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Synopsis 

 

Animals use their sensory systems to detect and discriminate cues with varying physical 

and chemical characteristics from their multisensory environment, facilitating the percept 

formation. In such a dynamic and complex sensory environment, the processing and integration 

of multisensory stimuli is essential for them to perform critical functions (1–9). Therefore, 

understanding how and why sensory stimuli with varying characteristics interact and influence 

decision-making is of significant importance in behavioural neuroscience. While, most of 

the sensory systems are known to use multiplexing to encode different aspects of a single 

sensory stimulus, such as frequency and amplitude (10,11), the rodent olfactory system can 

process sensory stimuli with completely distinct physico-chemical characteristics, such as 

mechanical and chemical information (12–18). This unique property of the olfactory system 

makes it an ideal model to study multimodal decision-making using a single sensory organ. 

Therefore, probing the ‘multimodal’ aspects of information processing through rodent 

olfactory system is fundamentally important.  

 In nature, chemical signals exist as odour plumes, which are associated with the 

airflows that allow the dispersion of odorant molecules in the environment. Animals sense the 

odorant molecules that are being carried by the mechanical force exerted by 

airflows and encode the relevant information in order to make decisions (19–25). Sniffing is 

the first step in odour perception and is an active sensory behaviour that involves collecting 

odour molecules through the nose. Rodents sniff with frequencies ranging from 4Hz to 12Hz 

to gather odorant information from the surroundings (26). Odorant molecules are delivered to 

the olfactory sensory neurons (OSNs) through the nasal cavity, which is facilitated by animals’ 

sniffing behaviour. These molecules bind to the receptors (OR) on OSNs that are embedded in 

the turbinates of the main olfactory epithelium (MOE) (27). The majority of these ORs are G-

protein coupled receptors (18,28). When odorant molecules bind to ORs, a series of events 

occurs that transforms the chemical information of odours into a sequence of action potentials 

(29–31). This electrical information is subsequently transmitted to the nerve endings of OSNs 

in the glomerulus, a neuropil-like structure in the olfactory bulb (OB). In the glomeruli, OSNs 

form synapses with Mitral/Tufted cells (M/T cells), which are the projection neurons of the 

OB. M/T cells receive inhibitory inputs from interneurons in the glomerular layer, as well as 

those in the external plexiform and granule cell layers (32–35), which are known to refine the 

activity of M/T cells in order to increase signal to noise ratio (36–38). These refined signals 
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are then transduced to olfactory cortical areas for further processing (39). Recent studies have 

shown that, in addition to processing odour information, the olfactory system can also aid 

processing of mechanical stimuli (12,13). Although the neural mechanisms underlying the 

processing of odour information are well studied, the behavioural relevance and pathways 

involved in processing the mechanical information remains largely elusive. Therefore, the 

primary goal of this thesis was to investigate the neural mechanisms underlying the processing 

of airflow information through the mouse olfactory system. 

We explored the involvement of mouse olfactory system in airflow information 

processing using a custom-built olfactometer and training rodents to detect and discriminate 

airflows devoid of odour molecules. We found that mice could learn to differentiate a range of 

airflow rates even when their whiskers were absent, ruling out the role of whiskers, which were 

previously believed to be crucial for anemotaxis behaviour (40,41). Additionally, when the 

OSNs were ablated by intranasal zinc sulphate injection or intraperitoneal administration 

of methimazole, an olfacto-toxic drug, the animals lost their ability to discriminate between 

different airflows. Moreover, removal of olfactory bulb (OB) also led to deficit in airflow 

discrimination abilities, proving that olfactory system is critical for airflow detection and 

discrimination. While performing airflow-based discriminations, animals were seen to use their 

nose for sampling the stimulus, resulting in an increase in the sniff frequency of animals during 

the decision-making period. While changes in airflow rates had no effect on animals' sniffing 

behaviour, different sniffing strategies were observed for airflows and odours. In contrast to 

odours, where the sniffing peak coincided with the discrimination time window, airflows 

elicited broader sniffing responses and larger temporal differences between sniffing peak and 

discrimination time, suggesting that animals use distinct sampling strategies for these stimuli. 

To further assess the OB specific mechanisms underlying airflow information 

processing, we investigated the neuronal activation patterns using c-Fos, a neural activity 

marker. The granule cell layer of the OB, which contains the majority of the inhibitory 

interneurons expressing GAD 65 (42), exhibited highest levels of c-Fos expression. This was 

further confirmed by using in vivo recordings of calcium dynamics from a population of 

GABAergic (GAD 65 expressing) interneurons. Micro-endoscopic calcium imaging from these 

inhibitory interneurons revealed that the GC population activity was dependent on the stimulus 

strength. With an enhancement in the airflow rates, the amplitude of calcium transients 

increased. In addition, a refinement in the overall population activity was also observed as 

animals learnt to discriminate different airflows. This finding prompted us to study the causal 
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link between the interneuronal activity and its contribution towards processing of mechanical 

stimuli. To achieve this, we used optogenetics to modulate this inhibitory circuit function in a 

bidirectional manner. Optogenetic modulations were carried out via light-activated proton 

pumps, allowing H+ ion efflux (Archeoshodopsin - Arch) or cation channels, allowing cation 

influx (Channelrhodopsin - ChR2), expressed in GAD 65 interneurons. Since GAD 65 

interneurons form inhibitory synapses with M/T cells, stimulation of these interneurons via 

activating ChR2 increases the inhibition on M/T cells. While increased inhibition (ChR2 

activation) led to poorer airflow rate discrimination, decreased inhibition (Arch activation) 

resulted in better discrimination. However, as compared to airflow discriminations, the same 

optogenetic modulations during odour discriminations resulted in opposite behavioural 

phenotypes, indicating that optimal synaptic inhibition needed for refining olfactory and 

mechanosensory information are distinct. By altering both airflow and odorant components i.e. 

by applying combined stimuli of Flow1+odorant1 vs. Flow2+odorant2, the opposing effect of 

optogenetic modifications were nullified, thus confirming the association between mechanical 

and odorant information in olfactory perception. Hence, our findings provide novel insights 

into the pre-cortical mechanisms underlying airflow information processing through rodent 

olfactory system. Additional studies on ‘multimodal’ information processing in OB are 

required to further understand the behavioural relevance of mechanosensation through 

olfactory system.  

Finally, the overall goal of this thesis work was to extend the knowledge of olfaction to 

study it in context of health and disease. Since anosmia, total loss of olfaction, and/or hyposmia, 

lowered sense of smell, are symptoms linked with many neurodegenerative diseases, such 

as Parkinson's and Alzheimer's (43–47), investigating olfactory fitness in healthy subjects and 

patients with brain dysfunctions are critical. In addition, olfactory dysfunctions are also 

observed in some upper respiratory tract infections (48). Since the outbreak of coronavirus 

2019 (COVID-19), multiple studies have revealed that patients with COVID-19 infections 

show various olfactory deficits (48–52). Even after the recovery from COVID-19, the subjects 

exhibited persisted olfactory impairments (53–56). Therefore, probing olfactory dysfunctions 

is critical in post-COVID era.  

Breathing is the initial action that permits sampling of odorant molecules for olfactory 

perception (57). However, information on how sniffing behaviour modulates olfactory 

perception remains largely elusive. Breathing, in addition to facilitating olfactory perception, 

also has multiple physiological roles such as regulation of homeostasis, metabolism, brain 
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activity, attention and memory (58–66). Therefore, the major goal of this study was to create a 

novel approach for the evaluation of breathing characteristics during olfaction-based cognitive 

tasks and extend this framework to assess breathing patterns under disease conditions. To 

achieve this, we combined an already-existing Olfactory Action Meter (OAM) with a 

thermocouple-based pressure sensor, allowing us to monitor the breathing patterns of 

individuals while they performed olfaction-based cognitive tasks with a high resolution 

(30 ms). 

Measurement of breathing patterns while subjects performed odour-based cognitive 

tasks revealed that, in presence of the odour stimuli, subjects exhibited longer high-amplitude 

inhalations and shorter high-amplitude exhalations, which resulted in a concurrent increase in 

breathing frequency. Since COVID-19 recovered subjects have been demonstrated to have 

persistent olfactory impairments, we first employed this method to evaluate the breathing 

patterns of these individuals (53–56). Our study revealed that COVID-19 recovered 

participants displayed distinct sampling behaviours, i.e. exhibiting higher inhalation and 

exhalation amplitudes during the olfactory detection process, compared to control subjects. 

Therefore, this novel experimental approach provides us with a reliable method to evaluate the 

sampling behaviour of individuals with olfactory impairments, which is pertinent to a variety 

of disease conditions. Further, these results prompt us to investigate whether 

mechanosensation-driven modulation of olfactory perception prevails in humans. 
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CHAPTER 1 

Introduction 

 

Olfactory and whisker systems are the major sensory systems used by rodents to execute 

critical functions that include navigation, identification of conspecifics, finding a prospective 

mate, eluding a predator, locating food, and determining the texture of nesting materials (67–

71). Rodents demonstrate active sensing behaviour by sniffing and whisking, two rhythmic and 

synchronous behaviours coupled by orofacial motor neurons, as they explore their natural 

habitat (72–74). Chemical cues that are associated with food or mate sources are transported to 

animals with the help of turbulent airflows that exists in nature (21,75,76). Considering the 

strong association between odour plumes and airflows, it is critical for animals to sense airflow 

fluctuations in order to form an efficient olfactory percept. Since whisker follicles are abundant 

in mechanoreceptors, they were considered as the primary sensory organ that collects 

information to facilitate animals’ taxis behaviour towards airflows (40,41). Recent studies have 

revealed that olfactory sensory neurons (OSNs) can also process mechanical stimuli (12–

14,77). Therefore, studying the functional relevance and the neural mechanisms underlying 

mechanosensation through olfactory system is essential for better understanding of olfactory 

perception.  

 

1.1. Rodent olfactory system 

Detection and discrimination of the chemical cues are crucial for organisms in order to 

perform functions important for their reproduction and survival. Ranging from a single cell 

bacterium to a multicellular organism, all organisms have developed apparatuses capable of 

sensing these chemical signals (78). Anatomically, the olfactory system can be subdivided into 

three major parts (29) 1. Nasal Cavity (Olfactory system periphery), 2. Olfactory Bulb (OB) 

and 3. Olfactory Cortex. The sensory apparatus of the olfactory system lies in the nasal cavity. 

The nasal cavity contains a number of sensory subsystems that can sense a variety of stimuli 

with varying physico-chemical properties, making the olfactory system of rodents unique. This 

distinctive property of olfactory system makes it an ideal candidate to study the mechanisms 

underlying multimodal information processing using a single sensory organ.  
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Figure 1-1 – The mouse olfactory system 

The Schematic representation of the rodent olfactory system and the subsystems. GG represents 

Gruenberg Ganglion that sends projection to the necklace glomeruli (NG). VNO – Vomeronasal Organ 

projects to the accessory olfactory bulb (AOB), SO – Septal Organ projects to the Main olfactory bulb 

(MOB), MOE – Main olfactory epithelium also projects to the MOB. Adopted from Hussain A. 2011, 

Nature Precedings (79). 

 

 

1.1.1. Nasal Cavity 

The rodent nose is made up of four main olfactory subsystems: The Main Olfactory 

Epithelium (MOE), the Vomeronasal Organ (VNO), the Septal Organ (SO), and the 

Grueneberg Ganglion (GG). These subsystems comprise specialized sensory neurons that 

respond to specific stimuli and transport sensory information to distinct areas in the olfactory 

bulb (Figure 1-1). 

 

1.1.1.1. Main Olfactory Epithelium (MOE) 

In the olfactory realm, rodents sniff with frequencies ranging from 4Hz to 12Hz to 

receive information from their surroundings (26). The influx of airflow created by sniffing 

directs the odorant molecules to travel through the nasal cavity. On reaching the posterior end 

of the nasal cavity, these odorant molecules bind to the receptors of the olfactory sensory 
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neurons (OSNs) that are embedded in the turbinates of the main olfactory epithelium (MOE) 

(27). Olfactory epithelium is also rich in other types of cells such as glial cells, sustentacular 

cells, and basal cells, which support and regulate OSN turnover (80,81). Each OSN in the 

olfactory epithelium is known to express a single receptor out of a large repertoire (>1000) of 

receptors. These ORs are members of the G-protein coupled receptor (GPCR) superfamily 

having seven transmembrane domains (82–84). A single OR can bind to a wide range of 

odorants, while a single odorant can excite numerous ORs, resulting in the creation of a 

combinatorial code (84,85). The olfactory transduction process begins with the binding of an 

odorant molecule to the receptor. The binding results in the release of the GTP-bound alpha-

subunit of G-protein, which activates adenyl-cyclase. Adenyl-cyclase is a protein that aids the 

conversion of adenosine triphosphate (ATP) to 3',5'-cyclic adenosine monophosphate (cAMP). 

When the intracellular concentration of cAMP rises, cyclic nucleotide-gated (CNG) channels 

open, allowing sodium and calcium ions to enter and chloride ions to exit. The net influx of 

Na+, Ca2+ and efflux of Cl- causes the depolarization of the OSN leading to generation of 

action potentials (Figure 1-2) (29–31). The depolarization of OSNs also happens via other 

secondary messenger cascades such as inositol triphosphate (IP3), and cyclic guanosine 

monophosphate (cGMP) when specifically stimulated with amino acids and bile salt odorants 

(86–88). The chemical information of an odorant that the OSNs transform into electrical 

signal is transmitted to the olfactory bulb (OB), which is the next relay station in the 

olfactory processing (89,90). 
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Figure 1-2 – The mouse olfactory signal transduction cascade 

The Schematic diagram representing the signal transduction that takes place after odorant molecule 

binds to the olfactory receptors (OR). This binding leads to the release of α- bound Golf subunit, which 

activates the adenyl cyclase III and leads to increase in the concentration of cAMP. cAMP binds to the 

nucleotide gated channels and allow the influx of sodium and calcium. The increase in intracellular 

calcium concentration opens calcium activated chloride channel which allows the chloride ion to leave 

the cell resulting in the more depolarizations of the cell. Once the cell reaches the depolarization 

threshold, it fires an action potential and this information is further transduced to olfactory bulb (OB). 

Adopted from Hussain A. 2011, Nature Precedings (79). 

 

 

Most OSNs expresses a single OR from a pool of different receptors with an exception 

of Membrane-spanning four-pass A (MS4A) receptors. These are the non-GPCR receptors 

specifically found on necklace sensory neurons (91). Aside from conventional GPCRs and 

MS4A type receptors, the OSNs expresses a few other broad families of receptors, including 

trace amine-associated receptors (TAARs) and transient receptor potential channels (TRPs). 

Low concentrations of amines selectively activate TAARs where as TRPM5 shows 

responsiveness towards pheromones (92,93). In the epithelium, OSNs expressing various ORs 

are organized into four distinct zones. These zones span along the anterior-posterior and dorsal-

ventral axes of the epithelium and OSNs belonging to these zones send their axons to 

stereotypic locations in OB (27,94). In addition to sensing chemical signals, OSNs exhibit 

mechanosensitive properties as well, the relevance of which is undetermined (12,13). Sensing 

the mechanical pressure produced by the airflows is one possible use of the OSNs' 

mechanosensitive property. Few investigations have demonstrated that airflows in double-

tracheotomized animals under anaesthesia can cause oscillatory activity in the OSNs and the 

olfactory bulb (14,77). Even though these results indicate towards the possibility of olfactory 

system being able to detect the airflows, the studies examining the role of the olfactory system 

in achieving this behaviour are lacking. 

 

1.1.1.2. Vomeronasal Organ (VNO) 

The vomeronasal organ (VNO) is an olfactory sensory subsystem found in nearly all 

mammals. It is positioned in the anterior region of the nasal cavity, adjacent to the nasal septum 

(Figure 1-1). VNO is primarily engaged in the detection of volatile and non-volatile 

pheromones (95). The VNO is comprised of specialized sensory neurons (Vomeronasal 
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sensory neurons - VSNs) that are arranged in a pseudostratified neuroepithelium and detect 

chemical cues that initiate innate behavioural responses e.g. lordosis, socio-sexual behaviours. 

Chemical signals that enters the nasal cavity are absorbed into the VNO lumen where they bind 

to the receptors expressed by the VSNs. The VNO neuroepithelium in rodents is divided into 

two different zones: apical and basal. The chemical mechanisms underlying stimulus detection 

by apical and basal VNO sensory neurons are distinctive. These two VNO subsystems express 

discrete vomeronasal receptor V1Rs and V2Rs respectively that project to separate areas of the 

accessory olfactory bulb (AOB). VNO spatial segregation correlates with the differential 

expression of G-Protein subunits in V1R and V2R receptors (96–99). V1Rs express the Gαo 

subunit, whereas V2Rs express the Gi2Gαi2 subunit. Ligand binding to these receptors 

activates G-protein pathway, which is the first step in a phospholipase C (PLC)-mediated 

signaling cascade to transduce sensory inputs (100,101). Aside from V1Rs and V2Rs, a subset 

of neurons in the VNO express five members of the formyl peptide receptor (FPR) family, four 

of which are apical and one of which is basal. FPR neurons were found to show selectivity for 

the peptides that are signatures of pathogenic micro-organisms (102–104). Additionally, VNO 

neurons also express major histocompatibility complex (MHC) molecules, which suggests the 

role that VNO may play in recognizing potential pathogens (105,106). The spatial segregation 

of the subsystems at the VNO periphery is also maintained in the AOB wherein apical and 

basal VSNs transduce signals to the glomeruli in the rostral and caudal AOB, respectively 

(100,107,108).  

 

1.1.1.3. Septal Organ (SO) 

The septal organ is a small island of olfactory neuro-epithelium located bilaterally at 

the ventral base of the nasal septum near the nasopharynx's entrance (Figure 1-1). Septal organ 

is separated from main olfactory epithelium by respiratory epithelium. Many mammals, 

including rats, mice, rabbits, hamsters, opossums, guinea pigs, bandicoots, and koalas, have 

this olfactory subsystem (109–113). The SO, like the MOE, is composed of ciliated OSNs, 

microvillar cells, supporting cells and bowman's glands (114). Although MOE and SO cells 

have certain similarities, they also have some distinctions. Septal organ has OSNs in 2-3 layers, 

whereas MOE has sensory neurons in 6-8 layers. Septal organ cells also feature flattened 

stomata and shorter dendrites with large knobs (115,116). Mouse SO mostly expresses a few 

receptors from approximately 120 OR genes, with MOR256-3 receptor expression being the 

most abundant (112,117). The same receptors found in SO are also expressed in neurons in the 
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ventromedial zone of the main olfactory epithelium (117). The sensory neurons of the septal 

organ express Gαolf and ACIII, indicating that signal transduction in these neurons occurs via a 

cAMP pathway similar to that of the sensory neurons of the main olfactory epithelium (116). 

Following initial processing by sensory neurons, the signal is transmitted to the posterior and 

ventromedial regions of the main olfactory bulb (118). Although SO neurons account for a very 

small proportion of the total olfactory receptor fraction, their neurons respond to a wide range 

of chemicals with varying properties. In addition to responding to odorants, these sensory 

neurons have been shown to elicit activity towards mechanical stimulation as well, the 

functional relevance of which still remains elusive (13,119). 

 

1.1.1.4. Grueneberg Ganglion (GG) 

Grueneberg Ganglion is mainly a cluster of neurons (~500 neurons) that is located 

bilaterally in the anterior vestibule of the nasal cavity (Figure 1-1) (120). GG is known to be 

helpful in: mother new-born interactions, food choice under threat, sensing cold temperatures 

and alarm pheromones (120–123). GG neurons expresses OMP (olfactory marker protein a 

specific marker for mature chemosensory neurons) and their axons projects to the necklace 

glomeruli in the caudal main olfactory bulb (124). The necklace glomeruli are also the central 

target of the guanylyl cyclase D neurons. A substantial number of these OMP +ve neuron are 

known to express V2r83 receptor which is a V2R subtype known to be present in basal neurons 

of VNO (125). Some of the neurons that have V2r83 receptors also co-express guanylyl cyclase 

subtypes (GC-G and GC-A), indicating the existence of cGMP mediated signaling transduction 

pathway (126). Apart from GC subtypes, GG neurons also express phosphodiesterase 2a and 

cGMP-dependent kinase II which proteins associated with cGMP signaling (127). Although 

the GG's primary cGMP signaling route is shared with GC-D neurons as they both project to 

necklace glomeruli, the GG's specific chemoreceptor repertoire implies that it is a discrete 

olfactory subsystem developed specifically to sense the degree of coolness and alarm signals. 

 

1.1.2. Olfactory bulb (OB) 

The axons of the OSNs converge in a receptor-specific manner and project to a locus in OB 

known as the glomerulus. Each OSN that expresses the same OR innervates two glomeruli, 

one on the lateral and one on the medial surface of the OB (128). The axonal convergence of 

OSNs into specific glomeruli generates a functional topographic arrangement in OB (129). The 

spontaneous activity generated in OSNs is responsible for this unique convergence (130). 
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Eliminating spontaneous activity by overexpressing specific ion channels or increasing activity 

through optogenetics alters glomerular map formations (130–133). In the glomerulus, OSNs 

form excitatory glutamatergic synapses with Mitral and Tufted cells (M/T cells). M/T cells lie 

in the mitral cell and external plexiform layer of the OB and transduce signals to the distinct 

areas in the olfactory cortex (Figure 1-3A). Mitral cell axon projections are dispersed across 

the olfactory cortex (piriform cortex, orbitofrontal cortex, anterior olfactory nucleus, olfactory 

tubercle) (Figure 1-3B), whereas Tufted cell axon projections innervate the anterior olfactory 

nucleus and the cap region of the olfactory tubercle (134,135). Besides that, the spontaneous 

activity of these M/T cells are phase locked with separate phases of the breathing cycle. Tufted 

cells fire during the inhalation, whereas Mitral cells fire during the exhalation phase (136).  

Each glomerulus of the OB is innervated by the dendrites coming from 20-30 M/T cells 

that receives odour information from ~5000 OSNs. This high convergence ratio ensures 

optimal signal amplification, resulting in a high signal-to-noise ratio (137–140). Odour 

information in M/T cells is further tuned by interneurons located in the glomerular layer (GL), 

external plexiform layer (EPL), and granule cell (GCL) layer of the OB. Periglomerular (PG) 

cells, short-axon (SA) cells, and External Tufted (ET) cells are all found in the GL layer and 

are together known as Juxtaglomerular cells. These juxtaglomerular cells provide inhibitory 

input to M/T cells (32–35). M/T cells also form inhibitory dendodendritic synapses with 

granule cells (GCs) located in the GCL. These GCs receive excitatory glutamatergic input from 

M/T cells and inhibit them using GABA as an inhibitory neurotransmitter. If GC inhibits the 

same MTC from which it receives the excitatory inputs, it is known as recurrent inhibition, 

while GC inhibiting neighbouring MTCs is known as lateral inhibition (Figure 1-3A). The 

reciprocal dendrodendritic interactions between MTCs and GCs control the overall signal-to-

noise ratio of the OB (36–38). M/T cells transport refined neural signals from the OB to various 

areas of the olfactory cortex. 

 

1.1.3. Olfactory Cortex (OC) 

The olfactory cortex constitutes areas of the brain that receives input from the olfactory 

bulb. The axon bundles of the output neurons of the OB form an olfactory tract and terminates 

in the olfactory cortex. The olfactory cortex includes the piriform cortex, the olfactory tubercle, 

the orbitofrontal cortex, the prefrontal cortex, the entorhinal cortex, the anterior olfactory 
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nucleus, the tenia tecta and the amygdala (Figure 1-3B) (39). Out of different areas receiving 

projections from the M/T cells, the piriform cortex (PCx) is the most prominent one (141).  

 The PCx is a laminar structure with three distinct layers: Layer I receive afferent fibres 

from the OB, Layer II is a dense layer of pyramidal cells and semilunar cells, and Layer III is 

the innermost layer, also consisting of pyramidal cells that are found in superficial areas. MTCs 

from a single glomerulus send their projection across the PCx with no apparent spatial 

preference. As a result, when odour information reaches PCx, it lacks the spatially segregated 

chemotopic map observed in GL and exhibits sparser activation patterns (142–144). The 

activity of PCx neurons is also modulated by associational fibres that originate in other 

olfactory cortical regions such as the anterior olfactory nucleus (AON), olfactory tubercle 

(OT), entorhinal cortex, and amygdala. Aside from afferent and associational fibres, other areas 

that send input to PCx include the thalamus, hypothalamus and brainstem (145,146).  

 

 

Figure 1-3 – The mouse olfactory bulb and cortex 

A) The schematic representation of the layered structure of OB. The axons of the OSNs send their 

projections in the receptor specific manner to the glomeruli where they make synapses with M/T 

cells. These cells are located in external plexiform layer (EPL) and mitral cell layer (MCL). The 

inhibitory neurons in the GL layer and the GCL layer modulates the overall activity of the M/T 

cells. This information is then sent into different cortical areas. Adopted from Sakamoto M. 2014, 

Frontiers in Neuroscience (147). 

B) The schematic representation of connections between OB and olfactory cortex. M/T cells project 

to different areas in the brain that is collectively called as olfactory cortex. These areas mainly 
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include, piriform cortex (PCx), anterior olfactory nucleus (AON), olfactory tubercle (OT) and 

orbitofrontal cortex (OFC). Adopted from Mori K. 2013, Frontiers in Psychology (148). 

 

 

AON is another olfactory cortical region that is the first recipient of odour input and 

maintains odour engrams required for odour memory behavioural expression (149). It also 

mediates interbulbar interactions as it gathers information from the ipsilateral M/Ts and 

provides feedback to the GCL in contralateral OB (149,150). Another cortical area important 

in odour characterization that receives direct olfactory information from PCx is the 

orbitofrontal cortex (OFC). The OFC neurons are activated during sampling of stimulus and 

consumption of rewards (151,152). Another cortical region that is closely connected to the OB 

and processes reward information is the olfactory tubercle (OT). The OT is found in the ventral 

striatum and has substantial anatomical connections to the reward centres of the brain (153–

155). Along with projecting to other cortical areas, the PCx and AON also send extensive 

inhibitory feedback projections to the GC and PG layer in the OB (141,156,157). Cortical 

feedback on M/T cells enhances odour-evoked inhibition, which optimize the signal-to-noise 

ratio to generate an efficient percept (141). 

 

1.2. Rodent whisker system 

In rodents, the whisker system, much like olfactory system, plays a vital role in navigation, 

identification of nesting materials, social behaviour, texture recognition, and sensing the wind 

speed and direction etc. The whisker system has been an attractive model in recent decades 

owing to its distinctive somatotopic projection map that is conserved from the periphery 

(whisker pad) to the barrel cortex. 

 Whiskers are hair-like structures that are arranged in a grid pattern on both sides of the 

snout. Rats and mice have five rows of whiskers, with the top two rows (A–B) having four 

whiskers each and the bottom three rows (C–E) having around seven. Along the caudal end of 

the mystacial pad are four particularly big whiskers called straddlers (158,159). The mystacial 

pad is constituted of muscles that can be categorized as intrinsic and extrinsic. Such muscles 

are innervated by distinct branches of the facial nerve, with intrinsic muscles located within 

the pad and extrinsic muscles situated outside the mystacial pad (160). During an exploratory 
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whisking cycle, the whiskers first protract, controlled by intrinsic muscles, and subsequently 

retract, mediated by extrinsic muscles (161).  

 Whiskers differ from other hairs in that they have larger follicles surrounded by blood 

sinus and cuticles lined up with several scales (159). Each whisker follicle is densely packed 

with mechanoreceptors and free nerve terminals of distinct kinds. The vibrissae, as mechanical 

transducers, mediate the transduction of the touch signal into these receptors. Based on their 

location and size on the snout, they have been classified as 1) micro-vibrissae, which are small 

and thin hairs around the nose tip, and (ii) macro-vibrissae, which are long stiff mystacial hairs 

caudal to micro-vibrissae on the whisker pad (162). Micro and macro vibrissae are believed to 

conduct distinct functions. Micro-vibrissae acquire detailed tactile information related to object 

and texture recognition, whereas macro-vibrissae transmit spatial information such as space 

localization (162,163).  
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Figure 1-4 – The mouse whisker system pathway: From whisker to barrel cortex 

The Schematic diagram representing the signal transduction that takes place during information 

processing through whisker system. Whisker deflection is sensed by the mechanoreceptors in the 

whisker follicles which sends the signal to the BTC/TC (Brainstem Trigeminal Complex/Trigeminal 

Nuclei) by means of trigeminal ganglions. The information then goes to the Thalamus via three different 

pathways (POm – Posterior thalamic nucleus, VMPdm – Dorsomedial nucleus of ventromedial 

posterior thalamus, VPMvl – ventrolateral nucleus of ventromedial posterior thalamus). The 

information then reaches the primary and secondary somatosensory cortex. The somatotopic 

organization of whiskers remains conserved throughout the signaling pathway in form of the Barrelettes 

(in BTC), Barreloids (in Thalamus) and, Barrels (in somatosensory cortex). Adopted from Adibi M. 

