-90% of the peak to the maximum hyperpolarization.  

Avg APs from Kv1.3-null mice exhibited a reduction in height, reduced hyperpolarization, and a 

slower rate of depolarization than those of WT mice with no significant differences in 1st AP as 

determined by Student’s t-test across genotype, P < 0.05 (Figure 2.5).   To visualize differences between 

1
st
 AP and Avg AP within a cell, the 1

st
 AP was normalized to the Avg AP within a cell and the resulting 

means are represented in bar graphs in Figure 2.6.   Raw values for the 1
st
 AP and Avg AP within a 

genotype were statistically compared with a paired t-test. Mitral cell 1
st
 APs in WT mice had significantly 

larger hyperpolarization potentials, faster repolarization time or 10-90% decay time, (P<0.05) and a trend 

lower, AP height than Avg (P<0.1) (Figure 2.6).  Mitral cell 1
st
 APs from Kv1.3-null mice exhibited a trend 

for larger hyperpolarization potentials (P<0.1) and had significantly faster repolarization times, higher 

rates of repolarization and a smaller width at ½ maximum than Avg AP (P<0.05).  

 

2.4 Discussion 

Mitral cells from the olfactory bulbs of mice with a gene-targeted deletion of the voltage-gated 

potassium channel, Kv1.3, exhibit an elevated sensitivity to current injection when compared to their wild-

type counterparts.  Mitral cells from Kv1.3-null mice have significantly more spikes per cluster, longer 

clusters of APs, higher frequency of spikes within a cluster and shorter ISI than from those of WT mice at 

the same level of current injection.  Mitral cells from Kv1.3-null mice also have a more depolarized resting    
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Figure 2.3:  Representative current-clamp recordings in response to 2s, 25 pA current injection steps from 
25 pA to 200 pA with a 20 s interpulse interval.  Notice the difference in the final afterhyperpolarization 
between recordings of the mitral cells from WT and Kv1.3-null mice. 
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Figure 2.4:  Kv1.3 gene-targeted deletion results in increased sensitivity of mitral cell current-evoked 
activity.  Comparison of WT and Kv1.3-null (A) spiking frequency, (B) spikes per cluster, (C) cluster or 
cluster spiking frequency (D) interspike interval (ISI), (E) cluster length, and (F) latency to first spike in 
response to 2s, 25 pA current injection steps from 25 pA to 200 pA with a 20 s interpulse interval.  A 
cluster was designated as 3 consecutive action potentials with ISI of less than 100 ms.  Each symbol 
represents the mean ± SEM, n=9 cells from WT mice (closed circles) and n=8 cells from Kv1.3-null mice 
(open circles).  * Denotes significant difference between genotypes at a particular current injection as 
determined by a two-way analysis of variance (ANOVA; genotype vs. current injection) followed by a 
Bonferroni posthoc test, P < 0.05.  Analysis of covariance (ANCOVA) of the slope and y-intercept 
calculated by the linear regression indicate significant differences in the y-intercept or elevation but not 
the slope (A-E), P < 0.05.  
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Figure 2.5:  Action potential amplitude and after hyperpolarization are reduced in mitral cells from Kv1.3-
null mice.  Current-clamp recordings in the whole-cell configuration from mitral cells of wild-type or Kv1.3-
null mice in which 2 s, 50 pA current injections were used to evoke a train of action potentials every 20 s.  
The values of the leading action potential (1

st
) for each cell were averaged together.  The remaining APs 

(Avg) within a sweep were averaged within a cell to provide mean values per cell.  Within-cell means 
were then averaged to produce overall cell averages (n=7 cells per genotype).  (A)  Composite 1

st
 (grey 

line) and Avg AP (black line) traces for mitral cells of WT and Kv1.3-null mice.   Bar graphs of mean ± 
SEM of (B) action potential amplitude (AP height), (C) hyperpolarization, (D) action potential half width 
(Width at ½ maximum), (E) slope of 10-90% rise and (F) slope of 10-90% decay for APs of mitral cells 
from WT and Kv1.3-null mice.  Significant differences were determined between the genotypes for 1

st
 and 

Avg APs separately by Student’s t-test * P < 0.05, # P < 0.1. 
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Figure 2.6:  Within-cell differences in leading action potential and the average action potential differ with 
genotype.  APs from the same recordings as discussed in Figure 2.5 were normalized by dividing the 1

st
 

AP/Avg AP to evaluate within cell differences.  Bar graphs of mean ± SEM of normalized (A) AP height, 
(B) hyperpolarization potential, (C) slope of 10-90% decay and (D) 10-90% decay time (E) action potential 
1/2 width for mitral cell APs from WT and Kv1.3-null mice.  Significant differences were determined within 
a genotype by comparing the within-cell raw values with a paired t-test. * P < 0.05, # P < 0.1, NS 
indicates no significant difference. 
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membrane potential than those of WT mice, suggesting that under more in vivo conditions, where the 

membranes are not being held to an artificial level, as was performed in these experiments (VR = -56.4 ± 

1.31 mV versus Vm = -65 ± 2 mV), the AP threshold could be reached with less stimulation.   

Kv1.3 is half maximally activated (V1/2) at potentials between -43 to -49 mV (Chapter 3, Figure 

3.2E; Fadool et al., 1997;Cook and Fadool, 2002).  The inactivation rate of Kv1.3 is between 400-700 ms 

(Chapter 3, Figure 3.2B; Fadool et al., 1997;Colley et al., 2007) with recovery from cumulative inactivation 

taking longer than 20 s (Chapter 1, Figure 1.7D; Marom and Levitan, 1994).  In dynamic-clamp 

experiments whereby computer-generated Kv1.3 currents were introduced into neurons that did not 

contain native Kv1.3 channels, addition of Kv1.3 currents resulted in an increase in latency to first spike 

(Turrigiano et al., 1996). This increase in the latency to the first spike is due to the fast activation and the 

slow inactivation of Kv1.3.  As Kv1.3 slowly inactivates, the membrane potential slowly depolarizes, 

eventually reaching the AP threshold and spiking begins.  Cumulative inactivation of Kv1.3 has been 

hypothesized to contribute to neuronal short-term memory by allowing large or consecutive stimuli to 

produce APs and suppressing low or infrequent stimuli (Turrigiano et al., 1996).  It is difficult to detect a 

significant difference in the latency to the first spike due to the intrinsic variability within a cell and 

between cells (Balu et al., 2004), therefore,  mitral cells from Kv1.3-null mice have a statistically 

insignificant albeit potentially physiologically significant decrease in latency to first spike compared to that 

of WT mice.  These results corroborate those published for neonatal cultured neurons of Kv1.3-null mice 

(Fadool et al., 2004) and those found in rat OB slice recordings treated with ID (Kv1.3-like current) 

selective concentrations of 4-aminopyridine (4-AP) (Balu et al., 2004).   Preliminary results suggest that 

acute blockade of Kv1.3 with ShK-186 in mitral cells of WT mice result in similar increases in sensitivity to 

current injection to those in Kv1.3-null mice (data not shown). 

Voltage-clamp recordings from mitral cells of WT mice in the presence of the Kv1.3 specific 

blocker, ShK-186, confirm that 60-80% of the outward current, in WT mice, is through channels 

containing at least one Kv1.3 α-subunit.  Gene-targeted deletion of Kv1.3 does not result in a significant 

reduction in outward current as one might expect but does slow inactivation.  According to Lu and 

colleagues, the sodium-activated potassium channel, Slack B, carries 75% of the outward current in mitral 

cells of the Kv1.3-null mice, compensating for Kv1.3 deletion (Lu et al., 2010).   Upon first inspection of 

the outward currents of mitral cells from Kv1.3-null mice, one might surmise there is little difference from 

the mitral cell outward currents of WT mice; however, due to the differences in time-dependent 

inactivation, cumulative inactivation and modes of activation of the Kv1.3 and Slack B channels, the 

current evoked activity is significantly different.  

Slack B is activated by changes in internal sodium concentrations (EC50 for Na+ around 41 mM), 

has a slow rate of activation (several hundred ms) and very little inactivation (Bhattacharjee and 

Kaczmarek, 2005;Brown et al., 2008).  It is ATP insensitive and despite the lack of positive gating 

charges on S4, it does exhibit voltage dependence {Bhattacharjee & Kaczmarek 2005 451 /id}.  A portion 

of the voltage dependence is due to sodium entry through voltage-dependant sodium channels (Budelli et 
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al., 2009). In model neurons, dorsal root ganglion, and auditory neurons, Slack-B has been shown to 

contribute to the resting membrane potential, to slow the afterhyperpolarization, to the regulation of 

rhythmic spiking, and to spike adaptation (Dryer, 1994;Bhattacharjee and Kaczmarek, 2005;Yang et al., 

2007;Wallen et al., 2007;Brown et al., 2008).  In model neurons, increasing Slack conductance decreases 

activity, promotes AP adaptation, and increases clustering (Brown et al., 2008).  AP adaptation is 

hypothesized to be due to the slow activation of the channel and increasing intracellular sodium 

concentrations with each AP.  When firing stops, the intracellular sodium concentration drops, the Slack 

channels begin to close, allowing the membrane potential to rise again to AP threshold to allow another 

burst or cluster of APs.  Increasing the expression of Slack B in mitral cells, therefore, should increase 

cluster formation albeit Slack B upregulation in mitral cells of Kv1.3-null mice does not increase cluster 

formation.  If mitral cell APs from Kv1.3-null mice were undergoing more adaptation due to the increased 

expression of Slack B, the variance of the Avg AP would be significantly higher in the Kv1.3-null mice that 

in the WT mice and this was not the case.  The decrease in AP height and the slower after-

hyperpolarization, seen just after the end of the current injection in Figure 2.3 could be due to the 

upregulation of Slack B currents and expression.  

It is difficult to predict how concurrent changes in the expression of multiple channels will affect 

electrical excitability of a cell.  This study was intended to evaluate mitral cell current-evoked spiking 

properties using an adult olfactory bulb slice electrophysiology preparation.   More current-clamp studies 

of mitral cells with the Kv1.3 selective toxins ShK-186 or margatoxin and a Slack B specific blocker are 

needed to determine which changes are in fact due to the deletion of the Kv1.3 channel and which are 

due to the upregulation of Slack B.  Regardless of the amount of contribution from Kv1.3 deletion or 

increased expression of Slack B, mitral cells from Kv1.3-null mice are more sensitive to stimulation than 

WT mice.  This increased mitral cell sensitivity could be the key to the “Super-smeller” phenotype.     
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CHAPTER 3 

 

GLUCOSE SENSITIVITY OF Kv1.3 AND MITRAL CELLS 

 

3.1 Introduction 

Kv1.3 is a delayed-rectifier of the Shaker-like family of voltage-gated potassium channels.  It has 

a fast activation, c-type inactivation kinetics (Spencer et al., 1997), and exhibits prominent cumulative 

inactivation (Chapter 1, Figure 1.7D; Marom and Levitan, 1994).  This particular potassium channel is 

expressed both centrally and peripherally (Chapter 1, Table 1.3; Spencer et al., 1993;Veh et al., 1995; 

Klumpp et al., 1995b;Mourre et al., 1999;Coleman et al., 1999;Jacob et al., 2000;Grunnet et al., 2003a; 

Doczi et al., 2008).  Like other potassium channels, Kv1.3 is an important damper of neuronal excitability 

(Bean, 2007).  Kv1.3 also participates in nontraditional roles of ion channels, outside that of cellular 

electrical excitability, such as cellular proliferation, axonal targeting, insulin sensitivity, apoptosis, protein 

expression and scaffolding as reviewed by L. K. Kaczmarek (Kaczmarek, 2006).  The Kv1.3 channel can 

be modulated in multiple ways (Chapter 1, Table 1.2) giving rise to complex biophysical control over its 

many functions.  

In the olfactory system, Kv1.3, is responsible for 60-80% of the outward current of the primary 

output neuron of the olfactory bulb, the mitral cell, in both primary cultures (Fadool et al., 1997) and slices 

(Chapter 2, Figure 2.1 A). Both receptor tyrosine kinases, such as the insulin receptor and TrkB, as well 

as cellular tyrosine kinases, for example, src, are expressed in mitral cells and have been shown to 

acutely suppress Kv1.3 current by direct tyrosine phosphorylation (Bowlby et al., 1997;Fadool et al., 

1997;Fadool and Levitan, 1998;Cayabyab et al., 2000;Fadool et al., 2000;Tucker and Fadool, 2002; 

Colley et al., 2004). Serine/threonine phosphorylation by protein kinase A (PKA) and protein kinase C 

(PKC) results in increases or decreases in Kv1.3 current depending on cell type (Chung and Schlichter, 

1997a;Chung and Schlichter, 1997b;Martel et al., 1998). Reactive oxygen species (ROS), byproducts of 

glucose metabolism, have also been shown to suppress Kv1.3 activity (Duprat et al., 1995;Cayabyab et 

al., 2000) while adenosine triphosphate (ATP), another byproduct of glucose metabolism, has been 

shown to increase Kv1.3 activity (Chung and Schlichter, 1997a).  Acute or chronic changes in proteins 

that regulate or activate any of these pathways will change the electrical activity of this channel and 

thereby affect cellular membrane electrical properties as well as the nontraditional roles in which Kv1.3 

participates.   

  Gene-targeted deletion of Kv1.3 results in mice that are “Super-smellers”, possessing an 

enhanced ability to detect and discriminate odors (Fadool et al., 2004).  Acute intranasal delivery of 

insulin to the olfactory bulbs of wild-type mice, increases tyrosine specific phosphorylation of Kv1.3  and  

 
This Chapter will be integrated with the results of other laboratory members for submission for publication 
to The Journal of Neurophysiology.   
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results in an increase in olfactory discriminatory ability (Marks et al., 2009).  Insulin-dependent tyrosine-

specific phosphorylation of Kv1.3 has been previously shown to suppress Kv1.3 current in mitral cells 

(Fadool et al., 1997;Fadool, 1998;Fadool et al., 2000;Colley et al., 2004).  Mitral cells from Kv1.3-null 

mice exhibit slowly inactivating K currents more typical of traditional delayed rectifiers with little or no 

cumulative inactivation (Chapter 2 Figure 2.1) (Fadool et al., 2004).  These changes in the outward 

current due to gene-targeted deletion of Kv1.3 result in an increased mitral cell firing frequency and 

decreased interspike interval in primary olfactory bulb cultures (Fadool et al., 2004) as well as in slices 

(Chapter 2, Figure 2.2-2.4). 

The drive to search for and consume food is normally triggered by internal metabolic needs, signaled 

by changing hormones and metabolites such as insulin and glucose.  The ability to find, make a 

qualitative judgment about, and attain food, is dependent on external sensory stimuli, such as olfactory 

and visual cues signaling availability of palatable nutrients in the environment.  Serum insulin and glucose 

levels vary acutely with feeding state, with low levels after periods of fasting indicating the need to find 

food.  Satiation decreases and fasting increases rodent odor detection ability (Aime et al., 2007) and 

electrical activity of the primary olfactory bulb output neuron, the mitral cell, to food odors (Pager et al., 

1972). These observations imply energy status and feeding state can modulate olfactory sensitivity.  

Leptin, insulin, and glucose are all good candidates to mediate feeding-state dependent modulation.     

In as far as Kv1.3 has previously been found to be sensitive to byproducts of glucose metabolism 

such as ROS and ATP (Duprat et al., 1995;Chung and Schlichter, 1997a;Cayabyab et al., 2000), Kv1.3 

could be acting as a metabolic sensor of peripheral glucose concentration by changing mitral cell 

sensitivity with energy availability.  To determine if Kv1.3 channels are glucose sensitive, Kv1.3 channels 

heterologously expressed in human embryonic kidney cells (HEK 293) were exposed to various 

concentrations of metabolically active (D) or metabolically inactive (L) glucose isoforms followed by 

voltage-clamp electrophysiological current analysis.  Kv1.3 currents were found to be sensitive to the 

metabolically active D-glucose in a concentration dependent manor but not the metabolically inactive L-

glucose.  Glucose sensitivity of mitral cells was evaluated by current-clamp slice electrophysiology in both 

WT and Kv1.3-null mice.  Mitral cells from WT mice were found to be either excited by glucose (glucose 

excited; GE) or inhibited by glucose (glucose inhibited; GI) however Kv1.3-null mice exhibited no glucose 

sensitivity. 

   

3.2 Materials and Methods 

3.2.1 Solutions and Reagents   

Human embryonic kidney 293 cell (HEK 293) pipette solution contained (in mM):  30 KCl, 120 

NaCl, 10 N-2-hydroxyethylpipera-zine-N9-2-ethanesulfonic acid (HEPES), and 2 CaCl2 (pH 7.4).  HEK 

293 bath solution contained (in mM):  150 KCl, 10 HEPES, 1 ethylene glycol-bis(b-aminoethyl ether)-

N,N,N’,N’-tetraacetic acid (EGTA), and 0.5 MgCl2 (pH 7.4).  Olfactory bulb (OB) pipette solution contained 

(in mM): 135 potassium gluconate, 10 KCl, 10 HEPES, 1 MgCl2, 0.4 sodium guanosine 5’-triphosphate 
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(NaGTP), and 2 sodium adenosine 5’-triphosphate (NaATP) (pH 7.3; 300 mOSM).  Artificial cerebral 

spinal fluid (ACSF) contained (in mM):  119 NaCl, 26.2 NaHCO3, 1 NaH2PO4, 2.5 KCl, 1.3 MgCl2, 2.5 

CaCl2 and 22 D-glucose (pH 7.3).  Depending on the experiment, the D-glucose concentration of ACSF 

and HEK293 bath solution was changed to 0, 5, 10 or 22 mM D- or L-glucose, osmotically balanced with 

D-mannitol to 315 mOSM.  Sucrose modified ACSF for sectioning contained in mM: 83 NaCl, 26.2 

NaHCO3, 1 NaH2PO4, 3.3 MgCl2,
 
0.5 CaCl2, 72 sucrose, and 22 D-glucose (pH 7.3) (Saint Jan and 

Westbrook, 2007). All salts and sugars were purchased from Sigma-Aldrich, St. Louis, MO or Fisher 

Scientific, Pittsburgh, PA. The Kv1.3 selective pore blocker, ShK-186, was a generous gift from Dr. 

Michael Pennington (Bachem, King of Prussia, PA).  Tissue culture and transfection reagents were 

purchased from Invitrogen, Carlsbad, CA.  

 

3.2.2 Cell Line Maintenance and Transient Transfection 

Human embryonic kidney 293 cells (HEK293), that were maintained in accordance with the 

“Guidance on Good Cell Culture Practices (GCCP)” as established by the European Centre for the 

Validation Methods (ECVAM) Task Force on GCCP, were grown in modified Eagle medium (MEM; 

Invitrogen) supplemented with 2% penicillin/streptomycin (Sigma-Aldrich) and 10% fetal bovine serum 

(FBS; Invitrogen) at 37
o
C and 5% CO2.   The Kv1.3 cDNA construct was produced previously by ligating 

Kv1.3 into pcDNA3 at the unique Hind III site of the multiple cloning region, placing the channel-coding 

region downstream from a cytomegalovirus (CMV) promoter.  DNA encoding human CD8 was amplified 

from pCDM8 and subcloned into the pcDNA3 vector (Invitrogen) between the BamH1 and EcoR1 

restriction sites (Mast et al., 2010).  Before transfection, cells were grown to confluency (seven days), 

dissociated with trypsin-EDTA (Sigma-Aldrich) and mechanical trituration, diluted in MEM to a 

concentration of 600 cells/ml, and re-plated on Corning dishes (Catalog number 25000; Fisher Scientific). 

cDNA was introduced into the HEK 293 cells with a lipofectamine reagent (Invitrogen) three to four days 

after cell passage.  At the time of transfection, the cells were approximately 20–30% confluent.  

Lipofectamine and cDNA were allowed to complex for 15 minutes. The DNA/lipofectamine complex was 

diluted in 1 ml of serum-reduced OptiMEM (Gibco/Invitrogen), and cells were transfected for 4 to 4.25 h 

with 1 µg of Kv1.3 cDNA and 0.1 µg of the hCD8 construct per 35-mm dish (Fadool et al., 2000).  

Cotransfection with CD8 construct provides a means of rapidly selecting transfected cells for 

electrophysiology.  Before patch recording, HEK293 cells were rinsed with bath solution and incubated 

with 1:1000 anti-hCD8 beads in bath solution (Dyna-Beads, Invitrogen) to mark transfected cells (Mast et 

al., 2010).  

 

3.2.3 Hek293 Electrophysiology 

HEK293 cells heterologously expressing Kv1.3 channels were preincubated with HEK293 bath 

solution containing 0 mM (hypoglycemic), 5 mM (normoglycemic), 10 mM (fed-state) or 20 mM 

(hyperglycemic) metabolically active D-glucose, or the metabolically inactive L-glucose for 30 minutes.  D-
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mannitol was used as a metabolically inactive osmotic balance for the glucose.  Cells were visualized at 

10X and 40X using a Zeiss Axiovert 135 microscope equipped with Hoffman optics (Carl Zeiss 

Microimaging Inc., Thornwood, NY).  Voltage-activated currents were measured and elicited by pClamp 9 

software using an Axon Axopatch 200B amplifier (Axon CNS,Molecular Devices, Sunnyvale, CA) via the 

cell-attached configuration. The patch pipettes were fabricated from borosilicate glass electrode tubes 

from Jencons Limited (VWR International Ltd., Leighton Buzzard, UK), fire-polished to a tip diameter of 

approximately 1 µm, and coated with beeswax near the tip to reduce pipette capacitance.  Kv1.3 

expressing HEK293 cells were incubated for 30 minutes at 37
o
 C 5% CO2 in HEK293 bath solution 

containing either 0, 5, 10, or 20 mM D- or L-glucose, osmotically balanced with D-mannitol, for 30 minutes 

prior to electrophysiological examination.  During voltage-clamp recording, 0, 5, 10, or 20 mM D- or L-

glucose, with D-mannitol balance were included in both the bath and pipette solutions.   Cell attached 

patches were voltage-clamped to a holding potential (Vh) of -90 mV and stepped up to a command 

voltage (Vc) of 40 mV for 1000 ms before returning to Vh with an interpulse interval of 60 s to allow for 

complete recovery from cumulative inactivation.  The current was allowed to stabilize for 3–5 min, after 

which, peak current magnitude and rate of inactivation ( inact) and deactivation ( deact) were measured.  

Families of current–voltage relations were generated by holding the cell at -90 mV and stepping from -80 

to 60 mV in 20 mV increments for 1000 ms before returning to Vh with an interpulse interval of 45 s.  Peak 

current magnitude at each glucose concentration was normalized to the 0 mM glucose concentration 

within a transfection so that variation in transfection efficiency from day to day did not mask the treatment 

effect.    

Peak current was defined as the greatest current evoked after activation.  The inactivation time 

constant ( inact) was calculated by fitting the voltage-evoked current change from the peak current to the 

steady state current with a second order exponential equation and summing the weighted square as 

previously performed (Tucker and Fadool, 2002), see Section 3.2.5 for formula details.  The deactivation 

time constant ( deact) was calculated by fitting the tail current upon returning to -90 mV Vh, with a single 

order exponential equation (Tucker and Fadool, 2002) see Section 3.2.5 for formula details.  To measure 

changes in channel conductance ( ) and voltage of half-activation (V1/2), the Vh of -90 mV was stepped in 

5 mV increments from -90 mV to -5 mV with a pulse duration of 50 ms and an interpulse interval of 10 s.  

The resulting peak tail currents were inverted, plotted against the Vc, and fit with a Boltzmann equation 

(see Section 3.2.6 for formula details) where the slope was equal to  and V1/2 is the voltage at half of the 

maximum activation.    

 

3.2.4 Animal Care and Mouse Lines  

All mice were housed at the Florida State University vivarium in accordance with the institutional 

requirements for animal care.   The Kv1.3-null mice were a generous gift from Drs. Leonard Kaczmarek 

and Richard Flavell (Yale University, New Haven, CT) and were generated as described previously (Koni 

et al., 2003;Xu et al., 2003b).  In brief, Kv1.3-null mice were produced by excision of the Kv1.3 promoter 
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region and one third of the 5’ coding region as generated in a C57BL6/J background (Koni et al., 2003;Xu 

et al., 2003b).   C57BL6/J (WT) and Kv1.3-null mice were maintained on a standard 12/12h light/dark 

cycle with ad libitum access to 5001 Purina Rodent chow and water. 

 

3.2.5 Olfactory Bulb Slice Electrophysiology  

Postnatal day 21-35 (P21-35) WT and Kv1.3-null mice of both sexes, were anesthetized with 

isoflurane (Aerrane; Baxter, Deerfield , IL) using the Animal Care and Use Committee (ACUC)-approved 

drop method followed by decapitation (AVMA Guidelines on Euthanasia, June 2007).  The olfactory bulbs 

were exposed by removing the dorsal and lateral portions of the cranium between the cribriform plate and 

the lambda suture as described by Nickell and colleagues (Nickell et al., 1996).  After removing the dura, 

the OBs (while still attached to the forebrain) were quickly removed, glued to a sectioning block with 

Superglue and submerged in oxygenated, ice-cold, sucrose-modified ACSF to prepare the tissue for 

sectioning (Saint Jan and Westbrook, 2007).  Horizontal sections (325 µm) were cut in oxygenated, ice-

cold, sucrose-modified ACSF using a Series 1000 Vibratome.  The sections were allowed to recover in an 

interface chamber (Krimer and Goldman-Rakic, 1997) with oxygenated, sucrose-modified ACSF at 33
o
C 

for 30 minutes and maintained at room temperature in oxygenated normal ACSF until needed (Saint Jan 

and Westbrook, 2007).   

Neuronal slices were visualized at 10X and 40X using an Axioskop 2FS Plus microscope (Carl 

Zeiss Microimaging, Inc., Thornwood, NY) equipped with infrared detection capabilities.  The patch 

pipettes were fabricated from borosilicate glass electrode tubes from Jencons Limited, fire-polished to a 

tip diameter of approximately 2 µm with a final tip resistance of 3-5 MΩ.  Membrane voltage and current 

properties were measured and elicited by pClamp 9 software (Axon CNS, Molecular Devices, Sunnyvale, 

CA) using an Axopatch 200B amplifier (Axon CNS, Molecular Devices, Sunnyvale, CA) in the whole-cell 

configuration.  Mitral cell bodies were visualized by infrared, differential interference contrast and 

confirmed by soma location, soma size (15-30 µm), resting membrane potential (approximately -65 mV 

ranging from -50 mV to -87 mV) (Chen and Shepherd, 1997;Balu et al., 2004) and spiking properties 

upon current injection such as delay to first spike and intermittent spiking clusters (Chen and Shepherd, 

1997;Balu et al., 2004).   

After giga-ohm seal formation and break through to the whole-cell configuration, the health of the 

cell was determined by monitoring the resting membrane potential, input and series resistance over time. 

The cell membrane was then voltage-clamped at -80 mV (holding potential; Vh) and was stepped to a 

command potential (Vc) of +40 mV for 400 ms every 60 seconds to prevent characteristic cumulative 

inactivation of the channel (Marom and Levitan, 1994).  Peak current was defined as the greatest current 

evoked after activation and sustained current was defined as the steady-state current.  If ShK-186 was 

not applied to the slice, after three to five sweeps in the voltage-clamp configuration, the resting 

membrane potential of the same cell was then was recorded in the current-clamp configuration.  The 

membrane potential was then adjusted to –65 mV for consistency between cells for current-clamp 
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recordings.  Perithreshold current levels were determined by injecting 2 s long 25 pA steps beginning at  

–50pA every 20 s.  The current level that first elicited action potentials was considered perithreshold.  

Perithreshold currents were injected for 4 s every 20 s and latency to first spike, total spiking frequency 

(spikes/current injection time), within cluster spiking frequency, interspike interval (ISI; within a cluster) 

and cluster length (Balu et al., 2004) were measured.  A cluster was defined as three or more consecutive 

spikes with an ISI of 100 ms or less as previously established (Balu et al., 2004).  After a stable baseline 

was established, the perfusion solution was switched over to another glucose concentration while 

recording continued for 10-15 minutes to allow time for the full effect to take place.  If the recording 

conditions were favorable, washout was attempted. Cells that failed to have a resting membrane potential 

of at least -50 mV or an input resistance of at least 150 MΩ were discarded from analysis due to 

biophysical indicators of poor health.    

   

3.2.6 Data Analysis and Statistics 

All electrophysiological data were analyzed using pClamp 9 (Axon CNS, Molecular Devices, 

Sunnyvale, CA), Prism 5 (GraphPad Software, Inc., La Jolla, CA) and Igor Pro 6.12A (WaveMetrics Inc., 

Portland, OR) with the NeuroMatic version 2 plug-in (written by Jason Rothman). The pipette capacitance, 

was electrically compensated through the capacitance neutralization circuit of the Axopatch 200B 

amplifier.  Likewise, series resistance compensation was used to electrically reduce the effect of pipette 

resistance. Voltage-clamp traces were subtracted linearly for leakage conductance.  Resting membrane 

potentials were corrected for junction potential offset off-line.  Voltage-clamp traces were subtracted 

linearly for leakage conductance. The inactivation of the macroscopic current ( Inact) was fitted to the sum 

of two exponentials (y = y0 + A1 exp(-x/ 1)+ A2 exp(-x/ 2)) by minimizing the sums of squares, where y0 

was the Y offset, 1 and 2 were the inactivation time constants,  x is the time, and  A1 and  A2 were the 

amplitudes. The two inactivation time constants were combined by multiplying each by its weight (A) and 

summing as described previously (Tucker and Fadool, 2002). The deactivation of the macroscopic 

current ( Deact) was fitted similarly, but to a single exponential (y = y0 + A1 exp(-x/t1)). The voltage-

dependent activation of Kv1.3 was determined by fitting current-conductance relationships with a 

Boltzmann expression. The Boltzmann equation used for fitting was:  y =[(A1 - A2)/(1 + exp(X – X0)/dx]+ 

A2, where the steepness of the voltage dependence, , was determined as dx, A1 was the initial y value 

and A2 was the final y value.  X was time and X0 was the center between the two limiting values A1 and 

A2. V1/2 was defined as the voltage at half-maximum activation as previously described (Tucker and 

Fadool, 2002). 

Significant differences were determined by a one-way analysis of variance (ANOVA) followed by a 

Student Newman-Keuls (snk) or Bonfferoni posthoc test at the 95% confidence interval.  When evaluating 

statistically significant differences of normalized data, Arc-Sine transformation for percentile data was 

used followed by a Student’s t-test P < 0.05.  The reported values are mean ± standard error of the mean 

(SEM). 
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3.3 Results 

3.3.1 Kv1.3 is Sensitive to D- but not L-Glucose in a Concentration Dependent Manner  

To determine if Kv1.3 was sensitive to glucose in a metabolically-dependent manner, four 

glucose concentrations designed to mimic hypoglycemia (0 mM) normoglycemia (5 mM), postprandial (10 

mM) and hyperglycemia (20 mM) in the periphery were chosen.  Two isoforms of glucose were chosen to 

distinguish between metabolic-byproduct mediated modulation (D-glucose) and possible direct glucose 

interactions (L-glucose).  Heterologously expressed Kv1.3 channels were found to be sensitive to D-

Glucose in a concentration dependent manor (Figure 3.1) with the largest increase in current at the 10 

mM concentration (mean ± SEM, 5 mM = 1.22 ± 0.37, n = 7; 10 mM = 2.49 ± 0.75, n = 12; 20 mM = 0.68 

± 0.10, n = 6). Significant differences were determined by a one-way analysis of variance (ANOVA) 

followed by a Student Newman-Keuls (snk) posthoc test at the 95% confidence interval.  The 

metabolically inactive, L-glucose (Figure 3.2A) or 2-deoxyglucose (2-DG; 10 mM = 0.92 ± 0.08, n=6) did 

not have significant effects on Kv1.3 peak current as determined by Arc-Sine transformation for percentile 

data and Student’s t-test P < 0.05.  No significant differences were detected within or across glucose 

isoform for any concentration for inact, deact,  or V1/2 as determined by one-way ANOVA within glucose 

isoform and two-way ANOVA comparing isoform and concentration (Figure 3.2B-E). 

 

3.3.2 Mitral Cells are Glucose Sensitive 

 Three of seven mitral cells tested were excited by increases in D-glucose concentration.  Figure 

3.3 A and B shows examples of current-clamp recordings from two different glucose excited (GE) mitral 

cells.  GE mitral cells are more sensitive to current injection in 22 mM D-glucose than in 0 mM D-Glucose 

(Figure 3.4).   Four of seven mitral cells tested were inhibited by increases in D-glucose concentration.  

Representative current-clamp recordings from two different glucose inhibited mitral cells are shown in 

Figure 3.5 A and B. Glucose inhibited (GI) mitral cells are less sensitive to current injection in 22 mM D-

glucose than in 0 mM D-Glucose (Figure 3.6).    Figures 3.3 C and 3.5 C are plots of total frequency 

verses time, of the cells shown in Figures 3.3 B and Figure 3.5 B, respectively, to illustrate the time 

course of the modulation.  Both excitation and inhibition were stable within 60-90 s.   

