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Introduction 

Obesity has become an epidemic that is affecting both developed and developing nations 

around the world.  Since 1976, the incidence of obesity and being overweight has increased by 

134%; currently, 30% of the U.S. population is considered obese (body mass index (BMI) > 30 

kg/m
2
) and 1 in 20 are morbidly obese (BMI > 40 kg/m

2
) (Moyer, 2012; Figure 1).  The increase 

in the incidence of obesity in the past 30 years has been too rapid for the emergence of a mutant 

gene, suggesting the root cause of the majority of obesity cases to be dietary instead of genetic 

(Koza et al., 2006).  

 

FIGURE 1: The prevalence of self-reported obesity among U.S. adults by state and territory in 2015. There 

are 6 states and the District of Columbia that have an obesity rate ranging from 20% - 25%.  46 states and 

territories have >25% obesity rates and 22 of those states and territories have >30% obesity rates. There are 

4 states with >35% obesity rate. There are no states or territories that have an obesity rate below 20%. Image 

courtesy of the Centers for Disease Control and Prevention, Adult Obesity Prevalence Maps. 

https://www.cdc.gov/obesity/data/prevalence-maps.html.  
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Diet-induced obesity (DIO) has a multitude of comorbid conditions that include 

cognitive impairment, cardiovascular and respiratory diseases, multiple cancers, diabetes, and 

sensory deficits (Khaodhiar et al., 1999; Moyer, 2012; Thiebaud et al., 2014).  However, DIO 

complications are not solely dependent on fat intake, but also on carbohydrate intake.  Thiebaud 

et al. (2014) found that wild-type (WT) mice maintained on a moderately high-fat diet (MHF: 

31.8% kcal fat, 51.4% kcal carbohydrate, and 16.8% kcal protein) or a high-fat diet (HF: 60% 

kcal fat, 20% kcal carbohydrate, and 20% kcal protein) from Research Diets (catalog No. 

D12266B and D12492, respectively) had a reduction in olfactory sensory neurons (OSNs) in 

the main olfactory epithelium (MOE) and axonal projections to the olfactory bulb (OB) 

compared to mice on control food of Purina 5001 Rodent Chow (CF: 13.5% kcal fat, 59.81% 

kcal carbohydrate, and 28.05% kcal protein).  Interestingly, mice maintained on a MHF diet 

(high fat/high carbohydrate) had a more severe loss of OSNs and bulbar projections than that of 

mice maintained on a HF diet.  

 In addition to the aforementioned comorbid conditions, obesity also affects brain-gut 

interactions in both the hypothalamus and insular cortex (Konturek et al., 2004; Small, 2010).  

Within the hypothalamus, there are two nuclei, ventromedial and lateral, which have competing 

functions in influencing satiety and stimulation of appetite, respectively (Konturek et al., 2004).  

It is important to note that these two nuclei do not exhibit sole control over satiety and appetite, 

but rather the lateral and ventromedial nuclei work in combination with other brain regions to 

produce these two homeostatic signals.  The lateral hypothalamic nucleus (appetite) is 

continually active, but can be transiently inhibited by the ventromedial hypothalamus (satiety) 

and other contributing brain regions during food consumption (Konturek et al., 2004).  This 

suggests that the overconsumption of food in obesity may be due to an under or inactive 
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ventromedial hypothalamic nucleus.  One of the contributing brain regions is the insular cortex. 

The insular cortex is linked to several functions, but serves a primary function in homeostatic 

regulation concerning ingestive behavior.  During states of hunger, increased neuronal activity in 

the lateral hypothalamus and insular cortex is observed.  Conversely, satiation is associated with 

reduced activity of the insular cortex suggesting that the insula is active during states of 

nutritional deficits (Small, 2010).  Obese individuals experience greater insular cortex responses 

than those of lean individuals possibly alluding to obesity-induced dysfunction of insular 

response and activity (Small, 2010).  Insular and/or ventromedial hypothalamic dysfunction 

could provide positive feedback that perpetuates poor nutritional intake and overconsumption 

leading to obesity and its comorbid conditions.    

Individuals may develop DIO during middle-age, which poses a major epidemiological 

concern due to middle-age obesity being an associated risk factor for Alzheimer’s Disease (AD).  

Although the pathology of AD is still not fully understood, metabolic dysregulation seems to be 

a major culprit (Xie et al., 2002).  Interestingly, insulin resistance seen in AD patients has been 

implicated in olfactory dysfunction, which may potentially explain the hyposmia observed in AD 

patients (Xie et al., 2002).  Traditionally, obesity is characterized by hyperglycemia; and in 

response, pancreatic く-cells secrete surplus insulin to compensate for excess blood-glucose 

leading to a hyperinsulinemic state.  Prolonged hyperinsulinemia results in insulin 

desensitization via reduced binding affinity of insulin to its receptor leading to insulin resistance 

(Xie et al., 2002).  Within the olfactory system, insulin receptors (IR) phosphorylate a 

potassium ion channel called Kv1.3 that has been linked to olfactory sensitivity (Fadool and 

Levitan, 1998; Fadool et al., 2004, 2011; Palouzier-Paulignan et al., 2012).  In a recent study, 

Kv1.3 knockout mice (Kv1.3-/-) had increased insulin sensitivity and odor discrimination as 
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well as exhibited a significantly-lowered odor threshold than that of their WT counterparts 

(Palouzier-Paulignan et al., 2012).  With increased insulin resistance, IR signaling is diminished 

and Kv1.3 phosphorylation is reduced leading to olfactory impairment (Marks et al., 2009).  

