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Chapter 5: Designing and Building a Behavioral Olfactometer 

 

 5.1 Introduction 

The analysis of behavior is a powerful tool employed to study nervous-system function. 

Changes in neuronal activity, induced or not, can have profound effects on behavioral output 

(Banerjee et al. 2014; Escanilla et al. 2009). Knowing these implications, the fields of behavioral 

neuroscience and psychophysics have long studied the effects of stimuli on perception, and the 

resulting behavioral response (Nevin 1969). Methods and techniques in these fields are taught in 

many undergraduate institutions however, the opportunities for hands-on practice with 

behavioral equipment is limited in the classroom setting. Experiential learning has continuously 

been shown to result in better learning outcomes in students (Kirschner et al. 2006; Yardley et al. 

Dornan 2012). As students apply theory to practice, they are more likely to recognize their 

shortcomings, leading to better material retention and understanding (Rogers 1969; Kolb 1984). 

Learning behavioral methods in the classroom will also introduce equipment and techniques 

students may use in future advanced education, research, or commercial work.  

Unfortunately, much of the equipment used in the behavioral and psychophysical 

methodology is expensive, and their operation can be quite complex. Equipment complexity 

prevents the use of experimental equipment in the classroom setting, in part due to faculty worry 

over the improper handling of their equipment. Additionally, the time necessary to properly train 

undergraduates in sophisticated equipment operation is prohibitory in an educational lab setting 

(Stevens 2004). To overcome cost, some commercial companies have developed behavioral 

equipment with expense in mind. However, these “inexpensive” behavioral olfactometers can 

cost upwards of $3,000–4,000. As multiple sets of equipment would be required, these prices 
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prevent application to experiential learning in all but well-funded institutions. Furthermore, the 

“inexpensive” equipment still requires end user programming for operation. For non-computer 

science minded students, managing and operating this equipment may prove complex and time 

intensive.  

In the present study, we aimed to develop inexpensive and easy to operate olfactory-

behavior equipment for both teaching and research purposes. This equipment, known as an 

olfactometer, are experimental machines that deliver odorized air while carefully controlling 

physical and temporal delivery of odorants. The animal’s corresponding behavioral response to 

these stimuli are then recorded (Restrepo and Slotnick 2005). Our olfactometer was built from 

the ground up using Arduino microcontrollers, the python programming language, and Do-it-

yourself (DIY) tools and materials. There are instances of behavioral equipment using Arduino 

components (Devarakonda et al. 2016; Pineño 2014), but none are designed for olfactory 

behavior research or experiential teaching. The modularity of our design also allows the 

equipment to change over time based on the needs of the researcher or classroom.  

Neuroscience is an integrated, and rapidly growing field and major. This necessitates 

equally adaptive and broad functioning equipment.  Arduino-based research equipment is 

perfectly suitable for such a need due to the limitless potential in design, modification, and 

application. Here, we demonstrate viable Arduino application to olfactory behavior equipment in 

commonly used olfactory tasks. Some experiments were performed by a newly trained 

undergraduate research assistant to demonstrate equipment simplicity. On our laboratory 

website, we shall provide a necessary parts manifest and source programming for the current 

iteration of our olfactometer, as well as provide a design schematic for DIY construction. 
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5.2 Methods: 

5.2.1 Foreword 

Much of the materials and methods used in the production of our apparatus is identical to 

those used for experimentation with commercial equipment. For the sake of brevity, Chapter 3 of 

this thesis should be referenced for animal use, behavioral tasks, odorants, and data analysis. The 

methods and experimental design detailed here are specific to building and testing the DIY 

behavioral olfactometer. 

 

5.2.2 Olfactometer Hardware Design 

The DIY behavioral olfactometer is a liquid dilution, solenoid based behavioral 

olfactometer. This design incorporates a pneumatic hose system for odor delivery. Air is pushed 

through silicone tubing using an air pump into 120 mL airtight vials where it is mixed with liquid 

odorant. From the inherent pressure, the mixed air is then pushed through a second line towards 

the operant wall and directly into the behavioral chamber. The clean air is scrubbed using an 

inline activated charcoal filter, and volume is controlled using a flowmeter before arriving in the 

vials. The silicone tubing is fed through solenoid valves, which permits control of odor delivery. 