2019, Frontiers in system neuroscience (68) and Maravall M. 2014, Current opinion in neurobiology 

(164). 

 

Micro and macro whiskers both innervate a follicle containing nerve terminals and 

mechanoreceptors of various types and morphologies with distinct tuning properties. The 

follicle is comprised of Ruffini corpuscles, free nerve terminals, and Merkel cell complexes, 

with the latter being the most prominent (165,166). Different mechanoreceptors exhibit distinct 

adaptation patterns and are responsible for converting mechanical energy into electrical 

impulses. These mechanoreceptors open and close in response to the mechanical force and 

codes for different stimuli properties, including amplitude, speed, frequency, acceleration, 

duration, and direction (71,167–169). As the stimulus deflects the whisker, its motion conveys 

mechanical energy to the follicle, where it is transformed into action potentials. The electrical 

impulse is subsequently transmitted to the trigeminal ganglion, which delivers information to 

the trigeminal nuclei, also called the brainstem trigeminal complex (BTC) (Figure 1-4).  

 

1.2.1. Trigeminal Ganglion: Structure and Function 

The trigeminal ganglion, also known as the semilunar sensory ganglion or Gasserian 

ganglion, is a crescent-shaped structure located within the middle cranial fossa in Meckel's 

cave. The ganglion is the major sensory ganglion of the fifth cranial nerve (CN V). The 

trigeminal ganglion is crucial in the expression of different neuropeptides and signaling 

molecules that are important in gene expression, sensory information regulation, and peripheral 

and central sensitization. Trigeminal ganglions (TGs) are comprised of cell bodies with distal 

axons that innervate the whisker follicles and proximal axons that innervate the ipsilateral BTC 

(Figure 1-4) (163,170). Each whisker follicle is heavily innervated by TGs, with up to 200 
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ganglion cells per whisker follicle (171,172). This high degree of convergence provides quick 

and sensitive information processing and, as a result, effective decision-making. These neurons 

are extremely sensitive to whisker deflection, with approximately half of the neurons activating 

with less than 1° whisker deflection (173). It is reported that the TGs, which adapt quickly, 

codes for the velocity and acceleration of whisker deflection. On the other hand, other slowly 

adapting ganglion cells respond to whisker position and contact angle (174–176). TGs are 

somatotopically arranged, with the dorsal representation of caudal arcs and medial 

representation of dorsal rows transmitting information in the well-structured form to trigeminal 

nuclei (175,176). 

 

1.2.2. Trigeminal Nuclei or Brainstem Trigeminal Complex (BTC) 

The trigeminal sensory complex is the first relay centre in the processing pathway that 

carries tactile information from the whiskers to the somatosensory cortex. The trigeminal 

complex in the brainstem is generally separated into two parts: the principal sensory nucleus 

(PrV) and the spinal nucleus (SpV). The spinal nucleus (SpV) is further subdivided rostral-

caudally into three subnuclei 1. Oralis (SpVo) 2. Interpolaris (SpVi) and 3. Caudalis (SpVc) 

(170). Trigeminal nuclei neurons exist as distinct clusters known as barrelettes in each 

subnucleus except oralis (Figure 1-4). These barrelettes comprise a cluster of 150-200 neurons 

exhibiting different attributes. Similar to that of TGs, it is known that sensitive BTC 

neurons adapt slowly, whereas less sensitive neurons adapt quickly. The somatotopic 

arrangement of barrelettes remains preserved and is identical to that of the arrangement of 

whiskers on the mystacial pad (177–180). The principal sensory (PrV) and interpolaris sub-

nuclei (SpVi) provide the majority of projections to the thalamus, the next relay station in the 

whisker–barrel pathway (177,178,181). In addition to projection neurons, trigeminal nuclei 

are rich in GABAergic and glycinergic inhibitory interneurons, which shape the receptive field 

of barrelettes (182). The BTC also receives feedback projections from the primary and 

secondary somatosensory cortex, which can influence the overall output of projection neurons 

(182)(183). 

 

1.2.3. Thalamus  

Thalamus is a primary signal processing centre that conveys the information into the 

cerebral cortex. The neurons of the brainstem trigeminal complex transmit signals to the 
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thalamus, mainly to the ventro-posterior nucleus (VPM), the posterior thalamic nucleus (POm), 

and intralaminar thalamic nuclei (184,185). VPM receives both single and multiple whisker 

input from principal sensory neurons of the trigeminal nuclei (186). VPM constitutes barreloids 

(Figure 1-4), which are somatotopically organized and preserved columnar structures having 

whisker representations identical to barrelettes (187). Each barreloid contains 250-300 neurons 

and has size proportional to the length of the whiskers (188). The barreloids are more prominent 

in the dorsomedial region of the VPM (VPMdm) and fade away in the ventrolateral part 

(VPMvl). VPMdm only receives projections from PrV neurons that are associated with single 

whiskers. On the other hand, other PrV and Interpolaris (SpVi) neurons with dendritic arbors 

spread across several barrelettes projects to the posterior thalamic nucleus (POm) and 

ventrolateral VPM (VPMvl) respectively (177,179,184,187). These centres (VPMdm, VPMvl 

and POm) comprised three pathways through which information about whisker stimulations 

can flow from the thalamus to the cortex (Figure 1-4). 

The pathway that makes synapses with the VPMdm is called the lemniscal pathway. 

This is the primary pathway for relaying single whisker information from ipsilateral PrV 

barrelettes to contralateral VPMdm barreloids to barrels in the primary somatosensory cortex 

(185). The Neurons primarily send their projections to layer IV of the primary somatosensory 

cortex, although there are axon terminals in layers V and VI. The cells in the barreloids convey 

whisker input with precisely timed single action potentials at short latencies (189–193).  

The other pathway that forms synapses in VPM is the extralemniscal pathway which 

relays signals through VPMvl. VPMvl barreloids are not as distinct as VPMdm barreloids 

(190,193). The extralemniscal pathway receives several whisker inputs from neurons in the 

caudal region of the SpVi nucleus (184,186). The output of the extralemniscal circuit is directed 

to layers IV and VI of the secondary somatosensory cortex and the septal regions of the primary 

somatosensory cortex (191,192). 

The paralemniscal pathway is the third pathway that channels the sensory information 

from the rostral part of the SpVi nucleus to the POm and then to the primary somatosensory 

areas, secondary somatosensory areas, motor cortex and superior colliculus. The neurons of the 

POm terminate mainly in layer I, Va and the septal regions of layer IV of the primary 

somatosensory cortex (185). The paralemniscal route predominantly transmits whisking 

signals, which can be used to form sensory-motor coordination and positional reference during 

an active exploration task. The lemniscal and paralemniscal pathways interact and are 
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speculated to represent the what and where of a touch signal. In addition to serving as a relay 

centre, the thalamus contains interneurons, which regulate the flow of information by providing 

negative feedback. The thalamic reticular nucleus forms a sheet of GABAergic neurons that 

provides significant inhibitory inputs to VPM and POm, hence modulating their output activity 

(194,195). 

 

1.2.4. Barrel Cortex 

The cortical representation of vibrissae is commonly referred to as barrel field, 

which accounts for over 20% of the primary somatosensory cortex. The cortex is a six-layered 

structure that contains anatomically distinct clusters of neurons called barrels (Figure 1-4), thus 

the name barrel cortex. Barrels are elliptical in shape, with around 2500 neurons in each barrel. 

Each barrel receives a one-to-one connection from the thalamic barreloid and retains the same 

somatotopic layout as found in the mystacial pad (196). Layer IV of the cortex is largely made 

up of two types of neurons. 1. star-pyramidal excitatory cells and 2. GABAergic interneurons. 

Both excitatory and inhibitory neurons receive input from the VPM and project into layer II/III 

of the same column. The Inter barrel regions in the cortex are occupied by septa. Along with 

layer II/III, septal neurons project into adjacent barrels, secondary somatosensory and primary 

motor cortex. Layer V and VI of the cortex forms reciprocal connections with thalamic VPM 

and POm (196–200). Layer VI corticothalamic neurons are GABAergic and provide negative 

feedback connections, with the upper part innervating VPM and the lower part innervating 

POm, therefore, modulating the information processing in both lemniscal and paralemniscal 

pathways (189).  

 

1.2.5. Modes of whiskers mediated sensation 

To extract relevant sensory information from their environment, all sensory systems 

utilize active sensing, which entails modulating the sensory equipment in a way that best suits 

the task to maximize the information gain. The whisker system also exhibits active sensing 

when rodents sweep their mystacial vibrissae to scan the environment (201). The active sensing 

mechanism of the rodent whisker system can be classified into two modes. 1. Generative mode 

of whisking and 2. Receptive mode of whisking. 

 In the generative mode, the rat moves its whiskers forward and backward at a frequency 

of around 10Hz (162,175). Each cycle is referred to as a whisk, and it is also coupled with 
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sniffing through oro-facial nerves and muscles (72,73,202). The whisker motion seeks touch 

with objects and palpates them to gather as much information about their features. Rodents 

employ generative whisking to sample surface textures, identify objects, their shape and size, 

estimate distances, and localize objects. As mice brush their vibrissae across various objects, 

after contact with the surfaces, whiskers are released with tremendous velocity and acceleration 

(203). This event is termed as the stick slip event. The profile of stick slip events uniquely 

reconstructs the dynamics of the surface and specifies an object's location, texture, size, and 

shape (204). 

 However, in the receptive mode, to optimize the accumulation of vibro-tactile 

information from a moving object, animals keep their whiskers immobile and sense the 

vibrations (201,205). Percept formation in the receptive mode is aided by the magnitude and 

frequency of the motion of object. Animals can discriminate different amplitudes while keeping 

the frequencies constant, as well as different frequencies while keeping the amplitude constant 

(206). In the cortex, the dynamics of a vibro-tactile stimulus is encoded as the product of 

amplitude and frequency (70,71). As modes of sensation and behavioural state can influence 

percept formation, it is crucial for an animal choose an appropriate mode while exploring a 

particular object. 
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CHAPTER 2 

Materials and Methods 

 

This chapter describes all experimental procedures that are common across multiple 

chapters. The procedures specific to a chapter are described under the materials and methods 

section of that particular chapter. 

 

2.1. Ethics Statement  

The experimental procedures used in this thesis are approved by the Institutional 

Animal Ethics Committee (IAEC) at IISER Pune, and the Committee for the Purpose of 

Control and Supervision of Experiments on Animals (CPCSEA), Government of India (animal 

facility CPCSEA registration number 1496/GO/ReBi/S/11/CPCSEA). The usage of animals in 

this thesis was approved under protocol numbers IISER/IAEC/2017-02-006 and 

IISER/IAEC/2017-02-008. 

 

2.2. Maintenance of animals used in the study 

All experiments were conducted on adult male mice. The age of the mice at the 

beginning of the experiment was 6-8 weeks. Mice were housed in individually ventilated 

cages (IVC) and maintained on a 12-hour day-light cycle. The mice were given standard rodent 

bedding and nesting material. The room temperature was maintained between 24-27 °C, while 

the relative humidity was regulated and kept at 45-55 percent. All the experiments were 

performed during the light cycle. On the days of behavioural training, mice had unrestricted 

access to food but were subjected to a water restriction schedule, however, designed to keep 

them at >80% of their baseline body weight. The water restriction schedule was never more 

than 12 hours long. 

 

2.3. Operant Conditioning Procedures 

2.3.1. Behavioural Training under freely moving conditions 

2.3.1.1. Apparatus 

Custom modified eight channel freely moving olfactometers (from Knosys, 

Washington) (207) were used for airflow/olfactory discrimination experiments. The 

instruments were controlled by a customized program written in IGOR (Wavemetrics). The 
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device included an operant chamber where the animals were kept for behavioural training. A 

circular sampling/reward port secured by an IR beam was located on the right side of the 

operant chamber (Figure 2-1A and B). In this operant training under freely moving conditions, 

animals could start a trial by inserting their head and breaking the IR beam that sealed the 

sampling/reward port. The animal was given stimulation (airflow/odorants) once the trial was 

initiated. The precise onset of the stimulation was assured by a system of solenoid valves 

controlled by software. Airflow rates were also controlled by flowmeters connected to the 

olfactometer channels. Three different modes of stimulus delivery were used based on the 

nature of the behavioural experiment (Figure 2-1C). 

 

Mode 1 – In this mode, the stimulus was delivered on the snout of animal from the top. The 

stimulus was delivered by circular tube (4 mm diameter). The distance of the delivery tube 

from the snout was kept fixed around 8-10 mm. The input airflow rate supplied and the actual 

output rate observed for mode M1 were quantified and determined to be similar (Figure 2-2A). 

 

Mode 2 – In this mode, the stimulus delivery was targeted on the whiskers. Two protruding 

tubes (4 mm in diameter) delivered focused stimulation to both sides of the snout. The delivery 

tubes protruded sufficiently to be in the same plane as the lick tube. When the animals poked 

their heads into the sampling port, they were provided with the airflow stimulus on their 

whiskers. The radial distance between the lick port and each tube was 8 mm. The delivered 

input airflow rate and the observed output rate for mode M2 output tubes were quantified and 

found to be equivalent (Figure 2-2B). 

 

Mode 3 – In this mode also, the stimulus delivery was targeted on the whiskers but in a diffused 

way. The stimulus was provided to the whiskers by four holes (4 mm diameter each) arranged 

in a semi arc around the lick tube. In this mode the plane of the lick tube was protruded in 

comparison to that of the delivery ports. When mice poked their head in the sampling port, they 

received the stimulus in a diffusive manner. The radial distance from the centre of lick port to 

that of each hole was also 8 mm in this mode. The real output rate measured for different output 

holes of mode M3 was quantified, and the actual observed output was determined to be as 

expected (Figure 2-2C).  
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Figure 2-1 – Automated customized olfactometer for behavioural training under freely moving 

conditions and different modes of stimulus delivery 

A) The Schematic diagram representing the olfactometer along with different components. Animal sits 

in the operant chamber wherein the sampling port is guarded by the IR beam. Once animal pokes the 

head inside the sampling port the IR beam is broken and the solenoid valve opens followed by opening 

of the diversion valve which leads to the presentation of the stimulus to the animal. Based on whether 

the stimulus is rewarded or unrewarded animal has to lick on the lick tube in order to get water reward. 

The room air is pumped wherein the strength of the air is controlled by the airflow meters. Adopted 

from Bodyak and Slotnick 1999, Chemical Senses (207). 

B) One of the olfactometers used for behavioural training.  

C) Different modes of stimulus delivery. In Mode M1 the stimulus is delivered on the snout of the 

animal. In Mode M2 and Mode M3 the stimulus is delivered on the whiskers of the animal in a focused 

and diffusive way respectively.  
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2.3.1.2. Task Habituation Phase 

Three to four days after the start of the water deprivation schedule, the animals were 

subjected to task habituation training. Standard operant conditioning approaches were used to 

train the animals. The task habituation phase was completed in nine stages. The animals 

received water reward (2-3 µl) simply by breaking the IR beam in the first pre-training phase 

(Phase 0). This enabled the animals to locate the reward port and the lick tube. In the next 

stage the animals only received water when they registered at least a single lick. After 15 such 

trials, the subsequent phase of task habituation begins wherein the trial is initiated only when 

IR beam is broken by head insertion. The beam break causes the instrument valves to open, 

resulting in stimulus presentation for 2 seconds. The task's complexity was steadily increased 

from this stage onwards in order to train the mouse to lick continuously during stimulus 

presentation. Airflow with precise flowrate and diluted odours were delivered for the airflow 

and odour-based pre-training tasks, respectively. Unless otherwise specified, odours with a 

concentration of 1% were used and diluted with mineral oil. All of the animals completed the 

pre-training in three to four 30-minute sessions. 

 

Figure 2-2 – Measured output airflow from different stimulus delivery modes 

A) Outlet airflow was measured from the stimulus delivery tube in the Mode M1 while different 

airflows were provided as the input. For 0.3 LPM (or 300 ml/min) inlet, the measured output was 

296 ± 12.58 ml/min (Mean ± SEM). For 0.8 LPM inlet (or 800 ml/min), output was 793 ± 10.44 

ml/min and for 1.0 LPM (or 1000 ml/min) the output was 980 ± 15.78 ml/min. The input airflow 

rate supplied and the actual output rate observed were similar.  

B) Outlet airflow was measured from different ports of the stimulus delivery tube in the Mode M2 

while different airflows were provided as the input. For 0.2 LPM (or 200 ml/min) total inlet, the 

measured output was (Left port – 111.5 ± 3.625 ml/min and Right port – 102.8 ± 4.735), for 0.4 

LPM (or 400 ml/min) total inlet, output was (Left port – 212.6 ± 7.131 ml/min and Right port – 

203.5 ± 8.360), and for 0.6 LPM (or 600 ml/min) the output was (Left port – 303.3 ± 12.09 ml/min 
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and Right port – 296.5 ± 10.62). The airflow rates through left and right port for a particular inlet 

stimulus were non-significant and their sum were similar to that of the inlet airflow.  

C) Outlet airflow was measured from different ports of the stimulus delivery tube in the Mode M3 

while different airflows were provided as the input. For 0.4 LPM (or 400 ml/min) total inlet, the 

measured output was (Left port1 – 112.6 ± 12.23 ml/min, Left port 2 – 99.25 ± 4.758, Right port 1 

– 117.5 ± 8.082 and Right port2 – 92.50 ± 4.679), for 0.6 LPM (or 600 ml/min) total inlet, output 

was (Left port1 – 154.5 ± 9.716 ml/min, Left port 2 – 151.3 ± 11.40, Right port 1 – 159.6 ± 9.365 

and Right port2 – 166.6 ± 8.294). The airflow rates through all the ports for a particular inlet 

stimulus were non-significant and their sum were similar to that of the inlet airflow.  

 

  

2.3.1.3. Discrimination training 

All the airflow and odour-based discrimination training was performed on a Go/No-Go 

behavioural paradigm (207,208). The mouse initiated a trial by breaking an IR beam that guards 

the sampling port (Figure 2-3). This enabled the opening of one of the solenoid valves, followed 

by the opening of a three-way diversion valve after 500 milliseconds. After diversion valve is 

opened the stimulus is presented to the animal for a variable duration (specified in chapter-wise 

methods). The use of a diversion valve reduced the period between the onset of the stimulus 

and the first contact with the animal. To obtain a reward, the animal has to meet the required 

reward criteria based on the reward contingency of the stimulus [Rewarded (S+)/ Non-

Rewarded (S-)]. 

 The response time provided to the animal was virtually divided into four equal bins. 

(For example, if the given response duration is 2 seconds, it will be virtually divided into four 

500 ms bins). The response time was generally kept the same as the stimulus duration. For an 

S+ trial to be correct animal had to register a lick in at least three of these four bins. For a 

correct S+ trial animal received a water reward of 3-4 µl after the end of the stimulus [Reward 

Criterion: Animal needs to register a lick in at least three out of four bins]. To be successful in 

an S- trial, the animal should not lick in more than two bins. A subsequent trial did not begin 

unless an Inter trial interval (ITI) of 5 seconds had passed between trials. The set ITI was long 

enough for the mouse to retract fast at the end of a trial. There were no regulations in place to 

compel the mouse to sample the odour for a minimum time before making a decision. 

Furthermore, there were no rules in place to restrict licking during the pre-odour time. 

 Stimuli were administered to the animals in blocks of 20 trials. Each of these blocks 

contained ten S+ and ten S- trials. The S+ and S- trials within a block were pseudorandomized 
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so that no more than two stimuli of the same reward contingency were delivered consecutively. 

The preference for a certain stimulus was avoided by counterbalancing the S+ and S- stimuli 

for a group of animals (for example, in a group of 8 animals, 4 mice receive one stimulus as S+ 

the remaining 4 animals receive another stimulus as S+). Animals were sufficiently motivated 

to complete 200-300 trials each day, spread out over 1-2 (30-20 min) sessions. Different 

instrumental readouts, such as inter trial interval and licking frequency, were used to track the 

motivation of animals. When the animal ceased licking for the rewarded trials, the training 

session was stopped. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3 – Schematic representation of an individual trial during behavioural training under freely 

moving conditions 

A) A trial is initiated as soon as the mouse pokes its head into the sampling port guarded by the IR 

beam. 

B) Animal receives the stimulus and samples it.  

C) If the stimulus is rewarded (S+), animal licks on the lick tube and correct licking response triggers 

the delivery of the water reward. 

D) If the stimulus is unrewarded (S-), a trained animal doesn’t lick and retracts its head from the 

sampling port.  
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2.3.1.4. Data Acquisition 

The data was collected using a custom-written software in IGOR-PRO that was compatible 

with the MCC-CIO-DIO 48 data acquisition card. 

 

2.3.2. Behavioural Training under head restrained conditions 

2.3.2.1. Apparatus 

The head constrained equipment was custom designed to deliver the air flow/odour as 

stimuli. A lickometer, a 10-channel olfactometer, stimulus delivery nozzle, a 

respiration/breathing sensor, a lick tube, and a PVC tube were all part of the setup (Figure 2-

4A). The lickometer serves as an interface between all of the individual components 

that records and digitises lick and breath responses of the animal to various stimuli. The 

olfactometer was equipped with eleven mass flow controllers and electromagnetic solenoid 

valves enabling us to attain temporal precision during odour delivery. A splitter put in the 

olfactometer divided a clean air stream and routed it to various mass flow controllers. Air 

entered odour bottles via 10 small controllers while air from the main controller was regulated 

by solenoid valves and used as a dilution air stream. The dilution and odorized air streams were 

combined at the output through a T-tube before entering the odour delivery nozzle. The 

stimulation is administered to the nostril of the restrained animal by the nozzle. A preloading 

duration of 3.2 seconds was set before the odour presentation to guarantee that the odour plume 

reached a stable state (Figure 2-4B). After the preloading time, the exhaust was turned off 

allowing the stimulus to be delivered to the animal. This enabled us to obtain a homogeneous 

stimulus presentation. The equipment consisted of a PVC tube in which the animal was placed, 

and the head was restrained by screwing the head post onto a custom-built metallic plate 

attached to the tube. A lick tube was positioned near the animal's mouth to record the animal's 

lick state during the trial. On finishing the trial and completing the reward criteria the animal 

received the water reward from the lick tube. The sniffing behaviour of mice performing odour-

based decision-making tasks under head-restrained condition was non-invasively monitored 

using a thermocouple-based pressure sensor placed near one nostril. The instrument was 

controlled by a LAB-View application that was custom written. During the head restrained 

training the inter trial interval (ITI) was kept constant at 13.2 s as this was the ideal inter trial 

period we observed while training animals in freely moving circumstances. 
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2.3.2.2. Task Habituation 

Animals were subjected to task habituation training three to four days after the start of 

the water deprivation schedule. This was done to ensure that the animals become acclimated to 

the instrument and the procedures associated with it. Standard operant conditioning approaches 

were used to train the animals. This task habituation phase was completed in stages. Regardless 

of the animals' responses during the first stage, they got a water reward of 3 µl after the 

presentation of a 200 ms short tone. This was done for 20 trials, after which the delay between 

tone and reward was raised to 1 second (20 trials) and then 2 seconds (20 trials). This was done 

to elicit licking behaviour in water-deprived animals. Once the animals had learned to wait for 

the water, a stimulus was given to them. The stimulation lasted 2 seconds and came before the 

reward. The stimulus was also delivered to the animal during the next stages of the task 

habituation phase, and they had to learn to lick solely during the stimulus delivery duration. If 

animals only licked when a stimulus was present, they received a water reward after meeting 

the reward criteria (Phase 1 – Minimum 80 ms of licking and the lick is registered in at least 

1/4 virtually segregated bins, Phase 2 – 120 ms; 2/4 bins and Phase 2.1 – 240 ms; 3/4 bins). If 

animals licked prior to the onset of the stimulus, the needed licking time to obtain the reward 

was increased from 100% to 200 percent in all of the above scenarios. All of the animals 

completed the pre-training in 4-5 sessions of 30-40 minutes each. When mice completed the 

training, they learned not to lick during the baseline, or time before the stimulus onset. 

Figure 2-4 – Experimental setup to perform behavioural training under head restrained conditions 

A) Animal engaged in behavioural training under head restrained condition.  

B) Structure of an individual trial when animal is trained under head restrained conditions.  
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2.3.2.3. Discrimination training 

Using a Go/No-Go behavioural paradigm (209,210), animals were trained to 

discriminate between two different stimuli, one of which was rewarded (S+) and the other was 

unrewarded (S-) (Figure 2-4B). The discrimination task was performed with a constant ITI of 

13.2 seconds. The start of a trial causes one of the valves that controls the stimulus to open. 

The stimulus was deflected to the exhaust for the first 1 sec using a vacuum pump linked to the 

glass funnel. This was done, as with the freely moving setup, to eliminate the time difference 

between stimulus onset and its encounter with the animal. During this one sec the baseline 

licking was also assessed. The stimulus was presented for 2 seconds and animals had to respond 

within this time frame in order to get a reward (Figure 2-4B). The time required to lick in order 

to receive the reward for a S+ trial was determined by the baseline licking. If animals did not 

lick during the baseline, they were required to lick for a total of 240 ms in three (minimum 80 

ms in each bin) of four 500 ms time bins. If the animals licked at the baseline, they had to lick 

twice as long during the stimulus presentation to earn the reward and register a correct trial. 

For an S- trial to be correct, the animal was not expected lick or even if they lick, it should not 

exceed a total of 80 ms, regardless of whether it displayed baseline licking or not. There was 

no punishment for the erroneous trials (Figure 2-4B). 

 Stimuli were administered to the animals in blocks of 20 trials. Each of these blocks 

contained ten S+ and ten S- trials. The S+ and S- trials within a block were pseudorandomized 

so that no more than two stimuli of the same reward contingency were delivered consecutively. 

The preference for a certain stimulus was avoided by counterbalancing the S+ and S- stimuli 

for a group of animals. Animals were sufficiently motivated to complete 200-300 trials each 

day. The frequency of licking was used to track the motivation of animals. When the animals 

were not motivated, they ceased licking for the rewarded trials. 

 

2.3.2.4. Data Acquisition 

Data was collected using a custom-written LAB View program that was compatible 

with a National Instruments (PCI 6703) data acquisition board. 

 

2.4. Head post implantation for head restrained behavioural training 

The animal was mounted in a PVC tube with a custom-made stainless-steel bracket during 

the head-restrained behavioural training. The PVC bracket is attached with a stainless-steel 
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head-post with a help of a screw. The head post is surgically implanted on top of the animal's 

skull. The detailed surgical procedure is described below: 

 

1. An I.P. injection of a combination of Ketamine (50 g/g body weight) and Xylazine (10 

g/g body weight) was used to anaesthetize animals. The toe pinch reflex was used to 

determine the level of anaesthesia. Once anesthetized, the animal was mounted on the 

stereotaxic instrument.  

2. A local anaesthetic gel (Lignocaine hydrochloride) was applied to the skin over the 

skull. 

3. Over the skull, an incision was made. Using a cotton swab, the region was thoroughly 

cleaned with artificial cerebrospinal fluid (ACSF) (125 mM NaCl, 5 mM KCl, 10 mM 

Glucose, 10 mM HEPES, 2 mM CaCl2, 2 mM MgSO4, in 1 L sterile Distilled water, 

pH = 7.4). The periosteum of the skull was carefully scraped off with a scalpel blade. 

The skull was allowed to airdry. 

4. An etching agent was applied on the exposed skull for 15 seconds. The skull was 

thoroughly cleaned with the help of ACSF and the surface was air-dried. 

5. A liquid primer was then applied to the skull using the applicator. The primer was 

allowed to airdry for 10 seconds before being exposed to the UV light for 30 seconds. 

The primer serves as an adhesive for the UV polymerizing cement to adhere to the bone. 

6. A very thin layer of UV cure dental cement was spread on the skull and polymerized 

using UV light for 20 - 30 seconds. 

7. The UV polymerizing cement was applied to the base of the head-post, which was then 

positioned upright on the cement layer on the skull. The two layers of cement were 

suitably fused, and the head-post location was adjusted appropriately. The cement was 

then polymerized for 40 to 50 seconds using UV light. 

8. The remaining part of the skull was filled with cold cure acrylic dental cement. The 

mouse was removed from the stereotaxic device and placed in the home cage. The 

animal was given a recovery period of two days. 

 

2.5. Measurement of breathing parameters 

The breathing dynamics of the animal was continuously recorded during behavioural 

training using a non-invasive airflow pressure sensor placed near one of the nostrils. The sensor 

delivered real-time analogue signals to the lickometer linked breathing circuit with a resolution 
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of as good as 4 μs. Using a threshold function, the lickometer breathing circuit converted the 

raw analogue signals to a digital signal. The thresholding transformed the raw signal in binary 

values of 0 and 1 with 0-1 transition representing and inhalation and 1-0 transition representing 

an exhalation. On a trial-by-trial basis, these signals were continuously updated in the results 

file. 