Insulin resistance in the pathology of AD is still unclear, but recent studies have revealed a 

myriad of functions for IR signaling in the brain such as prevention of neuronal apoptosis 

through protein kinase B activation, regulation of tau phosphorylation, and metabolism of 

amyloid precursor protein and removal of く-amyloid (Aく) from the brain (Pluma et al., 2005).  

Xie et al. (2002) found that Aく acts as a competitive inhibitor in insulin binding and action.  In 

the case of insulin resistance, Aく clearance is reduced, which leads to greater antagonistic action 

and suppression of IR signaling thus furthering the progression of AD.  Interestingly, due to IR 

dysfunction observed in AD, the medical community has begun to consider this 

neurodegenerative disease as type III diabetes-mellitus (Wands and de la Monte, 2008).   

 

 

 

 

 

 

 

FIGURE 2: Schematic demonstrates the neuroanatomical features of AD pathology as compared to a normal brain. 

In AD pathology, amyloid plaques accumulate extracellularly, while neurofibrillary tangles do so intracellularly. IRs 

are responsible for the metabolism of Aé ;ﾐS デｴW ﾏﾗS┌ﾉ;デｷﾗﾐ ﾗa デ;┌ ヮｴﾗゲヮｴﾗヴ┞ﾉ;デｷﾗﾐく IR S┞ゲa┌ﾐIデｷﾗﾐ ｷゲ ﾉｷﾐﾆWS デﾗ 
ﾗﾉa;Iデﾗヴ┞ ｷﾏヮ;ｷヴﾏWﾐデが ┘ｴｷIｴ W┝ヮﾉ;ｷﾐゲ デｴW IﾗﾐIﾗﾏｷデ;ﾐデ ﾉｷﾐﾆ ﾗa ;ﾐﾗゲﾏｷ; HWｷﾐｪ ;ﾐ W;ヴﾉ┞ IﾉｷﾐｷI;ﾉ ヮヴWゲWﾐデ;デｷﾗﾐ ﾗa ADく 
Illustration courtesy of Alzheimer�s Disease Research, a program of the American Health Assistance Foundation.   

© 2012. http://thebrain.mcgill.ca/flash/d/d_08/d_08_cl/d_08_cl_alz/d_08_cl_alz.html.  
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Disrupted IR signaling appears to be implicated in the pathology of both AD and 

olfactory impairment. In addition to the pathophysiological mechanisms described above, IR 

dysfunction may cause detriment through vascular abnormalities. In lean and healthy individuals, 

IR activation within arterioles leads to the initiation of two separate pathways that produce nitric 

oxide (NO) and endothelin-1 (ET-1; Eringa et al., 2002).  NO is a powerful vasodilator while 

ET-1 is a potent vasoconstrictor, thus, in healthy individuals, physiological concentrations of 

insulin exhibit minimal change on vessel diameter (Eringa et al., 2002).  The binding of insulin 

to its cognate receptor initiates a biochemical signaling cascade where phosphatidylinositol     

3-kinase (PI3-K) is activated.  PI3-K modulates the activity of nitric oxide synthase, which 

produces NO (Eringa et al., 2002).  Insulin stimulation of the PI3-K pathway, however, is 

significantly reduced in both obese and type II diabetic individuals.  As a result, NO production 

decreases (Cusi et al., 2000).  Reduced NO production allows the ET-1 pathway to dominate, 

and leads to insulin-initiated vasoconstriction (Eringa et al., 2002).  Due to the metabolic demand 

of OB, it is highly vascularized and thus prolonged vasoconstriction of the OB arterioles could 

lead to detrimental consequences of reduced neuronal activity and responsivity to stimuli, along 

with decreased cell proliferation and turnover (Petzold et al., 2008).   

The olfactory system is anatomically divided into the MOE, or the nasal cavity, and the 

OB in the forebrain.  The MOE contains millions of bipolar neurons called olfactory sensory 

neurons (OSNs) that possess odorant receptors on olfactory cilia that are ligand specific for a 

precise odorant (Buck and Axel, 1991).  The OSN receptors are not exclusive for a single 

odorant, but do exhibit preferred odorant binding (Buck et at., 1999).  For example, the M72 

receptor responds best to isopropyl tiglate, but can be stimulated by other odorants (Soucy et al., 

2009).  Axons of the OSNs form the olfactory nerve (cranial nerve I) and terminate in discrete 
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spherical structures called glomeruli that form the first contact in the OB.  Therefore, glomeruli 

are identified by a particular odorant receptor that is selectively expressed in the OSN and each 

OSN specifically innervates a genetically-identified glomerulus by that odorant receptor (Bressel 

et al., 2015).  An odor thus activates specific glomeruli and this combinatorial activation pattern 

is used in odor identification (Bressel et al., 2015).  Each glomerulus serves as the place of 

synaptic transmission between OSN and mitral/tufted (M/T) cells.  The majority of the 

glomerular volume is comprised of the dendrites of M/T cells, the axons of OSN, and 

periglomerular (PG) cell processes, while a minute fraction is due to cell bodies (Kosaka et al., 

1998).  PG cells are interneurons that surround a glomerulus and function to modulate OSN to 

M/T synaptic transmission via lateral inhibition.  Granule cells are another class of interneurons 

and also use lateral inhibition to serve a similar function to that of PG cells (Lledo et al., 2005). 