A simplified representation of a behavioral olfactometer is depicted in Figure 5. 

 Our behavioral olfactometer is constructed using easy to obtain hardware and electronics 

store components. The operant chamber is constructed from bonded acrylic sheets with holes 

drilled for odor delivery and air filtration ports. To collect data, an infrared sensor is placed in 

the nose port that records nose entrance and exit times for investigation behavior. A house light 

is placed on the top of the behavioral chamber, and is constructed from a single LED high 

intensity bulb. The behavioral chamber is then housed within a sound isolation chamber to 
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account for environmental noise, and contains a 75-dB brown noise-generating speaker for 

additional external noise control. An air output tube is placed adjacent to the behavioral chamber, 

which provides air circulation via an externally mounted fan system on the isolation chamber. 

The behavior chamber and associated equipment can be seen in Figure 16.  

The house light, solenoid valves, and infrared (IR) sensor are controlled by a central 

Arduino microcontroller. The logic board, consisting of the Arduino microcontroller and 

associated relay and control boards, can be seen in Figure 17. This equipment employs a central 

Windows 7 PC installed with the open source Spyder integrated development environment (IDE) 

for programing in Python. Many different IDE’s exist, and any can be used. Spyder is used to 

operate the behavioral olfactometer with in-house composed Python programs. 

 

5.2.3 Olfactometer Software Design 

Operation of the DIY behavioral olfactometer is done within Spyder using two Python 

programs, which allow for direct communication and command of the Arduino logic board. The 

command program is functionally comparable to a graphical user interface (GUI), and permits 

the researcher to control odor presentation order, timing, and duration. In addition, this command 

software also monitors the enter and exit times of mouse nose port investigation, and records the 

data to a text (.txt) file for later analysis.  

 

5.2.4 Experimental Design: Discrimination Testing 

For odor discrimination testing, thirty-six mice were divided into three groups and 

underwent odor discrimination testing. The groups of twelve mice were categorized into either 

mineral oil to mineral oil (MO-MO), amyl acetate to amyl acetate (AA-AA), or amyl acetate to 
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acetophenone (AA-AP) tasks. Each task consisted of four habituation trials, and a fifth test odor 

trial. These groups were further divided, with six mice undergoing the task in the DIY behavioral 

olfactometer, and the other six undergoing the task in a modified commercial behavioral 

olfactometer for control. Examples of these tasks can be seen in Figure 6, A and B. Investigatory 

behavior was compared between mice tested in the DIY and commercial behavioral 

olfactometers. 

 

5.3 Results 

5.3.1 Discrimination Experiments  

We tested our DIY behavioral olfactometer through comparison of behavioral data from a 

commercial behavioral olfactometer (Vulintus Inc., Dallas, Texas). Thirty-six mice underwent a 

series of three, five-trial positive and negative control discrimination tasks. The first experiment 

tested twelve mice in a five-trial mineral oil discrimination task. All mice in both DIY and 

Commercial olfactometer groups habituated to the mineral oil trials, and remained habituated to 

the mineral oil test trial (Figure 18; p > 0.05, n = 12), indicating successful non-discrimination. 

These results demonstrate the DIY olfactometer maintained stimulus control of mice using a 

weak stimulus (mineral oil). 

 The second experiment tested mice capability in a strong stimulus, five-trial 

discrimination task. Mice were presented four habituation trials of 1x10-4 amyl acetate diluted in 

mineral oil, and a fifth, 1x10-4 amyl acetate test trial. Again, all mice in both the DIY and 

Commercial olfactometer groups habituated the amyl acetate habituation trials, and remained 

habituated to the amyl acetate test trial (Figure 19; DIY: p > 0.05, n = 6; Commercial: p > 0.05, n 

= 6). This evidence demonstrated proper stimulus control of mice in the DIY olfactometer using 
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a strong stimulus. With successful negative control testing with weak and strong stimuli, we next 

sought a positive control. 