 

3.3.3 Mitral Cells from Kv1.3-Null Mice are not D-Glucose Sensitive 

Glucose sensitivity of current-evoked activity of mitral cells from Kv1.3-null mouse OBs was 

evaluated as discussed for WT mouse mitral cells in Section 3.3.2.  Five of five mitral cells tested were 

not affected by changing glucose concentrations.  Representative current-clamp recordings from two 

different mitral cells are shown in Figure 3.7 A and B.  Figure 3.7 C is a plot of total frequency versus time 

for the cell represented in Figure 3.7 B.  To quantify the changes within a cell at the different glucose 

concentrations, the frequency and latency to first spike at 22 mM D-glucose was normalized to 0 mM D-

glucose within a cell and then averaged across cells (Figure 3.8).  A paired t-test was used on  
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Figure 3.1:  Kv1.3 is glucose sensitive in a concentration dependent manor.  (A) Representative cell-
attached voltage-clamp records of Kv1.3 channels heterologously expressed in HEK293 cells incubated 
for 30 minutes with 0, 5, 10 and 20 mM D-glucose.  Patches were held at -80 mV (Vh) and stepped in 20 
mV increments to +60 mV.  The pulse duration was 1000 ms with an interpulse interval of 60 seconds to 
prevent cumulative inactivation.  (B) The peak current elicited by a 1000 ms step from -80 mV to +40 mV 
after either a 30 minute incubation with 0, 5, 10 or 20 mM D-glucose normalized to the peak current 
elicited with the same voltage-clamp protocol under 0 mM D-glucose within the same transfection day.  
The number above each bar represents the number of cells (n) the average represents and the error bars 
indicate the standard error of the mean (SEM). Significant differences are denoted by different lowercase 
letters as determined by a one-way analysis of variance (ANOVA) followed by a Student Newman-Keuls 
(snk) posthoc test, P<0.05. (C) Current-voltage relationship elicited by the voltage-clamp protocol 
described in (A) for each D-glucose concentration (n=4-6, mean ± SEM).  
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Figure 3.2:  Kv1.3 is not sensitive to the metabolically inactive isoform, L-glucose.  Voltage-clamp analysis 
of Kv1.3 channels heterologously expressed in HEK293 cells incubated for 30 minutes with 0, 5, 10 and 
20 mM D-glucose (black bars) and L-glucose (white bars).  (A) Bar graph of the peak current elicited by a 
1000 ms step from -80 mV to +40 mV normalized to the peak current elicited with the same voltage-clamp 
protocol under 0 mM D-glucose within the same transfection day.  * Denotes significant differences within 
a concentration between glucose isoforms determined by Arc-Sine transformation for percentile data and 

Student’s t-test P < 0.05.  Bar graphs of (B) the inactivation time constant ( (C) deactivation D) 

conductance , and (E) voltage at ½ maximum activation (V1/2).  (B-E) * Denotes significant differences 
within a concentration between glucose isoforms determined by a two-way analysis of variance (ANOVA) 
followed by a Bonferroni posthoc test, P<0.05. All bars represent the mean ± SEM. 
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Figure 3.3:  Some mitral cells from WT mice are excited by glucose.  Representative OB slice whole-cell 
current-clamp recordings from glucose excited (GE) mitral cells of WT mice in which, perithreshold 
current was injected for 4 s every 20 s to evoke a train of action potentials during exposure to (A) 0 and 5 
mM D-glucose or (B) 0 and 22 mM D-glucose.  (C) Time course plot of spike frequency change through 
time for cell represented in B with line switch from 0 mM D-glucose (closed circles) to 22 mM D-glucose 
(open circles). 
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Figure 3.4:  Representative current-clamp recordings of a glucose excited (GE) mitral cell in response to 
2s, 25 pA current injection steps from 25 pA to 200 pA with a 20 s interpulse interval treated with 0 mm D-
glucose (left) and 22 mm D-glucose (right).   
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Figure 3.5:  Some mitral cells from WT mice are inhibited by glucose.  Representative OB slice whole-cell 
current-clamp recordings from glucose inhibited (GI) mitral cells of WT mice in which, perithreshold 
current was injected for 4 s every 20 s to evoke a train of action potentials during exposure to (A) 0 and 5 
mM D-glucose or (B) 0 and 22 mM D-glucose.  (C) Time course plot of spike frequency change through 
time for cell represented in B with line switch from 22 mM D-glucose (open circles) to 0 mM D-glucose 
(closed circles) with 50 pA current injection. 
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Figure 3.6:  Representative current-clamp recordings of a glucose inhibited (GI) mitral cell in response to 
2 s, 25 pA current injection steps from 25 pA to 200 pA with a 20 s interpulse interval treated with 0 mM 
D-glucose (left) and 22 mM D-glucose (right).   
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Figure 3.7:  Spiking frequency of mitral cells from Kv1.3-null mice is not effected by glucose.  
Representative OB slice whole-cell current-clamp recordings from mitral cells of Kv1.3-null mice in which, 
perithreshold current was injected for 4 s every 20 s to evoke a train of action potentials during exposure 
to (A) 0 and 5 mM D-glucose or (B) 0 and 22 mM D-glucose.  (C) Time course plot of frequency change 
through time for cell represented in B with line switch from 22 mM D-glucose (open circles) to 0 mM D-
glucose (closed circles) with 100 pA current injection. 
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Figure 3.8:  Glucose sensitivity of total firing frequency and latency to first spike in mitral cells from WT 
but not Kv1.3-null mice. To quantify the changes within a cell at the different glucose concentrations, (A) 
frequency and (B) latency to first spike at 22 mM D-glucose was normalized to 0 mM D-glucose within a 
cell and then averaged across cells.  The raw values were statistically compared with a paired t-test. 
*Indicates significant differences where P< 0.05.  # Indicates a trend for significance P=0.0549. The 
fraction above each bar represents the number of cells found to be either glucose inhibited or glucose 
excited per the total number of cells tested with both 0 and 22 mM D-glucose. 
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unnormalized data to determine if the changes in frequency and latency to first spike due to glucose 

concentration were statistically significant .  Glucose-excited mitral cells from WT mice had a higher firing 

frequency and shorter latency to first spike at 22 mM D-glucose than at M D-glucose; however, due to the 

low sample size, the differences were not statistically significant.  Glucose –inhibited mitral cells from WT 

mice had a significantly lower firing frequency and a trend (P=0.0549) toward a longer latency to first 

spike at 22 mM D-glucose than at 0 mM D-glucose.  Mitral cells from Kv1.3-null mice have no change in 

firing frequency or latency to first spike. 

 

3.4 Discussion 

The voltage-gated K channel, Kv1.3, carries the majority of the outward potassium current in the 

olfactory bulb (OB; Figure 4.1A, Chapter 4)(Fadool et al., 1997;Colley et al., 2004). Evidence is provided 

here that Kv1.3 is sensitive to D-glucose in a concentration-dependant manner but not the metabolically- 

inactive L-glucose (Figures 3.1 and 3.2). Mitral cells from WT mice can be divided into two categories of 

glucose sensitive cells, glucose excited (GE) and glucose inhibited (GI).  Mitral cells from mice with gene-

targeted deletion of Kv1.3 are glucose insensitive.  Kv1.3 channels have previously been shown to be 

modulated by adenosine triphosphate (ATP) (Chung and Schlichter, 1997a) and reactive oxygen species 

(ROS) (Duprat et al., 1995;Cayabyab et al., 2000), both of which are products of glucose metabolism.   

In normal individuals, inter-meal blood glucose levels are around 5 mM, rising to around 10 mM 

within 30 minutes after feeding.  This increase in blood glucose stimulates insulin release that in turn 

stimulates glucose uptake into cells.  Glucose is thereby removed from the blood stream, and blood 

glucose levels return to approximately 5 mM.  Diabetic patients have higher inter-meal glucose levels that 

rise to between 10-20 mM just after a meal and are much slower to return to baseline without insulin 

treatment.  Hypoglycemic conditions are considered to be below 3 mM.   

Two of the major products of glucose metabolism are ATP and ROS.  ATP is the energy currency 

for cellular processes and under hypoglycemic conditions ATP availability is low.  ROS, such as 

superoxides, are byproducts of oxidative phoshphorylation and during normal metabolism, only about 

0.1% of total oxygen used as a proton acceptor during metabolism becomes an ROS (Rolo and Palmeira, 

2006).  ROS production is high under hyperglycemic conditions due to changes in electron transport 

coupling and is thought to be a major cause of hyperglycemia-induced diabetic complications (Rolo and 

Palmeira, 2006).  

The exact mechanisms of mitral cell glucose sensitivity are unclear. Several glucose/ATP/ROS 

sensitive channels such as Kv1.3, Kir6.2 (Zhou et al., 2002) and KCa1.1 (Sausbier et al., 2006) are 

expressed in all or a subset of olfactory bulb mitral cells.  According to the Allen Brain Atlas, the sodium 

glucose co-transporters, SGLT1 and SGLT4 are expressed in a subset of mitral cells {2010 1115 /id}.  

These sodium glucose co-transporters bring in 1-2 sodium ions per glucose molecule and could therefore 

depolarize a mitral cell in the same way they do in a subset of glucose sensing neurons of the 

hypothalamus (Gonzalez et al., 2008;Gonzalez et al., 2009).  The glucose transporters, GluT1, 3, 4, 6, 8, 
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and 12 are also expressed in mitral cells resulting in more potential points of glucose entry (Allen Brain 

Atlas, 2010).  Even though mitral cells from Kv1.3-null mice are not glucose sensitive, it is difficult to make 

the case that both glucose excitation and glucose inhibition are Kv1.3 dependent.  There are many 

changes in protein expression in the Kv1.3-null mouse (Fadool et al., 2004;Lu et al., 2010).  It is unclear 

how those changes affect glucose sensitivity of those cells.   A series of electrophysiology experiments 

are needed, in which olfactory bulb slices are pretreated with Kv1.3, Kir6.2, KCa1.1, and SGLT blockers 

individually and exposed to various concentrations of glucose to determine which, if any, of these 

potential targets are responsible for the glucose sensitivity.  It is also possible that the glucose inhibition 

of mitral cells is due to granule cell synaptic inhibition as no synaptic blockers were used in these 

experiments. 

  It is possible for glucose to modulate ion channel activity by either direct channel glucose 

interactions (such as direct pore blockage, channel binding or unknown receptor activation and 

subsequent activation of some signaling cascade) or indirectly via metabolic products.  The large 

conductance Ca activated K channel, KCa1.1, has been found to be inhibited by hyperglycemic induced 

increases in ROS when expressed in HEK293 cells as well as in human coronary smooth muscle cells 

(Lu et al., 2006). The inward rectifier, Kir6.2 or KATP channel, is ATP sensitive and the ether-a`-go-go-

related gene (HERG) K channel or Kv11.1 has been shown to be suppressed at both hypoglycemic (0 

mM) and hyperglycemic (10-20 mM) glucose concentrations, with the highest current at normoglycemic (5 

mM) concentrations (Zhang et al., 2003).  In HEK 293 cells, Kv1.3 currents are acutely glucose sensitive 

whereby currents are highest under conditions mimicking the fed state (10 mM) and lowest at the upper 

and lower extremes (Figure 3.1).  This is logical as Kv1.3 currents have previously been shown to be 

sensitive to ATP by an unknown mechanism (Chung and Schlichter, 1997a) and ROS (Duprat et al., 

1995) in a src tyrosine kinase dependent manner (Cayabyab et al., 2000).   

On average, brain extracellular glucose concentrations follow blood glucose levels at approximately 

30% of those found in the blood (Silver and Erecinska, 1994;Seaquist et al., 2001;McNay and Gold, 

2002) but vary from region to region and with neuronal activity.   For example, McNay and Gold in a 

series of zero flux microdialysis experiments, found that resting extracellular glucose levels in the rat 

hippocampus was 1.2 mM while that in the striatum was 0.7 mM (McNay and Gold, 1999;McNay et al., 

2001).  During memory tasks, the hippocampal extracellular glucose levels decrease in a concentration-

dependent manner with increasing difficulty of the task (McNay et al., 2000), where as there was no 

change in striatum levels (McNay et al., 2000).  These results suggest that extracellular brain glucose 

levels are compartmentalized, possibly due to differences in vascularization, glucose transporter 

expression, or acute metabolic demand due to neuronal activity.   

A more recent study compared the glucose concentration in five discrete brain regions, including the 

olfactory bulb, with plasma glucose concentrations in anesthetized rats (Poitry-Yamate et al., 2009). Brain 

glucose concentrations increased linearly with plasma glucose concentration with a slope of 1.2-0.8 in all 

five regions with no significant differences among the five regions.  In the olfactory bulb, when plasma 
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glucose concentrations were 5, 10 and 20 mM, the olfactory bulb tissue concentrations were calculated to 

be 1, 2, and 5 µmol/g respectively (Poitry-Yamate et al., 2009).  Taken together, these results suggest 

that brain glucose concentrations fluctuate with peripheral glucose concentrations albeit at significantly 

lower levels (1/3-1/5 brain/plasma (Silver and Erecinska, 1994;Poitry-Yamate et al., 2009)).  The glucose 

concentrations used in this study were higher than those the olfactory bulbs or other brain regions would 

naturally encounter.   More experiments are needed to test physiologically relevant concentrations such 

as 0.1, 1, 1.5 and 3 mM D-glucose.  It is interesting to note however, that the artificial cerebral spinal fluid 

used for bath solution in most olfactory bulb slice electrophysiology experiments contains anywhere from 

10 -25 mM D-Glucose (Chen and Shepherd, 1997;Desmaisons et al., 1999;Lowe, 2002;Christie and 

Westbrook, 2003;Balu et al., 2004).  These are much higher concentrations than would ever be seen by 

the brain in vivo.  

 Kv1.3 is sensitive to the metabolically active D-glucose but not the metabolically inactive L-

glucose.  Mitral cells containing Kv1.3 and other glucose sensitive channels and transporters fall into two 

categories of glucose sensitive neurons:  glucose excited and glucose inhibited.  Since olfactory bulb 

glucose concentrations fluctuate with peripheral concentrations albeit at much lower concentrations, this 

could be a mechanism for differentially modulating the sensitivity of mitral cells to changes in energy 

availability. More studies are needed to determine the mechanism or mechanisms for this glucose 

sensitivity and whether or not there is some pattern of protein expression that can define the two groups.    
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CHAPTER 4 

 

Kv1.3 GENE-TARGETED DELETION ALTERS LONGEVITY AND REDUCES ADIPOSITY BY 

INCREASING LOCOMOTION AND METABOLISM IN MELANOCORTIN 4 RECEPTOR-NULL MICE  

 

4.1 Introduction 

The Shaker family member, Kv1.3, like other voltage-gated potassium channels, is traditionally 

considered to contribute to the resting membrane potential, firing frequency, and the interspike interval 

(Bean, 2007).  It is now becoming more evident that voltage-gated ion channels, potassium channels in 

particular, participate in non-traditional roles including cell proliferation, cell death, cell adhesion, and 

neuronal targeting (Kaczmarek, 2006).   The Kv1.3 channel can be modulated in multiple ways giving rise 

to complex biophysical control over its many functions.  Both receptor and cellular tyrosine kinases, have 

been shown to acutely suppress Kv1.3 current by direct tyrosine phosphorylation (Bowlby et al., 

1997;Fadool et al., 1997;Fadool and Levitan, 1998;Cayabyab et al., 2000;Fadool et al., 2000;Tucker and 

Fadool, 2002).  Moreover, tyrosine kinase-mediated suppression of Kv1.3 current can be further 

modulated by direct protein-protein interactions by adaptor and scaffolding proteins such as post synaptic 

density–95 (PSD-95), n-Shc, or Grb10 (Cook and Fadool, 2002;Marks and Fadool, 2007). 

Kv1.3 is involved in a variety of functions and is expressed in both excitable and non-excitable 

tissues including, but not limited to, the olfactory bulb (Kues and Wunder, 1992), white and brown adipose 

tissue (Xu et al., 2003b), skeletal muscle (Xu et al., 2003b), the hypothalamus (Mourre et al., 1999), T-

lymphocytes (Decoursey et al., 1985) and their mitochondria (Szabo et al., 2005), and brain microglia 

(Norenberg et al., 1994).  With this expression pattern in mind, it has not been surprising to find that 

general gene-targeted deletion of Kv1.3 produces mice with a wide variety of phenotypic outcomes.  

Kv1.3-null animals have altered axonal targeting of olfactory sensory neurons that synapse at smaller, 

supernumerary glomeruli in the olfactory bulb (Biju et al., 2008). Such modification of olfactory circuitry 

may underlie the gain of function behaviorally determined in these mice that are “Super-smellers” with 

increased discrimination of odor molecular features and odor threshold (Fadool et al., 2004).  

Furthermore, Kv1.3-null mice weigh 8-12% less than that of their wild-type littermates (Xu et al., 

2003b;Fadool et al., 2004) are resistant to moderately high-fat diet-induced weight gain (Xu et al., 2003b), 

are normphagic (Xu et al., 2003b;Fadool et al., 2004), and exhibit increased insulin sensitivity (Xu et al., 

2004).  Acute blockade of Kv1.3 current by margatoxin or genetic deletion of Kv1.3 protein increases 

peripheral insulin sensitivity by increasing translocation of the glucose transporter 4 (GLUT4) to the  

 
This Chapter was published as, “Kv1.3 gene targeted deletion alters longevity and reduces adiposity 
by increasing locomotion and metabolism in melanocortin-4 receptor-null mice”.  International Journal 
of Obesity.  2008.  32: 1222-1232.  By Tucker, K., J.M. Overton, and D.A. Fadool.   
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membrane in skeletal muscle and white adipose tissue (WAT) in a Ca
2+

 dependent manner via the 

calcium-sensitive synaptotagmin VII (Xu et al., 2004;Li et al., 2006;Li et al., 2007).    

We now hypothesize that loss of Kv1.3 can abrogate weight gain in a genetic model of obesity 

that is controlled by the CNS.  The melanocortin 4 receptor (MC4R) is part of the hypothalamic, 

anorexogenic pathway controlling metabolism and satiety (Butler, 2006), and brainstem-mediated control 

of meal size and food preference (Berthoud et al., 2006).  Genetic deletion of MC4R results in mice that 

exhibit severe obesity, hyperphagia, hyperinsulinemia, hypometabolism, and increased overall growth 

(Huszar et al., 1997;Weide et al., 2003).   We generated mice with a double gene-targeted deletion of 

Kv1.3 and MC4R by interbreeding Kv1.3-null and MC4R-null mouse lines to double homozygosity.  Kv1.3 

loss from this genetic model of obesity resulted in a reduction in adiposity and body weight that was not 

due to overall changes in growth but rather the result of increased locomotor activity and energy 

expenditure.   

4.2 Materials and Methods 

4.2.1  Animal Care and Generation of Double-Mutant Mouse Lines 

All mice were housed at the Florida State University vivarium in accordance with institutional 

requirements for animal care.  Mice were provided food and water ad libitum while maintained on a 

standard 12/12 hour light/dark cycle.  Kv1.3-null mice were a generous gift from Drs. Leonard Kaczmarek 

and Richard Flavell (Yale University, New Haven, CT) and were generated as described previously (Koni 

et al., 2003;Xu et al., 2003b).  In brief, Kv1.3-null mice were produced by excision of the Kv1.3 promoter 

region and one third of the 5’ coding region as generated in a C57B6/J background (Koni et al., 2003;Xu 

et al., 2003b).  The loxTB Mc4r mice (MC4R-null) were a generous gift from Dr. Joel Elmquist (University 

of Texas Southwestern Medical Center, Dallas, TX) and were generated as previously described 

(Balthasar et al., 2005).  In brief, the Mc4r gene was transcriptionally blocked by insertion of a loxP-

flanked transcriptional blocking sequence between the Mc4r transcription start sequence and 112 bp 

upstream of ATG to produce a complete block of Mc4r transcription and protein production in a C57B6/J 

and Sv129 mixed background (Balthasar et al., 2005).  Due to the well-known poor reproductive capacity 

of MC4R (-/-) mice (Schioth and Watanobe, 2002), MC4R(+/-) breeders were maintained and periodically 

crossed to establish the MC4R-null animals used in the experiments.  Also, to increase reproductive 

success, MC4R (+/-) mice were bred to Kv1.3 (-/-) mice to generate an array of useful allelic 

combinations, which followed traditional patterns of Mendelian inheritance.  Double homozygous 

recessive (Kv/MC4R-null) were backcrossed to wild-type animals to confirm the accuracy of pcr-based 

genotyping.  Standard genotyping was performed by reverse transcriptase pcr from genomic dna 

extracted from tail biopsies using DNeasy Tissue Kit (Qiagen, Valencia, Ca).  Kv/MC4R-null mice were 

interbred three generations to establish a working colony.  Likewise, double-homozygous dominant 

(wildtype, WT) were maintained as the experimental wild-type group.  Kv1.3-null mice have no difficulty 

breeding (Fadool et al., 2004)  and were therefore used as breeders.  A separate group of 20 mice (5 of 

each genotype; WT, Kv-null, MC4R-null, and Kv/MC4R-null) were used to assess fecundity within a ten 
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month window.  The ratio of the number of births/number of crosses was calculated for each homozygous 

breeding pair to determine the pregnancy rate.  Thirty-seven mice were monitored for longevity by 

allowing them to die a natural death. 

 

4.2.2  Indirect Calorimetry and Behavioral Monitoring 

Oxygen consumption (VO2; ml/min) and carbon dioxide production (VCO2; ml/min) of individually 

housed, postnatal day 60 to 75 (P60-P75) mice were continuously monitored for eight days at 23
o
C in 

metabolic isolation chambers as previously described (Rashotte et al., 1995).  In brief, mice were placed 

in shoebox cages (26 x 47 x 13.5 cm) fitted with near-airtight lids that received fresh air at a rate of 

0.5L/min.  Dry, mixed-cage air was sampled with a 250 ml/min flow rate and sent to O2 and CO2 gas 

analyzers every four minutes (min) for 30 seconds (s) followed by VO2 and VCO2 determination by open-

circuit respirometry according to Bartholomew and colleagues (Bartholomew et al., 1981) with 

modifications to isolate successive samples (Rashotte et al., 1995).  Due to the established effects of 

animal size on metabolism and energy expenditure (EE) and the caveats intrinsic to various approaches 

to normalize metabolism for body mass (Arch et al., 2006), absolute VO2 (ml/min), metabolic mass-

specific VO2 (ml/min/kg of body weight 
0.75

), (Blaxter, 1989) and mass-specific VO2 (ml/min/kg of body 

weight) were calculated.  Dark and light phase energy expenditure were calculated using the Weir 

equation (Weir, 1949):  EE = (3.94 x VO2) + (1.1 x VCO2).   Total energy expenditure (TEE) was 

calculated as the sum of both the dark- and light-phase EE.  All reported mean values were calculated for 

12 hours of dark and 11 hours of light so that daily body weight, caloric intake, and water consumption 

could be measured during the last hour of the light cycle. These manual animal maintenance procedures 

were purposefully chosen to be performed one hour before the mice would normally be waking.  In our 

experience, meal size and activity patterns remain stable due to special housing chambers that isolate 

animals from external auditory or visual stimulation i.e. (Williams et al., 2002).  The extended period of 

acclimation (3-4 days) prior to physiological measurements additionally minimizes the disturbance of the 

animals resultant from the daily maintenance, during which, each of the animals are similarly handled.   

Each cage was positioned on a custom-designed platform resting on a centered fulcrum with stiff strain-

gauge load-beam transducers positioned under two adjacent corners to measure animal position and 

locomotor activity as previously described (Williams et al., 2002).  Locomotor activity was reported in 

meters, binned every 30 s, and measured at a 1 mm resolution.   Daily caloric intake was calculated by 

measurement of consumed powdered Purina 5001 rodent chow (3.3 kcal/g).  Photobeam breakage was 

binned every 30 s with a 50 ms resolution.  Drinking behavior was monitored using a lickometer, which 

recorded licks in 30 s bins.   

 

4.2.3  Fat Pad and Serum Collection 

Overnight-fasted P60 mice were weighed and their nose to anus length was recorded.  Mice were 

then anesthetized with 50 mg/kg of Nembutal followed by decapitation according to Florida State 
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University Laboratory Animal Resources and AVMA-approved methods.  Fasting blood glucose levels 

were determined using an Ascensia Contour Blood Glucose Monitoring System (Bayer Healthcare, 

Mishawaka, IN) during collection of trunk blood immediately following decapitation.  Collected trunk blood 

was allowed to coagulate at room temperature (rt) for 10 min, placed on ice for 30 minutes followed by 

centrifugation at 750 rpm for 10 min at 4
 o
C.  Serum was collected and stored at –20

o
C for later 

examination with a Mouse Leptin ELISA Kit (Linco Research, St. Charles, MO) and an Ultrasensitive 

Mouse Insulin ELISA Enzyme Immunoassy (Mercodia AB, Uppsala, Sweden) to determine fasting serum 

levels of leptin and insulin, as per manufacturer’s protocols.  All visceral fat, including inguinal, 

retroperitoneal, and mesenteric white adipose tissue (WAT) were removed from the abdominal cavity, 

separated, and weighed.  Subcutaneous WAT was sub-sampled by weighing the fat pad on the right side 

of each animal, from the median line of the abdomen to the spine and the right hip to the first rib.  Brown 

adipose tissue was removed from between the scapulae and weighed.     

 

4.2.4  Data Analysis and Statistics 

 Metabolism, energy expenditure, locomotor activity, caloric intake, and water consumption values 

were typically 2 day averages after 5-6 days of acclimation of the animal to the metabolic chambers.  

Statistical significance was determined by one-way analysis of variance (ANOVA) using a Student 

Newman Keuls (snk) post-hoc test at the 95% confidence interval.   

 

4.3  Results 

4.3.1  Kv1.3 Removal Causes MC4R-null Mice to Weigh Less  

To determine if Kv1.3 deletion could prevent weight gain in a genetic model of obesity, Kv/MC4R-

null mice were generated by breeding Kv1.3-null (Koni et al., 2003;Xu et al., 2003b) and MC4R-null 

(Balthasar et al., 2005) mice to homozygosity (see Materials and Methods).  Targeted deletion of Kv1.3 in 

MC4R-null mice caused the suppression of late-onset weight gain that typically began around postnatal 

day 55 (P55) in MC4R-null mice and resulted in a 17.8% decrease in body weight by 9 months of age 

(Figure 4.1a and b).    

In order to elucidate physiological mechanisms driving reduced weight of Kv/MC4R-null animals, 

data were sorted by sex to determine the age at which divergence in body weight occurred across the 

genotypes (Figure 4.2a and b).  Albeit females having slightly greater variability and earlier onset of 

weight gain, the P60 time point was established as our criteria from which to measure the initiation of 

changes in correlation to the late-onset weight gain (see dashed lines in Figure 4.2a and b).  Therefore, 

all subsequent data were collected at P60. 

 

4.3.2  Reduction of Body Weight in Kv/MC4R-null Mice is Due to Decreased Fat Deposition 

MC4R-null mice have an increased overall growth rate resulting in a greater nose to anus length 

and increased fat deposition than that of wild-type animals (Huszar et al., 1997;Balthasar et al., 2005).   
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Figure 4.1:  Developmental total body weight is dependent upon genotype.  (a) Line-graph plot of daily 
(Postnatal day10 (P10) to P50), then weekly, body weight for wildtype mice (WT, n=6), Kv1.3 knockout 
(Kv-null, n=9), melanocortin 4 receptor knockout (MC4R-null, n=6), and double-knockout mice (Kv/MC4R-
null, n=16).  (b) Bar-graph representation of total body weight over age in months.  Different letters within 
an age group indicate a significant difference at the 95% percentile as determined by an one-way 
analysis of variance (ANOVA; treatment = genotype) using a Student Newman Keuls (snk) post-hoc test.  
(a-b) Data represent mean ± standard error of the mean (SEM) in this and all subsequent figures. 
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Figure 4.2:  Gender-specific body weight is dependent upon genotype.  Graphing and abbreviation as in 
Figure 4.1a, but sorted by sex.  The dashed box (P60-P75) indicates initial separation in genotype-
dependent weight changes and represents bracketed age group upon which all subsequent experiments 
were performed (Figures 4.3-7).  Note the higher variability and early weight divergence in female (a) 
when compared to male (b) mice.  Plotted sample size = (a) Female (WT n=2, Kv-null n=3, MC4R-null 
n=2, Kv/MC4R-null n=8).  (b) Male (WT n=4, Kv-null n=5, MC4R-null n=3, Kv/MC4R-null n=8). 
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To determine if the reduction in body weight (Figure 3a) was due to a reduced overall growth rate 

in Kv/MC4R-null animals, nose to anus lengths were measured as reported in Figure 4.3b.  MC4R-null 

mouse nose to anus lengths were significantly longer than those of WT and Kv-null mice but were not  

different from those of Kv/MC4R-null mice.  The reduction in body weight of Kv/MC4R-null animals is 

therefore not likely due to changes in overall growth.  Instead, body weight reduction in the Kv/MC4R-null 

mice appears to be due to a decrease in fat mass deposition.  As reported in Figure 4.3d, male Kv/MC4R-

null mice deposit significantly less fat than do male MC4R-null animals in all sampled fat pads including 

epidydimal, mesenteric, retroperitoneal, subcutaneous, and brown fat.   Female Kv/MC4R-null mice also 

deposit less fat than do female MC4R-null animals, which reaches statistical significance for endometrial 

and subcutaneous fat (Figure 4.3c).   

 

4.3.3  Blood Chemistry Changes in Kv/MC4R-null Mice 

 To understand how a Kv1.3-targeted deletion affects resting blood chemistry of MC4R-null mice, 

trunk blood samples were collected and analyzed from over-night  fasted mice (15 hour).  As shown in 

Figure 4.4a, fasting blood-glucose levels were significantly higher for both male and female MC4R-null 

and Kv/MC4R-null mice than for those of WT and Kv-null animals.  Fasting serum-insulin levels were 

variable and not significantly different across any genotype (Figure 4.4b).  Fasting serum-leptin 

demonstrated a highly significant elevation in the MC4R-null mice and was significantly reduced in 

Kv/MC4R-null animals to levels approximating those measured for WT and Kv-null animals (Figure 4.4c).     

 

4.3.4  Caloric Intake and Water Consumption 

Daily caloric intake in the MC4R-null mice was consistent with our expectations, given that 

previously published data demonstrating daily caloric changes do not become significant until around 14 

weeks of age (Marie et al., 2000).  Caloric intake was not significantly different across any genotype in 

comparison to that of WT mice (Figure 4.5a; not significantly different, ANOVA, snk).  Since insignificant 

differences in caloric intake may become physiologically significant overtime (Weide et al., 2003), we also 

calculated and analyzed a 5 day cumulative food intake (Figure 4.5b), but similarly, did not find any 

genotypic changes.  There were also no measurable differences in water consumption at this age (Figure 

4.5c).  We therefore conclude that the onset of the weight differences at P60, due to gene-targeted 

deletion of Kv1.3 in MC4R-null mice, is not likely attributed to differences in caloric intake or water 

consumption.  

  

4.3.4  Dark-Phase Mass-Specific Metabolism and Locomotor Activity are Increased in Kv/MC4R-

null Mice. 

To ascertain what physiological parameters might be contributing to the reduced adiposity 

phenotype of Kv/MC4R-null mice, P60-P75 mice were allowed to acclimate to custom-built metabolic  
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Figure 4.3:  Body weight, growth, and adiposity is dependent upon genotype.  Histogram plot of (a) mean 
body weight, (b) nose to anus length, and (c) female, or (d) male fat pad deposition sorted by genotype.  
Abbreviations as in Figure 4.1.  Number of animals (n) as noted.  Endometrial (Endo), epididymal 
(Epidid), mesenteric (Mesen), retro-peritoneal (Retro), subcutaneous (Sub-Q) and brown fat (Brown). 
Different lowercase letters denote a significant difference within females and different capitol letters 
indicate a significant difference within males at the 95% percentile as determined by an one-way ANOVA 
(treatment = genotype) followed by a Student Newman Keuls (snk) post-hoc test.  Statistics for (c) and (d) 
are for within fat pad comparison (treatment = genotype).  
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Figure 4.4:  Fasting blood chemistry is dependent upon genotype.  Histogram plot of fasting (a) blood 
glucose, (b) insulin, and (c) leptin determined following a 12 hour, dark-phase fast.  Abbreviations, 
statistical treatment as per Figure 4.1.   
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Figure 4.5:  Daily caloric and water intake is not dependent upon genotype.  Histogram plot of (a) daily 
caloric intake (b) five-day cumulative caloric intake and (c) water intake.  Data represent mean ± SEM of 
two-day interval (a and c) or five-day cumulative caloric intake (b) preceded by a five-day acclimation 
period.  Abbreviations, statistical treatment as per Figure 4.1.   
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chambers for four days followed by eight baseline days of continuous 12 hours of dark-phase and 11 

hours of light-phase oxygen consumption (VO2) and locomotor activity monitoring.  Figure 4.6 represents 

a 2 day average for metabolically-active mass-specific metabolism (a and b) and locomotor activity (c and 

d).  MC4R-null mice displayed a significantly lower dark-phase metabolically-active mass-specific Gene-

targeted deletion of Kv1.3 in MC4R-null mice returned dark-phase metabolically-active mass-specific 

metabolic rate back to that observed for WT animals, completely reversing the low metabolic phenotype 

(Figure 4.6a).  The low dark-phase locomotor activity of MC4R-null mice was also reversed by gene-

targeted deletion of Kv1.3 in the Kv/MC4R-null mice (Figure 4.6c).  Basal or light-phase metabolically-

active mass-specific metabolic rate and locomotor activity were not statistically different for any of the 

genotypes (Figure 4.6b and d).  Due to technical restraints in the measurement and interpretation of 

open-circuit indirect calorimetry of small animals (Arch et al., 2006) we also report uncorrected and 

weight-corrected oxygen consumption in the light and dark phase as a helpful comparison in Figure 4.7.   