M/T cells relay olfactory information to the primary olfactory cortex (which includes the anterior 

olfactory nucleus, the piriform cortex, the olfactory tubercle) via the olfactory tract, which in 

turn sends the information to the mediodorsal thalamus where it disseminated to other processing 

areas that include the entorhinal cortex, orbitofrontal cortex, hippocampus, amygdala, and other 

limbic system structures (Lledo et al., 2005; Wilson, 2012).  Through these higher-processing 

brain regions, individuals can make conscious evaluations concerning a particular odor such as 

favorability of the odor, identification of others or materials, and even danger as is the case of 

avoiding expired or spoiled food.  Refer to Figure 3 on the proceeding page.  
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FIGURE 3: Diagram of the olfactory anatomy and relevant neural circuitry. Top: a simplified sagittal view of a 

rodent head. Bottom-left: cellular components within the main olfactory epithelium (MOE).  Bottom- right: 

cellular and neural structures within the olfactory bulb (OB). As the odorant molecule travels through the nasal 

cavity it will bind to its cognate receptor on the surface of the olfactory sensory neuron (OSN) located in the 

MOE. This activates a signal transduction cascade (covered in preceding paragraph and FIGURE 4) that initiates 

the propagation of an action potential along the OSN axon. OSN axonal projections synapse with mitral/tufted 

(M/T) cells in spherical structures called glomeruli (Gl), which form the first contact of the OB. There are two 

types of interneurons: periglomerular (PG) cells , which surround each glomerulus, and granule (Gr) cells. These 

two types of interneuron modulate synaptic transmissions between OSNs and M/T cells via lateral inhibition. 

M/T cells then relay this information to the primary olfactory cortex (which includes the anterior olfactory 

nucleus (AON), the piriform cortex (PC), the olfactory tubercle (OT))  and eventually the thalamus for 

dissemination to higher-processing brain regions (i.e. the lateral amygdala (LA), the entorhinal cortex (EC), 

hippocampus, and frontal lobe). Lledo et al., 2005. 

M/T 

PG 
PG 
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When an odorant molecule binds to a receptor, a signal transduction cascade is initiated 

that converts chemical information into neural signals (Firestein, 2001).  The odorant-bound 

receptor activates a G-protein coupled receptor (GPCR), Golf, which is composed of three 

subunits alpha, beta, and gamma (Reed, 1990).  When the alpha subunit is stimulated it releases 

guanosine diphosphate (GDP) and binds guanosine triphosphate (GTP).  This results in the 

dissociation of the alpha subunit from the beta-gamma complex.  Ggolf  activates adenylyl cyclase 

III leading to the conversion of intracellular adenosine triphosphate (ATP) to cyclic adenosine 

monophosphate (cAMP; Jones and Reed, 1989).  cAMP binds to cyclic nucleotide-gated 

calcium and sodium channels causing an influx of Ca
2+ 

and Na
+
 ions into the neuron  (Lowe and 

Gold, 1993a; Firestein, 2001).  Ca
2+

 binds to calcium-gated chloride channels to cause an efflux 

of Cl
- 
(Kato and Touhara, 2009; Lowe and Gold, 1993b; Kleene, 1993).  The combined action of 

the influx of cations and the efflux of anions causes membrane depolarization past the threshold 

potential (typically around -55 mV) at the axon hillock, which results in the propagation of an 

action potential (Kato and Touhara, 2009).  An action potential occurs when voltage-gated 

sodium channels located in the axonal membrane open and allow for an influx of Na
+
 ions into 

the cell, which further depolarizes the neuron to around +30 mV.  Voltage-gated potassium 

channels (also located in the axonal membrane) have a delayed response to threshold 

depolarization and thus open after the voltage-gated sodium channels.  These potassium channels 

allow for the efflux of K
+
 ions out of the cell and result in hyperpolarization to approximately     

-90 mV (known as refractory period) before restoring the resting membrane potential to around    

-75 mV.  Action potentials are self-restoring along every segment of the axon and thus allow for 

the propagation of neuronal signaling.  The OSN signal is sent to the glomerulus where granule 

cells and PG cells, through lateral inhibition, refine and sharpen the transmission prior to M/T 
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cells relaying the signal onto the primary olfactory cortex (Isaacson and Strowbridge 1998; 

Shepherd 2004).  

 

FIGURE 4: Schematic of olfactory signal transduction; converting odorant information into neural signals. The GPCR 

binds the odorant, which causes the G-ヮヴﾗデWｷﾐ デﾗ ヴWﾉW;ゲW GDP ;ﾐS HｷﾐS GTP ヴWゲ┌ﾉデｷﾐｪ ｷﾐ デｴW SｷゲゲﾗIｷ;デｷﾗﾐ ﾗa デｴW ü-

ゲ┌H┌ﾐｷデく ü-subunit activates adenylyl cyclase III and converts ATP to cAMP. cAMP binds and opens Ca
2+

 and Na
+
 

ligand-gated channels; Ca
2+

 binds and opens Cl
-
 ligand-gated channels. The influx of cations and efflux of anions 

results in membrane depolarization; if depﾗﾉ;ヴｷ┣;デｷﾗﾐ W┝IWWSゲ  デｴヴWゲｴﾗﾉS ヮﾗデWﾐデｷ;ﾉ ;デ デｴW ;┝ﾗﾐ ｴｷﾉﾉﾗIﾆが ;ﾐ ;Iデｷﾗﾐ 
potential will be initiated and propagated along the axon of the OSN. Mombaerts, 2004.  
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The expression of immediate early genes (IEGs) is a useful tool in determining cellular 

activity in response to a stimulus due to the rapid and transient nature in which IEGs are 

transcribed and translated after exposure to a stimulus.  A very commonly used IEG is c-fos, 

which is found throughout the body in various cell types and contributes to cell proliferation, 

growth and survival as well as mechanisms that involve hypoxic responses and angiogenesis 

(Tulchinsky, 2000).  The dysregulation of c-fos has been linked to oncogenesis and cancer 

progression in multiple tissues and cells, but interestingly the mechanism of tumor formation 

differs among cell type.  For instance, in human osteosarcomas c-fos acts as a growth factor 

leading to increased proliferation and growth of osteoblasts; conversely, c-fos has tumor 

suppressor activity in ovarian carcinomas, in which the loss of c-fos expression is correlated to 

disease progression (Mahner, 2008).  Although this paper does not explore the impactions of     

c-fos activity within the olfactory system, its study could add to our current understanding of 

neurogenesis and neuronal proliferation within the olfactory system.   