 The final experiment tested the remaining twelve mice in a five-trial positive control 

discrimination task. The twelve mice were presented four habituation trials of 1x10-4 amyl 

acetate, and a fifth, 1x10-3 acetophenone test trial. All mice in both DIY and Commercial 

olfactometer groups habituated across the amyl acetate habituation trials, and significantly 

dishabituated to the 1x10-3 acetophenone test trial (Figure 20; DIY: n = 6, p < 0.05; Commercial: 

n = 6, p < 0.05), indicating successful discrimination. Collectively, the results from all three 

discrimination experiments demonstrate proper design and stimulus control of the apparatus.  

 

5.3.2 Undergraduate Researcher Assistant 

As we hope our DY behavioral olfactometer will used in experiential learning of 

psychophysical techniques, it is important to incorporate undergraduate research assistants with 

no previous behavior experience in the equipment testing process. Our undergraduate received 

2–3 miniature lectures on behavioral olfactometry methods, and one morning of direct 

equipment training. They then successfully conducted the mineral oil discrimination assay 

(Figure 18), demonstrating the minimal training needed to operate the apparatus. With minimal 

lecture and training time necessary, the DIY behavioral olfactometer appears ideal for a 

classroom setting.  

 

5.4 Discussion 

The DIY behavioral olfactometer (box) is an easy to use apparatus designed around 

Arduino microcontrollers for both basic-olfactory science and the experiential teaching of 
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psychophysical techniques. Our apparatus’s main appeal rests in cost, ease of use, and 

modularity. Current commercial behavioral olfactometers can cost upwards of $30,000 for fully 

programmed and functioning equipment, and even “inexpensive” equipment can still $3–4,000. 

The sheer cost of equipment alone could make any investigator weary of undergraduate or 

untrained equipment use. Fully assembled, our apparatus costs approximately $750, and Arduino 

components and parts used can be found at most major hardware and electronics stores. One box 

can be constructed in 2–3 days depending on experience and available time, and the operating 

software will be released open source enabling near-immediate use  

Psychophysical experiments are often not incorporated into the undergraduate classroom. 

One reason is that significant time investment is necessary to properly train new operators. To 

use our DIY behavioral olfactometer, our undergraduate researcher required 1–2 days of 

discussion and literature review on olfactory behavior methods, and one morning of equipment 

training. We affirm our equipment training regimen is accurate and appropriate for use in the 

classroom setting.  

Finally, modularity is uncommon in commercial equipment. Behavioral equipment 

designed for one experiment cannot be easily restructured for use in another. Our box is designed 

from the ground up to be modular through the incorporation of the Python programming 

language and Arduino microcontrollers. Python is an open source, easy to learn, and easily 

modifiable. For these reasons, python is now commonly the first programming language 

computer science students learn (Radenski 2006).  Arduino’s can be programmed using python 

(Koenka et al. 2014) for a multitude of home (Klosowski 2015) and research uses (Anzalone et 

al. 2013; Barroca et al. 2013; Sáiz et al. 2013). The olfactometer can be expanded using Arduino 

“shields,” which are plug and play expansion boards that add hardware (i.e. LEDs, sensors, and 
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motors) (Devarakonda et al. 2016). Thus, the plug and play combination of Arduino and Python 

is limitless, and should allow easy transition of the apparatus between different olfactory 

behavior experiments.  

The DIY behavioral olfactometer is not without limitations. Assembly of the apparatus 

will require soldering, as well as other hardware fabrication methods such as sawing and drilling. 

In addition, the apparatus will require setup and installation of a python independent 

development environment (IDE) and subsequent olfactometer control programs. Assembly may 

prove difficult for those less tech savvy. The availability of tools necessary for equipment 

production may also be limited and prevent easy assembly.  

 In conclusion, we have demonstrated that self-built (DIY) olfactory behavior equipment 

made from Arduino components is a viable alternative to purchasing commercial equipment. We 

produced a DIY behavioral olfactometer, at a fraction of the cost of commercial equipment, that 

produces comparable behavioral data in a common olfactory assay. Our apparatus is highly 

modular by design and easy to learn, making it appropriate for experiential learning of various 