 

2.6. Different behavioural readouts 

2.6.1. Learning Curves 

We used a measure known as the learning curve to visualise the learning pace and its 

magnitude. The learning curve measures the change in percentage of correct responses as 

training progresses. Each point on the learning curve indicates the average accuracy of 100 

trails [50 S+ and 50 S-] across all animals. When an animal first begins a discrimination task, 

its average accuracy lies at chance level (~50%), which increases as training progresses (Figure 

2-5). Generally, after a few hundred trials, animals recognise the differences between rewarded 

and non-rewarded stimuli and begin to perform better, helping them in reaching an asymptotic 

phase of learning. When the experimental animals reach this stage, we consider the 

discrimination task as completed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5 – Learning Curve for an airflow discrimination task 

A typical learning curve while animal performed airflow discrimination training under head restrained 

conditions. The y-axis of the learning represents correct (%), which is the average accuracy across all 

animals across 100 trials (50 S+ and 50 S-). The x-axis represents progression of trials. In the initial 

phase of earning the performance of animals lies near to the chance level and with extent of learning 
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the performance increases and reaches an asymptotic phase. In this particular airflow pair animals 

performed 1200 trials (4 tasks, 300 trials in one task) and reached an average accuracy of more than 

80%.  

 

2.6.2. Discrimination time 

The discrimination time was defined as the period following stimulus commencement 

when the animal's response to S+ and S- stimuli diverged significantly. To determine 

discrimination time in both head restrained and freely moving conditions, the licking behaviour 

of each mouse was tracked. The licking behaviour of animals was recorded with high temporal 

resolution and processed in 20 ms time bins for freely moving and 2 ms under head restrained 

conditions. With learning the licking behaviour evolved and was very different between initial 

and final phase of learning (Figure 2-6A and B). During the early stages of learning, when the 

animals were unable to distinguish between S+ and S- stimuli, they licked for both during the 

stimulus period. As a result, during the initial period of training, the lick reactions of animals 

to S+ and S- stimuli were similar (Figure 2-6A). However, once they learned to distinguish 

between two stimuli, they selectively licked for S+ stimuli and avoided licking for S- trials 

leading to a divergence in the lick responses between two (Figure 2-6B). The average 

difference between S+ and S- licking responses produced a sigmoidal curve, which was utilised 

to calculate the discrimination time. For all discrimination tasks, the discrimination time was 

measured over the last three hundred trials (unless specified in Figure legends). The lick 

responses were statistically compared between S+ (150 trials) and S- (150 trials) trials, 

providing a significance value (p-value) as a function of time. The discrimination time was 

determined by the last time the p-value fell below 0.05 (Figure 2-6C).  

 

 

Figure 2-6 – Lick evolution with learning and discrimination time (DT) measurements from the licking 

behaviour of the mice towards S+ and S- stimuli 

A) Representative lick responses of a single animal averaged over 300 trials (150 S+ and 150 S-) during 

task 1 i.e. initial phase of learning. Red traces represent average of S+ trials where as black traces 
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represent average of S- trials. The shaded region represents SEM. During task 1 as animal did not 

learn the discrimination task and performed with chance level, the lick responses for S+ and S- 

trials are similar.  

B) Representative lick responses of a single animal averaged over 300 trials (150 S+ and 150 S-) during 

task 4 i.e. final phase of learning. Red traces represent average of S+ trials where as black traces 

represent average of S- trials. The shaded region represents SEM. During task 4 as animal 

performed with higher accuracy, the lick responses for S+ and S- trials diverged.  

C) Statistical difference calculated between 150 S+ and 150 S- trials which yielded p-value as a 

function of time. The red dotted line represents the p-value level of 0.05. The black dotted line 

represents the time period when the curve crosses p-value of 0.05 for the last time. This time 

corresponds to the discrimination time (DT) 

 

2.7. Measurement of airflow in nature 

The airflow was measured from the potential rodent habitats that includes burrows, 

grocery shops, waste disposal sites, etc. with the help of a hotwired anemometer acquired from 

PCE instruments. The anemometer was kept inside the burrow or the location of potential 

habitat and average airflow rate for 100 seconds was measured. The measurements were done 

from multiple locations and were pooled together in order to compute the airflow range that 

rodents encounter in the nature.  

 

2.8. PID measurements 

PID measurements were taken to see if there were any consistent odorant cues within 

the airflow stimulus. This was done to ensure that when the animal receives the airflow 

stimulus, there are no odour cues connected with it that the animal may sense and use to make 

a decision. High intensity photons colliding with vaporised molecules of odours, if present, 

would cause a voltage shift in the photo ionic detector during PID measurements. PID 

measurements were performed for various airflows using a PID probe under similar conditions 

that was used for airflow detection and discrimination experiments. PID measurements were 

also performed on a set of odorants in order to demonstrate the difference that exists between 

airflow and odour generated PID patterns. 
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Table of Key resources 

 

Odorant and chemicals  

Name Company Identifier 

(+)-Octanol (≥99% purity)  Sigma-Aldrich  Cat#: 147982 

(-)-Octanol (≥97% purity)  Sigma-Aldrich  Cat#: 147990 

(+)-Carvone (≥96% purity)  Sigma-Aldrich  Cat#: 435759 

(-)-Carvone (≥98% purity)  Sigma-Aldrich  Cat#: 124931 

Iso-Amyl acetate (≥99% 

purity) 

Sigma-Aldrich  Cat#: 306967 

 

Ethyl butyrate (≥99% purity)  Sigma-Aldrich  Cat#: E15701 

Hexanal (≥98% purity) Sigma-Aldrich Cat#: 115606 

3- Pentanone (≥99% purity) Sigma-Aldrich Cat#: 345121 

Zinc Sulphate Monohydrate 

(≥99% purity) 

Sigma-Aldrich Cat#: 96495 

Methimazole Sigma-Aldrich M8506-25G 

Mineral Oil Fluka  Cat#: 161403 

Thiopentanone Sodium (50-

90 mg/kg I.P.) 

Neon laboratories, India Batch No: LU173B/2 

Xylaxin (Xylazine, 10 

mg/kg) 

Indian Immunologicals 

Ltd. 

 

Aneket (Ketamine HCl, 50 

mg/kg) 

Neon laboratories, India  

Etching agent  

 

Ivoclar Vivadent  

 

Code No : 

630210AN 

UV polymerizing dental 

cement kit Tetric N-Ceram, 

Ivoclar Vivadent Sr No : 18- 

02303 

Acrylic repair material DPI  

 

RR Cold 

Cure 

Batch No : P- 

4171 

Hardware, Software and Data Analysis Tools 

Doric Miniaturized 

Fluorescence Microscope for 

Calcium Imaging  

Doric Lenses Inc https://www.doriclenses.com/ 
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Custom software for freely 

moving behavioural 

experiments. 

Wavemetrics 

 

www.wavemetri 

cs.com 

Custom written scripts for 

data analysis. 

Python www.python.org 

 

GraphPad Prism for data and 

statistical analysis 

GraphPad 

Software Inc 

 

https://www.gra 

phpad.com/scien 

tificsoftware/ 

prism 

Mass flow controllers  

 

 

Pneucleus 

Technologies 

LLC, Hollis, NH 

 

Item No: MCR- 

2A1B2002250N 050N-01 

Item No: MDF- 

2A2B100200CN 020N-01 

Solenoid Valves ASCO Scientific P/N: 401NC24830 

Doric Imaging Cannula Doric Lenses Reduced footprint imaging 

cannula with 1.00 mm lens 

Electromagnetic valves  SMC Pneumatic, 

Japan 

 

Model No: SS073- X5V2555 

Airflow thermocouple sensor Honeywell AWM2300V 

Oscilloscopes Tektronix TBS-1072B-EDU and TBS-

1052C 

Hot Wire Anemometer PCE Instruments PCE-423-ICA 

 

 Table 2-1 – Table representing details of all the resources being used during the experiments 

  

http://www.wavemetri/
http://www.python/
https://www/
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Chapter 3 

Rodents use olfactory system to detect and discriminate 

ethologically relevant airflows 

 

3.1. Introduction 

3.1.1. Mechanosensation in the rodent olfactory system 

        In the natural environment, olfactory cues exist in the form of odour plumes which are 

associated with the airflows. Therefore, in addition to the signaling of chemical molecules, 

odour plumes can cause mechanosensation as well. The airflows transport odorant molecules 

from the source and facilitate their dispersion in space. Terrestrial animals sniff to sample the 

odorant molecules floating in turbulent airflows. Sniffing helps odour molecules to enter the 

nostrils and travel through the nasal cavity and bind to receptors on olfactory sensory neurons 

(OSNs) located on the epithelium. Apart from sensing the odour information, OSNs have been 

shown to respond to mechanical stimuli as well. The preliminary evidence of 

mechanosensation through olfactory system came from a novel study by Adrian wherein 

hedgehog’s olfactory bulb neurons were demonstrated to elicit responses towards odourless air 

puffs (211). In addition, OB was shown to exhibit respiration coupled rhythmic activity in 

absence of any odour stimulus which was lost during naris occlusion (212–215). These 

discoveries were later supported by in vitro experiments, which revealed olfactory sensory 

neurons’ responses towards mechanical stimulations (216). This study concluded that about 

70% of the SO's OSNs and 50% of the MOE's OSNs are indeed mechanosensitive in nature. 

Further, OSN’s responses towards mechanical stimuli were found to be dependent on 

stimulus strength and distance. While increasing the pressure of the ringers puff evoked higher 

amplitude, increasing the distance resulted in a decrease in response amplitude (216).  

        How does mechanical information processing happen through rodent olfactory system? 

This was hypothesized to be carried by the canonical G-protein coupled receptor pathway, 

because the expression of a non-functional mutant of this protein or disruption of the G-protein 

downstream pathway (deletion of adenyl cyclase III and cyclic gated nucleotide channel 

(cnga2) resulted in a null response from OSNs (216,217). Further, recordings from the cells 

with heterologous expression of olfactory receptors elicited calcium transients when stimulated 

with ringers puff, indicating that G-protein coupled receptors might be necessary and sufficient 
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to process mechanical information. As seen with odour stimuli, OSNs also transmit information 

associated with mechanical stimuli to OB. When airflow was employed as a mechanical 

stimulus to activate nasal cavity in artificially breathing double-tracheotomized rats, fMRI 

revealed broader and stimulus intensity dependent glomerular responses (14,15). 

Mechanosensation in OSNs is also shown to generate sniff-coupled oscillations and phase-

coding in M/T cells (14). These observations support the hypothesis of olfactory receptors as a 

potential candidate responsible for processing the mechanical stimulation, whereas the 

behavioural relevance of mechanosensation through rodent olfactory system remains largely 

elusive. 

 

3.1.2. Anemotaxic behaviour in rodents is mediated by whisker system 

 Active sensing, as opposed to passive sensing, is used to explore a new environment. 

Rodents use their whiskers to extract tactile information from their surroundings, similar to 

how humans use their hands and fingers to sense touch. During active sensing, the information 

about location, shape, size, and texture of the surrounding objects can be acquired as the animal 

explores the environment (167,218,219). Whiskers are hair-like structures embedded in skin 

follicles (165), and these follicles are densely packed with mechanoreceptors, which convert 

whisker based deflections into a neural code (169). Natural airflows can cause deflections at 

the base of whiskers, indicating that whiskers may be able to sense and process airflow 

information. In vitro studies have indeed shown that the whisker bends primarily in the 

direction of airflow and vibrates around a new average position at frequencies related to its 

resonant modes. The bending direction is unaffected by airflow speed or whisker geometry. In 

contrast, the bending magnitude increases strongly with airflow speed and the ratio of the 

whisker's arc length to base diameter. To a much lesser extent, the magnitude of the bending 

varies with the orientation of the intrinsic curvature of the whisker relative to the direction of 

airflow (169). These in vitro observations translate to behaviour as recent research suggests 

that whiskers may aid anemotaxis behaviour in rats. In a study in which rats were trained to 

locate an air source, the animals' performance declined significantly (~ 65% to 45%) when 

whiskers were removed (41). Despite the significant decrease in performance, the animals 

could still locate air sources with higher accuracy than chance levels (20%), indicating a 

possibility of another sensory system being involved in sensing and processing the airflows. 

Secondly, the airflows used for the localization test were significantly higher than those 
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observed in rodents' natural habitats, indicating the need for a robust method to investigate the 

sensory systems involved in airflow detection and discrimination behaviour.  

As both olfactory and whisker systems are mechanosensitive and may be involved in airflow 

detection and discriminations, the primary goals of the experiments reported in this chapter are 

as follows: 

1. To design and standardize an instrument for airflow detection and discrimination tasks. 

2. To conduct experiments investigating if the olfactory system is primarily involved in 

airflow detection and discrimination behaviour. 

3. If the olfactory system is involved in this behaviour: 

1. To investigate and compare sniffing strategies of animals while performing airflow and 

odour-based discrimination tasks. 

2. To determine whether olfactory sensory neurons and the olfactory bulb are essential for 

airflow detection and discrimination tasks. 
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3.2. Materials and Methods 

 Mice were trained on olfactory GNG behavioural paradigm under FM or HR 

conditions. The detailed methods for these behavioural paradigms are explained in material 

and methods chapter (section 2.3.1 and 2.3.2).  

 

3.2.1. Animals used 

All experiments in this chapter were conducted on C57BL6 J mice. Mice were obtained 

from Jackson Laboratories and were then bred and maintained in the National Facility for Gene 

Function in Health and Disease (NFGFHD, IISER Pune). 

 

3.2.2. Measurement of airflow discrimination performance for various airflow pairs 

under different conditions 

 The learning accuracy and discrimination times (mentioned in section 2.6.1 and 2.6.2 

of the materials and methods chapter) of animals were used as the key behavioural readouts to 

optimize the experimental paradigm.  

 The first set of mice (n = 5 mice) were trained under freely moving conditions and M1 

mode of stimulus delivery (mentioned in section 2.3.1.1 of the materials and methods chapter) 

was used. The sequence of airflow pairs that used for this set are: 8 vs. 4 Litres per minute 

(LPM) (4s stimulus duration – 900 trials), 8 vs. 4 LPM (3s stimulus duration – 300 trials), 8 

vs. 4 LPM (2s stimulus duration – 300 trials), 5 vs. 3 LPM (3s stimulus duration – 600 trials), 

2 vs. 1 LPM (3s stimulus duration – 600 trials), 0.8 vs. 0.3 LPM (3s stimulus duration – 600 

trials), 0.8 vs. 0.3 LPM (2s stimulus duration – 600 trials), and 0.3 vs. 0.3 LPM (2s stimulus 

duration – 600 trials). 

 The second set of mice (n = 7-8 mice) were used to elucidate the role of whiskers in 

airflow-based discrimination task. Animals were trained intermittently on mode M2 and M3 

(mentioned in section 2.3.1.1 of the materials and methods chapter) of stimulus delivery in 

presence and absence of whiskers. The sequence of training for this set of animals is: 2 vs. 1 

LPM (Mode M2, Whiskers Intact, 1200 trials), 2 vs. 1 LPM (Mode M3, Whiskers Intact, 600 

trials), 2 vs. 1 LPM (Mode M3, Whiskers Deprived (WD), 300 trials), 2 vs. 1 LPM (Mode M2, 

WD, 300 trials), 1.5 vs. 0.75 LPM (Mode M2, WD, 600 trials), 1.5 vs. 0.75 LPM (Mode M3, 

WD, 300 trials), 0.6 vs. 0.3 LPM (Mode M3, WD, 900 trials), 0.6 vs. 0.3 LPM (Mode M2, 
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WD, 600 trials), 0.2 vs. 0.1 LPM (Mode M2, WD, 900 trials), 0.2 vs. 0.1 LPM (Mode M3, 

WD, 600 trials), 0.3 vs. 0.3 LPM (Mode M2, WD, 600 trials), and 0.3 vs. 0.3 LPM (Mode M3, 

WD, 600 trials). 

 Third set of animals (n = 9 mice underwent training under freely moving conditions 

(Mode M3) wherein the animals in this group were subjected to whisker plucking. The 

sequence of training for these animals is: 0.2 vs. 0.1 LPM (Whiskers intact, 1200 trials), and 

0.2 vs 0.1 LPM (Whisker plucked, 600 trials).  

 Fourth set of animals (n = 5-8 mice) were trained to discriminate different airflow pairs 

under head restrained conditions. The breathing responses of these animals were 

simultaneously recorded when they were involved in the discrimination task. These animals 

learnt to discriminate different airflows in the sequence: 0.2 vs. 0.1 LPM (1200 trials), 0.6 vs 

0.3 LPM (900 trials) and 0.4 vs 0.45 LPM (900 trials). Another set of animals (n = 6 mice) was 

also trained under head restrained conditions to discriminate between odours. The odour pair 

used was octanol (+)/octanol (-) 60-40 binary mixture [60% octanol (+) + 40% octanol (-) vs. 

40% octanol (+) + 60% octanol (-)] (1200 trials). 

 Three groups of animals were used to delineate the role of olfactory sensory neurons in 

airflow detection and discriminations. Out of these groups, one group of animals received IP 

injections of methimazole (n = 10 mice), second group were administered intranasally with 

zinc sulphate solution (n = 8 mice) and third group (n = 14-15 mice) received PBS injections 

(half animals were given IP injections and for half of the animals vehicle solution was 

administered intranasally). The sequence of training for these three groups were: Before 

treatment: 0.6 vs. 0.3 LPM (1200 trials), 0.2 vs. 0.1 LPM (900 trials), and AA vs. EB (900 

trials). After treatments: AA vs. EB (300 trials), 0.2 vs. 0.1 LPM (600 trials), and 0.6 vs. 0.3 

LPM (600 trials).  

 Four different sets of animals were used to investigate whether OB is crucial for airflow 

detection and discrimination. The training schedule for these four groups were: Group 1 (n = 

7-8 mice) – 0.6 vs. 0.3 LPM (1200 trials) – Bulbectomy – 0.6 vs. 0.3 LPM (600 trials), Group 

2 (n = 6 mice) – 0.6 vs. 0.3 LPM (1200 trials) – Sham surgery – 0.6 vs. 0.3 LPM (600 trials), 

Group 3 (n = 5-8 mice) – 0.2 vs. 0.1 LPM (1200 trials) – Bulbectomy – 0.2 vs. 0.1 LPM (600 

trials). Group 4 (n = 6 mice) – 0.2 vs. 0.1 LPM (1200 trials) – Sham surgery – 0.2 vs. 0.1 LPM 

(600 trials). 
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 Three different sets of animals were trained to investigate whether airflow sensing via 

olfactory system follow Weber's law. The training schedule for these group of animals were: 

Group 1 (n = 8) - 0.1 vs. 0.15 LPM (1200 trials), 0.1 vs. 0.14 LPM (600 trials), 0.1 vs. 0.13 

LPM (600 trials), 0.1 vs. 0.12 LPM (600 trials) and 0.1 vs. 0.11 LPM (600 trials). Group 2 (n 

= 8) - 0.2 vs. 0.25 LPM (1200 trials), 0.2 vs. 0.24 LPM (600 trials), 0.2 vs. 0.23 LPM (600 

trials) and 0.2 vs. 0.22 LPM (600 trials). Group 3 (n = 8) - 0.3 vs. 0.36 LPM (1200 trials), 0.3 

vs. 0.35 LPM (600 trials), 0.3 vs. 0.34 LPM (600 trials) and 0.3 vs. 0.33 LPM (600 trials). 

 

3.2.3. Video recording of animals  

The videos of the animals performing the airflow discrimination task were captured 

with a Redmi 4A smartphone at a resolution of 30 frames per second. 

 

3.2.4. Breathing frequency calculation and histogram plotting 

The breathing frequency was measured for each trial throughout the stimulus time as 

well as before, during, and after the decision-making window. Assuming the discriminating 

time is x ms different windows were defined as follow: Pre DT from 0-x to 0, During DT from 

0 to 0+x, and Post DT from 13000-x to 13000. Onset of inhalation time points represented a 

point in the raster plot. A histogram with a bin resolution of 20 ms was used to depict the 

inhalation onset distribution across all trials and animals. Time of first inhalation after the onset 

of stimulus was considered as inhalation onset time. The area under the curve was determined 

using the trial wise histograms plotted for each animal. The AUC was computed just from the 

start of the stimulus to the discrimination time and was normalised with the maximum 

frequency. The sniffing peak latency was defined as the time corresponding to the mode of 

distribution of breath initiations. For analysis, custom built algorithms in Python were 

employed. 

 

3.2.5. Surgical Procedures 

3.2.5.1. Whisker Trimming 

Animals were mildly anesthetized with isoflurane and whiskers were trimmed in a row 

wise fashion by using scissors. Whisker trimming was performed once a week on the animals 
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that required trimmed whiskers for all of the experiments. Animals that were on a water 

restriction schedule were given free water for two hours before and after the treatment. 

 

3.2.5.2. Whisker Plucking 

The process for whisker plucking was identical to that for whisker trimming. Instead of 

clipping the whiskers, tweezers were used to pluck them from the root. 

 

3.2.5.3. Intranasal Zinc Sulphate injections 

 Animals were mildly anesthetized with isoflurane and were held vertically with their 

snout facing upwards. Using a micropipette, 25 µl of 5% zinc sulphate was infused into one of 

the nostrils. The animal was turned upside down immediately after the infusion to reduce the 

passage of zinc sulphate into the wind pipe or lungs. Before infusing the second nostril, the 

animals were given a two-hour recovery period. After infusing both nostrils, the animals were 

given a two-day recovery time with ad libitum access for food and water. Animals that were 

on a water restriction schedule were given free access to water for 12 hours before the 

treatment. 

 

3.2.5.4. Methimazole injection 

75 mg/kg of the methimazole dissolved in PBS was injected intraperitoneally (IP 

injection). Animals were given a two-day recovery period following injections. Animals on a 

water restriction schedule were given free access to water for 12 hours before the treatment. 

 

3.2.5.5. Surgical aspiration of Olfactory Bulb (Bulbectomy) 

 The animals were anesthetized with a combination of ketamine and xylazine. The 

anaesthetized animal was then mounted on the stereotaxic instrument. An incision was 

performed on the skull over the olfactory bulb area, and the skull was completely cleaned. A 

2.5 mm diameter window was formed over the olfactory bulb region via a tissue puncture. A 

21 - G needle connected to a vacuum pump was used to aspirate the olfactory bulb. The skin 

was sutured back together, and the animal was given a two-week recovery time before 

continuing with the experiments. All of the steps were same for the animals that had sham 

surgery, except for the excision of the olfactory bulb. 
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3.2.6. Hematoxylin and eosin staining procedure 

3.2.6.1. Nasal Cavity Dissection 

The animals were first perfused with PBS and 4% paraformaldehyde. The animal was 

decapitated, and the head was properly cleaned in order to isolate the nasal cavity. Tissue was 

preserved overnight in 4% paraformaldehyde before being thoroughly cleaned. Tissue was then 

incubated in a 10% EDTA solution for a week to decalcify the bones surrounding the nasal 

cavity. After extracting the tissue from the EDTA solution, the nasal cavity was dissected by 

gently removing the surrounding bones. 

 

3.2.6.2. Paraffinization of the cavity  

1. The nasal cavity was then washed with 60% isopropanol (90 mins X 3 washes).  

2. The nasal cavity was transferred to 80% isopropanol solution and was given two washes 

(45 mins X 2 washes). 

3. To further dehydrate the tissue, nasal cavity was washed in 90% isopropanol solution (30 

mins X 1 wash + 15 mins X 1 wash). 

4. Nasal cavity was then transferred to xylene and three 15 mins washes were given.  

5. Nasal cavity was transferred to pre melted paraffin wax and incubated overnight at 62 

degrees Celsius in an oven.  

6. Tissue was embedded in a wax block that was incubated at -20 °C overnight. 

 

3.2.6.3. Microtome sectioning 

1. Wax block having the nasal cavity was mounted on the microtome. 

2. 5-8 µm sections were obtained and were transferred to the poly-L-lysine coated slides.  

 

3.2.6.4. Deparaffinizing the tissue 

1. The slides were incubated in a hybridization oven overnight at 62 °C. 

2. The slides were incubated in xylene for 5 mins (2 times). 

3. The slides were then kept in 100% ethanol for 3 mins followed by 90%, 70% and 50% 

ethanol for 3 mins each.  

4. Slides were then placed in distilled water for 3 mins.  

 



46 

 

3.2.6.5. Staining protocol 

1. The slides were removed from the water and left to air dry. A napkin was used to wipe 

away any excess water around the tissue . 

2. Slides were placed on the rails of the humidifying chamber, and a drop of hematoxylin was 

added to the tissue. 

3. The slides were left undisturbed for 15 minutes.  

4. Excess hematoxylin stain was washed away with distilled water, and slides were rinsed 

under running water for 15 minutes.  

5. The slides were then immersed in 1 percent HCl in 80 percent ethanol for 10 seconds. 

6. A drop of eosin was added to each section. 

7. After 30 seconds, the slides were transferred to 70% ethanol for 1 minute, then 90% ethanol 

for 1 minute, and finally 100% ethanol for 1 minute. 

8. The slides were removed from ethanol and left to dry naturally. 

9. After the slides had dried, they were washed twice with xylene (15 mins each). Following 

this, slides were removed.  

10. Using a napkin, Xylene was wiped from the corners of the slides, and a drop of DPX 

medium was added to the sections before the slides dried completely. 

11. The slides were mounted with a cover slip and edges of the cover slip was sealed. 

12. The sections were then examined using a brightfield microscope.  

 

3.2.7. Data Analysis and Statistical analysis 

GraphPad Prism 9, Microsoft Excel, and Python were used for all statistical analyses in 

this chapter. The data is presented as Mean ± SEM. To determine p-values and test for statistical 

significance, we used the student's t-test, one-way and two-way ANOVA, and associated post-

hoc tests. 
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3.3. Results 

3.3.1. Rodents can detect and discriminate different airflow rates 

In behavioural neuroscience, a robust behavioural assay with reliable high throughput 

readouts is necessary to examine a behaviour and explore its neural mechanisms. Therefore, 

we first modified our custom-built olfactometer and standardized the parameters to provide 

airflows as a stimulus to the animals in order to test them on an airflow-based discrimination 

task. To achieve that we trained a group of animals using a standard Go/No-Go paradigm using 

in custom built olfactometer. M1 mode (Materials and methods, section 2.2.1.1) of stimulus 

delivery was used during this experiment, since, in this mode, the stimulus is delivered onto 

the snout of the animal. This design was used with the rationale that animals may use both 

olfactory and whisker systems to sense the stimulus while airflow is delivered on the snout. 

M1 mode provides a platform to answer the critical question: Whether rodents can detect and 

discriminate airflows using either of the sensory systems? Furthermore, because this was the 

first time, we conducted the experiment using our in-house developed olfactometer, we needed 

to tune the instrument parameters in terms of stimulus strength and stimulus time as well. By 

training animals on different airflow pairs under different stimulus duration conditions helped 

us to simultaneously address both issues. As we could observe the deflection of 

plucked whiskers while airflow was provided in the range of 4-8 LPM, the animals were first 

trained to discriminate 8 vs. 4 LPM. Furthermore, while 2s is the standard stimulus duration 

used in olfactory behavioural tasks, we began with 4s as the stimulus duration for airflow-based 

tasks to ensure that animals had enough time to sample airflows and make decisions. During 

training, animals started at the chance level and progressed to the asymptotic phase of learning 

within 900 trials (Figure 3-1A), providing the first evidence that animals can detect and 

discriminate airflow rates. We then optimized the stimulus duration and tested the performance 

of these pre-learnt animals on 3s and 2s stimulus duration. Although there was an initial 

decrease in performance following the transition to an altered duration of the stimulus, the 

performance of the animals improved as the number of trials progressed (Figure 3-1A) and 

reached ~90% within 300 trials. The final accuracy (for last 300 trials) of the mice remained 

consistent across all three stimulus durations (Figure 3-1B, 4s – 93.80 ± 1.068 [Mean ± SEM], 

3s – 91.20 ± 0.8602, and 2s – 89.80 ± 3.625; one-way repeated measures ANOVA, F = 0.8460, 

p = 0.4642). Moreover, the time required by animals to distinguish airflows was independent 

of stimulus duration, with non-significant differences in discrimination times (DTs) (Figure 3-

1C, 4s – 480 ± 48.17 ms, 3s – 520 ± 75.63 ms, 2s – 540 ± 83.19 ms; one-way repeated measures 
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ANOVA, F = 0.2840, p = 0.7601). These results indicate that a 2s stimulus duration is sufficient 

for animals to make airflow-based decisions.  

Figure 3-1 – Performance of animals across different stimulus durations while doing an 8 vs. 4 LPM 

airflow-based discrimination task 

A) Airflow learning discrimination accuracies measured for 8 vs. 4 LPM at different stimulus 

durations. Each point on the learning curve represents the average of 100 trials across all animals 

(n = 5). This is represented by x-axis. The black dotted line at y= 50 represents the chance level.  

B) Learning accuracies measured from last 300 trials for different stimulus durations and averaged 

across animals. The accuracies were found to be similar for all the three stimulus durations (one-

way repeated measures ANOVA, F = 0.8460, p = 0.4642, n=5 animals).  