In the olfactory system, c-fos is readily expressed in PG cells in response to extracellular 

stimuli of neuronal depolarization and the presence of Ca
2+

 (Guthrie, 1993).  c-fos transcription 

in PG cells peaks one hour after odor exposure (Sallaz and Jourdan, 1996).  Cooper (2014) and 

Celan (2015) observed inconsistent activation of c-fos transcription in OSNs; which is consistent 

with the findings of Breer et al. (2001) and Montag-Sallaz et al. (2002).  Therefore, I elected not 

to explore OSN-activated c-fos gene expression; rather I chose a different strategy that uses c-fos 

activation in PG cells as described by Loch et al. (2015).  Thus, c-fos in PG cells can be used to 

indirectly quantify an OSN odorant response.  As the action potential of the OSN (stimulated by 

an odorant) propagates down the axon into the glomerulus where it terminates, the depolarization 

of the neuron induces the PG cells surrounding the glomerulus to express c-fos.  The number of 
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PG cells expressing c-fos positively correlates with the number of OSNs stimulated by a given 

odorant.  Therefore, an individual glomerulus with several OSNs specific for a particular odorant 

will have a greater number of PG cells expressing c-fos than one with fewer OSNs for the same 

odorant (Breer et al., 2001; Loch et al., 2015).  Following DIO at middle-age, I would 

hypothesize that the induction of c-fos activity would decrease if there is a concomitant loss of 

OSNs associated with the obesity.  

DIO has been demonstrated to reduce the OSN population within the MOE and 

concomitant axonal projections to the OB.  However, odor responsivity of the remaining OSNs is 

unknown.  The main purpose of my investigation was to determine how DIO affects the ability 

of the surviving OSNs to respond to odors.  I hypothesize that mice maintained on fatty diets will 

exhibit a decrease in OSN odor responsivity.   
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Materials and Methods  

Mouse Strains and Housing 

M72-IRES-tauGFP adult male mice with a C57BL6/J genetic background were a generous gift 

from Dr. Peter Mombaerts (Max Plank Institute, Frankfort, Germany).  Female C57BL6/J mice 

were not used in my study because they did not gain weight in previous DIO studies from our 

laboratory (Tucker et al., 2008).  This strain expresses green fluorescent protein (GFP) in the 

M72 glomerulus and thus allows for identification of the M72 receptor, which is selective for the 

odorant isopropyl tiglate (IT; Soucy et al., 2009; Zhang et al., 2012).  All mice were housed in 

the Florida State University vivarium and were maintained on a 12 h/12 h light-dark cycle.  The 

mice were weaned onto modified diets of either: control food (CF: 13.5% kcal fat, 59.81% kcal 

carbohydrate, and 28.05% kcal protein; Purina 5001 Rodent Chow, St. Louis, MO), moderately-

high fat (MHF: 31.8% kcal fat, 51.4% kcal carbohydrate, and 16.8% kcal protein; Research 

Diets, New Brunswick, NJ, catalog No. D12266B), or high fat (HF: 60% kcal fat, 20% kcal 

carbohydrate, and 20% kcal protein; Research Diets catalog No. D12492) for 6 months.   

 

Intraperitoneal Glucose Tolerance Test (IPGTT) 

Mice were fasted for 13 h prior to glucose testing with ad lib access to water.  A pre-injection 

blood glucose level was measured through the tail vein.  One microgram per milliliter of glucose 

per kilogram (1 µg/mL/Kg) of body weight was injected into the peritoneum and glycemic levels 

were measured at the tail vein at 10, 20, 30, 60, 90, and 120 min post-injection. 
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Odor Exposure  

The mouse was placed in a gasket-sealed, glass chamber connected to two intake valves that 

allowed clean and odorant-infused air in, while the exhaust valve allowed air to be expelled from 

the chamber (Figure 5).  A constant flow of air was supplied from a compressed tank at 40 psi, 

which was filtered through a carbon-containing flask prior to being introduced into the chamber.  

A second carbon-containing flask was used for filtering the odorant.  The odorant IT  (Sigma 

Aldrich, St. Louis, MO) was applied at 2% concentration using mineral oil (Fisher Scientific, 

Hampton, NH) as a solvent.  The mouse was exposed to 120 min of clean air in order to remove 

any residual odor left in the chamber or testing room that would increase c-fos expression (Loch 

et al., 2015).  Odorant exposure proceeded by a cyclic stimulation paradigm delivered via a 

picospritzer II (Parker Hannifin, Cleveland, OH).  The odor stimulation consisted of: 2 min 

odorant exposure and 5 min of clean air for a total of four cycles.  Cyclic odor stimulation was 

used to avoid odor acclamation and desensitization (Loch et al., 2015).  The mouse received an 

additional 60 min of clean air prior to sacrifice, because c-fos (marker for OSN odor activation) 

has peak transcription typically 60 min after exposure to a stimulus (Sallaz and Jourdan, 1996).  