psychophysical techniques in the classroom setting. 
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Figure 16: The DIY behavioral chamber and peripheral equipment. A. Exhaust fan and 
ventilation hose attachment. B. House light tube with LED. C. Weight for easy hose positioning. 
D. Exhaust port and ventilation hose attachment. E. Behavior chamber. F. IR sensor wiring and 
odor tube manifold. E. Olfactometer wiring and odor tubing input port. G. Not pictured: Brown 
noise generator. 
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Figure 17: The Arduino logic board and solenoid valve bay. A. Power cable from external 
computer class power supply unit. B. Sainsmart 8-Channel relay board for individual control of 
solenoid valves. C. Arduino MEGA 2650 R3 controller board. D. Sainsmart 2-channel relay 
board with associated breadboard for distractor valve control (not pictured). E. Power 
Input breakout board for solenoid valves. F. In-house Infrared sensor breakout board. G. 
Solenoid valves with silicone tubing.  
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Figure 18: DIY weak stimulus five-trial odor discrimination task. Normalized average of mouse 
investigatory behavior in response to four mineral oil habituation trials and a fifth mineral oil test 
trial. Both DIY and Commercial mice groups habituate and remain habituated to the mineral oil 
test trial. No significant difference is observed between the test trial and the preceding MO trial 
for DIY or Commercial mice groups (DIY: p > 0.05, n = 6; Commercial: p > 0.05, n = 6). 
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Figure 19: DIY strong stimulus five-trial odor discrimination task. Normalized average of 
mouse investigatory behavior in response to four amyl acetate habituation trials and a fifth amyl 
acetate test trial. Both DIY and Commercial mice groups habituate and remain habituated to the 
amyl acetate test trial. No significant difference is observed between the test trial and preceding 
MO trial investigation for either DIY or Commercial mice groups (DIY: p > 0.05, n = 6; 
Commercial: p > 0.05, n = 6).  
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Figure 20: DIY Positive control five-trial odor discrimination task. Normalized average of 
mouse investigatory behavior in response to four 1x10-4 amyl acetate habituation trials and a fifth 
1:1000 acetophenone test trial. Both DIY and Commercial mice groups habituated across the 
amyl acetate trials, and significantly dishabituated to the acetophenone test trial (DIY: p < 0.05, n 
= 12; Commercial: p < 0.05, n = 6). * Indicates significant difference in investigatory behavior 
between the test trial and the preceding MO trial. 
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Chapter 6: Summary, Conclusions, and Inferences 

 

6.1 Modifying and Validating Existing Behavioral Equipment 

Our first goal was to determine if a non-motivated behavioral model could produce 

robust and effective data for olfactory research. Non-motivated behavior was first proposed in 

2014, and has received little to no attention since initial publication (Qiu et al. 2014). Non-

motivated behavior relies on the innate curiosity of animals to drive investigatory behavior in 

olfactory discrimination and detection threshold tasks. One benefit of the non-motivated 

behavior model is a decrease in cost and time associated with training animals for traditional 

operant conditioning tasks (i.e., Go/No-Go and Two-Alternative Forced Choice). Furthermore, 

non-motivated behavior does not rely on the reward pathway for incentive, allowing isolated 

study of the olfactory circuits. We sought to further validate the non-motivated model as no 

replicated study of effectiveness exists. In addition, we sought to modify existing behavioral 

olfactometers for non-motivated behavior to lower costs. 

 In conclusion, we found that non-motivated methods are an effective means of measuring 

mouse olfactory behavior, though with some caveats. When using modified liquid dilution 

behavioral olfactometers, careful attention must be given to equipment testing to ensure mice 

remain under stimulus control (i.e., mice must only respond to the odor stimulus presented to 

them). Our modified commercial olfactometer uses liquid dilution of odorants, a less effective 

means of odor deliver when compared to mass flow meters (Qiu et al. 2014). As air-diluted 

concentrations of odor were likely not maintained, abnormal mice detection and discrimination 

behavior was observed. Mice detected amyl acetate at concentrations two and three orders of 

magnitude lower than the reported detection threshold in literature (Figure 9A, B, and C) 
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(Clevenger and Restrepo 2006; Qiu et al. 2014), and were discerning differences between same 

odorants (Figure 10A; Figure 13A). After multiple attempts at improving stimulus control, we 

ultimately determined that odor vial setup played a key role.  