Total energy expenditure normalized to body weight (nTEE) was decreased in MC4R-null mice below that 

of WT and Kv-null animals while gene-targeted deletion of Kv1.3 in MC4R-null mice significantly returned 

nTEE values to normal levels in females while there was only a trend in males (Figure 4.8 a).   When the 

nTEE is partitioned into energy expended during the dark and light phase, the decrease in expenditure 

observed in the MC4R-null mice that is corrected by Kv1.3-targeted deletion is statistically preserved in 

the dark phase but only reaches a trend in the light phase (Figure 4.8 b,c).  Therefore, increased dark 

phase locomotor activity and concomitant metabolic activity appear to be driving dark phase energy 

expenditure.  Uncorrected energy expenditure values are reported in Figure 4.9. 

 

4.3.5  Kv1.3 Gene-Targeted Deletion Improves Longevity and Fecundity  

As a result of routine colony maintenance, we observed a differential longevity and pregnancy 

rate across the generated genotypes, which we then systematically quantified.  The mean life-span of the 

Kv-null mice significantly increased 22% over that of WT mice whereby life-span of the MC4R-null mice, 

oppositely, was significantly reduced by 36% in comparison to that of WT mice (WT = 778 ± 54 days, Kv-

null = 951 ± 40 days, MC4R-null = 497 ± 41 days; Figure 4.10a).  Gene-targeted deletion of Kv1.3 in 

MC4R-null mice returned the lifespan of these mice to approximately WT levels, 668 ± 84 days (Figure 

4.10a).  The survival curve plotting the percentage of mice alive versus age in months demonstrates a 

similar pattern of increased longevity in the Kv-null background (Figure 4.10b).  Interestingly, the 

decreased fecundity typically reported for MC4R-null mice (Schioth and Watanobe, 2002) was partially 

rectified in Kv/MC4R-null animals in comparison to the greater than 80% pregnancy rates of either WT or 

Kv-null mice (Figure 4.10c).  
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Figure 4.6:  Metabolically-active mass-specific metabolic activity and locomotor activity are dependent on 
genotype.  Mice were monitored for eight days in custom-built metabolic chambers that monitor oxygen 
consumption (VO2) and locomotor activity.  Histogram plot of (a) dark phase or (b) light phase 
metabolically-active mass-specific VO2 and dark phase(c) or light phase (d) locomotor activity.  Data 
represent mean ± SEM of two-day interval preceded by a five-day acclimation period.  Abbreviations, 
statistical treatment as per Figure 4.1. 
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Figure 4.7:  Absolute and mass-specific metabolic activity are dependent on genotype.  Mice were 
monitored for eight days in custom-built metabolic chambers that monitor oxygen consumption (VO2).  
Histogram plot of (a) dark phase or (b) light phase absolute VO2 and (c) dark phase or (d) light phase 
mass-specific VO2.  Data represent mean ± SEM of two-day interval preceded by a five-day acclimation 
period.  Abbreviations are as follows: Wild-type mice = WT, Kv1.3 knockout = Kv-null, melanocortin 4 
receptor knockout = MC4R-null and double-knockout mice = Kv/MC4R-null.  Different letters within 
gender indicate a significant difference at the 95% percentile as determined by an one-way analysis of 
variance (ANOVA; treatment = genotype) using a Student Newman Keuls (snk) post-hoc test. 
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Figure 4.8:  Mass-specific total energy expenditure (TEE) is dependent upon genotype.  Histogram plot of 
the mean (a) mass-specific total energy expenditure, (b) dark- and (c) light-phase mass-specific energy 
expenditure sorted by sex and genotype.  Data represent mean ± SEM of two-day interval preceded by a 
five-day acclimation period.  Abbreviations, statistical treatment as per Figure 4.1.  Mass-specific TEE 
was calculated as the sum of the 12 hour dark- and 11 hour light-phase energy expenditure, determined 
by Weir equation, divided by the animal weight (see Materials and Methods for details).   
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Figure 4.9:  Total energy expenditure (TEE) is dependent upon genotype.  Histogram plot of the 
uncorrected mean (a) total energy expenditure, (b) dark- and (c) light-phase energy expenditure sorted by 
sex and genotype.  Data represent mean ± SEM of two-day interval preceded by a five-day acclimation 
period.  Abbreviations are as follows: Wild-type mice = WT, Kv1.3 knockout = Kv-null, melanocortin 4 
receptor knockout = MC4R-null and double-knockout mice = Kv/MC4R-null.  Different letters within 
gender indicate a significant difference at the 95% percentile as determined by an one-way analysis of 
variance (ANOVA; treatment = genotype) using a Student Newman Keuls (snk) post-hoc test.   
metabolic rate (VO2; ml/min/kg 

0.75
) when compared to that of WT and Kv-null mice.   
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Figure 4.10:  Kv1.3 gene-targeted deletion improves longevity and fecundity.  Histogram plot of the mean 
(a) longevity and (c) pregnancy rate calculated as total number of births/total number of crosses for each 
genotype.  Data represent mean ± SEM.  Abbreviations, statistical treatment as per Figure 4.1.  Survival 
curve (b) depicting the percent survival at various ages. Note the median age of survival for WT is 28 
months, Kv-null is 32 months, MC4R-null is 18 months, Kv/MC4R-null mice is 22 months. 
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4.4  Discussion 

It has previously been shown that Kv1.3 is involved in weight maintenance, diet-induced obesity, 

peripheral glucose uptake, and insulin sensitivity (Xu et al., 2003b;Xu et al., 2004;Fadool et al., 2004;Li et 

al., 2006;Li et al., 2007).  We now demonstrate that gene-targeted deletion of Kv1.3 in MC4R-null mice, a 

genetic model of obesity, reduces adiposity and fasting leptin levels, without changing overall growth, 

fasting blood-glucose and serum-insulin.  Basal or light-phase metabolically-active mass-specific  

metabolic rate and locomotor activity were not affected by genetic deletion of Kv1.3 in MC4R-null mice 

but dark-phase locomotor activity and metabolically-active mass-specific metabolism were significantly 

increased by Kv1.3 deletion resulting in increased mass-specific total energy expenditure.   

Mutations in the MC4R gene are correlated to human obesity in approximately 2-5% of the 

morbidly obese population (Mutch and Clement, 2006).  The MC4R-null mouse model of obesity is only 

one of several models of genetically-induced obese mouse lines (Carroll et al., 2004).  MC4R-null mice 

have a first order mutation in the leptin signaling pathway, and as such, Kv1.3-gene deletion likely acts 

downstream of this pathway.  The fact that Kv1.3-null mice are resistant to diet-induced obesity (Xu et al., 

2003b) via a hypothesized mechanism that involves increased peripheral insulin sensitive glucose 

transporter 4 (GLUT4)  translocation in adipose tissue (Xu et al., 2004;Li et al., 2006;Li et al., 2007), 

combined with our findings that deletion of the Kv1.3 gene abrogates genetically-induced obesity that 

targets a central pathway, may indicate that there are multiple cellular mechanisms for which this Kv 

channel might regulate energy homeostasis.  It might be diagnostic to explore if deletion of Kv1.3 in other 

obese backgrounds would produce similar decreases in body weight via changes in locomotion or if 

Kv/MC4R-null animals could curtail weight gain if challenged with a moderately-high fat diet.   

MC4R-null mice exhibit a significantly lower metabolic rate than wild-type mice (Marie et al., 

2000;Balthasar et al., 2005), while Kv1.3-null mice have been shown by our group to have no difference 

in metabolism in animals completely acclimated to the metabolic chambers (Fadool et al., 2004).  Others 

have reported a significant increase in metabolism in Kv1.3-null mice in short term (3 hour) metabolic 

studies (Xu et al., 2003b).   Here we confirm previously published data that in long-term metabolic 

studies, mass-specific metabolism of Kv-null mice is not significantly different from that of WT animals 

and MC4R-null mice have a significantly lower dark-phase mass-specific metabolic rate than that of both 

male and female wild-type mice.  Kv1.3- targeted deletion in MC4R-null mice returns mass-specific 

metabolism back to WT levels, reversing the low metabolic phenotype caused by deletion of MC4R.  

When one compares the metabolically-active mass-specific metabolic rate (Figure 4.6a) with that of the 

mass-specific metabolic rate (Figure 4.7c), only the former reaches statistical significance during the dark-

phase, whereas the latter, reaches only a trend (p=0.066) in males.  Therefore, while the mass-specific 

correction for metabolically active body mass (kg
0.75

) is statistically validated, both forms of normalization 

demonstrate an identical physiological trend. 

Metabolically-active total energy expenditure was not different between the male MC4R-null and 

Kv/MC4R-null animals, but it was increased in Kv/MC4R-null females.  At the P60 time point of our study, 
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females are more separated in weight and locomotor activity.  We did not assess estrous cycle status 

during our studies of female mice.  It is known that estradiol has effects on feeding and locomotor activity 

in both mice and rats (Asarian and Geary, 2006).  Examination of food intake and locomotor activity over 

a 5 day window that would have covered all phases of the estrous cycle, did not demonstrate increased 

variance (data not shown) as one might predict by averaging random stages of a cycle-dependent 

variable.  Moreover, data collected in individual female mice were qualitatively examined but no apparent 

cyclic changes in activity or food intake were noted.  There also seems to be a trend for the male 

Kv/MC4R-null mice to have a slightly higher caloric intake than that of the MC4R-null mice, possibly 

leading to a non-statistically significant intermediate energy expenditure phenotypic difference in the male 

mice at P60.  Nonetheless, the weight phenotype at 9 month is significantly different for both males and 

females suggesting the influence of Kv1.3 on MC4R null mice is gender independent. 

In conjunction with low metabolic rate, MC4R-null mice have been shown to exhibit decreased 

locomotor activity or spontaneous physical activity (SPA) (Marie et al., 2000).  Removal of Kv1.3 from 

MC4R-null mice increased the dark-phase SPA.  SPA has been shown in both humans and rodents to 

contribute to increased total energy expenditure by significantly increasing what has been coined NEAT 

or non-exercise activity thermogenesis or metabolism in both rodents and humans resulting in weight gain 

resistance (Novak and Levine, 2007).  Therefore, it is possible that increased SPA could have increased 

the dark-phase mass-specific metabolism and mass-specific energy expenditure observed in the 

Kv/MC4R-null mice resulting in a reduced adiposity phenotype.  This hypothesis is further strengthened 

by the fact that no basal or light-phase mass-specific metabolic or locomotor changes were observed, 

indicating Kv1.3 is not modulating the basal or resting metabolic rate, but only the activity-induced 

metabolic rate.  Irani and colleagues were likewise able to show that exercise induced elevation of 

locomotor activity decreased MC4R-null mouse body weight by 25% compared to that of sedentary 

MC4R-null controls (Irani et al., 2005). Together, these data suggest that increased SPA seen in the 

Kv/MC4R-null mice might account for the 18% difference in weight gain between MC4R-null and 

Kv/MC4R-null mice. 

MC4R-null mice and acute block of MC4R by SHU9119 in rats increases meal size and food 

intake (Marie et al., 2000;Weide et al., 2003;Balthasar et al., 2005;Berthoud et al., 2006).  Hyperphagia in 

MC4R-null mice has been detected as early as P21-P35 by evaluation of cumulative two week intake 

(Weide et al., 2003), but daily caloric changes do not become significant until around 14 weeks of age 

(Marie et al., 2000), which is consistent with the results reported here.  At 9 weeks of age or 

approximately P60, the MC4R-null mice did not exhibit statistically significant increases in daily caloric 

intake over WT or the Kv/MC4R-null mice.  This suggests that at P60, caloric intake is not the driving 

factor for the reduction in total body weight and adiposity in the Kv/MC4R-null mice.  In our study, we did 

not measure cumulative caloric intake to ascertain whether our insignificant differences in calorie intake 

might cumulate to become physiologically relevant differences over time.  While this is a factor that 

cannot be eliminated by our current data set, it appears to be less likely given that we have previously 
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measured two of the genotypes (WT versus Kv1.3-null) at 6 months and 1 year of age (Fadool et al., 

2004), where we found that caloric intake did not vary with genotype at older time points. 

Both food restriction and adiposity have been demonstrated to affect longevity in rodents (McCay, 

1958;Bertrand et al., 1980;Harrison et al., 1984).   All of the animals monitored for life-span duration in 

our study were allowed to eat ad libitum therefore we suggest adiposity had a greater influence in 

longevity difference over that of food intake.   Although our fat pad analyses were performed at P60, the 

further acceleration and then plateau in body weight measured during the first 10 months of age, would 

suggest that the relative comparison in adiposity across the genotypes would persist throughout the life-

span of the animal.  Given the differential in presumed adult fat pad accumulation, mice with slow 

metabolism and increased fat pad accumulation had the shortest life-span, while mice with increased 

locomotor activity, metabolism, and reduced fat pad accumulation were correlated with the longest life-

span.  A model in which leanness, and not food restriction, was associated with extended longevity was 

also supported by Bluher et al. (2003) (Bluher et al., 2003) whom demonstrated that fat-specific insulin 

receptor knock-out mice were resistant to age-related obesity and exhibited an increase in life-span.  In 

tandem with the fact that longevity was improved for the MC4R-null mouse in the Kv1.3-gene targeted 

deletion background, it is interesting that the poor pregnancy rate in these animals was also dramatically 

improved upon deletion of Kv1.3.  Decreased adiposity and increased locomotor activity (Irani et al., 

2005) are two important variables that could contribute to the improved reproductive success of the 

Kv/MC4R animal. 

Brain-derived neurotrophic factor (BDNF) signaling may be involved in an underlying mechanism 

for our observed reduced adiposity phenotype in the Kv/MC4R-null mice.  Certainly BDNF expression is 

known to increase with exercise (Huang et al., 2003) and MC4R signaling is known to modulate BDNF 

expression in the hypothalamus to regulate energy balance (Xu et al., 2003a)(Nicholson et al., 2007).   

From previous investigations, we know that gene-targeted deletion of Kv1.3 results in an increased 

olfactory bulb expression of the neurotrophin receptor, TrkB (Tucker and Fadool, 2002).  Moreover, 

activation of the receptor tyrosine kinases, TrkB and insulin receptor kinase, in the olfactory bulb of WT 

mice results in Kv1.3 current suppression that has been well characterized (Fadool and Levitan, 

1998;Fadool et al., 2000;Tucker and Fadool, 2002).  Thus, BDNF signaling in the OB uses Kv1.3 channel 

protein as a substrate for phosphorylation and subsequent neuromodulation.  The channel and 

neurotrophic pathway reciprocally regulate one another and when the channel is deleted, signaling is 

uncoupled, and results in such aberrant development such as axonal mistargeting (Biju et al., 2008).  If 

we extend this analysis to other CNS regions, where it is known that insulin and BDNF-signaling are 

involved in energy homeostasis (feeding behaviors, locomotor activity, and metabolism) (Ono et al., 

2000;Xu et al., 2003a;Gray et al., 2006;Nicholson et al., 2007;Yamanaka et al., 2007;Wang et al., 

2007a;Wang et al., 2007b;Wang et al., 2007c), it could be plausible that Kv-null animals have increased 

BDNF sensitivity in areas which normally expresses Kv1.3 (Mourre et al., 1999) and would be predicted to 

demonstrate elevated TrkB in Kv-null mice.   
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More experiments are required to resolve a discrete mechanism that might link loss of Kv1.3 and 

BDNF activity.  Such interactions are likely to be complex – for example, mice heterozygous for BDNF 

deletion are obese, hyperphagic, hyperinsulinemic, hyperleptinemic and hyperglycemic, but are also 

hyperactive (Kernie et al., 2000;Fox and Byerly, 2004) but these mice have reduced BDNF levels through 

out the entire brain.  Other studies, targeting the BDNF signaling cascade in specific regions of the brain 

through conditional knockout or nuclei-targeted cannulation studies reveal anatomical separation of the 

effects of BDNF on feeding, energy metabolism and locomotor activity.  The effects of BDNF on feeding 

but not locomotor activity, have been shown to be mediated by the ventromedial, dorsomedial and 

paraventricular nuclei (PVN) of the hypothalamus (Unger et al., 2007;Wang et al., 2007a;Wang et al., 

2007b).  The PVN has also been shown to be important for mediating BDNF effects on metabolism but 

not locomotor activity (Wang et al., 2007a).  BDNF’s effects on locomotor activity are localized to 

forebrain regions as revealed by forebrain specific knockouts of bdnf (Monteggia et al., 2007) and its 

receptor, trkB (Zorner et al., 2003).  

  It will important to investigate the mechanism by which Kv1.3 modulates locomotor activity 

thereby increasing metabolism and decreasing body weight and adiposity.  To do this, it will be necessary 

to determine which brain regions and cell types express Kv1.3, and in particular, which co-localize the 

channel and MC4R or TrkB.  Acute and chronic blockade of Kv1.3 by siRNA or peptide blockers would be 

useful to determine if developmental or protein expression changes are responsible for increasing 

locomotor activity and thereby metabolism in the MC4R-null mouse.    
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CHAPTER 5 

 

KV1.3-NULL MICE ARE NO LONGER RESISTANT TO DIET-INDUCED OBESITY 

AFTER OLFACTORY BULBECTOMY   

 

5.1  Introduction 

 Kv1.3 is a member of the Shaker-like family of potassium-selective, voltage-sensitive ion 

channels.  It is known to contribute to the resting membrane potential, modulate firing frequency  and 

regulate action potential shape (Defarias et al., 1995;Turrigiano et al, 1996;Balu et al., 2004;Fadool et al., 

2004;Doczi et al., 2008; Chapter 2); overall it is a dampener of neuronal excitability (Bean, 2007).   This 

particular potassium channel is expressed in a variety of tissues including olfactory bulb, cerebellum, 

hippocampus (Veh et al., 1995), hypothalamus (Veh et al., 1995;Mourre et al., 1999), cerebral cortex 

(Coleman et al., 1999), sympathetic neurons (Doczi et al., 2008), lymphocytes (Spencer et al., 1993), 

white adipose tissue and skeletal muscle (Xu et al., 2003b).  It is has also been found in the inner 

mitochondrial membrane of lymphocytes (Szabo et al., 2005) and hippocampal neurons (Bednarczyk et 

al., 2010).  As one might expect from such a broad expression distribution, gene-targeted deletion of 

Kv1.3 results in diverse phenotypes from enhanced olfactory ability to increased metabolism (Xu et al., 

2003b;Fadool et al., 2004;Tucker et al., 2008).     

Kv1.3 in the olfactory bulb, participates in many traditional roles of potassium channels, such as 

modulation of electrical excitability, but it also participates in non traditional roles as well, such as 

neuronal targeting.  Kv1.3 carries 60 to 80% of the outward potassium current in mitral cells (Fadool and 

Levitan, 1998; Colley et al., 2004, Chapter 2, Figure 2.1A), the primary output neuron of the olfactory 

bulb, where it is responsible for lowering the resting membrane potential, and decreasing the overall 

excitability of those neurons (Balu et al., 2004;Fadool et al., 2004; Chapter 2).  Mitral cells from Kv1.3-null 

mice are more sensitive to stimulation and have modified kinase and adaptor protein expression levels 

when compared to wildtype (WT) (Fadool et al., 2004; Chapter 2).   The olfactory sensory neurons of 

these mice are fewer in number, express more olfactory signal transduction machinery per neuron, and 

project to smaller, supernumerary synaptic units, called glomeruli, within the olfactory bulb (Biju et al., 

2008).  Humans with single nucleotide polymorphisms (SNPs) in the promoter region of the Kv1.3 gene 

that result in increased expression or enhanced activity of Kv1.3, are correlated with olfactory deficits 

(Guthoff et al., 2009).  

Kv1.3 also plays an important role in energy balance.  Kv1.3-null mice are also thinner than their 

wild-type counterparts (Xu et al., 2003b;Fadool et al., 2004), are normophagic (Xu et al., 2003b;Fadool et  

 
Chapter 5 will be integrated with the results of other laboratory members towards a planned submission 
to Nature Neuroscience.  



76 

 

al., 2004), and exhibit an increased peripheral insulin sensitivity (Xu et al., 2004).  These changes in 

peripheral insulin sensitivity are due to translocation of the insulin-sensitive glucose transporter, GluT4, to 

the membrane of white adipose tissue (WAT) and skeletal muscle in a synaptotagmin VII/Ca
2+

 dependent 

manner (Xu et al., 2004;Li et al., 2006;Li et al., 2007).  Humans with increased expression or activity of 

Kv1.3 due to SNPs in the promoter region of the Kv1.3 gene exhibit decreased insulin sensitivity and 

higher resting glucose levels (Tschritter et al., 2006).  Moreover, Kv1.3-null mice are resistant to weight 

gain when placed on a moderately high-fat diet by changes in basal metabolic rate and total energy 

expenditure (MHF; Figure 5.2 and 5.6)(Xu et al., 2003b).  When Kv1.3-null mice are bred to homozygosity 

to a mouse model of genetic obesity, the melanocortin 4 receptor-null mouse (MC4R-null), the resulting 

homozygous-null mice (MC4R/Kv-null) mice gain significantly less weight via an increase in activity-

dependent metabolic rate and total energy expenditure (Chapter 4; Tucker et al., 2008).    

These phenotypic characteristics of the Kv1.3-null mice lead us to wonder if olfaction and 

metabolism were correlated.  Olfactory stimulation has previously been linked to changes in sympathetic 

and autonomic activity as well as metabolism.  In particular, short-term (10 min) olfactory stimulation with 

grapefruit oil increases sympathetic neuronal output to epididymal adipose tissue (Niijima and Nagai, 

2003), intrascapular brown adipose tissue and the adrenal gland (Shen et al., 2005a), while it decreases 

parasympathetic gastric nerve (Shen et al., 2005a) and renal sympathetic nerve (Tanida et al., 2005) 

activity.  Olfactory stimulation with lavender oil, on the other hand, results in opposite effects (Tanida et 

al., 2005;Shen et al., 2005b;Tanida et al., 2008b).  The effects of olfactory stimulation have a circadian 

component, whereby olfactory stimulation is effective only during the light phase, resulting in modulation 

of basal metabolic rate only, as measured by changes in body temperature and intrascapular brown 

adipose tissue temperature (Tanida et al., 2008a).  Chronic olfactory stimulation, 15 minutes per day, 3 

days a week for 6 weeks, results in a significant decrease in caloric intake and body weight with grapefruit 

oil (Shen et al., 2005a) and conversely, an increase in caloric intake and body weight with lavender oil 

stimulation (Shen et al., 2005b).  Lesions of the main olfactory epithelium (Tanida et al., 2005;Tanida et 

al., 2006) or suprachiasmatic nucleus (SCN) (Tanida et al., 2005;Tanida et al., 2006;Tanida et al., 

2007;Tanida et al., 2008a), or gene-targeted deletion of the clock gene, cycle (cry) (Tanida et al., 2007), 

disrupt these responses to olfactory stimulation.  

As has been observed with the olfactory-dependent stimulation, we decided to discern whether 

the increase in basal metabolic response to the MHF-diet, was due to the increased sensitivity of the 

olfactory system of the Kv1.3-null “Super-smeller” mice.  We employed bilateral olfactory bulbectomy and 

bilateral olfactory bulb cannulation delivery of a Kv1.3 specific blocker, ShK-186 (Beeton et al., 2005), in 

awake, behaving mice.  We provide evidence that Kv1.3-null mice respond to a MHF-diet with an 

increase in basal metabolic rate that is blocked by bilateral olfactory bulbectomy.  Furthermore, we can 

selectively induce an increase in basal metabolic rate in MHF-diet challenged WT mice that were 

administered ShK-186 steriotaxically to the olfactory bulb. 
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5.2  Materials and Methods 

5.2.1  Solutions and Reagents 

Three buffers (A–C) were used to visualize β-galactosidase reaction product.  Buffer A contained 

the following in mM:  100 phosphate buffer, 2 MgCl2, 5 ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’-

tetraacetic acid (EGTA; pH 7.4).   Buffer B contained the following in mM:  100 phosphate buffer, 2 MgCl2, 

0.01% sodium deoxycholate, and 0.02% Nonidet P40, (pH 7.4). Buffer C contained the following in mM:  

100 phosphate buffer, 2 MgCl2, 5 potassium ferricyanide, 5 potassium ferrocyanide, 0.01% sodium 

deoxycholate, 0.02% Nonidet P40, and 600 mg/ml X-gal (pH 7.4).  Phosphate buffered saline (PBS) 

contained the following in mM:  136.9 NaCl, 2.7 KCl, 10.1 Na2HPO4, and 1.8 KH2PO4 (pH 7.4).  X-gal was 

purchased from Research Products International (Mt. Prospect, IL).  The Kv1.3 specific blocking 

polypeptide, ShK-186 was synthesized as previously described (Beeton et al., 2005) and was a generous 

gift from Dr. Michael Pennington at Bachem Bioscience Inc. (King of Prussia, PA).  

 

5.2.2  Animal Care and Mouse Lines 

All mice were housed at the Florida State University vivarium in accordance with the institutional 

requirements for animal care.   M72-IRES-tau-LacZ mice (M72) and P2-IRES-tau-LacZ mice (P2) were 

generated previously via placement of an internal ribosome entry site (IRES) directing the translation of 

tau:lacZ fusion protein immediately downstream of the M72 or P2 odorant receptor stop codon.  These 

reporter mouse models allow the visualization of olfactory sensory neurons expressing M72 or P2 odorant 

receptors by histological staining for β-galactosidase activity (Mombaerts et al., 1996;Zheng et al., 2000). 

The M72 and P2 mice were generous gifts from Dr. Peter Mombaerts (Rockefeller University, New York, 

NY).  Kv1.3-null mice were a generous gift from Drs. Leonard Kaczmarek and Richard Flavell (Yale 

University, New Haven, CT) and were generated as described previously (Koni et al., 2003;Xu et al., 

2003b).  In brief, Kv1.3-null mice were produced by excision of the Kv1.3 promoter region and one third of 

the 5’ coding region as generated in a C57B6/J background (Koni et al., 2003;Xu et al., 2003b).   Male 

C57BL6/J (WT), Kv1.3-null M72 and P2 mice were maintained on a standard 12/12h light/dark cycle with 

ad libitum access to 5001 Purina Rodent chow (CF) and water until eleven weeks of age, at which point, 

half were fed a moderately high fat (MHF), 32% kcal fat, condensed milk diet from Research Diets 

(D12266B; New Brunswick, NJ).  Body weight and caloric intake were monitored biweekly.  

 

5.2.3  Bilateral Olfactory Bulbectomy 

Nine-week-old male WT and Kv1.3-null mice were anesthetized in accordance with the National 

Institutes of Health (NIH) and Florida State University Animal Care and Use Committee procedures by an 

intraperitoneal injection of 100 mg/kg ketamine and 8 mg/kg xylazine.  A 1.5 cm midline incision was 

made between the eyes and the scalp was deflected to expose the cranial covering of the olfactory bulbs. 

Two 1.5 mm holes (one over each olfactory bulb) were drilled through the skull, using a Dremel tool with a 

sterile #106 bit to expose the underlying olfactory bulb tissue.  Sham olfactory bulbectomy surgery ended 
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at this point after closing the scalp incision with Vetbond Tissue Adhesive (3M Pet Care Products). For 

bilateral olfactory bulbectomy (OBX) treatment, a sterile p10 Pipetman tip (Fisher Scientific) connected to 

a suction hose and collection flask was used to aspirate the olfactory bulb tissue from the cavity.  The 

cavity was then filled with sterile Gel Foam (UpJohn, Kalamazoo, MI) as previously described (Getchell et 

al., 2005) and the overlying scalp incision was closed using Vetbond Tissue Adhesive.  Surgically treated 

animals were allowed to recover for two weeks prior to placement on a dietary regime at eleven weeks of 

age.   Animals were maintained on a control or MHF-diet for 26 weeks following surgery recovery. 

To evaluate the success of the OBX surgery, animals were subjected to a general anosmia test 

as previously described (Fadool et al., 2004) by measuring the time taken to find a hidden chocolate-

scented candy (Whopper) and comparing it to the time taken to find a hidden, unscented marble.  Each 

item was tested three times per subject.  The resultant times were averaged within an animal per item 

and compared statistically with a Students t-test.  If the average time taken to find the scented item was 

significantly lower than that of the unscented marble, the subject was confirmed to be a sham treated 

animal or have an incomplete OBX.  These results were confirmed by post mortem histological 

examination of the remaining olfactory bulb tissue or cavity, see section 5.2.8 for details.  If an OBX 

animal was not found to be anosmic or had more than 25% olfactory bulb tissue remaining, that animal 

was excluded from analysis.  

 

5.2.4  Bilateral Olfactory Bulb Cannulation and Mini-pump Implantation 

 The day before surgical implantation, 90 degree angle entry point bilateral cannulas, with 28 

gauge delivery tubes 2.25 mm in length and 1.5 mm center to center (813280PD15SC, Plastics One, 

Roanoke, VA) were modified by trimming 2 mm from each side of the plastic housing, allowing the 

cannula to sit between the eyes comfortably directly over the olfactory bulbs.  For each mouse, one 

bilateral cannula, 2 pieces of 1 cm C-flex tubing (catalog number, 6424-59, Cole Parmer, Vernon Hills, 

IL), one piece of 0.5 cm C-flex tubing, and one 21Y bifurcated connector (Plastics One, Roanoke, VA) 

were steam sterilized.  Alzet osmotic mini-pumps (Model 1002, Durect Corp., Cupertino, CA)  were filled 

according to manufacturer specifications with 1 pM ShK-186 in 2% bovine serum albumin (BSA) in PBS 

(ShK treatment) or  2% BSA in PBS alone (vehicle control treatment; Cont).  The tubing, bifurcated 

connector and bilateral cannula were assembled as per Figure 5.1, backfilled with either 1 pM ShK-186 in 

2% BSA in PBS or vehicle control and attached to the filled osmotic mini-pump.  These assemblies were 

incubated overnight in 2%BSA in PBS at 37
o
C 5% CO2 to prime the pump as per manufacturer 

instructions.  

Eleven week old male C57B6/J mice were placed on a MHF- or control fat- (CF) diet for five 

weeks and subjected to metabolic monitoring via indirect calorimetry for six days (see section 5.2.6 below 

for details.  On the sixth day the mice were removed from the chambers and were anesthetized in 

accordance with NIH and Florida State University Animal Care and Use Committee procedures by an 

intraperitoneal injection of 100 mg/kg ketamine and 8 mg/kg xylazine.  A midline incision was made  
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Figure 5.1:  Bilateral olfactory bulb cannula-osmotic mini-pump assembly. 
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between the eyes to the base of the neck and the scalp was deflected to expose the cranial covering of 

the olfactory bulbs. A subcutaneous pocket was made from the incision at the base of the neck, between 

the scapulae, by gently inserting the tip of a pair of blunt hemostats between the skin and the muscle, and 

gently opening the hemostat tip to make an opening wide and deep enough for the mini-pump to fit.   The 

bilateral cannula were implanted 2.25 mm deep and 4.28 mm from bregma.  Since the cannula posts 

were 1.5 mm center to center, these coordinates allow the tips to be located in or very near the residual 

olfactory bulb ventricle of each bulb.  The cannula housing was secured as per manufacturer 

specifications with Loctite 454 (Plastics One, Roanoke, VA).  The mini-pump was inserted into the 

subcutaneous, intrascapular pocket and the skin/scalp was used to cover the tubing and bifurcation 

connector.  This allowed the entire assembly to be self contained.  The animals were allowed to recover 

on a heating pad before being returned to the metabolic chambers for an additional six days of 

monitoring.  These particular mini-pumps are designed to hold 100 µl of solution with a delivery rate of 

0.22 µl/hr.   Therefore 0.11 µl/hr of 1 pM ShK-186 was delivered to each bulb over the course of seven 

days.  The bilateral cannula assemblies were tested before implantation to ensure equal resistance in the 

two arms, so as to produce equal flow into each bulb. 

 

5.2.5  Chronic Bilateral Olfactory Bulb Deafferentation Surgery 

Nine-week-old male P2-tau Lac Z mice were anesthetized in accordance with NIH and Florida 

State University Animal Care and Use Committee procedures by an intraperitoneal injection of 100 mg/kg 

ketamine and 8 mg/kg xylazine.  A 1.5 cm midline incision was made between the eyes and the scalp 

was deflected to expose the cranial covering of the olfactory bulbs. The frontal bone, just caudal to the 

nasal bone/frontal bone suture, over the rostral most portion of each of the olfactory bulbs was thinned 

away, using a Dremel tool with a sterile #106 bit to expose the underlying olfactory bulb/cribriform plate 

interface.  A sterile piece of polystyrene ranging from 1x2x0.1 to 1.5x2x0.1 mm in size was then gently 

slipped between the cribriform plate and the rostral most portion of each olfactory bulb.   The scalp 

incision was then closed using Vetbond Tissue Adhesive.  Sham deafferentation surgeries were 

performed in the same manner with the omission of the barrier insertion.   

To determine if the barriers were successful in preventing the regrowth and targeting of the 

olfactory sensory neurons to the olfactory bulb, mice were sacrificed, 26 weeks after surgery, with an 

overdose of sodium pentobarbital and perfused with 4% paraformaldehyde in accordance with NIH and 

Florida State University Animal Care and Use Committee procedures.  Heads were stripped of skin, 

muscle, and teeth  followed by decalcified in 0.3 M EDTA for four to five days at 4°C.  Both the nasal 

epithelium and olfactory bulbs were exposed and rinsed with PBS for whole-mount X-Gal staining of the 

P2 expressing neuronal projections as previously described (Biju et al., 2008). In brief, whole-mount X-

Gal staining was achieved by incubation in room temperature Buffer A for 5 and then 25 minutes. The 

nasal epithelium and olfactory bulbs were then washed twice with Buffer B for 5 minutes each, followed 

by a 6-hour incubation in Buffer C all at room temperature.  Whole-mount P2 expressing neuronal 
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projections were visualized and documented with a Nikon SMZ1500 dissection microscope with an HR 

Plan Apo 1X objective and DXM1200 digital camera system (Nikon, Mellville, NY). 