To control for odor activation within the OB, mice were also not exposed to the odorant, IT, but 

clean air instead.  During cyclic odor stimulation, clean air was released instead of IT through the 

picospritzer (i.e. 2 min of clean air followed by another 5 min of clean air, repeated for a total of 

four times).  Refer to Figure 5 on the proceeding page.  
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FIGURE 5: Schematic of the apparatus used during the odor exposure. The mouse was placed into a chamber 

that contains twﾗ ｷﾐデ;ﾆW ┗;ﾉ┗Wゲ ┌ゲWS デﾗ ｷﾐデヴﾗS┌IW WｷデｴWヴ IﾉW;ﾐ ;ｷヴ (CA) or odorant-infused air and one exhaust 

valve for removal of carbon dioxide. Compressed clean air was filtered through a carbon-containing aﾉ;ゲﾆ ヮヴｷﾗヴ 
to being introduced into the mouse chamber. The mouse was subjected to 120 min of clean air before being 

exposed to the odor, isopropyl tiglate (IT). The compressed air was delivered to the picospritzer then to a second 

carbon-containing aﾉ;ゲﾆ ┘ｴWヴW ｷデ ┘;ゲ aｷﾉデWヴWSく TｴW ;ｷヴ デｴWﾐ ヮ;ゲゲWS through a tube containing IT and the air 

became infused with the odorant and was subsequently introduced into the chamber. Odor stimulation 

proceeded through a cyclic exposure paradigm: 2 min of IT followed by 5 min of CA. Cyclic odor stimulation was 

repeated for a total of 4 cycles. Lastly, the mouse was exposed to 60 min of CA prior to sacrifice. 
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Intracardiac Perfusion 

The mice were anesthetized with 100 µl of Ketamine HCl per 30 g of body weight.  If mice were 

still responsive after 5 min another 10 µl of Ketamine HCl was injected.  The mice were 

perfused with 1x phosphate buffered saline (PBS) until blood was no longer visible in the liver, 

at which time 1x PBS was removed and 4% paraformaldehyde (PFA) in 1x PBS was circulated 

through the body until rigor sat in.  

 

Cryoprotection, Decalcification, Dissection, Inclusion, and Cryosection 

The scalp and soft tissue were removed to expose the skull, which was post-fixed in 4% PFA 

stored at 4°C for 24 h.  After 24 h in 4% PFA, the sample was decalcified with a 0.3 M EDTA 

solution for 3 days and then another 3 days in a new solution of 0.3 M EDTA.  The teeth and the 

skull (except for bones around nose and OB) were removed and the sample was placed in 10% 

sucrose (dissolved in 1x PBS) overnight.  The sample was transferred to a 30% sucrose 

(dissolved in 1x PBS) solution for 3 days and at the end of the 3 days, the sample was placed in a 

new 30% sucrose solution for 24 h.  The teeth were removed, but due to the fragility of the OB 

the decalcified bones around it were not.  OBs were frozen in OCT compound-embedding 

medium (Miles Diagnostic Division, Pittsburg, PA) and stored at -80°C.  Sixteen micron coronal 

sections of the OB were obtained using a LEICA model CM1850 cryostat (Leica Microsystems, 

Wetzlar, Germany) and transferred onto 1% gelatin-coated Superfrost slides (VWR International, 

Radnor, PA) and stored at -20°C. 

 

 

 



19 

 

Immunocytochemisty 

Slides were left at room temperature (RT: 18 to 24°C) for 30 min and subsequently incubated 

in 1% PFA in 80% 1x PBS for 15 min.  Samples were washed with 1xPBS for 5 min repeated 3 

times (3 x 5 min).  Samples were then washed with 0.3% triton (Fisher Scientific) in 1x PBS   

(T-PBS) for 3 x 5 min.  Samples were rinsed with a blocking solution consisting of: 1% bovine 

serum albumin (BSA, Sigma Aldrich) in T-PBS, for 30 min.  Samples were incubated in the 

primary antibody (diluted in 1% BSA), c-fos anti-GOAT (Sigma Aldrich, 1:400), overnight at 

4°C in a humidified chamber.  Slides were left at RT for 30 min and then washed with 1% BSA 

for 30 min.  Slides were incubated in the secondary antibody (diluted in 1% BSA), 546 Fluor 

goat anti-RABBIT (Life Technologies, Carlsbad, CA; 1:200), for 2 hours at RT in the humidified 

chamber.  The slides underwent a 3 x 5 min rinse of T-PBS and a subsequent 3 x 5 min wash of  

1x PBS prior to 4ガ,6-diamidino-2ガ-phenylindole dihydrochloride (DAPI, Fisher Scientific, 

1:15,000 in 1x PBS) staining for 10 min.  The slides were then washed with 1 x PBS for 10 min 

and coverslipped with Fluoromount G to prevent photo bleaching. 