C) Discrimination times measured from last 300 trials for different stimulus durations and averaged 

across animals. The DTs were found to be similar for all the three stimulus durations (one-way 

repeated measures ANOVA, F = 0.2840, p = 0.7601, n=5 animals).  

 

 

As we performed these experiments with 8 vs. 4 LPM, which is a relatively high airflow 

rate than what rodents encounter in the nature, we next wanted to optimize the stimulus 

strength. To achieve this, we trained the animals on a series of airflow pairs with reducing 

stimulus strength and decreasing difference between the two stimuli (5 vs. 3 LPM, 2 vs. 1 LPM, 

0.8 vs. 0.3 LPM, and 0.3 vs. 0.3 LPM). In addition to optimizing stimulus strength parameters, 

this strategy also enabled us to explore the mice’ discrimination abilities towards varying 

airflows using their nose. The animals were first trained on 5 vs. 3 LPM with 3s as the stimulus 

duration. For this airflow pair, animals performed with greater than 85% accuracy in 600 trials 

(Figure 3-2A). The animals were then trained on 2 vs. 1 LPM and 0.8 vs. 0.3 LPM. For both 

of these airflow pairs animals reached asymptotic phase of learning within 600 trials (Figure 

3-2A). The final accuracy of animals for the abovementioned airflow pairs remained more than 
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80 percent and the discrimination time lied in the range of 300-500 ms (Figure 3-2B and C, 

Accuracies: 5 vs. 3 LPM – 96.00 ± 1.449, 2 vs. 1 LPM – 93 ± 0.8944, 0.8 vs 0.3 LPM – 91.2 

± 1.114; DTs: 5 vs. 3 LPM – 354.4 ± 25.85, 2 vs. 1 LPM – 388.0 ± 32.20, 0.8 vs 0.3 LPM – 

378.4 ± 29.98). We further investigated the performance of animals when they were subjected 

to a 0.5 LPM (0.8 vs. 0.3 LPM) stimulus difference and a 2s stimulus duration. Although there 

was a transient dip in accuracy when the animals switched from 3s to 2s, the animals performed 

at or above 85% within 600 trials (Figure 3-2A). The final accuracies and DTs of animals for 

3s and 2s stimulus durations were similar (Figure 3-2B and C, Accuracies: 0.8 vs 0.3 LPM (3s) 

– 91.2 ± 0.4899, 0.8 vs 0.3 LPM (2s) – 89.2 ± 0.4899; two-tailed paired t-test, p =0.1543; DTs: 

0.8 vs 0.3 LPM (3s) – 378.4 ± 29.98 ms, 0.8 vs 0.3 LPM (2s) – 372.0 ± 44.99 ms; two-tailed 

paired t-test, p =0.900), indicating that stimulus duration does not influence the performance. 

Therefore, we chose 2s as the ideal stimulus time for training the animals on the airflow 

detection and discrimination tasks. In addition, to rule out the possibility of animals learning 

any non-specific cues other than airflows, a control task (0.3 vs. 0.3 LPM) was done in which 

animals performed at the chance levels (Figure 3-2B). So far, our findings indicate that animals 

can detect and discriminate a wide range of airflows efficiently within a time range of 300-500 

ms. 
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Figure 3-2 – Performance of animals across different airflow pairs 

A) Training schedule and airflow discrimination accuracies measured for different airflow pairs. 

Airflow pairs used were 5 vs. 3 LPM (3s stimulus duration), 2 vs. 1 LPM (3s), 0.8 vs. 0.3 LPM 

(3s), 0.8 vs. 0.3 LPM (2s), 0.3 vs. 0.3 LPM (2s). 

B) Learning accuracies measured from last 300 trials for different airflow pairs. The accuracies were 

found to be similar for 0.8 vs. 0.3 LPM (3s) and 0.8 vs. 0.3 LPM (2s) (two-tailed paired t-test, p 

=0.1543, n=5 animals).  

C) DTs measured from last 300 trials for different airflow pairs. The DTs were found to be similar for 

0.8 vs. 0.3 LPM (3s) and 0.8 vs. 0.3 LPM (2s) (two-tailed paired t-test, p =0.900, n=5 animals).  

 

 

3.3.2. Airflow detection and discrimination is independent of the whisker system 

Rodents rely on their whisker system to process airflow information as observed in their 

anemotaxis behaviour towards high airflow rates (41). In our experiments, we observed mice 

performing various airflow discriminations with high accuracy. Therefore, we wanted to study 

different sensory systems involved in accomplishing these discriminations. We used two 

alternative modes of stimulus delivery (M2 and M3; Materials and methods, section 2.2.1.1) 

that could supply airflow directly on the animals' whiskers either in a focused (M2 mode) or 

diffusive (M3 mode) manner. These two modes were employed to decouple the stimulation of 

whiskers and snout that M1 mode provided. First, we trained a set of animals on mode M2 on 

2 vs. 1 LPM. Once the animals' accuracy reached >85% (in 1200 trials) (Figure 3-3A), we 

switched to M3 mode to see if different modes of whisker stimulation affected discrimination 

performance. Although there was an initial dip during the transition, the animals reached >85% 

accuracy within 600 trials (Figure 3-3A) and final performance (average of the last 300 trials) 

of animals in both settings was comparable (Figure 3-3B, M2 mode – 86.33 ± 0.7182, M3 

mode – 89.21 ± 1.650, two-tailed paired t-test, p = 0.1348). Also, the mode switching had no 

effect on the DTs (Figure 3-3C, M2 mode – 440 ± 27.52, M3 mode – 480 ± 25.91, two-tailed 

paired t-test, p = 0.2141). 
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Figure 3-3 – Whisker deprivation does not affect the airflow discrimination abilities of mice 

A) Training schedule and airflow discrimination accuracies measured for 2 vs. 1 LPM under different 

conditions. The conditions used were 2 vs. 1 LPM in M2 mode followed by M3 mode. The whiskers 

were then trimmed and animals’ performance was tested on 2 vs. 1 LPM for M3 mode followed by 

M2 mode. 

B) Learning accuracies measured from last 300 trials for 2 vs. 1 LPM across different conditions. The 

accuracies were found to be similar between M2 and M3 under whiskers intact condition (two-

tailed paired t-test, p =0.1348, n=8 animals), between M2 and M2 before and after whisker 

deprivation (two-tailed paired t-test, p =0.6135, n=7 animals), between M3 and M3 before and after 

whisker deprivation (two-tailed paired t-test, p =0.3024, n=7 animals), between M3 and M2 after 

whisker deprivation (two-tailed paired t-test, p =0.9195, n=7 animals). 

C) DTs measured from last 300 trials for 2 vs. 1 LPM across different conditions. The DTs were found 

to be similar between M2 and M3 under whiskers intact condition (two-tailed paired t-test, p 

=0.2141, n=8 animals), between M2 and M2 before and after whisker deprivation (two-tailed paired 

t-test, p =0.3589, n=7 animals), between M3 and M3 before and after whisker deprivation (two-

tailed paired t-test, p =0.6627, n=7 animals), between M3 and M2 after whisker deprivation (two-

tailed paired t-test, p =0.5166, n=7 animals). 

 

We investigated the role of whiskers in the airflow discrimination behaviour by 

trimming the animals' whiskers and measuring their accuracy of performance and comparing 

with whisker-intact conditions. If whiskers were to play an important role in airflow 

discrimination behaviour, animals’ performance would be affected by whisker deprivation. 

However, we didn’t observe any difference in the performance accuracy or discrimination time 

taken by the animals for both modes (Figure 3-3B, Accuracies: M2 mode: whiskers intact (WI) 

- 86.33 ± 0.7182, whiskers deprived (WD) – 87.14 ± 1.438, two-tailed paired t-test, p = 0.6135, 

M3 mode: WI – 89.21 ± 1.650, WD – 86.90 ± 1.628, two-tailed paired t-test, p = 0.3024; Figure 

3-3C, DT: M2 mode: whiskers intact (WI) - 440 ± 27.52 ms, whiskers deprived (WD) – 502.9 
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± 46.89 ms, two-tailed paired t-test, p = 0.3589, M3 mode: WI – 480 ± 25.91 ms, WD – 462.9 

± 30.99 ms, two-tailed paired t-test, p = 0.6627). These results prove that mice can detect and 

discriminate between airflows even in the absence of whiskers. 

 

3.3.3. The intensity of the stimulus does not influence the airflow discriminating abilities 

of whisker-deprived animals  

Given that removal of whiskers had no effect on mice' airflow detection and 

discrimination behaviour, we wanted to probe if there was any effect of stimulus strength on 

their performance accuracy under deprived conditions. To accomplish this, we trained these 

whisker deprived animals on series of airflow pairs, wherein the absolute strength of the stimuli 

as well as the difference between the stimuli in an airflow pair was gradually decreased. The 

training sequence contained flow pairs 1.5 vs. 0.75 LPM, 0.6 vs. 0.3 LPM, and 0.2 vs. 0.1 LPM. 

The animals were trained in both M2 and M3 modes intermittently. Even though the accuracy 

reduced during the shift in airflow, for all of the airflow pairs, the ultimate performance 

accuracies of the animals in both modes were more than 80% (Figure 3-4A). The performance 

of animals did not show any correlation with differences between the airflows of an airflow 

pair (Pearson correlation R2
 = 0.53). While the whiskers are trimmed, the nerve endings remain 

intact, and this may mediate the sensation of higher airflows. However, we did not notice any 

behavioural performance deficits, thus excluding any possible role of whiskers in the 

discrimination behaviour we observed.  

We validated our early results by training another group of animals before and after 

whisker plucking on 0.2 vs. 0.1 LPM (airflow pair with minimum airflows and difference 

between them). Whisker plucking is another kind of whisker deprivation that causes 

significantly greater harm to nerve endings than whisker trimming. This experiment was 

conducted on M3 mode of stimulus delivery. Mode M3 was utilised for all subsequent 

experiments since it demonstrated significantly higher accuracies of animals on 0.2 vs. 0.1 

LPM when compared to mode M2 (M3 – 86.52 ± 1.103, M2 – 80.00 ± 0.7015, two-tailed 

paired t-test, p = 0.0058). Prior whisker plucking, animals reached asymptotic phase of learning 

in 1200 trials (Figure 3-4B1). The whisker plucking had no effect on performance of animals, 

as they began performing with more than 80% accuracy immediately after the treatment (Figure 

3-4B1). The final accuracies (Figure 3-4B2, Before– 84.96 ± 1.261, After – 84.71 ± 0.8578, 

two-tailed paired t-test, p = 0.7550) and DTs (Figure 3-4B3, Before – 593.3 ± 75.06 ms, After 
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– 655 ± 32.46 ms, two-tailed paired t-test, p = 0.6164) after whisker plucking were identical to 

those before plucking. These findings further strengthen the notion that whiskers are not 

involved in the airflow detection and discrimination behaviour we observed.  

 

Figure 3-4 – Airflow detection and discrimination performance of animals in whisker deprived state 

across different airflow pairs 

A) Training schedule and airflow discrimination accuracies measured for whisker trimmed animals. 

The airflow pairs used were 1.5 vs. 0.75 LPM, 0.6 vs. 0.3 LPM and 0.2 vs. 0.1 LPM. For all the 

airflow pairs the animals performed and reached more than 80% accuracy within 300-900 trials.  

B) Performance of animals on 0.2 vs. 0.1 LPM before and after whisker plucking.  

(B1) Learning curve before and after whisker plucking.  

(B2) Final accuracies of animals (average of last 300 trials) before and after whisker plucking. The 

accuracies were found to be non-significant (two-tailed paired t-test, p = 0.7550, n = 9) 

(B3) Final DTs of animals (average of last 300 trials) before and after whisker plucking. The DTs 

were found to be similar (two-tailed paired t-test, p = 0.6164, n = 9) 

   



54 

 

3.3.4. Rodents utilize their nose to sample airflows 

Having observed the airflow detection and discriminations even in the absence of 

whiskers, we started to study the responsible sensory organ that contributes towards this 

behaviour. Can olfactory system be involved in processing airflow information in the absence 

of any odour molecules? The preliminary evidence of the olfactory system being used in such 

behaviour was provided by the detailed analysis of videos of animals recorded while they were 

involved in airflow-based discrimination task. The video analysis revealed that animals used 

their nose to sample the airflows in both M2 and M3 modes (Figure 3-5). When the animal 

received the stimulus after the trial began (t=0), it turned its head and inserted its nostrils into 

the stimulus delivery port (M2: t = 270 ms, M3: t = 230 ms). We observed animals sniffing the 

stimulus (Figure 3-5). After sampling the stimulus, animals determined whether it was a 

rewarded or unrewarded trial and licked correspondingly. After sampling the stimulus for 

sufficient amount of time, they repositioned their snout above the lick tube (M2: t = 630 ms, 

M3: t = 540 ms) and licked for a rewarded trial. 

Figure 3-5 – Animals using their nose to sample the stimuli while performing airflow discrimination 

task 

The top row depicts snapshots taken at different time points during a trial for M2 mode. The mouse 

inserts its nostril into the stimulus port at t= 270 ms, suggesting the use of the nose in sampling the 

stimulus. Bottom row depicts snapshots taken at different time points during a trial for M3 mode. In 

this mode also the mouse inserts its nostril into the stimulus port at t= 230 ms. 
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Since rodents were observed using their nose to make airflow-based decisions, it is 

important to determine whether there are any other sensory stimuli that they may use, 

specifically whether there is any odour stimulus within the airflows that animals may be using 

as a reliable decision-making cue. We trained these animals on a 0.3 vs. 0.3 LPM control task 

and observed that animals on both the modes (M2 and M3) performed with chance level 

accuracy (Figure 3-6A). In addition, the PID profiles for airflows were measured and compared 

to those for odours (Figure 3-6B1). In the case of airflow (0.3 LPM), there was no increase in 

PID voltage throughout the stimulus presentation, and the profile remained flat (Figure 3-6B1). 

In contrast, for hexanal-pentanone mix odour, the PID voltage surged as soon as the stimulus 

was provided and then returned to the baseline level following stimulus offset (Figure 3-6B1). 

Furthermore, the peak amplitudes for distinct airflows during the stimulus duration period were 

similar and did not correlate (Pearson correlation R2 = 0.2176) and revealed any pattern (Linear 

regression R2 = 0.1572) with the stimulus strength (Figure 3-6B2), confirming the absence of 

any odour stimuli that animals may utilise to efficiently discriminate different airflows. 

Figure 3-6 – Animals do not rely on sensory cues other than airflows to perform accurately in an airflow 

discrimination task 

(A) Performance of animals on a control task of 0.3 vs. 0.3 LPM. Animals performed with chance level 

on both modes (M2 – black and M3 – red) of stimulus delivery.  

(B) (B1) Comparison of PID profiles of airflow (0.3 LPM – black) and odour (Hexanal-pentanone mix 

– red). After stimulus onset the airflow PID profile remains flat however a sharp increase in the 

voltage for odour is present.  

(B2) Curve representing change in amplitude voltage of different airflows with respect to their 

stimulus strength. The amplitude and stimulus strength exhibited no correlation (Pearson R2 = 2176) 

as well as no linear trend (Linear Regression R2 = 1572). 
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3.3.5. Sniffing frequency of animals increases during the decision-making window in 

airflow-based discrimination tasks 

So far, our results show that the nose is engaged in airflow sampling. Since the nose is 

primarily known to sample odorants and employ sniffing as an exploratory strategy to sample 

them, we investigated the role of sniffing during airflow-based discrimination tasks. Before 

addressing this, we quantified a range of ethologically relevant airflows for rodents using a hot 

wire anemometer. The airflows were measured from potential rodent habitats including 

burrows, whole sale grocery stores, farms and waste-disposal areas. Our findings revealed an 

airflow distribution that ranged from 0.1 to 0.6 LPM (Figure 3-7). As a result, we limited the 

range of airflows for further discriminating training between this range.  

 

  

 

 

 

 

 

 

 

Figure 3-7 – Distribution of airflows in potential rodent habitats 

The airflows in the potential rodent habitats were measured using a hot-wise anemometer. The airflows 

were observed to be in the range of 0.1 to 0.6 LPM, with 0.3 LPM as the most frequent.  

 

Next, to assess the role of sniffing in sampling the airflows, we trained a naïve batch of 

animals to discriminate among airflow rates under head restrained conditions and recorded 

their sniff responses simultaneously. Mice were trained on a series of airflow pairs; 0.2 vs. 0.1 

LPM (1200 trials), 0.6 vs 0.3 LPM (900 trials) and 0.4 vs 0.45 LPM (900 trials). Animals 

attained the asymptotic phase of learning for all airflow pairs, and their final accuracies 

(average of last 300 trials) were greater than 80%. The temporal sniffing patterns of animals 

throughout the asymptotic phase (final 300 trials) of the airflow-based discrimination tasks 

were quantified by raster plots, with each point in the raster representing the onset of an 
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inhalation. The sniffing profiles demonstrated that the inhalation count increases after the 

commencement of the airflow stimulus and remains high until the decision-making time 

(Figure 3-8A1, A2, and A3). We quantified this further by analysing sniffing frequencies (SF) 

throughout the stimulus duration as well as before, during, and after the decision-making phase.  

 

Figure 3-8 – Sampling behaviour of mice during airflow-based discrimination tasks 

A) (A1, A2, A3) Raster plots and histogram representing inhalation onset for different airflow pairs. 

The y-axis in raster represents number of trials and x-axis represents the time. They are plotted 

using pooled data from all animals for last 300 trials in the asymptotic phase of training. The 

histogram represents frequency of inhalation onset (Breath Initiation count) along with time. The 

bin size of x-axis if 20 ms in the histogram. The red dotted line in the histogram represents 

discrimination time (DT) and the shaded red area represents SEM.  

B) Violin plots showing sniffing frequencies of animals during 2 s stimulus period for different airflow 

pairs. Animals showed similar SFs for different airflow pairs (one-way repeated measures ANOVA, 

F = 2.662, p = 0.0971, n = 5-8). 

C) (C1) Violin plots showing sniff frequencies of animals for before, during and post decision making 

period across different airflow pairs. Animals showed higher SF during decision making period 

across different airflow pairs (0.2 vs. 0.1 LPM; one-way repeated measures ANOVA, F = 141.3, p 

< 0.0001, n = 8, 0.6 vs. 0.3 LPM; one-way repeated measures ANOVA with Tukey’s multiple 

comparison test, F = 54.42, p = 0.0005, n = 5, 0.45 vs. 0.4 LPM; one-way repeated measures 

ANOVA, F = 139.5, p < 0.0001, n = 8). 
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(C2) Violin plots showing sniff frequencies of animals during decision making period across 

different airflow pairs. The SFs of animals during decision making period were similar across 

different airflow pairs (one-way repeated measures ANOVA, F = 1.211, p = 0.3211, n = 5-8).  

D) Violin plots showing onset of first inhalation during decision-making window across different 

airflow pairs. The inhalation onset of animals for different airflow pairs were non-significant (one-

way repeated measures ANOVA, F = 0.1481, p = 0.8634, n = 5-8). 

 

 

The SF calculated for a stimulus period of 2 seconds were similar for all three airflow 

pairs (Figure 3-8B, SF: 0.2 vs. 0.1 LPM – 4.060 ± 0.1213, 0.6 vs. 0.3 LPM – 3.705 ± 0.0979, 

0.45 vs. 0.4 LPM – 3.803 ± 0.0980; one-way repeated measures ANOVA, F = 2.662, p = 

0.0971). The similar phenotype was also observed while SF during the decision-making period 

was compared across airflow pairs (Figure 3-8C2, SF: 0.2 vs. 0.1 LPM – 5.268 ± 0.1635, 0.6 

vs. 0.3 LPM – 5.358 ± 0.1357, 0.45 vs. 0.4 LPM – 5.596 ± 0.1634; one-way repeated measures 

ANOVA, F = 1.211, p = 0.3211). However, when SF were compared before (Pre DT), during 

(During DT), and after (Post DT) decision-making periods, the animals sniffed significantly 

higher during the decision-making time (Figure 3-8C1, SF: 0.2 vs. 0.1 LPM; Pre DT – 3.712 ± 

0.0712, During DT – 5.268 ± 0.1635, Post DT – 4.092 ± 0.1018; one-way repeated measures 

ANOVA, F = 141.3, p < 0.0001, 0.6 vs. 0.3 LPM; Pre DT – 3.729 ± 0.0996, During DT – 5.358 

± 0.1357, Post DT – 3.885 ± 0.1762; one-way repeated measures ANOVA, F = 54.42, p = 

0.0005, 0.45 vs. 0.4 LPM; Pre DT – 3.883 ± 0.0751, During DT – 5.596 ± 0.1634, Post DT – 

4.330 ± 0.1549; one-way repeated measures ANOVA, F = 139.5, p < 0.0001). Additionally, 

we investigated whether sniffing behaviour changes with various airflows and discovered that 

the inhalation onset remained consistent regardless of airflows (Figure 3-8D, Inhalation onset: 

0.2 vs. 0.1 LPM – 125.3 ± 3.424 ms, 0.6 vs. 0.3 LPM – 124.3 ± 3.124 ms, 0.45 vs. 0.4 LPM – 

123.1 ± 2.465 ms; one-way repeated measures ANOVA, F = 0.1481, p = 0.8634). These results 

confirm the involvement of nose and modulation of sniffing behaviour during airflow 

discrimination, which was independent of airflow strengths.  

 

3.3.6. Sniffing behaviour of animals refines with learning in airflow discrimination tasks 

 As we observed enhanced sniffing during decision-making in airflow discrimination 

tasks, we next studied the refinement of sniffing as a result of airflow discrimination learning. 

To accomplish this, we compared sniffing parameters from the same set of animals at 0.2 vs. 

0.1 LPM during the first (first 300 trials) and final (last 300 trials) phases of learning. Because 



59 

 

this was the first airflow pair, only this was used for the analysis, as the effect of training can 

influence performance in the succeeding airflow pairs. The qualitative assessment of raster 

plots and histograms revealed possible refinement as training continued from the first to the 

last task (Figure 3-9A1 and A2). The raster plots and related histograms show that throughout 

the early stages of learning, breath initiation counts remained higher even after the peak and 

did not return to pre-stimulus levels. However, this was not the case in the final phase of 

learning. To confirm that animals had learned, learning accuracy and DT were used as readouts. 

In the initial phase of learning animals performed with chance level accuracy and their inability 

to discriminate airflows was also reflected in their higher DTs. While the average accuracy 

increased significantly in last task (87.21 ± 2.740) compared to first task (Figure 3-9B1, 57.04 

± 5.1000, two-tailed paired t-test, p = 0.0012), the discrimination time decreased as the animals 

learned to perform the task (Figure 3-8B2, First task – 1559 ± 216.7 ms, Last task – 475.8 ± 

18.32 ms, two-tailed paired t-test, p = 0.0013).  

 

Figure 3-9 – Refinement of sampling behaviour of animals during airflow-based discrimination learning 

A) (A1, A2) Raster plots and histogram representing inhalation onset during first and last task while 

animals were trained to discriminate 0.2 vs. 0.1 LPM.  

B) (B1) Box plots showing accuracies of animals during first and last task of the training. The accuracy of 

animals was significantly higher for last task (two-tailed paired t-test, p = 0.0012, n = 8). 
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(B2) Box plots showing DTs of animals during first and last task of the training. The DT of animals 

was significantly lower for the last task (two-tailed paired t-test, p = 0.0013, n = 8). 

C) (C1) Box plots showing SF of animals during 2s stimulus duration for first and last task of the training. 

The SF of animals was significantly lower for the last task (two-tailed paired t-test, p = 0.0157, n = 8). 

(C2) Box plots showing SF of animals during decision-making window for first and last task of the 

training. The SF of animals during the decision-making window was significantly higher for the 

last task (two-tailed paired t-test, p = 0.0009, n = 8). 

D) Box plots showing onset of first inhalation during decision-making window for first and last task of the 

training. The inhalation onset for first and last task was similar (two-tailed paired t-test, p = 0.1955, n 

= 8). 

  

The sniff frequencies (SF) of animals was assessed during the stimulus duration and the 

decision-making window and compared between learning phases. While SF during stimulus 

duration decreased from first (4.603 ± 0.2248) to last phase (Figure 3-9C1, 4.060 ± 0.1213, 

two-tailed paired t-test, p = 0.0157), SF during decision-making window ensued a contrasting 

effect i.e. SF during decision making period increases with learning (Figure 3-9C2, First task 

– 4.098 ± 0.2317, Last task – 5.268 ± 0.1635, two-tailed paired t-test, p = 0.0009). We also 

examined whether an improvement in performance is associated to the commencement of the 

first inhalation and observed that the onset of the first inhalation is independent of learning 

(Figure 3-9D, First task – 136.3 ± 8.131 ms, Last task – 125.3 ± 3.424 ms, two-tailed paired t-

test, p = 0.1955). Our findings provide conclusive evidence of refinement in sniffing behaviour 

as animals learn to perform an air-flow-based discrimination task. 

 

 

3.3.7. Sniffing frequencies of animals during the decision-making period are independent 

of reward contingencies associated with the stimulus 

 Further, we investigated if the reward contingency linked with the stimulus influenced 

the sampling patterns, as sniffing activity is known to alter in anticipation of stimulus and 

reward administration (220). By pooling the data from all the airflow pairs while animals 

reached asymptotic phase of learning (last 300 trials > 80% accuracy), the sniffing frequencies 

(SF) for S+ and S- trials were calculated. The SF calculated for overall stimulus duration was 

higher in S+ airflow trials than in S- ones (Figure 3-10B1, S+ - 4.372 ± 0.1257, S- - 3.797 ± 

0.1425, two-tailed paired t-test, p < 0.0001). In contrast, during the decision-making period, 

S+ and S- trials showed similar frequencies (Figure 3-10B2, S+ - 5.317 ± 0.1228, S- - 5.297 ± 
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0.1202, two-tailed paired t-test, p = 0.8663). Regardless of the reward linkage, mice learned to 

increase their breathing frequency throughout the decision-making process for both airflows 

(Figure 3-10A, C1, and C2, S+: Pre DT – 3.787 ± 0.0533, During DT – 5.409 ± 0.1046, Post 

DT – 4.143 ± 0.1090, one-way repeated measures ANOVA with Tukey’s multiple comparison 

test, F = 84.92, p < 0.0001, S-: Pre DT – 3.776 ± 0.0663, During DT – 5.415 ± 0.1263, Post 

DT – 4.097 ± 0.1133, one-way repeated measures ANOVA with Tukey’s multiple comparison 

test, F = 68.19, p < 0.0001). Although the SF in the post-decision-making period remained 

significantly greater than in the pre-decision-making period for S+ trials (Figure 3-10C1), it 

was comparable for S- trials (Figure 3-10C2). Once the animal makes a decision in a S+ trial, 

the lick probability of the animals increases in order to meet the reward criterion and receive 

the reward. Because licking, breathing, and whisking behaviour are linked to orofacial senses 

(202), an increase in lick frequency post decision‐making for a S+ trial may also lead to an 

increase in SF, explaining why S+ trials had greater post decision making frequency as well as 

overall SF during 2s stimulus duration. 

Figure 3-10 – Sampling behaviour of animals for S+ and S- trials pooled across airflow pairs  

A) Raster plots and histogram representing inhalation onset for S+ and S- trials pooled across all 

airflow pairs.  

B) (B1) Bar graphs representing sniff frequencies of animals for S+ and S- trials during 2s stimulus 

duration. The SFs of animals for S+ trials were significantly higher (two-tailed paired t-test, p < 

0.0001, n = 5-8 mice).  

(B2) Bar graphs representing sniff frequencies of animals for S+ and S- trials during decision-

making window. The SFs of animals for S+ and S- trials were similar (two-tailed paired t-test, p = 

0.8663, n = 5-8 mice).  
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C) (C1) Bar graphs representing sniff frequencies of animals for S+ trials for pre, during and post 

decision-making period. The SFs of animals during the decision-making period were higher (one-

way repeated measures ANOVA with Tukey’s multiple comparison test, F = 84.92, p < 0.0001, n 

= 5-8).  

(C2) Bar graphs representing sniff frequencies of animals for S- trials for pre, during and post 

decision-making period. The SFs of animals during the decision-making period were higher (one-

way repeated measures ANOVA with Tukey’s multiple comparison test, F = 68.19, p < 0.0001, n 

= 5-8).  

 

3.3.8. Sampling strategies of animals differ between airflows and odours 

 Rodents are known to use their noses primarily to sniff odorants and make sense of 

their olfactory surroundings. Given that they can employ sniffing to sample airflows devoid of 

odour molecules, the next critical question was whether sampling behaviour differ between 

physical (airflow) and chemical (odour) stimuli. We trained a new group of animals on an 

odour-based discrimination task in which they had to distinguish between a binary mixture of 

enantiomers (Octanol + vs. Octanol -). Once the animals performed with >80 percent accuracy, 

we quantified various sniffing parameters and compared with the sniffing parameters of 

animals that learned to discriminate airflows.  