 

5.2.6  Indirect Calorimetry and Behavioral Monitoring 

Oxygen consumption (VO2; ml/min) and carbon dioxide production (VCO2; ml/min) of individually 

housed mice were continuously monitored for eight days at 23
o
C in metabolic isolation chambers as 

previously described  (Rashotte et al., 1995;Williams et al., 2002;Tucker et al., 2008) , five to seven 

weeks after the beginning of diet treatment (OBX and ShK-186 experiments).  In brief, mice were placed 

in shoebox cages (26 x 47 x 13.5 cm) fitted with near-airtight lids that received fresh air at a rate of 0.5 

L/min.  Dry, mixed-cage air was sampled with a 250 ml/min flow rate and sent to O2 and CO2 gas 

analyzers every four minutes (min) for 30 seconds (s) followed by VO2 and VCO2 determination by open-

circuit respirometry according to Bartholomew and colleagues (Bartholomew et al., 1981), with 

modifications to isolate successive samples (Rashotte et al., 1995) (see Appendix A for a schematic of 

the air sampling system).  All reported mean values were calculated for 12 hours of dark and 11 hours of 

light so that daily body weight, caloric intake, and water consumption could be measured during the last 

hour of the light cycle.  Each cage was positioned on a custom-designed platform resting on a centered 

fulcrum with stiff strain-gauge load-beam transducers positioned under two adjacent corners to measure 

animal position and locomotor activity as previously described (Chapter 4;Williams et al., 2002;Tucker et 

al., 2008).  Locomotor activity was reported in meters, binned every 30 s, and measured at a 1 mm 

resolution.   Daily caloric intake was calculated by measurement of consumed powdered Purina 5001 

rodent chow (3.3 kcal/g) or MHF rodent chow (4.41 kcal/g).  Photo-beam breakage was binned every 30 s 

with a 50 ms resolution.  Drinking behavior was monitored using a lickometer, which recorded licks in 30 s 

bins.  Dark and light phase energy expenditure were calculated using the Weir equation (Weir, 1949):  EE 

= (3.94 x VO2) + (1.1 x VCO2).   Total energy expenditure (TEE) was calculated as the sum of both the 

dark- and light-phase EE. 

 

5.2.7  Fat Pad and Serum Collection 

After 26 weeks of control or MHF diet treatment, mice were fasted overnight, weighed and their 

nose to anus length was recorded.  Mice were then anesthetized by 50 mg/kg of Nembutal 

intraparatoneal injection or isofluorane inhalation followed by decapitation in accordance with NIH and 

Florida State University Animal Care and Use Committee approved methods.  Fasting glucose, insulin, 

and leptin levels in trunk blood were determined as previously described (Chapter 4;Tucker et al., 2008).  

Briefly, an Ascensia Contour Blood Glucose Monitoring System (Bayer Healthcare, Mishawaka, IN) was 

used immediately following decapitation to measure blood glucose.  Serum was collected as previously 

described (Chapter 4;Tucker et al., 2008) and stored at –20
o
C for later examination with a Mouse Leptin 

ELISA Kit (Linco Research, St. Charles, MO) and an Ultrasensitive Mouse Insulin ELISA Enzyme 

Immunoassy (Mercodia AB, Uppsala, Sweden) to determine fasting serum levels of leptin and insulin, as 
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per manufacturer’s protocols. The skull was stripped of all external muscle and tissue and fixed in 4% 

formaldehyde in phosphate buffered saline at 4
o
C overnight for histological processing to evaluate extent 

of OBX.  All visceral fat pads, including epididymal, retroperitoneal, and mesenteric white adipose tissue 

(WAT) were removed from the abdominal cavity, separated, and weighed.  Subcutaneous WAT was sub-

sampled by weighing the fat pad on the right side of each animal, from the median line of the abdomen to 

the spine and the right hip to the first rib.  Brown adipose tissue was removed from between the scapulae 

and weighed.     

 

5.2.8  Histological Confirmation of Olfactory Bulbectomy  

Post-fixed heads were decalcified in 0.3 M EDTA for 3 to 5 days at 4°C. The decalcified heads 

were cryoprotected overnight in 10% sucrose in PBS followed by 30% sucrose in PBS overnight.  Sixteen 

µm thick horizontal sections were affixed to gelatin-coated slides, and stored at −20
o
C until use.  The 

tissue sections were incubated in 0.1% Neutral Red for 15 min followed by four successive washes in 

distilled water, two 30 s washes in 100% ethanol and a 10 minute xylene wash.  The extent of olfactory 

bulb removal was visualized with a Nikon MicroPhot-FXA microscope (Nikon Inc., Mellville, NY) and 

documented with a Fast 1394 Qucam digital camera (Qimaging, Surry, BC, Canada). OBX surgery was 

considered successful if less than 25% of the olfactory bulb remained 28 weeks post surgery.   

 

5.2.9  Data Analysis and Statistics 

 Metabolism, energy expenditure, locomotor activity, caloric intake, and water consumption values 

were two day averages after five to six days of acclimation of the animal to the metabolic chambers.  

Statistical significance was determined using a two-way analysis of variance (ANOVA) across diet and 

genotype or diet and surgery using a Student Newman Keuls (snk) or Bonferroni post-hoc test, as 

indicated in text, at the 95% confidence interval.   

 

5.3  Results 

5.3.1  Kv1.3 Gene-targeted Deletion Prevents Diet-induced Obesity 

To determine the extent to which mice with gene-targeted deletion of Kv1.3 (Kv1.3-null) are 

resistant to diet-induced obesity, Kv1.3-null and wild-type (WT) mice were fed either a control diet of 5001 

Purina rodent chow (control fat diet; CF) or a moderately high fat diet (MHF) consisting of 32% Kcal fat, 

from Research Diets (D12266B; New Brunswick, NJ) starting at 11 weeks of age through 37 weeks of 

age.  WT mice on the MHF-diet gained significant weight, beginning at week eight, continuing throughout 

treatment whereas, Kv1.3-null mice did not (Figure 5.2A).  WT mice fed the MHF-diet had a significant 

increase in all fat pads examined except brown fat (Figure 5.2B).  Kv1.3-null mice on the MHF-diet had a 

small, albeit significant, increase in epididymal, mesenteric and brown fat over that of Kv1.3-null CF 

treated mice (Figure 5.2B).  Fasting glucose levels were higher in WT mice than in Kv1.3-null mice 

(Figure 5.2C).  Fasting insulin levels were not significantly different for either genotype or diet (Figure  
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Figure 5.2:  Kv1.3-null mice are resistant to diet-induced obesity.  (A) Line graph plot of weekly body 
weight for wild-type (WT) and Kv1.3 knockout (Kv1.3-null) mice throughout 25 weeks of either a 
moderately high fat (MHF; 32% Kcal fat diet) or Purina 5001, control-fat (CF) dietary treatment.  
Treatment week 0 represents the weight of the animals the week before treatment began (11 weeks of 
age). * Indicates that WT MHF-diet treated mice were significantly different from the other treatments as 
determined by a  two-way analysis of variance (2-way ANOVA; genotype/treatment versus week) (B) Bar 
graph of various fat pads, as indicated, for each genotype after 26 weeks of diet treatment. The 
lowercase letters indicate significant statistical differences within each fat pad as determined by a one-
way analysis of variance (ANOVA).  (C) Bar graph of fasting blood glucose (left) and serum insulin 
(middle) and leptin (right) concentrations after 26 weeks of diet treatment.   Line and asterisk indicate 
significant differences as determined by a two-way analysis of variance (diet vs. genotype) at the 95% 
confidence interval, followed by a Bonferroni post hoc test.  Values represent mean ± SEM, n=5 for each 
treatment/genotype combination. 
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5.2C).  Fasting leptin levels were significantly increased in WT mice with MHF-diet treatment (Figure 

5.2C). 

 

5.3.2  Kv1.3–null Mice are no Longer Resistant to Diet-induced Obesity Following Olfactory 

Bulbectomy 

 To determine if the resistance to diet-induced obesity observed in Kv1.3-null mice is due to  their 

increased olfactory sensitivity or something intrinsic to the olfactory bulb and its efferent projections, we 

performed Sham or bilateral olfactory bulbectomy (OBX) surgeries at 9 weeks of age followed two weeks 

later by CF- or MHF-diet treatment in both Kv1.3-null and WT mice for 26 weeks (see Figure 5.3 for 

examples of a (A) Sham, (B) an incomplete OBX and (C) successful OBX surgery).  OBX alone 

decreased body weight and epididymal adiposity in WT mice by 15 weeks of CF-diet treatment however, 

OBX did not prevent or reduce weight gain or adiposity significantly due to MHF-diet treatment in WT 

mice (Figure 5.4A and C).  In Kv1.3-null mice, OBX alone had the opposite effect to that in the WT mice 

by increasing body weight and epididymal as well as mesenteric adiposity significantly by 10 weeks of 

CF-diet treatment (Figure 5.4 B and D).  One of the most exciting results however was that removal of the 

olfactory bulbs, OBX treatment, resulted in weight gain and increased adiposity of Kv1.3-null mice   

challenged with a MHF-diet, reversing the effect of Kv1.3 gene-targeted deletion on diet induced weight 

gain (Figure 5.4B and D).  Sham Kv1.3-null mice fed the MHF-diet had a similar weight and adiposity 

phenotype as that of the Kv1.3-null OBX CF fed mice.  At the end of the 26 weeks of diet treatment, there 

were no significant differences detected in WT or Kv1.3-null mice for fasting glucose or for Kv1.3-null 

insulin (Figure 5.4E).   Leptin levels in Kv1.3-null mice and insulin levels in WT mice were significantly 

increased by OBX and MHF-diet as compared to Sham CF fed mice (Figure 5.4E).  Leptin levels of WT 

mice fed the MHF-diet were significantly higher than CF fed mice regardless of surgical treatment. 

 

5.3.3  Olfactory Bulbectomy Transiently Increases Caloric Intake 

 Caloric intake was monitored throughout the 26 weeks of the feeding treatment as well as one 

week prior to the beginning of diet treatment and one week post surgical treatment (Figure 5.5).  Both WT 

and Kv1.3-null OBX mice had higher caloric intake the week before diet treatment began that persisted in 

CF but not MHF fed WT mice (Figure 5.5A) and both CF and MHF fed Kv1.3-null mice (Figure 5.5B) for 

the first four weeks of diet treatment. After the first five weeks of diet treatment all mice had similar weekly 

caloric intake regardless of caloric source except for the OBX Kv1.3-null mice on the CF-diet which 

exhibited a tendency (P<0.1) for hyperphagia (Figure 5.5A and B). 

 

5.3.4  Olfactory Bulbectomy Prevents the MHF-diet Induced Increase in Basal Metabolic Rate in 

Kv1.3-null Mice  
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Figure 5.3:  Twenty five weeks post olfactory bulbectomy (OBX).  Olfactory bulb and epithelium whole-
mount midline sagittal dissection of (A) a sham OBX, (B) an incomplete OBX, and (C) a successful OBX 
surgery.  The black line indicates the actual location of the olfactory bulb (A) or where the olfactory bulb 
should be (B and C).  
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Figure 5.4:  Kv1.3 –null mice are no longer resistant to diet-induced obesity following olfactory 
bulbectomy.  (A and B) Line graph of weekly body weight and (C and D) bar graph of various fat pads. (A 
and C) WT and (B and D) Kv1.3-null mice  with (OBX) or without (Sham) olfactory bulbectomy throughout 
25 weeks of either a MHF or CF dietary treatment for body weight or at the end of the diet treatment for 
fat pad weights.  (E) Bar graph of fasting blood glucose (left) and serum insulin (middle) and leptin (right) 
concentrations after 25 weeks of diet treatment in Sham and OBX treated mice.  Values represent mean 
± SEM, (A-D n=5-8; E n=4-5).  In A and B lowercase letters indicate significant differences within WT 
mice and uppercase letters indicate significant differences within Kv1.3-null mice as determined by a two-
way analysis of variance (2-way ANOVA; within a genotype for treatment vs. time) at the 95% confidence 
interval, followed by a Bonferroni post hoc test.  In C through E, lowercase letters indicate significant 
differences within WT mice and uppercase letters indicate significant differences within Kv1.3-null mice as 
determined by a one-way analysis of variance (ANOVA; within a fat pad or a genotype) at the 95% 
confidence interval, followed by a Bonferroni post hoc test. 
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Figure 5.5:  Olfactory bulbectomy transiently increases caloric intake.  Bar graph of weekly caloric intake 
of (A) WT and (B) Kv1.3-null mice with (OBX) or without (Sham) olfactory bulbectomy throughout the 25 
weeks of either a MHF (4.41 kcal/g) or CF (3.3 kcal/g) dietary treatment.  Treatment week 0 represents 
the caloric intake of the animals the week before the feeding treatment began and therefore all animals 
were receiving CF-diet. Values represent mean ± SEM, n=5-8. Letters indicate significant differences 
within a week of treatment as determined by a two-way analysis of variance (2-way ANOVA; within a 
genotype for treatment vs. time) at the 95% confidence interval, followed by a Bonferroni post hoc test. 
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 To examine the underlying metabolic or behavioral changes that contribute to the weight 

phenotypes observed with OBX, Kv1.3-null and WT mice were placed in custom built metabolic chambers 

after five to seven weeks of diet treatment (seven to nine weeks post surgery). Dark and light  

phase oxygen consumption (VO2) or metabolism, CO2 respiration, and locomotor activity were monitored 

for eight days (four days of acclimation and four days of data collection).   Due to the established effects 

of animal size on metabolism and energy expenditure (EE) and the caveats intrinsic to various 

approaches to normalize metabolism for body mass (Arch et al., 2006),  we choose to report metabolic 

mass-specific VO2 (nVO2; ml/min/kg of body weight 
0.75

), (Blaxter, 1989).  Figure 5.6E is a bar graph of 

the weights of the mice at the time of metabolic monitoring.  OBX alone does not result in significant 

changes in dark phase (basal plus activity-dependent) or light phase (basal) nVO2 or locomotor activity for 

either WT (Figure 5.6A and C) or Kv1.3-null mice (Figure 5.6B and D).  MHF-diet treatment selectively 

and significantly increased basal nVO2 in Kv1.3-null mice but not WT mice without changing locomotor 

activity (Figure 5.6 A-D).  OBX prevented the MHF-diet induced increase in basal nVO2, as well as 

decrease in the activity-dependent nVO2 in Kv1.3-null mice but not WT mice without significant changes in 

locomotor activity (Figure 5.6A-D).  These metabolic changes in the Kv1.3-null mice with OBX and MHF-

diet treatment are also reflected in decreased mass-specific total energy expenditure (nTEE; Figure 

5.6F). 

 

5.3.5  Preliminary Results Indicate Olfactory Bulb Specific Kv1.3 Block can Result in Increased 

Basal Metabolic Rate in Both CF and MHF Treated WT Mice 

To distinguish between the electrical and developmental contribution of the Kv1.3 gene-targeted 

deletion to the enhancement of basal nVO2 in response to a MHF-diet, WT mice placed on either a MHF 

or CF-diet for seven weeks beginning at 11 weeks of age, were place in the custom-built metabolic 

chambers for four days of acclimation and six days of baseline data at which point bilateral olfactory bulb 

cannulae and osmotic mini-pumps were implanted to deliver either 1 pM ShK-186 (SHK) or vehicle 

control (CONT) at a delivery rate of 0.11 µl/hr/bulb. All mice recovered quickly from the surgery with little 

change in body weight, caloric intake or water consumption (Figure 5.7 A-C).  Dark phase or activity 

dependent nVO2 was not significantly different before or after surgery (Figure 5.8 A) however, light phase 

or basal nVO2 of all mice was increased after surgery presumably as a result of healing (Figure 5.8 B) as 

locomotor activity was not increased during this time (Figure 5.7 D and E).  Three days after implantation, 

a possible transient treatment effect was observed as a selective increase in basal nVO2 with ShK-186 

treatment as indicated by the dashed boxes in Figure 5.8B.  By plotting these values as bar graphs in 

Figure 5.8 C and D to aid in visualization, it is possible that activity-dependent nVO2  (Figure 5.8 C)  is not 

effected by Kv1.3 block but light phase or basal nVO2 (Figure 5.8 D) was increased in both CF and MHF-

diet treated mice.   This selective increase in light phase or basal nVO2 was not due to increased 

locomotor activity in the light phase (Figure 5.7 E, dashed box). 
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Figure 5.6:  OBX prevents the increased basal-metabolic response of Kv1.3-null mice to MHF-diet 
challenge.  Bar graphs of dark phase or activity-dependent (A) metabolic mass-specific metabolism and 
(C) locomotor activity, light phase or basal (B) metabolic-mass specific metabolism and (D) locomotor 
activity, (E) weight at time of metabolic monitoring, and (F) total energy expenditure normalized to body 
weight (nTEE).  Black bars represent Sham CF mice, grey bars represent OBX CF mice, hatched bars 
represent Sham MHF mice and open bars represent OBX MHF treated mice.   All values represent mean 
± SEM of 2 day averages within animal for all animals.  Lowercase letters indicate significant differences 
within WT mice and uppercase letters indicate significant differences within Kv1.3-null mice as 
determined by a one-way analysis of variance (ANOVA; within a genotype) at the 95% confidence 
interval, followed by a Bonferroni post hoc test. 
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Figure 5.7:  WT mice recover quickly from bilateral olfactory bulb cannulation, osmotic mini-pump 
implantation surgery.  Line plots of daily (A) body weight, (B) caloric intake, (C) water intake, (D) dark 
phase locomotor activity, and (E) light phase locomotor activity before and after surgery. Solid squares 
represent CF fed mice treated with vehicle control (CONT; PBS containing 2% BSA), open squares 
represent MHF fed mice treated with CONT, solid circles represent CF fed mice treated with 1 pM ShK-
186 in PBS containing 2% BSA (SHK) and open circles represent MHF fed mice treated with SHK.   All 
values represent mean ± SEM, n=2. 
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Figure 5.8:  Acute blockade of olfactory bulb specific Kv1.3 in WT mice, may selectively increase basal 
metabolic rate.  (A) Line plots of daily (left) dark phase or activity dependent metabolic-mass specific 
metabolism and (right) light phase or basal metabolic-mass specific metabolism before and after bilateral 
olfactory bulb cannulation/osmotic mini-pump implantation surgery.  Solid squares represent CF fed mice 
treated with vehicle control (CONT; PBS containing 2% BSA), open squares represent MHF fed mice 
treated with CONT, solid circles represent CF fed mice treated with 1 pM ShK-186 in PBS containing 2% 
BSA (SHK) and open circles represent MHF fed mice treated with SHK.  (B) Histogram plots of (left) dark 
phase or activity dependent metabolic-mass specific metabolism and (right) light phase or basal 
metabolic-mass specific metabolism after three days of ShK-186 or vehicle control delivery as indicated 
by dashed boxes in A.  All values represent mean ± SEM, n=2. 
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Figure 5.9:  Deafferentation with permanent barrier implantation did not prevent olfactory sensory neurons 
from making synaptic connections in the olfactory bulb.  Photomicrographs of midline sagittal dissections 
of P2-IRES-tau-LacZ (P2) transgenic mice (P2 expressing neurons are visualized as blue precipitate) 26 
weeks after (A) sham olfactory bulb deafferentation (Sham-OBD) surgery and (B and C) olfactory bulb 
deafferentation (OBD).  The left column of photographs show (B and C) barrier inserted between the 
cribriform plate and rostral end of the olfactory bulbs compared to (A) no barrier.  The middle column of 
pictures are 3X higher magnification to show the olfactory bulb-barrier-cribriform plate interface.  The right 
column of photographs are 6X magnifications of the olfactory bulbs to show P2 projections to the olfactory 
bulb, indicated by black arrowheads, (Sham-OBD A) in spite of the OBD barrier (B and C).        
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5.3.6  Deafferentation with Permanent Barrier Implantation does not Prevent Olfactory Sensory 

Neurons from Making Synaptic Connections in the Olfactory Bulb 

In an attempt to distinguish between nonsensory olfactory bulb based mechanisms and sensory 

olfactory-specific mechanisms of action, small polystyrene barriers were implanted between the cribriform 

plate and the rostral most portion of each olfactory bulb at nine weeks of age.  In theory, this should have 

produced long term olfactory bulb deafferentation (OBD) by severing the projections from the main 

olfactory epithelium and supplying a barrier to olfactory sensory neuron regrowth and targeting to the 

olfactory bulb while leaving the olfactory bulb efferent and centrifugal connection intact resulting in an 

anosmic mouse.  P2-IRES-tau-LacZ (P2) transgenic mice were used in this study to allow us to visualize 

the ability of the sensory neurons to make olfactory bulb connections with the barrier in place.  The P2 

expressing sensory neurons were in fact able to bypass the barrier shown in Figure 5.9B and C (left and 

middle columns) and converge into glomerular units as indicated by black arrow heads in the far right 

column.  These experiments were no longer pursued as both mice were also able to detect odors as 

measured by a general anosmia test (data not shown).    

 

5.4  Discussion 

It has previously been shown that gene-targeted deletion of Kv1.3 reduces weight gain in a 

genetic model of obesity by selectively increasing activity-dependent metabolism (Tucker et al., 2008), 

prevents diet-induced obesity by selectively increasing basal metabolic rate (Xu et al., 2003b), increases 

peripheral glucose uptake, increases insulin sensitivity (Xu et al., 2004), and increases olfactory 

sensitivity (Fadool et al., 2004).  Here, I confirm that Kv1.3-null mice are resistant to diet-induced obesity 

as a result of a selective increase in basal metabolic rate; however, bilateral olfactory bulbectomy (OBX), 

a procedure which results in chronic anosmia or large olfactory deficits, completely blocks the basal 

metabolic rate upregulation that is normally observed in Kv1.3-null mice in response to a MHF-diet 

challenge, resulting in diet-induced obesity.   Olfactory bulb specific block of the Kv1.3 channel by ShK-

186, may selectively increase basal metabolic rate in WT mice. 

OBX of rats and mice results in general odorant and semio-chemical anosmia, due to the 

obligatory removal of both the accessory olfactory bulb and the main olfactory bulb.  The degree of 

olfactory deficit, however, is dependent on the amount of olfactory bulb left (Lu and Slotnick, 1998).  It is 

also a model of depression showing associative- learning and memory deficits, stress-induced 

hyperactivity, decreased mobility in the forced swim test, reduced food-motivated behaviors, reduced 

sexual activity, and differential changes in aggressive behaviors (as reviewed in (Kelly et al., 1997;Song 

and Leonard, 2005)).  OBX can also result in energy-balance related changes such as weight loss 

(Hellweg et al., 2007;Primeaux et al., 2007), short-term increased caloric intake (Meguid et al., 

1997;Primeaux et al., 2007), locomotor activity (Hellweg et al., 2007), heart rate, and body temperature 

(Marcilhac et al., 1997;Vinkers et al., 2009).  There is also evidence in several rodent species and at least 

one primate species for olfactory bulb-mediated circadian changes with OBX (Possidente et al., 
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1990;Vagell et al., 1991;Possidente et al., 1996;Meguid et al., 1997;Saulea et al., 1998;Perret et al., 

2003;Seguy and Perret, 2005;Vinkers et al., 2009).  I also observe a decrease in body weight in WT mice 

fed a control fat diet (CF) as a result of OBX treatment similar to that found by others(Hellweg et al., 2007) 

was observed; however, an increase in locomotor activity that has been observed by others (Mucignat-

Caretta et al., 2006;Hellweg et al., 2007;Jarosik et al., 2007) in WT mice was not observed.  This could 

have been because the mice were allowed to acclimate to the metabolic chambers for at least four days 

before data were used for baseline analysis, although OBX treated Kv1.3-null mice do tend to be 

hyperactive in the absence of a MHF-diet. Caloric intake was transiently increased within the first four to 

seven weeks post OBX in WT as well as Kv1.3-null mice regardless, of caloric source.  Kv1.3-null mice 

fed a CF-diet gain weight as a result of OBX treatment while WT mice lose weight under the same 

conditions. 

The olfactory bulb projects to many brain regions either directly or indirectly that are responsible 

for regulation of sympathetic and parasympathetic tone and therefore has the opportunity to regulate 

energy balance.  The OB projects directly to the piriform cortex, amygdala, entorhinal cortex, anterior 

olfactory nucleus(as reviewed by (Kelly et al., 1997)), and the taenia tecta (Krout et al., 2002). The 

piriform cortex, amygdala, entorhinal cortex, and anterior olfactory nucleus send projections to the dorsal 

endopiriform nucleus which in turn projects to the suprachiasmatic nucleus (SCN) of the hypothalamus 

(Krout et al., 2002).  The taenia tecta projects directly to the SCN (Krout et al., 2002).  The SCN is the 

internal clock that dictates many physiological, behavioral and endocrine rhythms of the body (Stephan 

and Zucker, 1972;Butler and Silver, 2009). Heart rate, blood pressure, metabolism, leptin, insulin and 

glucose regulation all have a circadian component that are controlled by the SCN via multi synaptic 

connections from the SCN to the paraventricular nucleus of the hypothalamus (PVN), and then through 

either the intermediolateral column of the spinal cord to regulate sympathetic tone, or the dorsal motor 

nucleus of the vagus to regulate parasympathetic activity (as reviewed in (Ruger and Scheer, 2009)).   

 Nagai and colleagues in a series of papers that span from 2003 to 2008, found that odor 

stimulation, in rats and mice, can differentially modulate sympathetic and parasympathetic activity to 

modulate heart rate, blood pressure, lypolysis, caloric intake, body weight, plasma glycerol, and body 

temperature in an odor specific manner (Shen et al., 2005a;Shen et al., 2005b;Tanida et al., 2006;Shen 

et al., 2007;Tanida et al., 2007;Tanida et al., 2008a;Tanida et al., 2008b).  Olfactory-dependent 

modulation of these parameters is only effective during the light phase of the circadian cycle and is 

completely abolished by SCN lesion or gene-targeted deletion of the clock gene, cry (Tanida et al., 

2007;Tanida et al., 2008a).  “Super–smeller” Kv1.3-null mice have an increase in basal metabolic rate in 

response to the moderately high fat diet (MHF) that is prevented in the anosmic, OBX treated Kv1.3-null 

mice.  OBX treated WT mice exhibit no change in either basal or activity-dependent metabolic rate. The 

olfactory bulb dependent upregulation of basal metabolism of the Kv1.3-null mice in response to the MHF  

is similar to those of Nagai and colleagues, specifically, acute stimulation with grapefruit oil results in 

increased basal metabolism, not activity-dependent or dark phase metabolism, as measured by core 
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body and intrascapular brown fat temperature (Tanida et al., 2008a) and decreased body weight with 

chronic olfactory stimulation.  It will be important to evaluate the metabolic response of the Kv1.3-null 

mice to the odor of the MHF chow without ingestion to determine if this selective increase in light phase or 

basal metabolic rate is due to the odor or due to ingestion of the fat itself possibly working at the level of 

the OB.   

It is not clear at the moment how OBX results in such a broad array of phenotypes that are not 

necessarily olfactory dependent; however, it is known that a variety of both efferent and afferent 

projections containing noradrenalin, acetylcholine, serotonin, gamma amino butyric acid (GABA), and 

glutamate are severed as a result of the procedure (see Chapter 1, Figure 1.5 for a diagram of afferent 

and efferent connections of the olfactory bulb), resulting in decreases in these neurotransmitters at their 

respective target and source sites (Kelly et al., 1997;Song and Leonard, 2005).  The most definitive 

experiment to differentiate between olfactory and olfactory bulb dependent mechanisms on a chronic 

basis, due the problem of continuous regeneration of the main olfactory epithelium, would be a chronic 

deafferentation study.  Chronic, bilateral olfactory bulb deafferentation (OBD) was attempted by inserting 

a rigid barrier between the olfactory bulb and the cribriform plate, severing the projections from the 

olfactory epithelium.  Unfortunately, olfactory sensory neurons were able to project around the sides of 

the barriers and target ectopic glomeruli.  The mice were easily able to find a hidden scented object and 

not anosmic after 26 weeks of treatment, therefore these experiments were abandoned.  It would be 

interesting to reevaluate this technique on a much shorter time scale so the OSN axons do not have as 

much time to find a target.  By blocking the connection between the olfactory epithelium in the Kv1.3-null 

mice, the OB afferent and efferent projections with the brain would still be intact but the mice would be 

anosmic.  Then the question could be asked whether or not the Kv1.3-null mice would still have an 

upregulation of basal metabolic rate in response to the MHF-diet to understand if this is an olfactory bulb 

or olfaction specific phenomenon.  

 Acute blockade of Kv1.3 channels specifically in the olfactory bulb may result in a selective 

increase in basal metabolic rate in both CF and MHF-fed WT mice. These results indicate that the 

metabolic and perhaps the weight phenotypes of the Kv1.3-null mice may not be due to changes in 

olfactory axonal projections (Biju et al., 2008), protein expression changes (Fadool et al., 2004), or 

compensation by the sodium-activated potassium channel Slack (Lu et al., 2010), as these changes are 

expected to be only compensatory for, or, are a result of, chronic Kv1.3 deletion.  Selective acute 

blockade may and total removal of Kv1.3 can result in an increased metabolic phenotype.   

This is an artificial situation of course; however, there are many natural modulators of Kv1.3 

activity in the olfactory bulb that may also affect the sensitivity of the olfactory system and thereby 

modulate sympathetic and parasympathetic output via the SCN, perhaps on a smaller scale.  However, 

long-term modulation may lead to long-term differences in survival and reproduction.  Brain derived 

neurotrophic factor (BDNF) and insulin via activation of their respective receptors, TrkB and the insulin 

receptor, suppress Kv1.3 current by tyrosine specific phosphorylation in the olfactory bulb (Fadool, 
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1998;Fadool and Levitan, 1998;Fadool et al., 2000;Tucker and Fadool, 2002;Colley et al., 2004;Das et 

al., 2005;Colley et al., 2007).  The cellular tyrosine kinase, src as well as the adapter proteins grb10, psd-

95, and shc also modulate Kv1.3 current and are highly expressed in the olfactory bulb (Cook and 

Fadool, 2002;Marks and Fadool, 2007).   In making these mice “Super-smellers”, it is possible that we 

have increased the innate ability of the olfactory system to modulate sympathetic and parasympathetic 

output via the SCN.  Future studies, in which metabolic rate is monitored in WT and Kv1.3-null mice in 

response to various olfactory stimuli (including the odor of MHF without ingestion) and in the total 

absence of olfactory input are needed to understand the role of the olfactory system in energy balance.  
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CHAPTER 6 

 

DO FAT MICE SMELL AND IF SO, CAN THEY REMEMBER IT? 

 

6.1 Introduction 

Satiation decreases and fasting increases odor detection ability in the rat (Aime et al., 2007).   

Electrical activity of the primary olfactory output neuron of the olfactory bulb, the mitral cell, is increased in 

acutely fasted rats and in calorically restricted rats in response to both food and non-food odors (Pager et 

al., 1972;Pager, 1974;Apelbaum and Chaput, 2003).  Fasting also has been found to increase c-fos 

expression, a marker of neuronal activity, in the olfactory bulb in response to a variety of odors in rats 

(Prud'homme et al., 2009).  These observations imply energy status and feeding state can modulate 

olfactory input.  Leptin, insulin, and glucose are all good candidates to mediate this type of modulation.   

Insulin is secreted by the pancreas, as a result of rising levels of blood glucose, in proportion to 

visceral adiposity (Benoit et al., 2004).  The basal and dynamic levels of insulin are therefore signals of 

short and long-term energy status.  The OB has the highest levels of insulin receptor (Hill et al., 1986), 

insulin (Baskin et al., 1983), and insulin uptake through the blood brain barrier than any other brain region 

(Banks et al., 1999).  Insulin has also been found to block the activity of an OB voltage-gated K channel, 

Kv1.3, in mitral cells (Bowlby et al., 1997;Fadool and Levitan, 1998;Fadool et al., 2000;Das et al., 2005).  

Insulin application to olfactory bulb slices, increases mitral cell spiking frequency prevents spike 

adaptation with larger current injection steps (Tucker et al., 2010; Appendix D, Section D.3.2).  Insulin 

administration in anesthetized and awake rats was found to modify the electrical activity of isolated single 

units in the OB (Pager et al., 1972;Cain, 1975).   

Leptin is a peptide secreted by fat cells in proportion to their volume; therefore, it is considered a 

signal of adiposity and excess energy storage (Sandoval and Davis, 2003;Bouret and Simerly, 2004).  

Leptin receptors have been found in the olfactory epithelium (MOE) (Getchell et al., 2006;Baly et al., 

2007;Badonnel et al., 2009) and the OB (Shioda et al., 1998).  Leptin mRNA and protein expression in 

the MOE are regulated with nutritional status (Baly et al., 2007).  Leptin (ob/ob) and leptin receptor 

(db/db) mutant mice were able to find food items 10 times faster than wildtype animals and leptin 

administration reversed this effect in ob/ob mice but not db/db mice (Getchell et al., 2006).  Leptin 

administration to fasted rats decreases olfactory sensitivity (Julliard et al., 2007).  Taken together, these 

results suggest leptin is also an important element in modulation of olfactory detection with nutritional 

status.      