 

Imaging and Cell Counting  

Imaging was done through an EVOS FL color system (Model AMF4C3000, Life Science, 

Chestertown, MD) at 10X, 20X, and 40X. The M72 glomerulus was defined by the green 

fluorescent protein (GFP)-labeled neuropil.  DAPI-stained and c-fos immunoreactive 

periglomerular cells (maximum of 4 nuclei widths from the glomerular boundary) were counted 

around each M72 glomerulus (lateral and medial domains) using ImageJ 

(http://imagej.nih.gov/ij/), while areas not belonging to the glomeruli of interest were excluded 

(Loch et al., 2015).  Glomerular volume was measured using ImageJ. 
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Statistical Analysis 

Statistical comparisons for body weight taken before the IPGTT were attained by performing a 

one-way ANOVA.  For serum glucose level measurements acquired during the IPGTT, a       

one-way ANOVA was applied using time and treatment as factors.  The integrated area under 

the curve (iAUC) was calculated by integrating the IPGTT data whereby the values were 

compared using one-way ANOVA.  One-way ANOVA was applied as well for cell counting and 

for glomerular volume measurement.  The mean fold change in c-fos positive PG cells was 

calculated by dividing the number of c-fos positive PG cells surrounding the M72 glomerulus 

from odor-exposed mice by the number of c-fos positive PG cells surrounding the M72 

glomerulus from clean air-exposed mice.  Data corrections were applied using post-hoc tests for 

multiple comparisons and were performed with a Tuckey correction to compare every mean with 

every other mean using GraphPad Prism® Software version 6.07 (La Jolla, CA).  Graphic 

visualization of data was performed using Origin® version 8.1 (OriginLab, Northampton, MA).  

All data are presented as mean ± SEM, and the values for F, degrees of freedom (df), sample size 

(n), or probability (p) are incorporated into the figure for ease of text reading.  A value of             

p < 0.05 was considered statistically significant. 
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Results 

Obesity and Glucose Clearance 

Post-weaning, male mice were maintained on control Purina Chow (CF, 13.5% fat), a 

moderately high-fat diet (MHF; 32%), or a high-fat diet (HF; 60%) for 6 months.  Mice 

maintained on fatty diets (MHF and HF) experienced excessive weight gain as compared to their 

CF counterparts (Fig. 6B; one-way ANOVA; p < 0.0001).  Using a post-hoc Tukey’s Multiple 

Comparison Test, the body weight of the HF mice were greater than both the CF and MHF mice 

(Fig. 6B; both p < 0.0001).  The same post-hoc test was applied to compare MHF and CF; MHF 

mice also had a greater body weight than CF mice (Fig. 6B; p < 0.001).  Mice, following 6 

months of DIO, were fasted for 13 hours prior to IPGTT.  Fasting glucose serum levels did not 

differ across the treatment groups, but from 20 min to 120 min post-glucose injection, there was 

a difference in glucose clearance between CF mice and mice maintained on fatty diets (Fig. 6C; 

two-way ANOVA; p < 0.01).  The reduced glucose clearance in mice maintained on fatty diets 

was further supported by iAUC of IPGTT data (Fig. 6D; one-way ANOVA; p < 0.0001).  The 

post-hoc Tukey’s Multiple Comparison Test was applied to iAUC results, which revealed that 

both MHF and HF treatment groups cleared glucose less efficiently than CF mice (Fig. 6D; both 

p < 0.0001).  MHF mice compared to HF mice did not exhibit a difference in glucose clearance 

(Fig. 6D; Tukey’s Multiple Comparison Test; p > 0.05).  Mice maintained on fatty diets 

experienced increased weight gain and a reduced efficiency in glucose clearance and thus serve 

as an adequate model for DIO and pre-diabetes mellitus type II.  
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M72 Response Quantified by c-fos Immunoreactivity  
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FIGURE 7: micrographs of the M72 glomerulus. A) top; micrographs of the M72 glomerulus for mice exposed to clean 

air. B) bottom; micrographs of M72 glomerulus for mice exposed to isopropyl tiglate. LAT and MED denote the lateral 
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boundary of the M72 glomerulus. The red immunolabel indicates c-fos expression and thus neuronal activation. The 

Hﾉ┌W DAPI ﾉ;HWﾉ ｷゲ ; ﾏ;ヴﾆWヴ aﾗヴ the presence of cell nuclei allowing for the visualization of M72 PG cells.  
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Periglomerular Cell Abundance and Glomerular Volume 

To determine if DIO had an effect on PG cell abundance or glomerular volume, the lateral and 

medial M72 glomeruli were examined (Fig. 7A, B) in M72-IRES-tauGFP mice.  DAPI-label PG 

cells within 4 nuclear widths of the M72 glomeruli were counted.  In both the lateral and medial 

M72 glomeruli, PG cell abundance was not reduced following maintenance on fatty diets (Fig. 

8A; one-way ANOVA; p  > 0.05).  Interestingly, the M72 glomerular volume, for both the lateral 

and medial domains, also did not exhibit a decrease following DIO (Fig. 8B; one-way ANOVA; 

p  > 0.05).  
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FIUGRE 8: M72 PG cells abundance did not decrease following DIO. A) top; PG Cell abundance for both the 
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PG Cell Activation and OSN Odor Responsivity  

To determine OSN activation concerning those that express the M72 odorant receptor, mice were 

exposed to either CA (demonstrates basal-level activation) or IT (primary ligand for M72 

receptor).  Since OSN depolarization (odor activation) results in c-fos expression in PG cells, 

immunocytochemical procedures were used to label both PG cells and PG cells expressing c-fos 

to quantify odor activation (Fig. 7A, B).  Following DIO, mice exposed to only clean air did not 

exhibit a difference in c-fos immunoreactive PG cells surrounding either the lateral or medial 

M72 glomerulus (Fig. 9A).  Mice exposed to the odorant, isopropyl tiglate, did not demonstrate a 

statistically significant reduction in c-fos positive PG cells surrounding either the lateral or 

medial M72 glomerulus; however, both domains of the M72 trended to have decreased c-fos 

expression following DIO (Fig. 9B).  The mean fold change in c-fos positive PG cells 

surrounding the M72 glomerulus compares basal activity (CA exposure) to odor-stimulated 

activity (IT exposure).  The mean fold change in the lateral M72 glomerulus did exhibit a 

decrease following DIO between CF and MHF mice (CF = 2.95x, MHF = 1.95x, HF =2.18x); 

however, in comparison, the medial domain displayed a much greater reduction in fold change 

between mice maintained on fatty diets and their CF counterparts (CF = 5.45x, MHF = 2.49x, 