 Until consideration of odor vial setup, all experiments utilized a single odor vial for 

multiple odor presentations (Figure 11A). Specifically, for a five-presentation discrimination 

task, one vial provided odorant for the first four odor presentations, while the test odor was 

provided by a second odor vial. An individual odor vial setup was then considered (Figure 11B), 

and appeared to solve the inconsistent stimulus control; five-vial setups produced more accurate 

and consistent behavioral data than the two-vial setups (Figures 12 and 13AB). We then repeated 

the amyl acetate detection threshold using individual vials for each odor presentation. Mice no 

longer “detected” amyl acetate at subthreshold concentrations (Figure 14A), and only 

dishabituated to amyl acetate at concentrations near the reported detection threshold values 

(Figure 14B).  

 In conclusion, non-motivated behavioral olfactometry methods are effective. However, 

careful attention must be given to stimulus control when using liquid dilutions. There are 

expensive solutions to stimulus control, namely using mass flowmeters to regulate odor 

concentration. However, using individual odor vials for each odor presentation is inexpensive, 

and seemingly produces consistent mouse stimulus control. Why using individual vials improves 

stimulus control, however, remains unknown. We do hypothesize that repeated use of the same 

odor vial may decrease the headspace concentration of aerosolized odor. On each presentation 

thereafter, the relative concentration of odorized air is lower than the previous presentation. This 

relative difference is likely greatest when switching from an odor vial with multiple uses to a 
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fresh, never used odor vial. Further testing should utilize photoionization detector (PID) 

measurements to validate these predictions. 

 

6.2 Triton Treatment and Mouse Olfactory Behavior 

Our second aim was to determine effectiveness of Triton (0.1% at 10 ul/nare, intranasal 

irrigation) for recoverable anosmia induction in mice. Triton has been used throughout literature, 

but never at low concentrations, and never with the expectation of anosmic recovery. At low 

concentrations, Triton is believed to cleave the cilia of the olfactory sensory neurons (OSN) in 

the nasal epithelium, while leaving the OSN themselves intact. The clipping of cilia prevents 

OSN signal transduction, and induces anosmia through temporary sensory deprivation. Sensory 

deprivation is known to alter both main olfactory bulb (MOB) morphology in the glomerular 

layer, and decrease both tyrosine hydroxylase (TH) and glutamate decarboxylase 67 (GAD67) 

expression. Since future studies aim to study the role of TH+/GAD67+ (SA) cells in olfactory 

processing and behavior, an inexpensive, easy to administer, and recoverable anosmia treatment, 

such as Triton, would be of great benefit. 

We have found that Triton meets these expectations through both manual and automated 

discrimination tasks using non-motivated behavior. All mice that underwent discrimination 

testing the day after receiving Triton treatment were unable to discriminate between mineral oil 

and 1x10-3 acetophenone (Day 6 Triton mice; Figure 8; Figure 15). This result indicated 

impaired olfactory function. However, Triton treated mice that underwent behavior two days 

following treatment (one day of recovery) were then able to discriminate between the mineral oil 

and acetophenone (Day 7 Triton mice; Figure 8; Figure 15), indicating return of olfactory 

function.  
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Collectively, these results demonstrated intranasal irrigation of low concentration (0.1%) 

Triton as an effective means of inducing recoverable anosmia in mice. We hope to expand on 

this work by studying further olfactory deficits in Triton treated mice.  

 

6.3 Producing Inexpensive DIY Behavioral Olfactometers 

Our final aim attempted to reproduce our modified commercial behavioral olfactometer 

inexpensively, but with comparable functionality in a do-it-yourself (DIY) manner. Arduino 

microcontrollers were used to accomplish this task. These readily available and inexpensive 

circuit boards are programmed using Python, a common open source language. Arduinos have 

been used globally to create every-day and advanced electronics, including outdoor 

thermometers, alarm clocks, and even lab grade research equipment (Anzalone et al. 2013; 

Barroca et al. 2013, Klosowski 2015; Sáiz et al. 2013; Scheltema and Bunker 2015). The highly 

modular nature of Arduino’s, the inexpensive to obtain components, and the open source nature 

of Python all lend to future widespread incorporation in basic science research. The rest of our 

olfactometer, including the behavioral chamber, isolation chamber, pneumatic air system, and 

ventilation system, was constructed using materials commonly found online, and at large 

hardware and electronic stores around the United States.  