Obesity is a chronic state in which excess energy is stored as fat in adipose tissue (Havel, 

2000;Ahima, 2006;Zahorska-Markiewicz, 2006).  As a consequence of the increased fat storage,  

 

This Chapter will be integrated with the work of other laboratory members for submission for publication to 
Physiology and Behavior.  
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depending on the level and duration of elevated adiposity, an individual can experience a variety of 

physiological and endocrinological changes including hyperglycemia, hyperleptinemia with associated 

leptin resistance, and hyperinsulimia  with associated insulin resistance (West and York, 1998;Jequier, 

2002;Kadowaki et al., 2003).  One well known co-morbidity of obesity is type II diabetes, a chronic state in 

which insulin and glucose levels are high but the body becomes resistant to the effects of insulin in the 

periphery, decreasing the ability of the body to properly utilize glucose.   

Surprisingly there are few studies correlating body weight, adiposity or diabetes and olfactory 

ability in rodents, and in humans, correlations are variable.  Decreases in odor identification ability have 

been observed in diabetic patients (Le Floch et al., 1993;Weinstock et al., 1993).  Obesity in humans 

does not affect the hedonic value of a non food odor (Thompson et al., 1977), prevents food odor 

habituation in women (Epstein et al., 1996), and decreases the detection threshold in both adults and 

children (Hubert et al., 1980;Obrebowski et al., 2000){Obrebowski, Obrebowska-Karsznia, et al. 2000 998 

/id}.   The relationships between body mass index (BMI) and odor detection and identification in humans 

is inversely proportional to BMI in subjects younger than 65 years old and directly proportional to BMI in 

subjects older than 65 (Simchen et al., 2006).  Morbidly obese patients display decreased olfactory acuity 

(Richardson et al., 2004).  

Even fewer studies have investigated the effects of low body weight and olfactory ability.  

Anorexia nervosa is a psychiatric disease in which the patient has a distorted body perception, a morbid 

fear of obesity or any type of weight gain and utilizes extreme measures to prevent or restrict caloric 

intake resulting in a dangerously low body weight (Hoek, 2006).  Olfactory studies in anorexia patients are 

variable.  Evaluation of olfactory ability using the University of Pennsylvania Smell Identification Test 

(UPSIT) uncovered no difference in normal weight and anorexic patients (Kopala et al., 1995); however, 

another group was able to uncover olfactory deficits in the lowest weight patients with the same test 

(Fedoroff et al., 1995).  In studies using “Sniffin’ Sticks”, no deficits were detected in odor identification 

(Roessner et al., 2005;Aschenbrenner et al., 2008) but deficits were reported for odor discrimination 

(Roessner et al., 2005;Aschenbrenner et al., 2008) and threshold (Roessner et al., 2005).  A more recent 

study reports increased olfactory sensitivity in hungry anorexic patients and overall decreases in olfactory 

discrimination, identification, and pleasantness (Schreder et al., 2008).   

The causes of abnormal body weight and the resulting physiological and endocrinological 

changes are wide ranging (McAllister et al., 2009), resulting in the various changes in olfactory ability 

mentioned above.  In this study, three mouse models were used to determine the effect of body weight on 

olfactory ability and memory.  Male C57B6/J mice treated with a moderately high fat diet (MHF; 32% kcal 

fat; condensed milk diet from Research Diets; D12266B; New Brunswick, NJ) were chosen for the diet 

induced obesity (DIO) model (Williams et al., 2003;Collins et al., 2004) (Figure 6.1 A; Chapter 3 Figure 

3.1 A).  Mice with a gene-targeted deletion of Kv1.3 (Kv1.3-null) are leaner than WT mice and are 

resistant to diet induced obesity when treated with a MHF diet (Xu et al., 2003b;Fadool et al., 2004; 

Figure 6.1 A; Chapter 5 Figure 5.1 A) and significantly reduce weight gain when breed to a genetic model 
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of obesity (Tucker et al., 2008)(Chapter 4, Figure 4.1). The Kv1.3 mice were chosen as the obesity 

resistant model.  Mice with a gene-targeted deletion of melanocortin receptor 4 (MC4R-null) were chosen 

for our genetic model of obesity (Butler and Cone, 2002;Balthasar, 2006) (Figure 6.1 B).  The results 

presented here are not meant to be an exhaustive evaluation of the effects of body weight and adiposity 

but rather to pave the way for future in-depth examination with more sensitive olfactometer-based testing. 

 

6.2 Materials and Methods 

6.2.1 Animal Care and Mouse Lines 

All mice were housed at the Florida State University vivarium on a 12/12 hour light/dark cycle in 

accord with institutional requirements for animal care.  Food (5001 Purina Rodent Chow; CF) and water 

were provided ad libitum to individually housed mice.  All experiments discussed in this chapter utilizing 

animals were conducted as per Florida State University Laboratory Animal Resources and AVMA-

approved methods.  Kv1.3-null mice were a generous gift from Drs. Leonard Kaczmarek and Richard 

Flavell (Yale University, New Haven, CT) and were generated as described previously (Koni et al., 

2003;Xu et al., 2003b).  In brief, Kv1.3-null mice were produced by excision of the Kv1.3 promoter region 

and one third of the 5’ coding region as generated in a C57B6/J background (Koni et al., 2003;Xu et al., 

2003b).  The loxTB Mc4r mice (MC4R-null), the genetic model of obesity used in this study, were a 

generous gift from Dr. Joel Elmquist (University of Texas Southwestern Medical Center, Dallas, TX) and 

were generated as previously described (Balthasar et al., 2005).  In brief, the Mc4r gene was 

transcriptionally blocked by insertion of a loxP-flanked transcriptional blocking sequence between the 

Mc4r transcription start sequence and 112 bp upstream of ATG to produce a complete block of Mc4r 

transcription and protein production in a C57B6/J and Sv129 mixed background (Balthasar et al., 2005).  

Due to the well-known poor reproductive capacity of MC4R-null mice (Schioth and Watanobe, 2002), 

MC4R heterozygous breeders were maintained and periodically crossed to establish the MC4R-null 

animals used in the experiments.  As both male and female MC4R-null mice gain the same amount of 

weight (Chapter 4, Figure 2.2), eight to 12 month old male and female MC4R-null mice and their WT 

littermates were used in the behavioral experiments. 

For the diet induced obesity (DIO) model, male C57B6/J (WT) mice were fed a moderately high 

fat (MHF), 32% kcal fat, condensed milk diet from Research Diets (D12266B; New Brunswick, NJ) or CF 

diet beginning at 11 weeks of age for 6.5 months. Kv1.3-null mice were also treated with the DIO- regime 

even though they do not gain weight when placed on a MHF diet (Xu et al., 2003b; Chapter 5, Figure 5.1 

and Chapter 6, Figure 6.1A) to determine if the MHF diet independent of weight gain can effect memory 

or olfactory ability.  

 

6.2.2 General Anosmia Test 

 General anosmia tests were conducted in the last 4 hours of the light phase, as previously 

described (Fadool et al., 2004), in 24 cm wide x 47.5 cm long x 21.0 cm high rodent cages, each 
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containing 6 cm of wood chip bedding (Harland Teklad, Madison, WI).  In each trial, either an unscented, 

glass marble, a Ritz Bits peanut butter cracker (savory, fatty scent) or Whopper chocolate candy (sweet, 

chocolate scent) (Publix Grocery, Tallahassee, FL, USA), were randomly hidden in the bedding, deep 

enough so the object could only be found by olfaction (Whopper and peanut butter cracker) or 

accidentally (marble).  Mice were placed in the center of the experimental cage and retrieval time was 

measured.  Each trial could last up to 600 seconds.  If the object was not retrieved with in the 600 s, a 

value of 600 s was scored.  For an object to be scored as retrieved, at least 5% of the object had to be 

visible for consistency.  Between trials, each mouse was moved back to its home cage with access to 

food and water for two minutes.  Each session consisted of six random trials, three with the unscented 

marble and three with the scented object, either the peanut butter cracker or the Whopper but not within 

the same session.   

 

6.2.3 Habituation Based Odor Discrimination Test 

To determine if a mouse could discriminate between two odors such as oleic and linoleic acid, or 

peppermint and geranyl acetate, a habituation-based odor discrimination test was employed as previously 

described (Fletcher and Wilson, 2002;Fadool et al., 2004).  First, the mouse was habituated to the first 

odor diluted 1:100 in mineral oil and applied to a cotton swab.  The cotton swab was introduced to the 

mouse through the top of the testing cage and time of active investigation/smelling of the odor was 

recorded over a 1 minute trial period.  This was repeated every 30 seconds for 7 trials.  Each time, as the 

mouse became familiar with the odor, the investigation time decreased.  On the eighth trial, the second 

odor diluted 1:100 in mineral oil was presented for 1 minute and time of exploration was scored.   All 

recorded times were normalized and compared to the animal’s original exploration time prior to 

habituation to minimize the between-animal variance.   If the animal could discriminate between the two 

odors, the eighth trial would be significantly longer than that of the seventh trial.   

 

6.2.4 Short and Long Term Memory Test   

 More sophisticated olfactory tests, such as test for odor detection threshold in the two-choice 

paradigm, require training and memory of odors or tasks to be performed on both a long- and short-term 

basis.   As DIO in rodents has previously been shown to affect  memory and cognitive function(Winocur 

and Greenwood, 2005;Greenwood and Winocur, 2005;Mielke et al., 2006), short- and long-term memory 

were assessed by object recognition testing as previously described (Jeon et al., 2003;Fadool et al., 

2004;Bevins and Besheer, 2006).  Mice were acclimated to 24 cm wide x 47.5 cm long x 21 cm high 

rodent chambers without access to food and water for one hour prior to testing.  Three plastic objects of 

similar size with distinct color and shape were cleaned with 95% ethanol and rinsed with distilled water 

between animals and trials.  Objects one and two were used in the training phase or initial trial, during 

which, the objects were placed in the front-left and front-right corners of the cage approximately 5 cm 

apart.  The mouse was placed in to the far end of the cage, away from the objects.  The amount of time 
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spent in investigation/exploration of each object was then recorded for a five-minute period, and the 

objects were removed and cleaned.  After the training or initial trial, a subsequent trial after one hr (to test 

short-term memory) or 24 hrs (to test long-term memory) was performed with Object 1 (familiar) in the 

front left corner, as before, and Object 3 (novel) in the front-right corner.  The investigation/exploration 

time was again recorded for each object during the 5 minute trial period.  If the mouse remembers the 

familiar object, it will spend more time investigating the novel object, Object 3.  If the mouse does not 

recognize the familiar object, Object 1, it will investigate each object equally. 

 

6.3 Results 

6.3.1 Modulation of Olfactory Related Behaviors During Diet and Genetically-induced Obesity 

 In the first set of anosmia tests, the times taken to find an unscented, glass marble, and a Ritz 

Bits peanut butter cracker (savory, fatty scent) were compared for WT and Kv1.3-null mice treated with 

either a CF diet or MHF diet for six months (Figure 6.2 A) and eight to 12 month old MC4R-null mice and 

their WT littermates (Figure 6.3 A).  Thin, Kv1.3-null mice on the CF and MHF diets, WT mice on the CF 

diet and MC4R-null mice had no difficulty finding the cracker significantly faster than the marble as 

determined by a Student’s t-test (P < 0.05).  The diet induced obese mice did not find the cracker any 

faster than the unscented marble, indicating on first interpretation, anosmia; however, when retested with 

a hidden Whopper chocolate candy (sweet, chocolate scent) as the scented object, diet-induced obese 

mice could easily find the scented object (Figure 6.2 B).   This indicated that the DIO mice were not totally 

anosmic but perhaps, due to the constant exposure to the odorous fat chow, the mice had somehow 

become habituated the fatty scent.   

 

6.3.2 Olfactory Discriminatory Ability is Reduced in a Mouse Model of Genetically-Induced 

Obesity, The MC4R-null Mouse  

Oleic acid comprises 26% and linoleic acid comprises 45% of the total fat in the MHF-diet used in 

this study.  Linoleic and oleic acid differ by a single double bond and were indistinguishable by the 

investigator.  To determine if the mice treated with a MHF diet could detect and distinguish between the 

very similar fatty acids, linoleic and oleic acid, a habituation-based odor discrimination test was employed 

as previously described (Fletcher and Wilson, 2002;Fadool et al., 2004).  WT and Kv1.3-null mice, 

independent of feeding treatment and body weight could readily distinguish between the two fatty acids 

(Figure 6.2 C).  MC4R-null mice and their WT littermates were tested using the same habituation-based 

odor discrimination test with peppermint extract and geranyl acetate, both diluted in 1:100 light mineral oil.  

WT mice could readily discriminate between the two general odorants but the MC4R-null mice failed to do 

so (Figure 6.3 B). 

 

6.3.2 Long-Term Object Memory Deficits in the Genetically Induced Obese, MC4R-Null Mice 
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Figure 6.1:  Body weights of mouse models of diet-induced obesity, genetically-induced obesity and 
genetic resistance to obesity.  (A) Bar graph of monthly body weight of WT (diet induced obesity prone) 
and Kv1.3-null (obesity resistant) mice fed either a control (CF) or moderately high fat diet (MHF).  The 0 
month time point indicates the body weight at 11 weeks of age, just before the diet treatment began.  The 
* indicates significant difference within a month, as determined by a two-way analysis of variance, P < 
0.05, n=5.  (B) Body weight bar graph of WT (n=6) and MC4R-null (genetic model of obesity; n=5) mice at 
8 months of age .  * Indicates significant difference as determined by an Student’s t-test, P < 0.5. Values 
are mean ± SEM.   
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Figure 6.2:  Olfactory ability in diet-induced obesity sensitive (WT) and insensitive (Kv1.3-null) mice in 
response to a MHF-diet.  WT and Kv1.3-null mice, treated with either a control fat (CF) or a moderately 
high fat (MHF) diet from 11 weeks of age to 31 weeks of age, were tested for gross olfactory deficits by 
using a general anosmia test in which the amount of time taken to find a hidden unscented object 
(marble) is compared to that of a scented object (peanut butter cracker or whopper chocolate candy).    
Histograms of retrieval time for (A) marble verses cracker and (B) marble verses chocolate for each 
genotype and feeding treatment.  * Indicates significant difference as determined by a paired t-test 
between marble retrieval time and the scented object retrieval time tithing a genotype and feeding 
treatment, P < 0.5.  By using the habituation based olfactory discrimination test, the ability to discriminate 
between very similar fatty acids, such as oleic and linoleic acid was tested for each genotype and feeding 
treatment.  (C) Line plot of odor investigation times across eight trials normalized to the initial odor 
investigation time.  Trials one through seven are normalized investigation times for linoleic acid and trial 
eight is oleic acid.  * indicates significant differences between trial seven and trial eight within a genotype 
and feeding treatment as determined by Arc-Sine transformation of percentile data followed by a 
Student’s t-test, P < 0.05.  
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Figure 6.3:  Olfactory ability in a genetic model of obesity, the MC4R-null mouse.  (A) Histogram of 
retrieval time for marble verses cracker for 8 to 12 month old MC4R-null mice, tested for gross olfactory 
deficits by using a general anosmia test in which the amount of time taken to find a hidden unscented 
object (marble) was compared to that of a scented object (peanut butter cracker).    * Indicates significant 
difference as determined by a paired t-test between marble retrieval time and the scented object retrieval 
time, P < 0.5.  (B) Line plot of odor investigation times across eight trials normalized to the initial odor 
investigation time from a habituation based olfactory discrimination test in 8 to 12 month old MC4R-null 
mice.  Trials one through seven are normalized investigation times for peppermint extract  and trial eight 
is geranyl acetate.  * Indicates significant differences between trial seven and trial eight as determined by 
Arc-Sine transformation of percentile data followed by a Student’s t-test, P < 0.05.  
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Figure 6.4:  Short and long term object recognition in diet-induced obesity sensitive (WT) and insensitive 
(Kv1.3-null) mice in response to a MHF-diet.  WT and Kv1.3-null mice, treated with either a control fat 
(CF) or a moderately high fat (MHF) diet from 11 weeks of age to 31 weeks of age, were tested for short 
and long term memory deficits.  Bar graphs of the percentage of time used to explore two objects during a 
an initial familiarization phase (Object 1 vs. Object 2) or object recognition phase (Object 1 vs. Object 3) 
either 1 hr or 24 hrs later for (A) WT mice on a CF diet, (B) WT mice on a MHF diet, (C) Kv1.3-null mice 
on a CF diet, and (D) Kv1.3-null mice on a MHF diet.  Data are expressed as mean ± SEM percent 
exploratory time.  * Indicates significant difference between objects within a time point as determined by 
Arc-Sine transformation of percentage data followed by a Student’s t-test P < 0.05.  
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Figure 6.5:  Short and long term object recognition in a genetic model of obesity, the MC4R-null mouse.  
Eight to 12 month old WT and MC4R-null mice were tested for short and long term memory deficits.  Bar 
graphs of the percentage of time used to explore two objects during a an initial familiarization phase 
(Object 1 vs. Object 2) or object recognition phase (Object 1 vs. Object 3) either 1 hr or 24 hrs later for (A) 
WT mice and (B) MC4R-null mice.  Data are expressed as mean ± SEM percent exploratory time.   
* Indicates significant difference between objects within a time point as determined by Arc-Sine 
transformation of percentage data followed by a Student’s t-test P < 0.05.  
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The effect of body weight and diet on long- and short-term memory were examined in mouse 

models of diet-induced obesity (C57B6/J on MHF diet), genetically-induced obesity (MC4R-null) and 

obesity resistance (Kv1.3-null) via the object recognition test (Bevins and Besheer, 2006).  Short- 

and long-term memory were tested in WT and Kv1.3-null mice treated with either a CF diet or MHF diet 

for 6 months (Figure 6.4) and eight to 12 month old MC4R-null mice and their WT litter mates (Figure 

6.5).  WT and Kv1.3-null mice had no memory deficits independent of feeding treatment; however, the 

small bias in the initial exploratory time for MHF-diet treated animals clouds the interpretation and further 

experiments are needed to clear the issue.  MC4R-null mice failed the 24 hour, long-term memory test 

indicating a deficit as determined by Arc-Sine transformation for percent data followed by a Student’s t-

test, P < 0.05. 

 

6.4 Discussion 

While cheap, readily available, calorically-dense foods and decreased physical activity are to 

blame for a large portion of the obesity epidemic, other factors have begun to draw the attention of the 

scientific community as contributing factors, such as some microorganismal infections, genetic and 

epigenetics factors, increasing maternal age, increased birthrates in the obese community due to medical 

intervention, sleep deprivation, endocrine disruptors, pharmaceutical side effects, stabilization of ambient 

temperatures, and gestational effects (McAllister et al., 2009).  With so many factors contributing to 

obesity in the human population, it is easy to see the difficulty in investigating how obesity, and all it 

encompasses, affects any one system.  That is why in this study, three different mouse models, a diet-

induced obesity (DIO) model, an obesity-resistant model and a model of mono-genetic obesity were used 

to investigate the effects of obesity and diet on general olfactory function.   

DIO sensitive C57BL/6J (WT) and obesity-resistant, Kv1.3-null mice, were fed either a CF diet or 

a MHF-diet for 6 months.  The C57BL/6J, MHF fed mice weighed significantly more than their CF 

counterparts and weight of the Kv1.3-null mice remained unchanged throughout treatment.  This allowed 

investigation of the effect of the MHF diet and obesity on olfactory ability and the effect of MHF diet in the 

absence of obesity on olfactory ability.  A genetic model of obesity, MC4R-null mice, were also evaluated 

for changes in olfactory ability, between the ages of eight to 12 months when body weight was stable 

(Chapter 2 Figure 2.1).   

By using a general test for anosmia, sometimes called the buried cookie test, diet-induced obese 

WT mice failed to find a buried peanut butter cracker (savory, fatty scent) any faster than the unscented 

marble suggesting these mice were anosmic.  On further inspection, however, the diet-induced obese WT 

mice were able to detect and find a hidden Whopper chocolate candy (sweet, chocolaty scent) within 50 

seconds of being placed in the arena, indicating the mice were not anosmic.  To determine if the mice, 

due to constant exposure to the odorous fat chow, had become habituated to the fatty scent, the 

habituation based odor discrimination test was employed.  Oleic acid comprises 26% and linoleic acid 

comprises 45% of the total fat in the MHF-diet used in this study. These very similar fatty acids are also 



108 

 

components of peanut butter.  The diet-induced obese WT mice were able to distinguish between the two 

fatty acids readily.  It is possible that as the mice had ad libitum access to the fat chow previously, the 

odors were similar enough that while satiated, there was no motivation to retrieve the peanut butter 

cracker.  The Whopper chocolate candy, however, was a completely new odor and the mice were 

therefore motivated to investigate the novel odor.   

The obesity-resistant Kv1.3-null mice have previously been shown to have a significantly lower 

odor detection threshold for peppermint and keener odor discrimination abilities, for most of the odor pairs 

tested, than their WT counterparts (Fadool et al., 2004).  The obesity resistant Kv1.3-null mice had no 

problem in the general anosmia test for either of the scented objects regardless of diet.  When these mice 

were tested with oleic and linoleic acid in the habituation based odor discrimination test, both CF and 

MHF diet fed Kv1.3-null mice had no problem distinguishing between the two fatty acids.  Interestingly, 

the Kv1.3 mice were no better at discriminating the difference between the two fatty acids than WT mice.  

This is not in conflict with the previous study that investigated discriminatory ability in these mice because 

in that study, discrimination between some odorant pairs tested were not significantly different from WT 

(C7/C9 and C7/C10 alcohols) (Fadool et al., 2004).  Oleic and linoleic acids were not tested in these mice 

previously and now prove to be another pair for which the Kv1.3-null mice do not discriminate more easily 

than WT.  Diet had no effect on these olfactory behaviors in the obesity resistant Kv1.3-null mice. 

There have been no published studies of the olfactory ability of MC4R-null mice even though 

experiments looking at the expression of MC4R mRNA and mice expressing green fluorescent protein 

under the MC4R promoter, indicate high levels of expression in the olfactory tubercle and lateral olfactory 

tracts (olfactory bulbs were not included in the screens)(Kishi et al., 2003;Liu et al., 2003).  MC4R-null 

mice took twice as long as WT mice to find the hidden peanut butter cracker in the general anosmia test 

but were not found to be anosmic.  In the habituation based odor discrimination test in which the MC4R-

null mice were to discriminate between the two general odorants, peppermint and geranyl acetate, the 

MC4R-null mice did not distinguish between the two.   

Some of the more sensitive olfactory behavioral experiments, such as the two choice paradigm 

for odor threshold determination, require the animal to learn and remember an odor or task.  High fat diets 

and obesity have previously been shown to impair learning and memory (Greenwood and Winocur, 

2005;Winocur and Greenwood, 2005;van den Berg et al., 2009).  To determine if the three models 

chosen have memory deficits that would impact future olfactory testing, short- and long-term object 

memory were tested.  Diet-induced obese WT and obesity resistant Kv1.3-null mice may not have had 

problems with either the short- or long-term object recognition tasks, however bias in initial values in the 

MHF-diet treated mice make this conclusion tenuous.  The MC4R-null mice, however, failed the 24 hour, 

long-term object recognition task suggesting that in future olfactory studies, it may take the MC4R-null 

mice longer to learn the task or non-memory based tests may have to be used. 

These studies were meant to be preliminary and pave the way for more sophisticated behavioral 

studies to systematically evaluate the effects of body weight and diet on olfactory function in a diet 
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induced obesity model, a mono-genetic obesity model and an obesity resistant mouse model.  From 

these studies, it can be concluded that using food as a motivating variable in an olfactory experiment 

where diet is the treatment can be misleading, and all models of obesity may not result in the same 

olfactory or memory phenotype.  Future experiments should use another means of motivation other than 

food, such as water deprivation (Slotnick and Restrepo, 2005).  While memory based training paradigms 

should be adequate for the DIO sensitive and resistant mice, a different means of assessment or longer 

training period will be needed for the MC4R-null mice. 
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CHAPTER 7 

 

DISCUSSION AND CONCLUSION 

 

Previous research performed in our laboratory has shown that gene-targeted deletion of the 

voltage-gated potassium channel, Kv1.3, produces “Super-smeller” mice that can detect odorants 1000-

10,000 fold more dilute and discriminate between single carbon chain length odorants more readily than 

wild-type mice (Fadool et al., 2004).  These mice are also thinner than their wild-type counterparts and 

resistant to diet induced obesity (DIO; Xu et al., 2003b;Fadool et al., 2004).  Blood and brain levels of 

glucose and insulin fall and rise acutely with feeding state and are chronically elevated during obesity and 

diabetes.  Insulin has been found to block the activity of an olfactory bulb (OB) voltage-gated K channel, 

Kv1.3, in mitral cells (Bowlby et al., 1997;Fadool and Levitan, 1998;Fadool et al., 2000;Das et al., 2005).  

Insulin application to olfactory bulb slices, increases mitral cell spiking frequency prevents spike 

adaptation with larger current injection steps (Tucker et al., 2010; Appendix D, Section D.3.2).  Insulin 

administration in anesthetized and awake rats has been found to modify the electrical activity of isolated 

single units in the OB (Pager et al., 1972;Cain, 1975).  These observations have led me to question the 

relationship of Kv1.3, metabolism, and olfaction. 

 
7.1 Discussion of Major Findings and Future Experiments 

  Mitral cell sensitivity to current injection is increased in mice with Kv1.3 gene-targeted deletion.  

Even though the expression of the sodium-activated potassium channel, Slack B, is upregulated in mitral 

cells as a result of Kv1.3 gene-targeted deletion (Lu et al., 2010), and the total peak outward potassium 

current is not significantly different from those of WT mice, the current evoked firing properties are 

significantly different.  On the level of the individual action potential, Kv1.3 gene-targeted deletion 

decreases the slope of the rising phase, height and hyperpolarization of the average action potential. The 

resting membrane potential is more depolarized than that in WT mice.  Mitral cells from Kv1.3-null mice 

need less current to elicit action potentials than those of WT mice and overall, are much more sensitive to 

current injection, possibly resulting in the observed “Super-smeller’ phenotype.  More studies are needed 

with the application of Kv1.3 specific blockers on mitral cells of WT mice to fully understand how Kv1.3 

block alone, without the other compensatory effects can modulate current evoked activity.  

Activity and expression of the Kv1.3 ion channel are modulated by many factors, some of which, 

fluctuate with nutritional status of the animal, resulting in both increases and decreases in potassium 

current (Table 1.2).   In Chapter 3, I present new evidence that Kv1.3 activity is also sensitive to changes 

in glucose concentration in a metabolically dependent manner.  There are two populations of mitral cells 

based on glucose sensitivity, glucose excited and glucose inhibited.  In glucose excited mitral cells,  
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Figure 7.1:  Projections hypothesized to mediate Kv1.3-null resistance to diet-induced obesity.  Black 
arrows indicate direction of information flow.  AON, anterior olfactory nucleus; DEPD, dorsal endopiriform 
nucleus; TT, taenia tecta. 
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increasing the glucose concentration, increases the sensitivity of the cell to lower current injection, 

making it easier to elicit action potentials at a given stimulus.  In glucose inhibited mitral cells, increasing 

the glucose concentration decreases the sensitivity of the cell to current injection, making it harder to elicit 

action potentials at a given stimulus.  This bidirectional modulation of the sensitivity of mitral cells to 

electrical input is, at least in part, Kv1.3 dependent.  This dual sensitivity to glucose concentration could 

be important for selectively increasing sensitivity to particular odor features that are linked to food odors 

while decreasing the sensitivity of non-food related odor features under low glucose conditions when food 

finding ability should be a priority.  Future studies should include the application of more physiologically 

relevant concentrations of D-glucose for the brain.  To determine if metabolism is necessary for glucose 

sensitivity in mitral cells, non-metabolizable 2-deoxyglucose and L-glucose should be applied.  D-glucose 

should also be applied in the presence of Kv1.3 specific blockers to determine how much of the sensitivity 

is due to Kv1.3 specifically.  

In Chapters 4 and 5, the effects of Kv1.3 gene-targeted deletion in a genetic model of obesity, the 

melanocortin 4 receptor-null mouse (MC4R-null) and a mouse model of diet-induced obesity (DIO) were 

explored.   Kv1.3 gene-targeted deletion reduces weight gain and adiposity in MC4R-null mice by 

increasing locomotor activity and activity-dependent metabolism.  Kv1.3-null mice are resistant to DIO in 

an olfactory/olfactory bulb dependent, increase in resting or basal metabolic rate without changes in 

locomotor activity. I hypothesize the mechanisms by which Kv1.3 gene-targeted deletion modulates 

metabolism and ultimately prevention of weight gain are different in each of the obesity models.   Cortical 

insulin and Kv1.3 toxin application in awake behaving animals, increase locomotor activity and modify 

cortical activity (Hennige et al., 2009).  It is therefore possible that since MC4R-null mice exhibit a 

significantly lower locomotor activity level than WT or Kv1.3-null mice, gene-targeted deletion of Kv1.3 

increases locomotor activity to normal levels in the MC4R-null mice in a similar manner.  Prevention of 

DIO by Kv1.3 gene-targeted deletion however, is hypothesized to be due to increased sensitivity of the 

mitral cells and “Super-smeller” phenotype increasing the output of the connections in Figure7.1 and the 

phenomena described by Nagai and colleagues  whereby odor stimulation, in rats and mice, can 

differentially modulate sympathetic and parasympathetic activity to modulate heart rate, blood pressure, 

lypolysis, caloric intake, body weight, plasma glycerol, and body temperature in an odor specific manner 

(Shen et al., 2005a;Shen et al., 2005b;Tanida et al., 2006;Shen et al., 2007;Tanida et al., 2007;Tanida et 

al., 2008a;Tanida et al., 2008b).  To confirm this hypothesis, experiments in which Kv1.3-null mice are 

exposed to the odor of the MHF chow while being maintained on the CF chow are being monitored for 

changes in resting or basal metabolic rate will need to be conducted.  It will also be important to 

successfully induce chronic anosmia in the Kv1.3-null mice without removing the olfactory bulbs to 

exclude the possibility that OBX induced changes in the rest of the brain are not masking the results. 

The causes of abnormal body weight and the resulting physiological and endocrinological 

changes are wide ranging (McAllister et al., 2009), resulting in the various changes in olfactory ability in 

humans.  The results presented in Chapter 6, as with human studies, are difficult to interpret and pinpoint 
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a mechanism of action, due to memory, motivational, physiological and endocrinological changes with 

changes in bodyweight.  What is clear from these results and those of others, is that there are changes in 

memory and olfactory ability with changes in acute and chronic changes in peripheral energy availability.  

Future experiments should use another means of motivation other than food, such as water deprivation 

(Slotnick and Restrepo, 2005).  While memory based training paradigms should be adequate for the DIO 

sensitive and resistant mice, a different means of assessment or longer training period will be needed for 

the MC4R-null mice. 

 

7.2 Conclusion 

The olfactory system has traditionally been thought of as a detector of external chemical cues, 

important for detecting and assessing the quality of food, potential mates, and potential danger.  It can be 

modulated by circulating peptides and compounds as well as centrifugal input from other brain regions 

based on the internal status and needs of the animal (Figure1.4 and Table 1.1).  Direct and indirect 

projections from the olfactory bulb to other parts of the central nervous system indicate the ability of the 

olfactory system to influence many physiological and behavioral functions not obviously directly related to 

odor detection (Figure 1.4).  The olfactory system is therefore setup to sample and integrate information 

about both the external and internal environment.  One of the many mechanisms of internal and external 

information integration is by modulation at the level of the voltage-gated potassium channel, Kv1.3 in the 

primary output neuron of the olfactory bulb, the mitral cell.  
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APPENDIX  A 

 

SCHEMATIC OF THE OVERTON-HENDERSON METABOLIC CHAMBER O2/CO2 

SAMPLING SYSTEM 
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Figure A.1:  Schematic of the Overton-Henderson Metabolic Chamber O2/CO2 sampling system.  Blue 
arrows indicate direction of fresh air flow.  Blue arrows indicate humidified sample air and purple arrows 
indicate the path of dry sample air.  The green arrow indicates path of waste water pulled from humidified 
sample air.  
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THE OLFACTORY BULB:  A METABOLIC SENSOR OF BRAIN INSULIN AND 

GLUCOSE CONCENTRATIONS VIA A VOLTAGE-GATED POTASSIUM CHANNEL 
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THE OLFACTORY BULB:  A METABOLIC SENSOR OF BRAIN INSULIN AND 

GLUCOSE CONCENTRATIONS VIA A VOLTAGE-GATED POTASSIUM CHANNEL 

 
D.1 Abstract 

The voltage-gated potassium channel, Kv1.3, contributes a large proportion of the current in 
mitral cell neurons of the olfactory bulb where it assists to time the firing patterns of action potentials  as 
spike clusters that are important for odorant detection.   Gene-targeted deletion of the Kv1.3 channel 
produces a “Super-smeller” phenotype whereby mice are additionally resistant to diet- and genetically-
induced obesity.  As assessed via an electrophysiological slice preparation of the olfactory bulb, Kv1.3 is 
modulated via energetically important molecules -such as insulin and glucose - contributing to the body’s 
metabolic response to fat intake.  We discuss a biophysical characterization of modulated synaptic 
communication in the slice following acute glucose and insulin stimulation, chronic elevation of insulin in 
awake mice, and following induction of diet-induced obesity.  We have discovered that Kv1.3 contributes 
an unusual non-conducting role - the detection of metabolic state. 
 