HF =1.65x; Fig. 9C).  Both the lateral and medial domains of the M72 glomerulus trended to 

have decrease odor activation following DIO (Fig. 9B, C).   
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Discussion 

DIO affects the neuroarchitecture within the MOE by decreasing the abundance of 

OSNs, but does not exhibit the same influence over PG cell populations in the OB (Thiebaud 

et al., 2014).  The OB, and more specifically PG cells, could possess increase resistant to the 

apoptotic effects precipitated by fatty diets and as such survive at a greater rate than OSNs. 

OSNs reside in the nasal cavity where these neurons are exposed directly to the external 

environment where cellular damage can occur at a greater incidence and thus results in 

high turnover rates of OSNs (Buck et al., 1999).  However, this process is well regulated and 

does not proceed through random apoptotic events; rather, specific OSNs at precise times 

undergo apoptosis and are replaced by new neurons through the process of neurogenesis 

(Buck et al, 1999; Stoss et al., 2004; Lazarini and Lledo, 2011).  During this process, 

neuronal progenitor cells differentiate and develop into specific OSNs; these neurons must 

innervate glomeruli that are specific for the same odorant that OSN receptors bind 

(Schwob et al., 1992).  Specialized glial cells called olfactory ensheathing cells (OECs) aid 

in axonal regeneration and growth by guiding the axons of OSNs to the specified glomeruli 

within the OB (Tharion et al., 2011).  However, DIO is known to provoke inflammatory 

responses that could potentially lead to apoptosis and/or affect neuronal processes via 

reactive gliosis (Hsuchou et al., 2012; Sandu et al., 2015).  As a consequence, OSNs could 

undergo apoptosis at a greater rate than can be replenished via neurogenesis; and/or OECs 

ability to assist in OSN axonal growth and guidance to their respective glomeruli could be 

affected.  Interestingly, OSNs that do not form synapses with the OB, undergo apoptosis and 

thus these neurons rely on synaptic connections to the OB for survival (Schwob et al., 

1992).  Therefore, if OEC dysfunction leads to OSNs unable to form synaptic connections 
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with the OB, those neurons will undergo apoptosis.  Both could potentially explain the 

reduced OSN abundance and axonal projections following DIO that Thiebaud et al. (2014) 

observed.  

PG cells are readily generated from neuronal progenitor cells through the process of 

neurogenesis in the subventricular zone (Luskin, 1993; Hack et al., 2005).  In contrast to 

OSNs, PG cells reside in the central nervous system (CNS) within the OB located on the 

anterior surface of the frontal lobe above the cribriform plate.  As such, PG progenitors cells 

must migrate a shorter distance to reach their functional anatomical position and also do 

not have to contend with the complexities of coordinating axonal projections from the 

peripherally nervous system to the CNS.  PG cell differentiation and maturation also occurs 

very rapidly; in approximately two weeks, these newly generated neurons are fully 

functional i.e. able to produce action potentials and form synaptic connections with other 

elements in the olfactory circuitry (Pignatelli et al., 2010).  Interestingly, it appears that the 

ability of PG cells to produce action potentials precedes the formation of synaptic contacts 

(Pignatelli et al., 2010).  Unlike OSNs, PG cells seem to rely less on synaptic connections for 

maturation and survival; and this may contribute to the ability of PG cells to resist the 

effects of DIO that can reduce neuronal abundance as observed in OSNs.  

An important consideration regarding PG cells is their function and location within 

the OB.  PG cells surround individual glomeruli and function in modulating OSN to M/T 

cells transmission via lateral inhibition (Kosaka et al., 1998).  Thus PG cells do not directly 

compose a portion of the olfactory pathway that is involved in the transmission of 

peripheral sensory information (odors) to the olfactory cortex and other higher-processing 

neural structures.  Following DIO, OSN abundance decreases and olfactory impairment 
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ensues via reduced firing rates of OSNs (Thiebaud et al, 2014).  With decreased signaling in 

the olfactory pathway, the expectation is to observe neural pruning downstream, in this 

case, in M/T cells; but may be less likely in PG cells since these neurons act on the pathway 

peripherally.  However, the M72 glomerular volume was not affected by fatty diets.  These 

findings are consistent with the non-decrease in PG cell abundance as their processes 

constitute part of the glomerular volume.  Because a glomerulus is mostly comprised of the 

axons of OSNs, the dendrites of M/T cells, and the processes of PG cells, it appears that 

there is no or a negligible amount of neural pruning occurring in both M/T cells and PG 

cells (Kosaka et al., 1998).  Therefore, the resistance to DIO apoptotic effects does appear to 

occur selectively in PG cells, but may also exist in M/T cells and, possibly to a greater 

extent, in the OB as a whole.   