 Mice showed distinct temporal patterns of breathing during airflow and odour 

discrimination behaviour (Figure 3-11A1 and A2). Sniffing of animals increased for both 

airflows and odours during the decision-making window, but the sniffing frequencies for 

odours were significantly greater than that for airflows (Figure 3-11B, SF: airflows – 5.268 ± 

0.1635, odours – 5.925 ± 0.2156, two-tailed unpaired t-test, p = 0.0291). Furthermore, 

histograms revealed that, in comparison to odours, the animals displayed enhanced sniffing for 

longer durations (Figure 3-11A1 and A2). This was validated by quantifying the area under the 

curve (AUC) for both groups during the decision-making time, as it can be used as a measure 

to quantify sniffing modulations in a breath raster plot. AUC was calculated on trial to trial 

basis and was averaged across animals. The average AUC for airflows was noticeably higher 

than that for odours (Figure 3-11C, AUC: airflows – 339.1 ± 17.43, odours – 137.0 ± 11.65, 

two-tailed unpaired t-test, p < 0.0001). Apart from the broader responses, the difference 

between inhalation peak latency and discrimination time (DT-peak latency) for airflows was 

greater, implying that animals need more time to make airflow-based decisions at optimal sniff 

frequencies than odorants (Figure 3-11D, airflows – 164.3 ± 26.35 ms, odours – 30.67 ± 9.262 

ms, two-tailed unpaired t-test, p = 0.0012).  
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Figure 3-11 – Sampling behaviour of animals for airflow and odour-based discrimination tasks 

A) (A1, A2) Raster plots and histogram representing inhalation onset for airflow (blue) and odour-

based (green) discrimination pooled across animals in the last phase of learning (last 300 trials).  

B) Bar graphs representing sniff frequencies of animals for airflow and odour trials during decision 

making period. The SFs of animals for odours were significantly higher (two-tailed unpaired t-test, 

p = 0.0291, nairflow = 8, nodours = 6).  

C) Bar graphs representing area under the curve (AUC) for airflow and odour trials during decision 

making period. The AUC is calculated for sniff histograms from individual animals and averaged. 

The AUC for airflows was significantly higher (two-tailed unpaired t-test, p < 0.0001, nairflow = 8, 

nodours = 6). 

D) Bar graphs representing difference in the discrimination time (DT) and Peak latency for airflow and 

odour trials during decision making period. The difference is calculated for individual animals and 

averaged. The difference was significantly higher for airflows (two-tailed unpaired t-test, p = 

0.0012, nairflow = 8, nodours = 6). 

E) Bar graphs representing ratio of time spent in inhalation to that of the time spent in exhalation for 

airflow and odour trials during decision making period. The ratio of inhalation to exhalation time 

was significantly lower for airflows (two-tailed unpaired t-test, p < 0.0001, nairflow = 8, nodours = 6). 
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F) Bar graphs representing onset of first inhalation for airflow and odour trials during decision making 

period. Animals showed similar inhalation onset for airflows and odours (two-tailed unpaired t-test, 

p = 0.3419, nairflow = 8, nodours = 6). 

 

Further, to understand sampling behaviour in detail, we also analysed the inhalation-

exhalation dynamics of animals. Odours showed a higher inhalation to exhalation time ratio 

than airflows (Figure 3-11E, airflows – 1.024 ± 0.0304, odours – 1.871 ± 0.1229, two-tailed 

unpaired t-test, p < 0.0001), suggesting that for odours, the time animals spent inhaling versus 

exhaling increased following the commencement of the stimulus, whereas for airflows, the time 

spent in both phases was the same. Despite changes in several sniff parameters, the time when 

first inhalation occurs remained same for odours and airflows (Figure 3-11F, Inhalation Onset: 

airflows – 125.3 ± 3.424 ms, odours – 132.4 ± 6.972 ms, two-tailed unpaired t-test, p = 0.3419), 

implying that first inhalation happens independently of stimulus characteristics and the 

temporal dynamics of breathing profile evolves depending on the kind of stimulus. Together, 

these results show that for airflows and odours, animals employ distinct sampling measures, 

indicating that they use different sniffing strategies to gather mechanical and chemical sensory 

information. 

 

 

3.3.9. Airflow detection and discrimination behaviour is mediated by olfactory sensory 

neurons (OSNs) 

 So far, we have established that rodents employ sniffing, a sampling approach linked 

with the olfactory system, to sample airflows, and that sniff strategies differ depending on the 

airflow and odour stimuli. We then wanted to probe if airflow information is processed by 

olfactory sensory neurons (OSNs). To accomplish this, we quantified behavioural readouts 

before and after modifying the OSN activity. First, three different groups of animals were 

trained on airflow pairs. Once they began to perform with high accuracy (>80 %), these animals 

were subjected to various OSN ablation treatments before being tested on the previously 

learned airflow pairs. OSN ablation was achieved by using intranasal zinc sulphate injections 

and IP methimazole injections. Both of these treatments has been shown to induce anosmia in 

animals (221,222). After two days of injections, we also observed that the OSN layer was 

disrupted, with the thickness of the OSN layer reduced by approximately 60% (Figure 3-12A 

and B, Width of olfactory epithelium: Vehicle – 49.95 ± 1.110, Methimazole – 18.24 ± 1.035, 
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ZnSO4 – 17.41 ± 0.7997, one-way ANOVA with Tukey’s multiple comparison test, F = 354.2, 

p < 0.0001) . 

 

 

Figure 3-12 – OSNs mediate airflow detection and discriminations 

A) Images showing Hematoxylin and Eosin stained section of nasal turbinates under different 

treatment conditions.  

B) Thickness of epithelium measured across vehicle, methimazole and zinc sulphate administered 

animals after two days of the treatment. Epithelium thickness for vehicle (VT: Vehicle Treated) 

was significantly higher as compared to the width of epithelium in methimazole (MT) and zinc 

sulphate (ZT) treated animals (one-way ANOVA, F = 354.2, p<0.0001, n =2 mice for all groups, 

N = 50 region of interests from 6 sections from each mice). 

C) Learning curve representing discriminating accuracies of animals for different airflow and odour 

pairs before and after the treatment. The learning accuracies of animals that underwent ZT and MT 
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were significantly lower to that of the control group. Statistical comparison across different groups 

for each airflow or odour pair is measured by using two-way ANOVA with Tukey’s multiple 

comparison. * are used when p<0.05. nVT = 14-15, nMT = 10, nZT = 8) 

D) Bar graphs representing inter trial interval (ITI) of animals, which is used as a readout for 

motivation levels. The ITI is compared for animals across different groups across different airflow 

and odour pairs under different OSN ablation treatments. The ITI of all animals throughout the 

training remained in the range of 9-11 s. Statistical significance was measured using one-way 

ANOVA with Tukey’s multiple comparison and p-value of >0.05 was observed across different 

groups for different airflow and odour pairs.  

 

To begin, we trained three groups (zinc sulphate, methimazole, vehicle treatment groups: 

referred as ZT, MT and VT respectively) of animals to first discriminate 0.6 vs. 0.3 LPM. Once 

the animals reached the asymptotic phase of learning we further trained the animals on 0.2 vs. 

0.1 LPM. In addition, the animals were also trained on a monomolecular odour-based 

discrimination task (amyl acetate (AA) vs. ethyl butyrate (EB)). All three groups of animals 

were able to differentiate both airflows and odours with similar accuracy, eliminating the 

chances of inter-group variability accounting for the differences in the behavioural readouts 

(Figure 3-12C, two-way ANOVA: 0.6 vs. 0.3 LPM; F(22,360) = 0.5380, p = 0.9581, 0.2 vs. 

0.1 LPM; F(16,240) = 1.183, p = 0.2820, AA vs. EB; F(16,232) = 1.044, p = 0.4114). Following 

this, one group of animals received an intranasal injection of 5% zinc sulphate, second group 

received methimazole treatment and third control group of animals was injected with the 

vehicle (half animals with intranasal PBS treatment and half with IP injection of PBS). Post 

injections, the performance of animals infused with zinc sulphate and methimazole in the odour 

discrimination task decreased to chance level, showing that the treatments were effective. 

However, animals treated with vehicle showed no impairments in odour discrimination (Figure 

3-12C, two-way ANOVA with Tukey’s multiple comparison test: * indicates p-value of 

<0.05). After the odour discrimination task, the performance of animals was assessed on 

previously learnt airflow pairs. When compared to their pre-treatment accuracy and 

performance of vehicle-treated animals, these animals revealed a deficit in airflow 

discrimination behaviour (Figure 3-12C, two-way ANOVA with Tukey’s multiple comparison 

test: * indicates p-value of <0.05). Because PBS-treated animals showed no performance 

deficit, but methimazole and zinc sulphate-treated animals could not perform better than chance 

level even after 600 trials, these findings prove that, in addition to odour-based information 

processing, OSNs are also required to process ethologically relevant airflow information. The 



67 

 

performance of animals was unaffected by any potential changes in the motivation level of 

animals associated with treatments, because the inter trial interval (ITI), which is a readout for 

motivation, remained consistent throughout training (Figure 3-12D, one-way ANOVA, p > 

0.05 across all conditions). 

 

3.3.10. The olfactory bulb (OB) is essential for processing airflow information 

The olfactory bulb (OB) is a pre-cortical region in the brain that receives odour-based 

information from the OSNs, refines it, and transmits it to higher cortical regions. Since OSNs 

are implicated in mediating airflow-based discriminating, the next critical question is whether 

OB receives and processes airflow information from the OSNs to carry out airflow detection 

and discrimination behaviour. To do this, we quantified behavioural readouts before and after 

bulbectomy. We began by training two groups of animals on an airflow-based discrimination 

task and allowing them to get to the asymptotic phase of learning. Following that, one set of 

mice had bulbectomy (surgical aspiration of the OB), while the other group underwent sham 

surgery (control group). We assessed their performance on the previously learned airflow pair 

after these surgical manipulations. We conducted two independent experiments for two airflow 

pairs using distinct sets of animals, i.e., two groups of animals were trained for each airflow 

pair (bulbectomy and sham surgery group). The airflow pairs examined for the role of OB were 

0.3 vs. 0.6 and 0.2 vs. 0.1 LPM, which were identical to those employed in the OSN 

experiment. 

Within 1200 trials, the animals performed with greater than 80% accuracy for both 

airflow pairs. Both the experimental and control groups had equal learning rates for 0.6 vs. 0.3 

LPM (Figure 3-13A1, two-way ANOVA, F (11,132) = 1.282, p = 0.2415). This was consistent 

with the learning abilities of animals observed for 0.2 vs. 0.1 LPM (Figure 3-13B1, two-way 

ANOVA, F (11,132) = 1.162, p = 0.3198). Once they reached the asymptotic phase of learning, 

two groups of animals (experimental group for 0.3 vs. 0.6 LPM and 0.2 vs. 0.1 LPM) underwent 

bulbectomy. Sham surgery was likewise performed on two groups of animals that were trained 

on different airflow pairs. Following surgery, animals were given a 12-15-day recovery period 

before being tested on the airflows that they had been trained on before the surgery. The 

performance of bulbectomized animals dropped to chance levels, which was not observed in 

animals that underwent sham surgery (Figure 3-13A1 and B1, Bulbectomy vs. Sham surgery 

group for 0.6 vs. 0.3 LPM and 0.2 vs. 0.1 LPM: two-way ANOVA with Tukey’s multiple 
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comparison test, * represents p<0.05). The learning accuracies of sham surgery mice were 

much higher than those of the bulbectomized animals, which remained at chance level even 

after 600 trials of training (Figure 3-13A1 and B1). Furthermore, this influence on performance 

was not attributable to a change in the animals' motivational levels, as the ITI for all groups of 

animals for both airflow pairs was the same (Figure 3-13A2 and B2, one-way ANOVA: 0.6 vs. 

0.3 LPM – F = 1.841, p = 0.1466, 0.2 vs. 0.1 LPM – F = 2.304, p = 0.0839). These results 

provided conclusive evidence of OB being crucial for information processing of ethologically 

relevant airflows. 

Figure 3-13 – OB is essential for airflow discriminations in mice 

A) (A1) Learning of two groups of animals for 0.6 vs 0.3 LPM before and after the surgery. Before the 

surgery both bulbectomized and sham surgery group showed similar learning pace (two-way 

ANOVA, F (11,132) = 1.282, p = 0.2415, nbulbectomy = 8, nsham = 6). Following surgery, the 

performance of bulbectomized group dropped to the chance level and remained so for 600 trials, 

however the sham surgery group did not show any performance deficit (two-way ANOVA with 

Tukey’s multiple comparison test, * represents p<0.05, nbulbectomy = 7, nsham = 6).  

(A2) Inter-trial intervals of different groups of animals for 0.6 vs. 0.3 LPM before and after the 

surgery. ITI of the animals did not reveal any significant differences across different groups and 

surgical manipulations (one-way ANOVA, F = 1.841, p = 0.1466).  
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B) (B1) Learning of two groups of animals for 0.2 vs 0.1 LPM before and after the surgery. Before the 

surgery both bulbectomized and sham surgery group showed similar learning pace (two-way 

ANOVA, F (11,132) = 1.162, p = 0.3198, nbulbectomy = 8, nsham = 6). Following surgery, the 

performance of bulbectomized group dropped to the chance level and remained so for 600 trials, 

however the sham surgery group did not show any performance deficit (two-way ANOVA with 

Tukey’s multiple comparison test, * represents p<0.05, nbulbectomy = 5, nsham = 6).  

(B2) Inter-trial intervals of different group of animals for 0.2 vs. 0.1 LPM before and after the 

surgery. ITI of the animals did not reveal any significant differences across different groups and 

surgical manipulations (one-way ANOVA, F = 2.304, p = 0.0839).  
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3.4. Discussion 

The olfactory system has traditionally been thought to be involved in sensing and 

processing chemical information (odorants and pheromones). However, few studies pointed 

towards the role of olfactory system in sensing and processing mechanical stimuli related 

information (14,16,77,211,217,223). Despite of these limited experimental evidences, 

behavioural relevance and neural mechanisms underlying this property remain unknown. In 

this chapter, we demonstrated for the first time that rodents can detect and discriminate between 

airflows devoid of odour molecules using their olfactory system. 

 

3.4.1. Olfactory system aids airflow detection and discrimination in mice 

During this study, we successfully developed a novel instrument to train animals on an 

airflow-based discrimination task using the Go/No-Go operant conditioning paradigm (208). 

Since whiskers and olfactory systems were potential sensory systems for airflow detections 

and discriminations (13,40,41,223), we investigated the role of the whisker and olfactory 

system in airflow sensing by doing various surgical manipulations, including whisker 

trimming, olfactory sensory neuron ablation via intranasal zinc sulphate and IP methimazole 

injections, and surgical aspiration of the olfactory bulb. Discrimination abilities of animals in 

the presence and absence of whiskers and the role of olfactory sensory periphery and the pre-

cortical centre were tested over a range of airflows between 0.1- 1.5 LPM. 

Although animals could discriminate airflows in the absence and presence of whisker, 

ablation of either olfactory sensory neurons or OB resulted in a deficit in this discrimination 

behaviour, indicating that the olfactory system is critical for detection and discrimination of 

ethologically relevant airflows. Furthermore, while performing an airflow-based 

discrimination task, animals were observed to sample airflows with their nose, and their 

sampling frequency increased. Additionally, since all sensory systems including vision, 

hearing, taste, touch, and smell follows the Weber’s law of just noticeable differences (224–

228), and as this study revealed a novel sensory dimension of olfactory system, it is important 

to assess whether airflow detection and discrimination via the olfactory system also adheres to 

this law. According to the law, the change in a stimulus that is barely noticeable is a constant 

ratio of the original stimulus (229). In other words, “the minimum increase in stimulus required 

to produce a perceptible increase in sensation is proportional to the pre-existing stimulus. We 

attempted to test it by training animals at three different initial stimuli and quantified their Just 
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Noticeable Difference (JND75 – 75% as the threshold) and proportionality constant (k) by 

subjecting them to discrimination task. One group of animals was trained first on 0.1 vs 0.15 

LPM, and the animals reached an asymptotic level of learning. Following that, the base airflow 

was held constant at 0.1, while the other airflow was gradually reduced from 0.15 to the point 

where animals could not perform with more than 75% accuracy (Figure 3-14). This difference 

threshold point was designated as JND75. JND75 was also calculated for different groups of 

animals with base airflows of 0.2 and 0.3 LPM and the increase in the base airflow correlated 

with the JND (Figure 3-15A, R2 = 0.9994, p = 0.0160). In addition, the Weber’s constant (k) 

observed for base airflow 0.1, 0.2 and 0.3 were similar (Figure 3-15B, one-way ANOVA F = 

0.2330, p = 0.7941), providing preliminary evidence indicating that airflow sensing via 

olfactory system may follow Weber’s law. However, additional studies with more groups of 

animals and different base airflows will allow further validation. 

 

 

Figure 3-14 – Finding difference threshold during airflow discrimination 

Animals trained to discriminate different airflow rates (0.1 vs. 0.15 LPM, 0.1 vs 0.14 LPM, 0.1 vs. 0.13 

LPM, 0.1 vs. 0.12 LPM, 0.1 vs. 0.11 LPM) in order to calculate the just noticeable difference (JND75) 

while the difference threshold was kept at 75% accuracy. 

 

 

Together, these findings support the claim that the olfactory system aids airflow detection 

and discrimination in mice and while sensing airflows olfactory system may operate under 

principles that are universal for sensory systems. We propose that mechanosensation by 

olfactory system may contribute towards navigation, because during the natural exploration of 

an animal, the behaviourally important information is obtained from odour plumes that mediate 

the dispersal of odorant molecules from the source with the help of the airflows. While odour 

concentrations in an odour plume reveals only a limited information about the location of the 
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source (19,23), the OSN-mechanosensation may provide additional mechanical information in 

the form of direction cues (23). However, future research that examines the involvement of the 

olfactory system mechanosensation in olfactory navigation will provide a greater 

understanding on the behavioural significance of such a property. 

 

Figure 3-15 – Airflow discrimination via olfactory system follows Weber’s Law. 

A) Difference threshold (ΔI) for different base airflows. Point represents values of ΔI for individual 

animals. ΔI increases with increase in the airflow base value (R2 = 0.9944, p = 0.060). Magenta 

dotted line shows linear regression with R2 = 0.8300 and slope = 0.1438) (n = 8 for all three base 

airflows).  

B) Weber’s constant (k) calculated for different base airflows. The dots represent individual values 

whereas horizontal line represents mean along with SEM (one-way ANOVA, F = 0.2330, p = 

0.7941) (n = 8 for all three base airflows).  

 

 

3.4.2. Stimulus independent airflow discrimination times 

The effects of stimuli on odour discrimination times have been thoroughly investigated. 

Odour discrimination times have been observed to vary with factors such as stimulus 

complexity, reinforcement schedule, and animal motivation level (208,230–233). While odour 

discrimination times were observed to be longer when animals were trained to discriminate 

complex mixtures versus simple binary odours (208,210,230), airflow discrimination times 

were consistent and did not change with the stimulus. Airflow discrimination times were 

always observed to be in the 300-500 ms range, with these times being non-significant across 
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different airflow pairs. These stimulus independent airflow discrimination times could be 

explained by the activity patterns evoked at the level of OSNs and thereby the characteristics 

of glomerular activity patterns produced by different airflows. In-vitro calcium recordings from 

the glomeruli of double tracheotomized animals revealed that airflow causes oscillations in the 

glomeruli, with the phase remaining constant while the amplitude changing as the airflow rate 

increases. The phase observed for different airflows was equivalent to the time of two sniff 

cycles, which roughly corresponds to the discrimination time range (14). Thus, it can be argued 

that in order to discriminate airflows, animals must complete at least two sniff cycles in order 

to efficiently sample airflows and thus make a decision. This assumption is consistent with the 

conclusions from the breathing raster plots of different airflows, wherein a broader sniffing 

response was observed that remained high from stimulus onset to discrimination time. These 

results provide novel insights into the potential mechanism that the olfactory system may 

employ to detect and discriminate airflows. 

 

3.4.3. Sniff invariant airflow information coding 

Rodents are known to adjust their breathing behaviour in different contexts in order to 

gather as much information as possible for better odour discrimination. They increase their 

breathing frequency when investigating a new odour source or performing an odour-based task 

(234). During the decision-making phase of an odour-based discrimination task, their sniffing 

frequency increases (209). Rodents also exhibited an increase in sniff frequency during the 

decision-making period while performing an airflow-based discrimination task, similar to what 

was observed for odours. The sniff frequency remained high during the decision-making 

window and then returned to baseline. The sniffing frequency remained unaffected by stimulus 

strength during the decision-making period, indicating that sniff invariant airflow sampling 

is being done. The phase coding of the M/T cells may be used to explain this finding. Given 

that sniffing is known to cause oscillations in the M/T cells of animals that are artificially 

breathing, and that only the amplitude of these oscillations is affected by the strength of the 

airflow, sniff invariant airflow information processing offers a reliable mechanism to maintain 

the phase of these oscillations (14). In addition, the sniff frequency of animals was same for 

S+ (rewarded) and S- (unrewarded) airflows during the decision-making period. However, a 

total increase in the sniff frequency of S+ was observed when compared to S-. Since licking 

and breathing are synced via orofacial senses (202,219), and animals lick for S+ odour after 

decision in order to get the reward, the overall increase in sniff frequency for S+ is most likely 



74 

 

due to licking. These findings suggest that breathing synchronisation during the decision-

making window was not driven by airflow strength or reward anticipation. Because sniff 

frequencies are independent of airflow strengths, sniff invariant coding is proposed for the 

airflow information processing through rodent olfactory system. This property is conserved for 

different cues (chemical and mechanical) that are processed through olfactory system, as there 

is a growing consensus of sniff independent odour coding (235–237). 

 

3.4.4. Differential sampling strategies for odour and airflow tasks 

Sniffing strategies of rodents vary in order to sample airflow and odour stimuli 

through the olfactory system. Overall sniffing responses and temporal sniff dynamics were 

observed to differ between these two stimuli. While sniffing frequency increases for both 

airflows and odours during decision making time, airflows showed sniff responses lasting 

longer as compared to odorants. These differences in the sniffing behaviour for airflows and 

odours correlates with the glomerular activation topology as revealed by fMRI (77). The 

airflows were observed to exhibit broader weaker responses and oscillations, whereas odour 

exhibited intense localised responses (14,77). In addition to sniff frequency variations, the ratio 

of time spent by animals in inhalation and exhalation phase was also different between airflows 

and odours. Animals spent the same amount of time inhaling and exhaling for airflow-based 

decisions (Figure 3-11E, Inhalation: Exhalation ratio ~ 1), indicating that mechanosensation 

evoked by these processes might be contributing towards airflow discriminations. We were 

unable to measure the sniffing amplitudes for various airflows in this work, however, 

quantifying this would undoubtedly give us additional understanding of the airflow-related 

sniffing mechanisms. In contrast, for odour-based decisions the inhalation to exhalation time 

ratio was higher (Figure 3-11E, Inhalation: Exhalation ~ 1.5), implying that animals spent more 

time in inhalation phase. Spending longer time in the inhalation phase enables animals to gather 

the maximum amount of odorant molecules from their surroundings in order to complete an 

effective olfactory percept. In addition, the peak latency during the airflow discrimination task 

was sharp and preceded the stimulus onset, whereas the peak coincided with the discrimination 

time during the simple odour discrimination task. Also, the difference between discrimination 

time and the peak latency for airflows was significantly higher, suggesting that airflow 

information processing may require more time as compared to odours. Although, this chapter 

provides relevant information regarding peripheral mechanisms involving airflow information 

processing, it is still unknown how the olfactory bulb network as a whole modulates this 
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information and leads to perception. This question will be thoroughly addressed in the 

following chapter of this thesis. 

 

3.5. Future Directions 

Although we have demonstrated conclusively that the rodent olfactory system is 

involved in airflow detection and discrimination, there are still a few unanswered questions. 

The most important ones are: how is airflow sensed, and what receptors are involved. Despite 

previous research indicating that G-protein coupled receptors (217,223), which govern the 

canonical odour sensing pathway, may also be involved in airflow sensing, the causal link 

between these two has yet to be established. In our lab, we are investigating the presence of 

piezo 2 on the cilia of the main olfactory epithelium to dissect out a possible channel mediating 

mechanosensation through olfactory system.  
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CHAPTER 4 

Synaptic inhibition in the olfactory bulb modulates airflow 

detection and discrimination behaviour 

 

4.1. Introduction 

When sensory systems are processing the stimulus, the neural representations that form 

are refined over time. The olfactory system in rodents is unique as it possesses a highly 

specialized pre-cortical region called the olfactory bulb (OB) that performs significant signal 

refinement by inhibitory circuits before sending it to higher cortical regions (16,238–241). The 

OB is the first relay station in the olfactory pathway, receiving signals directly from olfactory 

sensory neurons. OSN axons converge into OB in a specific location known as glomeruli. This 

convergence occurs in a receptor-specific manner, resulting in a meaningful topographic 

organization in the OB. In OB, a single glomerulus receives information from thousands of 

OSNs, which form synapses with Mitral/Tufted cells. M/T cells, which are olfactory bulb 

output neurons, send signals to higher cortical areas for further processing (17). Different 

interneurons located in different layers of the OB modulate M/T cell activity and transform 

stimulus-associated information. 

The glomerular layer (GL) of the OB contains Juxtaglomerular cells, which are a mix 

of Periglomerular (PG) cells, Short-axon (SA) cells, and External Tufted cells (ET). The 

extensive dendritic arborization of these Juxtaglomerular cells exists within a single glomerulus 

and significantly alters odour information (32). Interactions of M/T cells with these 

interneurons within the glomerulus can be both inhibitory and excitatory, with inhibitory 

interactions being the most prevalent. The PG cells are inhibitory interneurons that use 

neurotransmitters such as gamma-aminobutyric acid (GABA), dopamine, or a combination of 

the two to exert their inhibitory action (34,242). The majority of PG cells express one of two 

GABA isoforms: GAD 65 and GAD 67 (34). While PG cells expressing GAD 67 are also 

Tyrosine hydroxylase positive and thus dopaminergic-GABAergic neurons, PG cells 

expressing GAD 65 are exclusively GABAergic (42). PGs have distinct functions that include 

directly inhibiting M/T cells, retrogradely inhibiting OSNs, and laterally inhibiting the 

neighbouring PG cell (33,35,237,243). In addition to this direct action, OSNs can activate PGs 

by activating ET cells. ET cells are intraglomerular excitatory interneurons. ET cells receive 
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glutamatergic inputs from OSNs within a glomerulus, which can then provide monosynaptic 

glutamatergic inputs to SA and PG cells (243–245). In addition to the modulatory actions of 

PG and ET cells, the GL contains SA cells, which aid in the overall modulation of glomerular 

activity (34). SA cells are GABAergic and dopaminergic, and the majority of them are 

activated disynaptically by OSNs via ET cells, with only a few being activated 

monosynaptically. SA neurons are unique in that they can form excitatory synapses with PG 

cells that are nearly ~ 20 glomeruli away. This interglomerular interaction mediated by SA 

cells allows an activated glomerulus to suppress the activities of surrounding glomeruli via 

centre-surround inhibition thereby, increasing the spatial contrast between odour-evoked 

glomerular activity patterns (246,247). 

Just beneath the GL lies the external plexiform layer (EPL). EPL receives several 

secondary M/T cell lateral dendrites, which form dendro-dendritic synapses with granule cells 

(GC) and parvalbumin (PV) expressing interneurons (248). The GCs lies primarily in the 

granule cell layer (GCL) and PV positive cells lies primarily in the EPL layer of the OB. GCs 

are GABAergic in nature and, like PGs, express either of the two GABA isoforms (GAD 65 or 

GAD 67) (242). Although GAD-expressing neurons are found in most OB layers, the primary 

layers are GL and GCL. Between GL and GCL, GCL has the highest proportion of GAD 

positive interneurons, accounting for 98 percent versus 55 percent in GL (42). M/T cells 

generate action potentials in response to excitatory input from OSNs, which causes dendritic 

glutamate release, which activates ionotropic glutamate receptors on GCs. This further leads 

to stochastic Ca2+ transients in GC spines, resulting in GABA release from GCs (248–250). 

The GABA released then binds to the receptors on the M/T cells, inhibiting them. If the GABA 

released inhibits the same M/T cell, this is known as recurrent inhibition; if it inhibits a 

neighbouring M/T cell, this is known as lateral inhibition (37,251). Because M/T cells are the 

OB's output neurons, the interaction of GCs with M/T cells modulates the OB's overall gain 

output (36,252). The inhibition provided by GCs aids decorrelation and may be a key 

mechanism for increasing the spatial contrast between odour-evoked glomerular activity 

patterns, enabling discrimination of odours that elicit highly overlapping glomerular activity 

(37,253,254). In addition to decorrelating M/T cells firing activities via inhibitory mechanisms, 

activation of GCs with different latencies also plays a crucial role in generating M/T cells’ 

temporal patterns, which in turn influence the activity of other granule cells, thereby providing 

a dynamic feedback loop (255). Although GCs have been shown to play an important role in 

the discrimination of complex odours through contrast enhancement and decorrelation 
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(37,254,256–258), their role and mechanism in processing airflow information, which 

represents another sensory dimension for the olfactory system, remain unknown. As a result, 

we are attempting to focus on the roles of GCs in the processing of airflow information in this 

chapter. This is primarily accomplished by addressing the following objectives: 

1. To investigate the activation of different cells of the OB in an airflow-based discrimination 

task.  