D.2 Introduction 
D.2.1  Kv1.3 Channel Distribution and Function 
 The voltage-dependent potassium channel, Kv1.3, is a mammalian homolog of the Shaker 
subfamily of potassium channels, which has a selective distribution within the nervous system including 
high expression in the dentate gyrus, the olfactory bulb, and the olfactory cortex (Kues and Wunder 
1992).  The biophysical properties of the channel were first described as characterized in T lymphocytes 
(Cahalan et al 1985), where today, active drug discovery efforts to find the most effective molecules to 
block the vestibule of the channel remain a focus of intensive research designed to dampen inflammatory 
responses associated with degenerative diseases, principally multiple sclerosis (Cahalan and Chandy, 
2009).  Although, classically, one envisions potassium channels as dampeners of excitability through 
timing of the interspike interval and shape of the action potential, as well as drivers for setting the resting 
membrane potential (Jan and Jan 1994; Yellen 2002), recent data have demonstrated that this particular 
potassium channel has a plethora of non-conductive functions that make it highly unusual, or at least 
untraditional (Kaczmarek 2006).  One of the reasons that Kv1.3 may have multiple regulatory roles could 
be attributed to its structure and favorability as a central scaffold upon which signaling molecules build 
protein-protein interactions.  Kv1.3 has seventeen tyrosine residues, several of which lie within good 
recognition motifs for tyrosine phosphorylation (Pawson 1995; Huganir and Jahn 2000).  Site-directed 
mutagenesis has been applied to both the channel and predicted regulatory kinases and adaptor proteins 
to map signaling cascades associated with modulating channel function (Holmes et al 1996a, 1996b; 
Bowlby et al 1997; Fadool et al 1997; Fadool and Levitan 1998; Cook and Fadool, 2002; Colley et al 
2004, 2008; Marks and Fadool, 2007).  For example, the cellular tyrosine kinase, src, phosphorylates 
residues Tyr

137
 and Tyr

449
 and has been found to substantially suppress Kv1.3 current while slowing the 

kinetics of inactivation (Cook and Fadool 2002), while the receptor-linked epidermal growth factor 
receptor phosphorylates only Tyr

479
 and predominantly acts to speed the kinetics of inactivation with only 

minor reduction in current amplitude (Bowlby et al 1997).  In the olfactory bulb, Kv1.3 is a substrate for 
phosphorylation by the insulin receptor kinase, whereby stimulation with the ligand insulin evokes no 
change in kinetic properties of the channel, but a reduction in current magnitude attributed to a reduction 
in mean open probability and not unitary conduction (Fadool and Levitan 1998; Fadool et al 2000).  The 
discovery of the many non-conductive roles for Kv1.3 was made through loss of function studies using a 
whole-animal, targeted deletion of the Kv1.3 gene (Koni et al 2003).  We and other laboratories noticed 
that the Kv1.3-null mice were thinner than their wild-type counterparts without caloric self-restriction 
(Figure 1a,b)(Xu et al 2003, 2004; Fadool et al 2004).  Using a custom designed metabolic chamber to 
quantify systems physiology parameters and ingestive behaviors (Figure 3a-b)(Williams et al 2003), we 
found that the Kv1.3-null animals more frequently broke a photobeam that guarded access to their food  
 

Appendix D is in press as, The Olfactory Bulb: A Metabolic Sensor of Brain Insulin and Glucose 
Concentrations via a Voltage-gated Potassium Channel. In: Sensory and Metabolic Control of Energy 
Balance: Springer. (2010).  By Tucker K, Cavallin MA, Jean-Baptiste P, Biju KC, Overton JM, Pedarzani 
P, Fadool DA.   Figures 2 and 3 contributed to by Kristal Tucker.  
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receptacles (Figure 1c), and oppositely, less frequently attended the water on a lick-o-meter (data not 
shown), while still maintaining identical total calorie and water intake as that of wild-type animals.  The 
null animals had a slightly elevated metabolic activity and an increased locomotor activity particularly in 
the dark cycle (Fadool et al 2004).  Interestingly, Hennige et al (2009) has demonstrated the i.c.v. 
injection of the Kv1.3 pore blocker, margotoxin, similarly elevates locomotor activity and increases cortical 
action potential frequency.   
 Since Kv1.3 carries 60-80% of the outward current in the olfactory bulb primary output neurons 
(Fadool and Levitan 1998; Colley et al 2004), the mitral cells, we were intrigued to explore olfactory-
related phenotypes in the gene-targeted deleted models.  By breeding the Kv1.3-null mice onto a 
background of mice with a genetic marker for particular classes of odorant receptor-identified olfactory 
sensory neurons, we were able to discern that the projections of neurons into the olfactory bulb no longer 
converged to a signal glomerular synaptic unit, but rather were supernumerary in target (Figure 1d)(Biju 
et al 2008).  Within a given glomerulus, subsequent dual-color fluorescent confocal microscopy studies 
demonstrated that glomeruli were no longer homogenous, but rather contained sensory projections from 
more than one class of olfactory sensory neurons (Biju et al 2008).  Behaviorally the Kv1.3-null mice had 
an increased olfactory ability in terms of both discrimination of molecular features of odorants determined 
by odor-habituation trials (Figure 1e) and in terms of odorant threshold, determined by the two-choice 
paradigm (Fadool et al 2004). 
 
D.2.2  Mechanistic Link Between Kv1.3 Ion Channel, Metabolism, and Olfaction 
 Given the world-wide health epidemic of the rise of the incidence of type II diabetes and 
unwanted weight gain (obesity), we immediately sought to determine the relationship between metabolic 
disorders, energy homeostasis, the modulation of this channel by insulin, and olfaction.  We decided to 
challenge the Kv1.3-null animals with a moderately high fat (MHF; 32% fat) diet for a period of 26 weeks 
and quantify body weight gain, serum chemistry, and metabolic profile as previously described by Tucker 
et al (2008).  Unlike wild-type counterparts, Kv1.3-null animals did not deposit significant quantities of fat 
in typical locations and were resistant to increases in body weight over the test interval (Figure 2d).  Wild-
type animals demonstrated the induction of prediabetic blood chemistry (Figure 2a), unlike that of Kv1.3-
null animals in which basal and fat challenged fasting glucose, serum insulin, and serum leptin levels 
were significantly reduced (data not shown).  Using intranasal insulin delivery across the cribiform plate, 
into the olfactory bulb, we demonstrated that animals maintained on a MHF-diet now failed to exhibit an 
increase in insulin-induced Kv1.3 phosphorylation, developing a degree of insulin resistance at the level 
of the ion channel (Figure 2b)(Marks et al 2009).  When genetically-identified odor receptor tagged mice 
were placed on a MHF-diet, and then number of OR-specified olfactory sensory neurons were counted 
across whole epithelia, we found that there was a loss of half of the neurons, or more directly, half the 
potential olfactory sensory information being received and relayed to the Kv1.3-containing postsynaptic 
targets, the mitral cell neurons (Figure 2c).   

To determine if the loss of Kv1.3 in the olfactory bulb and the resulting enhanced olfactory ability 
were responsible for the resistance to diet-induced obesity, we performed bilateral olfactory bulbectomy 
(OBX).  Wild-type and Kv1.3-null animals underwent OBX (or sham) surgery by bilateral removal of the 
olfactory bulbs at nine weeks of age as described by Getchell et al 2005.  Following a two week recovery 
from surgery, animals were placed on either control Purina diet or MHF regime for 5-6 weeks and then 
monitored for 8 days in the custom-housed metabolic chambers (Figure 3a-b).  At the end of the 16 week 
study, mice were behaviorally confirmed to be anosmic and then sacrificed to anatomically confirm 
complete bulb removal (Figure 3c).   If an OBX-treated animal was found to be able to detect a buried 
food item or more than 25% of the bulb remained (Figure 3d), the data for that animal was excluded from 
the data set for analysis.  Quite remarkably, OBX-treated, Kv1.3-null animals were no longer able to 
abrogate weight gain following maintenance on the MHF-diet (Figure 3f).  Figure 3e demonstrates weight 
gain in OBX-treated wild-type animals in comparison (Figure 3e).  Metabolic assessment determined that 
both control and MHF-diet fed Kv1.3-null treatment groups  
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Figure D.1:  Loss of Kv1.3 gene causes a reduction in body weight, modified ingestive behaviors, 
disruption in axonal targeting in the olfactory bulb, and increased olfactory discrimination in mice. 
a)  Line graph of the mean ± standard error of the mean (s.e.m.) body weight monitored for ten mice of 
each genotype.  Wildtype = control C57Bl6 mice, Kv1.3 -/- = mice with gene-targeted deletion of the 
Kv1.3 ion channel.  b) Line graph of the mean ± s.e.m. caloric intake for ten mice of each genotype 
monitored for 8 days.  c) Line graph of the mean ± s.e.m. feeding activity for ten mice of each genotype 
monitored for 8 days during the 12 hour dark cycle (left) or 10 hours of the light cycle (right).  
Computerized monitoring was disrupted for a two hour interval/day for cage maintenance. * = Significantly 
different by Student’s t-test at the 95% confidence level.  (a-c) Reproduced with permission from Fadool 
et al., 2004.  d) Axonal projections are visualized in a whole-mount of the olfactory bulb in 
M72irestauLacZ mice maintained on a wildtype (WT) or Kv1.3-null (Kv1.3 -/-) background.  Note the 
supernumerary glomerular projection in the Kv1.3-null animal at P20 that will remain unpruned through 
late adult (> 2 years)(Biju et al., 2008).  Scale bar = 1 mm.  e) Mice with a gene-targeted deletion (Kv1.3-
/-) have an increased olfactory discrimination based upon enhanced performance in a odor-habituation 
paradigm.  Inset = expanded Y axis to better visualize habituation phase.  (a-c, e)  Reproduced with 
permission from Fadool et al (2004). 
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Figure D.2:  Mice maintained on a moderately high-fat (MHF) diet develop a prediabetic blood chemistry, 
resistance to Kv1.3 channel phosphorylation, and a loss of an OR-identified class of olfactory sensory 
neurons.  Mice with a gene-targeted loss of Kv1.3 ion channel are resistant to obesity.   a) Bar graph of 
blood glucose and serum insulin concentrations for six wild-type mice maintained for 52 weeks on a 
control Purina chow (Con) or 32% fat diet (MHF).   b) Same cohort of mice in which mice were 
intranasally administered saline vehicle (Veh) or 0.1 μg/ml insulin twice daily for 8 days.  Proteins were 
immunoprecipitated with an antibody directed against Kv1.3 protein, separated by SDS-PAGE, and then 
probed with an antibody that recognizes tyrosine specific phosphorylation (PY Kv1.3).  IgG = 
immunoglobulin band.  c) Combined scatter (each mouse) and box plot (population mean and s.e.m.) of 
the number of M72 Β-galactosidase positive neurons in the epithelia of mice maintained on different 
dietary regimes.  Same experimental diet paradigm was performed (as in a,b) on mice with a genetic 
marker for the M72 odorant receptor, M72irestauLacZ.  Each whole epithelia were sectioned in entirety 
and then processed for B galactosidase product to identify M72 expressing olfactory sensory neurons 
(OSNs).  Neutral red was utilized as a counterstain (right) to better resolve OSNs in context.   d) Bar 
graph of the mean body weight ± s.e.m. of wild-type (WT) or Kv1.3-null (Kv1.3 -/-) mice maintained for 26 
weeks on either the control Purina chow (CF) or 32% fat diet (MHF). (a,b) Reproduced with permission 
from Marks et al (2009).  (c)  Whole-mount photograph modified with permission from Biju et al (2008). 
 



125 

 

 
 
Figure D.3:  Removal of the olfactory bulb in Kv1.3-null mice restores their sensitivity to diet-induced 
obesity via a reduction in energy expenditure.  a) Photograph showing the custom engineered metabolic 
chamber that is automated to collect respiratory quotient, locomotor activity, ingestive behavior every 
thirty seconds for eight days while regulating circadian rhythms.  b) Close up photograph of the cage 
insert of the metabolic chamber that demonstrates how the cage is aerated, temperature regulated, and 
sealed to acquire indirect measures of calorimetry.  c) Photomicrograph of a 16 μM thick coronal 
cyrosection through the olfactory bulb which was histologically stained to confirm complete surgical 
oblation of the olfactory bulb.  d) Bar graph of the mean ± s.e.m. retrieval time for mice to uncover a 
scented object.  OBX = mice with olfactory bulbectomy, SHAM = mice undergoing cranial surgery but 
bulb intact.  e) Bar graph of the mean ± s.e.m. body weight for wild-type mice undergoing OBX or SHAM 
surgery and placed on a Purina control chow (CF) or 32% fat diet (MHF) for 14 weeks.  f) Same as panel 
e but for Kv1.3-null mice.  Note:  mice that were not visually confirmed as successfully ablated (panel c) 
or behaviorally anosmic (panel d), were not included in the weight study (panels e-f). 
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transiently increased caloric intake following bulbectomy, whereas wild-type animals did not.  In particular, 
MHF-diet challenged Kv1.3-null mice increased their basal metabolic rate.  Combined removal of the 
olfactory bulb and maintenance on the MHF-diet was found to decrease activity- dependent metabolic 
rate and thereby decrease total weight-dependent energy expenditure computed using the Weir Equation 
(Weir, 1949).  These data directly demonstrate that the olfactory bulb contributes metabolic balance of 
energy usage; a brain region outside of the traditional hypothalamic pituitary, endocrine axis. 
 
D.3 Modulation of Kv1.3 by Metabolically Important Molecule 
 If gene-targeted deletion of Kv1.3 channel evokes a thin, supersmeller phenotype that is resistant 
to diet- and genetically-induced obesity, and maintenance of wild-type mice on high fat diets with 
presumably elevated glucose and insulin levels decreases the number of olfactory sensory neurons, then 
what is the functional ramification at the level of electrical excitability for the mitral cell; a major contributor 
of Kv1.3 conductance in the olfactory bulb?  We had previous reported biochemical evidence that Kv1.3 
was a substrate for phosphorylation by insulin using a heterologous expression system (Fadool and 
Levitan 1998), and thus used this same system to determine if glucose also could modulate Kv1.3 
biophysics.  In order to test whether two metabolically important molecules - insulin and glucose - 
modulated Kv1.3 in vivo, it was essential for us to additionally develop an adult olfactory bulb slice 
preparation so that we could explore modulation after chronic stimulation with these molecules (i.e. 
intranasal delivery approaches) or following induction of diet-induced obesity (i.e. maintenance on a MHF-
diet since birth).   
 
D.3.1 Glucose 
 Acute glucose sensitivity of olfactory bulb mitral cells was evaluated by whole-cell current-clamp 
recordings from horizontal sections (325 μm) prepared from C57BL/6 mice (wildtype) or mice with a Kv1.3 
gene-targeted deletion (Kv1.3-null).  Mitral cell membrane potentials were held at -65 mV to prevent 
spontaneous spiking followed by a 4 s, perithreshold (50-100 pA) current injection every 20 seconds 
during treatment with artificial cerebral spinal fluid (ACSF) containing 0 mM D-glucose with 22 mM D-
mannitol osmotic balance for 10 minutes followed by 22 mM D-glucose and 0 mM D-mannitol for 10 
minutes.  During these experiments we observed two populations of glucose sensitive mitral cells from 
wild-type animals based on changes in total spiking frequency.  Forty-eight percent of mitral cells tested 
exhibited an increased spiking frequency in response to changing the glucose concentration of the 
extracellular bath from 0 to 22 mM D-glucose and were therefore considered to be glucose excited.  The 
other 52% exhibited a drop in spiking frequency, or were glucose inhibited, in the presence of 22 mM D-
glucose.  Mitral cells from Kv1.3-null mice, however, exhibited no change in spiking frequency due to 
change in glucose concentration.  This suggests that Kv1.3 expression is important, at least in part, for 
glucose sensitivity of mitral cells.   
 
D.3.2 Insulin 

Acute application of insulin to mitral cells shortens the interspike interval (ISI) as determined 
through Gaussian fitting of ISI histograms generated from action potentials evoked from current injections 
stepped from 25 to 500 pA in cells held near the resting membrane potential.  Mitral cell firing frequency 
linearly increased from 10 Hz to approximately 45 Hz over current steps ranging from 25 to 200 pA.  
Following acute insulin stimulation of the slice for 20 minutes, the firing frequency significantly increased 
from 25 Hz to 60 Hz in response to the same current steps.  Interestingly, at stronger current injections, 
ranging from 300 to 500 pA, firing frequency in untreated mitral cells progressively fell below 45 Hz due to 
spike adaptation, but following acute insulin stimulation, mitral cells could maintain firing rates up to 85 Hz 
without adaptation.  Spike shape was significantly modified following acute insulin stimulation, whereby 
the action potential width was reduced, the action potential amplitude was increased, and the spike decay 
time (1/e) was faster.  At perithreshold current injections (5 to 30 pA) using long duration current steps 
(5000 msec) we found that the characteristic spike clustering generated by mitral cells was modified 
following acute insulin stimulation.  Spike clustering is due to intrinsic membrane properties, persists in 
the presence of NBQX and APV synaptic blockers, and is thought to provide frequency information for 
odorant discrimination (Balu and Strowbridge 2004).  We found that the pause duration of the spike 
clusters was significantly decreased following insulin stimulation.  If insulin were delivered chronically as 
opposed to acutely, then a different pattern of spike clustering was observed.  We intranasally delivered 
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insulin, twice a day for eight days, as per Marks et al (2009), to P50 and older animals, and then 
measured generated action potentials evoked at perithreshold current injections.  Following chronic 
insulin treatment, mitral cells exhibited two basal types of firing frequencies that were discreetly opposite 
in graphed activity patterns using raster plots.  Basally, neurons either had extremely high levels of spike 
clusters with short pause durations, or neurons fired with short latency to first action potential spike and 
only a single spike cluster of short duration was observed.  Following application of insulin to these slices, 
insulin now evoked a decrease in action potential firing frequency, regardless of which initial pattern of 
activity was exemplified.  Finally, mice that were placed on a MHF-diet via feeding the dam prior to pairing 
the parents, and then retaining weaned pups on the diet through adulthood (P35-P65), showed basal 
mitral cell properties that included modified timing of spike clusters, spike train adaption, and partial firing.  
Acute application of insulin to animals maintained on the MHF-diet since birth was now ineffective in 
changing action potential firing frequencies.   
 
D.4 Conclusion of Non-conductive Roles for Kv1.3 Governing Energy Homeostasis 
 We have demonstrated that disruption of the Kv1.3 gene results in reduced body weight, 
abrogation of obesity, modified axonal targeting in the olfactory system, increased olfactory ability, and 
changes in serum blood chemistry.  Maintenance on a moderately high fat diet reduces the number of 
olfactory sensory neurons while elevating insulin and glucose that we have directly shown to alter mitral 
cell biophysical properties in a slice configuration of the olfactory bulb.   A variant in the promoter of the 
Kv1.3 gene (i.e. gain in channel function), and referred to as the diabetes risk allele, has recently been 
associated with impaired glucose tolerance, lower insulin sensitivity, higher fasting plasma glucose, and 
impaired olfactory dysfunction in males (Tschritter et al 2006; Guthoff et al 2009).  It appears that natural 
changes in the sensitivity of the OB driven by modulation of Kv1.3 (in rats and humans) may contribute to 
the body’s metabolic response to fat intake or energy imbalance. 
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AWAKE INTRANASAL INSULIN DELIVERY MODIFIES PROTEIN COMPLEXES AND 

ALTERS MEMORY, ANXIETY, AND OLFACTORY BEHAVIORS 

 

E.1 Abstract 

 The role of insulin pathways in olfaction is of significant interest with the widespread pathology of 
Diabetes mellitus and its associated metabolic and neuronal co-morbidities.  The insulin receptor kinase 
(IR) is expressed at high levels in the olfactory bulb (OB), where it suppresses a dominant Shaker ion 
channel (Kv1.3) via tyrosine phosphorylation of critical N- and C-terminal residues.   We optimized a 
seven day intranasal insulin delivery (IND) in awake mice to ascertain the biochemical and behavioral 
effects of insulin to this brain region, given that nasal sprays for insulin have been marketed 
notwithstanding our knowledge of the role of Kv1.3 in olfaction, metabolism, and axon targeting.  IND 
evoked robust phosphorylation of Kv1.3, as well as increased channel protein-protein interactions with IR 
and post-synaptic density 95.   IND-treated mice had an increased short- and long-term object memory 
recognition, increased anxiolytic behavior, and an increased odor-discrimination using an odor habituation 
protocol but only moderate change in odor threshold using a two-choice paradigm.  Unlike Kv1.3 gene-
targeted deletion that alters metabolism, adiposity, and axonal targeting to defined olfactory glomeruli, 
suppression of Kv1.3 via IND had no effect on body weight nor the size and number of M72 glomeruli or 
the route of its sensory axon projections.  There was no evidence of altered expression of sensory 
neurons in the epithelium.  In mice made pre-diabetic via diet-induced obesity, IND was no longer 
effective in increasing long-term object memory recognition nor increasing anxiolytic behavior, suggesting 
state dependency or a degree of insulin resistance related to these behaviors. 
 

E.2 Introduction 
 

 With the ever rising incidence of Diabetes mellitus, obesity-induced diabetes, and other diabetes 
variants, it is of critical importance to understand the role of insulin in the central nervous system (CNS).   
Most glucose transport into the CNS is not dependent upon insulin, and the poor correlation of insulin 
receptor location and neuron energy utilization suggest that insulin has different regulatory roles in the 
brain over that of the periphery (Bruning et al., 2000; Hallschmid et al., 2004).   Insulin in the brain acts as 
a neuromodulator by affecting synaptic plasticity and neurotransmitter release (Reviewed by Plum et al., 
2005), enhances working memory, promotes neuronal survival, and regulates reproduction via the 
hypothalamic-pituitary axis (Bruning et al., 2000).  In the olfactory bulb, insulin phosphorylates a 
predominant voltage-dependent potassium channel (Kv1.3) to suppress current by modifying channel 
mean open probability (Fadool and Levitan, 1998; Fadool et al., 2000) and activation of insulin receptor 
(IR) kinase blocks protein-protein interactions to modulate cell signaling with expressed adaptor proteins 
such as post-synaptic density-95 (Marks and Fadool, 2007).  Fasted mice have elevated levels of insulin 
in the OB but whether insulin is locally synthesized in the brain or in other olfactory structures (Banks, 
2004; Duchamp-Viret, Savinger, Julliard, Palouzier-Paulignan, and Caillol, personal communication) is 
not fully understood.     
 A majority of charged or large therapeutic agents are inhibited from entering the brain due to the 
blood-brain barrier.  Development of neurotrophin and insulin intranasal delivery (IND) has emerged as  
potential therapeutic route to reduce stroke, memory degeneration, and brain tumor development 
associated with neuroAIDS, Alzheimer’s, or Diabetes (Kern et al., 1999; Benedict et al., 2004; González, 
2006; Reger et al., 2006; Reagan, 2007).   IND allows rapid delivery from the nose to the CNS via an 
extracellular route, which does not require that the hormone selectively bind or undergo axonal transport 
(Dhanda et al., 2005; Hanson and Frey, 2007).   While the safety and efficacy of IND insulin was studied 
in terms of nasal irritation (review: Khafagy et al., 2007), it is surprising that less clinical attention was 
 

Appendix E was previously published as “Awake intranasal insulin delivery modifies protein complexes 
and alters memory, anxiety, and olfactory behaviors” in The Journal of Neuroscience, May 20, 
2008;29(20):6734-51, by Marks, D.R., K. Tucker, M.A. Cavallin, and D.A. Fadool.  Kristal Tucker 
contributed to Figures 5, 7, 13, and 14.   
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focused upon modulation of brain function such as regulation of food intake, memory, metabolism, or 
synaptic plasticity (Reviewed by Stockhorst et al., 2004; McNay, 2007).   In particular, there are gaps in 
our knowledge of how insulin IND might affect ion channel function/associations or whole animal behavior 
in relation to olfaction despite the fact that IR kinase expression and insulin binding affinity is the greatest 
in this brain region over all other areas of the CNS (Hill et al., 1986).  Intranasally-delivered molecules 
show highest concentrations in the OB, providing a means to directly deliver insulin to all OB lamina 
(Thorne et al., 2004).  The OB represents a simple, well-laminated structure for which there is a wealth of 
functional and optical recording data of defined neural activity in response to sensory input (Reviewed by 
Shepherd, 2006).  Several known targets of IR are expressed in all lamina of the OB, making it an 
advantageous region to study the effects of insulin modulation in situ.  Moreover, the OB has the highest 
rate of blood-born insulin uptake of all brain regions (Banks et al., 1999), suggesting it may be an 
important sensor of changes in metabolic and hormonal state (Apelbaum and Chaput, 2003; Aimé et al., 
2007; Julliard et al., 2007).  There are well-designed behavioral paradigms to test olfactory function 
(Reviewed by Stevenson and Wilson, 2007; Wilson and Linster, 2008), allowing insulin-evoked 
physiological or biochemical changes to be studied in tandem with behavior.  As a consequence, we 
developed a seven day insulin IND paradigm in awake mice to investigate anatomical, biochemical, and 
behavioral changes correlated to hormone delivery to a CNS location of highest IR expression.  We 
demonstrate that insulin IND does not damage the olfactory epithelium, alter glomerular projection, or 
decrease olfactory sensory neuron numbers.  Insulin evokes phosphorylation of Kv1.3 ion channel in situ, 
and modifies native channel protein-protein interactions.  Behaviorally, insulin enhances short- and long-
term object memory recognition, increases odorant discrimination following habituation, evokes anxiolytic 
behavior, and does not largely affect odorant threshold.   
 

E.3 Materials and Methods 
 

E.3.1 Animals 
 C57BL/6 mice were housed at the Florida State University vivarium on a 12L:12D photoperiod.  
Mice were individually housed following weaning at postnatal (P) day 21 and used for experiments 
ranging from P41 - P60.  Food and water were provided ad libitum in conventional style cages.  A 
separate group of male C57BL/6 mice were similarly maintained but were placed on either a control chow 
diet (Purina 5001) or a moderately high fat diet (MHF)(Purina D12266B; 31.8% fat) starting at 3 months 
through 15 months as purchased from Research Diets (New Brunswick, NJ). These mice were weighed 
weekly and used for experiments after 12 months of MHF dietary regime.   
  
E.3.2 Solutions and Antisera 
 Human recombinant insulin was purchased from Roche (Indianapolis, IN) and was used for 
intranasal delivery at a working concentration of 5 μg/ml, and for stimulation for biochemical analyses at a 
concentration of 10 μg/ml.  αAU13, a rabbit polyclonal antiserum, was generated against a 46 amino acid 
sequence 478 MVIEEGGMNHSAFPQTPFKTGNSTATCTTNNNPNDCVNIKKIFTDV 523 representing the 
unique coding region of Kv1.3 between the amino terminus and transmembrane domain 6 as initially 
characterized (Tucker and Fadool, 2002).  This antibody was used for immunoprecipitation (3-5 μg/1 ml 
lysate) and Western blotting (1:1000).  Olfactory marker protein (OMP) antiserum was purchased from 
Wako (Richmond, VA, cat. # 544-10001) and used at 1:1000 for immunocytochemistry.  Anti-Golf (1:500) 
was a generous gift from Dr. Albert Farbman (Northwestern University, Evanston, IL), who generated the 
antiserum by using the same antigen as Reed's antiserum (CY coupled to KTAEDQGVDEKERREA, near 
the amino terminus of rat Golf; Jones and Reed, 1989).  Polyclonal antisera directed against the β subunit 
of the human IR (IRβ cat. # MAB1139) was purchased from Upstate/Millipore (Billerica, MA, USA) and has 
been previously characterized for cross-reactivity for cloned IR expressed in heterologous expression 
systems  (Fadool and Levitan, 1998; Marks and Fadool, 2007) and native rodent OB tissue at 1:1000  
(Fadool et al., 2000; Marks and Fadool, 2007).  Anti-phosphotyrosine (4G10) (cat. # 05-1050) was 
purchased from Upstate/Millipore (Billerica, MA, USA), and has been well characterized for detection of 
Kv1.3 phosphorylation at 1:1000 (Colley et al., 2004; Fadool et al., 2004; Colley et al., 2007; Marks and 
Fadool, 2007).  Insulin antisera (cat. # sc-9168) was purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA), and was used for peroxidase-based immunolabeling at 1:200.  Monoclonal β-actin (cat. # 
A2228) antisera was purchased from Sigma (St. Louis, MO) and used at 1:800 for Western blots as a 
secondary confirmation for equivalent protein loading.  Kv1.3 (cat. # AB5178a), PSD-95 (cat. # 
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MAB1596), and Pan Homer (cat. # AB5875) antisera were purchased from Chemicon/Millipore (Billerica, 
MA, USA), and used at 1:200, 1:500, and 1:1000 respectively.   
 The three buffers (A-C) used to visualize β-galactosidase reaction product contained: Buffer A - 
(0.1 M phosphate buffer, 2 mM MgCl2, 5 mM EGTA), Buffer B - (0.1M phosphate buffer, 2 mM MgCl2, 
0.01% sodium deoxycholate, and 0.02% Nonidet P40), Buffer C - (Buffer B with 5 mM potassium 
ferricyanide, 5 mM potassium ferrocyanide and 600 μg/ml X-gal).  X-gal was purchased from Research 
Products International Co. (Mt. Prospect, IL).  All other solutions for cell lysis, homogenization, 
immunocytochemistry, and protein biochemistry were used as described fully elsewhere (Fadool at al., 
2000; Cook and Fadool, 2002; Biju et al., 2008).   
 
E.3.3 Intranasal Insulin Delivery (IND) and Tissue Processing 
 There are two major routes for non-invasive insulin delivery: pulmonary (inhaled) and intranasal 
(IND).  In pulmonary routes of administration, insulin is absorbed into the pulmonary vasculature to affect 
systemic glucose levels (Hollander, 2007) .  In intranasal (IND) routes of administration, insulin can be 
paired with a carrier to enhance nasal absorption into the vasculature of the main olfactory epithelium to 
affect systemic glucose levels OR insulin can be unpaired and delivered either as an aerosol or liquid to 
gain entry into the CNS via extracellular spaces in the cribriform plate.  In intranasal (IND) routes of 
administration (unpaired), aerosolized insulin in humans (Hallschmid et al., 2008) and insulin solutions in 
animal models has proven to use an identical route to deliver the hormone into rostral brain structures 
without reaching the blood serum that would elicit systemic side effects. We modified IND delivery in mice 
that was originally piloted for Sprague Dawley rats by Thorne et al., 2004.   In this, and subsequent 
experiments utilizing animals, animal protocols were conducted as per Florida State University Laboratory 
Animal Resources and AVMA-approved methods.   For anaesthetized delivery, postnatal day 44 to 55 
(P45-P55) C57BL/6 mice were anaesthetized with 60 mg/kg sodium pentobarbitol diluted in saline (full 
dose).  Up to two maintenance half doses were given as needed.  A meniscus of insulin containing 
solution was formed using a standard P10 pipette tip and presented to the naris of the anaesthetized 
mouse while in a supine position with airway passages supported open using a gauze roll under the neck. 
Two microliter drops of 3 μg/μl insulin or phosphate-buffered saline (PBS) vehicle were inhaled into 
alternating nares every two minutes for thirty minutes total.  Ten minutes after the last intranasal dose, 
mice were sacrificed via an overdose of sodium pentobarbitol and decapitated.  Olfactory bulbs were 
dissected out, homogenized, and subjected to immunoprecipitation as described above.   
 For awake intranasal insulin delivery, P41-51 mice were weighed and given an identifying mark 
(hair shaving) before the first treatment.  For delivery, mice were hand-restrained, placed in a supine 
position, and given three, ten microliter drops of 5 μg/μl insulin, PBS, or 5 μg/μl insulin heated at 95C for 
fifteen minutes (boiled), into both nares simultaneously.  A meniscus of solution was similarly formed and 
presented for inhalation by the awake mouse as was described above for the anaesthetized condition.  
Mice were given an extra ten microliter treatment drop if the subject forcibly ejected or sneezed out 
solution.  Mice were held supine for 5-10 sec after delivery to ensure all fluid was inhaled.  Due to the 
viscous nature of 5 μg/μl insulin solution, it was impossible to deliver the meniscus to a single naris 
effectively, hence all awake treatments were administered to both nares.  It was previously shown that 
intranasally delivered insulin-like growth factor reaches the OB with an efficiency of 0.11% (Thorne et al., 
2004).  Based upon those calculations and the equivalent molecular weight of insulin, it is estimated that 
9 nM insulin is the effective dose of insulin reaching the OB.  This treatment was repeated for 
approximately thirty minutes, or until all mice had received 90 total microliters of solution.  This protocol 
was repeated twice daily at 0700 and 1900 for five days.  On days six and seven, mice continued their 
insulin treatment regimen and were subjected to behavioral testing approximately three hours after their 
morning dose.  On the evening of day seven mice were given their last treatment at 1900, and sacrificed 
three hours later in order to ensure that biochemical analyses were performed using the same pre-
treatment increment as the behavior tests.  Mice were sacrificed via CO2 inhalation followed by 
decapitation.  The olfactory bulbs were dissected out, and prepared for immunohistochemistry or 
immunoprecipitation.  The remainder of the nose was immersion fixed in 4% paraformaldehyde for 24 
hours, and then placed in a vacuum chamber for 2 hours to ensure complete fixation inside the nares.  
Noses were decalcified in 0.5 M EDTA for 3-4 days, and then cryoprotected in a series of 10%, 20%, 30% 
sucrose PBS.  Approximately 4 ml of embedding medium was added and the tissue was placed in a 
vacuum chamber for 2 hours.  Tissue was frozen, and 16-20 μm coronal sections were cut on a cryostat 
and stored at -20C for later use.   
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 Peripheral blood glucose concentration was determined for animals receiving awake intranasal 
delivery by sampling tail blood acquired at time 0, 5, 30, 60, and 90 minutes following IND treatment and 
monitoring glucose levels with a glucose meter (Ascensia Contour, Bayer Healthcare LLC, Mishawaka 
IN).  Quantified trunk blood was determined to have consistently lower blood glucose concentration than 
that of tail sampling (approximately 40 mg/dl), therefore most measurements were uniformly taken from 
the tail to acquire a paired or repeated blood sampling.  It was not possible to sample enough blood from 
a tail for ELISA, therefore, isolated serum from trunk bleeds had to be used upon harvest to determine 
blood insulin concentrations.   Blood insulin concentration following chronic IND was determined via 
ELISA technique as per manufacturer’s specifications (Ultrasensitive Mouse Insulin Kit #10-1150-01, 
Mercodia, Uppsala, Sweden).    
 