My current study did not allow time for large sample sizes due to the 6 month diet 

maintenance, which was a short fall in the statistical power of my results.  My study will be 

ongoing with over 20 more mice to be added to the study currently placed on modified 

diets.  Nonetheless, my current data suggest that odor activation of these neurons exhibited 

a decreasing trend when exposed to fatty diets.  Odor activation was quantified by the 

expression of the immediate early gene product c-fos, which is expressed as a consequence 

of OSN axonal depolarization via odor stimulation.  Thus the decrease trend in c-fos 

immunoreactivity in PG cells can also be attributed to a decrease in the surviving OSNs� 

odor responsivity.  Moreover, Savigner et al. (2009) found that elevated levels of insulin 

and leptin decrease the odorant-induced activity of OSNs.  A hallmark of individuals with 

DIO is hyperglycemia, which can lead to chronic hyperinsulinemic state in response to 

excess serum glucose levels.  These individuals also possess increased adiposity mainly 
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composed of specialized fat cells called adipocytes.  Adipocytes secrete a hormone called 

leptin, which usually assists in the signaling of satiety; but with the increased population of 

adipocytes surplus leptin could be secreted resulting in a state of hyperleptinemia.  

Therefore, the decrease in OSN odor activation following DIO is congruent with the findings 

of Savigner et al. (2009).  

 Interestingly, the mean fold change between basal and odor-activated PG cells 

differs between the lateral and medial domains of the M72 glomerulus.  Upon maintenance 

of fatty diets, the medial domain exhibited a greater decrease in c-fos immunoreactivity 

compared to the lateral.  The surviving OSNs projecting to the medial M72 glomerulus 

appeared to have reduced activation by their ligand, isopropyl tiglate, following DIO, but 

those innervating the lateral glomerulus had similar odor responsivity as the CF mice.  

Perhaps this difference in odor responsivity between the lateral and medial glomeruli 

could have arisen due to c-fos gene activation not being as sensitive of a metric as electro-

olfactogram in discriminating loss of OSN function.  Alternatively, the septal OSNs typically 

project to the medial glomeruli, while the OSNs that reside within the nasal turbinates 

innervate the lateral glomeruli (Dal Col et al., 2007).  This suggest that these two 

populations of OSNs may possess inherent differences in their cellular physiology that 

affect their susceptibility to the adverse effects of DIO.  It may also suggest that while there 

is a loss of OSNs due to fatty diet (Thiebaud et al., 2014), those surviving OSNs have less 

functionality in activation in the medial glomerulus.  What is not understood is the reduced 

electro-olfactogram amplitude previously measured as a loss of OSN by Thiebaud et al. 

2014 and my lack of reduced lateral glomeruli function with c-fos activation. 
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 Reduction in odor responsivity following DIO holds clinical significance in the 

pathology of AD.  An early presentation of AD, as well as other forms of dementia, is 

reduced olfaction or anosmia (Olichney et al., 2005).  Associated risk factors for AD include 

middle-age obesity and diabetes; both of which have been identified as culprits in the 

pathophysiology of olfactory impairment (Marks et al., 2009; Profenno et al., 2010; 

Thiebaud et al., 2014).  As olfactory dysfunction has been linked to disrupted IR signaling 

within the brain, it would suggest that AD operates on a similar pathophysiological 

mechanism and thus is sometimes referred to as type III diabetes mellitus (Wands and de 

la Monte, 2008; Marks et al., 2009; Palouzier-Paulignan et al., 2012).  Thereby 

understanding the pathology of olfactory disorders, can assist in determining the etiology 

of AD.  

 As the olfactory system is one of the few regions of the adult brain that actively 

undergoes neurogenesis, it would be interesting to investigate how DIO would affect this 

process in the various olfactory neurons.  It is known that neuroinflammation can retard or 

inhibit neurogenesis; and as obesity has been linked to neuroinflammation, it would be 

expected that obesity would inhibit or decrease neurogenesis (Monje et al., 2003; Sandu et 

al,. 2015).  Specifically, it would be interesting to observe how DIO affects neurogenesis in 

OSNs and PG cells; the data suggest there is some neuroprotective factor aiding PG cells 

from the adverse effects of DIO that typically results in reducing cellular abundance, as is 

the case for OSNs.  In addition to OSN and PG cell neurogenesis, OECs are another vital 

component in forming the correct olfactory circuitry by guiding the axons of the maturing 

OSNs to their respective glomeruli.  It may be worthwhile endeavor to determine if DIO has 

detrimental consequences to the function of OECs, which may affect their ability in guiding 
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developing OSN axonal projections.  In a clinical setting, neurogenesis plays important 

roles in memory and  learning; thus its dysregulation leads to common neurodegenerative 

pathologies such as dementia, AD, and Parkinson�s Disease (Mu an Gage, 2011).  These 

considerations concerning neurogenesis possess implications in understanding 

neurodegenerative pathogenesis and progression, and thereby may allow for the 

development of better therapeutics in the treatment of these diseases.   
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Aɴ – beta-amyloid  

AD – Alzheimer’s Disease  

BMI – body mass index 

BSA – bovine serum albumin  

CA – clean air 

cAMP – cyclic adenosine monophosphate 

CF – control food 

CNS – central nervous system 

DAPI – 4ガ,6-diamidino-2ガ-phenylindole 

dihydrochloride 

DIO – diet induced obesity 

ET-1 – endothelin-1  

GFP – green fluorescent protein 

h – hours 

HF – high fat (diet) 

iAUC – integrated are under the curve 

IEG – immediate early gene 

IPGTT – Intraperitoneal glucose tolerance 

test  

IT – isopropyl tiglate 

IR – insulin receptors 

Kv1.3-/- – Kv1.3 knockout mice  

MHF – moderately-high fat (diet) 

min – minutes 

MOE – main olfactory epithelium 

M/T – mitral and tufted cells 

NO – nitric oxide 

OB – olfactory bulb 

OEC – Olfactory ensheathing cells 

OSN – olfactory sensory neuron 

PG – periglomerular (cells) 

PI3-K – phosphatidylinositol 3- kinase 

RT – room temperature 

WT – wild type 
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