 As our behavioral olfactometer is liquid dilution based, it was important to ensure mouse 

stimulus control was maintained. This was done through a series of positive and negative control 

discrimination tasks. These tasks included testing mouse discrimination of mineral oil (MO), 

amyl acetate (AA), and acetophenone (AP). These experiments validate our DIY behavioral 

olfactometer for use in common olfactory behavior tasks. The mice were tested in either the DIY 

equipment, or a commercial behavioral olfactometer for control.  In all three discrimination 
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tasks, DIY group mice performed comparably to mice tested in commercial equipment (Figures 

16, 17, and 18), indicating proper stimulus control. All mice habituated and appropriately 

dishabituated or failed to dishabituate to all test trials.  

 As we designed the DIY equipment with experiential learning in mind, we found it 

important to incorporate an undergraduate research student in the equipment validation process. 

After approximately 1–2 days of equipment and psychophysics method instruction, our 

supervised undergraduate researcher successfully completed the mineral oil discrimination task. 

This undergraduate student had never partaken in previous animal behavior research. The 

student’s success with little previous training demonstrates the simplicity of our equipment, 

which we hope will extend to a classroom setting. 

The instructions and parts list for building our DIY behavioral olfactometer, in addition 

to the python code needed for operation, will be released open source for those who wish to 

reproduce this equipment. 

 

 

 
 
 
 
 
 
 
 
 
 



 59

Chapter 7: Future Directions 

 

7.1 Review of Early Glomerular Sensory Processing 

Our primary goal following method development has been to study the interneuron 

networks of the main olfactory bulb (MOB). Specifically, we hope to investigate how specific 

interneurons in the glomerular layer play a role in olfactory sensory processing, and how changes 

in sensory processing networks may alter olfactory behavior. Some evidence points to specific 

interneurons at play in the modulatory network. It has been shown that mice undergoing sensory 

deprivation have significant depression in MOB tyrosine hydroxylase (TH) and glutamate 

decarboxylase (GAD) 67 (Baker et al. 1983; Parrish-Aungst et al. 2011), as well as a diminished 

glomerular layer (Baker et al. 1983). As the rate limiting enzymes of dopamine and gamma-

Aminobutyric acid (GABA), respectively, glomerular TH+/GAD67+ short axon (SA) cells likely 

play an active role in sensory processing and modulation. In fact, recently published data has 

shown that short-axon (SA) cells directly synapse with and inhibit mitral and tufted (M/T) cells 

in both proximal and distal glomeruli (Banerjee et al. 2014, Vaaga et al. 2017). While these 

studies have determined a definite function of SA cells, none have determined how changes in 

TH+/GAD67+ SA cells may influence olfactory processing and behavior. However, it has been 

suggested that these cells may function through gain control and center surround inhibition 

mechanisms (Aungst et al. 2003; Banerjee et al. 2014; Ennis et al. 2001; Vaaga et al. 2017). 

 

7.2 Proposed Future TH and Dopamine Behavior Experiments 

In our future experiments, we hope to impair the SA cell network and observe the 

consequences in olfactory behavior. Here, we present two such methods.  
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1. Triton: We have demonstrated the effectiveness of Triton as a recoverable anosmia inducing 

agent. From internal testing, we also know that Triton is capable at decreasing TH 

concentration within the olfactory bulb. We hope to treat mice with Triton and observe the 

subsequent olfactory behavior.  

 

2. Optogenetics: Recent publications have demonstrated inhibitory function of SA cells on 

M/T cell output using optogenetic techniques (Vaaga et al. 2017). Now that we have 

inexpensive, and reliable means of performing olfactory behavior experiments, we would 

like to combine the use of non-motivated animal models with optogenetics techniques to 

more carefully drive or inhibit SA cells to study the resulting olfactory behavior.  

 

In either proposed experiments, mice would undergo odor detection threshold assays, as 

well as discrimination assays with increased complexity. We hope these future experiments will 

increase understanding of the SA cell network, the sensory processing and modulation within the 

glomerular layer, and the MOB overall. 
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