E.3.4 Protein Chemistry 
 Harvested OB were homogenized in ice cold lysis buffer including protease and phosphatase 
inhibitors as described previously (Fadool et al., 2000).  Since OB were harvested from single animals 
and not pooled, homogenates were rotated at 4C for 4-6 hours to increase protein extraction.  The lysates 
were then clarified by centrifugation at 14,000 g for 30 min at 4C, and precleared for 2 hour with 3 mg/ml 
protein A-sepharose (Amersham-Pharmacia, Piscataway, NJ).  The protein of interest was 
immunoprecipitated from the cleared lysates by incubation overnight with 5 μg/ml of specific antibody at 
4C.  The immunoprecipitates were then washed 4 times with wash buffer, and proteins were separated 
on 10% acrylamide gels by SDS-PAGE, followed by electro-transfer to nitrocellulose membranes.  The 
nitrocellulose membranes were blocked with 5% non-fat milk or 2% bovine serum albumin (TBST-Block; 
Sigma Chemical Co., St Louis, MO) and incubated overnight at 4C with primary antibody.  Membranes 
were then incubated with species-specific horseradish peroxidase (HRP)-conjugated secondary 
antiserum diluted in TBST for 90 minutes at room temperature.  Labeled proteins were visualized by 
enhanced chemiluminesence (ECL) (GE Healthcare Bio-Sciences Corp, Piscataway, NJ) and band pixel 
density was quantified using scanning densitometry as previously described (Cook and Fadool, 2002; 
Marks and Fadool, 2007).   
 
E.3.5 Behavior 
 After 5 days of IND, mice were tested for general anosmia and short-term (1 hour) and long-term 
(24 hour) object memory as previously performed and analyzed (Jeon et al., 2003; Fadool et al., 2004).  
These same mice were also subjected to odor habituation trials (Fletcher and Wilson, 2002; Fadool et al., 
2004) and light-dark box testing (Bourin and Hascoët, 2003).  To test for discrimination of a second odor 
following the habituation to a first odor, odor mixtures (peppermint, geranyl acetate) or single odorant 
alcohols differing by number of carbon atoms (alcohol C9/C10) were diluted 1:100 in mineral oil or water 
and applied to a cotton swab.  The cotton swab was introduced to the mouse through the top of the 
testing cage and time of active investigation/smelling of the odor was recorded over a 1 minute trial 
period.  Mice were habituated to the first odor of an odor pair combination by repeat stimulation with the 
odor saturated swab for seven trials using 1 min resting intervals. On the eighth trial, the second odor of 
the odor pair was presented and time of exploration was scored. All recorded times were normalized and 
compared to the animal’s original exploration time prior to habituation to minimize the between-animal 
variance.  For light/dark box testing, a rat cage (29.2 x19.1x12.7 cm) was modified as follows: A black 
cardboard divider was cut to the exact width and height of the cage and a 7x7 cm square opening was cut 
in the middle on the bottom edge.  The divider was placed in the middle of the cage, creating two equally-
sized compartments.  One side of the cage was painted black (dark), and the other side was painted 
white (light).  Another black cardboard piece was cut for the top of the dark chamber and fitted tightly in 
place, ensuring no outside light entered the dark chamber.  A 60 watt light bulb was then hung 70 cm 
directly over the center of the white chamber.  For testing, mice were placed in the center of the light 
chamber and a timer was started at the time of release.  The time period from release to mouse entrance 
into the dark chamber (latency) was measured.  Entrance into a chamber was defined as all four paws of 
the mouse crossing into that chamber.  The number of times a mouse crossed between chambers was 
also scored (transitions), and the total time the mouse spent in the light chamber was measured.  The test 
lasted for 5 min (300 sec), and the time spent in the dark chamber was calculated by subtracting total 
time in the light chamber from 300 sec.   
 A separate set of IND treated mice were subjected to the marble burying test (Nicholas et al., 
2006) and the elevated plus maze (Stowe et al., 2005) as parallel tests for anxiety.  In these trials, mice 
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were prescreened on separate days for each anxiety test, treated for 5 days with insulin or PBS vehicle, 
and then retested for each anxiety test on the 6

th
 or 7

th
 day of IND treatment, respectively.  For marble 

burying trials, mice were habituated for 15 minutes to a rat cage (29.2 x 19.1 x 12.7 cm) filled with 5 cm of 
bedding material.  Eighteen evenly placed marbles (6 x 3 array) were then arranged in the test cage.  At 
the end of a 45 minute test period, the mouse was returned to its home cage and the fraction of buried 
marbles was scored.  A marble had to be buried at least 2/3 of the way with bedding before it was 
considered as buried.  Although it is not exactly understood why the mice bury the marbles, it has been 
shown the drugs that induce anxiolytic activity in humans, also decrease the number of marbles buried in 
this test (Nicholas et al., 2006).  The elevated plus maze (EPM) was constructed by Columbus 
Instruments (Columbus, OH) and has been validated for successful use in rats, mice, and voles (Pellow et 
al., 1985; Lister, 1987; Stowe et al., 2005).  The EPM was comprised of two open arms (35 cm (L) x 6.5 
cm (W)) and two closed arms (35 cm (L) x 5 cm (W) x 15 cm (H)) that crossed in the middle and was 
elevated 45 cm off the ground.  Mice were individually placed on the cross intersection of the EPM facing 
an open arm and scored by videocinemintography for 5 minutes under standard lighting conditions.  Post 
experiment analysis was assisted by home written software (Mr. Yuval Perez, FSU Computer Science) 
that scored numbers of entries into open or closed arms, time spent in each arm or in the center, and 
number of falls.  An entry into an arm was counted only when all four paws of an animal crossed from the 
center panel onto the arm.  The maze was wiped with 70% ethanol between trials.   
 A separate group of mice were used in a two-choice paradigm to ascertain odorant threshold as 
previously described (Colacicco et al., 2002; Fadool et al., 2004).  During the apparatus habituation 
period and acquisition phase where the mouse is trained to make a decision (dig) to uncover a baited 
reward (honey-flavored cereal) under an odor-scented litter compartment, the animal is fasted to 75-85% 
of its body weight (Day 1-3).  Once mice were trained near 100% efficiency to dig for the food reward by 
odorant pairing, odorant threshold testing began (Day 4-6).  For each daily test session, mice were 
progressively tested on sequentially lower dilutions that were prepared in 10-fold dilution step increments. 
A test of a given dilution consisted of four to eight trials.  If a mouse responded with 90%-100% for correct 
decisions, it was tested on the next lower dilution.  Since mice only had the capacity to stay attentive to 
the task for 30-45 min (approximately fifteen trials), the lowest dilution at which 100% correct decisions 
was made was resumed on the next day.  If the mouse responded incorrectly (60%-80% correct 
decisions), it was retested twice with the previous stronger dilution.  Once mice reached a dilution where 
they scored a combined average of 80% correct choice, insulin treatment was started.  Mice received 
either insulin (intact hormone) or boiled insulin (denatured hormone) at 1200  and 2400 in order that 
behavioral testing could be performed 3-4 hours after treatment in a room isolated from external noise.  
During the five day IND treatment period (Days 7-11 overall), mice were not behaviorally tested.  Mouse 
weights were also allowed to increase at the start of insulin treatment to protect against a trend of 4-5% 
body weight loss with chronic treatment.  Mouse weights were carefully monitored and slowly lowered via 
food restriction over the course of intranasal treatment back down to 75-85% of original body weight.  On 
the 6

th
 day of IND treatment (Day 12 overall), mice were started at the successful odor dilution, and 

testing to determine odorant threshold was resumed.  Odorant threshold was determined at 50% correct 
decisions or retrieval of reward by chance alone.  This behavioral paradigm was designed based upon 
modification of protocols described in Yee and Wysocki (2001), Colacicco et al. (2002), and the Hyde 
Laboratory (Schering Plough Research Institute, Kenilworth, New Jersey).     
 A separate group of male mice were placed on a control or matched moderated high fat (MHF) 
diet to test for state dependency of IND-related channel phosphorylation and behaviors.  The method of 
IND (insulin or PBS vehicle) was identical to that previously described with the exception of the adult age 
of the mouse at onset of treatment (16 month) required to accommodate diet-induced obesity.  Mice were 
provided either control Purina or MHF-diet ad libitum at 3 months of age for 55 weeks.  Animals were 
weighed weekly and tail blood was sampled one week prior to IND treatment to confirm induction of 
hyperglycemia by glucose meter.  Behavior phenotyping was conducted using a paired metric, prior and 
subsequent to IND treatment, to include 24 hour object memory, LDB, EPM, and marble burying trials.  
IND treatment interval (without intervening behavioral testing) remained a 5 day window, and total IND 
treatment was extended to 9 days overall to complete the battery of post IND treatment behavioral tasks.  
Mice were phenotyped for LDB and the first day of object memory on 6

th
 day IND, 2

nd
 day of object 

memory on 7
th
 day IND, marble burying on 8

th
 day IND, and EPM on 9

th
 day of IND.  This paradigm 

largely limited the animal testing interval to less than 15 minutes per day to minimize stress/handling.  Tail 
blood and olfactory bulb tissue were harvested 3 hours post final IND treatment on the evening of day 9.   
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E.3.6 X-Gal Staining  
 M72-IRES-tau-LacZ mice were generated previously via placement of an internal ribosome entry 
site (IRES) directing the translation of tau:lacZ fusion protein immediately downstream of the M72 odorant 
receptor stop codon (Mombaerts et al., 1996; Zheng et al., 2000).  These mice were a generous gift from 
Dr. Peter Mombaerts (Max Planck Institute of Biophysics, Frankfurt am Main, Germany).  OSNs of these 
mice that express these modified M72 receptors can be visualized by histological staining for β-
galactosidase activity along with the odorant receptor (Mombaerts et al., 1996; Zheng et al., 2000). Mice 
were sacrificed with an overdose of sodium pentobarbital and perfused with 4% paraformaldehyde as per 
Florida State University Laboratory Animal Resources and AVMA-approved methods.  Heads were 
decalcified in 0.3 M EDTA for 48 hours (h) at 4C. Both the nasal epithelium and olfactory bulbs were 
exposed and rinsed in phosphate buffered saline (PBS).  A total of sixteen animals, four per IND 
treatment (insulin, PBS, boiled insulin, and untreated) were processed for whole mount staining (Biju et 
al., 2008).  Briefly, tissue preparations were washed with Buffer A for 5 minutes (min) and then again for 
25 min at room temperature (rt).  Tissues were then twice incubated with Buffer B for 5 min each, followed 
by a 6 h to overnight incubation in Buffer C at rt. Whole mounts were examined with a Leica MZ FLIII 
stereomicroscope (Wetzlay, Germany) and images were acquired with an Olympus DP10 digital camera 
(Tokyo, Japan).  After whole-mount imaging, tissue was cryoprotected in a series of 10%, 20%, 30% 
sucrose in PBS, and coronally sectioned at 16 µm on a cryostat.  Sections were washed with Buffer A for 
5 minutes (min) and then again for 25 min at rt.  Sections were then twice incubated with Buffer B for 5 
min each, followed by a 6 h to overnight incubation in Buffer C at rt.  Cryosections were counter-stained 
with neutral red following the above X-gal processing to visualize targets of projections and number and 
distribution of M72 expressing OSNs by light photomicroscopy (Zeiss Axiovert S 100; Oberkochen, 
Germany).  Manual counts of positively identified OR-expressing OSNs were statistically compared 
across groups using a one-way Analysis of Variance (ANOVA) with a Student-Newman-Keuls follow-up 
test (α≤0.05).  
 

E.4 Results 
 

E.4.1 Intranasal Insulin Delivery to Anesthetized and Awake Animals Significantly Increases Kv1.3 
Tyrosine Phosphorylation 
 Kv1.3 is a target for tyrosine phosphorylation by the insulin receptor kinase, which has been 
demonstrated in HEK 293 cells and cultured OB neurons (Fadool and Levitan, 1998; Fadool et al 2000; 
Marks and Fadool, 2007).  While these are excellent paradigms to study protein-protein interactions, they 
do not accurately represent the native environment of the olfactory bulb.  In order to demonstrate that the 
insulin receptor kinase phosphorylates Kv1.3 in situ, ten anesthetized animals (5 hormone and 5 PBS 
vehicle) received intranasal delivery (IND) as described in the Materials and Methods.  Animals were 
sacrificed as per NIH-approved methods and OBs were quickly harvested.   Kv1.3 was 
immunoprecipitated (IP) from the clarified OB lysate, separated by SDS-PAGE, and probed with α4G10; 
an antiserum recognizing phosphotyrosine.  As shown in Figure 1A, insulin-treated animals (I+) show a 
significant increase in Kv1.3 phosphorylation (IP, gel lanes 1-2) but no change in channel protein 
expression (lysate, gel lanes 3-4).  These data were quantified by pixel densitometry and statistically 
compared in the bar graph below the Western blot (Figure 1B, Student’s t-test, α≤0.05).  In this and 
subsequent analyses, plotted pixel values for the immunoprecipitated Kv1.3 protein were normalized 
within blot to that of the vehicle alone condition (V) to eliminate differences in ECL exposure times 
between autoradiographs. 
 The effect of single treatment insulin IND was next compared to a chronic IND paradigm using 
awake animals as described in the Materials and Methods.  The frequency of insulin delivery was 
optimized to best mimic clinical insulin nasal sprays previously marketed (Reviewed by Barnett, 2004; 
Dunn and Curran, 2006a,b).  Mice were given intranasal insulin (I+), PBS (V), or boiled insulin (B) twice a 
day for five days before being subjected to behavioral tests on the sixth and seventh days of treatment.   
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Figure E.1:  Intranasal insulin evokes Kv1.3 tyrosine phosphorylation in anaesthetized and awake 
animals.   Representative Western blot (Top) and quantitative scanning densitometry summary 
histograms (Bottom) of Kv1.3 tyrosine phosphorylation under A-B) anaesthetized or C-D) awake states.  
Under both conditions, mice were intranasally administered insulin (I+), PBS vehicle (V), or boiled insulin 
(B) as indicated.  Details of delivery and animal handling can be found in the methods.   OBs were 
harvested and Kv1.3 channel was immunoprecipitated from clarified OB lysates (IP: Kv1.3), separated via 
SDS-PAGE, and probed with anti-phosphotyrosine (Blot: 4G10).  OB lysates (Lysate) were run in tandem 
with immunoprecipitated samples to demonstrate equal Kv1.3 expression, input, and loading (Blot Kv1.3).   
B, D) Summary bar graphs are the mean (± s.e.m.) pixel density of the phosphorylated Kv1.3 band as 
normalized to the vehicle (dashed line = ratio 1.0).   E) Summary bar graphs are the mean (± s.e.m.) pixel 
density of two controls, total Kv1.3 channel (input) or actin (equal loading) as quantified from the lysates 
and similarly normalized to the vehicle.  * = Significantly different than vehicle by Student’s t-test, α≤0.05, 
Arc-sin transformation for percentage data.  Sample sizes as indicated.  
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After the mice were sacrificed on day 7, Kv1.3 was immunoprecipitated from the clarified OB lysate, 
separated via SDS-PAGE, and probed with α4G10; an antiserum recognizing phosphotyrosine.  A total of 
14 animals in each treatment group were used for biochemistry to ascertain the phosphorylation state of 
the Kv1.3 channel.  The data demonstrate that there is a 2.5 fold increase in Kv1.3 tyrosine 
phosphorylation after seven days of intranasal insulin treatment (Figure E.1C,D, Student’s t- test, α≤0.05).  
This effect is specific to insulin (I+) because the PBS vehicle (V) or denatured hormone (B) evoke no 
increase in Kv1.3 tyrosine phosphorylation. Thus, chronic insulin IND-treatment evokes robust 
phosphorylation of Kv1.3 in situ.   Insulin (I+) did not alter expression of Kv1.3 channel protein compared 
with that of PBS vehicle treated animals (V) as demonstrated in OB lysates probed with αKv1.3 (input) or 
stripped and reprobed with αβ-actin (equal loading control) (Figure E.1E).  Albeit not the targeted focus of 
our study, we confirmed that awake insulin IND-treatment extended beyond the delivery range of the OB 
as reported by others (Thorne et al., 2004; Dhanda et al., 2005).  We were able to detect increased 
phosphorylation of IR kinase in the hippocampus using the same paradigm above (data not shown).  
Following insulin IND compared with that of PBS vehicle, there was a 1.3 fold increase in tyrosine 
phosphorylation of the IR in the hippocampus detected via immunoprecipitation of tyrosine 
phosphorylated proteins (α4G10) and probing with αIR kinase - analogous to biochemical strategies 
performed above in the OB (not significantly different, Student’s t-test, α ≤ 0.05). 
 
E.4.2 Scaffolding of Ion Channels, RTK, and Adaptor Proteins is Altered by Chronic Insulin IND-
Treatment 
   Previous work has demonstrated a PSD-95-dependent association between Kv1.3 and IR that is 
enhanced by insulin-evoked channel tyrosine phosphorylation (Marks and Fadool, 2007).  
Phosphorylation is known to provide additional docking sites on channels for adapter proteins, hence, 
changes in known protein-protein interactions with Kv1.3 were examined.  Kv1.3 was immunoprecipitated 
from the OB lysates of IND-treated animals as described in the Materials and Methods, and 
immunoprecipitated Kv1.3 channel was separated via SDS-PAGE and probed for PSD-95 and IR.  
Additionally, IR was immunoprecipitated from a subset of treated animals, separated via SDS-PAGE, and 
probed with anti-phosphotyrosine (α4G10) to confirm extent of receptor activation and auto-
phosphorylation (Figure E.2A).  Figure 2B,D demonstrates that insulin IND-treatment increased PSD-95 
co-immunoprecipitation with Kv1.3 and IR approximately four to fivefold.  Insulin IND-treatment also 
markedly increased the amount of IR that co-immunoprecipitated with Kv1.3 (Figure E.2C).  The 
increases in protein-protein interaction with Kv1.3 are attributed specifically to insulin because PBS or the 
denatured hormone fails to evoke autophosphorylation of IR kinase as quantified in Figure E.2E.   Thus, 
insulin IND-treatment evokes activation of IR in situ and enhances the scaffolding association of Kv1.3, 
IR, and PSD-95 protein complexes.  
 Gene-targeted deletion of Kv1.3 evokes changes in expression of a wide variety of receptor-
linked tyrosine kinases (RTK) and adaptor proteins (Fadool et al., 2004).  Insulin-evoked Kv1.3 current 
suppression in situ could likely mimic the state of the null animals, hence the protein expression of 
various RTK and adaptor proteins was analyzed.  OB whole-cell lysates were separated by SDS-PAGE, 
electro-transferred to nitrocellulose, which was then probed with Kv1.3, IR, PSD-95, TrkB, and Pan 
Homer antisera to determine if insulin treatment evoked changes in protein expression levels.  These 
lysates were acquired as matched aliquots prior to immunoprecipitation as above (input; Figure E.2A, 
upper panels) and were run in the same electrophoretic front as the IPs but on different gels.  Loading 
controls included strip of the IP and reprobe with αKv1.3 or αIR as in Figure 1 (data not shown) and probe 
of lysates with αKv1.3, αIR, or αβ-actin (Figure E.2A, lower panels) to quantify equal loading and lack of 
expression changes with treatment.  Kv1.3, IR, TrkB (not shown), and PSD-95 expression did not change 
with insulin IND-treatment, however, the expression of the 54 kDa isoform of Homer increased by 50% 
(Figure E.2A, next to the last panel).  Thus, chronic insulin IND-treatment did not affect the expression of 
the majority of proteins examined, except for that of a Homer isoform.   
 
E.4.3 Chronic Insulin IND-Treatment does not Damage the Olfactory Epithelium or Cause General 
Anosmia 
 The repeated delivery of fluid into the nares raised the possibility that damage to the olfactory 
epithelium could occur despite the short duration of our 5 to 7 day treatment.  In order to address this, 
noses from IND-treated animals were processed as described in the Materials and Methods.  Sections 
from insulin, PBS, boiled, and untreated animals were double labeled for olfactory marker protein (OMP)  
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Figure E.2.  Insulin IND-treatment enhances Kv1.3 protein-protein interactions with PSD-95 and IR. A) 
Representative Western blot and quantitative scanning densitometry summary histograms (B-E) of 
channel or kinase phosphorylation or co-immunprecipitations as noted.  Data represent awake IND 
delivery; protein biochemistry protocols, analysis, and applied statistics as in Figure 1.  PSD-95 = post-
synaptic density 95 kDa, IR = insulin receptor kinase.  For each SDS PAGE/Western blot example, two 
sets of awake IND-treatment groups are shown to demonstrate accuracy and reproducibility across 
experiments.  Labeling for actin in the input (Lysate, Blot: Actin) is also demonstrated as a protein loading 
control.   Sample sizes as indicated.   
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Figure E.3.  IND-treatment does not damage the olfactory epithelium, decrease olfactory sensory neuron 
numbers, or cause general anosmia.  A-P) Representative coronal sections (16-20 μm) of the main 
olfactory epithelium (MOE) were double immunolabeled with αOMP (Panels A, E, I, M) and αGolf (Panels 
B, F, J, N), and then stained with the nuclear marker DAPI (Panels C, G, K, O).  Sections were acquired 
from awake mice receiving IND treatment (I = insulin, P = PBS control, B = boiled insulin) or handled but 
not treated (U = untreated) for 7 days.  Immunolabeled proteins were visualized on a confocal microscope 
using sequential channel scanning with a merged overlay (D, H, L, P).   Note:  OMP-positive OSN cell 
bodies and axon bundles are clearly visible, as well as Golf immunoreactivity in the cilia layer.  Scale bar: 
50 μm. Q) Bar graph plot of the mean number (± s.e.m.) of OMP/DAPI positive cells per 300 μm of 
epithelium on 2 ectoturbinates (Ect 1/Ect2) and 2 endoturbinates (End 1/End 2) of 5 animals treated as 
indicated.  Sections were labeled with αOMP and stained with DAPI, and digital images from each 
channel were captured and merged. * = Significantly different mean, two-way ANOVA with a Student-
Newman-Keuls test (α≤0.05).   R) Bar graph plot of mean (± s.e.m.) retrieval time of a hidden food odor 
(cracker) or similarly shaped object (marble) as a test for general anosmia for 5 awake IND-treated mice 
as indicated. * = Significantly different by Student’s t-test, α≤0.05.  
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and the olfactory GTP-binding protein, Golf (Hartman and Margolis, 1975; Jones and Reed, 1989).  
Sections were then visualized on a confocal microscope in order to ascertain the morphology of the nasal 
epithelium and the olfactory sensory neurons (OSN).  Figure 3 demonstrates that there were no gross 
morphological changes, nor outward damage visible for any of the groups examined. Golf expression 
overlapped with OMP signal in the fine ciliary layer (Figure 3D, H, L, P) and OSN cell bodies are clearly 
visible in an intact epithelium visualized with DAPI-labeled nuclei (Figure 3C, G, K, O).  Additionally, 
sections from each treatment group were stained with a simple trichromatic acidic toludine blue/neutral 
red/fast green mixture to demonstrate excellent tissue structure and histology (data not shown).   

The abundance of OSNs is decreased in mice with Kv1.3-gene-targeted deletion (Biju et al., 
2008) therefore we wondered if insulin-evoked Kv1.3 suppression could result in the same anatomical 
phenotype.  Images were taken from two ectoturbinates and two endoturbinates on each epithelium 
section at various depths along the rostral-caudal axis.  The number of OMP-positive cells per 300 µm of 
epithelium was counted and compared across turbinates of all IND-treatment groups using a two-way 
ANOVA with a Student-Newman-Keuls test (α≤0.05) (Figure E.3Q).  The data demonstrate that there was 
no significant difference in the number of olfactory sensory neurons per 300 µm of epithelium in any of the 
four turbinates examined nor across IND-treatment groups.   
 Another possibility was that while the structure and morphology of the olfactory epithelium 
remained intact, the functional cellular transduction machinery in the OSNs or general olfactory 
processing might be damaged and cause general anosmia in the animal.  To address this, a test for 
general anosmia was performed as described in the Materials and Methods.  Figure 3R demonstrates 
that insulin, PBS, and boiled insulin IND-treatment groups show similar retrieval times of a food odor 
(cracker) over that of a matched, unscented object (marble) when compared with that of untreated mice.  
Thus, repeated IND-treatment does not damage the olfactory epithelium, does not decrease the number 
of OSNs, nor does it elicit general anosmia. 
 
E.4.4 Chronic insulin IND-treatment does not affect glomerular position or number of olfactory 
sensory neurons expressing the M72 odor receptor 
 Gene-targeted deletion of Kv1.3 evokes a decrease in glomerular size, an increase in glomerular 
number, and the appearance of supernumerary glomerular projections (Fadool et al., 2004; Biju et al., 
2008).  Because insulin-evoked tyrosine phosphorylation of Kv1.3 suppresses channel current (Fadool 
and Levitan, 1998; Fadool et al., 2000; Marks and Fadool, 2007), it is possible that chronic IND-treatment 
could produce similar axonal targeting defects as observed in the Kv1.3 gene-targeted deletion. To 
address this, M72 (IRES) Tau-LacZ transgenic mice were IND-treated with insulin, PBS, or boiled insulin 
for seven days.  The use of targeted mutagenesis in the germline of mice affords an advantage over 
human models because the translation of a single class of odorant receptor (in these mice M72 odorant 
receptor) is linked with tauLacZ to allow direct visualization of the genetically identified sensory axons and 
their projections into the brain (Mombaerts et al., 1996).  Therefore, this technology permitted the 
monitoring of select glomerular synaptic targets and their molecularly identified presynaptic OSNs. There 
were four mice in each treatment group, along with four other mice left untreated as a standard 
measurement and control.  Mice were sacrificed and processed for whole-mount X-gal staining (Biju et 
al., 2008).  Images of whole mounts were taken in the transverse plane to determine the location and 
number of M72 glomeruli.  The images demonstrate that there is no qualitative difference across 
treatment groups in M72 glomerulus location, intensity of axonal projections, nor refinement of projections 
(absence of supernumerary glomeruli) (Figure E.4A-D).  In each group there were two M72 glomeruli per 
olfactory bulb; one lateral and one medial.  All lateral glomeruli were posterior to a rostral-caudal axis 
midline, and at least 1 mm from the sagittal midline of a single olfactory bulb.  The medial glomeruli can 
be observed by gently spreading the area between each olfactory bulb approximately 1 mm, and were in 
the same location in all groups.   
 Gene-targeted deletion of Kv1.3 also produces a decrease in the overall number of M72-positive 
OSNs (Biju et al., 2008).  To determine if this occurred with chronic intranasal IND-treatment, the same 
whole mounts described above were cryoprotected and coronally sectioned on a cryostat.  Because the 
M72 glomeruli exist so close to the surface of the olfactory bulb, whole mount X-gal staining time can be 
significantly reduced thus eliminating non-specific background staining of the olfactory epithelium.  After 
fully exposing the olfactory bulb, if the outer membrane just underneath the bone covering the snout is left 
intact, little X-gal staining is observed in the epithelium.  After six hours of treatment in Buffer C there is 
some non-specific background staining in the epithelium, however, when whole mounts are sectioned at  
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Figure E.4:   Insulin IND-treatment does not affect glomerular position, diameter, or cross-sectional area.  
A-D) Representative whole-mount images of awake M72TauLacZ mice IND treated as in Figure 3.  Inset 
box represents area of tracked M72 glomerulus following coronal sectioning and counterstaining staining 
with neutral red as shown in single prime lettering respectively (A

1
, B

1
, C

1
, D

1
).  Double prime lettering 

(A
2
, B

2
, C

2
, D

2
) are representative M72-positive OSNs sampled in the epithelium from animals in the 

respective treatment groups.  Mice (N= 4 per treatment group) were IND-treated for 7 days.  NOTE: no 
gross change in OSN morphology or axonal targeting to the M72 specific glomerulus was apparent.  
Histogram summary of the mean (± s.e.m.) glomerular E) diameter or F) cross sectional area of the 
identified M72 glomerulus as in A

1
, B

1
, C

1
, D

1
.   Not significantly different, one-way ANOVA with a 

Student-Newman-Keuls post hoc test (α≤0.05).  Scale bar: A-D 1 mm; A
1
-D

1
 50 μm; A2

-D
2
 10 μm.  
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25 µm, non-specific background color cannot be observed.  Thus, whole-mount images as well as coronal 
sections from the same animal can favorably be obtained (Figure E.4A

1
-D

1
).  Sections were 

counterstained with neutral red in order to count the number of M72-positive OSNs for each animal 
sampled across approximately 2600 μm of the epithelium (Figure 4A2

-D
2
).  There was no significant 

difference observed in the numbers of LacZ-positive neurons counted between any treatment groups 
(insulin = 2427 ± 266; vehicle = 2672 ± 604; boiled = 2824 ± 299; untreated = 2932 ± 263).   Additionally, 
the mean width of the longest axis and the cross-sectional area of M72-positive glomeruli was obtained 
and compared between IND-treatment groups (Figure 4E, F).  There was no statistical difference 
between long-axis width or glomerular cross-sectional area between any IND-treatment groups. Thus, 
chronic insulin IND-treatment does not affect glomerular position, size, axonal projection, nor the numbers 
of M72-positive OSNs.   
 
E.4.5 Chronic intranasal insulin treatment does not alter peripheral glucose homeostasis  
 Central delivery of insulin is not reported to alter peripheral blood glucose (Reger et al., 2007; 
Benedict et al., 2008; and Hallschmid et al., 2008) therefore it was not anticipated that the IND treated 
mice would undergo repetitive hypoglycemia that would impact behavior or associated metabolism.  To 
confirm that this was indeed so under our experimental paradigm, blood glucose was measured in awake 
insulin IND treated mice at time intervals subsequent to IND as reported in Figure E5.  While the mean, 
non-fasting glucose level was near 100 mg/dl prior to IND treatment by tail sampling  (PBS vehicle = 
118.5 and insulin = 102.5; not significantly different, Student’s t-test, α ≤ 0.05), glucose levels rose sharply 
and quickly fell at the 5 minute time point in all animals, presumably in concert with the stress of handling.   
Following 7 days IND treatment, blood glucose level as sampled by trunk bleed (in mg/dL) was not 
significantly different between insulin or vehicle treated animals (PBS vehicle = 88.3 ± 3.4, n = 4; insulin = 
88.4 ± 2.8, n = 5; Student’s t-test, α ≤ 0.05) and neither treatment group had a blood glucose level that fell 
outside of that considered normal.  Consistent with measured glucose homeostasis, ELISA analysis of 
serum plasma harvested from an identical collection period also revealed no change in peripheral 
hormone levels following 7 days of insulin or vehicle IND treatment (data not shown).   
 
E.4.6 Chronic Intranasal Insulin Treatment Enhances Short- and Long-Term Object Memory 
Recognition 
 Intranasal insulin is known to affect working memory and spatial learning (Craft et al., 1999; Park 
et al., 2000; Benedict et al., 2004; Reviewed by Plum et al., 2005), so it was of interest to test object 
memory recognition in IND-treated mice.  Additionally, memory is required for the two-choice paradigm for 
odorant threshold, so it was also necessary to ascertain adequate memory function in order to proceed 
with that paradigm.  Both short-and long-term object memory tests were performed on insulin, PBS, 
boiled insulin, and untreated mice (Figure E.6).  The tests were carried out as described in the Materials 
and Methods, and the percent exploratory time for each object was scored.  When mice were exposed to 
the initial two unfamiliar objects (objects 1 and 2), they spent roughly 50% of their time exploring each, 
indicating there was no bias across the objects or position during the familiarization phase.  When then 
exposed to object 1 (now familiar) versus a novel object (object 3), their time of exploration of the novel 
object significantly increased as determined by a Student’s t-test (α ≤0.05).  When exploratory times for 
the novel object are compared in both short- (1 hr) and long- (24 hr) term memory recognition tests, mice 
in the insulin IND-treatment group show a significantly longer time of exploration (85%) than that of the 
other three groups (65%).  Thus mice receiving insulin IND-treatment exhibit short- and long-term object 
memory retention that is consistent with reports of clinical trials (Reviewed by Strachan, 2005; Hallschmid 
et al., 2008) and would not be predicted to perform poorly in olfactory threshold testing that requires 
memory.   
 