Since GCL neurons were most abundantly activated by airflows, further experiments were 

carried out to investigate their role in airflow information processing. 

2. To test whether airflows can elicit responses in GCL neurons, specifically in neurons that 

express GAD-65. 

3. To determine whether optogenetic modulation of the activity of GAD-65 expressing 

neurons can alter airflow discrimination.  
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4.2. Materials and Methods 

 Mice were trained on olfactory GNG behavioural paradigm under FM or HR 

conditions. The detailed methods for these behavioural paradigms are explained in material 

and methods chapter (section 2.3.1 and 2.3.2).  

 

4.2.1. Animals used 

To train animals under freely moving conditions, male C57BL6/J mice were used in 

behavioural experiments. Mice were 6-8 weeks old when behavioural experiments began. For 

Ca2+ imaging of GCL interneurons, B6N.Cg-Gad2tm2(cre)Zjh/J line was crossed (Figure 4-1) 

with B6.129SGt(ROSA)26Sortm95.1(CAGGCaMP6f)Hze/J for expression of GCaMP6f in GAD 65 

positive cells. In order to perform optogenetics experiments under head restrained conditions, 

B6N.Cg-Gad2tm2(cre)Zjh/J line was crossed with B6.Cg-

Gt(ROSA)26Sortm32(CAGCOP4*H134R/EYFP)Hze/J or B6.129SGt(ROSA)26Sortm35.1(CAGaop3/GFP)Hze/J (The 

Jackson Laboratory) line to specifically express channel rhodopsin (ChR2) and 

archaerhodopsin (Arch) in GAD 65 positive cells. The animals were genotyped using DNA 

from tail samples and also characterized by studying the expression of fluorescent markers in 

targeted GAD 65 interneuron population. 
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Figure 4-1 – Scheme of genetic crosses used in calcium imaging and optogenetics experiments  

To achieve stable expression of ChR2, Arch, and GCaMP6f in GAD 65 +ve neurons in different sets 

of animals, homozygous GAD 65-Cre mice were crossed with homozygous conditional mouse lines for 

ChR2, Arch, and GCaMP6f. 

 

 

4.2.1.1. Genotyping details 

 The GAD 65-cre, ChR2-floxed, Arch-floxed, and GCaMP6f-floxed mice were kept in 

homozygous condition, as recommended by Jackson Laboratories. Primer sequences for the 

aforementioned mouse lines were obtained from the Jackson Laboratory website and used for 

genotyping. During weaning, tail clips of approximately 2 mm length were collected from 

young mice for genotyping. We isolated DNA from tissue for genotyping using the KAPA 

Express Extract Kit (Kapa Biosystems), as recommended by Jackson Laboratories. The 

KAPA2G Fast Genotyping Mix was then used to set up PCR reactions (Kapa Biosystems). In 

standard TAE (Tris base, acetic acid, and EDTA) buffer, a 2% agarose gel was prepared. The 

gel was loaded with PCR product (14 µl) + loading dye (6x, 1 µl) in each well. A 3-4 µL DNA 

ladder separated by 100 base pairs (bp) was loaded into one of the wells. Because the expected 

bands were far apart, running the power unit at 100-120V for 30-45 minutes resolved the bands. 

 

4.2.1.2. Phenotyping details 

 Adult GAD 65-GCaMP6f mice were perfused with 20 ml chilled Dulbecco's 

phosphate-buffered saline (DPBS), then fixed with 4% PFA to examine GCaMP6f expression. 

The saturating Ca2+ concentration (0.9 mM) in DPBS increases the fluorescence of GCaMP6f. 

The dissected brain was stored in 4% PFA overnight after perfusion. It was then embedded in 

2% low melting agarose in DPBS and vibratome-cut into 50-µm free-floating coronal sections. 

Sections were stained with 4',6-diamidino-2-phenylindole (DAPI) to check for co-localization 

with nuclei (Sigma, 1:500). Confocal images were taken to confirm the presence of GCaMP6f 

in GAD 65+ve neurons in the OB.  

 GAD 65-Cre mice were crossed with either ChR2- or Arch-floxed mice, and one F1 

mouse was phenotyped for ChR2 or Arch protein expression in GAD 65 +ve cells. 

Following perfusion with 4% paraformaldehyde (PFA) in a 0.1 M phosphate buffer (PBS), the 

brain was dissected. The dissected brain was stored in 4% PFA overnight for further fixation. 

The tissue was embedded in 2% low melting agarose (LMA, Sigma) the next day, and 50 µm 
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free-floating coronal sections were taken with a vibratome. To confirm the expression of ChR2 

and Arch in GAD 65 +ve neurons, the sections were stained with DAPI (Sigma, 1:500) and 

confocal images were taken. ChR2 and Arch expression in GAD 65 interneurons was 

confirmed by co-localization of DAPI with EYFP and GFP, the tagged fluorescent markers 

with ChR2 and Arch, respectively. 

 

4.2.2. Immunohistochemical staining of c-fos protein in the olfactory bulb sections 

 A new group of GAD-EYFP mice (n = 7) were trained to distinguish between 0.2 and 

0.1 LPM. Three mice were randomly processed for immunohistochemical analyses once they 

reached the asymptotic phase of learning. Mice were perfused with (1X) PBS and 4% PFA, 

and the dissected brain was stored at 4 °C for 24 hours in 4% PFA. 50 µm floating coronal 

sections were taken with a vibratome. These sections were washed three times for 15 minutes 

each with 1X Tris Buffered Saline (TBS). Blocking was performed for two hours to remove 

any non-specific binding. The blocking solution contained 0.2% Triton-X (Sigma), 7.5% 

Normal Goat Serum (NGS) (Abcam, ab7481), and 2.5% Bovine Serum Albumin (BSA) (Sigma 

Aldrich) in TBS. Following blocking, primary antibody was used: rabbit anti-c-fos (1:500 

dilution). The sections were incubated overnight at 4 °C for 13-15 hours. The following day, 

three TBS washes (15 minutes each) were given. The secondary antibody was then incubated 

at room temperature for two hours. The secondary antibodies used was anti-rabbit Alexa Flour 

594 (1:500 dilution) (Jackson Immunoresearch, USA, code:111-585-003). Three TBS washes 

(15 minutes each) were given. Finally, the sections were stained with DAPI (Sigma, 1:500 

dilution in 1% NGS) for 10 minutes and were mounted on the slides. The sections were imaged 

using Leica Sp8 confocal microscope.  

 

4.2.3. Micro-endoscopic Ca2+ imaging 

 Two groups of GAD 65-GCaMP6f mice were used to perform Ca2+ imaging. The first 

group consisted of 5 animals that underwent calcium imaging while anaesthetized, while the 

second group consisted of 5-7animals that underwent calcium imaging while awake.  
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4.2.4. Implantation of imaging cannula 

1. The animals were anaesthetized with a combination of ketamine and xylazine. The 

anaesthetized animal was then mounted on the stereotaxic instrument.  

2. An incision was performed on the skull over the olfactory bulb area, and the skull was 

completely cleaned. 

3. A 1mm cranial window was created in the centre of the right hemisphere of the olfactory 

bulb using a dental drill. 

4. A 1 mm track was made by inserting a blunt Hamilton needle in the olfactory bulb. The 

needle was kept in the OB for 5 mins before being taken out. 1 mm was chosen based on 

the observation that most of the GAD 65 expressing interneurons lies at this depth.  

5. The 1 mm protruding GRIN lens was lowered vertically until it reached the GCL. 

6. To secure the lens assembly to the skull surface, a combination of cyanoacrylate gum and 

acrylic dental cement was used. 

7. A headpost was implanted behind the implanted lens. 

8. Mice were given a month to recover.  

 

4.2.5. Image acquisition 

Calcium imaging was performed on animals while they were anaesthetized and awake 

under head restrained conditions. GAD 65 +ve interneurons in the OB GCL were imaged using 

a snap-in fluorescence microscope (OSFM model L, Doric lenses Inc., Canada) mounted on an 

implanted GRIN cannula (1 mm length). The cannula had a working distance of 80 µm and a 

focal range of 50 µm. At a frame rate of 10 Hz, a field of view corresponding to 350 µm X 350 

µm that was further binned to 2 X 2 times, was imaged (Figure 4-2). The CE: YAG 

fluorescence source of 465 nm output was set used with power ranging from to 400- 700 mA.  

For imaging under anaesthetized conditions, an IP injection of a ketamine-xylazine 

cocktail was administered to animals before beginning of each session. Before mounting the 

animals on the setup, their toe reflexes were tested. Each session consisted of 60-80 trials with 

an inter-trial interval of 13.2 seconds. The animals (first group n = 5 mice) were given different 

airflows with the stimulus of 100, 200, 300, and 400 mL/min, which were presented to them in 

a pseudorandomized fashion. Twenty trials per animal were conducted and analysed for each 

airflow. 
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Animals were subjected to standard airflow-based detection and discrimination tasks 

under head restraint conditions for imaging under awake state. Animals (second group n = 5-

7) mice were first pretrained before imaging was performed while mice were passively exposed 

to various airflows (same as above) during the detection task in a pseudorandomized manner. 

Each session consisted of 60-80 trials with an inter-trial interval of 13.2 seconds. Twenty trials 

per animal were conducted and analysed for each airflow. Only one session per day was 

conducted. Calcium traces were also recorded in animals during an airflow-based 

discrimination task. They were trained to distinguish between two airflows: 0.5 vs. 0.4 LPM 

(4 tasks - 1200 trials). Calcium traces were recorded during the first 40 trials (20 S+ and 20 S-

) of each task (300 trials) at the start of each task. An external tone TTL signal from the 

olfactometer synchronised Ca2+ imaging to the start of the trial. The imaging for each trial 

lasted 10 seconds, with the first 1.2 seconds serving as a baseline, followed by stimulus delivery 

for 2 seconds. The imaging was done at a resolution of 100 ms. The trial-by-trial imaging data 

was compiled by comparing the trial sequence generated by the olfactometer result file. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 – Illustration representing micro-endoscopic imaging 

Depth range and field of view of imaging cannula used for imaging GCs.  
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4.2.6. Imaging analysis 

Custom Python scripts were used to analyse the images. The population activity was 

analysed by selecting the regions-of-interest (ROIs) of 300 µm X 300 µm. If there were any 

frame drops during image acquisition, such trials were identified and excluded from the 

analysis. The relative changes in fluorescence for each frame were calculated using F(t)/F0 = 

[F(t) - F0]/F0, where F0 is the mean activity during the baseline. The F0 was calculated on a 

trial to trial basis. The F(t)/F0 amplitude and area under the curve (AUC) of individual animals 

were measured on a trial to trial basis. 

 

4.2.7. Optogenetic modulation of OB specific GAD 65 expressing interneurons 

To investigate the effects of inhibition on M/T cells and their effects on airflow 

detection and discrimination behaviour, we optogenetically modulated the activity of OB 

specific GAD 65 expressing interneurons in a bidirectional manner by expressing ChR2 and 

Arch under the GAD 65 promoter. Three different set of animals were used for optogenetic 

experiments: First group – GAD 65-Arch (n = 12-14), Second group – GAD 65-ChR2 (n = 7-

10), Third group – GAD 65-EYFP (n = 12-14). While mice were performing airflow/odour 

discrimination, GAD 65 +ve interneurons were photo-stimulated/photo-inhibited. To activate 

the interneurons, we used 5 ms pulses of blue light (473 nm specific for ChR2) at a frequency 

of 40 Hz. To inhibit the interneurons, we used 1000 ms pulses of amber light (595 nm specific 

for Arch) at 1 Hz frequency (Figure 4-3A and B). For these sets of experiments, the light 

stimulations were timed to coincide with the onset of the stimulus.  

 

4.2.8. Cranial window and LED implantation 

Blue or amber LEDs were implanted over the OB region to achieve optogenetic modulation 

of OB specific GAD 65 +ve interneurons (Figure 4-3A and B). To avoid direct contact with 

brain tissue, the LEDs were implanted over cranial windows. The detailed procedure for 

creating a cranial window and implanting LEDs is provided below. 

1. The animals were anaesthetized with a combination of ketamine and xylazine. 

2. The anaesthetized animal was then placed on the stereotaxic instrument. 

3. An incision was made over the skull, and the skull was thoroughly cleaned. 

4. A window 2.5 mm in diameter was created over the olfactory bulb region using a tissue 

puncture. 
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5. Using a blunt-ended dental drill bit, a circular slit in the skull was made around the 

perimeter of drilled area. Artificial cerebrospinal fluid (ACSF) (125 mM NaCl, 5 mM KCl, 

10 mM Glucose, 10 mM HEPES, 2 mM CaCl2, 2 mM MgSO4, in 1 L sterile Distilled 

water, pH = 7.4) was applied on a regular basis while thinning the skull to avoid heating 

and damaging the tissue beneath. 

6. Thinning continued until the vasculature of the cortical circuit was visible beneath the 

circular groove. 

7. The slit was slowly removed from the skull using sharp forceps and the surface of the brain 

was then cleaned with ACSF. 

8. To reduce inflammation, a drop of dexamethasone, a glucocorticoid steroid, was applied 

on the dura surface. 

9. The exposed dura was then covered with a transparent cover slip (3 mm diameter), which 

was then secured to the cranial window by sealing its side with cold cure dental cement. 

10. On the skull, a head post was implanted posterior to the cranial window. 

11. The clarity of the cranial window was checked after one week, and an LED was mounted 

over it with cold cure dental cement. 

 

 

 

Figure 4-3 – Illustration representing optogenetic (LED) stimulation of the OB 

A) A 473 nm blue LED is fixed on top of a circular cranial window over the OB in a GAD 65-ChR2 

expressing mouse. Schematic of LED stimulation.  

B) A 595 nm amber LED is fixed on top of a circular cranial window over the OB in a GAD 65-Arch 

expressing mouse. Schematic of LED stimulation.  
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4.2.9. Task Habituation phase and LED power standardization 

 After 1 week of LED implantation the water deprivation schedule of animals began. 

Animals were subjected to task habituation training three to four days after the start of the water 

deprivation schedule. The operant conditioning paradigm used for these animals was the same 

as for the head restrained task habituation phase. As optogenetic experiments were carried out 

to determine whether modulation of GAD 65 +ve interneurons affects airflow discrimination 

behaviour, and because the extent of transparency of the cranial window may vary between 

mice, the optimal power required to modulate the majority of GAD 65 +ve interneuron activity 

would also vary. As a result, when the animals completed the task habituation, the strength of 

the LEDs was standardised using the detection task. The LEDs were powered by an LED 

driver, and the stimulus used to standardise the LED power was a 0.2 LPM airflow stimulus. 

While standardising the LED intensity, we also ensured that tissue temperature do not go 

beyond the body temperature (37 °C). Using a laser power and energy metre, we measured the 

surface temperature of the LED and the wattage for each light power setting.  

 Animals were given the stimulus along with photodiode (LED) activation mounted over 

the OB corresponding region of the skull to standardise LED power. The photoactivation-ON 

trials were interleaved with no-photoactivation trials (20 light ON trials followed by 10 light 

OFF trials). Different light intensities were used, and 20-40 trials were performed for each LED 

intensity. Lick responses of animals were recorded and compared during stimulus presentation 

under light ON and OFF conditions. The average lick responses of the animals in GAD 65-

Arch and GAD 65-ChR2 groups decreased as the intensity of LED increased (Figure 4-4A and 

B). For subsequent optogenetic experiments, the LED intensities of the animals were chosen 

so that there was no difference between the light ON and OFF states. whereas the lick responses 

of the control EYFP animals did not alter (Arch - 2.93 mw and ChR2 - 6.96 mw). Because 

GAD 65-EFYP was used as a control group and expressed EYFP, which is also expressed in 

GAD 65-ChR2, the intensity of light used for optogenetics training for these animals was the 

same as for the ChR2 group (6.96 mw). At this light intensity, there was no difference in the 

lick responses of these animals when compared to those in light OFF conditions (Figure 4-4C). 
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Figure 4-4 – LED power optimization for optogenetic modification of GAD 65 +ve interneurons 

A) Average lick responses of GAD 65-Arch mice to different light intensities. The solid lines and 

shaded areas represent the mean and standard error of mean, respectively. Because each mouse 

licked differently at different LED powers, the LED power was determined individually. 

B) Average lick responses of GAD 65-ChR2 mice to different light intensities. The solid lines and 

shaded areas represent the mean and standard error of mean, respectively. Because each mouse 

licked differently at different LED powers, the LED power was determined individually. 

C) Average lick responses of GAD 65-EYFP mice at no light and light at 6.96 mw. The solid lines and 

shaded areas represent the mean and standard error of mean, respectively.  

 

 

4.2.10. Sequence of discrimination training 

Animals were trained for airflow discriminations under head restrained conditions, and 

the paradigm and reward criteria for this task were the same as those mentioned in the section 

on behavioural training under head restrained conditions. Whiskers of the animals were kept 

trimmed throughout the experiment, to rule out any possibility of whiskers being involved in 

airflow discrimination behaviour. In addition, we did not observe any changes in their 

discrimination abilities under whisker-deprived conditions (Chapter 3, Figure 3-3). The 

whiskers were trimmed once a week. The table below summarizes the order in which all of the 

animals performed discrimination tasks during optogenetic experiments. 

 

Flow Pair/Odour Pair Light condition Airflow used 

0.5 vs. 0.4 LPM (1200 trials) Light OFF  

0.15 vs. 0.1 LPM (900 trials) Light ON  

0.3 vs. 0.25 LPM (600 trials) Light OFF  

0.45 vs. 0.35 LPM (600 trials) Light ON  
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0.6 vs. 0.6 LPM (300 trials) Light OFF  

Octanol (+) (60%) (-) (40%) vs. 

Octanol (-) (60%) (+) (40%) (600 

trials) 

Light ON 0.6 LPM 

Hexanal (60%) Pentanone (40%) 

(0.4 LPM) vs. Pentanone (60%) 

Hexanal (40%) (0.3 LPM) (600 

trials) 

Light ON  

Carvone (+) (0.6 vs. 0.4 %) (600 

trials) 

Light ON 0.2 LPM 

 

Table 4-1 Training sequence of animals for various tasks under different photoactivation conditions 

 

4.2.11. Statistical analysis 

GraphPad Prism 9, Microsoft Excel, and Python were used for all statistical analyses in 

this chapter. To determine p-values and test for statistical significance, we used the student's t-

test, one-way and two-way ANOVA, and associated post-hoc tests. 
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4.3. Results 

4.3.1. OB interneurons shows activation towards airflow stimuli 

We've already established that olfactory system of rodent aids in anemo-detection and 

-discrimination behaviour. To further investigate the OB specific neural mechanisms in 

processing airflow information, we examined the expression of c-fos (red colour dots – Figure 

4-5A) in the OB of animals that had learned to discriminate airflows. We discovered that 

neurons in various layers of the OB were c-fos positive (Figure 4-5A). The c-fos signal was 

most abundant in the GCL layer, which contains the majority of GAD 65+ (EYFP labelled-

green colour - Figure 4-5A) inhibitory interneurons. This finding provided preliminary 

evidence of olfactory bulb neuronal circuitry being involved in airflow discrimination. To 

further investigate and validate our findings, we measured the population calcium dynamics of 

GAD 65 +ve interneurons in the GCL in response to airflows while the animals were 

anaesthetized. This was achieved by expressing genetically encoded Ca2+ indicator GCaMP6f 

in GAD 65 +ve interneurons to record from the majority of OB GABAergic interneurons. We 

recorded population activity within the field of view using a micro-endoscopic GRIN lens 

inserted into the GCL of the OB at a depth of -1 mm. GAD 65 +ve interneurons were found to 

elicit population activity in response to different airflows (Figure 4-5B1 and B2). Ca2+ 

transients showed a slow rise and decay that was independent of stimulus strength (Figure 4-

5C). The peak latency observed for different airflows were similar (0.1 LPM – 1900 ms, 0.2 

LPM – 1960 ms, 0.3 LPM – 1925 ms, 0.4 LPM – 1900 ms). While the shape, onset, and offset 

of the calcium traces remained unchanged as stimulus strength increased, the amplitude of the 

DF/F0 increased and correlated with stimulus strength (Figure 4-5D, Pearson correlation: R2 = 

0.9911, p = 0.0045). 
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Figure 4-5 – GAD 65 +ve OB interneurons are involved in processing airflow stimuli 

A) c-fos expression in various OB layers in animals trained to distinguish between different airflows. 

The GCL layer, which houses the majority of the GAD 65 expressing interneurons, has the highest 

level of c-fos expression. Blue - DAPI staining, Green - GAD 65 - EYFP staining, Red - c-fos 

staining. 



91 

 

B) B1) Trial-by-trial traces of GAD 65 +ve OB interneuron response to different airflows in a single 

animal under anaesthetized conditions.  

B2) Pseudo-colour heatmaps of Ca2+ dynamic responses elicited by various airflows. Data were 

collected from 5 mice, with 20 trials for each airflow. Data from all trials are sorted in decreasing 

order of Ca2+ response during airflow application. For all the airflows, GAD 65 interneurons 

showed activity towards airflows during the stimulus presentation period.  

C) The average DF/F0 responses of all animals for various airflows. The solid line represents the mean 

across all animals, while the shaded area represents the standard error of the mean. The DF/F0 

increased after the stimulus presentation and decayed after the stimulus offset. 

D) The graph depicts the change in amplitude as the stimulus strength increases. Individual dots 

represent animal wise amplitude values. The amplitude is found to be positively correlated with 

stimulus strength (Pearson correlation: R2 = 0.9911, p = 0.0045, n = 5 mice). 

 

 

We then investigated the kinetics of Ca2+ signals in awake mice in response to various 

airflow stimuli. In awake conditions, the interneurons responded to all airflows as shown by 

the heatmaps (Figure 4-6A), but their responses were different from what was observed in 

anaesthetized conditions (Figure 4-6B). The amplitudes were observed to change between the 

anaesthetized and awake states. When peak amplitudes for different airflows were compared 

in the awake and anaesthetized states, the peak amplitude was significantly higher in the 

anaesthetized state for all airflows (Figure 4-6B, Peak amplitudes for 0.1 LPM: Anaesthetized 

– 0.1696 ± 0.0016, Awake – 0.0096 ± 0.0030; one-tailed unpaired t-test, p = 0.0452, for 0.2 

LPM: Anaesthetized – 0.2046 ± 0.0032, Awake – 0.0089 ± 0.0016; one-tailed unpaired t-test, 

p = 0.0025, for 0.3 LPM: Anaesthetized – 0.2487 ± 0.0043, Awake – 0.0082 ± 0.0019; one-

tailed unpaired t-test, p = 0.0015, for 0.4 LPM: Anaesthetized – 0.2745 ± 0.0057, Awake – 

0.0099 ± 0.0017; one-tailed unpaired t-test, p = 0.0037). In summary, these findings provide 

the first in vivo evidence of OB interneurons being active in response to airflows in both 

anaesthetized and awake conditions. 
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Figure 4-6 – Comparison of response kinetics of GAD 65 +ve OB interneurons under awake and 

anaesthetised conditions 

A) Pseudo-colour heatmaps of Ca2+ dynamic responses elicited by various airflows. Data were 

collected from 7 mice, with 20 trials for each airflow. Data from all trials are sorted in decreasing 

order of Ca2+ response during airflow application. 

B) The graph comparing the amplitude of calcium responses under awake and anaesthetized 

conditions. For all airflows the amplitude in awake conditions was significantly lower than that in 

the anaesthetized condition (one-tailed unpaired t-test, p < 0.05, nanaesthetized
 = 5, nawake = 7). 

 

4.3.2. Learning-dependent refinement of the GAD 65 interneuron calcium activity  

Since we observed that GAD 65+ve interneurons elicited activity in both awake and 

anaesthesized states, we investigated the effect of airflow discrimination learning on 

interneuronal activity. To accomplish this, we trained these animals to discriminate between 

0.5 and 0.4 LPM while simultaneously recording their calcium traces. At the start of each task, 

imaging for 40 trials (20 S+ and 20 S-) were performed, and this was continued until the 

animals reached the asymptotic phase of learning (1200 trials - 4 tasks). The animals began 

with chance accuracy and improved to more than 80% accuracy by the end of the training 

(Figure 4-7A).  
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Figure 4-7 – Airflow learning dependent refinement of OB specific GAD 65+ve interneuronal activity  

A) The learning curve representing accuracy of performance as the training progress. The solid 

line shows the average accuracy of all animals, while the shaded area shows the standard error of 

the mean. Additionally, schematic for the imaging schedule of the experiment is provided. 

B) Pseudo-colour heatmaps of Ca2+ responses elicited by 0.4 and 0.5 LPM for different tasks. Data 

were collected from 5-6 mice, with 20 trials for each airflow. The heatmaps show a potential 

refinement in the Ca2+transiets with learning. Data from all trials are sorted in decreasing order of 

Ca2+ response during airflow application. 

C) Bar graphs representing average AUC of animals for 0.4 and 0.5 LPM for different tasks. As 

learning progressed, the AUC for both airflows decreased.  

D) Plot representing change in average AUC of animals for 0.4 and 0.5 LPM with number of trials. y-

axis represents AUC whereas x-axis represents number of trials. For both airflows, change in 

average AUC showed an inverse correlation with learning. (0.4 LPM: r = -0.9862, R2 = 0.9726, p = 

0.0138, 0.5LPM: r = -0.9816, R2 = 0.9636, p = 0.0184, n = 5-6 mice) 

E) Plot representing difference in average AUC of animals between 0.4 and 0.5 LPM with number of 

trials. y-axis represents AUC difference whereas x-axis represents number of trials. The difference 

in AUC correlated positively with number of trials. (r = 0.9879, R2 = 0.9759, p = 0.0121, n = 5-6 

mice).  
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Qualitative analysis of pseudo heatmaps revealed that both airflows elicited responses 

in the interneurons throughout the training session, and learning refinement in activity for both 

airflows was observed (Figure 4-7B). To quantify these refinements further, area under the 

curve (AUC) was used (Figure 4-7C). The initial AUC for both airflows were high, but they 

refined as the learning progressed. The AUC for both airflows showed inverse correlation with 

the number of trials, which serves as a proxy for learning progression (Figure 4-7D, AUC: 

0.4LPM: Task1 – 0.2168 ± 0.0927, Task 2 – 0.1492 ± 0.0527, Task 3 – 0.0667 ± 0.0168, Task 

4 – 0.0356 ± 0.0045; r = -0.9862, R2 = 0.9726, p = 0.0138, 0.5LPM: Task1 – 0.2301 ± 0.0958, 

Task 2 – 0.1922 ± 0.0536, Task 3 – 0.1077 ± 0.0409, Task 4 – 0.0789 ± 0.0239; r = -0.9816, 

R2 = 0.9636, p = 0.0184). Further, the AUC difference between for both airflows increased as 

the number of trials increased, implying a positive correlation (Figure 4-7E, AUC difference: 

r = 0.9879, R2 = 0.9759, p = 0.0121). These findings provide novel insights into the learning 

dependent olfactory bulb associated mechanisms of airflow information processing.  

 

4.3.3. Optogenetic modulation of GAD 65 expressing interneurons alters airflow 

discrimination behaviour 

 Since we previously demonstrated that OB is involved in processing of the airflow 

stimuli and learning of the airflow discrimination correlated with refinement in the GAD 65 

+ve interneuron activity, we wanted to investigate whether modulating the activity of these 

neurons influences airflow discrimination learning. To accomplish this, we used an optogenetic 

approach to modulate the activity of GAD 65-expressing interneurons in a bidirectional manner 

using ChR2 and Arch expressed specifically in GAD 65 +ve interneurons. As GAD 65 

interneurons comprise ~78% of total interneuron population in OB (259), this experiment 

investigated how overall OB inhibition affected airflow discrimination behaviour.  

The animals (three groups: Gad 65-Arch, GAD 65-ChR2, and GAD 65-EYFP 

(control)) were first trained to discriminate 0.5 vs. 0.4 LPM in the absence of photoactivation. 