E.4.5 Chronic Insulin IND-Treatment Evokes Anxiolytic Effects 
 During initial insulin IND-treatment trials, it was observed that insulin-treated mice displayed far 
less resistance to hand restraint and insulin delivery.  To systematically explore this unusual behavior, a 
well-described light/dark box (LDB) paradigm for testing levels of anxiety was used as first described by 
Blumstein and Crawley (1983)(see Materials and Methods)(Figure E.7).  Mice were tested one day before 
IND-treatment began (Day 0), received IND-treatment for six days, and were retested at the end of day 
six (Day 6).  Several laboratories have documented that repeated trials separated by an interlude of 
several days does not affect behavior performance (Barry et al., 1987; Onaivi and Martin, 1989).  Time in  
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Figure E.5:  Insulin IND-treatment does not alter peripheral glucose.  Line graph of the mean (± s.e.m.) 
resting (fed) A) blood glucose when acutely measured following awake insulin (■) or vehicle control (□) 
IND, as repeatedly sampled from the tail.   NS = Not significantly different mean (± s.e.m.) by Student’s t-
test, α ≤ 0.05.  
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Figure E.6: Insulin IND-treatment enhances object memory recognition.   Bar graphs of the percentage of 
time used to explore two objects during a familiarization phase (Object 1 vs. Object 2) or object 
recognition phase (Object 1 vs. Object 3) following 5 days of IND-treatment in awake mice.  Mice (N=5 
per treatment group) were either challenged with a A) short-term object recognition test of 1 hour or a B) 
long-term object recognition test of 24 hours.  Data are expressed as mean (± s.e.m.) percent exploratory 
time (dashed line = ratio 50%).  Significantly different exploratory time across IND treatment (**) or across 
objects (*) (Object 1 vs. Object 3) was defined by a two-way ANOVA with a Student-Newman-Keuls post-
hoc test, α≤0.05. 
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Figure E.7:  Insulin IND-treatment evokes anxiolytic affect in three paradigms to measure anxiety 
behavior.  Bar graph summary of the A) time spent in the light and the B) number of transitions across 
compartments for mice receiving awake IND-treatment and then challenged with the light/dark box (LDB) 
behavioral task.  Mice (N = 5 per treatment group) were subjected to a light/dark box paradigm (for 
details, see methods) one day before IND-treatment (Day 0) and following six days of IND-treatment (Day 
6).  Age-matched untreated animals were included and tested in the same manner (Untreated), but not 
given any IND-treatment in the intervening days between tests.  Dashed line in A = Ratio light/dark = 1.0.  
Dashed line in B = mean reported values for C57B6/J mice using this standard paradigm.   C) Bar graph 
summary of the portion of marbles buried in a 45 minute trial interval for mice receiving insulin (insulin) or 
control vehicle (vehicle) via IND.  Marble burying behavior was assessed one day prior to IND treatment 
(Day 0) and following six days of awake IND treatment (Day 6) for 5 and 4 mice respectively in each 
group.  D) Bar graph summaries of the mean time spent in open arms, E) number of transitions to open 
arms, and F) total number of transitions for mice receiving insulin (insulin) or control vehicle (vehicle) and 
then challenged with the elevated plus maze (EPM) behavior task.  EPM behavior was assessed one day 
prior to IND treatment (Day 0) and following seven days of awake IND treatment (Day 7) for 5 mice in 
each treatment group.  A-F) * = Significantly different mean (± s.e.m.) following repeated measure (within 
treatment) by paired t-test, α≤0.05.  B, F) Note number of transitions across IND treatment is not different 
across treatments, indicating basal locomotor activity in these paradigms is not affected by IND treatment.      
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light, transitions, and latency on Day 6 were normalized to that of Day 0 and compared using a paired t-
test (α ≤0.05) within treatment.  Insulin IND-treated mice spent a significantly longer amount of time in the 
light chamber, while there was no difference among groups in the number of transitions between 
chambers (Figure E.7A-B).  Insulin IND-treated mice showed no change in latency, however, PBS and 
boiled insulin mice showed a significant decrease in latency on Day 6 (data not shown).  Untreated mice 
showed no decrease in latency, hence it appears that repeated handling over six days evokes a 
significant decrease in latency of entrance into the dark chamber.  Insulin IND-treatment, therefore, 
appears to reverse this handling-induced decrease in latency.   
 The light/dark box is an excellent test to determine levels of anxiety and drugs or compounds that 
increase time in light are referred to as anxiolytic (Imaizumi et al., 1994a,b,c).  It is also prudent, however, 
to test parallel anxiety paradigms to strongly confirm phenotype.  We therefore decided to extend the light 
dark box (LDB) anxiety testing by performing two subsequent tests that are indicators of anxiety behavior: 
marble burying (MB) behavior and elevated plus maze (EPM) performance.  In parallel to the LDB-
measured reduction in anxiety following insulin IND, mice receiving vehicle control IND buried significantly 
more marbles following treatment whereas those animals receiving insulin solutions did not (Figure E.7C, 
paired t-test, α ≤0.05).  Since these tests were designed as a paired metric, recording numbers of 
marbles buried within an animal prior and following IND, the data indicate handling alone increases 
burying activity, but that application of insulin decreases this behavior.  Performance in the elevated plus 
maze (EPM) also identified changed anxiety state of the animals following insulin IND treatment for a 
proportion of the measured parameters.  Animals that received vehicle control IND spent significantly less 
time in the open arms of the maze following 7 days of treatment whereas animals receiving insulin were 
not significantly different than during pretreatment performance (Figure E.7D, paired t-test, one-tailed, α ≤ 
0.05).  The identical result was achieved when scoring number of entries into the maze open arms 
(Figure E.7E).  Similar to what was observed in the LDB paradigm, IND treatment did not differentially  
affect total arm entries or number of transitions, however, both sets of animals showed a reduction in 
transitions over time, presumably indicative of handling alone (Figure E.7F).  Collectively, the results of 
the three anxiety tests demonstrated that chronic insulin IND-treatment evokes anxiolytic behavior and 
does not affect basic locomotor activity.   
 
E.4.6 Chronic insulin IND-treatment affects odor habituation for two sets of odorants 
 Gene-targeted deletion of Kv1.3 produces an increased discrimination between two odor 
molecules as assessed via odor habituation paradigms (Fadool et al., 2004).  It was hypothesized that 
chronic insulin IND-treatment - that would be predicted to elicit strong phosphorylation of Kv1.3 and 
correlate current suppression - might mimic such effects as observed in the Kv1.3-null mice.  Mice 
received IND-treatment of insulin, PBS, or boiled insulin for five days, and on the sixth and seventh days, 
mice were subjected to an odor habituation trial that tested discrimination between two complex odorants, 
geranyl acetate and peppermint (Figure E.8A).  There was also an age-matched group of animals that 
were not repeatedly treated or handled (untreated).  All groups similarly habituated to the first odor of the 
pair (trials 1-7), however, insulin IND-treated mice showed a significant increase in mean exploratory time 
toward the unhabituated odorant (trial 8)(paired t-test, α≤0.05). We next tested the mice for discrimination 
between a more difficult odor pair consisting of two alcohols that differed by a single carbon atom 
(C9/C10) (Figure E.8B).  As with the complex odorant pair, insulin IND-treated mice significantly 
increased mean exploratory time for the unhabituated odor, however the range in magnitude was less, 
implicating a greater difficulty in discrimination (geranyl acetate/peppermint odor pair =3.3-4.8x increase 
vs. C9/C10 odor pair = 2.1-2.7x increase) (Figure E.8C). 
 
E.4.7 Odorant threshold is not significantly affected by chronic insulin IND-treatment 
 Kv1.3-null mice exhibit an increased olfactory ability (“Super-smeller”) in terms of odor detection 
threshold (Fadool et al., 2004) that we conjectured might be mimicked via insulin-induced Kv1.3 
suppression.  To address this question, a two-choice paradigm that defines odorant threshold based upon 
decision to dig for an odor-paired food reward was performed as described in the Materials and Methods.  
Due to the fact there was no difference between IND-treatment and control groups (PBS, boiled insulin, 
and untreated) for either behavior or biochemical experiments thus far examined, combined with the 
length and complexity of training for the two-choice paradigm, only IND-treatments testing the intact (I+) 
and the denatured hormone (B) were examined.  Mice were initiated into the threshold testing phase of 
the paradigm for a period of three days while carefully decreasing their body weight to 75-85% of free- 
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Figure E.8:  Insulin IND-treatment increases odor discrimination in an odorant habituation paradigm.  A-B)  
Line graph of the mean exploratory time of an odorant for awake IND-treated mice.  Habituation is 
induced via repeated presentation of the first odorant of the pair at a frequency of 1 min (Trials 1-7), 
followed by a test for discrimination after habituation via exposure to a second odor on Trial 8.  Mice (N = 
5 per treatment group) were either challenged with A) an odor discrimination between mixtures 
(Geranyl/Peppermint) or B) a more difficult discrimination between a single odorant varying in chain 
length (C9/C10 alcohol).   Data are normalized (within animal) to the initial exploratory time on Trial 1 in 
order to control for interanimal variability in oriented behavior.  Dashed line = ratio of 1.0.  C) Bar graph of 
the mean exploratory time ratio (unhabituated/habituated) calculated by dividing the exploratory time of 
the novel odorant (Trial 8) by that of the last exploratory time of the habituated odor (Trial 7). * = 
Significantly different over trial, one-way ANOVA with Student-Newman-Keuls post-hoc test,  α≤0.05.   
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Figure E.9:  Insulin IND-treatment only slightly affects odorant threshold, and does not affect time to 
decision or the number of choices in a two-choice paradigm for odorant threshold.  A) Line graph of the 
mean body weight for awake IND-treated mice in which either insulin (●) or boiled insulin (○) was 
administered on days 7-12.  Body weights were carefully lowered via food restriction to 75-85% free-
feeding body weight during important days of the two-choice paradigm in which mice were scored for 
correct decision (dig) to receive a hidden food reward (honey-flavored cereal) buried under peppermint-
scented litter.  Working trial days are denoted by underlining and start of the IND-treatment is indicated by 
the arrow.  Histogram plot of the B) percent correct decision, the C) time to reach decision, and the D) 
number of transitions before decision versus odorant concentration represents the mean (± s.e.m.) for 8 
mice in each of the two treatment groups (insulin = solid bar, boiled insulin = open bar).  Each property on 
the abscissa was plotted against successive 10-fold diluted odorant concentration as indicated on the 
ordinate (1 x 10

-x
).   Acquisition of behavior task took place on testing days 4-6, during which mice first fell 

at or below 80% correct decision (dashed line in B).  Following 5 days of IND-treatment (days 7-11), mice 
were retested at the 1 x 10

-8
 odorant concentration (day 12) through a series of dilutions until odorant 

detection threshold was reached (50% correct choice, equivalent to chance alone).  NOTE: Insulin IND-
treated mice were able to detect odorant at one log unit lower magnitude than that of boiled insulin-
treated mice (B) but neither treatment yielded a significant difference in the time to make a decision (C) 
nor number of transitions between choices (D).     
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feeding body weight (testing day 4-6)(Figure E.9A).  Both groups of mice demonstrated 94-100% correct 
decisions for peppermint odor dilutions ranging from 10

-1
 to 10

-7
.  For the 10

-8
 dilution, both groups of 

mice performed at roughly 80% correct decisions.  At this point behavioral testing was stopped, and IND-
treatment was started for a period of five days (testing day 7-11).  After five days of IND-treatment, 
behavioral testing was resumed at the 10

-8
 peppermint dilution.  Neither group of mice showed a 

significant increase in decision performance in the second 10
-8

 peppermint dilution trial.  Boiled insulin 
IND-treated mice reached their odorant threshold at 10

-10
, where percent correct decision was 55±10%.  

Insulin IND-treated mice performed better at 10
-10

, and were able to continue one order of magnitude 
lower to the 10

-11
 peppermint dilution (Figure E.9B).  Thus, insulin IND-treated mice appear to have a 

decreased odor threshold that is only slightly better than that of boiled insulin IND-treated animals.  There 
was a trend that insulin IND-treated mice took less time to make a decision (Figure E.9C) and made less 
transitions across compartments prior to digging (decision)(Figure E.9D), however, these values did not 
reach statistical significance (Student’s t-test, α≤0.05).   
 
E.4.8 Insulin IND-Treatment Slightly Reduces Body Weight 
 Intranasal insulin evokes a reduction in body weight that appears to be sex-selective based on 
the given dosage (Schwartz 2000; Hallschmid et al, 2004).  In order to determine if 5 μg/μl insulin IND-
treatment evoked a similar body weight decrease, mouse weights were recorded before the first IND-
treatment, and prior to sacrifice.  Data analysis using a paired t-test (α≤0.05) demonstrated that there was 
no significant difference between Day 1 and Day 7 weights in any IND-treatment group (data not shown).  
There was, however, a slight noticeable body weight reduction trend in insulin IND-treated animals of  5 ± 
0.01%.  Although this change is not statistically significant, it remains unclear if longer insulin IND-
treatment might evoke a stronger decrease body weight over the treatment course.   
 
E.4.9 Insulin and IR Expression in the Olfactory Epithelium 
 The distribution for insulin and insulin receptor kinase have been well-characterized in the OB 
(Young et al., 1980; Baskin et al. 1983; Hill et al., 1986; Matsumoto and Rhoads, 1990; Wickelgreen, 
1998; Fadool et al., 2000; Marks and Fadool, 2007) but their expression patterns in the epithelium, which 
could inherently contribute to olfactory behavior and detection, have not been demonstrated.  Moreover, 
Kv1.3 channel is not expressed in the epithelium (Biju et al., 2008), therefore insulin activated pathways 
specific to the epithelium would not involve channel modulation.  To determine the extent of peripheral 
insulin distribution in the main olfactory epithelium (MOE) after chronic IND-treatment, turbinate sections 
from treated groups were labeled with αOMP, αInsulin, and DAPI.   The insulin and boiled insulin IND-
treatment groups show strong immunoreactivity for insulin in all layers of the olfactory epithelium 
compared to basal insulin levels of vehicle IND-treated mice (Figure E.10B, F, J).  While boiling insulin 
breaks the intramolecular disulfide bonds and eliminates biological activity, the epitope to which the 
insulin antisera was raised apparently remains fully intact (Figure E.10J).  The PBS treatment group 
demonstrated no insulin reactivity, while there appears to be very slight reactivity in the OSN cilia of the 
untreated group (Figure E.10F, N).  In order to better resolve this and determine if insulin exists natively in 
the untreated olfactory epithelium, more sensitive peroxidase-based immunostaining was performed on 
sections from untreated animals (Figure 10Q, R).  Very light insulin expression in the cilia can be 
observed (Figure E.9R) over that of the no primary condition (Figure E.10Q), indicating low levels of 
endogenous insulin within the epithelium.   
 Since the endogenous ligand was localized to the cilia, it was predicted that we should be able to 
detect the receptor here as well, and following IND-treatment it might show an increase in 
phosphorylation.  IR immunoreactivity in the olfactory cilia could be observed in untreated mice (Figure 
E.11A-H), which was confirmed by peroxidase-based staining to rule out nonspecific binding and edge 
effect (Figure E.11I-K).  Moreover, lower magnification images of turbinates on adjacent sections stained 
by immunofluorescence and peroxidase-based methods demonstrate nearly identical labeling (Figure 
E.11K, L).   

It was hypothesized that because much of IR expression was observed in the cilia, there would 
be a relatively small amount of IR protein expressed overall.  Unlike previous quantifications of IR in OB 
membrane protein preparations (Fadool et al., 2000), IR protein could not be detected in the olfactory 
epithelium across a series of postnatal ages but could be concentrated sufficiently for 
immunoprecipitation (Figure E.11M).  If loaded protein is sufficiently increased over that which we 
typically separate for native SDS-PAGE analyses (35 μg), then IR protein (Mr = 97 kDa) starts to be  
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Figure E.10:  Insulin expression in the main olfactory epithelium after IND-treatment.   A-P) 
Representative coronal sections (16-20 μm) of the main olfactory epithelium (MOE) were double 
immunolabeled with αOMP (Panels A, E, I, M) and αInsulin (Panels B, F, J, N), and then stained with the 
nuclear marker DAPI (Panels C, G, K, O).  Sections were acquired from awake mice receiving IND 
treatment (I = insulin, P = PBS control, B = boiled insulin) or handled but not treated (U = untreated) for 7 
days.  Immunolabeled proteins were visualized on a confocal microscope using sequential channel 
scanning with a merged overlay (D, H, L, P) as in Figure E.3.   NOTE:  Insulin and boiled insulin IND-
treatment conditions (Panels B, J) show robust insulin immunoreactivity in all epithelial layers, especially 
in the cilia layer.  PBS vehicle IND-treatment (Panel F) and untreated animals (Panel N) display virtually 
no insulin immunoreactivity.   Representative sections in which peroxidase-based immunolabeling was 
used for immunodetection of the primary antibody in untreated animals.  P) No primary (NP) control 
section.  R) Moderate insulin immunoreactivity in all layers of the epithelium, with labeling present in the 
cilia layer where odor transduction machinery is expressed (arrow).  Scale bar: A-P 100 μm; Q-R 25 μm. 
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Figure E.11:  IR expression in the olfactory epithelium.  Same as in Figure 10, but for untreated mice 
double labeled with α-OMP (A) and α-IR (B), and then stained with DAPI ©), and merged (D) to determine 
the distribution of IR in the epithelium.  E-H) No-primary controls (NP) demonstrating lack of 
immunoreactivity in the absence of α-OMP or α-IR primary antisera.  Peroxidase-based immunolabeling: 
I) no primary control (NP) when IR antisera is omitted, J) α-IR.  K-L) Low field magnification of αIR 
labeling using peroxidase- and fluorescence-based detection on consecutive sections, respectively.   
Scale bar: A-J 20 μm; K-L 100 μm.  M) Western blot analysis probing for α-IR (Blot: IR) in purified MOE 
membranes (Membrane Prep) across various postnatal stages as indicated or in immunoprecipitates 
(IP:IR) prepared from P20 aged mice.  30 μg loaded protein.  Mr = 97 kDa.  N) Same as in M, but for 
whole-cell MOE lysates in which varying concentrations of loaded protein (indicated above gel) or donkey 
anti-rabbit secondary antisera (DAR; below gel) were tested.   Nitrocellulose membranes were cut at the 
62 kDa migration marker, and the bottom half was probed with α-actin (Blot α-actin) to verify successive 
increases in protein loading.  NOTE:  IR expression begins to resolve at 60 μg of loaded protein, and 
displays very faint immunoreactivity at lower protein loading using higher secondary antisera 
concentrations.   
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Figure E.12.  Anti-phosphotyrosine immunoreactivity does not strongly increase after insulin IND-
treatment.   Same as in Figure 10 (Panels A-P) but for anti-phosphotyrosine (Panels B, F, J, N).  Scale 
bar: 100 μm. 
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resolved between 60-80 μg of loaded sample when coupled with high concentration of secondary 
antibody HRP-conjugate (Figure E.11N).  Finally, insulin IND treatment does not robustly elevate α4G10 
labeling of phosphorylated proteins at the cilia of the epithelium (Figure E.12B, F, J, N), suggesting that 
the contribution of MOE-derived insulin pathways to behavior modulation may be minimal.   

 
E.4.10 Effect of Diet-Induced Obesity (Hyperglycemic State) on Insulin IND-Induced Behaviors 
 The hyperglycemic state of pre-diabetes is brought to homeostasis via a combination of diet, 
exercise, or pharmacologic intervention (Unger and Morierty, 2008).  We were therefore curious as to the 
memory- and anxiety-associated behaviors following elevation of brain insulin in an altered glycemic 
state.  Animals were placed on a MHF-diet and their weight was monitored weekly for 55 weeks (Figure 
E.13A).  Mice on the MHF-diet weighed significantly more than that of control fed mice after a period of 3 
months as shown in the bar graph in Figure 13B.  Unfasted blood glucose levels (in mg/dL) - determined 
by tail bleed prior to sacrifice - were not measured until week 50 and demonstrate a significant increase 
that is consistent with chronic hyperglycemia or prediabetic blood chemistry (Control Fed = 104.5 ± 7.8, n 
= 4; MHF-diet = 139.6 ± 6.5, n = 5; Student’s t-test, α ≤ 0.05).   Because peripheral insulin levels (in μg/l) - 
determined by ELISA from trunk blood isolated serum - were also now elevated (Control Fed = 4.5 ± 0.1 
vs. MHF-diet = 13.1 ± 0.13) and presumably would have access across the BBB, we wanted to compare 
Kv1.3 basal phosphorylation versus that following insulin IND to determine if there was insulin resistance.  
Most interestingly, the increase in insulin-induced Kv1.3 phosphorylation via IND was significantly less in 
the OBs from mice raised on the MHF-diet compared to that from mice maintained on control diets 
(Figure E.13C)(Student’s t-test, α ≤ 0.05).   Given changes in blood chemistry and altered 
phosphorylation of known IR kinase substrates, we explored any dampening effects of insulin IND upon 
object memory or anxiety-associated behaviors.  Due to the number of behavioral phenotyping tasks and 
the importance of minimizing handling to approximately 15 minutes per day (see methods) diet-induced  
obese mice were only tested for long term (24 hour) and not also short term (1 hour) object memory 
(Figure E.14A).  Most interestingly, unlike that of control fed, insulin IND treated animals (Figure E.6B), 
mice that became obese and hyperglycemic via a MHF-dietary regime, no longer exhibited an increased 
object memory performance when administered insulin IND even though control vehicle IND treated 
obese animals still retained a preference for the novel object, signifying adequate performance for long-
term object memory (Figure E.14A).  When comparing across the three paradigms utilized to phenotype 
anxiety-related behaviors in control fed mice (Figure E.7), application of these same paradigms in the 
obese mice yielded differential effects depending upon task.  In both the LDB and the EPM paradigm the 
number of transitions (either across light/dark compartments or across open/closed arms of the maze) 
was not significantly different across IND or diet treatment (data not shown), which inferred that the 
increase in weight gain of the obese animals did not affect movement ability for these tasks.   In the LDB 
paradigm, the control fed insulin IND-treated animals did not exhibit a changed percentage of time spent 
in the light following five days of IND treatment (Figure E.14B, bar graph 1, paired t-test, α ≤ 0.05) .  Since 
the additional variable between the two groups of insulin IND-treated animals phenotyped in the LDB 
paradigm (Figure E.7A, B vs. Figure E.14B) was age (6 weeks versus >1 year) - we additionally tested 
control fed vehicle IND-treated animals that were aged matched.  Unlike that of the younger animals, >1 
year adult animals that were control fed and vehicle IND-treated exhibited a decreased percentage of 
time spent in the light following five days of IND treatment (Figure E.14B, bar graph 3).  Under a MHF-
dietary regime, insulin IND treated mice no longer exhibited an equal percentage of time spent in the light 
before and following IND treatment (Figure E.7D), but rather, exhibited a decreased percentage of time 
spent in the light (Figure E.14B, bar graph 2).  These collective LDB data infer that the hyperglycemic 
condition of diet-induced obesity blocked the ability of insulin IND treatment to stabilize or reduce anxiety.  
The MB paradigm indicated that diet-induced obesity had no effect on marble burying behavior in that the 
number of marbles buried by the insulin IND treated animals was independent of whether they were 
control or MHF-diet fed (Figure E.14C, paired t-test, α ≤ 0.05).  The EPM paradigm indicated that diet-
induced obesity decreased the time animals spent in the open arms, indicating a state-dependent change 
in anxiety-related behaviors for this task.  Both control and MHF-diet fed animals that were administered 
insulin IND treatment showed a reduction in time spent in the open arms of the plus maze (Figure E.14D, 
bar graph 1,2), whereby the MHF-diet fed animals reached statistical significance (paired t-test, α ≤ 0.05).  
Similar to what was observed in the LDB paradigm, the vehicle IND treated animals rarely entered the  
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Figure E.13:   Induction of hyperglycemia and hyperinsulinema via moderately-high fat (MHF) diet to yield 
pre-diabetic state.   A) Line and B) bar graph plotting the development of body weight gain in control 
(solid bars) versus MHF-diet (open bars) maintained mice for a 55 week period.  Data represent the mean 
(± s.e.m.) of 8 mice in each diet treatment group prior to IND treatment.* = Significantly different mean, 
two-way ANOVA with a Student-Newman-Keuls test (α≤0.05).  (C) Representative Western blot and 
quantitative scanning densitometry summary bar graph of Kv1.3 tyrosine phosphorylation (62 kDa) in OB 
of control and MHF-diet fed mice.  The lower band in all conditions is the heavy band of IgG.  Analysis, 
IND-treatment interval, and notation as in Figure E.1.   
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Figure E.14.  Increased object memory and anxiolytic behaviors following insulin IND treatment is 
dampened in prediabetic mice.  The effect of MHF diet on IND-treatment induced behaviors are plotted 
for A) long-term (24 hour) object memory, B) LDB paradigm, C) MB behavior, and D) EPM performance.  
See text for details of methods and Figures 6 & 7 for notation, analysis, and statistical design.  * = 
Significantly different mean (± s.e.m.) following repeated measure (within treatment) by paired t-test, 
α≤0.05, N= 2-5 per treatment group. 
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open arm at all compared to insulin IND treated animals, indicating that their anxiety set point was 
significantly different than that of control fed animals following 9 days of insulin.    
 

E.5 Discussion 
 We demonstrate that chronic IND-treatment of awake mice is a reliable method to deliver a 
modulatory and metabolic hormone across the blood brain barrier, evoking changes in olfactory bulb 
biochemistry and related behaviors.  IND treatment does not cause damage to the olfactory epithelium 
nor does insulin IND-treatment perturb OR-specific patterns of axonal targeting to defined glomeruli, size 
and abundance of glomeruli, or number of developing olfactory sensory neurons.  Following insulin IND-
treatment, however,  measurable changes in ion channel phosphorylation are observed as well as 
alteration of protein-protein interactions with a major voltage-dependent potassium channel in the 
olfactory bulb.   At the behavioral level, animals demonstrate a trend in weight loss, and significant 
changes in object memory performance, levels of anxiety, and increased olfactory discrimination.   Given 
that expression of insulin receptor kinase is amongst the highest in the OB of all brain regions (Hill et al., 
1986; Schulingkamp et al., 2000), and the fact that this region of the brain is the first to receive insulin 
when clinically delivered via nasal sprays through passages in the cribriform plate (Kern et al., 1999; 
Dhanda et al., 2005), it is important to carefully examine the many potential olfactory targets for 
modulation that this hormone might evoke to elucidate the basis of potential side effects of therapeutic 
insulin IND treatment. 
 Our data support a changed level of Kv1.3 phosphorylation after a single session of insulin IND-
treatment consisting of 10 alternating naris deliveries to achieve a final estimated dose of 3.3 ng/μl insulin 
into the OB.   The effect of chronic insulin IND-treatment in the awake animal further enhanced the level 
of Kv1.3 phosphorylation to approximately 2.5x that of basal.  While it is not certain if delivery was less 
efficient in the anesthetized state using a single session treatment or if the accentuated increase in 
phosphorylation observed for the awake delivery was due to repeated treatment, a week long treatment is 
better representative of the biochemical changes likely induced following chronic use of insulin IND.  The 
activation of IR kinase supported by the 4x increase in autophosphorylation of the receptor would be 
anticipated to phosphorylate many downstream signaling cascades in OB neurons that are typically 
activated to achieve the well-known pleiotropic effects of insulin signaling in other cells (Neubauer and 
Kulkarni, 2006; McNay, 2007).   Kv1.3 channel is only one of those known downstream substrates, 
however, even when only considering ion channels as substrates, many voltage- and ligand-gated 
channels are known to be modulated by insulin signaling pathways (i.e. Van Burren et al., 2005; Gao et 
al., 2006; O’Malley and Harvey, 2007), thereby serving as potential targets for modulation in this and 
other brain regions reached by the nasally delivered insulin.  The molecular/structural basis for co-
association of the synaptic protein PSD-95 and the Shaker family of voltage-gated potassium ion 
channels Kv1.x has been well explored (Kim et al., 1995; Arnold and Clapham, 1999; Marks and Fadool, 
2007), but it is interesting that insulin enhances the adaptor protein interaction with the channel, indicated 
by increased co-immunoprecipitation.  Not only are previously reported protein-protein interactions with 
the channel enhanced, such as that with PSD-95 or IR (Marks and Fadool, 2007), but proteins that we 
have previously demonstrated do not co-IP, such as IR and PSD-95, now have the capacity to complex 
following insulin stimulation.   
 A comparison of mice with Kv1.3 gene-targeted deletion (absence of channel protein) with that of 
mice with insulin IND-treatment (reduction in Kv1.3 current via channel phosphorylation) provides 
important insights into the role of the ion channel in olfactory signaling.  Insulin IND-treatment does not 
evoke the anatomical phenotype of the gene-targeted deletion, namely increased number of glomeruli, 
decreased size of glomeruli and abundance of olfactory sensory neurons, supernumerary axonal 
projections of genetically tagged OR expressing OSN to defined glomeruli, and increased expression of 
olfactory transduction proteins such as Golf  (Fadool et al., 2004; Biju et al., 2008).   A related receptor 
tyrosine kinase, the insulin-like growth factor (IGF) is required for axonal targeting of OR-specific olfactory 
sensory neurons to lateral glomeruli (Scolnick et al., 2008), however, in our study insulin treatment of 
adult mice did not appear to change the olfactory sensory map or axonal connections.   While it may be 
highly unlikely that axonal projections might undergo rearrangement in such a short period, other 
hormones are known to have effects on the development of the epithelium and OB (i.e. Brunjes and 
Alberts, 1980; Paternostro and Meisami, 1996).  It is not known if continued insulin IND-treatment could 
induce such characterized anatomical changes observed in the Kv1.3-null mice, especially if the duration 
extended beyond that known for typical olfactory sensory neuronal turnover (approximately 30 days; 
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Graziadei and Monti-Graziadei, 1978), nonetheless, phosphorylation of Kv1.3 that would predict channel 
suppression (Fadool et al., 2000) was necessary to cause increased olfactory discrimination.  The fact 
that olfactory discrimination was enhanced by insulin IND-treatment and not olfactory threshold to a 
robust extent, may suggest that the anatomical changes of the “Super-smeller” Kv1.3-null mouse (Fadool 
et al., 2004) drive regulatory mechanisms that control odor threshold as opposed to those that regulate 
discrimination of odor molecular structure, which appears to be driven more so by block of channel 
conduction (phosphorylation).   This would infer that fine axonal projections and size of the synaptic 
glomerular organization regulate odor threshold, whereas that of action potential shape and frequency - 
that is regulated by Kv1.3 in mitral cell neurons - is highly dependent upon state-dependent hormonal 
cues and neuromodulation to regulate odor discrimination.  Other data presented here also cannot 
exclude potential insulin effects with the olfactory epithelium, although these would preclude involvement 
of Kv1.3, which is not expressed in the epithelium (Biju et al., 2008).  Leptin and the leptin receptor are 
expressed with OSN cilia (Getchell et al., 2006; Baly et al., 2007), and are affected by nutritional and 
metabolic status of the animal.  It is therefore entirely possible that insulin and IR within the epithelium 
could also play a direct role in changes in olfactory discrimination linked with food intake.   Nonetheless, 
insulin IND-treated mice display many of the same behavioral phenotypes as Kv1.3-null mice (Fadool et 
al., 2004), suggesting that suppression or elimination of OB Kv1.3 current plays a substantial role in our 
observed behavioral effects. 
 Our data demonstrating increased short- and long-term object memory in insulin IND-treated 
mice raises the possibility that insulin also has effects within the hippocampus and is corroborated by 
strong evidence by others that have found increased declarative memory is enhanced following insulin 
treatment (i.e. Benedict et al., 2004).   The fact that insulin fails to increase long-term object memory in 
our diet-induced obese animals would have important connotations for future therapeutic intervention of 
memory loss in heavy weight individuals.  Sullivan and Wilson (2003) and Satou et al. (2005), 
hypothesize that some form of olfactory memory may be stored within the OB via changes in long-term 
potentiation and changes in synaptic efficacy.  Certainly, insulin enhances PSD-95 and IR protein-protein 
interactions with Kv1.3, suggesting that synaptic scaffolding is altered in response to the hormone.   
 Most interesting are the observed decreases in anxiety for insulin IND-treated animals.  The 
results of two out of three of our anxiety paradigms suggest that obesity modifies the anxiolytic affect of 
insulin.  Behavior of the obese mice in either the LDB or EPM task is significantly different than that of 
control fed, insulin IND treated animals, which infers that obese animals are more anxious when 
administered insulin than normal mice.  To our knowledge there has been no association between insulin 
administration and anxiolytic affects in clinical trials or changes in anxiety of Diabetic patients beyond the 
generic effect of increased stress and strain of having a chronic medical condition (Schulingkamp et al., 
2000; Delahanty et al., 2007; Mosaku et al., 2008).   In fact, subjects receiving IND insulin have reported 
signs of enhanced mood, reduced anger, and enhanced self-confidence in clinical trials (Benedict et al., 
2004), which would be in register with the lack of resistance to handling and treatment that developed in 
our insulin IND-treated mice.   We have previously found that prolonged fasting induces a rise in OB 
insulin (Fadool et al., 2000).   It is possible that in the fasted state, brain insulin levels rise and produce a 
reduction in anxiety to facilitate the exploration of novel, unfamiliar, and unusual environments.   
 The insulin receptor is involved in many signaling cascades and protein-protein interactions 
beyond the canonical pathways for glucose uptake.  Non-invasive routes of insulin delivery have great 
potential to produce unintentional off-target effects on the olfactory system and the CNS.  We have found 
that some of the off-target effects of CNS-targeted insulin IND include enhanced olfactory discriminatory 
ability, modified protein-protein interactions, ion channel modulation, as well as enhanced object memory 
and reduced anxiety.  In light of the present data, broad exploration into numerous biochemical signaling 
changes at the level of the ion channel throughout targeted brain regions needs to be re-evaluated.  
Careful attention must also be placed on examining the consequences of an altered metabolic state, i.e. 
obesity, on the efficacy of non-invasive methods of insulin delivery to the CNS.  
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