All three groups of animals demonstrated comparable learning abilities, ruling out the 

possibility that one group is inherently faster than the others (Figure 4-8A, two-way ANOVA: 

0.5 vs. 0.4 LPM; F (22,400) = 0.9010, p = 0.5939). Further, learned animals (last task) did not 

show any difference in the time taken to discriminate this airflow pair and their sniffing 

frequencies were similar (Figure 4-8B and 8C, DTs: GAD 65-Arch – 387.3 ± 17.25, GAD 65-

ChR2 – 370.0 ± 18.68, GAD 65-EYFP -379.7 ± 18.61, one-way ANOVA, F = 0.962, p = 
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0.8228; SF: GAD 65-Arch – 4.924 ± 0.1294, GAD 65-ChR2 – 4.828 ± 0.1582, GAD 65-EYFP 

-4.919 ± 0.1627, one-way ANOVA, F = 0.1130, p = 0.8935), confirming that all groups have 

comparable sampling strategies and airflow discrimination abilities. The animals were then 

trained on 0.15 vs. 0.1 LPM under photoactivation ON conditions. We observed faster learning 

when GAD 65-expressing interneurons were inhibited by Arch stimulation and slower learning 

when ChR2 was stimulated (Figure 4-8A, two-way ANOVA with Tukey’s multiple 

comparison test: * indicates p-value of <0.05). Despite learning differences, after 900 trials, 

the accuracies of control and Arch animals were similar; however, the accuracies of ChR2 

animals were still very low. These differences in final performance were reflected in the DTs, 

with DTs for ChR2 significantly higher than for both groups (Figure 4-8B, GAD 65-Arch – 

384.3 ± 21.48, GAD 65-ChR2 – 661.5 ± 104.8, GAD 65-EYFP – 385.3 ± 15.75, one-way 

ANOVA with Tukey’s multiple comparison test, F = 10.57, p = 0.0003). Furthermore, sniff 

frequencies during the DTs were also comparable for all groups (Figure 4-8C, GAD 65-Arch 

– 5.110 ± 0.1129, GAD 65-ChR2 – 4.735 ± 0.2449, GAD 65-EYFP – 5.241 ± 0.0912, one-way 

ANOVA, F = 3.009, p = 0.0627), indicating that these differences in performance are not due 

to differences in sampling parameters but rather to differences in information processing in 

OB. 

 To ensure that the observed bidirectional modulation of airflow discrimination 

behaviour is very specific to photoactivation conditions, we trained these animals again to a set 

of airflow pairs sequentially in light OFF and ON conditions. Specifically, animals were trained 

on 0.3 vs. 0.25 LPM under no light conditions, followed by 0.45 vs. 0.35 LPM under light ON 

conditions. As previously observed for no-light conditions, performance of animals was similar 

across different groups for 0.3 vs. 0.25 LPM (Figure 4-8A, two-way ANOVA: F (15,119) = 

0.5933, p = 0.8753). Further, under no-light conditions, the DTs and sniff frequencies were 

comparable (Figure 4-8B and C, DTs: GAD 65-Arch – 395.1 ± 17.51, GAD 65-ChR2 – 373.8 

± 13.70, GAD 65-EYFP – 393.1 ± 17.09, one-way ANOVA, F = 0.3614, p = 0.6994; SF: GAD 

65-Arch – 4.955 ± 0.1130, GAD 65-ChR2 – 5.373 ± 0.2513, GAD 65-EYFP – 4.936 ± 0.1857, 

one-way ANOVA, F = 1.546, p = 0.2281). However, when animals were trained on 0.45 vs. 

0.35 LPM under photoactivation conditions, Arch animals performed better while Chr2 

animals showed performance deficits. The learning accuracies of animals were better for Arch 

group as compare to ChR2 and control group. Even after 600 trials, while the accuracies of 

Arch and control group became similar, ChR2 group animals still showed lower accuracies 

(Figure 4-8A, two-way ANOVA with Tukey’s multiple comparison test: * indicates p-value of 
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<0.05). DTs for the ChR2 group were significantly higher, as previously observed, while there 

was no difference in sniff frequency (Figure 4-8B and C, DTs: GAD 65-Arch – 370.1 ± 11.65, 

GAD 65-ChR2 – 652.8 ± 105.7, GAD 65-EYFP – 363.4.3 ± 12.04, one-way ANOVA with 

Tukey’s multiple comparison test, F = 12.42, p < 0.0001; SF: GAD 65-Arch – 5.177 ± 0.1873, 

GAD 65-ChR2 – 5.386 ± 0.3033, GAD 65-EYFP – 5.181 ± 0.0951, one-way ANOVA, F = 

0.3330, p = 0.7191). Despite the initial differences in learning pace between the Arch and EYFP 

groups under light ON conditions, their accuracies were comparable at the end of the task. As 

a result, we investigated what happens to the DT between these groups when the accuracies 

were greater than 80%. We combined all tasks with accuracies greater than 80% for all the 

airflow pairs under light ON conditions and compared the corresponding DTs between these 

two groups. We found that the Arch group has significantly faster DT (Figure 4-8D1 and D2, 

K-S D-value = 0.256, p = 0.0157) than the control group, but there is no difference in task 

accuracies between these two groups (K-S D-value = 0.0848, p = 0.9532).  

To ensure that animals are making decisions in response to airflows, however not using 

any non-specific cues, we extended our training and asked these animals to distinguish between 

0.6 and 0.6 LPM. For all groups of animals, their accuracy was always around the chance level 

(Figure 4-8A), ruling out the possibility of animals using any additional cue to discriminate the 

airflows. Together, these findings show that altering the activity of GAD 65 +ve interneurons 

while animals perform the task can modulate their airflow discrimination behaviour.  
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Figure 4-8 – Airflow discrimination behaviour is altered by optogenetic modulation of GAD 65 

expressing interneurons  

A) Learning curves representing performance accuracy for various airflow pairs under different 

photoactivation conditions. Animals were trained in the following order: 0.5 vs. 0.4 LPM (1200 

trials - Light OFF), 0.15 vs. 0.1 LPM (900 trials - Light ON), 0.3 vs. 0.25 LPM (600 trials - Light 
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OFF), 0.45 vs. 0.35 LPM (600 trials - Light ON), 0.6 vs. 0.6 LPM (600 trials - Light ON). Animals 

learnt faster when GAD 65 expressing interneurons were stimulated with Arch, whereas a deficit 

in learning occurred for ChR2 activation. (Two-way ANOVA with Tukey’s multiple comparison 

test: * represents p< 0.05). 

B) Bar graphs representing average DTs for all groups of animals for various airflows under different 

photoactivation conditions. The DTs of animals under photoactivation conditions for ChR2 group 

was slower compared to other groups of animals. (One-way ANOVA with Tukey’s multiple 

comparison test * represents p< 0.05). 

C) Bar graphs representing average sniff frequencies for all groups of animals during discrimination 

time for various airflows under different photoactivation conditions. No differences in the SF for 

all the groups under different photoactivation conditions were observed. (One-way ANOVA with 

Tukey’s multiple comparison test * represents p< 0.05). 

D) D1) Cumulative fraction representing the frequency corresponding to a specific DT for different 

groups. Orange line represents cumulative fraction of DTs for GAD 65-Arch group, whereas black 

line represents the same for GAD 65-EYFP group. Under photoactivation conditions Arch animals 

made faster decisions. (K-S D-value = 0.256, p = 0.0157).  

D2) Cumulative fraction representing the frequency corresponding to a specific accuracy for 

different groups. Orange line represents cumulative fraction of accuracies for GAD 65-Arch group, 

whereas black line represents the same for GAD 65-EYFP group. The accuracy of both groups of 

animals were similar. (K-S D-value = 0.0848, p = 0.9532).  

 

 

4.3.4. Optogenetic modulation of odour-based discrimination behaviour 

 The canonical function of olfactory system is processing the odour-related information. 

As we observed differences in learning behaviour of animals for airflow-based discrimination 

tasks when OB specific inhibitory interneurons were optogenetically modulated, we wanted to 

investigate the influence of this modulation on odour-based discrimination tasks as well. This 

was accomplished by training the animals on a complex odour discrimination task in which 

they were asked to distinguish between a 60-40 binary mixture of octanol (+) and octanol (-) 

enantiomers under photoactivation ON conditions. During the odour-based discrimination task, 

Arch animals learned at a slower rate, whereas ChR2 animals learned faster. Even after 600 

trials, Arch animals showed their performance deficit (Figure 4-9A, two-way ANOVA with 

Tukey’s multiple comparison test: * indicates p-value of <0.05). The DTs measured were 

significantly slower for Arch animals (Figure 4-9B, GAD 65-Arch – 531.2 ± 64.92, GAD 65-

ChR2 – 374.5 ± 8.087, GAD 65-EYFP – 329.8 ± 11.87, one-way ANOVA with Tukey’s 
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multiple comparison test, F = 6.418, p = 0.0047). Unlike what was observed with airflow-based 

learning, sniff frequencies of different groups of animals did not remain consistent during this 

task. ChR2 group showed higher sniff frequencies (Figure 4-9C, GAD 65-Arch – 4.632 ± 

0.1533, GAD 65-ChR2 – 5.313 ± 0.1987, GAD 65-EYFP – 4.511 ± 0.2567, one-way ANOVA 

with Tukey’s multiple comparison test, F = 3.312, p = 0.0497).  

Figure 4-9 – Odour-based discrimination behaviour is altered by optogenetic modulation of GAD 65 

expressing interneurons  
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A) Learning curves representing animal accuracy for various odour-based tasks using same/different 

airflow rates. Animals were trained in the following order: Octanols (+)/(-) – 60-40 mixture (600 

trials - Light ON), Hx/Pn – 60-40 mixture – 0.4/0.3 LPM (600 trials - Light ON), Carvone (+) 0.6 

vs. 0.4 % (600 trials – Light ON). Two-way ANOVA with Tukey’s multiple comparisons. (* 

represents p< 0.05). 

B) Bar graphs representing average DTs for all groups of animals for various odour-based tasks. One-

way ANOVA with Tukey’s multiple comparisons. (* represents p< 0.05). 

C) Bar graphs representing average sniff frequencies during discrimination time for all groups of 

animals for various odour-based tasks. One-way ANOVA with Tukey’s multiple comparisons. (* 

represents p< 0.05). 

 

As the optogenetic modulations for odour-based discrimination task provided 

contrasting behavioural readouts compared to airflow-based discrimination task, we 

investigated how altering both components i.e. different airflows and odours for rewarded and 

non-rewarded stimuli, would influence their learning abilities on optogenetic modulations. We 

trained all three groups of animals to discriminate a complex mixture of hexanal and pentanone 

under light ON conditions, with one stimulus coupled to one airflow (Hx/Pn (60-40) - 0.4 LPM 

and Pn/Hx (60-40) - 0.3 LPM). The results revealed no difference in learning across groups 

(Figure 4-9A, two-way ANOVA: F (10,180) = 0.9290, p = 0.5078), indicating that altered 

combination of both stimuli may have rescued the learning deficit caused, when only one 

stimulus was used (odour- or airflow-based learning). For ChR2 group reduction in DTs, and 

increase in sniff frequencies was observed (Figure 4-9B and C, DTs: GAD 65-Arch – 410.3 ± 

10.64, GAD 65-ChR2 – 360.6 ± 8.941, GAD 65-EYFP – 397.2 ± 11.68, one-way ANOVA 

with Tukey’s multiple comparison test, F = 4.045, p = 0.054; SFs, GAD 65-Arch – 4.617 ± 

0.2365, GAD 65-ChR2 – 5.749 ± 0.3345, GAD 65-EYFP – 4.544 ± 0.1781, one-way ANOVA 

with Tukey’s multiple comparison test, F = 6.521, p = 0.0043). Since combining different 

odour stimuli with different airflows can result in concentration differences, we trained animals 

on a concentration-based task to see if this phenotype was caused by animals relying on 

different concentrations as cue. We trained animals to discriminate 0.6 vs 0.4 percent 

concentration of carvone (+) under light ON conditions. Concentration discrimination was 

found to be very similar to odour discrimination, with the Arch group showing a learning deficit 

and the ChR2 group learning faster (Figure 4-9A, two-way ANOVA with Tukey’s multiple 

comparison test: * indicates p-value of <0.05). For this task, Arch animals showed slower DTs 

(Figure 4-9B, GAD 65-Arch – 905.5 ± 151.8, GAD 65-ChR2 – 397.3 ± 23.22, GAD 65-EYFP 

– 425.0 ± 15.63, one-way ANOVA with Tukey’s multiple comparison test, F = 7.558, p = 
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0.0025), which was consistent with previous finding of odour-discrimination, but there was no 

difference observed in sniffing frequencies (Figure 4-9C, GAD 65-Arch – 4.632 ± 0.1312, 

GAD 65-ChR2 – 4.594 ± 0.1081, GAD 65-EYFP – 4.726 ± 0.2395, one-way ANOVA, F = 

0.1159, p = 0.8910). The task-dependent variations in sniffing that we observed for ChR2 group 

in case of olfaction-based discriminations need further investigations on the possible 

communication between respiratory and olfactory centres. 
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4.4. Discussion 

Although there have been studies that observed OB activity (mostly presynaptic, arising 

from OSNs) in response to mechanical stimuli, no study has been able to address the neural 

mechanisms underlying these responses. To begin, we used c-fos staining in mice performing 

airflow discrimination behaviour. The highest activation of GAD 65 +ve interneurons in GCL 

was revealed by c-fos staining. These findings compelled us to look into the role of the OB 

interneuronal population in airflow-based discrimination behaviour. We used in-vivo calcium 

imaging to examine the activation of these GAD 65+ve GCL interneurons in response to 

airflows in both awake and anaesthesized conditions. While these interneurons elicited activity 

for airflows in both conditions, the activity of interneurons in the anaesthetized state was 

significantly higher than that in the awake state. Although similar granule cell responses to 

odours have previously been recorded in both awake and anaesthetized states, our findings 

were consistent with these observations that the peak amplitude of granule cells is lower in the 

awake state (260). Since these interneurons modulate the activity of M/T cells, which are the 

bulb's output neurons, our findings show that the degree of reformatting of M/T cell ensembles 

varies for different airflows and also between awake and anaesthetized states, 

thereby influencing airflow-information processing. The decreased amplitude in the awake 

state may be a result of the recruitment of non-responsive M/T cells during passive sensory 

exposure (261). Further, it has been demonstrated that repeated odour exposure reduces both 

excitatory and inhibitory M/T cell responses as well as dynamic reformatting of ensemble 

odour representations (260,261). This plasticity obtained through activity refinement improves 

pattern separation, which aids odour discrimination during active learning (260). To investigate 

how responses of GAD 65 +ve interneurons shape with airflow discrimination learning, we 

trained the animals to distinguish between two airflows while simultaneously recording their 

calcium activity. We discovered a similar pattern, in which the interneurons showed inverse 

correlation with learning, confirming a learning-dependent refinement in the interneuron 

population activity and thereby in the output from OB. 

 

4.4.1. Airflow and odour discrimination behaviour are differentially modulated by 

optogenetic manipulations of interneurons. 

To better understand the role of synaptic inhibition in airflow information processing, 

we optogenetically modulated the activity of OB GABAergic interneurons in a bidirectional 

way. This was accomplished by expressing light-gated archaerhodopsin (Arch) and channel 
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rhodopsin (ChR2) channels under the GAD 65 promoter, which allows optical stimulation of 

these neurons with high spatial and temporal resolution. While Arch causes cell 

hyperpolarization, ChR2 activates cells by depolarizing them (262–265). Optogenetic 

inhibition of interneurons (GAD 65-Arch group) improved learning in an airflow 

discrimination task, whereas stimulating these neurons (Gad 65 ChR2 group) resulted in an 

airflow discrimination performance deficit. These differences in the performance was also 

reflected in the discrimination times of the animals. The internal control experiment with two 

different airflows in the absence of photoactivation ensured that the effect we observed was 

very specific for optogenetic modulations. Furthermore, when we trained these animals on an 

odour discrimination task, the optogenetic modulations produced opposing phenotypes. While 

increased inhibition resulted in poor performance on airflow tasks, it resulted in improved 

learning on odour-based tasks (odour discrimination as well as concentration discrimination 

task). Our findings that an increase in synaptic inhibition of OB circuits by optogenetic 

modulation of interneuronal activity improves odour-based discrimination learning were in line 

with previous research (254,266). The contrasting phenotype observed suggests that the 

optimal inhibition required for refining odour and airflow information varies. Our hypothesis 

is supported by the previously observed broader activation patterns in OB towards airflow 

stimuli compared to odours (14,77). Although our findings demonstrate the neural mechanisms 

underlying OB-mediated mechanical information processing, further experiments are needed 

to investigate the optimal inhibition required to process and refine airflow vs. odour 

information.  

 

4.4.2. Multimodal information processing by olfactory system 

 As we observed contrasting phenotypes for airflow- and odour-based discrimination 

tasks, we investigated how the interaction of the two stimuli would alter animal’s behavioural 

readouts. To accomplish this, we trained animals in a multimodal discrimination task under 

photoactivation conditions, where one odour was coupled with one airflow, which acted as a 

single stimulus. Surprisingly, all three groups of animals performed similarly in these 

conditions. Specifically, when two stimuli were presented together as combined, the deficits 

observed for ChR2 and Arch groups in airflow- and odour- discriminations, respectively, were 

rescued. The increase in performance of animals observed when two coherent stimuli are 

presented simultaneously is known as the principle of multi-sensory enhancement. However, 

multisensory enhancement is more relevant when subthreshold levels of sensory stimuli 
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corresponding to two different sensory systems are presented (267–281). Although the 

stimuli in our experiment are neither subthreshold nor corresponds to two different sensory 

systems, we do observe rescue or enhancement in the learning phenotype, pointing towards 

the possibility of stimuli interacting and leading to the formation of a multimodal percept aided 

by the olfactory bulb circuitry. These findings not only provide insights into potential neural 

mechanisms underlying multimodal information processing, but also serve as a platform for 

studying multimodal decision making using only a single sensory system. 

 

4.4.3. Differential sampling strategies for airflow and odour driven behaviour under 

different optogenetic conditions. 

Active respiration is known to synchronise the activity of M/T cells, indicating that 

there is a close relationship between respiration and intrinsic OB activity (282–285). 

Respiration-driven intrinsic M/T cells and cortical responses have been shown to be associated 

with the regulation of cognitive functions (284,286,287). With this information and our results, 

which showed differential sampling dynamics for airflows and odours in the previous chapter, 

it can be hypothesised that M/T cell activity for airflows and odours may follow distinct 

patterns. Furthermore, using optogenetic modulation of inhibitory interneuron activity, we 

observed stimulus-specific (airflow and odours) differences in discrimination learning and 

sniffing responses. For airflow discrimination tasks, all three groups (GAD 65-Arch, GAD 65-

ChR2, and GAD 65-EYFP) had similar sniffing frequencies, whereas in odour and multimodal 

discrimination tasks, the breathing frequencies of the GAD 65-ChR2 group were significantly 

higher than the other two groups. It is well known that breathing synchronizes M/T cells 

activity (285), and M/T cell population exhibits greater decorrelation at higher frequencies, 

which aids in the discrimination of the odors (236,254). As a result, in the odor-based 

discrimination task, the ChR2 group, which displayed faster learning, exhibited the increased 

sniffing. Surprisingly, the sniffing frequencies of animals were comparable across three groups 

for concentration discrimination, even though the learning phenotype for this task was identical 

to that of odour discrimination and these observations need further investigations. Together, 

these findings establish a link between breathing and OB specific neural activity patterns 

associated with airflow- and odour-based discrimination tasks. 

 

 



105 

 

4.5. Future Directions 

4.5.1. OB output neuron-specific mechanisms for airflow and odour information 

processing 

This study demonstrates that optimal inhibition needed to refine airflow and odour 

information differs. Although we modulated M/T cells firing activity in this study by 

manipulating inhibitory interneurons in the OB, the results do not provide direct evidence of 

how M/T cells process these stimuli sensed by the olfactory system. Hence, it will be critical 

to study the neural activity of M/T cells towards airflow stimuli. To achieve this, we can make 

use of the cell-type-specific markers for M/T cells such as Pcdh-21 and Tbet-21. Using in-vivo 

calcium imaging to record and optogenetics to modulate the activity of M/T cells during 

airflow and odour-driven behaviours will help us better understand the neural mechanisms 

underlying ‘multimodal’ information processing through rodent olfactory system. 

 

4.5.2. Cortical mechanisms underlying airflow vs. odour discrimination behaviour 

As we have already demonstrated that information processing of airflow and odour 

stimuli differs in the OB, we further wish to investigate the cortical mechanisms underlying 

information processing for these two stimuli. The olfactory cortex comprises many brain 

regions that mainly includes the piriform cortex, orbitofrontal cortex, anterior olfactory 

nucleus, and olfactory tubercle (39). We have preliminary lab results that show differential c-

fos activity in different olfactory cortical regions after animals learned to perform on 

discrimination tasks for airflows vs odours (Figure 4-10B C). The percentage of c-fos positive 

cells in the piriform cortex (Figure 4-10B1, B2, and C1) and anterior olfactory nucleus (Figure 

4-10B1, B2, and C3) was higher for odours than for airflows, whereas the percentage of c-fos 

positive cells in the orbitofrontal cortex was higher for airflows (Figure 4-10B1, B2, and C2). 

Our long-term goal is to identify the cortical mechanisms underlying this processing, as these 

findings provide preliminary evidence of differential cortical activity for airflows and odours. 

One way to achieve this is by using in-vivo electrophysiology to collect data from these cortical 

areas while animals perform airflow and odour discrimination tasks. 
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Figure 4-10 – Differential olfactory cortical activation in response to airflows and odours 

A) A1) and A2) Learning curve representing the average accuracies of animals along with the number 

of trials for odour (AA vs. EB) and airflow (0.6 vs. 0.3 LPM) discrimination tasks, respectively. 

B) B1) and B2) c-fos staining for piriform cortex, orbitofrontal cortex, anterior olfactory nucleus, and 

olfactory tubercle for odour and airflow discrimination tasks, respectively. Blue - DAPI staining, 

Red - c-fos staining. 

C) C1) Percentage of c-fos positive cells in the piriform cortex for an airflow task is lower than that 

for an odour discrimination task (unpaired t-test p = 0.0148). 

C2) Percentage of c-fos positive cells in the orbitofrontal cortex for an airflow task is higher than 

that for an odour discrimination task (unpaired t-test p < 0.0001). 

C3) Percentage of c-fos positive cells in the anterior olfactory nucleus for an airflow task is lower 

than that for an odour discrimination task (unpaired t-test p = 0.0238). 
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C4) Percentage of c-fos positive cells in the olfactory tubercle for an airflow vs. odour discrimination 

task is similar (unpaired t-test p = 0.9087). 

 

 

4.5.3. Functional relevance of ‘multimodal’ information processing through rodent 

olfactory system 

Our findings suggest that there is a potential interaction between airflow and odour 

stimuli, which could alter olfactory perception and thus decision making. We confirmed this 

by training the animals on airflow, odour, and multimodal discrimination tasks at subthreshold 

levels. Animals were not able to perform and learn to discriminate airflows and odours alone 

at the subthreshold level, but their learning abilities were enhanced when the discrimination 

task was performed on multimodal stimuli combining both (Figure 4-11). Furthermore, we 

intend to address olfactory bulb-specific mechanisms underlying multimodal decision making 

through behavioural training, in-vivo calcium imaging, and optogenetics. As an initial step, 

experiments addressing the role of synaptic inhibition in multimodal information processing 

have already begun. Our preliminary results indicate the relevance of airflow information 

processing in the context of subthreshold odour discriminations that animals might be 

challenged to resolve in a highly dynamic olfactory environment.  

 

 

Figure 4-11 – Multimodal discrimination learning 

The learning curve representing animals' discrimination abilities for airflows, odours, and multimodal 

(airflow + odour) stimuli. Animals that underwent multimodal discrimination performed better than 

unimodal groups at subthreshold levels of stimuli. (two-way ANOVA with Tukey's multiple 

comparison tests, * represents p < 0.05). 
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CHAPTER 5 

A novel experimental strategy for assessing human sniffing 

behaviour during olfaction-based cognitive tasks 

 

5.1. Introduction 

Olfactory dysfunctions such as anosmia and hyposmia are known to be a common 

symptoms associated with several neurological disorders, including Parkinson's and 

Alzheimer's (43–47). Additionally, olfactory dysfunctions are also seen in several upper 

respiratory tract infections (48). Numerous investigations conducted since the beginning of 

coronavirus 2019 (COVID-19) pandemic have shown that anosmia/hyposmia is a common 

symptom among COVID-19 infected patients (48–52), and the olfactory dysfunctions remain 

persistent even after recovery from the infection (53–56). This highlights the essentiality of 

studying olfaction in health and disease.  

Sniffing is the first step in odour information processing that can influence the olfactory 

perception. It is an active sensing system that permits odorant molecules to enter the nose and 

travel all the way through the nasal cavity to the olfactory epithelium (288,289). Breathing, in 

addition to facilitating olfactory perception, also has multiple physiological roles such as 

regulation of homeostasis, metabolism, satiety, brain activity, attention and memory (58–

66,290). Studies on olfactory information processing, have shown that minute respiratory 

volume (defined as the volume breathed or expelled by a human lung in one minute) and the 

respiratory amplitude increase during odour sampling (66,291). Further, sniff volumes 

fluctuate in an inversely proportional manner with odorant concentration (292,293). However, 

information on how breathing patterns are modulated during olfactory decision making in 

healthy subjects and patients with olfactory dysfunctions remain less explored.  

The aim of the experiments discussed in this chapter was building an apparatus capable 

of quantifying breathing patterns during olfactory decision-making and developing a 

framework to use this method under clinical settings. We accomplished this by integrating a 

thermocouple-based air sensor to our custom-built olfactory-action meter. The olfactory-action 

meter has already been demonstrated to be beneficial in exploring several facets of olfactory 

perception in both normal subjects and COVID-19 patients (49,56). Combining it with breath 



109 

 

sensor allowed us to assess human sniffing parameters while they were actively participating 

in olfactory detection and olfactory matching tasks with a temporal resolution as high as 30 

ms. While the odour detection task is a simple sensory perception test, the olfactory matching 

task is a more cognitively challenging one. We observed robust respiratory dynamic patterns 

across all odorants, with increased inhalations found during odour presentation. Additionally, 

a considerable increase in different sniff metrics, which was consistent across all odorants. We 

further employed this method to investigate sniffing patterns in participants recovered from 

COVID-19, as they had been demonstrated to have persistent olfactory deficits (56). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 

 

5.2. Materials and Methods 

5.2.1. Study Population 

Our study included a total of 134 participants divided in separate cohorts of healthy and post-

COVID-19 subjects (Subjects that were tested positive for COVID-19). The majority of the 

participants were recruited from the residential campus of the Indian Institute of Science 

Education and Research (IISER), Pune, INDIA.  

Inclusion criteria for normal healthy subjects: 

• Only healthy subjects who agreed to participate in the study were chosen. 

• At the time of the study none of them reported to have any illness. 

• All participants signed a consent form before taking part in the study. 

Inclusion criteria for post-COVID-19 subjects: 

• Subjects who tested positive for COVID-19 at some point (3-12 months before the start 

of the experiment) were included in the study. 

• Only subjects who agreed to participate in the study were considered. Before they could 

participate, everyone had to sign a consent form. 

• At the time of the study none of them reported to have any detectable health problems. 

 

5.2.2. Setup design 

The breathing patterns of humans during odour-based cognitive tasks were investigated 

using a custom-built olfactory action metre (OAM) coupled with a thermocouple air sensor. 

The apparatus delivers odorized air through a 12-channel glass funnel connected to a ventilator 

mask, where subjects inhaled various odours. Using an air pump coupled with a charcoal filter, 

the deodorised air was pumped into the olfactometer at a rate of 5 litres per minute. Using a 

metallic custom-built manifold, the air inside the olfactometer was split into eleven 

channels which were coupled with ten mini and one large mass flow controller (MFC) 

(Pnucleus Inc.). Functioning of MFCs were controlled by custom written LabVIEW scripts, 

which allowed the experimenter to control the onset of airflow and its rate from each MFC. 

When the trial began, the odour bottle got air input from mini MFCs. Simultaneously, the main 

(MFC) output was bifurcated to 10 channels through an array of solenoid valves, with one 

solenoid valve corresponding to one odour channel. The output air from the valve-controlled 
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channel was mixed with the odorized air from the odour bottle before entering the glass nozzle 

linked to a ventilator mask (Figure 5-1A). 

The ventilator mask is customised to include a thermocouple-based air sensor 

(AWM2000, Honeywell Inc.) with an extended tube from the sensor opening in front of the 

nostril of the subjects. The signal from the breathing sensor is relayed to high frequency 

oscilloscopes (TBS 1052C, Tektronix) in real time. The signals were recorded as alternating 

current (AC) and direct current (DC) with a time resolution of 30 milliseconds. The raw DC 

traces were subjected to a threshold function, which converted all of the data to binary form. 

Both AC and DC data were used in order to quantify different parameters associated with the 

breathing behaviour (representative traces Figure 5-2A, B, and C). The AC and DC 

oscilloscopes were triggered and synced with help of a tone that served as a notification for the 

commencement of each trial. 

 

5.2.3. Experimental Paradigms 

Each session of the experiment lasted approximately 20 minutes. The experiment was 

intended to assess sampling strategies associated with olfactory detection and 

olfactory matching tasks. Both groups (healthy as well as post-COVID-19 subjects) were 

subjected to abovementioned tasks. Furthermore, respiratory responses were recorded while 

healthy volunteers completed an odour-detection test with varying concentrations of odorants. 

 

5.2.3.1. Olfactory detection task 

The participants (healthy as well as post-COVID-19 subjects) were instructed to 

perform an odour detection task. The detection task consisted of ten trials. Each trial 

started with a tone of 200 ms, and after 1000 ms, the odour was delivered, that lasted for 4000 

ms (Figure 5-1B). The odour detection task comprised nine odours and a blank stimulus. The 

odours were obtained from Sigma Aldrich and had ~99% purity. All the odours used were 

monomolecular odorants and were diluted to 1% in mineral oil. Subjects were exposed to the 

stimulus in a pseudorandomized manner. The individuals were only required to press a 

response button if they detected the odour. Response window overlapped with that of the Inter 

trial interval (ITI). ITI of 13 seconds was provided between two consecutive trials. During the 

detection task, breathing responses were concurrently recorded. Following stimuli were used 
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for detection task: 1. Hexanol, 2. Benzaldehyde, 3. Octanal, 4. Iso Amyl Acetate (IAA), 5. 

Hexanal, 6. Octanol, 7. Geraniol, 8. Eugenol, 9. Ethyl Butyrate, and 10. Blank 

 

5.2.3.2. Olfactory matching task 

The healthy participants were instructed to perform an olfactory matching task. The 

odour matching task consisted of 20 trials. In this task, the odours recognised by the individuals 

in the detection test were presented as pairs. Each trial started with a tone of 200 ms, and after 

1000 ms, Odour1 was delivered for 4000 ms. This was followed by an inter-stimulus interval 

(ISI). The individuals were assigned an ISI at random from 2.5s, 5s, 7.5s, or 10s. The ISI was 

followed by the administration of a second odour stimulus (Odour2) that also lasted 

for 4000ms. Following that, the individuals were given a 5-second window in which they had 

to evaluate whether stimulus 1 and stimulus 2 were same or different (Figure 5-1A and Figure 

5-1C). The subjects were provided with a response console wherein they had to press the button 

corresponding to their decision i.e. same or different. The response window began with the 

commencement of the second stimulus, and individuals were able to register their responses 

during that time period as well. Hence, individuals had to make a judgement within 9 seconds 

after the start of the second odour, and failing to do so resulted in an incorrect trial. The trials 

in the olfactory matching tasks (odour 1 and odour 2: same or different trials) were presented 

in a pseudorandomized manner. While subjects were engaged in olfactory matching task, their 

respiratory responses were simultaneously recorded. 

 

5.2.3.3. Olfactory detection task with varying concentrations 

Breathing responses of healthy subjects performing a concentration-dependent odour 

detection task were also recorded. This task comprised 20 trials with five distinct odorants at 

varying concentrations presented in a pseudorandomized manner. The ITI between two 

consecutive trials was kept constant at 13 s. Five distinct odours (odours used: Benzaldehyde, 

Iso Amyl Acetate (IAA), Octanol, Eugenol, and Ethyl Butyrate) were used in this task, each 

with 4 different concentrations achieved by air dilution. (concentrations used: 50%, 30%, 

16.75%, and 7.14%, v/v). For each concentration, the detection index was calculated as the 

fraction of correct trials.  
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Figure 5-1 – Olfactory action meter and paradigm for olfactory detection and matching 

A) A diagram depicting the various components of an olfactory action meter.  

B) Illustration depicting the sequence of events in a single trial of an olfactory detection task over time. 

Each trial began with a tone of 200 ms, and after 1000 ms, the odour was delivered for 4000 ms. 

Individuals pressed a response button when they detected the odour. The response window and the 

inter trial interval overlapped (ITI). ITI of 13 seconds was provided between two consecutive trials. 

Breathing patterns were recorded concurrently with the detection task. 

C) Illustration depicting the sequence of events in a single trial of an olfactory matching task over time. 

Each trial began with a tone of 200 ms, and after 1000 ms, Odour1 was delivered for 4000 ms. This 

was followed by an inter-stimulus interval (ISI). Individuals were assigned an ISI at random from 

2.5s, 5s, 7.5s, or 10s. Following the ISI, a second odour stimulus (Odour2) was administered for 

4000ms. Following that, the participants were given a 5-second window in which they had to 

determine whether stimulus 1 and stimulus 2 were the same or different and respond accordingly 

on the response console. 
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Figure 5-2 – Representative breathing traces  

A) Representative breathing trace acquired from oscilloscope recording raw AC voltages for a single 

trial during odour detection task. The AC traces were used to quantify the inhalation and exhalation 

amplitudes.  

B) Representative breathing trace acquired from oscilloscope recording raw DC voltages for a single 

trial during odour detection task. These traces were used for thresholding to obtain DC traces in 

panel C. 

C) Representative breathing trace after thresholding of DC trace shown in panel B. These traces were 

used to quantify the sniffing frequencies and time spent for inhalation and exhalation. 

 

5.2.4. Statistical analysis 

GraphPad Prism 9, Microsoft Excel, and Python were used for all statistical analyses in 

this chapter. To determine p-values and test for statistical significance, we used the student's t-

test, one-way and two-way ANOVA, and associated post-hoc tests. 

 

 

 

 

 

 

 

 

 



115 

 

5.3. Results 

5.3.1. Sampling strategies of healthy subjects during odour detection 

As the subjects (n = 71) performed an odour detection task, their breathing patterns 

were recorded. All odorants were detected by the individuals with greater than 85% accuracy. 

Subjects showed an enhanced sniffing during the odour presentation irrespective of the odorant 

used (Figure 5-3A and B, see Figure 5-4 for the quantification of different sniffing parameters). 

Additionally, the findings indicated that during the time when decisions were being made, the 

inhalation remained high, reached a peak, and then gradually decreased (Figure 5-3B). No 

increase in inhalation was noticed after the decision-making period. The robustness of the 

breathing strategy that participants use for smell detection was evidenced by similar sniffing 

behaviour even when the blank stimulus without any odour (1 blank stimulus in 10 trials 

presented in a random fashion) was presented to the subjects (Figure 5-3C).  

Figure 5-3 – Sniffing behaviour of healthy human subjects during odour detection task  

A) Average of breathing traces of all the subjects for different odorants. The red line indicates the mean 

of the breathing traces of all subjects for a particular odour. The shaded region indicates the SEM. 

The two black dotted vertical lines represents the onset and offset of the stimulus (n = 71).  

B) Average of breathing traces of normal human subjects across different odorants. The dotted 

magenta line represents the average of detection time, whereas the shaded area represents the SEM 

of detection time.  

C) Average of breathing traces of all subjects for a blank stimulus.  
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Figure 5-4 – Breathing parameters of healthy human subjects during odour detection task  

A) Bar graph representing the average of sniffing frequencies of all subjects for different odorants in 

absence and in presence of stimulus. Sniffing frequencies for all odorants were significantly higher 

during the stimulus period. (paired t-test for all odorants, *indicates p<0.05, n = 71).  

B) Bar graph representing the average of ratio of time spent in inhalation phase to that of time spent in 

exhalation phase for all subjects. The data is plotted for different odorants in absence and in 

presence of stimulus. The Inhalation: Exhalation ratio for all the odorants were significantly higher 

during the stimulus period. (paired t-test for all odorants, *indicates p<0.05, n = 71).  

C) Bar graph representing the average of inhalation amplitudes of all subjects for different odorants in 

absence and in presence of stimulus. The inhalation amplitudes for all odorants were significantly 

higher during the stimulus period. (paired t-test for all odorants, *indicates p<0.05, n = 71).  

D) Bar graph representing the average of exhalation amplitudes of all subjects for different odorants 

in absence and in presence of stimulus. The exhalation amplitudes for all odorants were 

significantly higher during the stimulus period. (paired t-test for all odorants, *indicates p<0.05, n 

= 71).  

 

We further quantified different breathing parameters to better comprehend the 

breathing dynamics during the detection task. These metrics included the frequency of sniffing 

(the number of breaths taken in a second), the ratio of inhalation to exhalation time (Inhalation: 

Exhalation), and inhalation & exhalation amplitudes. The frequency of sniffing for all odorants 

increased significantly when the stimulus was presented compared to the absence of stimulus 

(Figure 5-4A: paired t-test for all odorants in absence and presence of stimulus, *indicates 

p<0.05). As sniffing frequency was seen to increase and since a sniff cycle comprises of 

inhalation and exhalation phases, we wanted to investigate how it influenced the dynamics of 

inhalation and exhalation. In order to do this, we computed the proportion of time spent by 

participants in the inhalation phase to that of the exhalation phase in the presence and absence 

of odour stimuli. A considerable increase in the ratio of inhalation to exhalation was seen during 

stimulus period regardless of the odour stimulus. We also measured the amplitudes of the 

inhalation and exhalation to assess the strength of the sniffing (Figure 5-4B: paired t-test for 

all odorants in absence and presence of stimulus, *indicates p<0.05). In addition, both the 

inhalation and exhalation amplitudes were considerably larger during the stimulus presentation 

for all odorants (Figure 5-4C and D: paired t-test for all odorants in absence and presence of 

stimuli, *indicates p<0.05). For the blank stimulus as well, similar sniffing parameters to those 

identified for odorants were observed (Figure 5-4). Participants behaved similarly to how they 
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did for the odours because they were unaware of the intermittent blank stimulus. These results 

highlight the reliability and robustness of the breathing strategies humans employ for olfactory 

sampling. Together, these findings show that individuals increase their sniffing frequency and 

inhalation amplitudes possibly to collect maximum odour molecules for executing an odour 

detection task successfully, and this was even evident in longer inhalations taken by the 

subjects while sampling the odorants. 

 

5.3.2. Sniffing behaviour shown by healthy subjects during olfactory matching task 

Following an odour detection task, subjects were asked to perform an olfactory 

matching (OM) task. In the olfactory matching task, participants are exposed to one odour, 

followed by an interstimulus interval (ISI), and then another odour (Figure 5-1C). The subjects 

were instructed to sample both odours and decide whether the two stimuli were the same or 

different. The odours used for the OM task only included the ones that participants had 

successfully detected during the detection test. OM tasks are more challenging as it included 

different processes such as detection, discrimination and olfactory working memory. We 

therefore wanted to study how humans’ sample during an OM task and how varying durations 

of ISI affects sampling strategies. This was achieved by varying the ISI (2.5s, 5s, 7.5s, and 10s) 

across sessions and by recording the subjects' breathing patterns as they engaged in an OM 

task. 

The individuals performed with a similar level of accuracy for various ISIs (Figure 5-

5A1, Average accuracy: 2.5s – 55.67 ± 3.480, 5s – 49.20 ± 2.192, 7.5s – 51.43 ± 3.030, 10s – 

53 ± 4.546, one-way ANOVA, F = 0.9144, p = 0.4395). The average accuracies of individuals 

for all ISIs were above the chance level (25.35%). The olfactory matching times (OMTs) of 

the subjects for the various ISIs was also unaltered, suggesting that the participants' capacity 

for olfactory matching is unaffected by the range of ISIs we have used (Figure 5-5A2, Average 

OMT: 2.5s – 5249 ± 136, 5s – 5361 ± 158, 7.5s – 5231 ± 225.5, 10s – 5929 ± 330.5, one-way 

ANOVA, F = 1.529, p = 0.2128). Additionally, the human sampling dynamics for the various 

ISIs remained consistent. For all ISIs, it was observed that the inhalation increased and peaked 

at the presentation of the first stimulus, then steadily decreased throughout the ISI before 

increasing once again afterwards during the presentation of second odour. The OMT for all 

ISIs were observed to be after the inhalation peak seen during the second odour, indicating that 
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olfactory matching decisions are followed by adequate sampling of second odour (Figure 5-

5B). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5 – Performance and breathing behaviour of healthy human subjects during olfactory matching 

task for different ISIs 

A) A1) Box plots representing average accuracies of subjects for different ISIs. The average accuracies 

of subjects for different ISIs were similar. The chance level was 25.35%, based on the distribution 

of the “same” and “different” trials within a session. (one-way ANOVA, F = 0.9144, p = 0.4395, 

ntotal = 71, total number of sessions for all ISIs = 89) 

A2) Box plots representing average OMTs of subjects for different ISIs. The average OMTs of 

subjects for different ISIs were similar. (one-way ANOVA, F = 1.529, p = 0.2128, ntotal = 71, total 

number of sessions for all ISIs = 89) 
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B) B1) Average of breathing traces of all the subjects for 2.5s ISI. The red line indicates the mean of 

the breathing traces of all subjects. The shaded region indicates the SEM. The yellow dotted vertical 

lines near 3-6s represents the onset and offset of the first stimulus. The green dotted vertical lines 

followed by ISI represents the onset and offset of the second stimulus. The vertical magenta line 

after the offset of second stimulus represents the average of OMT. The shaded area represents the 

SEM. (n2.5s = 24).  

B2) Average of breathing traces of all the subjects for 7.5s ISI. (n7.5s = 24). 

B3) Average of breathing traces of all the subjects for 5s ISI. (n5s = 33). 

B4) Average of breathing traces of all the subjects for 10s ISI. (n10s = 10).  

 

Figure 5-6 – For an olfactory matching task, all breathing parameters were significantly higher in 

presence of stimulus (odour1 and odour2) than in its absence 
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A) Average sniff frequencies of subjects for different ISIs under different stimulus conditions. For all 

ISIs sniff frequency in the absence of stimulus was significantly lower than that of observed for 

odour1 and odour2. (one-way ANOVA with Tukey’s multiple comparison, *indicates p<0.05). 

B) Average inhalation to exhalation ratio of subjects for different ISIs under different stimulus 

conditions. For all ISIs, the inhalation to exhalation ratio in the absence of stimulus was 

significantly lower than that of observed for odour1 and odour2. (one-way ANOVA with Tukey’s 

multiple comparison, *indicates p<0.05). 

C) Average inhalation amplitude of subjects for different ISIs under different stimulus conditions. For 

all ISIs the inhalation amplitude in the absence of stimulus was significantly lower than that of 

observed for odour1 and odour2. (one-way ANOVA with Tukey’s multiple comparison, *indicates 

p<0.05). 

D) Average exhalation amplitude of subjects for different ISIs under different stimulus conditions. For 

all ISIs the exhalation amplitude in the absence of stimulus was significantly lower than that of 

observed for odour1 and odour2. (one-way ANOVA with Tukey’s multiple comparison, *indicates 

p<0.05). 

 

In order to probe the sampling strategies used during the OM task, we compared several 

parameters. For all the ISIs, the sniff frequency, inhalation/exhalation ratio, and inhalation and 

exhalation amplitudes were computed during the absence of stimulus (average of before 

odour1, ISI, and after odour2), odour1, and odour2 periods. Similar to what was seen in 

detection, all of the parameters significantly increased during the stimulus period (odour1 and 

odour2) compared to the no-stimulus period for all ISIs. Moreover, no significant differences 

were found in any of the parameters when compared between odour1 and odour2 (Sniff 

Frequency: Figure 5-6A, Inhalation: Exhalation: Figure 5-6B, Inhalation Amplitude: Figure 5-

6C, and Exhalation Amplitude: Figure 5-6D, one-way ANOVA with Tukey’s multiple 

comparison test for all ISIs, *indicates p<0.05). All breathing parameters for different ISIs 

remained consistent, as no significant difference was observed between them (For all 

parameters across different ISIs, one-way ANOVA, Stimulus absent: p>0.05, odour1: p>0.05, 

odour2: p>0.05). Taken together our results demonstrate that sniffing behaviour is independent 

of ISIs employed.  
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5.3.3. Sniffing behaviour remained similar across different concentrations of odours  

Since we noticed an increase in respiratory characteristics for a blank stimulus during 

the detection task, we decided to further explore the concentration-dependent impacts on the 

sampling strategies. To achieve this, we conducted a detection task using five odorants, 

presenting the subjects with each odorant in a range of concentrations: 50%, 30%, 16.75%, and 

7.14% (diluted with air, volume/volume). 30 healthy volunteers were used in this study, and 

each session had 20 trials, one for each concentration of each odorant. The participants 

responded by pressing a response button after detecting a stimulus. The detection accuracy 

measured by detection indices for different concentrations were found to rise with 

concentration (Figure 5-7A, Average index: 7.14% - 0.30 ± 0.0477; 16.75% - 0.366 ± 0.0470; 

30% - 0.513 ± 0.0391; 50% - 0.726 ± 0.0338, One-way Repeated Measure ANOVA, F = 26.60, 

p <0.0001). When the dynamics of inhalation and exhalation were plotted against time, a rise 

in respiration was visible for all concentrations during the stimulus presentation window, but 

there were no differences in the traces across different concentrations (Figure 5-7B). 

 

  

Figure 5-7 – Breathing parameters of healthy human subjects during the absence and presence of stimuli 

for different concentration of odorants 

A) Average detection accuracy of all subjects for different concentrations of odorants. The average 

accuracies increased with increase in concentration. (One-way Repeated Measure ANOVA, F = 

26.60, p < 0.0001). 
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B) Average of breathing traces of all subjects for different concentrations. The solid lines indicate the 

mean of the breathing traces of all subjects for different concentrations. The shaded region indicates 

the SEM. 

C) C1) Graphs representing average sniff frequency of subjects in presence (black dots and line) and 

absence (red dots and line) of odours for different concentrations. (Two-way Repeated Measure 

ANOVA, *indicates p<0.05).  

C2) Graphs representing average inhalation amplitude of subjects in presence (black dots and line) 

and absence (red dots and line) of odours for different concentrations. (Two-way Repeated Measure 

ANOVA, *indicates p<0.05).  

C3) Graphs representing average exhalation amplitude of subjects in presence (black dots and line) 

and absence (red dots and line) of odours for different concentrations. (Two-way Repeated Measure 

ANOVA, *indicates p<0.05).  

 

 

The sniff parameters were also measured and compared at various concentrations. In 

comparison to the window when stimulus was absent, sniffing frequency for all concentrations 

shown a substantial increase during the stimulus period (Figure 5-7C1, Two-way Repeated 

Measure ANOVA, * indicates p<0.05). However, sniffing frequency throughout the stimulus 

time was consistent across all concentrations (one-way ANOVA, F = 0.097, p = 0.9430). For 

other parameters, primarily the inhalation and exhalation amplitude, similar results were 

obtained (Figure 5-7C2 and C3: Two-way Repeated Measure ANOVA, between stimulus 

present and absent, *indicates p<0.05, one-way ANOVA across stimulus present period; 

Inhalation amplitude: F = 0.4210, p = 0.7040, Exhalation amplitude: F = 1.012, p = 0.3879). 

These findings indicate concentration-independent sniffing behaviour for the odour detections. 

However, more studies are needed to determine the neural mechanisms underlying these 

observations.  

 

5.3.4. Sampling strategies of Post-COVID 19 subjects during odour detection task 

Various neurological impairments including olfactory dysfunctions and respiratory 

problems are reported in long COVID (54,56,294). As this paradigm had been used to probe 

the breathing patterns while human subjects are engaged in olfaction-based cognitive tasks, we 

wanted to extend this paradigm to investigate the breathing dynamics in individuals recovered 

from COVID-19. Olfactory detection task was conducted, and results were compared to those 

of healthy human subjects. 
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As our primary objective was to compare the breathing patterns, we probed their 

detection efficiencies for the highest concentration (50%, v/v). Although the statistics showed 

a difference between two groups (number of subjects in two groups were different), both groups 

showed above 80% accuracy in detecting different odours (Figure 5-8A, Controls – 0.88 ± 

0.013, Post COVID-19 – 0.82 ± 0.197, two-tailed unpaired t-test, p = 0.0307). When respiratory 

dynamics were examined, the Post COVID-19 individuals showed an increase in breathing 

throughout the odour presentation and decision-making phase, which was followed by a 

decrease in breathing to the basal level (Figure 5-8B). This pattern resembled what was seen 

in the controls during an odour detection task. 

 

Figure 5-8 – Comparison of performance and breathing parameters of healthy human subjects with 

those of Post COVID-19 subjects during an odour detection task  
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A) Bar graphs representing average detection index of controls and Post COVID-19 subjects. Controls 

showed higher detection abilities as compare to post COVID-19 subjects. (two-tailed unpaired t-

test, p = 0.0307, ncontrol = 71, nPost COVID-19 = 33). 

B) Average of breathing traces of Post COVID-19 and control subjects across different odorants. The 

dotted black lines represent the onset and offset of the stimulus. The red and black solid lines 

represent breathing traces for Post COVID-19 and control subjects, respectively, whereas shaded 

area represents SEM. The dotted magenta and red line represent the average of detection time for 

Post COVID-19 and control subjects, respectively, whereas the shaded area (magenta and yellow – 

controls and Post COVID-19, respectively) represents the SEM of detection time. The breathing 

traces for control were same as in Figure 5-3B. 

C) C1) Bar graphs representing average sniff frequencies (SFs) of controls and Post COVID-19 

subjects in the absence and presence of stimulus. The SFs of controls and Post COVID-19 subjects 

during stimulus period were similar (*indicates p<0.05). 

C2) Bar graphs representing average inhalation to exhalation ratios of controls and Post COVID-

19 subjects in the absence and presence of stimulus. The ratios of controls and Post COVID-19 

subjects during stimulus period were similar (*indicates p<0.05). 

C3) Bar graphs representing average inhalation amplitudes of controls and Post COVID-19 subjects 

in the absence and presence of stimulus. The inhalation amplitudes of Post COVID-19 subjects 

were significantly higher than controls during stimulus period (*indicates p<0.05). 

C4) Bar graphs representing average exhalation amplitudes of controls and Post COVID-19 

subjects in the absence and presence of stimulus. The exhalation amplitudes of Post COVID-19 

subjects were significantly higher than controls during stimulus period. (*indicates p<0.05). 

 

We observed that for Post COVID-19 individuals, the sniff frequency, inhalation to 

exhalation ratio, and inhalation & exhalation amplitudes were higher when evaluated in the 

presence of the stimulus compared to the absence of the stimulus (Breathing parameters 

compared for Post COVID-19 subjects in absence and presence of stimulus: Figure 5-8C1, C2, 

C3, and C4, paired t-test, *indicates p<0.05). Additionally, the various respiratory parameters 

were compared to the values of the controls. Our findings show that the sniff frequency for 

both groups was comparable during both the periods when the stimulus was present and absent 

(Figure 5-8C1, Stimulus present: controls – 0.5883 ± 0.0162, Post COVID-19 – 0.5776 ± 

0.0225, two-tailed unpaired t-test, p = 0.7053; Stimulus absent: controls – 0.3998 ± 0.0049, 

Post COVID-19 – 0.0056 ± 0.0225, two-tailed unpaired t-test, p = 0.4104). Similar results were 

also found for the ratio of inhalation to exhalation, wherein no significant difference was 

observed between controls and Post COVID-19 subjects for both in presence and absence of 
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stimulus (Figure 5-8C2, Stimulus present: controls – 1.067 ± 0.0342, Post COVID-19 – 1.184 

± 0.0524, two-tailed unpaired t-test, p = 0.0798; Stimulus absent: controls – 0.666 ± 0.0084, 

Post COVID-19 – 0.640 ± 0.0298, two-tailed unpaired t-test, p = 0.4149). However, compared 

to controls, the inhalation and exhalation amplitudes of Post COVID-19 individuals were 

greater in the presence of stimuli (Figure 5-8C3 and C4, Inhalation amplitudes: controls – 90.33 

± 0.8094, Post COVID-19 – 99.89 ± 2.258, two-tailed unpaired t-test, p = 0.0011; Exhalation 

amplitudes: controls – -90.75 ± 1.170, Post COVID-19 – -101.4 ± 2.531, two-tailed unpaired 

t-test, p = 0.0015). In the absence of stimulus, the inhalation amplitudes between both groups 

were similar (Figure 5-8C3, controls – 70.82 ± 0.8283, Post COVID-19 – 69.66 ± 1.364, two-

tailed unpaired t-test, p = 0.4769), however, exhalation amplitude for Post COVID-19 subjects 

were relatively higher (Figure 5-8C4, controls – -63.21 ± 0.8989, Post COVID-19 – -73.04 ± 

1.641, two-tailed unpaired t-test, p < 0.0001), suggesting that Post COVID-19 subjects exhaled 

more intensely than the controls even in the absence of stimulus. 
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5.4. Discussion 

  Olfactory dysfunctions are known to be associated with a number of disease conditions 

(43,44,53–56,45–52). For the purpose of evaluating human olfactory abilities, our lab has 

previously developed a cutting-edge "Olfactory-Action Meter" (295). In addition to 

investigation of olfactory fitness, this equipment has served as a diagnostic tool as well as a 

means of identifying asymptomatic COVID-19 carriers (49). Since breathing is the initial 

action that permits the sampling of odorant molecules for olfactory perception (57), and the 

information linking sniff strategies with olfactory perception still remains elusive, we intended 

to determine how individuals sample olfactory stimuli under normal and disease conditions. 

Therefore, the major goal of this chapter was to create a novel approach for the sensitive 

evaluation of breathing characteristics during olfaction-based cognitive tasks. To do this, we 

integrated our existing Olfactory Action Meter (OAM) with a thermocouple-based pressure 

sensor, which could transmit signals directly to oscilloscopes synchronized with the setup. 

With this approach, we could monitor the breathing patterns of participants as they engaged in 

olfaction-based tasks with a resolution as high as 30 ms. 

 The sniffing behaviour of subjects for either during the olfactory detection or the more 

complex olfactory matching task displayed similar results. In comparison to when there was 

no stimulus, it was observed that total respiration increased and reached a maximum value in 

the presence of stimuli. After the rise in respiration reached its peak, it began to drop, and the 

completion of the decay occurred at the same time as the decision-making period for both tests 

(Figure 5-3A-C and Figure 5-5B1-B4). Additionally, it was observed that breathing parameters 

such as sniff frequency, the ratio of time spent inhaling to exhaling, and inhalation and 

exhalation amplitudes were all higher in presence of a stimulus compared to the absence of 

stimulus (Figure 5-4A-D and Figure 5-6A-D). Previously, an increase in respiratory volume 

was noticed when odours were present compared to the baseline (66), which was consistent 

and with our findings on the inhalation to exhalation ratio. The sniff volume rises as individuals 

spend more time in the inhaling phase as compared to exhalation. Contrary to the previous 

reports of, no-difference in the sniff frequency and breathing amplitudes (66), we detected an 

increase in these parameters in the presence of odours as compared to their absence. Our study 

employed a 4 second stimulus followed by a 13 second baseline (ITI), whereas the previously 

published study used a 16 second stimulus followed by a 32 second baseline. These differences 

might be due to the long stimulus duration (16 seconds) they employed compared to the 

duration we have used (4 seconds). Further, the decisions related to detections are taken within 
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5-6 seconds. Our findings suggest that when exposed to odours, participants breathe rapidly, 

with intense prolonged inhalations and intense short exhalations. 

 Further, we looked into how odorant concentrations affect breathing patterns of healthy 

human subjects. Our findings showed that sniff frequency and breathing amplitudes were 

higher during the stimulus period as compared to no-stimulus period, but there were no changes 

in sniffing frequency and breathing amplitudes across varying concentrations. Mice have also 

been found to exhibit similar sniff invariant odour coding when trained at various odour 

concentrations (235). Few reports show that sniff volume varies with odour concentration 

(66,292,296). However, more studies are needed to correlate sniff volume with various 

breathing parameters. 

 This novel approach was also employed to investigate odour-associated sampling in 

people recovered with COVID-19, since these individuals have been reported to have persistent 

olfactory impairments (56,294,297–299). We found that the sampling behaviour of Post 

COVID-19 individuals was different from that of the controls because they exhibited higher 

breathing amplitudes; the neural mechanisms underlying this behaviour needs to be 

investigated further. 

Breathing, in addition to facilitating olfactory perception, also has multiple physiological 

roles. It keeps life going by supplying the oxygen required for metabolism and eliminating the 

by-product of these reactions, carbon dioxide. Breathing has the ability to influence 

homeostatic activities in other systems such as the autonomic nervous system, the circulatory 

system, chemical regulation, and metabolism (58–60). Changes in respiratory responses are 

well known to affect brain activity, hence altering cognitive functions. e.g. olfactory imagery, 

attention, memory, sleep disorders (61–66). As a result, this approach not only allows us to 

quantify breathing during olfactory sensation and perception, but also enables us to investigate 

breathing parameters in the context of cognitive functions and accompanying deficits. 

 

 

 

 

 



129 

 

5.5. Future Directions 

Using the novel Olfactory-Action Meter integrated with thermocouple-based pressure 

sensor, we successfully examined the sampling behaviour of people engaged in olfaction-based 

tasks. We also want to employ this paradigm, that is now well established, to investigate 

the sampling behaviour in higher olfactory cognition and olfactory dysfunctions associated 

with neurodegenerative diseases. As a first step, we have already started looking at how healthy 

and post-COVID-19 participants sample when doing more complex olfactory tasks, such as 

the olfactory matching learning. This paradigm will thereafter be used to assess the sampling 

behaviours of people who suffer from cognitive impairments associated 

with neurodegenerative diseases like Parkinson's and Alzheimer's. 
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